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Preface

In nature, plants are often exposed to different environmental adversities. Although
success in crop cultivation involves good care and management, some environmen-
tal factors at extreme states pose serious challenges that ultimately limit crop pro-
duction. Abiotic stress is one of the primary causes of crop losses worldwide. The
stress caused by abiotic factors alters normal plant metabolism leading to various
negative effects on plant growth, development, and productivity. To survive, sessile
plants have evolved a wide array of molecular programs to perceive environmental
stimuli rapidly and adapt accordingly. In recent years, much progress has been
achieved in unraveling the complex stress response mechanisms, particularly the
involvement of different phytohormones in stress perception and signal transduc-
tion. Phytohormones are the most fascinating features of plant system that precisely
regulate growth, development, and responses to stresses. In addition to normal regu-
latory functions, classical phytohormones such as auxins, cytokinins, gibberellins,
abscisic acid, and ethylene could induce stress tolerance to various abiotic factors.
New plant hormones such as jasmonates, salicylates, brassinosteroids, strigolac-
tones, etc., have also been implicated in plant growth and stress adaptation. Although
the in-depth mechanisms of phytohormone-mediated stress tolerance still remain
largely unknown, plant growth regulators or hormone analogues are being used to
manage different environmental adversities. Nonetheless, there is still a remarkable
gap between theory and practice in terms of large-scale field application.

In this book, we tried to provide a unique compilation of the roles of phytohor-
mones in the response of plants to abiotic stresses considering heat, cold, drought,
salinity, flooding, soil acidity, heavy metals, light, and ozone as an individual envi-
ronmental hazard in each chapter. The physiological and molecular mechanisms
controlling phytohormone-mediated tolerance to a single abiotic stress and interac-
tions among them are discussed for relevant cases. In the last chapter, genetic engi-
neering aspects of phytohormone metabolism along with major challenges and
future research directions are suggested. Much attention has been paid to adhere
with the focus in each chapter that enabled the authors to avoid repetition of similar
issues. It is worth mentioning that all authors of this book have recently contributed
original research articles in the field of phytohormone research. The chapters are
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viii Preface

written at the levels intended to be useful to students (senior undergraduate and
postgraduate) and researchers in plant physiology, biochemistry, and biotechnology.
Although minor editorial changes were adopted, author’s justification was kept
intact in each chapter. However, some errors may still exist in the book, and thus we
would greatly appreciate reader’s feedback for potential improvement in future edi-
tion. We wish to thank all the authors who joined this book project by contributing
their valuable works. We extend our sincere thanks to Springer Science+Business
Media, especially Mr. Zachary Romano (editor, biochemistry and molecular biol-
ogy, Springer New York), Mr. Abbey (Xiaojin) Huang (assistant editor, medicine
and biological sciences, Springer Beijing Office), and all the other staff members of
Springer involved in this book project for their generous cooperation.

Hangzhou, Zhejiang, People’s Republic of China Golam Jalal Ahammed
Jing-Quan Yu
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Chapter 1
Role of Hormones in Plant Adaptation
to Heat Stress

Golam Jalal Ahammed, Xin Li, Jie Zhou, Yan-Hong Zhou,
and Jing-Quan Yu

Abstract Heat stress is one of the devastating abiotic stresses that cause substantial
crop loss around the world. The frequency and magnitude of heat stress are being
intensified due to global climate change. Heat stress induces excessive production
of reactive oxygen species that cause damage to lipids, proteins, and nucleic acids
in plants. Plants have evolved various sophisticated mechanisms to sense heat stim-
uli and activate different defense responses rapidly to protect its vital cellular struc-
tures from heat-induced damage. Phytohormones are the endogenous messenger
molecules that precisely mediate plant growth, development, and responses to vari-
ous biotic and abiotic stresses including heat stress. With the advancement of
molecular technologies, several hormones that were previously known only for
their roles in plant growth and development have also been implicated in the heat
stress response. To date, all major hormones such as abscisic acid, auxin, gibberel-
lins, cytokinins, salicylic acid, jasmonic acid, ethylene, and brassinosteroids have
been reported to play critical roles in response of plants to heat stress. In this chap-
ter, we intend to review how various phytohormones are involved in plant adapta-
tion to heat stress. Furthermore, we discuss the potential role of important plant
hormones in the enhancement of heat tolerance. Hormone cross talk that medi-
ates the response of plants to heat stress is also discussed.
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1.1 Introduction

Plant growth and development are precisely regulated by coordination of both exog-
enous (environmental) and endogenous signals (Peleg and Blumwald 2011; Santner
et al. 2009). External environmental factors such as light, temperature, moisture,
and atmospheric carbon dioxide at optimum levels are essential for normal meta-
bolic processes in plants. Among those various environmental factors, temperature
is of great significance in the regulation of plant phenological development
(Bahuguna and Jagadish 2015). A temperature beyond the “physiological optimum”
that disturbs normal growth and development of a plant is generally considered as
“high temperature” for that plant. Extremely high temperatures have the potential to
cause “heat stress” in plants. However, the physiological threshold for the highest
temperature that causes irreversible damage varies significantly across the plant
kingdom even within genotypes. Heat-induced damages include changes in stability
of proteins, enzymes, nucleic acids, biomembranes, and cytoskeletal structures
(Asthir 2015). In order to maintain appropriate balance in metabolic processes,
plants thoroughly or partially reprogram its transcriptome, proteome, metabolome,
and lipidome (Mittler et al. 2012).

The frequency and magnitude of temperature extremes are being increased due
to global climate change. Extreme seasonal heat which is considered as an impor-
tant attribute of climate change could have detrimental impacts on agricultural pro-
ductivity and food security by directly affecting crop growth and yield. In the tropics
and subtropics, growing season temperatures will exceed the recorded highest sea-
sonal temperatures of the last century by the end of the twenty-first century.
Empirical data show that every 1 °C increase in seasonal temperature will likely to
cause 2.5 to 16 % direct yield losses (Battisti and Naylor 2009). A recent study that
analyzed national disaster-caused crop production losses (during 1964-2007) across
the globe shows that drought and extreme heat dramatically decreased national
cereal production by 9-10%, and reduction in cereal yields was mainly due to
extreme heat (Lesk et al. 2016). The authors estimated that a 1 °C increase in sea-
sonal mean weather associated with extreme heat disasters results in a yield sensi-
tivity of 67 %. Thus, rising temperature represents severe risks of food insecurity.
It is anticipated that increasing heat stress will cause complete extinction of many
species (Field et al. 2014). Therefore, climate change will obviously intensify the
deleterious effect of heat stress on crop yield in the future.

As plants cannot relocate, they have to experience brutality of environmental
extremes in situ. Extreme high temperature severely affects different biochemical
processes in plants that are sensitive to heat shock. Heat stress causes changes in
respiration and photosynthesis leading to a decreased plant productivity. Heat stress-
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induced injuries are associated with over production of reactive oxygen species
(ROS) that cause cellular damage. Through evolutionary success, plants have devel-
oped a complex but effective heat stress response (HSR) pathway that precisely
regulates both short-term and long-term heat responses in order to minimize or pre-
vent damage from heat stress. A better understanding of this complex heat response
mechanism is important for future genetic manipulation of crops to ensure food
security in the face of climate change (Hasanuzzaman et al. 2013; Kazan 2015).

Phytohormones are the endogenous messenger molecules that play a critical role
in plant growth, development, and responses to various stresses. A number of previ-
ous reports provided solid evidence that phytohormones are actively involved in the
response of plants to heat stress (Ahammed et al. 2014; Peleg and Blumwald 2011;
Xia et al. 2015). Moreover, majority of the phytohormones provide physiological
protection against heat stress. In addition to the individual role of a plant hormone,
cross talk between multiple hormones precisely coordinates plant defense response
to heat stress. Although significant advancement has been achieved in the molecular
mechanisms of heat perception, the mechanisms that control phytohormone-
mediated responses to heat stress still remain largely unknown. In this chapter, we
briefly highlight the key progress on plant hormone research relating to the mecha-
nisms of temperature sensing and subsequent thermal responses that are mediated
by complex phytohormone networks. Additionally, we discuss the potential role of
important phytohormones in the enhancement of heat tolerance.

1.2 Sensing Thermal Stimuli by Plants

In plants, changes in temperature are simultaneously perceived by all plant cells that
are exposed to high temperature. Thus, at the cellular level, thermal perception and
signaling may involve similar components across the plants (Mittler et al. 2012;
Saidi et al. 2011). Plants have developed highly sophisticated mechanism that can
even sense small changes (even 1 °C) in temperature (Kumar and Wigge 2010).
Multiple pathways, regulatory networks, and cellular compartments are involved in
the heat stress response (HSR) in plants (Mittler et al. 2012). The HSR is a highly
conserved environmental and developmental program in plants and is an important
component of the acclimation response. Using a wide array of thermosensors, plants
precisely sense the absolute and gradual changes in diurnal and seasonal tempera-
ture (Bahuguna and Jagadish 2015).

All macromolecules in a plant cell such as protein complexes, membranes, and
nucleic acids can simultaneously perceive heat stimuli from the surrounding atmo-
sphere, and thus they serve as thermosensors through reversible physical changes
such as increased membrane fluidity, partial melting of DNA and RNA strands,
dissociation of proteins, etc. (Mittler et al. 2012; Richter et al. 2010). However, pri-
mary heat sensors or heat-responsive macromolecules must have the potential to
perceive heat stimuli precisely followed by differential response to temperature
change depending on the extent of variation. More importantly, they must possess
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capability to differentially activate a unique signaling pathway that ultimately
upregulates hundreds of HSR genes. As reviewed in detail elsewhere, at least four
putative sensors are assumed to be involved in triggering the HSR (Mittler et al.
2012): such as (1) a plasma membrane channel for initiating an inward calcium flux,
(2) a histone sensor localized in the nucleus (H2A.Z nucleosomes), (3) one unfolded
protein sensor in the endoplasmic reticulum, and (4) one unfolded protein sensor in
the cytosol.

Briefly, heat stress alters membrane stability and activates a plasma membrane
(PM) calcium channel that causes an inward flux of calcium. In addition, lipid sig-
naling is also stimulated by the alteration in membrane stability. Upon binding with
the calmodulin CaM3, calcium activates various kinases and transcriptional regula-
tors of the HSR, including heat shock transcription factors (HSFs), multiprotein-
bridging factor 1c (MBF1c), WRKY, and dehydration-responsive element-binding
transcription factors (DREB). PM-localized ROS-generating enzyme respiratory
burst oxidase homolog D (RBOHD) is also activated by enhanced cytosolic calcium
flow. ROS play a dual role; while NADPH oxidase-dependent ROS generation trig-
gers redox signaling that activates MBF1c, HSFs, and mitogen-activated protein
kinases (MAPKSs), heat-induced excessive accumulation of ROS causes metabolic
imbalance. The unfolded protein sensor in the cytosol functions through HSFs,
whereas the unfolded protein sensor in the endoplasmic reticulum (ER) acts through
the inositol-requiring enzyme 1 (IRE1) and transcription factors (TFs) such as basic
leucine zipper bZIP17, bZIP28, and bZIP60. However, activation of the unfolded
protein response (UPR) possibly requires specific calcium signals from the PM,
indicating that UPR does not meet the characteristics of primary heat sensor in
plants. The activation of the ER UPR pathway releases different bZIP TFs from the
ER membrane, and then the released TFs enter the nuclei causing accumulation of
ER chaperone transcripts and the activation of brassinosteroid (a steroidal plant
hormone) signaling by inducing transcription of specific genes (Che et al. 2010;
Mittler et al. 2012). The occupancy of the H2A.Z histone sensor localized in the
nucleus is decreased following warming in Arabidopsis. H2A.Z-containing nucleo-
somes also coordinate the ambient temperature transcriptome, suggesting a
temperature-dependent regulation of transcriptome by H2A.Z nucleosomes (Kumar
and Wigge 2010). Perhaps, a complex signal transduction network integrates sig-
nals from all these different sensors involving calcium fluxes, calmodulin, calcium-
dependent protein kinases (CDPKs), MAPKSs, phosphatases, and transcriptional
regulators such as HSFs, MBF1c, WRKY, DREB, and bZIP. Eventually, all these
sensors can activate similar set of HSR genes that improve thermotolerance in
plants (reviewed in Mittler et al. 2012). It is also becoming evident that phytohor-
mones are involved in this signal transduction network. Nonetheless, the activation
of the different pathway upon heat stress may vary depending on tissue type, more
specifically in between vegetative and reproductive tissues. Although a significant
progress has been achieved in the molecular mechanisms of heat perception,
physiological relevance of plant thermal responses under a complex environmental
condition is largely unknown (Bahuguna and Jagadish 2015).
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1.3 The Concept of Basal and Acquired Thermotolerance

It is well conceived that gradual and abrupt fluctuations in temperature pose a seri-
ous threat to sustainable crop production and global food security. Short-term
changes in temperature may trigger acclimation response, while gradual changes
may activate adaption response in plants (Bahuguna and Jagadish 2015). The ability
of a plant to tolerate high temperature without prior exposure to mild high tempera-
ture is generally referred as basal thermotolerance, whereas the adaptive capacity of
a plant to survive under extremely high temperatures following preexposure to mild
high temperature is considered as acquired thermotolerance. The ultimate survival
of the plants depends on both basal and acquired thermotolerance (Ahuja et al.
2010). The requirement for certain regulatory and acclimation proteins may vary
based on the kinds of tolerance such as basal and acquired thermotolerance
(reviewed in Mittler et al. 2012). For instance, transcriptional regulator MBF1c or
the ROS-detoxifying enzyme catalase is required for basal thermotolerance, while
they are not required for acquired thermotolerance. However, some HSFs and the
disaggregating chaperone heat shock protein 101 (HSP101) may be required for
both basal and acquired thermotolerance. In Arabidopsis, pre-acclimation of seed-
lings (38 °C for 3 h) significantly increases thermotolerance at 45 °C, and accumu-
lation of HSP101 is found positively associated with seedling survival and post-stress
root growth. It is suggested that the modulation in HSP101 expression and associ-
ated thermotolerance appear to be interrelated and might be evolved adaptively in
natural populations of A. thaliana (Zhang et al. 2015).

1.4 Hormones Involved in the Response
of Plants to Heat Stress

The involvement of phytohormones in the plant response to heat stress can be inves-
tigated in many ways. Exposure approaches include short-term heat shock with
extremely high-temperature, heat acclimation study by exposing plants to a mild heat
stress before imposing extreme heat stress and also long-term high-temperature treat-
ment. In most researches that are limited to the analysis of biochemical and physio-
logical parameters, endogenous content of one or multiple hormones following heat
stress is quantified together with the evaluation of different growth parameters such
as biomass production and photosynthesis. This type of study is often accompanied
with pre- or post-application of exogenous hormones predominantly on foliar por-
tion. Thus, changes in certain phytohormone level and/or plant tolerance in response
to high temperature are indicated as potential involvement of that hormone in the
plant response to heat stress. Advanced studies that employ sophisticated molecular
techniques coupled with functional analysis through generating impaired mutants or
overexpression plants for a specific gene involved in hormone biosynthesis or signal-
ing have greatly unraveled complex hormone signaling pathway under heat stress.



6 G.J. Ahammed et al.

Nonetheless, the response remarkably varies with the stage (vegetative or reproduc-
tive) of plant when heat stress is imposed (Mittler et al. 2012).

Heat stress alters hormone homeostasis, stability, content, biosynthesis, and
compartmentalization in plants (Maestri et al. 2002). With the advancement of
molecular technologies, several hormones that were previously known only for their
roles in plant growth and development have also been implicated in the response of
plants to heat stress (Dobra et al. 2015). In addition, participation of multiple hor-
mones that fine-tunes the plant response to heat stress has made hormonal cross talk
much more complex. To date, all major hormones such as abscisic acid (ABA),
auxin, gibberellins (GAs), cytokinins, salicylic acid (SA), jasmonic acid (JA), eth-
ylene, and brassinosteroids (BRs) have been reported to play critical roles in
the response of plants to heat stress (Mittler et al. 2012; Peleg and Blumwald 2011;
Xia et al. 2015; Zhou et al. 2014). Moreover, requirement for certain hormone and/
or its associated signaling varies depending on the kinds of thermotolerance. For
instance, SA-dependent signaling improves basal thermotolerance; however, SA
signaling is not required for acquired thermotolerance in Arabidopsis thaliana
(Clarke et al. 2004). In the following section, involvement of different phytohor-
mones in the response of plants to heat stress is discussed mentioning some specific
circumstances that are unique to hormone-mediated response to heat stress. The
mechanism of hormone perception and their roles in growth and development under
normal temperature are not emphasized in this chapter.

1.4.1 Abscisic Acid

About one and a half decade ago, a study conducted by Larkindale and Knight
(2002) showed that heat stress tolerance involves participation of multiple hormones
such as ABA, ethylene, and SA in Arabidopsis. They noticed that the ethylene-
insensitive mutant efr-1, the ABA-insensitive mutant abi-1, and the SA-deficient
NahG (constitutively expressing the Pseudomonas putida SA hydroxylase trans-
gene NahG that inhibits SA accumulation) transgenic plants are sensitive to heat
stress. However, application of ABA, SA, and 1-aminocyclopropane-1-carboxylic
acid (a precursor to ethylene) protected wild-type Arabidopsis plants from heat-
induced oxidative damage. Using calcium channel blockers and calmodulin inhibi-
tors, they found that calcium is required for protecting plants from heat-induced
oxidative stress especially during/after recovery. In addition, Arabidopsis mutants,
impaired with ABA biosynthesis and signaling, show decreased basal and acquired
thermotolerance (Larkindale et al. 2005). In one of our earlier studies, we also
noticed that ABA-deficient mutant notabilis (not) tomato genotype is sensitive to
heat stress (42 °C for 24 h) as evidenced by decreased photochemical efficiency
(Fv/Fm) and increased lipid peroxidation compared with wild-type Ailsa Craig (Li
et al. 2015). ABA levels are rapidly and transiently increased following exposure of
plants to heat stress as early as 10 min in Pisum sativum, which might indicate its
involvement in heat sensing and acclimation (Liu et al. 2006).
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An optimum balance between GA and ABA is required to control the seed dor-
mancy and germination. However, both ABA and GA are regulated by H,O, that
mediates enhancement of ABA catabolism and biosynthesis of GA during seed ger-
mination. Analysis of ABA catabolism mutants revealed that endogenous ABA
content is inversely correlated with GA biosynthesis. High concentration of ABA
inhibits seed germination by repressing GA biosynthesis, while exogenously
applied GA can only overcome inhibition of germination that is induced by low
level of ABA (Liu et al. 2010). In Arabidopsis, high temperature inhibits germina-
tion by stimulating ABA levels, and ABA in turn represses both GA synthesis and
signaling. Under high temperature, the increase in ABA level in imbibed seeds is
achieved by upregulation of ABA biosynthetic genes such as ABA1/ZEP, NCED?2,
NCEDS, and NCED9, while GA levels remain low due to suppression of GA
20-oxidase genes, GA20oxI, GA200x2, and GA20ox3, and GA 3-oxidase genes,
GA3oxl and GA3o0x2. Furthermore, ABA-deficient aba2-2 mutant seeds showed
increased expression of GA synthesis genes, but suppressed expression of GA nega-
tive regulator gene SPINDLY (SPY) under high temperature, indicating that ABA
levels are important for controlling GA levels in seeds under high temperature (Toh
et al. 2008). In Arabidopsis, five NCED genes such as NCED2, NCED3, NCEDS,
NCEDG6, and NCED9 are involved in ABA biosynthesis. Among them NCED9
plays a major role, while NCEDS5 and NCED?2 play relatively minor roles in high-
temperature-induced ABA synthesis and subsequent inhibition of seed germination
(Toh et al. 2008).

One of the most adverse effects of high temperature is noticed during grain fill-
ing stage as high temperature limits the rate of dry matter transport from vegetative
organ to kernel. Changes in hormonal levels (imbalance) in grain were found to be
associated with heat stress-induced disruption of grain development (Asthir
2015; Asthir and Bhatia 2014). In wheat, every 1 °C increase in temperature above
18 °C results in 3-5 % single-grain mass fall. High temperature disrupts starch bio-
synthesis resulting in increased free sugar accumulation and enhanced nitrogen
metabolism in wheat. Exogenous application of GA; and ABA promotes starch
accumulation under heat stress by increasing the activities of glutamate-oxaloacetate
transaminase and glutamate-pyruvate transaminase (Asthir and Bhatia 2014).
Although exogenous ABA does not influence endogenous ABA concentration at
normal temperatures, application of ABA to ears followed by imposition of heat
stress (45 °C for 2 h) significantly doubled ABA concentration in grain, suggesting
an active involvement of ABA in thermoprotection.

Regulation of stomatal aperture is an important adaptation strategy in response
to heat stress. Upon heat stress, tobacco (Nicotiana tabacum L.) plants transiently
increase stomatal conductance which is mediated by an enhanced catabolism of
ABA. Thus, an elevation of temperature beyond physiological optimum initially
stimulates transpiration that helps plant to decrease its leaf temperature; however,
enhanced transpiration causes water deficit that eventually induces ABA level for
stomatal closure (Mackova et al. 2013).

As mentioned earlier the physiological threshold for the highest temperature that
causes irreversible damage to cellular macromolecules varies significantly across
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the plant kingdom. For instance, Portulaca oleracea that is widely distributed in
tropical region can survive above 35 °C and 90 % relative humidity for several days,
while such condition is unbearable for survival of Arabidopsis. P. oleracea applies
multiple strategies for survival that include ABA-mediated regulation of stomatal
conductance and respiration (Yang et al. 2012). Interestingly, depleting ABA con-
tent due to increasing ABA-8’-hydroxylase results in greater stomatal conductance
and respiration rates in P. oleracea. Moreover, plant tolerance to heat stress varies
with the species, even though they are habituated in the same geographical location.
For instance, Mediterranean plants such as rosemary (Rosmarinus officinalis L.),
sage (Salvia officinalis L.), and lemon balm (Melissa officinalis L.) show different
tolerance to heat stress recurrence, although they exhibit similar tolerance to single
heat stress event (Asensi-Fabado et al. 2013). Compared to rosemary and sage that
show some sort of acclimation response with decreased JA content in rosemary and
reduced ABA level in sage following stress reiteration, lemon balm is found most
sensitive showing decreased relative water content, but enhanced levels of
a-tocopherol and SA. Even when heat stress was combined with water deficit, rose-
mary and sage were much more resistant than lemon balm; although the hormonal
content was not changed in sage, ABA and SA levels in rosemary were increased
and decreased, respectively following repeated stress exposure, indicating that
changes in hormonal levels that impact plant tolerance following stress imprints are
species specific.

1.4.2 Auxins

In addition to well-established role of auxin in cell division and elongation, its role
as a key regulator of adaptive growth response to high temperature has emerged
during the last decade. As an adaptive response to high temperature, seedlings may
elevate the photosynthetic and meristematic tissues away from heat-adsorbing soil
by elongating hypocotyls and thus providing better advantage of the cooling effect
of moving air (Gray et al. 1998). In accordance with this principle, Arabidopsis
seedling elongates its hypocotyl upon mild heat stress; however, inhibition of auxin
biosynthesis and mutation relating to auxin response or transport all compromise
high-temperature-induced hypocotyl elongation. Similarly, BR biosynthetic or sig-
naling mutants such as de-etiolated2-1 (det2-1), brassinosteroid insensitivel-5
(bril-5), and dwarf7-1 (dwf7-1) also fail to show increased hypocotyl elongation in
response to high temperature (Gray et al. 1998; Maharjan and Choe 2011). On the
other hand, exogenous application of auxin upregulates expression of the BR bio-
synthetic gene DWARF4, indicating some functional interactions between auxin
and BR to regulate temperature-induced hypocotyl elongation (Gray et al. 1998). It
is suggested that temperature-induced synthesis of free auxin may stimulate BR
biosynthesis via upregulating DWARF4 that eventually regulates hypocotyl growth
under high temperature (Maharjan and Choe 2011).
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Auxin accumulation coupled with induction of YUCCA (flavin-containing
monooxygenase) genes is rapidly increased upon exposure of Arabidopsis to mild
high temperature (28-29 °C). Although all parts of Arabidopsis are capable of syn-
thesizing auxin, its regulatory action also depends on polar auxin transport. For
instance, upon mild heat stress, transcripts of auxin biosynthetic genes YUCCAS8
and YUCCA9 are induced more significantly in cotyledons compared to that in
hypocotyls, indicating that cotyledons serve as main auxin source under high-tem-
perature stress, which is then transported to hypocotyls. When auxin transport is
blocked using the inhibitor of polar auxin transport 1-naphthylphthalamic acid,
high-temperature-induced hypocotyl elongation response is abolished, suggesting
that auxin transport is essential for the response to increased temperature (de Wit
et al. 2014; Stavang et al. 2009). In addition, petioles of Arabidopsis become elon-
gated following exposure to high temperature, even adult plants show hyponastic
leaves with long petiole and small lamina. Arabidopsis seedlings that are grown in
28 °C have lower number of stomata, but possess better cooling ability, possibly due
to less compact shoot architecture and leaf hyponasty that facilitate transpiration.
Nonetheless, long-term exposure of plants to increased temperature induces early
flowering as an escape strategy in Arabidopsis (reviewed in de Wit et al. 2014).

In addition to phytohormones, high-temperature (28 °C)-induced hypocotyl
elongation response requires a basic helix-loop-helix transcription factor,
PHYTOCHROME-INTERACTING FACTOR 4 (PIF4) (Koini et al. 2009). In
Arabidopsis, PIF4-deficient mutants (pif4 mutants) do not show elongation
responses or leaf hyponasty when transferred to high temperature. Moreover, pif4
mutants fail to induce auxin-responsive gene IAA29 upon mild heat stress. PIF4
regulates expression of auxin biosynthetic genes as well as endogenous levels of
auxin that might mediate stem elongation under high temperature (Franklin et al.
2011). A family of SMALL AUXIN UP RNA (SAUR) genes is expressed under high
temperature in a P/F4-dependent manner to trigger high-temperature-induced elon-
gation response. Box et al. (2015) have shown that in addition to phytohormone and
PIF4, transcriptional regulator EARLY FLOWERING3 (ELF3) controls elongation
growth in a temperature-dependent manner in Arabidopsis. As ELF3 disappears at
27 °C (high temperature for Arabidopsis), it is quite likely that the locus harboring
ELF3 is involved in a gene-by-environment interaction (Box et al. 2015). The gating
of growth at night is relieved by high temperature which indicates the significance
of temperature-dependent repression of growth in Arabidopsis. Until the recent
past, PIF4 was considered as the key molecular player that integrates environmental
signal (such as heat stimuli) and endogenous signal (such as auxin). Very recently,
Wang et al. (2016) showed that HSP90 which is considered as key molecular chap-
erone during heat stress is also involved in mild high-temperature increase-
dependent and auxin-mediated growth response in Arabidopsis. The authors showed
that auxin receptor TIR1 (TRANSPORT INHIBITOR RESPONSE1) is a HSP90
client and HSP90-SGT1 (SUPPRESSOR OF G2 ALLELE SKP1, a protein required
for auxin response) chaperone system is essential for ambient temperature increase
response in plants. In addition to elongated hypocotyl response, HSP90 was also
found to be involved in ambient temperature increase-induced primary root growth
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and lateral root formation (Wang et al. 2016). Interestingly, inhibition of HSP90 by
geldanamycin significantly prevented 29 °C-induced upregulation of auxin-
responsive genes such as GH3.17, IAA19, and IAA5, but did not alter the expression
of auxin biosynthetic gene YUCCAS, indicating that HSP90 regulates temperature
growth response by stimulating auxin signaling rather than modulating auxin bio-
synthesis. They also found that HSP90 plays a critical role in stabilizing TIR1 (an
unstable protein) which results in enhanced accumulation of the TIR1/AFBs (auxin
co-receptors). Finally, they concluded that HSP90 and SGT1 integrate temperature
and auxin signaling in order to regulate plant growth in a rising ambient tempera-
ture. As plants gradually adapt to temperature increase in the real world, this finding
may have significant implication in understanding of acquired thermotolerance.

Compared with vegetative stage, reproductive development of plants is more
prone to high temperature (Sobol et al. 2014). Due to climate warming, global mini-
mum night temperatures are increasing much rapidly than maximum day tempera-
tures, which has significant negative effect on global rice yield (Shi et al. 2013). The
decreased yield caused by high night temperature is partly due to increased respira-
tion rate and membrane damage, decreased pollen germination, poor translocation
of photoassimilates to grain, low seed set, and reduced grain weight. In heat-tolerant
rice variety (Oryza sativa L. genotype N22), a concomitant induction of HSPs, cal-
cium signaling proteins, and efficient protein modification and repair mechanism
mediate enhanced tolerance to high night temperature (28 °C) especially during
early grain filling stage (Shi et al. 2013). During the early phase of anther develop-
ment, the occurrence of high temperature results in proliferation arrest and prema-
ture degradation of anther wall cells. Moreover, high temperature inhibits DNA
proliferation in mitochondria, chloroplast, and nuclei of developing panicle.
Notably, endogenous auxin levels in the developing anther and panicles are remark-
ably decreased under high temperature due to repressed expression of auxin biosyn-
thetic genes (YUCCA2, YUCCA®) in Arabidopsis and barley. Exogenous application
of auxin under high temperature induces anther cell proliferation and can reverse
high temperature-induced male sterility, indicating that heat-induced tissue-specific
reduction of auxin is the major cause of heat-related damage during reproductive
development (Sakata et al. 2010; Oshino et al. 2011).

1.4.3 Cytokinins

Cytokinins are one of the major plant hormones that regulate numerous aspects of
growth and development. Although the role of cytokinin in various developmental
processes has been well characterized, our knowledge on its effect on plant stress
tolerance is still fragmentary. This is possibly because of complex cross talk between
cytokinin and stress signaling especially response related to abiotic stress tolerance
(Zwack and Rashotte 2015). In many developmental processes, cytokinin and GA
act antagonistically. Although most of the studies profoundly suggest a GA-regulated
cytokinin action, evidence relating to cytokinin regulating GA activity cannot be
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ignored. In tomato, cytokinins inhibit GA-dependent hypocotyl elongation as well
as leaf serration (Fleishon et al. 2011). One of the most important mechanisms that
plants deploy to minimize heat injury is by cooling leaf, the most important organ
that performs photosynthesis. Leaf cooling is actually achieved by increasing tran-
spiration under heat stress. In this response cytokinins play a critical role by stimu-
lating stomatal opening that facilitates transpiration. Cytokinins can induce a
number of heat-responsive proteins including small heat shock proteins (sHSPs) and
glycine-rich protein under heat stress. Overexpression of cytokinin biosynthetic
gene ISOPENTENYLTRANSFERASE (IPT) increases endogenous cytokinin levels
that eventually enhance heat stress tolerance in grass (Xing et al. 2009). In addition
to upregulation of endogenous cytokinin level by overexpressing /PT, exogenous
application of cytokinin can also improve tolerance to heat stress in bent grass (Xu
and Huang 2009). Transgenic tobacco plants overexpressing the CYTOKININ
OXIDASE/DEHYDROGENASE 1 (CKXI) gene of Arabidopsis thaliana L. show
reduced and delayed stomatal response, but maintain a lower leaf temperature
(Mackova et al. 2013). In addition, overexpression of CKXI in roots using the
WRKY6 promoter results in enhanced drought and heat tolerance in tobacco.

As mentioned earlier, the most devastating effect of heat stress is observed when
stress occurs during reproductive stage particularly during anthesis period. Stress at
anthesis causes floral abortion, resulting in severe yield loss. For instance, exposure
of flower primordia of passion fruit (Passiflora edulis) to hot ambient temperatures
causes total floral abortion (Sobol et al. 2014). Two growth hormones such as GAs
and cytokinins play different roles in this condition. Application of GA; triggers
floral abortion, but application of cytokinins improves heat tolerance by substantially
minimizing floral abortion. More importantly, heat-tolerant passion fruit genotypes
have been found to contain high levels of cytokinins in their leaves. In Arabidopsis,
transgenic plants with low cytokinin levels are prone to heat stress, while transgenic
plants with high cytokinin levels show increased heat tolerance during flowering.
Moreover, application of exogenous cytokinins on wild-type Arabidopsis plants also
demonstrates a protective role of cytokinins against hot air temperature during flower
development stage. Cytokinins might either reduce endogenous GAs levels to
improve heat tolerance, or it may simply affect downstream branches of GA signal-
ing pathway without altering active GAs levels (Fleishon et al. 2011; Sobol et al.
2014). However, such protective effect of cytokinin is quite contradictory compared
with its role in other stresses such as drought or water deficit. Arabidopsis mutant
with low level of cytokinins showed increased tolerance to water stress, in which low
levels of cytokinins perhaps increase ABA sensitivity that eventually promotes
drought tolerance in plants (Nishiyama et al. 2011).

Studies have revealed that rapid perception of heat stimuli and subsequent trans-
duction of its signal are crucial for activating plant defense system timely.
Nonetheless, these phenomena are mediated by a complex signaling network where
phytohormones play an important role. For instance, heat stress activates cascade of
HSFs where HSFA2 serves as a master regulator of the HSR (Liu and Charng 2013).
Activation of HSFs rapidly upregulates expression of various genes including those
involved in the synthesis of HSPs that serve as molecular chaperons by preventing
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protein denaturation (Mittler et al. 2012). In Arabidopsis, heat stress imposed to
specific tissue such as shoots and roots or whole plants remarkably influences plant
physiological responses (Dobra et al. 2015). These responses are found to be closely
associated with the alteration in endogenous phytohormone levels such as cytoki-
nins. Upon exposure to heat stress, transcript levels of HSFA2 and heat stress
associated 32-kD protein (HSA32) genes are rapidly induced in the stressed organ;
however, expression of those genes in nonstressed organ remains low at least up to
2 h. Upon exposure of shoot or whole plants to heat stress, ABA content is tran-
siently decreased, but active cytokinin levels are increased in leaves. These changes
are associated with the stimulation of transpiration that might help plants to cool
down leaf temperature. Furthermore, heat stress imposed to a part of the plants
quickly stimulates the expression of the components of cytokinin signaling path-
ways even in the nonexposed tissues, suggesting a hormone-mediated rapid interor-
gan communication under heat stress. Until the stress becomes severe, the plant
responses to heat stress also include a transient increase in active cytokinin levels
and upregulation of the genes involved in photosynthesis and carbohydrate metabo-
lism (Dobra et al. 2015).

1.4.4 Gibberellins

Gibberellins (GAs) are a group of natural diterpenoids primarily involved in plant
growth and development such as seed germination, vegetative growth, flowering
induction, and fruit development (Sun and Gubler 2004). GA-mediated growth pro-
motion is induced by the degradation of DELLA proteins. As mentioned earlier, GA
has been implicated in the response of plants to heat stress too. In Arabidopsis,
germination and seedling growth are severely affected when seeds are heat stressed
for 3 h at 50 °C. Exogenous application of GA; (50 pM) alleviates heat stress-
induced inhibition in the germination and seedling growth (Alonso-Ramirez et al.
2009). Moreover, overexpression of a member of the GA; stimulated in Arabidopsis
family gene (GASA4) from beechnut (Fagus sylvatica) in Arabidopsis improves
plant tolerance to heat stress. Interestingly, exogenous application of GA;- or over-
expression of FsGASA-mediated enhanced tolerance to heat is accompanied with
upregulated expression of the ISOCHORISMATE SYNTHASEI and
NONEXPRESSOR OF PATHOGENESIS RELATED GENES 1 (NPRI) as well as
increased accumulation of SA in Arabidopsis under heat stress, suggesting that GA
alleviates heat stress-affected seed germination and seedling growth by modulating
SA biosynthesis and signaling.

It is well conceived that rapid elongation of the stem is an adaptive response of
plants to high ambient temperature. However, suppressed biosynthesis of GAs com-
promises high-temperature-induced hypocotyl elongation in Arabidopsis (Stavang
et al. 2009). This implies that, in addition to auxin, rapid modulation of GA pathway
is essential for high-temperature-induced hypocotyl elongation. BR pathway is also
involved in such response; however, it is required at later stage of growth.
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Additionally, GA pathway also promotes activity of PIF4 at the posttranslational
levels under high temperature (Stavang et al. 2009).

Flowering time is not only important for shaping life cycles of plants but also that
of the pollinator species. In higher plants, warmer temperatures accelerate floral
transition, while such acceleration of flowering is dependent on the florigen
(Flowering LOCUS T, FT). Under high temperature, FT is activated by PIF4 that
mediates floral transition. Phytohormone GAs stimulate degradation of DELLA
protein that influences PIF4 activity, while PIF4 can directly activate FT, suggesting
a possible mechanism by which GAs levels influence flowering (Kumar et al. 2012).
Warmer temperature increases the accessibility of PIF4-binding site at the FT pro-
moter, which facilitates the release of H2A.Z nucleosomes (Bahuguna and Jagadish
2015). Previous studies have also shown direct molecular link between auxin, GA,
PIF4, and growth elongation response under high temperature, which all together
establishes PIF4 as a key node that integrates various environmental signals and
hormone signaling pathways. In addition to solid evidence in support of coinci-
dence model that mainly based on the transcriptional level of the PIF4 and PIF4-
target genes, recent proteomics study has also verified the external coincidence
model focusing on PIF4 protein level that integrates temperature-adaptive photope-
riodic control of plant growth in Arabidopsis thaliana (Yamashino et al. 2013).
PIF4-tag proteins are significantly accumulated predominantly at the end of the
night specifically at 28 °C in a long day, but not at 22 °C.

1.4.5 Salicylic Acid

The role of SA in basal thermotolerance is well established. The SA-mediated path-
way improves heat tolerance in a wide range of plant species including potato, mus-
tard, tobacco, tomato, bean, and Arabidopsis thaliana (Horvéath et al. 2007; Li et al.
2010). In Arabidopsis, as compared to wild-type plants, the SA-deficient NahG
transgenic plants show the lowest thermotolerance, while SA-accumulating cpr5
(constitutive expressor of PR genes) mutants exhibit the highest thermotolerance,
indicating the relevance of endogenous SA in basal thermotolerance. In addition to
SA content, SA-dependent signaling plays an important role in basal thermotoler-
ance. The SA-signaling mutants nprI-1 and npri-5 are prone to heat stress (Ahammed
et al. 2015). While the npri-1 mutant shows an increased electrolyte leakage and
decreased thermotolerance, the cpr5-1 mutants that are constitutively active in SA,
JA, and ethylene signaling pathways show enhanced tolerance to heat stress (Clarke
et al. 2009). However, NPR1-dependent pathway is only involved in the recovery
period but not in the thermotolerance during heat stress (Clarke et al. 2004).
Exogenous application of SA induces certain HSPs gene expression and eventu-
ally improves heat tolerance in Arabidopsis (Clarke et al. 2009; Horvéth et al. 2007).
In wheat, SA pretreatment not only enhances the protein kinase activity but also
inhibits the degradation of D1 protein under heat and high light stress (Zhao et al.
2011). Nonetheless, the recovery of D1 protein is accelerated by SA during recov-



14 G.J. Ahammed et al.

ery period too. In grape vine (Vitis vinifera L.), pretreatment with SA alleviates heat
stress-induced photosynthetic inhibition by maintaining a higher ribulose-1,5-bis-
phosphate carboxylase/oxygenase (RuBisCO) activation state and enhancing pho-
tosystem II efficiency (Wang et al. 2010). The mechanisms that control SA-mediated
thermotolerance in grape vine also involve SA-induced accumulation of HSP21 in
leaves especially in the recovery period. Studies using ABA and SA biosynthesis
inhibitors indicate that possibly heat-induced increases in SA levels are not the
result of a direct interaction, rather via an indirect interaction where heat stress
increases endogenous ABA, which then functions to protect plant from heat injury
(reviewed in Kurepin et al. 2013).

The WRKY transcription factor superfamily plays a crucial role in the response
of plants to heat stress. Although a number of WRKY genes have been reported to be
involved in heat stress response, a few of them play a critical role in plant hormone-
mediated heat tolerance. For instance, WRKY39, a member of the group II WRKY
protein, positively regulates collaboration between the SA- and JA-activated signal-
ing pathways under heat stress in Arabidopsis (Li et al. 2010). Transcript of WRKY39
gene can be induced by heat shock and exogenous SA or methyl jasmonate.
Functional analysis revealed that the WRKY39 knockdown mutants (wrky39) are
sensitive to heat stress, while transgenic plants overexpressing WRKY39 are rela-
tively tolerant to heat stress in comparison to wild-type Arabidopsis plants.
Interestingly, the expressions of SA-regulated PATHOGENESIS-RELATED 1 (PR1)
and SA-related MBF I c genes are suppressed in wrky39 mutants, but their transcript
levels in WRKY39 overexpressing plants remain upregulated. As transcript of PRI
in wrky39 mutants is decreased more significantly than that of MBFIc, it is specu-
lated that WRKY39 possibly acts upstream of PRI and downstream of MBFlic.
MBFIlc is a highly conserved transcriptional coactivator that precisely regulates
thermotolerance in Arabidopsis thaliana (Suzuki et al. 2008). MBF1c functions
upstream to SA, ethylene, and PR1 during heat stress, but not essential for induction
of transcripts encoding HSFA2 and HSPs, indicating an existence of a tightly coor-
dinated HSR network under the control of MBFlc.

1.4.6 Jasmonic Acid and Ethylene

Jasmonic acid (JA) is a long-distance signaling molecule that mediates plant
response to biotic and abiotic stresses. In Arabidopsis, JA plays a positive regulatory
role in basal thermotolerance, while ethylene shows the reverse effect (Clarke et al.
2009; Kazan 2015). As mentioned earlier, Arabidopsis cpr5 mutants that are consti-
tutively active in JA, SA, and ethylene pathways show enhanced heat tolerance, but
such heat tolerance is compromised in cpr5 opr3, cprS coil, and cpr5 jarl double
mutants, indicating the essentiality of both JA biosynthesis and signaling in the
process of thermotolerance. Nonetheless, exogenous application of JA remarkably
improves heat tolerance in wild-type Arabidopsis. Although ethylene production is
increased under heat stress, exogenous ethylene application cannot confer heat
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tolerance in Arabidopsis. Accordingly, the ethylene-insensitive ein2 mutant displays
enhanced heat tolerance, implying that the EIN2-mediated pathway might suppress
heat tolerance in Arabidopsis (Clarke et al. 2009).

Apart from the research on typical model plant Arabidopsis, the study using
suspension culture of medicinal plant Aquilaria sinensis shows that heat shock (50
°C for 30 min) rapidly and significantly upregulates the expression of JA pathway
genes and induces production of JA that is essentially important for the enhanced
production of agarwood sesquiterpene (desired secondary metabolites) (Xu et al.
2016). Nordihydroguaiaretic acid, a specific inhibitor of JA, can block heat-induced
upregulation of JA signaling pathway genes and can reduce accumulation of sesqui-
terpene compounds, indicating that JA mediates heat shock-induced enhancement
in secondary metabolism in A. sinensis, which is possibly an adaptive response to
heat stress.

In pepper (Capsicum annuum), CaWRKY6 (subgroup IIb WRKY family gene)
also plays a critical role in high-temperature response (Cai et al. 2015). Expression
of CaWRKY®6 can be induced by exogenous application of JA, ABA, and ethylene.
Suppression of CaWRKY6 by virus-induced gene silencing (VIGS) increases sus-
ceptibility to heat stress which is associated with the downregulation of JA-, ethyl-
ene-, and ABA-induced marker gene expression. However, overexpression of
CaWRKY6 improves tolerance to heat stress, suggesting that CaWRKY6 is a posi-
tive regulator of heat stress tolerance and might mediate phytohormone-induced
stress tolerance (Cai et al. 2015).

The key element of ethylene signaling and response pathway is the ethylene
response factors (ERFs), which are under the APETALA?2 (AP2)/ERF superfamily
transcription factors. ERF expression is enhanced following exposure of plants to
heat stress. ERFs can bind with dehydration-responsive elements (DREs) to activate
transcription of stress-responsive genes that enhance heat tolerance in plants. In
addition, ERFs act as a key node that integrates other hormone signaling pathways
under abiotic stresses. While ABA downregulates ERF] expression under abiotic
stress, this phenomenon does not block ethylene/JA signaling, and thus ERF1 can
upregulate expression of HSF3, HSP101, and HSP70 to promote heat tolerance
(Muller and Munne-Bosch 2015).

1.4.7 Brassinosteroids

Brassinosteroids (BRs) are a group of steroidal phytohormones that regulate plant
growth, development, and responses to a variety of environmental stresses including
heat stress (Divi and Krishna 2009). In Brassica napus, BR-promoted enhancement
in the basal thermotolerance is associated with increased synthesis and accumula-
tion of HSP (Dhaubhadel et al. 2002). Exogenous application of BR alleviates heat
stress by substantially increasing net photosynthetic rate, stomatal conductance,
maximum carboxylation rate of RuBisCO, and maximum potential rate of electron
transport contributed to ribulose-1,5-bisphosphate (RuBP) in tomato leaves
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(Ogweno et al. 2007). In addition, antioxidant enzyme activity is remarkably
induced, but the level of lipid peroxidation is decreased by exogenous BR applica-
tion under heat stress. Nonetheless, the mechanisms that control BR-induced stress
tolerance still remain largely unknown. As a consequence of excessive production
of ROS, oxidative stress occurs as a secondary stress during heat stress (Qu et al.
2013). On the one hand, ROS at high level is harmful for normal metabolism, while
on the other hand, low levels of ROS serve as a signal and thus have a regulatory
role in plant stress response. ROS have been found to be involved in BR-induced
oxidative stress tolerance in cucumber (Xia et al. 2009). BR-induced transient accu-
mulation of NADPH oxidase-derived H,O, mediates the transcriptional induction of
antioxidant genes. Eventually, BR-induced increased activity of antioxidant
enzymes improves ROS-scavenging capacity and thus minimizing oxidative stress.
Silencing of RESPIRATORY BURST OXIDASE HOMOLOG 1 (RBOHI) compro-
mises BR-induced tolerance to heat stress (Nie et al. 2013). Additionally, BR-induced
heat tolerance is associated with upregulation of transcript levels of RBOHI, MPK1,
and MPK2; however, MPK?2 plays a more significant role than MPK1 in BR-induced
H,0, accumulation and subsequent stress tolerance. Heat stress-induced reduction
in photochemical efficiency in BR-deficient mutant tomato (d") can be alleviated
by exogenous application of BR or ABA; however, such inhibition in ABA-deficient
tomato mutant (not) can be alleviated by ABA, but not by BR, indicating that stress
ameliorative effect of BR largely depends on the endogenous level of ABA. H,0, is
not only required for BR- but also for ABA-induced heat tolerance in tomato.
However, in addition to apoplastic H,O,, ABA induces chloroplastic H,O, that
might function in the induction of stress tolerance (Zhou et al. 2014).

A recent study conducted in Arabidopsis thaliana describes BR-induced tran-
scriptome under heat stress conditions (Divi et al. 2016). It shows that HSF21 and
HSF4 are putative BRASSINAZOLE-RESISTANT1 (BZR1) targets. In addition,
BR-induced induction of WRKY33, ACID PHOSPHATASE5 (ACPS),
BR-RESPONSIVE-RECEPTOR-LIKE KINASE (BRRLK), and JACALIN-RELATED
LECTINI-3 (JAC-LEC) following heat stress might have a role in thermotolerance.
BR transcriptomes carry distinct molecular signatures of ABA and JA. It is con-
cluded that BR-induced stress tolerance mechanisms potentially involve posttrans-
lational modification and protein turnover.

It is well recognized that BR signaling is mediated by the involvement of key
transcription factor BZR1. PIF4 and BZR1 interact with each other to regulate
hypocotyl elongation in Arabidopsis (Oh et al. 2012). A recent study shows that
transcriptional regulator JUNGBRUNNEN1 (JUB1) directly represses PIF4, while
BZR1 and PIF4 can also repress transcription of JUBI (Shahnejat-Bushehri et al.
2016). Furthermore, JUB1 induces DELLA accumulation but inhibits synthesis of
bioactive GA and BR. Thus, overexpression of JUB/ results in GA- and BR-deficient/
signaling mutant phenotypes due to direct suppression of GA3ox! and DWARF4
expression, respectively. On the other hand, jubl-I knockdown mutant shows
enhanced hypocotyl elongation in the dark, indicating that JUBI plays a negative
role in mediating PIF4- and BZR1-promoted hypocotyl growth in the dark. It is
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speculated that JUB1 forms a robust regulatory module involving GA, BR, and
PIF4, which eventually enhances stress tolerance in Arabidopsis.

1.5 Conclusions and Perspectives

As a consequence of global climate change, the deleterious effects of heat stress on
crop yield are expected to be increased in the future. Thus, a better understanding of
the mechanisms involved in plant tolerance to heat stress is of vital significance. The
deleterious effects of heat stress can be ameliorated through developing new variet-
ies with improved thermotolerance. Manipulation of phytohormones through breed-
ing or exogenous application of various phytohormones at optimal dose may help to
mange heat stress and thereby sustaining crop production in the face of climate
change. It is worth mentioning that activation of hormone-responsive genes in a
specific tissue is crucial for the induction of stress tolerance and thus targeted
manipulation of the plant hormone pool offers better efficacy for modulating the
response of plants to heat stress (Mackova et al. 2013).

The general approach to study plant response to high temperature is by exposing
plants to either short-term heat stress or extended high-temperature stress or heat
acclimation and heat stress recurrence (Ahuja et al. 2010; Mittler et al. 2012).
Although the purpose of studying high-temperature stress is to understand plant
response, it often does not mimic the real-world situation even considering a single
stress. For example, on a hot day temperature may vary a lot during hours of the day.
Certainly, it declines at night providing the plants an opportunity to recover.
However, the next day the plant may have to face another episode of abnormal high-
temperature regimes. Many heat acclimation studies could explain plant response to
heat stress; however, to a various extent, those conditions often cannot mimic the
real-world temperature regimes. Nonetheless, multiple abiotic and/or biotic hazards
may coexist in the natural ecosystem. Therefore, it is of great significance to study
plant response to high temperature getting close to the real-world temperature haz-
ard which may provide a better understanding of the mechanisms of plant tolerance
to various high-temperature stresses. As phytohormones play a crucial role in
imparting thermotolerance, establishing a role for a hormone in protection of crop
yield from heat stress may have significant implications in breeding programs as
well as field application of plant hormones.
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Chapter 2
Involvement of Plant Hormones in Cold
Stress Tolerance

Joanna Lado, Matias Manzi, Maria Martha Sainz, Mariana Sotelo,
and Lorenzo Zacarias

Abstract The adaptation and survival of plants in challenging environments
involve changes at the cellular and molecular levels. In particular, cold acclimation
that is due to gradual exposure to low nonfreezing temperatures includes structural
and morphological modifications, changes in cell membrane composition, and an
accumulation of compatible solutes among other cryoprotective compounds. These
processes are governed by plant hormones that are also involved in the adaptation to
other abiotic and biotic stresses. Also, other hormones not usually associated with
the response to stress have been shown to be participated in the plant cold response.
Here, we review the latest information regarding the involvement of plant hormones
and its cross talk during cold tolerance.
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2.1 Introduction

Plants have developed a striking set of different mechanisms to adapt and survive in
a challenging environment facing biotic and abiotic stresses. Temperature and water
availability are the major environmental factors that significantly influence geo-
graphical distribution of plants and sustainability of agriculture worldwide
(Chinnusamy et al. 2007). Since only 12 % of the Earth’s ice-free surface is used for
agriculture, most plants are exposed to low temperatures (Ramankutty et al. 2008).
The temperature gradient also determines agricultural yield and crop productivity.
In order to survive in such nonoptimal conditions, plants have developed complex
mechanisms to perceive external signals and respond accordingly. Among abiotic
stresses, cold stress is one of the most studied due to its key relevance in different
developmental processes and impact on crop productivity (Rahman 2013).

Cold stress is associated with low chilling (nonfreezing/below 10 °C, depending
on the plant species) and differs from freezing which usually occurs when tempera-
tures drop below 0 °C (Gusta et al. 2005; Zhou et al. 2011). Cold stress directly
affects plant growth and development, inducing several physiological, metabolic,
and genetic mechanisms (Ruelland et al. 2009). First structural changes associated
with cold response involve the alteration of membrane conformation, leading to a
decrease of membrane fluidity (Sevillano et al. 2009). Furthermore, there is a rapid
release of reactive oxygen species (ROS) that could cause oxidative stress if plants
are not able to detoxify them (Ruelland et al. 2009; Sevillano et al. 2009). However,
plants have various cellular enzymatic and nonenzymatic mechanisms to cope with
this condition and, therefore, to minimize the low-temperature-induced damage
(Ruelland et al. 2009).

In nature, plants may exhibit cold tolerance due to gradual exposure to low non-
freezing temperatures, a process known as cold acclimation (Thomashow 1999).
Cold acclimation includes biochemical mechanisms (Thomashow 1999; Miura and
Furumoto 2013; Wisniewski and Gusta 2014) such as changes in cell membrane
composition and an increase in compatible solutes and other cryoprotective com-
pounds (Wisniewski and Gusta 2014), as well as structural and morphological mod-
ifications (Miura and Furumoto 2013).

Different experimental evidences indicate that all these processes involve a fine
tune of different signaling networks governed by phytohormones, responsible for
the adaptation and responses against biotic and abiotic stress (Peleg and Blumwald
2011; Shi et al. 2015). These processes are usually mediated by a cross-regulation
among the major “stress-related” phytohormones: salicylic acid (SA), jasmonic
acid (JA), abscisic acid (ABA), and ethylene (ET). In addition, cold responses also
involve other phytohormones and signaling molecules such as brassinosteroids
(BRs), strigolactones (SLs), nitric oxide (NO), cytokinins (CKs), auxins (AUXs5),
and gibberellins (GAs) (Peleg and Blumwald 2011; Shi et al. 2015). This chapter
reviews the most relevant and latest information regarding cold stress sensing and
signaling as well as the involvement of plant hormones and cross talk in the regula-
tion of cold tolerance.
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2.2 Cold Stress Sensing and Signaling Pathways

The identity of the cold stress sensor(s) in plants remains unknown. However, there
are certain cellular components and processes that are firstly affected by cold and,
therefore, may be the main candidates to play a role in stress sensing. Low tempera-
tures trigger the production of second messengers which can be perceived by sen-
sors to activate plant responses to cold stress.

The fluid mosaic physical state of the plasma membrane is vital for the structure
and function of cells, as well as to sense temperature variations. These membranes
undergo phase transitions, from a liquid crystalline to a rigid gel phase at low tem-
perature (Chinnusamy et al. 2010). Currently, a hypothesis that is widely accepted
is that the reduction in membrane fluidity caused by cold stress appears to be a pri-
mary event of cold perception to activate the Ca?* channel in both prokaryotes and
higher plants (Shi et al. 2014). In higher plants, cellular Ca?* dynamics is detected
as soon as 40 s after cold exposure through a novel aequorin-based Ca?* signaling
mechanism (Zhu et al. 2013). In addition to the plasma membrane, chloroplast may
also play a role in sensing ambient temperature. Under low temperature, an imbal-
ance between the capacity to harvest light energy and the ability to dissipate this
energy through metabolic activity causes an excess of photosystem II (PSII) excita-
tion pressure. The overreduction of PSII leads to the generation of ROS. Further,
protein folding is influenced by temperature changes. Therefore, plant cells can
sense cold stress through membrane rigidification, protein/nucleic acid conforma-
tion, and/or metabolite concentration, either a specific metabolite or the redox status
(Chinnusamy et al. 2010).

Diverse plant species tolerate cold stress to different thresholds, which depends
on the reprogramming gene expression to modify their physiology, metabolism, and
growth (Chinnusamy et al. 2010). In higher plants, the major cold signaling path-
way is the C-repeat (CRT)-binding factor/dehydration-responsive element (DRE)-
binding factor (CBF/DREB)-mediated transcriptional regulatory cascade (Fig. 2.1).
This system is essential for the induction of a set of cold-responsive (COR) genes,
which encodes cryoprotective proteins that protect plant cells against cold-induced
damage (Thomashow 1999). There are three CBF genes (CBFI/DREBIb, CBF2/
DREBIc, and CBF3/DREBIa) in the Arabidopsis thaliana (Arabidopsis) genome.
Overexpression of these genes results in enhanced freezing tolerance (Thomashow
2001), whereas knockdown of CBF1 and/or CBF3 increases plant sensitivity to
freezing stress after cold acclimation (Novillo et al. 2007). However, the cbf2 mutant
shows a freezing tolerance phenotype with or without cold acclimation. Gene
expression analysis indicated that CBF2 plays a negative role in the expression of
CBFI and CBF3, suggesting the existence of a negative feedback regulatory net-
work in the cold stress response (Novillo et al. 2004).

In Arabidopsis, the CBF/DREB1 pathway is controlled by an MYC-type factor
ICE1 (inducer of CBF expression 1) (Fig. 2.1). The ice! mutant exhibits both chill-
ing and freezing sensitivity, and the overexpression of /ICE! confers increased freez-
ing tolerance (Chinnusamy et al. 2003). Approximately, 40 % of COR genes and
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46 % of cold-regulated transcription factor genes are regulated by ICE1. This fact
suggests that ICE1 functions as a master regulator controlling CBF3/DREBIA and
many other COR genes (Lee et al. 2005). It is noteworthy that CBF genes are rapidly
and transiently induced by cold, while induction of COR genes by cold is much
slower. It is possible that under cold stress, CBF proteins accumulate to a certain
extent to induce COR gene expression. It is unknown whether CBF proteins are
alternatively modified or have partners that are slowly activated by cold (Shi et al.
2014). Key components of the ET and JA signaling pathways have been shown to
modulate CBFs. It is thought that ABA, GA, and CK signaling regulates cold
responses mainly via CBF-independent pathways (Kosova et al. 2012; Shi et al.
2014). However, certain CBF genes are induced by exogenous application of ABA,
contributing to sustain cold tolerance (Knight et al. 2004). Therefore, CBF regula-
tion constitutes a key point of phytohormones and cold stress interaction that would
be further discussed.

In addition to the abovementioned CBF-dependent pathway, some CBF-
independent components have a function in cold signaling (Fig. 2.1). In fact, Fowler
and Thomashow (2002), through a transcriptome analysis, indicated that only ~12 %
of the COR genes are controlled by CBFs. The Arabidopsis eskl mutant shows
constitutive freezing tolerance that is independent of the CBF regulon (Xin and
Browse 1998). Loss of HOS9, a homeobox transcription factor, causes reduced
freezing tolerance without affecting the expression of CBFs and their target genes
(Zhu et al. 2004). Also, GIGANTEA (GI), which encodes a nuclear-localized protein
involved in flowering and the circadian clock, is induced by low temperature. The
gi-3 mutant shows both decreased constitutive cold tolerance and impaired cold
acclimation ability without affecting CBF expression (Cao et al. 2005).

As it is well known, transcription factors (TFs) play central roles in gene expres-
sion by regulating transcription of downstream genes. The APETALA 2/ethylene-
responsive element-binding factor (AP2/ERF) family is a large group of
plant-specific transcription factors that includes the AP2, RAV, ERF, and DREB
subfamilies (Sakuma et al. 2002). Many stress-inducible DREB subfamily members
have been isolated and characterized, and it has been established that those are the
major factors involved in plant abiotic stress responses for their involvement in
regulation of gene expression via the DRE/CRT pathway. The ERF subfamily mem-
bers, which bind to ET-responsive elements, are also involved in abiotic stress
responses (Yamaguchi-Shinozaki and Shinozaki 2006; Mizoi et al. 2012).

Histidine kinases (HKs) are important class of hormone receptors in plants.
There are ten putative HKs in Arabidopsis, which are known as ET receptors and
non-ET receptors. The ET receptors, localized to the endoplasmic reticulum (ER)
membrane (Chen et al. 2002), act in concert with physically associated Raf-like
kinase CTR1 (constitutive triple response 1) to block ET signal transduction path-
way (Clark et al. 1998). Similarly, ER membrane-located CK receptors HK2
(AHK?2), AHK3, and AHK4/CRE]1 (CK receptor 1) belong to the non-ET receptors.
In Arabidopsis, CK signaling pathway is also a two-component system, which con-
sists of AHKSs, Arabidopsis histidine phosphotransfer proteins (AHPs), and
Arabidopsis response regulators (ARRs). Upon activation, AHKSs transmit the sig-
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nals via AHPs to ARRs through the phosphorelay cascade (Kakimoto 2003), deter-
mining the downstream response to CKs.

2.3 Hormone Functions and Cross Talk Toward Cold
Tolerance

2.3.1 Stress-Responsive Phytohormones and Cold Tolerance

Plant hormones are involved in the regulation of plant interactions with the environ-
ment. Studies using hormone-biosynthetic pathway mutants have been instrumental
to gain insight into the plant responses to changing environments (Kosov4 et al.
2012; Shi et al. 2014). Hormones do not act in isolation but are interrelated by syn-
ergistic or antagonistic cross talk so that they modulate each other’s biosynthesis or
responses (Peleg and Blumwald 2011). Therefore, each process could be affected
by multiple hormones (Kosova et al. 2012).

ABA is the key plant hormone involved in the response to abiotic stresses associ-
ated with dehydration, which include not only drought but also salinity and cold
stress (Gusta et al. 2005). Under low temperatures, ABA levels are rapidly increased
to assure an adjustment of water relationships (Vankov4 et al. 2014). It is important
to highlight that although ABA induces cold/freezing tolerance, it appears not to be
the unique mediator in this process (Minami et al. 2003, 2005). For instance, Huang
and coworkers (2015) proposed the ratio ABA/GA; to estimate cold tolerance in
sugarcane.

In ABA-mediated cold tolerance, two major cis-acting elements known as ABRE
(ABA dependent) and CRT/DRE (ABA independent) have been identified. Both
can be activated by binding to different TFs known as ABRE-binding proteins
(AREB) or ABRE-binding factors (ABFs). This interaction activates ABA-
dependent gene expression (reviewed in Xue-Xuan et al. 2010). Although CBF sig-
naling pathways have been traditionally shown to be ABA independent, CBFI1-3
could be part of this pathway as studies demonstrated that the CBF1-3 responded to
elevated ABA (Knight et al. 2004). Evidence shows that ABA can directly cause an
increase in the generation of ROS, inducing an early expression of diverse antioxi-
dant genes, contributing to cold stress tolerance (Xue-Xuan et al. 2010). The general
mechanism of ABA-mediated cold tolerance has been mainly studied in herbaceous
plants and confirmed in woody plants (Xue-Xuan et al. 2010).

In addition to ABA, the function of other “stress-related hormones” such as sali-
cylic acid (SA), jasmonic acid (JA), and ethylene (ET) in cold response has been
explored in different plant species (Miura and Furumoto 2013; Vankova et al. 2014;
Shi et al. 2015). Low temperatures promote the accumulation of endogenous free
SA and glucosyl SA in Arabidopsis shoots, wheat, and grape berry (reviewed in
Miura and Tada 2014), suggesting that SA is also involved in the regulation of cold
responses (Fig. 2.1). SA-treated plants show a higher tolerance to cold, whereas



2 Involvement of Plant Hormones in Cold Stress Tolerance 29

application of SA biosynthesis inhibitors leads to a higher chilling damage and
repression of cold-responsive genes (Dong et al. 2014). Low temperatures (8 °C) in
cucumber seedlings increase SA levels by stimulating the activity of phenylalanine
ammonia lyase (PAL) and benzoic acid-2-hydroxylase enzymes, which directly
contribute to de novo SA formation (Miura and Tada 2014). SA could induce cold
tolerance through the induction of COR and the modulation of cellular H,0, levels
(Dong et al. 2014). Similarly, exogenous SA or acetylsalicylic acid increases the
chilling tolerance and alleviates MDA production by reducing the accumulation of
both H,0, and superoxide radials (O,”) in maize roots and leaves (Wang et al. 2012).
In addition, in the ice/ mutant, SA-inducible genes are upregulated (Chinnusamy
et al. 2003), indicating an essential role of ICEI as an integrator of SA-signaling
and cold response pathway. It is worth noting that the effect of exogenous applica-
tion of SA on cold tolerance may be tissue specific and dependent on the organism,
concentration, and period of application (Miura and Tada 2014).

Different works have revealed a positive role of JA in inducing cold tolerance in
several plant species (Dar et al. 2015; Kazan 2015). The work of Hu and coworkers
(2013) and Du and coworkers (2013) showed that the exposure to low temperature
rapidly stimulated the accumulation of JA by inducing its biosynthetic genes.
Moreover, Arabidopsis mutants defective in JA biosynthesis or signaling display an
increased sensitivity to cold stress (Hu et al. 2013). Recently, a role for Arabidopsis
jasmonate zim-domain (JAZ) repressors as key regulators of cold tolerance has been
described. Under unstressed conditions, JAZ1 and JAZ4 proteins physically interact
and suppress the transcriptional activities of ICEI and ICE2 (Fig. 2.1), preventing
the activation of cold stress responses (Hu et al. 2013). Cold stress increases JA
levels by triggering COIl-mediated degradation of JAZs in WT plants, releasing
ICEs from repression. ICE1 and ICE2 then activate CBFs by binding to the DRE/
CRT box promoter sequence element found in the ICE-regulon promoters (Hu et al.
2013; extensively reviewed in Kazan 2015; Fig. 2.1).

ET appears to negatively regulate freezing tolerance since in vitro grown
Arabidopsis seedlings treated with the ET precursor 1-aminocyclopropane-1-
carboxylic acid (ACC) show a reduced freezing tolerance with or without cold
acclimation, whereas the application of aminoethoxyvinylglycine (AVG), an inhibi-
tor of ACC biosynthesis, increases freezing tolerance in these plants, indicating a
negative effect of ET on cold tolerance (Shi et al. 2012). Moreover, ET signaling
pathway seems to affect cold tolerance in Arabidopsis by repressing the CBF path-
way (Shi et al. 2012). The Arabidopsis ET-insensitive mutants etrl-1, ein4-1, ein2-
5, and ein3-1 show an enhanced freezing tolerance. Moreover, A-type ARR genes
are repressed by EIN3 (Shi et al. 2012), finally repressing CBF-induced responses.
Similarly, in the model legume Medicago truncatula, a negative correlation was
found between ET levels and cold acclimation, since ET-insensitive skl mutants
were more tolerant to cold than wild-type plants (Zhao et al. 2014).

By contrast, in a recent work in Arabidopsis seedlings, it was described that
freezing tolerance is enhanced by the application of ACC (Catala et al. 2014) and
that an overexpressing efo-1 mutant (an ET overproducer) displays a higher expres-
sion of CBFs (Catald and Salinas 2015), suggesting therefore that ET acts as a posi-
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tive regulator of freezing tolerance and cold acclimation. In this sense, a direct
linkage has been established between the ET and the RARE COLD INDUCIBLEIA
(RCIIA) gene, a negative regulator of cold acclimation in Arabidopsis. This gene
regulates the expression of cold-induced genes mainly through an ET-dependent
pathway, involving physical interaction with ACC synthase (ACS) isoforms.
Therefore, RCIIA restrains ET biosynthesis contributing to establish the required
threshold of this hormone to cope with cold stress (Catala et al. 2014). Similarly, in
tomato and tobacco plants, the overexpression of ERF2, a positive regulator of ET
responses (Zhang et al. 2009), leads to a higher cold tolerance in both species,
whereas ACC application in ERF?2 antisense transgenic lines can restore cold toler-
ance, suggesting a positive role of ET in cold tolerance in both species (Zhang and
Huang 2010). In addition, the overexpression of this ETR in rice leads to a higher
cold tolerance linked to accumulation of osmoprotectants and chlorophyll and to a
reduction in ROS production and oxidative damage (Tian et al. 2011). Similar to
other hormones, the role of ET in cold tolerance appears to be species dependent
and also influenced by the stage of plant development when the stress is imposed. A
possible requirement of different internal threshold levels of the hormone to trigger
cold-associated responses in different species and even cultivars cannot be ruled
out.

The possible role of BRs in response to cold stress tolerance has been explored
by transgenic approaches and exogenous BR application. Seedlings overproducing
BRs were more tolerant to cold stress and had higher levels of some COR genes.
Exogenous application of BR also induces the expression of stress-related genes,
leading to the maintenance of photosynthesis activity, activation of antioxidant
enzymes, accumulation of osmoprotectants, and induction of other hormone
responses. The former suggest a role for BRs in promoting cold tolerance in
Arabidopsis seedlings (Divi and Krishna 2010). Moreover, recent studies described
the existence of several BRASSINAZOLE-RESISTANT (BZR) transcription fac-
tors (positive regulators of BR signaling) which are upregulated in response to
exogenous ABA treatment and showed differential expression in response to low-
temperature stress in Brassica rapa plants. Moreover, these TFs were proposed to
activate CBF-mediated cold response pathway in these species (Fig. 2.1), display-
ing a key regulatory function in cold tolerance (Saha et al. 2015). As more transcrip-
tomic, metabolomic, and proteomic information becomes available, these data can
be mined to identify novel components involved in the cold signaling, and addi-
tional nodes of cross talk between cold stress signaling and phytohormone metabo-
lism will be identified (Shi et al. 2015).

2.3.2 Growth-Promoting Phytohormones and Cold Tolerance

Phytohormones such as GAs, AUXs, and CKs display a key function in the control
of plant growth and development from embryogenesis to senescence and are also
involved in the response to cold stress. In this sense, the decrease in the growth rate
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at the beginning of the cold stress response is associated with the downregulation of
GA, AUX, and CK metabolism (Rahman 2013; Vankova et al. 2014). Wheat plants
exposed to low temperatures decrease GA, content in all organs (Vankova et al.
2014). In Arabidopsis, CBFs induced by cold stress upregulate the expression of
GAZ2ox gene, encoding the GA-catabolizing enzyme, and repress the GA20ox gene,
encoding a GA-biosynthesizing enzyme, determining a final reduction in GA levels
(Kurepin et al. 2013; Fig. 2.1). Low temperature reduces the level of GA which is
associated with a reduction in plant growth, as demonstrated in the GA-insensitive
wheat genotype with reduced height (RAt3) or dwarf phenotype (Tonkinson et al.
1997). In the same direction, growth retardation was observed in CBF1/DREB1B-
overexpressing plants, in part, by the accumulation of DELLA proteins, a pheno-
type that was rescued by exogenous GA application (Achard et al. 2008a). It has
been established that CBFI enhances the accumulation of DELLA proteins by
reducing GA content through the stimulation of GA2ox gene expression (Achard
et al. 2008a). DELLA protein degradation is stimulated by GAs by enhancing the
proteasome activity (Dill et al. 2004). Moreover, DELLA proteins have been associ-
ated with abiotic stress survival due to the drop of ROS levels and a delay in cell
death through the induction of ROS detoxification enzymes (Achard et al. 2008b).
These data indicate that CBF/DREB 1-dependent signaling pathway regulates plant
growth through modulation of DELLA protein accumulation (Fig. 2.1).

Current knowledge about the role of AUXs under cold stress signaling is limited.
Cold and AUXs are potentially linked since it was described that cold stress inhibits
the root gravity response in Arabidopsis by around 50 %, a process basically gov-
erned by AUXs (Shibasaki et al. 2009), suggesting that cold decreases internal
indol-3-acetic acid (IAA) levels in plants. However, since AUX signaling mutants
(axrl and tirl) showed a reduced gravity response but a normal cold tolerance, it
was suggested that cold stress affects AUX transport rather than AUX signaling
(Shibasaki et al. 2009). Indeed, an AUX transporter (PIN3), which has been sug-
gested to play a role in earlier stages of root gravity response, is inhibited by cold
stress (Shibasaki et al. 2009). Moreover, direct transport assays confirmed that cold
inhibits AUX transportation, suggesting that the effect of cold stress on AUX is
more linked to the inhibition of intracellular trafficking of specific efflux carriers
(Shibasaki et al. 2009; Rahman 2013).

The reduction in GA and AUX levels during cold stress restricts the plant growth
and allows it to face unfavorable conditions (Kurepin et al. 2013). A key cross talk
among IAA, JA, and ABA phytohormones has been described. In the leaves of rice
seedlings, low temperatures induce both JA and IAA accumulation by inducing
TAA biosynthetic gene expression (Du et al. 2013). The potential cross talk between
IAA and ABA in cold tolerance was explored in OsGH3-2-overexpressing rice lines
(an enzyme that catalyzes IAA conjugation into amino acids) where a reduction in
free IAA content caused a concomitant increase in ABA levels and in cold tolerance
(Du et al. 2012). It is generally considered that intracellular AUX transport and,
hence, AUX gradient play a major role controlling hormonal cross talk with other
phytohormones and therefore in the regulation of plant growth and development
under cold stress conditions (Rahman 2013).
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Similar to what occurred with GAs and AUXSs, exposure of Triticum seedlings to
low temperature (4 °C) causes a fast decrease in CK levels as well as in its direct
precursors (CK phosphates). The existence of a multistep two-component signaling
system was reported as a key element in the cold-CK-mediated changes in
Arabidopsis plants. AHK2 and AHK3 HKs act as CK receptors in plants and were
found to be primarily involved in mediating cold induction of A-type ARRs. The
majority of A-type ARRs are partially redundant negative regulators of CK signal-
ing (Jeon et al. 2010). Moreover, the ahk2-2, ahk3-2, and ahk3-2 crel-12 double
mutants display enhanced freezing tolerance without affecting the CBF expression,
indicating that CK receptors function as negative regulators in the plant responses
to low temperatures (Jeon et al. 2010). However, cold stress has no obvious effect in
the expression of AHK2, AHK3, and AHK4/CRE, indicating that cold stress might
alter CK receptor activity through a still unknown mechanism (Shi et al. 2014).

2.4 Plant Development and Cold Tolerance Mechanisms

2.4.1 Hormones and Cold Tolerance Mechanisms:
Seed and Bud Dormancy

Good examples of plant adaptation to low temperatures include specialized mecha-
nisms such as seed or bud dormancy, which prevent from premature germination or
sprout during unfavorable conditions for plant growth and development. Seed dor-
mancy, which refers to the inability to germinate, is regulated by an intricate cross
talk among several groups of hormones that induce, maintain, and release seeds
from dormancy. Seeds are able to integrate many environmental cues to detect the
optimal spatiotemporal conditions to avoid cold detrimental effects (de Casas et al.
2012), and the exposition to low temperatures is responsible for the release of this
dormancy phase, leading to higher germination rates (Fu et al. 2014).

Induction of seed dormancy is mainly governed by a tight relationship between
ABA and GAs, where ABA is responsible for dormancy induction and maintenance
(Kermode 2005), whereas GAs conduct to dormancy release (Nadjafi et al. 2000).
Above all, the ratio between the hormones (ABA/GA) seems to be more relevant
than the individual effect of each molecule (Kendall et al. 2011; Fu et al. 2014).
Since the cold exposure is gradual during winter, different dormancy stages could
be differentiated based on sensitivity to ABA and GA. This fact implicates a con-
tinuous decrease in ABA content and in seed sensitivity to this hormone.
Concomitantly, GA content and seed sensitivity increase in response to cold (Tuttle
et al. 2015). Dormancy release is stimulated by cold- and GA-induced enzymatic
activity, a higher protein hydrolysis and sugar availability, and key energy sources
to further sustain seed germination (Fu et al. 2014).

During the seed maturation process, low temperatures upregulate ABA biosyn-
thetic genes such as nine-cis-epoxycarotenoid dioxygenases (NCEDs) and strongly
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downregulate the ABA-catabolic CYP707A gene (Fig. 2.2), leading to a final
increase in the ABA content, maintaining seed dormancy (Kendall et al. 2011).
Overexpression of NCEDs inhibits normal seed germination, reinforcing the key
role of ABA in this mechanism (Nonogaki et al. 2014). After the dormancy is estab-
lished, low temperatures are responsible for the progressive decrease in ABA
content due to its conversion to inactive forms such as ABA-GE (Chiwocha et al.
2005) or to the stimulation of its catabolism by the induction of CYP707A2 gene
(Sasaki et al. 2015). ABA is able to govern its own catabolism by a tight autoregula-
tory mechanism. ABA INSENSITIVE4 (ABI4), an ABA-inducible gene associated
with dormancy (Shu et al. 2013), and DELAY OF GERMINATIONI (DOG]) gene,
which stimulates the expression of ABI4 leading to an enhanced responsiveness to
ABA, are key regulators in this process (Matilla et al. 2014). Apart from inducing
ABI4, DOGI1 also binds to the promoter regions of ABA hydroxylase genes,
CYP707A1 and CYP707A2 (Fig. 2.2), downregulating ABA catabolism and assur-
ing high levels of this phytohormone during the first stage of seed dormancy
(Nonogaki et al. 2014). The accumulation of DOG1 proteins reaches its maximum
during seed maturation and remains stable throughout the dormancy period
(Nakabayashi et al. 2012). DOGI proteins also play a role in GA metabolism since
they can inhibit the expression of GA biosynthetic genes such as GA20ox, favoring
seed dormancy during seed maturation while upregulating catabolic genes such as
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GA2o0x (Kendall et al. 2011; Graeber et al. 2014), determining low GA levels.
Interestingly, it appears that the promotion of dormancy induced by DOG1 could be
overcome by high levels of GAs, which are only achieved after the exposure to low
temperatures. Hence, DOG1 appears to be a key common regulator of ABA and GA
balance during seed dormancy (Kendall et al. 2011).

Apart from DOGI, the MYB96 TF is also involved in the response to several
abiotic stresses mediated by ABA (Seo et al. 2009a), including low temperatures
(Lee and Seo 2015). As DOG1, MYB96 is implicated in seed dormancy by exerting
arole in the regulation of ABA and GA metabolism. Arabidopsis myb96- 1-deficient
mutants show a reduced seed dormancy, explained by the downregulation of NCED
genes and the upregulation of GA biosynthetic genes GA3ox! and GA20ox1, indi-
cating that MYB96 also plays a key role in controlling both hormone metabolisms in
seeds (Fig. 2.2). It has been demonstrated that MYB96 directly binds to the promot-
ers of the NCED2 and NCED6 genes and activates ABA metabolism, which contrib-
utes to the establishment of seed dormancy by adjusting the balance between ABA
and GA (Lee et al. 2015).

Other phytohormones such as ET could be interacting in this process since a
reduced ACS activity is observed in seeds during low-temperature exposition,
reducing ACC levels and leading to a general decrease in ET metabolism (Arc et al.
2013), favoring seed dormancy (Fig. 2.2). It was recently described that during the
establishment of seed dormancy, two members of the histone deacetylation complex
in Arabidopsis, SIN3-LIKE1 (SNL1) and SNL2, decrease histone acetylation lev-
els, leading to an upregulation of several genes from the ABA metabolism and to the
downregulation of ET biosynthesis and perception genes (ACOI, ACO4, ACOS5,
ERF6, ERF9, ERF105, and ERF112). The former stimulates seed dormancy show-
ing that SNLs are key mediators in the interaction between both phytohormones
(Wang et al. 2013). During the advanced dormancy stage, ET is involved in dor-
mancy release. Using ET mutants and by the exogenous application of ET (Corbineau
et al. 2014) as well as hydrogen cyanide, a coproduct of ACC oxidation, it was
demonstrated that ET could release seed dormancy (Kepczynski et al. 2014). Et also
appears to interplay with GAs in regulating seed dormancy since exogenous GA
application upregulates the expression of AtfACO (Ogawa et al. 2003); meanwhile
paclobutrazol (a GA biosynthesis inhibitor) downregulates it (Calvo et al. 2004).

It is thought that nitric oxide (NO) could be interacting with some phytohor-
mones and inducing the release of seed dormancy (Fig. 2.2). Kepczynski and
coworkers (2014) suggested that NO could interact directly with ABA and/or
ET. Other authors suggest that NO is needed to induce ET production (Gniazdowska
et al. 2010) and also favors the decrease in ABA during dormancy release (Liu et al.
2009, 2010a, b) by upregulating the CYP707A2 expression (Liu et al. 2009). Low
temperature is also associated with increased levels of JA-Ile in embryos, suggest-
ing a possible involvement of the jasmonates in dormancy release process (Tuttle
et al. 2015). Moreover, it has been postulated that dormancy is reduced by the action
of methyl jasmonate (MeJA) in a NO-dependent manner (Fig. 2.2), which led to the
downregulation of NCEDs and the upregulation of CYP707A, causing a decrease in
ABA content (Jacobsen et al. 2013). More studies are needed to unravel the specific
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role of these compounds and other novel hormones, such as SLs, under cold condi-
tions since it was demonstrated that SLs upregulated the CYP707A1 gene in the
obligate root parasitic Phelipanche ramosa (Lechat et al. 2015), suggesting a poten-
tial involvement of these metabolites in ABA metabolism.

Similar to the dormancy process as described in seeds, plants developed strate-
gies to avoid cold-damaging effects during the winter. The process of endodormancy
involves bud sprout inhibition in a process mainly regulated by low temperatures. It
is widely recognized that bud dormancy is initiated once growth cessation occurs
under cold and/or short photoperiod conditions (Dogramaci et al. 2013) and that
high temperatures during the autumn inhibit endodormancy establishment (Pagter
et al. 2015) or could even delay the spring budburst (Luedeling et al. 2011; Fu et al.
2012). The former corroborates that low temperatures are needed to trigger bud
dormancy, a key mechanism to assure cold and freezing tolerance.

It is believed that phytohormone cross talk regulates bud dormancy induction,
maintenance, and release, although the available information is focused on the indi-
vidual effect of each phytohormone. In this sense, it is largely accepted that ABA
plays a pivotal role essentially during dormancy induction and maintenance
(Goémez-Cadenas et al. 2015), whereas a decrease in ABA is needed to release buds
from it (Zheng et al. 2015). Moreover, exogenous application of ABA during the
final stages of endodormancy is capable of maintaining buds in a dormant state (Bai
et al. 2013). During dormancy induction, ABA biosynthetic genes (NCED3, ABAI,
and ABA2) and ABA signal transduction components (PP2C, ABI1, AREB3, among
others) are induced (Ruttink et al. 2007). Low temperatures during the winter pro-
gressively decrease the levels of free ABA until dormancy release is achieved
(Zheng et al. 2015). This decline is more pronounced in cultivars with low chilling
requirements (Atkinson et al. 2013). The reduction in ABA levels during dormancy
has been related to a decrease in NCED transcription and to an increase in the ABA
catabolism mediated by CYP707A (Gai et al. 2013; Zheng et al. 2015).

GAs are considered as ABA antagonists in this process and in some species
could be directly inducing dormancy release (Gai et al. 2013), partially replacing
the effect of cold. Moreover, cold induces several genes from the GA biosynthesis
pathway (van der Schoot and Rinne 2011). It is suggested that during the autumn
the remnant leaves could cause a delay in bud dormancy induction due to high levels
of GAs (Atkinson et al. 2013), although a lower level of GAs by itself is not suffi-
cient to induce bud dormancy (Mglmann et al. 2005). Once endodormancy is estab-
lished, low temperatures upregulate GA20ox and GA2 and downregulate GA2o0x
(Karlberg et al. 2010; Gai et al. 2013), stimulating GA accumulation. However,
since it is extremely difficult to determine the exact moment of endodormancy
release and the onset of ecodormancy (dormancy state that could be released by
warm temperatures after chilling requirements are fulfilled), it is still not clear if GA
increase at this stage is relevant for endodormancy release process (Bai et al. 2013).

Similar to its function in seed dormancy, ET plays a role in bud dormancy induc-
tion possibly in a tight cross talk with ABA. In fact, ET seems to precede ABA dur-
ing the onset of dormancy. Several ET biosyntheses and response genes are induced
just before endodormancy (Horvath et al. 2008) which leads to a transient increase
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in ET levels (Ruttink et al. 2007). Moreover, the increase in ET production has been
proposed as a previous requirement for the induction of NCED genes, finally stimu-
lating ABA accumulation (Dogramaci et al. 2013). Actually, ET-insensitive plants
are unable to increase ABA production during this stage (Ruttink et al. 2007).
However, the cross talk between ET and ABA is yet poorly understood since exog-
enous ACC induces several ABA-mediated signaling genes such as ABI/ and ABA2,
which could also downregulate the expression of certain ABA biosynthetic genes
such as ABAI and NCEDs, suggesting that ET could exert a role in regulating both
ABA biosynthesis and signaling (Dogramaci et al. 2013).

Despite AUXs also seem to be related to dormancy process, their exact role is
still unknown (Gai et al. 2013). Lateral buds, which are under the influence of the
apical bud in a process known as paradormancy, present higher chilling require-
ments to be released from dormancy (Atkinson et al. 2013; Pagter et al. 2015).
Some reports show that AUX levels, as well as some genes involved in IAA biosyn-
thesis, are reduced during the endodormancy establishment (Dogramaci et al. 2013).
It is believed that ET could be mediating this process by which AUXSs inhibit shoot
growth during the autumn (Dogramaci et al. 2013). Low temperatures perceived
during the endodormancy stage reduce AUX transport; meanwhile certain AUX
response factors (ARFs) and AUX transporters are also responsive to low tempera-
tures (Gai et al. 2013). Indeed, the expression of YUCCA genes, which catalyze the
rate limiting step in the AUX biosynthesis pathway, is also induced during mid-
endodormancy and decreases afterward (Bai et al. 2013).

BRs appear to be implicated in bud dormancy since the transcription of the
CYP85A gene, involved in the BR biosynthesis, increases during dormancy (Bai
et al. 2013). Other genes related to JA metabolism, such as 3S-lipoxygenase, are
downregulated under dormancy, whereas jasmonate-O-methyltransferase, whose
product deactivates jasmonate, decreases (Bai et al. 2013). This suggests a possible
role of JA in cold stress responses during bud dormancy. CK appears to be also
involved since exogenous CKs are able to break bud dormancy. Actually, it has been
proposed that CKs must be decreased to induce dormancy (Atkinson et al. 2013).
Other signaling molecules such as H,O, could be related to bud break; however, it
seems that H,O, is not the primary signal to break the dormancy since exogenous
application of H,O, or paraquat is unable to stimulate bud sprout (Gai et al. 2013).

2.4.2 Cold Stress During the Reproductive Phase

The products of sexual reproduction of flowering plants represent the majority of
our foods. Fertilization occurs within a narrow window of time, and stress during
this phase can be fatal to reproductive success. The reproductive phase involves a
series of hierarchical events or many parallel processes that are being controlled by
a robust signaling pathway. AUX plays a prominent role, but other hormones are
integrated in a synergistic or antagonistic way (McAtee et al. 2013; Dorcey et al.
2009; Sotelo-Silveira et al. 2014).
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The reproductive phase begins with the apical floral transition in which the leaf
and internode pattern is modified to produce a determinate floral structure. Flowering
induction genes like FT, SOCI, and AGL24 are highly expressed in the meristem in
response to external (vernalization and light) and internal (GA) signals. These pro-
teins promote afterward the expression of LFY and API, flower meristem identity
genes (reviewed in Alvarez-Buylla et al., 2010). Vernalization process regulates the
transition to the sensitive reproductive stage until the onset of milder temperatures.
In Arabidopsis two of the key genes involved in this process are FRIGIDA (FRI)
and FLOWERING LOCUS (FLC; Michaels and Amasino 1999; Alexandre and
Hennig 2008). CBFs are induced in response to cold (Thomashow 1999) and this
causes the activation of FLC, which represses the two flowering pathway integrators
FT and SOCI, thereby delaying flowering. On the other hand, a decreased level of
SOC causes derepression of cold-inducible genes (Seo et al. 2009b).

Cold temperature can affect reproductive tissues in different manners that ulti-
mately cause poor seed setting and yield (Thakur et al. 2010). Studies in soybean
showed that cold stress suppresses flower initiation (Borthwick et al. 1941),
decreases the number of splikelets in maize (Bechoux et al. 2000), and promotes the
abortion of flowers in chickpea (Nayyar et al. 2005). At the reproductive stage, high
levels of ABA have been negatively correlated with cold stress tolerance and over-
lapped with sugar signaling to control sink-source relationships in the anthers
(Thakur et al. 2010; Oliver et al. 2005, 2007). Increase in ABA concentrations was
associated with flower abortion and sterility during low-temperature stress (Nayyar
et al. 2005; Croser et al. 2003; Gunawardena et al. 2003). Low temperatures can
cause pollen sterility by a disruption of sugar metabolism in the tapetum and trans-
port to the pollen grains (Oliver et al. 2005). Exogenous ABA represses cell wall
invertase gene expression (OsINV4) and reduces anther sink strength in rice, evi-
dence that suggests that this process is tightly regulated by ABA (Oliver et al. 2007).

Little is known about the role that other hormones play in cold response. Evidence
of the accumulation, in wheat developing anthers, under low temperature of two
cold stress-responsive smRNAs that play an important role in the regulation of AUX
signaling, suggested that cold stress-induced male sterility can be regulated by AUX
metabolism (Tang et al. 2012). Given the leading role of ABA in responses to cold,
the search for cold tolerance by selecting genotypes with reduced ABA expression
particularly in the reproductive structures may be included in programs to improve
agricultural productivity (Thakur et al. 2010).

2.5 Phytohormones and Cold Tolerance During Fruit
Ripening and Postharvest Storage

Ripening in certain fruits is tightly related to a decrease in temperature which trig-
gers different signals that finally cause a rise in ET production with the concomitant
changes in fruit color and texture during maturation (Makkumrai et al. 2014). High
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levels of ET production in response to cold stress are linked to an increase in ACC
levels and ACC oxidase (ACO) activity in cold-stored pears, stimulating fruit ripen-
ing based on an autocatalytic ET production (Chiriboga et al. 2012). Similarly, tem-
peratures below 13 °C are necessary for the induction of chlorophyll degradation,
carotenoid biosynthesis, and therefore color change in citrus fruit during maturation
(Barry and Van Wyk 2006; Rodrigo et al. 2013). In this crop, a cold shock after
harvest induced coloration in a similar way that of ET application (Barry and Van
Wyk 2006). These evidences suggest that in certain plants an important interaction
between cold and ET production occurs, controlling the changes in color during
fruit ripening.

Low-temperature storage is a worldwide used technology to extend the posthar-
vest life of fruits and vegetables. However different species are sensitive to cold,
developing a diverse range of lesions in both peel and pulp tissues (Lafuente and
Zacarias 2006; Sevillano et al. 2009). Fruit response to cold has been the focus of
different studies with the aim of alleviating possible detrimental effects on the final
product quality (Lafuente et al. 2005; Sevillano et al. 2009; Singh 2011; Villa-
Rodriguez et al. 2014; Puig et al. 2015) and revealed the role of different phytohor-
mones and the existence of species-dependent responses. Mainly, ET, ABA, JA, and
SA are linked to changes in chilling sensitivity in different fruits and vegetables
during postharvest storage.

As for plant cold acclimation, the involvement of ET in fruit cold damage is
controversial and depends on the plant species since ET may play either a preven-
tive (Zhou et al. 2001; Dong et al. 2001; Lafuente et al. 2001, 2004; Zhao et al.
2009) or an inductive role (Dou et al. 2005; Edagi et al. 2010; Orihuel-Iranzo et al.
2010). In Marsh grapefruits and Fortune mandarins, chilling-induced ET produc-
tion is coincident with the initiation of chilling injuries (McCollum and McDonald
1991), whereas exogenous ET induces cold damage in Fortune mandarin and
Shamouti oranges (Porat et al., 1999; Lafuente et al. 2001; Gosalbes et al., 2004).
The inhibition of ET perception by the application of 1-MCP in Murcott (Edagi
etal. 2010), Ortanique, and Nova mandarins (Salvador et al. 2006) favors cold toler-
ance and stimulates ET biosynthesis in different citrus species (Dou et al. 2005;
Lado et al. 2014). By contrast, in the cold-sensitive Fortune mandarin, the continu-
ous ET application during cold storage induces cold tolerance through the increase
of CAT and PAL activities (Lafuente et al. 2004). Similarly, ET application or the
induction of its biosynthesis in nectarines reduces cold damage (Zhou et al. 2001),
being related to a higher expression of ACO and ACS genes in this fruit (Puig et al.
2015). However, the induction of ACS and ACO gene expression during low-
temperature storage does not represent an accurate indicator of cold tolerance since
it has been described in cold-sensitive citrus fruit (Maul et al. 2011; Lado et al.
2014, 2015), papaya (Zou et al. 2014), and zucchini (Megfas et al. 2014), whereas
it was not observed in grapefruit cold-resistant tissues (Lado et al. 2015). In tomato
fruit, 1-MCP reduces cold tolerance, whereas ET exogenous application enhances
it, suggesting a positive effect of ET on cold adaptation during postharvest storage
(Zhao et al. 2009). Therefore, ET role in cold tolerance during postharvest appears
to be strongly dependent on the species and could be influenced by the interaction
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and cross talk with other phytohormones. An interaction between AUX and ET has
been proposed in peaches under cold storage since a cross-regulatory point between
both routes (VASI gene) was specially induced in cold-sensitive varieties (Puig
et al. 2015).

Moreover, evidences about the induction of certain isoforms of ET receptors
(ETRs) and ET response factors (ERFs) in response to cold in sensitive grapefruit
suggest a tight relation between ET perception and cold-induced peel damage (Lado
et al. 2014, 2015). ETRI and ETR3 citrus isoforms are stimulated by low tempera-
tures but only in chilling-sensitive grapefruit tissues (Lado et al. 2015). Similarly in
tomato fruit, ETR expression pattern is erratic and strictly dependent on the isoform
(Rugkong et al. 2011). A marked induction in ETRI expression is registered in
loquat fruit stored at low stressful temperatures, being directly correlated with chill-
ing injury development; however other isoforms showed different patterns of
expression in response to cold stress (Wang et al. 2010). Therefore, it appears that
ET receptors display a key role in chilling responses in different cold-sensitive
fruits, which is also strongly dependent on the isoform considered. These changes
in the expression of ET receptors may be relevant to determine tissue sensitivity to
the hormone, since ET action is thought to be negatively regulated by ET receptors
(Gapper et al. 2013) and high receptor level would repress ET response, while low
amount would enhance ET sensitivity (Agarwal et al. 2012).

Alleviation of cold and chilling damage is also associated with jasmonic acid
metabolism since exogenous postharvest application of MeJA in tomato (Zhang
et al. 2012), loquat (Cao et al. 2009; Jin et al. 2014), papaya (Gonzélez-Aguilar
et al. 2003), banana (Zhao et al. 2013), pomegranate (Sayyari et al. 2011), peach
(Jin et al. 2013), sweet pepper (Fung et al. 2004), and mango (Gonzalez-Aguilar
et al. 2001) induced cold tolerance. This could be mediated by the induction of heat
shock proteins (HSPs) which regulate arginine metabolism and by a higher arginase
activity (Zhang et al. 2012). These HSPs also display a function in membrane pro-
tection, in the refolding of denatured proteins and in preventing protein aggregation
(Al-Whaibi 2011). A lower MDA content and a higher antioxidant enzymatic activ-
ity and also a higher level of unsaturated fatty acids were described in MeJA-treated
fruit (Cao et al. 2009), which also showed an increased antioxidant activity (Sayyari
et al. 2011; Villa-Rodriguez et al. 2014).

An interaction with arginine metabolism (Zhang et al. 2012) and a positive feed-
back with ABA biosynthesis (Wang and Buta 1994) have also been proposed in
different cold-sensitive fruits. The application of MeJA to zucchini squash fruit
induces chilling tolerance through the induction of ABA accumulation and the
maintenance of levels of polyamines such as spermine and spermidine (Wang and
Buta 1994). Therefore, MeJA-induced tolerance to cold stress could be in part medi-
ated by the stimulation of ABA biosynthesis. Molecular and signaling mechanisms
behind this response have been explored in banana stored at low temperatures.
MeJA induced cold tolerance through the induction of MYC2, which may act
together with ICE] in the activation of CBFs (Zhao et al. 2013). Because the func-
tion of ICE] in the cold response appears to be conserved among different species
(Miura and Furumoto 2013), the overexpression of Arabidopsis ICEI also improves
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chilling tolerance and enhances the accumulation of soluble sugars and proline in
cucumber (Liu et al. 2010a, b).

Similar to MeJA, postharvest application of methyl salicylate (MeSA) in tomato
fruit induced HSP accumulation and reduced chilling sensitivity (Ding et al. 2001).
In sweet pepper, MeSA application was linked to a higher cold tolerance during
fruit storage (Fung et al. 2004). In cucumber fruit, the application of exogenous SA
or chitosan-g-SA coating alleviated cold damage through the induction of antioxi-
dant enzymatic activity (CAT, SOD, APX, and GR) as well as enhanced ascorbic
acid levels (Zhang et al. 2015). Similarly, the exogenous application of MeSA miti-
gates cold damage in pomegranate, reducing electrolyte leakage and maintaining
fruit firmness, which was associated with an increase in total phenolics and antho-
cyanin (Sayyari et al. 2011). Low temperatures induce PAL activity that is directly
related to a higher cold tolerance (Sanchez-Ballesta et al. 2000; Lafuente et al.
2001). Moreover, when PAL function is impaired through the application of inhibi-
tors, chilling damage is enhanced (Lafuente et al. 2001), suggesting a preventive
role of PAL enzymatic activity in Fortune mandarin towards cold damage. Since
PAL activity is notably enhanced by cold and is a key regulatory step in SA biosyn-
thetic route (Miura and Tada 2014), this phytohormone appears to contribute to cold
tolerance in this fruit.

2.6 Conclusions and Future Perspectives

Different approaches have been used to improve cold and freezing tolerance in dif-
ferent crops including conventional breeding and genetic engineering (Gusta and
Wisniewski 2013; Wisniewski and Gusta 2014). However, the complexity of cold
hardiness or cold adaptation mechanisms limits the advancement of trait improve-
ment (Wisniewski and Gusta 2014).

How plants can be adapted to challenging environments? Is cold tolerance com-
patible with plant growth and therefore with biomass development? If and how
phytohormones play a decisive role in this balance remains to be elucidated. In
order to improve cold tolerance, the key pathways that interact in this process should
be taken into consideration by the plant breeders. ABA appears to be a key cold
stress response hormone as its level is normally correlated with a higher cold toler-
ance in different plant species. However, involvement of other phytohormones in
cold stress response appears to be highly plant species specific and sometimes tissue
specific. In this sense, the ratio and cross talk with other phytohormones could
determinate the failure or success of cold survival. It is worth noting that cold toler-
ance should be pursued in coordination with other stresses (water deficit, high salin-
ity, metal presence, etc.) that could occur simultaneously.

Plants are complex organisms composed of multiple cell types, tissues, and
organs as well as a myriad of components within a cell. This complexity results in a
multitude of different responses to the environment and involves a great variety of
changes within a plant that may limit plant growth. Systems biology, which attempts
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to integrate the vast amount of data obtained through recent advances in transcrip-
tomic, proteomic, and metabolomic technologies, has allowed us to obtain a more
comprehensive picture of the response of plants to abiotic stress (Cramer et al.
2011). Plant’s cold tolerance has been an elusive objective partially addressed in
different works and with diverse approaches; however only taking into account the
whole integrated responses, where phytohormones play a key regulatory role, it
could be understood from a global perspective and provide a reliable tool for plant
breeding (Gusta and Wisniewski 2013).
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Chapter 3
Hormonal Interactions Underlying Plant
Development under Drought

Maria Elizabeth Abreu*, Paulo Tamaso Mioto*, and Helenice Mercier

Abstract Plants are often exposed to stresses, such as drought, and need to respond
accordingly in order to maximize survival. Drought alters the developmental pattern
of virtually all plant tissues. For example, the root system generally shows an elon-
gation of the primary root, growing toward water, and a reduction in lateral root
formation. In the shoots, the formation and expansion of new leaves are usually
reduced under drought. Phytohormones act as integrators of the environmental
stimuli and the developmental responses, forming an intricate signaling network.
Although plant hormones have been studied for a long time, many questions still
remain. In this chapter, the possible interactions between hormones will be
addressed, focusing on those that may be important in the alteration of the develop-
mental pattern under drought. Hormones may interact by modifying the amounts,
distribution, or sensitivity of others. Examples of each case will be provided
throughout the text. Finally, a brief review of hormonal action in plants that shows
peculiarities when dealing with drought will be presented.

Keywords Abscisic acid * Drought « Hormonal interaction ¢ Signaling network

3.1 Introduction

When a plant is exposed to drought, numerous responses are triggered. According
to Claeys and Inze (2013), plants deal with milder or shorter stresses by reprogram-
ming the metabolism to allow growth under these conditions. An important compo-
nent of this response is elongation of the primary root associated with a reduction in
the formation of lateral roots, which allows access to new regions in the soil that
may contain water. When the duration or the intensity of the stress increases, growth
stops and responses shift toward ensuring survival until the stress subsides. It is
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important to note that, depending on the species, the definition of mild or severe
stress may vary.

Plants have developed an intricate biochemical net in order to perceive and
respond to environmental challenges. The signaling processes involved in drought
responses are often studied, yet many questions remain unanswered. It has already
been established in various plant species that several, if not all, hormonal classes are
somehow altered when the plants are exposed to drought. Since it is very likely that
these alterations are coordinated, there must be strong interactions between all of
these signals. In this chapter we intend to explore some possible connections
between different classes of hormones that may be involved in drought stress.

Although phytohormones have been extensively linked to drought stress
responses, the cross talk mechanisms between them are only now beginning to be
unraveled, and much of the work done on this subject is being made using the spe-
cies Arabidopsis thaliana. In a very rough generalization, it is possible to divide the
five classic hormonal classes into the hormones that increase under stress, i.e.,
abscisic acid and ethylene, and those that are reduced, i.e., auxin, cytokinin, and
gibberellins. However, this is not always the case. In fact, the interactions between
hormones and other signaling compounds can be quite complex; simple answers are
rarely found.

This review will be divided into two parts. In the first part, the main root and
foliar growth responses to drought will be discussed, focusing on how hormones
influence each event. Then, based on the relations presented in the first part, we will
focus on some mechanisms by which the hormones can interact.

3.2 Hormonal Regulation of Growth Responses
Under Drought

3.2.1 Root System Growth and Development

Since roots are frequently the first organ to sense drought, they are an important
sensor for the whole plant. After perceiving the declining soil water potential, roots
trigger a series of signals that spread to the other parts of the plant (Sengupta and
Reddy 2011; Cassab et al. 2013). Interestingly, primary root elongation is a com-
mon response when the plant is exposed to mild drought, and roots are also one of
the last organs to stop growing when the stress becomes more severe (Claeys and
Inze 2013). It has been widely described that hormones play important roles in root
growth regulation under drought-stressed conditions, but the precise involvement of
most of these compounds has not been elucidated (Yamaguchi and Sharp 2010).
Below, we summarize the most recent knowledge on the hormonal regulation of
root systems under drought.

When the external water supply is limited, the development of root system is
essential for the acclimation and survival of plants (Pierik and Testerink 2014). In
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fact, according to Xu et al. (2013), the growth of roots in response to drought stress
is more adaptive than that of shoots. A previous study demonstrated that primary
root length is stimulated by small negative water potentials, although the rate of
primary root growth decreases when the drought becomes more severe (Wiegers
et al. 2009). Primary root growth under drought is likely influenced by the cross talk
between abscisic acid, ethylene, auxin, and cytokinin (Harrison 2012). These hor-
mones appear to play a key role in delineating the transition zone position and regu-
lating root expansion in the cell elongation zone, which contribute to primary root
growth (Werner et al. 2010; Moubayidin et al. 2010; Petricka et al. 2012; Pacifici
et al. 2015). Each hormone, such as auxin, cytokinin, gibberellin, brassinosteroids,
abscisic acid, ethylene, and strigolactones, has specific biosynthetic and signal
transduction pathways, and much evidence has been collected showing that correct
root growth depends on their cross talk. Apparently, a key point regulating primary
root elongation is the auxin flux through the root apex (auxin polar transport), and
several hormones can control, at least in part, auxin transport in the roots, as will be
seen later in this chapter.

Abscisic acid (ABA) is one of the most studied plant hormones because of its
well-described role in plant adaptation to abiotic stresses. In response to drought,
endogenous ABA levels increase rapidly (Sengupta and Reddy 2011; Xu et al.
2013), activating specific signaling pathways and the upregulation of several genes
under drought stress. Recently, it has been suggested that ABA is essential for the
maintenance of primary root, root hair growth, and PM H*-ATPases activity under
moderate water stress conditions by modulating auxin transport in both Arabidopsis
and rice (Kazan 2013; Xu et al. 2013). Interestingly, it has been shown that auxin is
involved in modulating both ABA sensitivity and ABA-responsive genes, which
might contribute to auxin-mediated drought stress resistance, suggesting that auxin
might also act as a positive regulator in an ABA-dependent pathway (Shi et al.
2014). Other studies have demonstrated that the interaction between abscisic acid
and auxin may be regulated via ROS production during ABA signaling (Hong et al.
2013; He et al. 2012). In addition, redox regulation has been implicated at nearly
every stage of root development, as well as in the development of lateral roots and
root hair expansion (Considine and Foyer 2014).

ABA can regulate primary root growth in Arabidopsis since various mutants
with altered sensitivity to ABA also showed alterations on primary root elongation.
These responses may be related to changes in the pathways of other hormones,
including auxin. In fact, recent studies have described that auxin also plays a crucial
role in plant responses to drought (Du et al. 2012). Expression and genome-wide
analyses of plants under drought stress have indicated differentially expressed
auxin-responsive genes (Kazan 2013). It has been recently identified that some
genes encoding various members of the ARF transcription factor family are differ-
entially expressed during dehydration in soybean roots, which suggests that these
genes may be potential candidates for increased drought tolerance (Van Ha et al.
2013). For example, DR5::GUS transgenic plants, which have the auxin-responsive
promoter DR5 fused to a reporter gene, showed a significant decrease in relative
GUS activity under drought conditions (Shi et al. 2014). On the other hand, mutants



54 M.E. Abreu et al.

defective in carotenoid (and, consequently, ABA) biosynthesis showed lower levels
of YUCCAs (enzymes related to auxin biosynthesis) and higher levels of GH3
(responsible for auxin conjugation) indicating that in some cases ABA may increase
the amounts of auxins (Du et al. 2013).

Along with auxin, cytokinins also seem to be implicated in the regulation of root
development (Ruzicka et al. 2009a). In fact, the cross talk between these hormones
antagonistically influences several developmental processes. Ethylene also may
regulate root growth, in part by affecting the level of gibberellins in the endodermis
(Shani et al. 2013).

The molecular mechanism underlying root growth and development depends on
many auxin-signaling genes, which can be induced by auxin and brassinosteroids
(Vanstraelen and Benkova 2012). Initially, it has been described that brassino-
steroids promote primary root growth at low concentrations, but inhibit it at higher
concentrations (Miissig et al. 2003). Interestingly, brassinosteroids promote acrop-
etal auxin transport in the root, suggesting that its effects are dependent on auxin
(Fukaki and Tasaka 2009). Recently, it has been suggested that brassinosteroid per-
ception in the epidermis is sufficient to control root growth (Hacham et al. 2011).
On the other hand, it has been shown that strigolactones may repress auxin action
by reducing its transport and accumulation, repressing lateral root formation (Da
Costa et al. 2013). However, further research is necessary to explain the mechanism
by which brassinosteroids and strigolactones interact with other hormones in root
growth and development in response to drought stress. Figure 3.1a presents a sum-
mary of the role of various hormones in directing root architecture, including pri-
mary root elongation and lateral root formation.

3.2.2 Hydrotropism Regulation

Previous studies have reported that the development and establishment of the root
system in the soil may be influenced by hydrotropism, which is defined as the ability
of the roots to bend and grow toward soil moisture (Kazan 2013; Pierik and Testerink
2014). This phenomenon appears to improve plant survival under water-limited
conditions (Saucedo et al. 2012; Iwata et al. 2013).

According to Moriwaki et al. (2013), recent genetic and physiological studies of
hydrotropism with Arabidopsis roots provide some clues to help understand the
molecular mechanisms underlying this process. Previous studies have demonstrated
that the genes MIZU-KUSSEL 1 (MIZI) and GNOM are somehow responsible for
responses related to hydrotropism (Miyazawa et al. 2009; Moriwaki et al. 2011;
Miyazawa et al. 2012; Iwata et al. 2013).

When MIZI is overexpressed, the plant shows both a reduction in lateral root
formation and an exacerbated curvature of the primary root (Miyazawa et al. 2012;
Moriwaki et al. 2012). Some studies have confirmed that MIZI overexpression
caused a decrease in auxin levels, suggesting that MIZ1 might act as a negative
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Fig. 3.1 Plant responses to drought as influenced by hormones. (a) Under drought, primary root
tends to elongate and grow toward a source of water (hydrotropism), while lateral root formation
is reduced. (b) ABA, cytokinins, and auxins were described to be transported to long distance,
integrating both root and shoot responses. (¢) Reduction of leaf expansion and stomatal closure are
common responses in the aboveground plant parts to drought. /AA auxin, ET ethylene, CK cytoki-
nins, GA gibberellin, STR strigolactones. Dashed arrows indicate non-confirmed interactions

regulator of auxin in plants (Moriwaki et al. 2011; Miyazawa et al. 2012; Iwata et al.
2013; Cassab et al. 2013). In addition, the control of auxin levels by MIZ1 may
result in the exacerbated root curvature and lateral root inhibition observed in plants
overexpressing MIZ] (Moriwaki et al. 2011; Miyazawa et al. 2012; Iwata et al.
2013). Interestingly, the MIZ1OFE phenotype is reversed when crossed with miz2, a
weak allele of GNOM, indicating that it acts downstream of MIZ] (Moriwaki et al.
2011). GNOM is capable of regulating lateral root formation by altering PIN loca-
tion, but the miz2 mutant shows normal PIN distribution, indicating that its role in
the cascade mediated by MIZ1 is not related to its function in auxin redistribution
(Moriwaki et al. 2011).
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Exogenous application of ABA has been shown to increase MIZ] transcription in
the ABA-deficient mutant abal (Moriwaki et al. 2012). Cytokinins, in conjunction
with abscisic acid, can interact to influence the responses of hydrotropic roots of
Arabidopsis (Cassab et al. 2013; Hong et al. 2013). This has been evidenced by the
fact that application of exogenous cytokinin reverts the incapacity of the roots of the
altered hydrotropic response 1 (ahrl) mutant to curve toward the source of water
(Saucedo et al. 2012). Curiously, it has been previously demonstrated that there is
no correlation between the expression of cytokinin genes and those of hydrotropic
inducible genes, suggesting that the action of this hormone in hydrotropism does
not depend on gene transcription (Moriwaki et al. 2010). Taken together, these
results indicate that abscisic acid and cytokinin signaling participate in hydrotro-
pism regulation through either MIZ1 or AHR1. Figure 3.1a shows the role of vari-
ous hormones in directing hydrotropism.

3.2.3 Root-to-Shoot Signaling

Roots can directly respond to drought by signaling the shoots via xylem, resulting
in physiological changes, which may regulate the level of adaptation to the stress
(Anjum et al. 2011). As expected, hormones play a crucial role in the communica-
tion between roots and shoots.

Cytokinins are involved in various aspects of plant growth and development,
which are recognized, along with ABA, as one of the key signals transported from
roots to shoots (Schachtman and Goodger 2008; Ko et al. 2014). The cytokinin
translocation via the xylem is controlled both by environmental and endogenous
signals (Kudo et al. 2010). According to Perez-Alfocea et al. (2011), cytokinin con-
centrations in the xylem decrease under drought stress, while abscisic acid concen-
trations increase. A recent study demonstrated that AtABCG14 (ABCG subfamily
of ABC proteins) is essential for translocation of cytokinins into the xylem from
roots to shoots and can have a significant impact on the coordination of both root
and shoot development (Ko et al. 2014).

Under drought, abscisic acid plays an important role in the long-distance signal,
being synthesized in the roots and transported via the xylem stream to the shoots
(Dodd 2009; Tardieu et al. 2010; Davies et al. 2011; Perez-Alfocea et al. 2011;
Puértolas et al. 2013). Generally, in dry soil conditions, an increase in ABA concen-
tration in the root and a reduction in stomatal conductance have been observed, even
when leaf water potentials were kept constant (Parent et al. 2010; Puértolas et al.
2013). On the other hand, other studies have suggested that abscisic acid acting on
stomatal closure is synthesized locally in leaves but requires a long-distance hydrau-
lic signal in xylem vessels (Christmann et al. 2007; Christmann et al. 2013).
According to Li et al. (2014), abscisic acid not only induces stomatal closure but
also regulates aquaporin function in the whole plant. A previous study has shown
that ABA promotes an increase in gene expression and protein content of some
aquaporins (Parent et al. 2009; Chaumont and Tyerman 2014). Therefore, drought
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generally leads to an increase in ABA present in the transport tissues and a reduction
in cytokinins.

However, not only is the root-to-shoot transport important for the plant to func-
tion correctly; the flux of assimilates and cytokinins from shoots to roots is also
important in ensuring normal root function and continued resource uptake by the
roots (Perez-Alfocea et al. 2011). In fact, the long-distance transport of cytokinins
to the root tip also influences polar auxin transport, maintaining the correct forma-
tion of vascular tissue near the meristematic zone (Bishopp et al. 2011). Clearly,
more studies are necessary to elucidate the long-range communication between
plant tissues under drought. Figure 3.1b summarizes the role of various hormones
in the root-to-shoot signaling.

3.2.4 Leaf Growth and Development

Leaves are formed in the flanks of the shoot apical meristems, a process tightly
regulated by plant hormones, transcriptional regulators, and mechanical properties
of the tissue (Bar and Ori 2015). According to Gonzalez et al. (2012), leaf growth
can be influenced by the following parameters: number of cells recruited from the
meristem to the primordium, rate of cell division, degree of cell proliferation, cell
expansion, and the duration of meristemoid division. Some studies have addressed
the effects of water limitation on cell proliferation and cell expansion in leaf primor-
dia (Skirycz and Inzé 2010; Andriankaja et al. 2012; Rymen and Sugimoto 2012;
Claeys and Inze 2013). According to Aguirrezabal et al. (2006), water limitation
promotes reduction in the leaf area by reducing the expansion rate as well as the
duration of the expansion. Moreover, it has been demonstrated that changes in sto-
matal conductance or carbon assimilation rate occur after a reduction on leaf expan-
sion (Hummel et al. 2010). Although there have been several reports of hormones
interacting to regulate guard cell aperture, this was already the theme of various
excellent reviews and will not be addressed here (Acharya and Assmann 2009;
Daszkowska-Golec and Szarejko 2013; Pantin et al. 2013a; Pantin et al. 2013b;
Negi et al. 2014; Osakabe et al. 2014; Tardieu et al. 2015). In any case, ethylene and
ABA usually cause stomatal closure, while auxins and cytokinins have the opposite
effect (Mioto et al. 2014).

Although several studies have contributed to the broad understanding of leaf
development, many questions remain regarding the hormonal cross talk underlying
leaf growth in limited water conditions. Since leaf growth is intimately related to
expansin activity, mechanisms controlling these proteins might also be related to the
reduction in leaf growth under drought.

Expansins are cell wall proteins that act as regulators of cell wall extension dur-
ing plant growth (Sloan et al. 2009; Zhao et al. 2012; Kuluev et al. 2014). Regarding
this, Goh et al. (2012) showed that decreased expansin gene expression leads to a
marked repression of growth during the later stage of leaf development. Recently, it
has been suggested that some expansins are crucial for responses to many
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environmental stresses (Zhao et al. 2011; Zhao et al. 2012; Li et al. 2015).
Overexpression of the stress-induced genes BrERF4 and WRKY44 in Arabidopsis
increases tolerance to drought conditions by reducing the expression of expansins
and, consequently, leaf cell expansion (Park et al. 2012). However, under moderate
drought conditions, expansin genes may be upregulated (Harb et al. 2010).
According to Sharova (2007), several hormones are involved in the regulation of the
expression of expansin genes, such as auxins, cytokinins, and gibberellins.
Additionally, another study showed that ABA also influences expansin activity, but
the mechanisms behind it are not yet clear (Zhao et al. 2012). Since the expression
of several expansins is regulated by DELLA proteins (Hou et al. 2008), this could
be one of the reasons why so many hormonal classes impact the levels of expansins.
Figure 3.1c shows a summary of the role of various hormones in leaf expansion and
stomatal closure.

In this part of the chapter, we presented a rough view of the hormone fluctuation
in a plant subjected to drought. This shifts the developmental pattern of the plant,
leading to an increase in primary root elongation and a reduction in lateral root for-
mation, leaf expansion, and stomatal conductivity (Fig. 3.1). However, the interac-
tions between hormones are much more complex than this simplified overview, as
the action of each one is dependent on a huge multitude of factors (e.g., tissue,
ontogeny, input of simultaneous environmental signals, among many others). In the
following section, we will provide some examples of how hormones may interact.

3.3 Mechanisms of Hormonal Cross Talk Under Drought

In the previous sections, we described how the plant architecture changes in response
to drought, hinting at some interactions between the hormones. This section will
focus on the mechanisms by which the abovementioned interactions may occur.
These data were gathered from studies involving drought, whenever possible.
Although many mechanisms presented here were not confirmed to occur under
drought, we believe that they may be important targets for future research.

Cross talk between hormones can happen at different levels. These interactions
can be very complex and development or tissue specific. However, there are some
points at which these interactions are more likely to occur. One possibility is that
one hormone may modify the levels of another by increasing or decreasing the rate
of biosynthesis or removal (including both degradation and conjugation).
Alternatively, one hormone may regulate the distribution of another by directly or
indirectly influencing transport. Complex interactions may also result in altered
sensitivity of a given hormone due to another. This interaction can happen at several
levels. For example, hormone “A” can regulate the amount of receptors of hormone
“B.” If this is the case, the whole signaling cascade related to that receptor would be
altered. At the signal transduction level, both hormones can influence the same com-
ponent in a signaling pathway and, therefore, control the same group of responses.
In this case, however, other responses not involved in this component would function
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Fig. 3.2 Schematic representation of potential interaction between two hormones. Hormone A
may regulate the amounts of hormone B by altering its biosynthesis, conjugation, or degradation.
Alternatively, hormone A may interact with hormone B transporters and modify its distribution.
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independently. Regarding the gene expression level, specific promoters may have
motifs responsive to transcription factors controlled by more than one hormone. If
s0, this gene will respond to all these hormones. A schematic view of these relations
is presented in Fig. 3.2.

Below, we summarize some mechanisms of interaction that may somehow be
related to drought stress responses. We roughly divided them into the levels of inter-
action presented here.

3.3.1 Interactions Controlling the Biosynthesis or Removal
of Hormones

It is very common that one of the genes controlled by a hormone is a key enzyme in
the biosynthesis of another. This is also frequent for hormones that act in opposite
ways. ABA and cytokinins, for example, are usually antagonists in response to vari-
ous stress conditions. It has been widely described that ABA levels increase, while
cytokinins decrease in response to drought, cold, and/or salinity (Freschi et al. 2010;
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Nishiyama et al. 2011; O’Brien and Benkova 2013). In fact, ABA application
reduced the expression of genes involved with cytokinin biosynthesis (Nishiyama
et al. 2011). Strangely, mutants overproducing cytokinin oxidases/dehydrogenases
(CKX), which caused a decrease in bioactive cytokinins, also showed lower activity
of ABA biosynthetic enzymes and a consequent reduction in ABA production
(Nishiyama et al. 2011). Intriguingly, these authors also showed that sensitivity to
ABA somehow increased with lower cytokinin levels. The free radical nitric oxide
(NO) is commonly related to ABA responses and also has the potential to bind to
zeatin (a cytokinin) and inactivate it by conjugation (Liu et al. 2013).

ABA also controls the biosynthesis rate of other hormonal classes. Lee et al.
(2012) found an increase in the transcription of YUCCA7 (a gene related to auxin
biosynthesis) in response to drought. Moreover, this increase was ABA dependent,
indicating that ABA, in some cases, may upregulate auxin production. In other
cases, however, ABA leads to auxin removal. A. thaliana MYB96 transcription fac-
tor appears to be an interesting integrator of ABA and auxin responses, mainly in the
root system. Apparently, ABA-induced MYBO96 is capable of arresting the develop-
ment of lateral roots after the meristem is formed (Seo et al. 2009). Conversely,
MYBY96 increases the transcription of GH3 genes that code for enzymes involved
with auxin conjugation (Seo et al. 2009; Du et al. 2011). In the aerial parts of the
plant, MYB96 promotes drought tolerance via stomatal closure, among other
responses, but there seems to be less interaction with auxin (Seo et al. 2009).

ABA is capable of reducing the expression of GA200x1, an enzyme related to
gibberellin biosynthesis, through the transcription factor ATHB12 (Son et al. 2010).
As a result, mutants that lack ATHB12 have longer inflorescence stems than the
wild type. Achard et al. (2007) found that ethylene is capable of negatively regulat-
ing GA20ox] and GA3oxl, both genes involved in gibberellin biosynthesis.
Additionally, two drought-induced ethylene-responsive transcription factors (ERF5
and ERFO) are capable of increasing transcription of GIBBERELLIN 2-OXIDASE6
(GA20x6) and, consequently, reducing gibberellin levels under drought (Dubois
et al. 2013).

3.3.2 Interactions Influencing Hormonal Transport

As mentioned previously, interaction between hormones can occur at the transport
level. The action of auxins, for example, is highly dependent on transport, which is
governed mainly by PIN-FORMED (PIN) proteins (Wisniewska et al. 2006). These
proteins mediate auxin efflux from the cells, leading to organized fluxes that can
determine the specificity of several processes, including changes in root architecture.

PIN protein synthesis is often regulated by several hormones. In most cases,
cytokinins and ABA decrease PIN levels, while ethylene increases them (Rizicka
etal. 2007; Swarup et al. 2007; Ruzicka et al. 2009b; Liu et al. 2010; Shkolnik-Inbar
and Bar-Zvi 2010). Apparently, ABA and cytokinins negatively regulate PIN1 by
increasing the levels of ABSCISIC ACID INSENSITIVE 4 (ABI4), a transcription
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factor usually related to ABA signaling (Shkolnik-Inbar and Bar-Zvi 2010).
Gibberellins, on the other hand, are capable of increasing the amount of PIN in the
plasma membrane (Willige et al. 2011; Lofke et al. 2013; Habets and Offringa
2014). PIN responses to ethylene show some degree of tissue specificity. Ruzicka
etal. (2009) showed that PIN1, PIN2, and PIN4 were upregulated by ethylene appli-
cation in the roots. Apparently, exogenous ethylene application to A. thaliana roots
is capable of increasing auxin content in the root tip while decreasing it in the elon-
gation zone, reducing lateral root formation (Muday et al. 2012). This auxin redis-
tribution appears to rely on changes in proteins related to both influx (AUX1) and
efflux (PIN3 and PIN7) of this hormone in response to ethylene (Lewis et al. 2011).
For instance, application of the ethylene precursor ACC (1-aminocyclopropane-1-
carboxylic acid) reduces AUX1 in the elongation zone while increasing both PIN3
and PIN7. In the root tip, all three transporters are increased. In this way, the flux of
auxin is directed to the root tip, not allowing the accumulation of this hormone in
the elongation zone and consequently reducing the number of lateral roots.

The interactions between hormones and PIN, however, are not restricted solely to
reducing or increasing PIN transcription. Cytokinins are able to increase endocyto-
sis and, consequently, reduce the levels of PIN-FORMEDI (PIN1) in the plasma
membrane (Marhavy et al. 2011). This mechanism does not require gene transcrip-
tion and is independent of ethylene. Recently, Marhavy et al. (2014) showed that
cytokinins are also capable of altering the cellular distribution of PIN1 by degrading
these proteins preferentially in the basal portion of cell membrane. The differentia-
tion between basal and apical PIN1 appears to lie in the level of phosphorylation:
when in the apical part of the membrane, PIN1 is frequently phosphorylated and,
consequently, less sensitive to cytokinin-driven degradation than in the basal portion
(Friml et al. 2004; Michniewicz et al. 2007; Huang et al. 2010; Marhavy et al. 2014).

Xu et al. (2013) showed that ABA enhances auxin polar transport and, conse-
quently, H*-ATPase activity in the root tip in order to maintain elongation in moder-
ate stress simulated by polyethylene glycol (PEG). This mechanism may also be
related to PIN phosphorylation. Michniewicz et al. (2007) showed that one of the
factors controlling PIN phosphorylation is the balance between protein phosphatase
2A (PP2A) and PINOID proteins: while PINOID phosphorylates PIN, PP2A
dephosphorylates it. Consequently, PP2A directs PIN proteins to the basal portion
of the cell and protects these transporters from cytokinin degradation. Interestingly,
PP2A appears to be involved with drought response in several species (Pais et al.
2009). Additionally, PP2A is also related to ABA signaling cascade and ethylene
biosynthesis and affects responses in which auxin redistribution is vital, such as root
elongation and lateral root formation (Kwak et al. 2002; Larsen and Cancel 2003;
Pernas et al. 2007; Lyzenga and Stone 2012). Pernas et al. (2007) implicated PP2A
as a negative regulator of ABA sensitivity, showing that its transcription increased
after about 20 min of ABA application. These authors suggest that this may repre-
sent a negative feedback mechanism to reset ABA signal. It was also shown that
PP2A dephosphorylates ethylene-producing ACS2 and ACS6 proteins, promoting
the degradation of these proteins by 26S proteasome (Skottke et al. 2011). Moreover,
a subunit from PP2A appears to interact directly with CTR1, a component in ethyl-
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more sensitive to cytokinin (CK)-driven degradation. PIN1 production is positively regulated by
ethylene (ET) and gibberellins (GA) and negatively by ABA and CK, possibly through ABI4 tran-
scription factor

ene signaling pathway, but the effect of such interaction remains to be characterized
(Larsen and Cancel 2003). In conclusion, PP2A may represent an interesting con-
verging point between ABA and ethylene, which, in turn, may regulate PIN
phosphorylation.

As shown in Fig. 3.3, besides controlling PIN1 production by several hormones,
the increase in amounts of ABA may dephosphorylate PIN1 through PP2A and
render it less sensitive to degradation by cytokinins. Therefore, drought may increase
acropetal auxin transport, which subsequently increases primary root elongation
and reduces the formation of lateral roots.

3.3.3 Interactions Influencing Hormone Sensitivity

After a hormone is perceived by the receptor, a signal transduction cascade begins.
Although some components are commonly associated with only one hormonal class
(or even named after them), it is possible to see that this perspective may not be the
most precise. For example, ethylene and cytokinins may regulate auxin response
factors (ARFs). ARFs form dimers with AUX/IAA, and this interaction disrupts the
binding of ARFs to the DNA molecule. Upon auxin signaling, AUX/IAAs are tar-
geted for degradation, allowing ARFs to act.
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tion of SHY?2 allows the dimerization of auxin response factors (ARFs) and expression of “auxin-
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the sensitivity to auxin. ABA may upregulate SHY2 amounts through reductions in IBRS5 levels
and, therefore, reduce “auxin responses.” Through ARR1, cytokinins (CK) also upregulate SHY2
and decrease sensitivity to auxin. Auxin, on the other hand, can target ARRI1 for degradation
through the SCFAYF protein complex. Drought increases ABA and ET action, while reducing CK
and, presumably, IAA. The dashed line indicates a probable interaction

Li et al. (2006) showed that ethylene upregulates ARF7 and ARF19,
while <arf7,arf19 > double mutants have reduced sensitivity to ethylene in the
roots. On the other hand, ethylene may reduce ARF2 levels in the apical hook
through expression of HOOKLESSI (HLSI) (Li et al. 2004; Li et al. 2006).
Moreover, ARF2 is also involved in ABA signaling as the knockout of this tran-
scriptional suppressor leads to high sensitivity to ABA in roots (Wang et al. 2011).

Through the action of ARR1 (ARABIDOPSIS RESPONSE REGULATOR 1),
cytokinins are capable of increasing transcription of SHY2 (SHORT HYPOCOTYL 2),
an AUX/TAA that represses auxin responses (Dello Ioio et al. 2008). On the other
hand, AUXIN UP-REGULATED F-BOX PROTEIN1 (AUF1) and AUXIN
UP-REGULATED F-BOX PROTEIN2 (AUF2) can assemble with SKP1-Cullin1-F
Box (SCF) ubiquitin ligases to target ARR1 for degradation by the 26S proteasome
(Zheng et al. 2011). A possible interaction between auxin and ABA may occur through
IBR5 (Monroe-Augustus et al. 2003; Strader et al. 2008; Lee et al. 2009; Jayaweera
etal. 2014). IBRS is a MAPK phosphatase that appears to be involved in auxin signal-
ing, acting downstream of SCF™! and interacting with MPK12 (a MAPK) and result-
ing in increased expression of some AUX/IAAs (Lee et al. 2009; Jayaweera et al.
2014). However, salinity, osmotic, and drought stresses, as well as ABA application,
are capable of reducing IBR5 contents (Jayaweera et al. 2014). A general overview of
how drought may regulate these components is presented in Fig. 3.4.
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genes regulated by DELLAs code for both GA and ABA biosynthetic enzymes. Dashed lines
indicate relations not yet established for plants under drought

Interestingly, ahk2, ahk3, and < ahk2,3 >mutants, which lack the histidine kinase
receptors for cytokinins, are more sensitive to ABA, as well as more resistant to
drought and salinity, showing the antagonistic effects between these two hormones
(Tran et al. 2007; Tran et al. 2010). In fact, the balance between ABA and cytokinins
in the xylem sap seems to be very important for root-to-shoot signaling under
drought stress (Alvarez et al. 2008; Schachtman and Goodger 2008).

DELLA proteins are intimately related to growth inhibition in virtually all the
plant tissues, a typical response to various stresses, such as drought. They are usu-
ally constitutively expressed and need to suffer 26S proteolysis in order to lift their
inhibition (Sun 2010). The degradation of DELLAs through ubiquitination by
SCPFY complex is classically considered a part of the gibberellin signal transduc-
tion pathway, but it is possible to see them as integrators of several hormonal
responses (Fig. 3.5).
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Auxin, for example, appears to decrease DELLA stability in the roots of A. thali-
ana, increasing gibberellin-like gene responses. Fu and Harberd (2003) showed that
mutants lacking DELLA proteins are less sensitive to root shortening induced by
1-N-naphthylphthalamic acid (NPA). Since NPA is an inhibitor of auxin polar trans-
port, this indicates that auxin-mediated root elongation depends partially on the
degradation of DELLA. Achard et al. (2006) found that a quadruple DELLA mutant
appeared to be insensitive to some responses of ABA and ethylene, as well as high
salinity, indicating that these hormones may act through DELLA stabilization to
trigger stress responses.

De Grauwe et al. (2008) analyzed several responses of a<gai, eto2-1>double
mutant and found curious results. The gai single mutant lacks a portion of GAI (a
DELLA protein) that mediates its degradation in response to gibberellins, while
eto2-1 has a more stable ACC synthase, resulting in increased ethylene levels (De
Grauwe et al. 2008). Interestingly, the <gai, eto2-1>double mutant showed
increased sensitivity to gibberellins when compared to the gai single mutant.
Apparently, ethylene overproduction increased DELLA sensitivity to gibberellins
even when the portion of the protein that should be responsible for the interaction
with the gibberellin pathway was defective (De Grauwe et al. 2008). Based on these
results, it was proposed that, through posttranslational modifications, ethylene may
somehow stabilize the binding between DELLA proteins and the SCFS™Y complex
and, therefore, enhance gibberellin responses.

Besides DELLA proteolytic degradation, these proteins also appear to have other
methods of regulation. Silverstone et al. (2007) suggested that SPINDLY (SPY), an
O-linked N-acetylglucosamine (GIcNAc) transferase, may interact directly with
DELLA proteins and increase their activity independently of the protein levels, pos-
sibly by the binding of GlcNAc. Further research has shown that SPY is negatively
related to gibberellin and positively related to cytokinin signaling in several devel-
opmental processes (Greenboim-Wainberg et al. 2005). SPY also appears to be
induced by drought in an ABA-independent way, but, curiously, the resistance to
drought of spy mutants was increased (Qin et al. 2011). These authors attribute part
of this enhanced resistance to a higher activity of CKX, a cytokinin-degrading
enzyme in the spy mutants. Certainly, more research is necessary to elucidate the
precise roles of SPY in drought resistance and the interaction with DELLAs. In any
case, stress can upregulate SPY levels and through it decrease gibberellin-associated
responses.

Besides DELLA stability and activity, their downstream targets also provide
ample space for hormonal cross talk. Zentella et al. (2007) identified several puta-
tive targets of DELLA proteins. Among them is XERICO, a gene that codes an
enzyme important for ABA accumulation. GA30x] and GA200x2, enzymes respon-
sible for gibberellin biosynthesis, are also upregulated by DELLA. Therefore,
DELLA proteins are a very interesting group of transcription factors that may be a
central point in the interaction between gibberellins, auxins, cytokinins, ABA, and
ethylene, as shown in Fig. 3.5.
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3.4 Conclusion and Perspectives

The vast majority of research on hormonal interaction was performed using the
model plant A. thaliana. Although the importance of such works is indisputable,
there are some plants that have responses to drought not observed in A. thaliana.
The studies focusing on these plants are still in their infancy, but some interesting
parallels are beginning to arise.

A trait that involves a drastic reduction in water loss is crassulacean acid metabo-
lism (CAM). CAM plants are capable of closing their stomata during the day and
still perform photosynthesis, thanks to a prefixation of CO, during the previous
night (for review, see Liittge 2004; Matiz et al. 2013; Winter and Holtum 2014;
Mioto et al. 2015). Some species are capable of regulating the intensity of CAM in
response to drought, with hormones playing an important part in the process. ABA
and the free radical nitric oxide (NO) are the positive effectors of CAM, while cyto-
kinins appear to be negative regulators of CAM (Taybi 1999; Taybi and Cushman
2002; Freschi et al. 2010; Mioto and Mercier 2013).

Extreme cases in processes of tolerance are the so-called resurrection plants,
which are capable of remaining viable for two years in equilibrium with an atmo-
sphere of 2 % humidity (Gaff and Ellis 1974; Griffiths et al. 2014). Seeds and pollen
grains also present mechanisms that enhance tolerance to low levels of tissue water.
Apparently, resurrection plants are capable of maintaining these mechanisms
throughout the entire life cycle, coupled with a suppression of dehydration-triggered
senescence (Griffiths et al. 2014). Unfortunately, there is little information on how
hormones influence and interact during the process of desiccation in these plants.
Djilianov et al. (2013) performed a quantification of ABA, jasmonic acid, salicylic
acid, auxin, and cytokinins along with their derivatives. Interestingly, there was an
increase in ABA, JA, SA, and cytokinins in both leaves and roots of these plants
during 24 h of air-drying, followed by a decrease after rehydration. Auxin showed
relatively constant levels. Recently, it was proposed that an increase in cytokinin
levels when these plants are dried allows both the inhibition of senescence and the
accumulation of sugars, which confers drought resistance (Griffiths et al. 2014).
Unfortunately, the mechanisms regarding how these hormones interact still remain
unknown for the resurrection plants.

In conclusion, work on both model and non-model plants is vital to our under-
standing of how plants cope with drought. The integration between these two fronts
of research is also important to develop new technologies in agriculture.
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Chapter 4

Participation of Phytohormones in Adaptation
to Salt Stress

Agnieszka Waskiewicz, Olimpia Gladysz, and Piotr Golinski

Abstract Salt stress is one of the major abiotic stresses limiting productivity and
quality of agricultural crops. The adverse effects concern germination, plant vigor,
and crop yield in arid and semiarid regions. Most crops are salinity sensitive or even
hypersensitive and they are described as glycophytes. In contrast, high salinity is
tolerated by halophytes, which are present in very small numbers, accounting for
approx. only 1 % of the world’s flora. Glycophytes develop some adaptation mecha-
nisms to monitor salt stress and regulate plant physiology and metabolism in order
to cope with this stress. Phytohormones are recognized as vital agents in the adapta-
tion process during salt stress. Plant hormones including abscisic acid, salicylic
acid, jasmonic acid, ethylene, brassinosteroids, and the others can regulate that
cross talk and responses to salt stress. Molecules, such as transcription factors and
MAP kinases, are main agents involved in stress signaling pathways and phytohor-
mone cross talk. This chapter provides an explanation of the salt stress mechanism,
while salt stress tolerance and the roles of different plant hormones are presented.
The effects of endogenous and exogenous phytohormones on adaptation to salt
stress are characterized.
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4.1 Introduction

Plant hormones are small molecules that regulate plant growth and development, as
well as responses to changing environmental conditions. By modifying the produc-
tion, distribution, or signal transduction of these hormones, plants are able to regu-
late and coordinate both growth and stress tolerance to promote survival and
establishment under environmental stresses such as drought, salinity, UV, ozone,
and high or low temperature. Hormones are produced in one part of plant and trans-
located to other parts, where at very low concentrations, they stimulate physiologi-
cal response (Kaya et al. 2009). It is suggested that phytohormones act as signals to
communicate the stress between roots and shoots. This chapter is focused on the
involvement of abscisic acid, salicylic acid, jasmonic acid, ethylene, brassino-
steroids, nitric oxide, cytokinins, auxins, gibberellins, and strigolactones in plant
tolerance to salinity.

4.2 Salinity

Under optimal conditions plants grow and reproduce, but often face a changing
environment that may cause unfavorable conditions. In such an environment, plants
are considered to be “stressed”; it prevents them from expressing their full ability to
reproduce. The consequence of stress in plants can vary from impeded growth to
death. Among a wide range of environmental stresses (such as drought, salinity,
high and low temperature, UV stress), salt stress is one of the major abiotic stresses
limiting the productivity and quality of agricultural crops, with adverse effects on
germination, plant vigor, and crop yield, especially in arid and semiarid regions
(Koca et al. 2007; Munns and Tester 2008; Parvaiz and Satyawati 2008). These fac-
tors are the most problematic in arid and semiarid regions and the area affected by
salinity is estimated at as much as 800 million ha (Pessarakli and Szabolcs 2010).
Salinity is found both in irrigated and nonirrigated croplands. According to Yadav
et al. (2011), salinity is defined as an excess of salts above the level required by
plants. This phenomenon occurs due to dissolved salts and their tendency toward
excessive accumulation in soil water. Sources of salinity include natural processes,
e.g., rock weathering. Also winds and rains carry sea salts such as NaCl, CaCl,,
MgCl,, sulfates, and carbonates. These natural processes are long lasting and may
span even millions of years. In contrast, human agricultural activity causes salinity
much faster. Improper irrigation systems (salt-rich irrigation, insufficient drainage),
clear-cutting, and cultivation of annul crops instead of perennial crops, leaching,
land clearing, and deforestation are mainly responsible for salinity (Zhang et al.
2006; Yadav et al. 2011).

Soil salinity is determined by the measurement of electrical conductivity (EC) in
decisiemens per meter (dS/m). Electrical conductivity below 2 dS/m at a soil depth
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up to 60 cm is a standard for nonsaline soil. Other criteria are 2—4 dS/m for weak
salinity, 4-6 dS/m for moderate salinity, 6-8 dS/m for strong salinity, and below 8
dS/m for very strong salinity (Alberta Agriculture 2001). In general, soil is consid-
ered saline when electrical conductivity is 4 dS/m or more. It corresponds to 40 mM
NaCl (Cabot et al. 2014).

4.3 Glycophytes and Halophytes

Most crops are salinity sensitive or even hypersensitive and they are described as
glycophytes. They develop some adaptation mechanisms to monitor salt stress
and regulate plant physiology and metabolism in order to cope with this stress
(Sairam and Tyagi 2004). Glycophytes rapidly inhibit the root and shoot growth
(Parvaiz and Satyawati 2008). Salinity tolerance depends on the stage of develop-
ment. For example, one of the main food crops is rice, which is thought to be
highly sensitive to salinity. In fact, its seedlings are highly salt sensitive, which
greatly affects crops, whereas at the germination stage, rice is relatively resistant
(Singh et al. 2008).

In contrast, high salinity is tolerated by halophytes, which constitute natural flora
in saline regions (Keshtehgar et al. 2013; Kosova et al. 2013). Adaptation mecha-
nisms are varied, ranging from biochemical reactions to specialized morphologies
(Rajaravindran and Natarajan 2012; Shabala et al. 2012). Unfortunately, halophytes,
adapted to high salinity (about 200 mM NaCl), are present in very small quantities,
accounting for approx. 1 % of the world’s flora (Sairam and Tyagi 2004; Sulian et al.
2012). Natural halophytes grow in sea shallows, salt marshes, salt lakes, and saline
desserts. Typical examples are sea grasses and mangroves forests, as well as
Salicornia bigelovii (dwarf glasswort), Anemopsis californica (lizard tail), Panicum
virgatum (switch grass), Atriplex (saltbush), Attalea speciosa (babassu), Spartina
alterniflora (smooth cordgrass), and Tetragonia tetragonioides. At the end of the
scale (in terms of salt tolerance), there are euhalophytes. They are adapted to
extreme exposure to seawater in the root zone (Flowers and Colmer 2015).
Halophytes are studied as models of salt tolerance, but they may also be potentially
cultivated as sources of antioxidants such as phenols, flavonoids, ascorbate, reduced/
oxidized glutathione, and reactive oxygen species (ROS)-scavenging enzymes.
Production of secondary metabolites is induced by salinity in plants from the fami-
lies Amaranthaceae, Brassicaceae, Plantaginaceae, and Rhizophoraceae. Species
Tripolium pannonicum, Plantago coronopus, Lepidium latifolium, and Salicornia
europaea seem to be potential functional foods and nutraceuticals (Flowers and
Muscolo 2015).

Most halophytes and glycophytes reveal similar survival mechanisms during salt
stress. Some halophytes are able to adapt to extreme salinity due to their very spe-
cial anatomical and morphological characteristics.
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4.4 Plant Responses to Salt Stress

Salinity causes salt stress, one of abiotic stresses and the main reason of decreasing
crop yields. Excessive salt concentrations in soils affect plants as a result of water
stress, ion toxicity, nutritional disorders, oxidative stress, disturbance of metabolic
processes, membrane disorganization, reduction of cell division, and genotoxicity
(Carillo et al. 2011).

Salt stress affects the integrity of cellular membranes and enzymatic activities
and disrupts the photosynthetic apparatus (Jithesh et al. 2006). Inhibition of micro-
tubule polymerization and skewed root growth may also be observed (Dinneny
2015). Roots may be the first place to initiate the protection and adaptation mecha-
nism. Under salt stress, phospholipid signaling results in differential auxin response.
As aresult roots are curved to avoid soil of the highest salinity. Arabidopsis, tomato,
and sorghum roots grow avoiding salinity, even against the gravity axis. Such a
phenomenon is called halotropism and it is a response of plant roots in order to
reduce their exposure to salinity (Galvan-Ampudia et al. 2013).

The main stressor in saline soil is NaCl. Firstly, it causes osmotic imbalance and
changes in K* and Ca?* concentrations. As a result, nutritional imbalance is observed
and toxic effects of NaCl lead to disorders affecting membranes and enzymes. Then
subsequent oxidative stress is manifested, as ROS, such as superoxide radicals
(*O*), hydrogen peroxide (H,0,), and hydroxyl radicals (*OH), are produced,
which are scavenged by both enzymatic and nonenzymatic antioxidants (Qureshi
et al. 2007; Roychoudury et al. 2008). Excessive Na* accumulation manifests itself
by damage to old leaves. Other negative effects include disturbed root growth, water
consumption, nutrient uptake (microelements P, Fe, and Zn), and a negative influ-
ence on mycorrhizal fungi (Parvaiz and Satyawati 2008). When salt stress occurs,
salt-tolerant plants are able to retain a higher K* ion concentration and a lower Na*
ion concentration in the cytosol of cells (Li et al. 2014).

Two distinct kinds of effects could be noticed in plants following salt stress,
which are categorized as osmotic (physical) and toxic (chemical) (Ellouzi et al.
2014). During plant response to salt stress, two phases are distinguished (Munns
and Tester 2008; Parvaiz and Satyawati 2008) and they are presented in Fig. 4.1.
The first phase is fast and the growth is inhibited due to the osmotic response to salt
outside the roots. Hyperosmotic stress (Gupta and Huang 2014) limits water absorp-
tion by roots, while water loss from leaves is increased. Consequently, shoots stop
growing. Next stomata become closed for a short time to protect the plant against
ion flow. Afterward, stomata are opened for continuing carbon assimilation. The
growth of younger leaves is inhibited.

The second phase is slower and salt concentrations inside plants become toxic.
Plant growth is reduced. The response is salt specific (Munns and Tester 2008) and
is considered to be hyperionic stress (Gupta and Huang 2014). Toxic ions are accu-
mulated in plant tissues (Gupta and Huang 2014); mainly Na* ions are accumulated
in leaf blades (Munns and Tester 2008). Old leaves are more exposed to ion toxicity.



4 Participation of Phytohormones in Adaptation to Salt Stress 79

A

NaCl
EXCESS

* | PHASE Il PHASE
OSMOTIC STRESS TOXIC ION EFFECTS

PLANT GROWTH

ADAPTATION TO
SALT STRESS

SALT STRESS PERIOD

Fig. 4.1 Plant response to salt stress proposed by Munn and Tester (2008)

Less resistant plants lose old leaves, demonstrating necrosis, and photosynthesis is
reduced, and the carbohydrate supply is limited. To protect and save plants, their
older tissues die back (Gupta and Huang 2014). A negative effect of salt stress is
connected with the production of ROS, such as singlet oxygen, superoxide, hydroxyl
radical, and hydrogen peroxide that cause oxidative damage to proteins, lipids, and
DNA (Gupta and Huang 2014).

Physiological and biochemical mechanisms of salt tolerance are complex. One
of them is biosynthesis of osmoprotectants. They are simple sugars (fructose, glu-
cose), sugar alcohols (glycerol, inositol, mannitol, pinitol), complex sugars (treha-
lose, raffinose), quaternary amino acid derivatives (proline, glycine betaine,
[-alanine betaine, proline betaine), tertiary amines (1,4,5,6-tetrahydro-2-methyl-4-
carboxyl pyrimidine), and sulfonium compounds (choline-o-sulfate, dimethyl sul-
fonium propionate) (Yokoi et al. 2002). They make membranes more stable and
protect enzymes from denaturation (Carillo et al. 2011).

The additional mechanisms are based on the activation of antioxidant enzymes
and synthesis of antioxidant compounds, polyamines, and nitric oxide (NO). Also
ion uptake, compartmentalization, and transport are essential for ion homeostasis
(Gupta and Huang 2014). The excess of salt is transported to vacuoles or separated
in older parts of plants. Toxic ion transport is mediated by the Na*/H* transporter.
There are two types of H* pumps in vacuolar membranes such as vacuolar V-ATPase
and vacuolar pyrophosphatase V-PPase, the major H* pump inside plant cells (Gupta
and Huang 2014).
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Plants under salt stress conditions use the signaling system, which consists of the
perception of stress signal and response for adaptation through gene expression.
These genes particularly osmotic stress-responsive genes (OR) are not activated
unless plants face stress. Water loss through stomata or cuticles is minimized by
osmotic adjustment, which is most important in osmotic homeostasis. Signaling
induced by stress includes ionic and osmotic stress signaling, detoxification signal-
ing, and cell division signaling (Aryadeep et al. 2013).

Moreover, salt stress is accompanied by the production of plant hormones such
as abscisic acid (ABA). Other phytohormones, which are potentially helpful in
improving salt tolerance, include salicylic acid (SA) and brassinosteroids (BRs)
(Gupta and Huang 2014).

Investigations providing insight into the mechanisms of plant response to salt
stress are crucial, as it could improve salt tolerance and have practical implication
in crop improvement.

4.5 Phytohormones

Phytohormones are hormones that are produced by plant cells in low concentra-
tions. They act as plant growth regulators (PGR), while they also regulate develop-
ment and differentiation of plant cells and tissues (Argueso et al. 2009; Santner and
Estelle 2009; Messing et al. 2010). Plant growth regulators include the five classical
phytohormones, abscisic acid (ABA), ethylene (ET), cytokinin (CK), auxin (IAA),
and gibberellin (GA), as well as jasmonic acid (JA), brassinosteroids (BRs), sali-
cylic acid (SA), nitric oxide (NO), and strigolactone (SL). It is also likely that addi-
tional growth regulators are yet to be discovered (Srivastava 2002; Peleg and
Blumwald 2011). Some of them are recognized as vital agents in the adaptation
process during abiotic stress (Khan and Khan 2013).

The evolution process in the plant kingdom brought a variety of mechanisms
developed for their survival under environmental stresses, e.g., salt stress. Some
molecules, such as transcription factors and MAP kinases, are main agents involved
in stress signaling pathways and phytohormone cross talk. Transcription factors
(sequence-specific DNA-binding factors) are proteins, which are attached to spe-
cific DNA sequences. Mitogen-activated protein kinases (MAP kinases) are protein
kinases which are specific to amino acids. MAP kinases play a role in cellular
responses to environmental factors, including osmotic and salt stress, and they regu-
late cell functions. Plant hormones including abscisic acid, salicylic acid, jasmonic
acid, ethylene, and brassinosteroids can regulate that cross talk and responses to salt
stress (Fujita et al. 2006). The plant signaling cascade is presented schematically in
Fig. 4.2 (adopted from Bajguz and Hayat 2009).
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Fig. 4.2 Schematic representation of plant signaling (adopted from Bajguz and Hayat 2009)

4.5.1 Abscisic Acid
4.5.1.1 Biosynthesis

Firstly (in the 1960s), this compound was identified in abscised and fallen leaves
and as a compound responsible for seed dormancy. Abscisic acid (5-(1-hydroxy-
2,6,6-trimethyl-4-oxocyclohex-2-en-1-y1)-3-methylpenta-2,4-dienoic acid) is a
sesquiterpenoid (C15H2004), with one asymmetric, optically active carbon atom in
position 1’ (Fig. 4.3). In plants, it is found as S-ABA, while R-ABA, the mirror-
image form, has not been reported in nature (Zaharia et al. 2005). ABA biosynthesis
consists of two enzymatic steps starting from C40 carotenoids (e.g., zeaxanthin).
The first interconversion is catalyzed by zeaxanthin epoxidase (ABA1). All-trans-
violaxanthin is converted to 9-cis-violaxanthin and 9-cis-neoxanthin. These C40
carotenoids are split to C15 aldehyde xanthoxin and C25 apocarotenals by means of
violaxanthin de-epoxidase (VDE). Xanthoxin is exported to the cytosol and it is
converted to abscisic aldehyde by dehydrogenase/reductase (ABA2). Next abscisic
aldehyde is oxidized to abscisic acid by abscisic aldehyde oxidase (AAO)
(Christmann et al. 2006).

4.5.1.2 ABA in Physiological Plant Development

Apart from abiotic stresses, abscisic acid (ABA) plays a role during physiological
and optimal plant development as well as seed germination. ABA protects from
premature growth under adverse conditions, as it affects bud and seed dormancy.
Physiological dormancy is described as the mechanism, which inhibits and prevents
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Fig. 4.3 Chemical
structure of abscisic acid

O

the formation of radicles. The role of ABA in dormancy is well known and both
ABA content and sensitivity are essential (Finkelstein 2013). There is genetic evi-
dence on the role of ABA in seed dormancy in several plant species such as
Arabidopsis. ABA mutants which are unable to produce ABA or insensitive to ABA
do not exhibit dormancy. In contrast, dormancy is prolonged with excess ABA bio-
synthesis and accumulation (in ABA-oversensitive species) (Dekkers and Bentsink
2015).

There are complex interactions between ABA and sugar glycolysis. The meta-
bolic pathway of glycolysis converts glucose into pyruvate and free energy is
released, which forms the high-energy compounds — ATP (adenosine triphosphate)
and NADH (reduced nicotinamide adenine dinucleotide). In this way carbohydrate
metabolism provides essential energy for plant growth and development. The inter-
actions between glycolytic glyceraldehyde-3-phosphate dehydrogenase (GAPCp)
and ABA signal transduction in Arabidopsis have been investigated. However, the
detailed mechanism is still unknown. GAPCp deficiency causes ABA insensitivity
and weak ABA signal transduction (Murioz-Bertomeua et al. 2011). Glyceraldehyde-
3-phosphate is the substrate of the precursor of GAPCp, while it is also the precur-
sor of the ABA biosynthetic pathway (methylerythritol phosphate pathway). In
plants, glyceraldehyde-3-phosphate dehydrogenase interacts directly with protein
kinase (OSAK), which is activated by osmotic stress during salinity (Munoz-
Bertomeua et al. 2011).

4.5.1.3 Participation ABA in Salt Stress

Abscisic acid is a phytohormone which sends an endogenous signal during drought
and salt stress. The mode of ABA action depends on its content. Nanomolar concen-
trations promote the growth of plants, while micromolar concentrations inhibit
growth (Dinneny 2015). When plants recover from salt stress, ABA, via the signal-
ing system, enables primary root growth and ABA concentration becomes low. Thus
ABA plays a vital role in plant response to unfavorable environmental conditions.
ABA biosynthesis is enhanced with the change in water status that eventually
induces the closure of stomata. Thus stomatal closure is mediated by ABA with the
change in ion fluxes in guard cells. ABA-activated protein kinase open stomata 1
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(OST1) is a regulator of stomatal closure; it activates the anion channel (slow anion
channel associated 1, SLAC1) and inhibits the cation channel (KAT1) by phos-
phorylation. The two channels are regulated by the ABA signaling pathway and
Ca? (Raghavendra et al. 2010).

The activity of ABA and its protective role during salt stress are connected with
increasing the contents of K*, Ca*, and other osmolytes. ABA-induced signaling
may also be responsible for regulating the expression of selected genes in response
to salt stress. For instance, ABA regulates the expression of the H* pump and Na*/
H* antiporter genes, key determiners of salt tolerance (Fukuda and Tanaka 2006).

A concept has been proposed that ABA signaling is based on intracellular mes-
sengers. The plasma-membrane-localized perception site, soluble receptor, and
ABA-binding proteins are constantly studied. ABA-induced stomatal closure is
associated with signaling molecules such as nitric oxide, reactive oxygen species,
and cytosolic free calcium. ABA perception and signaling have been studied using
genetic approaches. As a result of salt stress, ABA induces osmotic stress-responsive
genes (OR). These genes encode the LEA proteins and enzymes. They are involved
in the biosynthesis of osmolytes and detoxification. The OR genes also encode ion
transporters and regulatory molecules (TFs), protein kinases, and phosphatases.
Apart from ABA-dependent responses to salt stress, there are also ABA-independent
pathways that are activated in response to salt stress. Both pathways affect each
other in a cross-talk network (Aryadeep et al. 2013).

The analysis of ABA/stress-responsive genes revealed that a DNA sequence ele-
ment consisting of ACGTGGC is essential during ABA regulation (Qureshi et al.
2007). The abscisic acid response element (ABRE) is used to describe transcription
factors regulating the expression of ABA/stress-responsive genes. Arabidopsis bZIP
proteins are related to ABFs (ABRE-binding factors). Their expression is initiated
by ABA and high salt stress (Qureshi et al. 2007).

ABA perception is based on the binding of ABA to ABA receptors, referred to as
RCARSs/PYRI1/PYLs, which stands for regulatory components of ABA receptor/
pyrabactin resistance protein1/PYR-like proteins. These binding proteins are found
in the chloroplast and nucleus. The binding of ABA to the receptors leads to inacti-
vation of type 2C protein phosphatases, such as ABI1 and ABI2. There are other
ABA-binding proteins, designated as ABAR/CHLH/GUNS and located in the chlo-
roplast and nucleus, GCR2, GTG1, and GTG2 in plasma membranes (Raghavendra
et al. 2010).

Abscisic acid plays a key protective role in all halophyte species under salinity
conditions. Atriplex leucoclada, Suaeda fruticosa, and Salicornia virginica exhibit
higher concentrations of ABA under salt stress as compared to indole acetic acid
(IAA), which plays a major role in regulating plant growth (Bano and Bano 2011).
Salinity stress is a major factor inducing carotenogenesis in some species of halo-
tolerant green algae Dunaliella, and it also induces Dunaliella to produce high lev-
els of ABA. There has been little information concerning the mechanism, through
which ABA responds to environmental stress in algae (Sarmad et al. 2007).

Concentrations of ABA were studied in salt-tolerant and salt-sensitive tomatoes
under salt stress (Amjad et al. 2014). Three sodium salt concentrations (0, 75,
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150 mM NaCl) and two potassium salt concentrations were tested (0, 4.5 M KCl) in
climatic chamber. It turned out that salt-tolerant species produce more ABA and
ethylene in comparison to salt-sensitive species and to control cultivation (0 mM
NaCl). When K* ions were applied (4.5 mM), the phytohormone concentrations
were lower. K* ions compete with Na*ions under salt stress, resulting in an increased
chlorophyll content and stomatal conductance and better plant growth. The chloro-
phyll content index (CCI) can be a good measure of photosynthetic activity in plants
under salt stress. It has been applied as a good indicator of salt tolerance in some
species such as cotton, rice, soybean, wheat, quinoa, and radish (Amjad et al. 2014).
Summing up, salt stress decreased CCI, xylem sap K*, and K*/Na* and increased
xylem sap Na* and ABA concentrations which can be considered as a biomarker of
salt tolerance.

4.5.1.4 The Effect of Exogenous Abscisic Acid on Adaptation to Salt
Stress

The response of two canola cultivars (Brassica napus), Fornex (salt tolerant) and
Okamer (salt sensitive) to ABA foliar application, was investigated under salinity
stress (0 and 120 mM NaCl). The results showed that shoot dry matter, photosyn-
thetic rate, peroxidase and catalase activity, and shoot K* concentration increased in
the salt-sensitive variety, while Na* concentration in shoots decreased. However, too
high concentration of ABA treatments inhibited growth. The adverse effects of ABA
foliar application were observed in the case of the salt-tolerant cultivar (Farhoudi
and Saeedipour 2011).

Foliar application of ABA was studied in turfgrass species, creeping bent grass
(Agrostis stolonifera) and Kentucky bluegrass (Poa pratensis). Abscisic acid was
effective in mitigating physiological damage resulting from drought or salinity for
both grass species, but effects were more pronounced in Kentucky bluegrass. The
effects of ABA application included the suppression of membrane electrolyte leakage
(EL) and membrane lipid peroxidation (expressed as malondialdehyde (MDA) con-
tent) and an increase in ascorbate peroxidase (APX), peroxidase (POD), and superox-
ide dismutase (SOD) activities after 35 days of salinity stress. These results suggest
that foliar application of ABA mitigates salinity stress in turfgrass (Yang et al. 2012).

Induced salinity stress and foliar ABA applications were studied in wheat geno-
types. High salinity stress (10 dS/m) had a positive effect on proline synthesis of
wheat genotypes. The results showed that exposure of plants to both salinity stress
and foliar application of ABA resulted in higher levels of proline and even the yield
was better (Bakht et al. 2012). Also, exogenous application of ABA alleviated
osmotic stress effects on wheat seedlings (Marcinska et al. 2013).

Exogenous application of small molecules, such as ABA (as well as NO, CaCl,,
H,S, polyamine, and melatonin), is able to alleviate the adverse effects of salt stress.
During warm season application of such small molecules influenced the accumula-
tion of osmoprotectants and antioxidants in Bermuda grass. They enabled the main-
tenance of cell membrane integrity, increased photosynthesis, and helped to keep
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ion homeostasis. These actions protected Bermuda grass against salt stresses (Chan
Zhulong and Shi Haitao 2015).

Plants react to environmental changes through very complex signaling networks.
Phytohormones, which are involved in these processes, can generate positive and
negative effects. It is well accepted that salinity induces an increase in ABA content
and ABA has been linked to plant susceptibility to bacteria, fungi, and oomycetes
(DiLeo et al. 2010). The influence of salt stress on infection of tomato and chrysan-
themum roots by Phytophthora spp. was studied. Roots in hydroponic cultures were
exposed to NaCl stress. The increase in root ABA contents in tomato was related to
stress-induced susceptibility. Exogenous ABA could substitute for salt stress and
intensify pathogen colonization. ABA-deficient tomato mutants did not exhibit sus-
ceptibility, and it could be reversed by supplementation with exogenous ABA. This
phytohormone seems to be an important factor in predisposition to Phytophthora
spp. infection induced by salt stress (DiLeo et al. 2010).

Abscisic acid decreased Na* exclusion in leaves of Phaseolus vulgaris L. under
salt stress. Short-term NaCl treatment in beans caused higher contents of leaf ABA,
and ABA concentration was released by Na*, not by Cl~. When fluridone (an ABA
inhibitor) pretreatment was used, beans under salt stress showed a lower Na* uptake
and a higher leaf Na* exclusion in comparison to beans without fluridone pretreat-
ment. Na* uptake was higher and leaf Na* exclusion was lower when an ethylene
inhibitor — aminooxyacetic acid (AOA) — and ABA were applied. Such a non-ion-
specific increase in ABA concentration may be a signal of the osmotic component
of salt. A higher ABA concentration influences leaf Na* concentrations due to a
lower Na* exclusion or an increased root-shoot Na* translocation (Cabot et al. 2009).

4.5.2 Ethylene
4.5.2.1 Ethylene in Plant Development

Ethylene (ET) is a gaseous phytohormone which is involved in various processes in
plants, e.g., inhibition of growth and fruit ripening (Hahn and Harter 2009). It is also
a modulator of auxins, gibberellins, cytokinins, and ABA when seeds ripen. It is
well known that ethylene stimulates dormancy (the primary, secondary, and light-
induced dormancy) (Khan et al. 2009). Salinity is one of the factors which causes an
increased ethylene production. Excessive content of ethylene leads to premature
decay of plants (Siddikee et al. 2012).

4.5.2.2 Biosynthesis

The biosynthesis of ethylene in plants starts from methionine, which is converted to
S-adenosyl-methionine (SAM). Next, SAM is converted to 1-aminocyclopropane-
1-carboxylic acid (ACC) using ACC synthase (ACS). Finally, ACC is converted to
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ethylene by ACC oxidase (ACO). All these compounds and enzymes are produced
when salt stress occurs. The last step (conversion to ACC) is referred to as the rate-
limiting process during ethylene synthesis. Salt stress might be reduced by inhibi-
tion of ethylene production by halotolerant bacteria which produce ACC deaminase.
Plant growth-promoting rhizobacteria (PGPR) transform ACC into ammonia
(Siddikee et al. 2012).

4.5.2.3 Receptors

In the endoplasmic reticulum, five receptors encoded by various ethylene-responsive
genes such as ethylene responsel (ETRI1), ethylene response2 (ETR2), ethylene
resistant]l (ERS1), ethylene resistant2 (ERS2), and ethylene insensitive4 (EIN4)
have been found. The main part of the ethylene response pathway is a constitutive
triple responsel (CTR1), which is a signaling regulator acting downstream of ethyl-
ene receptors (Li et al. 2014). Ethylene insensitive2 (EIN2) is a downstream com-
ponent of CTR1, while ethylene response factor1 (ERF1) is an upstream component.
When there is no ethylene, CTR1 acts with ethylene receptors ETR1 and ERS1 and
reduces the ethylene signal response. When ethylene is produced, then CTR1
becomes inactive. Ethylene formation is directed by the mitogen-activated protein
kinase (MAPK) cascade. One of the causes for the activation of this cascade is salt
stress (Hahn and Harter 2009).

4.5.2.4 Ethylene During Salt Stress

Ethylene is an active agent in ion homeostasis when salt stress occurs. It regulates
the H*-ATPase gene expression (Amjad et al. 2014). Also ethylene acts as a down-
stream signal of cGMP, which stimulates plasma membrane PM H+-ATPase.
c¢GMP (3’,5'-cyclic guanosine monophosphate) is a messenger in response to salt
stress and its concentration increases even ten times. The evidence that ethylene
participates in signaling is provided by the fact that ethylene-insensitive mutants are
more exposed to the effects of salt stress. The mechanism of ethylene signaling
under salt stress is still unknown (Li et al. 2014).

Ethylene is one of the molecules of the alternative respiratory pathway (AP). AP
is active during responses to different stresses and helps plants to adapt to adverse
environmental conditions. AP is the second pathways, additional to the cytochrome
pathway (CP). AP may stop the production of reactive oxygen species (ROS) during
salt stress, when CP is not efficient. Ethylene and hydrogen peroxide induce AP in
plants. It seems that ethylene is needed for AP. There is a hypothesis that ethylene,
NO, and H,0, are signaling agents under salt stress in Arabidopsis. When salt stress
occurs, nitric oxide (NO) is produced using nitric oxide synthase (NOS). Also
plasma membrane (PM) NADPH oxidase induces H,O, production. Hydrogen per-
oxide activates ACC synthase (ACS), and it results from ethylene production as well
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as AOX activity, AOX1a expression, and pyruvate production. Finally, alternative
respiratory pathway (AP) is induced (Wang et al. 2010).

There is an integrating role of ethylene and ABA in tomato plant adaptation to
salt stress (Amjad et al. 2014). Ethylene increases the K*/Na* ratio by increasing
plasma membrane H*-ATPase activity. Since elevated levels of ABA and ethylene
are associated with salt stress, their levels decreased as plants were supplied with
potassium.

4.5.2.5 The Effect of Exogenous Ethylene on Adaptation to Salt Stress

The application of ethylene to some halophyte seeds reduces negative effects of salt
stress (Khan et al. 2009).

The influence of ethylene and nitric oxide on germination of Arabidopsis seeds
under salt stress was studied, but the detailed nature of their interaction and the
effect on germination have not been specified (Yingchao et al. 2013). These mole-
cules modulate seed germination under unfavorable environmental conditions.
Application of 1-aminocyclopropane-1-carboxylate (ACC), a precursor of ethylene
biosynthesis, helps to mitigate the inhibition of germination when salinity occurs.
Aminoisobutyric (AIB) acid is an inhibitor of ethylene biosynthesis and this com-
pound decreases the positive influence of exogenous ethylene. This is the evidence
that ethylene, together with nitric oxide, is involved in the protection against salt
stress. Ethylene and NO cooperate in the germination process during excessive
salinity. It was shown that the precursor of ethylene (ACC) is able to increase NO
content (Yingchao et al. 2013).

Ethylene has been studied in terms of alleviation of salt stress-induced inhibition
of seed germination in cucumber (Cucumis sativus L.). As it was expected, seed
germination was significantly inhibited by salt stress, but this negative effect was
reduced by the precursor of ethylene biosynthesis (ACC). On the other hand, ACC
did not affect the growth of radicles under salt stress. Also, exogenous glutamate
(Glu) was observed as an alleviating agent during the inhibition of seed germination
and radicle growth induced by salt stress. The positive effect of L-Glu on seed ger-
mination was smaller when two antagonists of ethylene synthesis, aminoethoxyvi-
nylglycine (AVG) and CoCl,, were applied. This fact indicates that ethylene is
involved in the suppression of seed germination under salt stress and that L-Glu
interacts with ethylene and modulates seed germination under salt stress (Chang
Chenshuo et al. 2010).

Ethylene and nitric oxide (NO) were studied in terms of their protective action
that modulates ion homeostasis in Arabidopsis calli under salt stress. The ethylene-
insensitive mutant was more prone to salt stress than the wild variety. The treatment
in the ethylene-insensitive mutant using 100 mM NaCl caused a greater Na*K* ratio
and a lower plasma membrane H*-ATPase activity in calli in comparison to calli in
the wild variety. Under NaCl stress the NO accumulation and ethylene production
appeared at the beginning. NO production induced ethylene emission in wild calli.
Application of exogenous ACC or sodium nitroprusside (a NO donor) mitigated the
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negative effects of NaCl only in the ethylene-sensitive variety. The results showed a
lower Na*/K* ratio and a higher plasma membrane H*-ATPase activity in calli of the
wild variety, but not in calli of the mutant. Additionally, the expression of PM H*-
ATPase genes was induced by ethylene when salt stress started. Summing up, eth-
ylene and NO act together to increase H*-ATPase activity under salt stress. They
both promote maintenance of ion homeostasis (Wang Huahua et al. 2009).

4.5.3 Jasmonates
4.5.3.1 Jasmonates in Plant Development

Jasmonates, i.e., jasmonic acid (JA) and its derivatives, e.g., methyl jasmonate
(MeJA), play a crucial role in plant development, in biotic and abiotic stresses.
Figure 4.4 presents the chemical structure of jasmonic acid. Jasmonic acid (JA) and
its conjugates with amino acids, especially with L-isoleucine, are involved in numer-
ous plant responses to almost all types of stresses (drought, salinity, UV, ozone,
cold, high temperatures, osmotic stress). They act in arbuscular mycorrhizal fungi
and plant growth-promoting rhizobacteria (PGPR). Also jasmonates are vital in the
development of plant organs, embryos, seedlings, roots, trichomes, tuber, and seed
germination. Moreover, gravitropism, leaf movements, and plant deterioration with
age are dependent on these compounds (Wasternack and Hause 2013; Wasternack
2014).

4.5.3.2 Biosynthesis of Jasmonate

The main pathway of jasmonate biosynthesis starts from membrane lipids.
a-Linolenic acid is released from the membrane by means of phospholipase Al.
Linolenic acid is oxygenated to 13-(S)-hydroxy linolenic acid (13-HPOT) by lipox-
ygenase. 13-HPOT is transformed to 12-oxophytodienoic acid (OPDA) by allene
oxide synthase (AOS) and allene oxide cyclase (AOC). OPDA is reduced and fol-
lows three steps of a-oxidation and jasmonic acid (JA) is produced. JA is converted
to methyl jasmonate by JA carboxyl methyltransferase (JMT) (Dar et al. 2015).

Fig. 4.4 Chemical
structure of jasmonic acid
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4.5.3.3 Jasmonates During Salt Stress

Jasmonates are active as signaling molecules during signal transduction when abi-
otic stresses take place (Wasternack 2014). During salt stress, the content of endog-
enous jasmonates increases (Javid et al. 2011a, b). In tomato cultivars salt stress
induced a higher level of JA in the salt-tolerant variety at the beginning of salt stress.
In the case of the salt-sensitive variety, JA content was decreased after one day of
salt stress (Javid et al. 2011a, b). Similarly, in salt-sensitive rice, the content of JA
was higher than in salt-tolerant rice (Javid et al. 2011a, b). Besides the levels of
jasmonic acid, the content of its conjugates with L-isoleucine is increased as well
(Wasternack 2014). The signaling pathway which involves jasmonates is connected
with a specific protein family, known as jasmonate ZIM domain (JAZ) proteins.
They are negative regulators of jasmonic acid-induced gene expression. JAZ pro-
teins undergo ubiquitination via the SCF ! complex. The abbreviation COIl
stands for coronatine insensitivel and it is an F-box protein. The abbreviation SCF
is a Skp1/Cullin/F-box complex, which is an E3 ubiquitin ligase. The F-box protein
is able to indicate specific target proteins, which are proteasomal degraded. The
SCF O complex consists of the bond of the ligand for the COI1-JAZ interaction,
an enantiomer of jasmonate and (+)-7-iso-L-isoleucine. This enantiomeric form is
accumulated under physiological and stress conditions. When JA/JA-Ile content is
low, the promoters of JA-responsive genes are not activated by transcription factors
(MYC2), because repression takes place. When JAZ proteins undergo proteasomal
degradation, transcription factors, such as the MYC or MYB families, are released,
and they are linked to promoters of JA-responsive genes. During JA signaling, there
is an important SCF!-JAZ co-receptor complex. This complex has a function of
the JA receptor, the JAZ protein, and the transcription factors (MYC2) (Wasternack
2014). The mitigation of salt stress by jasmonates was studied in species Glycine
max, Oryza sativa, Pisum sativum, Hordeum vulgare, and Iris hexagona (Dar et al.
2015). The JA signaling cooperates with other hormones, e.g., salicylic acid, auxins,
or gibberellins via cross talk.

4.5.3.4 The Effect of Exogenous Jasmonates on Adaptation to Salt Stress

It has been observed that exogenous application of jasmonates can help plants to
cope with salinity and the effects of salt stress are less severe (Javid et al. 2011a, b).
The application of exogenous JA (or an increased level of endogenous JA) is assisted
by the synthesis of large amounts of proteins, known as JIPs.

The results of salt stress and the application of JA were studied in the case of two
different rice (Oryza sativa L.) cultivars, i.e., Dongjinchalbyeo (DJC, salt tolerant)
and Dongjinbyeo (DJ, salt sensitive). As a result of salt stress, their roots were
shorter and the concentration of abscisic acid was lower. The ABA concentrations in
the salt-tolerant cultivar progressively increased when NaCl amounts increased,
whereas in the salt-sensitive cultivar, the ABA concentrations decreased at 80 mM
NaCl. In shoots JA concentrations in the salt-tolerant cultivar were lower than in the
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salt-sensitive cultivar. Post-application of JA (24 and 48 h after NaCl) was more
beneficial for the recovery from salt stress than the application at 24 h and 48 h
before salt stress or in the middle of salt stress. Also JA treatment caused a decrease
of Na uptake in the salt-sensitive cultivar and an increase in Ca and Mg contents.
Leaf water potential, leaf photosynthetic rate, and maximum quantum yield of pho-
tosystem II (PSII) improved after the JA application. The exogenous JA
post-application is helpful in the recovery of rice from salt stress, more effectively in
the case of the salt-sensitive cultivar. The influence of JA application on the balance
of other endogenous plant hormones has been suggested as well (Kang et al. 2005).

4.5.4 Brassinosteroids
4.5.4.1 Brassinosteroids in Physiological Processes

Brassinosteroids (BRs) are a large group of phytohormones with the structures of
polyhydroxysteroids. They are present in most parts of plants as free compounds or
bounded up with sugars or fatty acids. About 70 of brassinosteroids have been
extracted from plants (Bajguz and Hayat 2009). One of the first discovered repre-
sentatives is brassinolide, which was extracted from Brassica napus. Its chemical
structure is presented in Fig. 4.5.

Brassinosteroids are agents in various physiological processes such as growth,
seed germination, rhizogenesis, senescence, and leaf abscission. The effects of
brassinosteroids are pleiotropic (Javid et al. 2011a, b). Plant varieties, which are
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lacking BR biosynthesis and signaling, are scrubby, with short hypocotyls, stems,
and dark green leaves, and delayed aging is observed (Chung and Choe 2013).

Besides the participation in plant physiology, e.g., plant development, cell divi-
sion, and cell elongation in stems or roots, brassinosteroids are active in stress
responses (Ahammed et al. 2015; Fariduddin et al. 2013).

4.5.4.2 Brassinosteroids During Salt Stress

The mechanism of the stress response and the regulation of stress-responsive gene
expression require further investigations. Probably, brassinosteroids interact and
give impulses for other hormones. The cross talk between brassinosteroids and
other hormones takes place in plants (Ahammed et al. 2015). The expression of
hormone biosynthetic genes and signaling intermediates varies. BRs increase the
ethylene content. Also additive effects of BRs were observed with gibberellins and
synergistic with auxin on stem segment elongation (Bajguz and Hayat 2009).

For example, abscisic acid (ABA) is a signaling molecule of salt stress, which
inhibits the action of brassinosteroids. The mechanism is not fully understood,
although it is known that ABA and BRs act antagonistically on their target genes at
or after the BIN2 (BR-insensitive 2) step in BR signaling, and as a result plants
adapt to salinity conditions. BRs suppress the expression of the ABA-responsive
genes to improve ABA-dependent stress tolerance (Chung et al. 2014).

Physiological responses of BRs under salt stress include influences on photosyn-
thesis, the antioxidant system, and ion homeostasis (Fariduddin et al. 2013). First of
all, BRs defend the photosynthetic system against any reduction in the activity of
photosynthetic enzymes such as RuBisCO. Secondly, photosystem II (PSII) is pro-
tected and its yield is increased by BRs.

The application of BRs reduces the excessive levels of ROS and minimizes lipid
peroxidation under salt stress. BRs protect plant cells against the accumulation of
high concentrations of sodium ions. BRs activate the high-affinity K* transporters,
so the K*/Na* ratio is higher. Also the uptake of Ca?* and K* is increased by BRs; as
a result the ratios of Ca?*/Na* and K*/Na* are higher as well.

4.5.4.3 The Effect of Exogenous Brassinosteroids on Adaptation
to Salt Stress

One of the techniques to reduce salt stress is exogenous application of some plant
growth regulators (Ashraf et al. 2010). When brassinosteroids are used, they reduce
the effects of salt stress and modify antioxidant enzymes. For example, the activity
of catalase in Arachis hypogaea was higher following foliar treatments of
28-homobrassinolide (28-HBL) and 24-epibrassinolide (24-EBL) (Fariduddin et al.
2013). When salt stress occurs, BRs maintain the content of chlorophyll. Also the
activity of nitrate reductase is increased by brassinosteroids (Javid et al. 201 1a, b).
This enzyme is responsible for nitrogen supply in plants. 24-Epibrassinolide (EBR)
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influences positively the growth and photosynthesis in wheat under salt stress
(Fariduddin et al. 2013).

It was observed that BR application increased growth and seed yield of rapeseed,
cotton, and rice. Moreover, germination is improved in Eucalyptus camaldulensis
and Oryza sativa (Bajguz and Hayat 2009). In general, the application of BRs helps
plants to grow at excessive salt concentrations (Javid et al. 201 1a, b).

Wheat germ agglutinin (WGA) is a cereal lectin; its content is higher when biotic
and abiotic stresses, such as salt stress, occur. The treatment using BRs reduces
WGA concentration in roots; thus BRs might serve a protective role (Bajguz and
Hayat 2009).

EBR was studied as a potential remedy for salt stress in salt-tolerant and salt-
sensitive pea genotypes. EBR treatment significantly increased the leaf water status
and production of osmolytes (Shahid et al. 2015).

The results of brassinolide (BL) treatment on cotton growth were analyzed.
Cotton roots, both in cv. Sumian 12 (salt sensitive) and cv. Sumian 22 (salt tolerant),
were subjected to NaCl stress (200 mM). Too high salinity caused an increase in
Na*, proline, and malondialdehyde concentrations, while protein contents in the
roots decreased in both varieties. The application of BL alleviated growth inhibition
of cotton, reduced the accumulation of Na*, and increased proline concentration.
The positive effects of BL were more evident in the salt-sensitive variety. The analy-
sis showed that BL influenced the gene expression in roots of the salt-sensitive
variety under salt stress. Summing up, BL applied to cotton roots is able to amelio-
rate NaCl stress by improving the activity of roots, physiological processes, and
gene expression (Shu Hongmei et al. 2015).

There are a variety of papers concerning advantages of BR application in order
to ameliorate salt stress (reviewed by Ahammed et al. 2015). The beneficial effects
were observed in the case of oilseed rape (Efimova et al. 2014), Cucumis sativus L.
(Fariduddin et al. 2014), basmati rice (Sharma et al. 2013), eggplant Solanum mel-
ongena L. (Ding et al. 2012), lettuce (Ekinci et al. 2012), and strawberry (Karlidag
et al. 2011).

4.5.5 Salicylic Acid
4.5.5.1 Role of Salicylic Acid in Biological Processes

Salicylic acid (SA, 2-hydroxy benzoic acid, Fig. 4.6) — produced by a wide range of
prokaryotic and eukaryotic organisms — is a phenolic compound of hormonal nature,
consisting of an aromatic ring bearing a hydroxyl group or its functional derivative,
which is synthesized by plants (Chen et al. 2009; Seyfferth and Tsuda 2014). SA
acts as a key regulator of the signaling network in plants under abiotic and biotic
stresses, such as low and high temperature, salts, and oxidative conditions (Gunes
et al. 2007; Noreen et al. 2009; Hara et al. 2012; Fu and Dong 2013; Miura and Tada
2014). Indeed, SA exerts stimulatory effects on various physiological processes
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related to plant growth and development and plays key signaling roles in thermo-
genesis and disease resistance (Vlot et al. 2009; Robert-Seilaniantz et al. 2011;
Pieterse et al. 2012; Chandran et al. 2014). The SA signaling pathway is highly
interconnected with other phytohormone signaling, such as jasmonic acid (JA), eth-
ylene (ET), and abscisic acid (ABA) (Robert-Seilaniantz et al. 2011; Pieterse et al.
2012; Derksen et al. 2013). For example, JA and ET signaling negatively regulates
SA biosynthesis at the transcriptional level (Chen et al. 2009; Zheng et al. 2012).

Szalai et al. (2005) tested maize plants under NaCl conditions (50 and 100 mM).
In leaves and roots collected after the 1st, 3rd, and 7th days of salt treatment, there
were no changes in endogenous free and bound salicylic acid levels and in catalase
and ascorbate peroxidase activities.

Recently, SA-induced expression has been shown for 59 proteins in cucumber,
which were identified for their involvement in various cellular responses and meta-
bolic processes, including antioxidative reactions, cell defense, photosynthesis, car-
bohydrate metabolism, respiration and energy homeostasis, protein folding, and
biosynthesis (Hao et al. 2011).

4.5.5.2 Exogenous Application of Salicylic Acid Under Salinity

Several studies refer the application of exogenous salicylic acid to improved resis-
tance to salt stress in various types of plants (Szalai et al. 2005; Hussein et al. 2007;
Kaydan et al. 2007; Azooz 2009; Noreen et al. 2009; Khan et al. 2010; Shahba et al.
2010; Noreen et al. 2011; Ghafiyehsanj et al. 2013; Ismail 2013; Karlidag et al.
2009; Khan et al. 2015; Singh et al. 2015).

The impact of salinity (140 mM NaCl) and SA application (0.2 mM) on physi-
ological processes in two faba bean genotypes (115 and 125) was tested (Azooz
2009). Salt stress induced high K*/Na* ratios in shoots and roots with changes in dry
weight and tissue water contents, while the SA application alleviated the effect of
salinity in both cultivars, and in some cases better results were obtained than in the
untreated plants. In a similar study, Khan et al. (2010) examined the role of SA (0.1,
0.5, and 1.0 mM) in tolerance of salinity (50 mM NaCl) in mung bean. The best
results manifested in the maximum decrease in the contents of Na*, CI-, H,0,, and
thiobarbituric acid-reactive substances (TBARSs) and in an increase of N, P, K, and
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Ca contents; activities of antioxidant enzymes, glutathione content, photosynthesis,
and yields were recorded in the case of plants treated with 0.5 mM SA.

Hussain and coworkers (2007) investigated the addition of salicylic acid (200
ppm) on growth parameters in maize plants under salinity conditions (2000 and
4000 ppm NaCl). Spraying plants with SA improved all tested parameters, i.e.,
plant height, the number and area of green leaves, stem diameter, and dry weight of
stems, leaves, and the whole plants. In other studies — apart from growth parame-
ters — the level of phenolic compounds was also tested in 2-week-old maize plants
growing under salinity conditions (0, 50, 100, 150, and 200 mM NaCl) and treated
with salicylic acid (0.5 mM) (Singh et al. 2015). After salt treatment, the results
showed reduction in plant dry weight, leaf relative water content and contents of
photosynthetic pigments, and an increase in total phenolics. Exogenous application
of SA resulted in an increase of growth parameters and decreased phenolic contents.
Among all phenolics, ferulic acid was dominant. Also Ismail (2013) investigated the
effect of exogenous application of salicylic acid (200 ppm) in maize plants under
different salt concentrations (20, 40, 60, 100 mM NacCl) by analyzing such param-
eters as shoot and root lengths, fresh and dry weights, leaf area, antioxidant enzy-
matic activities, chlorophylls a and b, total chlorophyll, and chlorophyll stability
index. Salinity reduces the abovementioned growth parameters and enzyme con-
tents, while SA treatment improved them. In the case of a low NaCl concentration
(20 mM), the toxic effects were completely eliminated by SA application.

The biochemical characteristics of salt-stressed wheat plants after the application
of salicylic acid were demonstrated by Ghafiyehsanj et al. (2013) and Kaydan et al.
(2007). In the first study, two levels of salinity (75 and 150 mM NaCl) and two SA
concentrations (200 and 400 mg/L) were tested. With increasing salinity the protein
and insoluble sugar contents and shoot and root weight were reduced, while soluble
sugar, proline, and malondialdehyde (MDA) concentrations were increased. After
the application of SA, the above parameters were improved, while an exogenous
application of SA without salt stress caused no changes in the levels of proline,
soluble and insoluble sugars, and MDA. Kaydan et al. (2007) tested the addition of
salicylic acid (1072, 107, 107° mol/L) under salinity (8 dS/m) and its impact on
growth parameters, osmotic potential, and photosynthetic pigments in wheat plants.
Exogenous SA increased emergence percentage, osmotic potential, shoot and root
dry weight, the K*/Na* ratio, and the contents of photosynthetic pigments (chloro-
phylls a and b, carotenoids), thus indicating a positive role of hormone application.

In a study conducted by Shahba et al. (2010), the effect of salicylic acid (0.5, 1.0,
and 1.5 mM) on tomato germination, growth, and photosynthetic pigments under
different salt stress levels (25, 50, 75, and 100 mM) were investigated. The germina-
tion rate decreased with increasing salinity. At low salt concentrations (25 and 50
mM), SA application leads to a decrease in germination percentage.

Studies concerning the effect of salicylic acid on physiological parameters under
salinity were also carried out in two sunflower cultivars (Hisun-33 and SF-187)
(Noreen et al. 2009, 2011). After foliar application of SA (10, 200, and 300 mM)
under salt stress conditions (120 mM), an increase was observed in the levels of
pigments (chlorophylls a and b), activities of antioxidant enzymes (superoxide
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dismutase, catalase, and peroxidase), growth, leaf turgor potential, and leaf and root
Ca?* concentrations. Among applied SA levels, 200 and 300 mM were relatively
more effective than the level of 100 mM in improving chlorophyll content, leaf
turgor potential, and leaf and root Ca*" concentrations.

Karlidag and coworkers (2009) assessed the impact of different applications of
SA (0.25, 0.50, 1.0 mM) on growth and yield parameters of strawberry under salt
stress (35 mM NaCl) and greenhouse conditions. In stressed plants treated with SA,
an increase was demonstrated in root and shoot fresh and dry weight, levels of chlo-
rophyll, and all nutrients (N, P, K, Ca, Mg, Zn, Cu, Fe) in leaves and roots, with the
highest values at 1.0 mM salicylic acid.

Recent available literature includes studies on less popular plants in the context
of NaCl and SA treatment, such as fenugreek (Babar et al. 2014), vetch (Namdari
and Baghbani 2013), violet (Hussain et al. 2011), garden cress (Habibi and Abdoli
2013), or basil (Delavari Parizi et al. 2011; Mohammadzadeh et al. 2013).

In their study Babar et al. (2014) demonstrated that foliar application of salicylic
acid (100 mg/L) on two cultivars (Deli Kabul and Kasuri) of fenugreek under salt
stress conditions (100 mM NaCl) mitigated reduction in growth biomass, gas
exchange attributes, and chlorophyll content.

Low seed germination and seedling emergence are the main problems in saline
areas. Seed priming treatment with SA (0.5 mM) was tested on the early growth of
smooth vetch under different levels (50, 100, 150 mM NaCl) of salt stress (Namdari
and Baghbani 2013). After SA application a significant emergence and growth of
18-day-old seedlings were observed, which was associated with lesser oxidative dam-
age. In addition, the activity of ascorbate peroxidase, superoxide dismutase, and gluta-
thione reductase was increased, while catalase activity was not dependent on the SA
application. To investigate seed germination rates, the seedling vigor index, and growth
parameters of garden cress, three levels of NaCl (50, 100, and 150 mM) and SA (500,
1000, and 1500 uM) were applied (Habibi and Abdoli 2013). Application of different
levels of salicylic acid did not significantly increase seedling fresh weight and length.
At a low SA concentration (500 pM), the germination percentage was increased, but
with the increasing SA concentration, germination percentage was decreased.

The role of exogenous application of salicylic acid (30 mg/L) under salinity con-
ditions (5 dS/m) in violet plants was investigated using three treatments: the control
(unstressed plants), NaCl, and NaCl+SA (Hussain et al. 2011). In the combination
with NaCl+SA, a strong reduction was observed in the accumulation of Na*, K*,
Ca?, CI-, glycine betaine, and total soluble sugars, and an increase was recorded in
plant and root lengths and plant fresh and dry weights.

Mohammadzadeh et al. (2013) tested the response of four basil cultivars
(Shandabad Tabriz, Shiraz, Isfahan, and Sabzevar) to the application of salicylic
acid (0.5 mM) under salt stress conditions (50, 100, and 150 mM NaCl) by analyz-
ing morphological parameters. After SA addition all traits (root and stem lengths,
stem diameter, the number of branches and leaves, and leaf area) were positively
affected, except for internode length and root fresh weight/shoot fresh weight. In
turn, Delavari Parizi et al. (2011) investigated the effect of SA (0.01, 0.1, 0.5, 1.0,
1.5, 2.0, and 3.0 MM) and salinity (100 and 200 mM NaCl) on Na* and K* contents
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Fig. 4.7 Chemical structures of some naturally occurring cytokinins

in basil plants. In plants treated with both levels of NaCl, the level of the Na* ion
increased and that of K* decreased. Among the SA levels applied, the concentra-
tions of 0.01 and 0.1 mM were selected for further analyses. When basil plants were
treated with SA (0.01 and 0.1 mM), Na* concentration decreased and K* concentra-
tion increased in their experiment.

4.5.6 Cytokinins
4.5.6.1 Cytokinins in Biological Processes

Cytokinins (CKs) are phytohormones, which regulate numerous biological pro-
cesses, including responses to environmental stresses, via a complex network of CK
signaling (Ha et al. 2012). Cytokinins found in plants are adenine derivatives substi-
tuted at the N6-position with either an isoprenoid or an aromatic side chain (Fig. 4.7).
In both groups, there are small variations in side-chain structure, such as the absence
or presence of hydroxyl groups and their stereoisomeric position (Sakakibara 2006;
Dolezal et al. 2007). Cytokinins play an important role in the development and
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growth of both root and shoot systems. Processes regulated by cytokinins include
senescence, apical dominance, branching, flowering, and seed germination. These
molecules also regulate responses to various stimuli such as water and nutrient avail-
ability, light conditions, and infection (Werner and Schmiilling 2009).

Cytokinins are major leaf senescence-inhibiting hormones, since senescence is
delayed after the exogenous application or the overproduction of CKs in transgenic
plants (Cowan et al. 2005; Rivero et al. 2007; Ghanem et al. 2011). Also cytokinins
are especially important in regulating cell division and expansion (Kurakawa et al.
2007; Argueso et al. 2009) and delaying senescence (Guo and Gan 2007).

Studies conducted by Javed and coworkers (2011a, b) indicated that an increase
in the rice grain yield, 1000-grain weight, and filled-grain percentage are associated
with an increase in the contents of starch, sucrose, glucose, and fructose in grain
caused by the exogenous application of indole-3-acetic acid and kinetin. Salinity-
induced leaf growth inhibition and premature senescence were correlated with
decreased root, xylem sap, and leaf bioactive CK concentrations (Albacete et al.
2008; Ghanem et al. 2010). Root-synthesized CKs may regulate shoot responses
under salinity, conferring better growth and fruit yield and increasing shoot xylem
CK concentrations (Albacete et al. 2009).

4.5.6.2 Exogenous Application of Cytokinins Under Salinity Conditions

The significance of endogenous cytokinin alteration for growth and development of
salt-stressed maize and pea plants (50, 100, 150 mM NaCl) was investigated by
Atanassova et al. (1996). Zeatin and isopentenyl adenine and their ribosides were
measured in roots and leaves under control and salinity conditions. The high con-
centration of cytokinins may be the decisive factor influencing plants during early
formation and flowering at different stress conditions.

Ghanem et al. (2011) tested root-synthesized cytokinins and whether specific root-
localized transgenic IPT (a key enzyme for cytokinin biosynthesis) gene expression
could substantially improve tomato (Solanum lycopersicum L.) plant growth and
yield under salinity (100 mM NaCl). Research showed that a transient root /PT induc-
tion increased root, xylem sap, and leaf bioactive cytokinin concentrations two- to
threefold without shoot IPT gene expression. In addition, the induced root IPT gene
expression increased root-to-shoot CK transport improving salt tolerance by increas-
ing vegetative and fruit growth and also delaying leaf senescence and maintaining
stomatal conductance. This approach may be applied in the cultivation of other crops.

4.5.7 Auxins
4.5.7.1 Role Auxins in Biological Processes
Indole-3-acetic acid (IAA, Fig. 4.8) is the most frequently found natural auxin and

plays a major role in plant morphogenesis, including tropistic growth, root pattern-
ing, vascular tissue differentiation, auxiliary bud formation, and flower organ
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development (Hamdia and Shaddad 2010, Zhao 2010, Javid et al. 2011a, b; Jung
and Park 2011; Mano and Nemoto 2012; Rosquete et al. 2012; Nakhooda et al.
2012; Du et al. 2013; Sauer et al. 2013). IAA is produced in meristematic tissues
through tryptophan-dependent and tryptophan-independent biosynthetic pathways
(Kazan 2013). Auxin signaling interacts with the signaling pathways of all other
known plant hormones and is also proposed to have a role in regulating the com-
munication both within the same plant (root-shoot communication) and between
different plants (root-root communication) (Kazan 2013).

4.5.7.2 Exogenous Application of Auxins Under Salinity

Akbari et al. (2007) showed that the application of auxin increased hypocotyl length,
seedling fresh and dry weights, and hypocotyl dry weight in three wheat cultivars
under salinity conditions. A similar study conducted by Khorasani and coworkers
(2015) showed that auxin increased plumule length, seedling fresh and dry weight,
and plumule dry weight, but did not influence seed germination percentage or radi-
cle length. Many auxin-signaling genes are responsive to stress responses (Javid
etal. 2011a, b; Du et al. 2013).

Auxin also plays a role in seed germination, a crucial stage in the life history of
plants, and salt tolerance during germination (Birgit et al. 2005; Akbari et al. 2007).
In a study conducted by Jung and Park (2011), transgenic plants overexpressing
microRNA160 (miR160) or its target transcription factor gene Auxin Response
Factorl0 (ARF10) were used to support the contribution of auxin to seed germina-
tion. To verify the notion that auxin plays a negative regulatory role in seed germi-
nation under high salinity, the transgenic plants overexpressing the YUCCA3
(YUC3) gene, which encodes an auxin biosynthetic enzyme, were generated. It was
observed that seed germination of the YUC3-overexpressing plants was more sensi-
tive to high salinity. Based on these studies, it was found that auxin signals are
incorporated into the NTM2-mediated salt signal transduction pathway in modula-
tion of seed germination under high salinity.

In a similar study, seeds of three wheat cultivars (Mahdavi, Pishtaz, Shiraz) were
used to investigate the effects of different salinity levels (0, —0.6, —1.2 MPa) and
auxin concentrations (0, 1, 2 mg L™!) on their germination rate, radical and hypocotyl
lengths, seedling fresh and dry weight, and radical and hypocotyl dry weight (Akbari
et al. 2007). Positive effects of auxin were shown in the case of some germination
traits (hypocotyl length, seedling fresh and dry weight, and hypocotyl dry weight). In
addition, the IAA hormone did not influence seed germination percentage.
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Khorasani et al. (2015) tested three wheat cultivars (Sepahan, c-84-8, and c-83-1)
in terms of the effects of salt stress (0, 4, and 8 dSm-1 NaCl) and auxin (0, 0.5, and 1
ppm) on germination factors. Results showed that an increasing NaCl concentration
reduced germination percentage, radicle length, plumule length, seedling fresh and dry
weight, and plumule dry weight. In turn, auxin increased plumule length, seedling
fresh and dry weight, and plumule dry weight, but did not influence seed germination
percentage or radicle length. In a similar study, the effects of different levels of salinity
(0, 40, 80, and 120 mM of NaCl) and indole-3-acetic acid on the early growth and
germination of wheat seedlings were investigated (Abdoli et al. 2013). Application of
TAA at the cell division stage of grain growth caused a significant increase in seedling
growth parameters under tested salinity levels. The interaction between the application
of TAA and salinity levels significantly affected the final germination percentage.

One method of mitigating the effects of stress is exogenous application of phytohor-
mones (alone or in mixture). A foliar application of growth regulators as a commercial
mixture with gibberellins, auxins, and cytokinins (0 mL L' — control — and 5 mL L™
at the beginning of flowering (BF) and 5 mL L' at the vegetative stage+the beginning
of flowering) on bean under different salt stress levels (0, 1000, and 2000 ppm of NaCl)
was used (Torres-Gracia et al. 2009). The analysis showed that salinity tolerance could
be induced by the addition of exogenous growth regulators such as gibberellins, auxins,
and cytokinins, which inhibited the synthesis of ABA and ethylene, increased fruit size,
and delayed leaf senescence. Darwesh (2014) also applied SA (at 400 ppm once a
week) and IAA (30 ppm once a week) during two successive seasons on date palm
Phoenix dactylifera L. cv. Bartomouda exposed to salt stress at 14000 ppm. The treat-
ments with SA and IAA enhanced most growth parameters, i.e., plant height, leaf
number, fresh and dry weight of leaves, and plant tolerance to salinity.

Kim et al. (2006) investigated the effects of soaking in two plant hormones, gib-
berellic acid (GA3) (10 pM) and indole-3-acetic acid (IAA) (20 pM), on dehulled
rice seeds exposed to low NaCl (20 mM) stress. The IAA- and GAj-soaked rice
seeds showed relatively high amounts of endogenous IAA under salt stress; in par-
ticular, the IAA content increased more markedly in GA;-soaked rice seeds than in
TAA-soaked rice seeds.

The influence of salt stress on plant hormones, ABA and auxin (IAA, indole-3-
butyric acid —IBA), in two maize cultivars differing in salt resistance (a salt-resistant
hybrid and a sensitive hybrid) was tested by Zorb and coworkers (2013). Results
showed that the salt-resistant maize significantly increased IBA concentrations in
growing leaves and maintained IAA concentration in roots.

4.5.8 Gibberellins

4.5.8.1 Biosynthesis of Gibberellins and Their Role in Biological
Processes

Gibberellins (GAs) are a class of phytohormones, commonly known as gibberellic
acids, that impact various aspects of plant growth and development (Fleet and Sun
2005; Gupta and Chakrabarty 2013). Gibberellic acid plays a key role in seed



100 A. Waskiewicz et al.

germination through coordinating interactions with other growth hormones and
external signals. These compounds are also produced by some species of lower
plants, fungi, and bacteria. Gibberellic acids are tetracyclic diterpenoid compounds
(Fig. 4.9) and stimulate trigger transitions from the meristem to shoot growth, juve-
nile to adult leaf stage, and vegetative to flowering and grain development along
with the interaction of different environmental stress factors (Verelst et al. 2010;
Gupta and Chakrabarty 2013; Colebrook et al. 2014). Their names — gibberellin A,
gibberellin A,, and gibberellin A; — are derived from the fungus Gibberella fujikuroi,
from which they have been isolated (Kawaide 2006). GAs are synthesized via the
terpenoid pathway requiring three enzymes, terpene synthase, cytochrome P450
monooxygenase, and 2-oxoglutarate-dependent dioxygenases, located, respectively,
in plastids, the endomembrane system, and the cytosol (Hedden and Thomas 2012).

4.5.8.2 Exogenous Application of Gibberellins Under Salinity

Tuna and coworkers (2008) showed that foliar application of gibberellin A; (50
ppm) counteracted some of the adverse effects of NaCl (100 mM) salinity with the
accumulation of proline, which maintained membrane permeability and increased
macro- and micronutrient levels.

The effect of salinity on rice and the role of GA; application (150 ppm) were
observed in two salt-tolerant rice cultivars (Pokkali and MR219) grown at various
salt concentrations (0, 50, 100, 150, and 200 mM) in a greenhouse experiment
(Misratia et al. 2013). Results showed the best salinity alleviating the role of GA; in
the case of moderate salinity stress at 50 and 100 mM NaCl.

In a similar study, the role of gibberellic acid was tested on two wheat cultivars
(Sohag 3 and Giza 168) in improving their salt stress tolerance (Shaddad et al.
2013). The plants were grown under different salt concentrations (0.0, 50, 100, 150,
200 mM) and then treated with 100 ppm GAj;. The hormonal supplementation alle-
viated salt stress as observed from the increase in protein contents in the different
organs, improved growth parameters, contents of photosynthetic pigments, and con-
sequently yields of two wheat cultivars (Sohag 3, sensitive to salinity, and Giza
168 — tolerant).

Ghodrat and Rousta (2012) investigated the role of exogenous gibberellic acid
(0, 1.5, 2.5, and 5 mg L) in germination and growth of corn under different levels
of salt stress (0, 5, 10, 12, and 15 dsm™). Results showed that priming with low
concentrations of GA; had no effect on seed germination; however, in some concen-
trations GA; could increase shoot and root lengths (the most important parameters
for salt stress), dry weight, fresh weight, and tissue water content. Based on these
experiments, an appropriate concentration of gibberellic acid may be suggested
which has the greatest effect on growth parameters.

Low concentrations of gibberellic acid (5 pM) or spermine (50 pM) were used in
tests on mung bean (Vigna radiata L. Wilczek) under different NaCl contents (25,
50, and 100 mM) (Ghosh et al. 2015). The combined effect of salinity and low GA;
concentration in the test plants showed a significant alteration (an increase in seed-
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Fig. 4.9 Chemical HO
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ling elongation, biomass production, chlorophyll content, and a decrease in all anti-
oxidant enzymatic activities) and may play an important role in salt uptake.

Maggio et al. (2010) tested effects of gibberellic acid (0 and 100 mg L-!) applica-
tion on tomato exposed to three levels of salinity (28, 55, 88 mM Na and 55, 111,
177 mM Cl). GA; treatment reduced stomatal resistance and enhanced plant water
use (by 30 %) at low salinity. Results showed that exogenous applications of GA;
may compensate for the salt-induced growth deficiency and consequently facilitate
plant adaptation to a saline environment.

The effects of gibberellic acid (5 ml of 10~ M hormone for each plant) on growth,
physiology, and yield of mustard (Brassica juncea L. Czern and Coss) cv. Varuna
under salinity conditions (25 and 50 mM NaCl) were studied by Shah (2007).
Hormone treatment mitigated the adverse effects of salt stress, with a greater ame-
lioration response in the case of 50 mM NaCl.

In a hydroponic experiment, it is indicated that supplementing exogenous gib-
berellic acid — GA; (100 ppm) — plays an important role in enhancing nutrient
uptake and in counteracting growth inhibition of sugarcane under salt stress (EC 0
and 9 dSm™) (Shomeili et al. 2011). In a similar study, exogenous GA; application
in soybean significantly promoted plant length and plant fresh/dry biomass, while it
was markedly hindered by NaCl-induced salt stress (Hamayun et al. 2010).
Phytohormonal analysis of soybean showed that the level of bioactive gibberellins
(GA, and GA,) and jasmonic acid increased in GA;-treated plants, while the endog-
enous abscisic acid and salicylic acid contents declined under the same conditions.
Also Abdel-Hamid and Mohamed (2014) demonstrated that the application of GA;
(0 and 100 pM) counteracts salinity (0, 100, and 300 mM) by improving membrane
permeability and nutrient levels in leaves and also induced physiochemical changes
responsible for the induction of salt tolerance in two cultivars of barley. It is
noteworthy that exogenous applications of GA; could be a useful tool in promoting
seedling growth and establishment under salt stress conditions.

Seed germination and establishment are the most sensitive stages to abiotic
stresses (Patade et al. 2011; Ansari et al. 2012). The effect of salicylic acid (50 ppm)
and gibberellin (50 ppm) on enzymatic activity and germination characteristics of
wheat seeds under salt stress (at osmotic potentials of 0 (as control), — 4, =8, —12,
and —16 bar) was tested by Tabatabaei (2013). Hormone priming improved germi-
nation percentage, germination index, normality seedling percentage, and seedling
length and also increased catalase and ascorbate peroxidase levels as compared to
the untreated seeds.
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4.5.9 Nitric Oxide
4.5.9.1 Role of Nitric Oxide in Biological Processes

Nitric oxide (NO) is a short-life bioactive gaseous molecule in plants and plays a
central role in a variety of physiological processes including germination, senes-
cence, flowering, ripening of fruits, and response to various abiotic and biotic
stresses, such as bacterial disease (Delledonne et al. 1998), drought (Gracia-Mata
and Lamatina 2001), high temperature (Hasanuzzaman et al. 2012), salinity (Ruan
et al. 2002; Uchida et al. 2002; Ruan et al. 2004a; Zheng et al. 2010; Manai et al.
2014), and UV radiation (Mackerness et al. 2001). Studies demonstrated that NO
promoted the accumulation of proline and the probable protective effect of NO
against salt-induced oxidative damage to wheat seedlings, but poorly documented
how NO regulates proline accumulation and its role in the ABA pathway underlying
proline accumulation under salinity conditions.

Ruan et al. (2004b) investigated the relationship of NO and ABA in the process
of proline accumulation responding to salt stress. It was shown that NO could acti-
vate the synthesis of endogenous ABA and the level of proline was significantly
elevated by exogenously supplied ABA in wheat seedling leaves under 150 mmol/L
NaCl salt stress after 4 days of treatment.

4.5.9.2 Effect of Exogenous Application of Nitric Oxide Under Salinity

Several studies indicate that the application of exogenous nitric oxide alleviates
oxidative stress caused by salt. The protective role of NO treatment was tested in
various plants such as tomato, pepper, wheat, barley, rice, maize, soybean, man-
grove, or chamomile (Li et al. 2008; Zheng et al. 2010; Fallahi and Khajeh Hosseini
2011; Nalousi et al. 2012; Nasrin et al. 2012; Simaei et al. 2012; Kausar et al. 2013;
Ali and Ismail 2014; Chen et al. 2014; Egbichi et al. 2014; Habib and Ashraf 2014;
Manai et al. 2014; Kaya et al. 2015; Sanam et al. 2015). In studies conducted by Ali
and Ismail (2014), the application of NO (10 pM of sodium nitroprusside) improved
tomato fruit quality in the face of salinity (100 mM NaCl) by enhancing the synthe-
sis of health-promoting compounds (phenolic compounds, flavonoids, and alka-
loids) in tomato fruits along with significant changes in other quality parameters. In
addition, exogenous application of NO improves plant K* contents, while decreas-
ing Na* concentration, thereby maintaining the K*/Na* ratio in plants (Zheng et al.
2009; Chen et al. 2013), and enhances chlorophyll content; activities of CAT, POD,
and SOD; and levels of soluble proteins and total free proline in the salt-stressed
plants (Kausar et al. 2013).

The protective role of nitric oxide (by spraying with different levels of sodium
nitroprusside, SNP — 0.05, 0.10, and 0.15 mM - as the NO source) in wheat plants
exposed to salinity (150 mM) was tested by Kausar et al. (2013). The NO treatment
of wheat enhanced the activities of antioxidant enzymes (superoxide dismutase,
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peroxidase, and catalase) and increased levels of proline, chlorophyll, and soluble
proteins, showing a protective role against salt-induced oxidative damage. In addi-
tion, growth and yield parameters were improved only in unstressed plants.

To investigate the alleviating role of NO in barley under salinity conditions, Li
and coworkers (2008) tested three treatments (50 pM SNP, 50 mM NaCl, 50 pM
SNP+50 mM NaCl) compared to the control. Similarly to previous studies, they
found that a simultaneous application of SNP and NaCl increased the activities of
antioxidant enzymes, protecting plants against salt stress-induced negative changes.
Moreover, NO induced an increase of ferritin accumulation to chelate larger num-
bers of ferrous ions. Sanam et al. (2015) also observed an increase in activities of
enzymes and protein contents when two rice cultivars (Khazar and Goohar) were
treated with 50 pM SNP+ 50 mM NaCl. Habib and Ashraf (2014) also tested plants
of four rice cultivars (KS-282, IRRI-6, Shaheen Basmati, and Basmati PB-95) sup-
plemented with NaCl (80 mM) and three levels of NO (0, 0.1, 0.2 mM). Salinity
caused a significant increase in leaf water contents and osmotic potentials and a
decrease in leaf turgor potential and relative water content. After seed treatment
with nitric oxide, leaf osmotic and water potentials and shoot and root Cl~ and Na*
concentrations decreased with a simultaneous increase in leaf relative water con-
tent, leaf turgor potential K* and Ca?* contents, and K*/Na* ratio in shoots and roots
of rice cultivars under salinity conditions.

Soybean, one of the most important plants used as a source of protein and oil in
its seeds, is moderately sensitive to salinity. High salt stress significantly reduces
seed germination, seedling growth, and yield. An effective action in mitigating the
effect of salt stress is provided by nitric oxide application, sometimes in combina-
tion with other phytohormones (Egbichi et al. 2014; Simaei et al. 2012). In their
study Egbichi et al. (2014) tested six experimental variants: the control, 10 pM
2,2’ (hydroxynitrosohydrazono)bis-ethanimine — DETA/NO as a donor of NO — 10
pM DETA, 80 mM NaCl, 10 pM DETA/NO + 80 mM NaCl, and 10 pM DETA + 80
mM NaCl. Results showed that long-term salinity over a 16-day period negatively
affected soybean plants, while supplementation with DETA/NO increased shoot,
root, and nodule weights, nodule number, as well as the enzymatic activity of ascor-
bate peroxidase.

Simaei and coworkers (2011; 2012) showed a protective role of NO (100 pM
SNP) and SA (100 pM) in soybean under salinity conditions (100 mM NaCl). After
the application of phytohormones+SNP, the activities of polyphenol oxidase and
phenylalanine ammonia lyase increased, thus reducing the damaging effects of salt
stress by enhancing the activity of antioxidative systems.

Kaya et al. (2015) tested the effect of NO +thiourea (TU) treatment (two levels
of NO+TU: 3+400 mg/L and 6+500 mg/L) as seed soaking treatment and foliar
application in two maize cultivars (Apex 836 and Dk 5783) under salinity condi-
tions (100 mM NaCl). Seed treatment was more effective than foliar application in
terms of improvement in fresh weight. In both types of treatment, N and P contents
increased and leaf Na* contents decreased. Results indicate that exogenous applica-
tion of NO+TU in maize plants should increase resistance to salinity by improving
plant growth.
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The role of exogenous application of SNP in ROS production and lipid peroxida-
tion in salt-treated mangrove (as the species with high salinity tolerance) was dem-
onstrated by Chen et al. (2014). In the first stage of the experiment, different levels
of SNP (0, 10, 50, 100, 500, and 5000 pM) and NaCl (0, 100, 350, and 500 mM)
were tested to select appropriate concentrations. In the second stage, three combina-
tions in three replicates were tested: (1) 100 pM SNP, (2) 350 mM NaCl, and (3)
100 pM SNP+350 mM NaCl. Results indicated the protective role of NO against
oxidative damage in leaves of mangrove by reducing hydrogen peroxide levels,
lipid peroxidation, and increase in reduced glutathione and polyphenol contents.

In another study Nalousi et al. (2012) investigated the impact of exogenous SNP
as the NO donor (0, 25, 50, and 75 mM SNP) in germination and seedling growth
of bell pepper under salinity conditions (0, 4, 6, and 8 ms/cm?® NaCl). As in the pre-
vious research, the presence of NO decreased lipid peroxidation in plant leaves and
increased the activities of superoxide dismutases and peroxides. In addition, seed
germination was promoted at concentrations between 0.2 and 0.8 mM SNP.

Research conducted by Guo et al. (2008) concerned Kosteletzkya virginica — a
native species in the southeastern USA — treated with SNP (0.06 mM) and NaCl
(100, 200, 300, and 400 mM NaCl) in order to verify their impact on dry weight,
antioxidant enzymatic activities, proline accumulation, lipid peroxidation, and dis-
tribution of sodium in plants. After SNP application under salinity conditions, the
researchers recorded an increase in dry weight, catalase, peroxidase, and superoxide
dismutase activities and proline accumulation and a lower ratio of Na*/K*, which
might protect plants against oxidative membrane damage and translocation of Na*
from roots to shoots.

Tests with various doses of nitrogen (0, 120, 240, and 360 kg/ha urea) on wheat
(cv. Gascogen) under salinity conditions (0, 121.5, 243, 364.5, and 486 mM NacCl)
showed that nitrogen at low levels of salt has a positive or negligible effect on ger-
mination and growth factors, while at high salinity levels, its effect was negative
(Fallahi and Khajeh Hosseini 2011).

4.5.10 Strigolactones, Their Hormonal Functions,
and Ameliorative Role Under Salt Stress Conditions

Strigolactones (SLs, Fig. 4.10) are a small group of sesquiterpene lactones pro-
duced from carotenoid precursors mainly in plant roots initially identified as seed
germination stimulants for parasitic weeds (Dun et al. 2009; Marzec et al. 2013;
Cavar et al. 2014; Van Ha et al. 2014). SLs are also known as a chemical signal
between plant roots and arbuscular mycorrhizal fungi (AMF) (Akiyama et al. 2005;
Lopez-Raez et al. 2011; Aroca et al. 2013); their hormonal functions likely predate
the evolution of the signaling role in the rhizosphere (Delaux et al. 2012). In addi-
tion, SLs contribute to a number of crucial processes in plant growth and develop-
ment, namely, in the shaping of plant architecture, which is of major agronomic
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importance, as it is closely related to the potential grain yield and adaption to fluc-
tuating environmental conditions. SLs are secondary metabolites derived from a
carotenoid precursor (Matusova et al. 2005). To date, more than 15 natural SLs have
been characterized from various plant species, and they all share a common four-
cycle skeleton (A, B, C, and D), with cycles A and B bearing various substituents
and cycles C and D being lactone heterocycles connected by an ether-enol bond
(Fig. 4.10) (Liu et al. 2013). Plants produce so small amounts of SLs in the roots and
lower part of shoots that they are very difficult to determine (Xie et al. 2010).

Arbuscular mycorrhizal (AM) symbiosis can alleviate salt stress in plants. Aroca
and coworkers (2013) investigated the effects of salinity (0, 40, and 80 mM NaCl)
on lettuce plant performance and production of strigolactones and assessed its influ-
ence on mycorrhizal root colonization under three different salt concentrations. The
results show a correlation between strigolactone production, ABA content, AM root
colonization, and salinity level, which suggests that AM symbiosis alleviates salt
stress by altering the hormonal profiles and affecting physiology in the host plant.

Recent research suggests that genetic modulation of SL content/response could
provide a new, potential approach to reduce the negative impact of salt stress on
crop productivity (Van Ha et al. 2014).

4.6 Conclusion and Future Prospects

Salt stress is associated with decreases in auxin, cytokinin, gibberellin, and SA in
the plant tissues and an increase in ABA and JA. These changes in phytohormone
are thought to be an initial process controlling growth reduction due to salinity.
Therefore, reduction in plant growth under abiotic stress can be mitigated by exog-
enous application of plant growth regulators. Different strategies are tested to maxi-
mize plant growth under salt stress conditions. One of them is to produce salt-tolerant
genotypes of different crops which is much technical and time consuming. In con-
trast, application of plant growth regulators (plant hormones, minerals, amino acids,
quaternary ammonium compounds, polyamines, and vitamins) is economic and
effective to improve plant tolerance to salinity. Future studies are to be designed
keeping real-world scenario in mind, where more than one biotic and/or abiotic
stress may coexist. Understanding complex cross talk between multiple stresses and
phytohormones will help to shape future crop management and genotype improve-
ment strategies.
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Roles of Phytohormones in Morphological
and Anatomical Responses of Plants

to Flooding Stress
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Abstract Waterlogging and submergence stress, which are caused by flooding,
often produce injurious effects on plant growth. Plants have some adaptive mecha-
nisms, such as aerenchyma formation, adventitious root formation, and control of
shoot elongation, to avoid oxygen deficiency under flooded conditions. Ethylene is
involved in most of the morphological and anatomical responses of plants to flood-
ing; thus, this phytohormone is a key factor for plant growth control under flooded
conditions. The processes of some morphological responses are controlled by dif-
ferent interactions between ethylene and other phytohormones [such as auxin, gib-
berellin (GA), and abscisic acid (ABA)]. Ethylene and auxin act synergistically in
the control of adventitious root formation. On the other hand, ethylene acts syner-
gistically with GA and antagonistically with ABA in the control of adventitious root
formation and submergence-stimulated shoot elongation. Here, we summarize how
the morphological and anatomical responses of plants to flooding stress are con-
trolled by ethylene or the interplay between ethylene and other phytohormones.
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5.1 Introduction

Water is necessary for plant growth, but excess water, which is caused by flooding,
may lead to injurious effects on plant growth. During flooding, plants are often
submerged or waterlogged. Submergence is defined as a condition in which plants
stand in water with at least part of the terminal shoot remains above the water or are
completely covered with water (Catling 1992). Waterlogging is defined as a condi-
tion in which only plant roots are exposed to excess water, which limits gas diffu-
sion in soil (Armstrong 1980; Setter and Waters 2003). Oxygen diffusion in water is
approximately 10,000 times slower than in air (Armstrong 1980); thus, oxygen defi-
ciency is induced by submergence or waterlogging and may cause damage to plants
(Colmer and Voesenek 2009). Plants have a variety of adaptive mechanisms to avoid
oxygen deficiency under submerged or waterlogged conditions, such as aerenchyma
formation, adventitious root (AR) formation, and control of shoot (e.g., leaf, petiole,
or internode) elongation.

Aerenchyma, which consists of longitudinally interconnected gas spaces, con-
tributes to the transport of gases (O,, CO,, ethylene, and methane) between and
within the aerial and submerged parts (Jackson and Armstrong 1999; Colmer 2003;
Evans 2003; Colmer et al. 2006). Aerenchyma can be classified into two types, pri-
mary aerenchyma and secondary aerenchyma (Jackson and Armstrong 1999;
Yamauchi et al. 2013; Takahashi et al. 2014). Primary aerenchyma and secondary
aerenchyma form in primary tissues and secondary tissues, respectively. Primary
aerenchyma is formed by schizogeny, lysigeny, or a combination thereof (Justin and
Armstrong 1987; Jackson and Armstrong 1999; Seago et al. 2005; Takahashi et al.
2014). Schizogenous aerenchyma is formed by cell separation and expansion of
existing spaces by differential cell divisions and/or cell expansion in particular
directions (Takahashi et al. 2014). However, to date, little is known about the molec-
ular mechanism of schizogenous aerenchyma formation. On the other hand, lysig-
enous aerenchyma is formed by spatially selective programmed death in parenchyma
tissues such as the root cortex (Fig. 5.1a, b) (Justin and Armstrong 1987; Seago
et al. 2005; Steffens et al. 2011; Voesenek and Bailey-Serres 2015).

During long-term flooding, the primary root system easily deteriorates because
of a lack of oxygen, which consequently leads to energy shortage. To replace the
root system under flooded conditions, some plants develop ARs, which have more
aerenchyma than primary roots, from the hypocotyl or mesocotyl, and the basal
stem regions (Fig. 5.2a, b) (Visser and Voesenek 2004). Consequently, ARs enhance
gas exchange near the water surface and greatly contribute to plant tolerance of
poorly aerated soils.

Aerenchyma and AR formation facilitates plant avoidance of oxygen deficiency
under waterlogged or partially submerged conditions, but many plants are still sen-
sitive to complete submergence. Some plant species have evolved the ability to rap-
idly develop elongation of shoots (e.g., leaves, petioles, or internodes) under
complete submergence so that the shoots can rise above the water surface. This is an
escape strategy [i.e., low-oxygen escape syndrome (LOES)] and enables these
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Fig. 5.1 Control of lysigenous aerenchyma formation in roots of gramineous plants (e.g., rice) by
ethylene under flooded conditions. (a) Cross section of the root of rice seedling grown under
flooded conditions. Airspaces in the root indicate lysigenous aerenchyma. (b) Higher magnifica-
tion of the root cross section in (a). (¢) Model of the ethylene-controlled lysigenous aerenchyma
formation in rice roots under flooded conditions. Under flooded conditions (i.e., stagnant deoxy-
genated conditions in waterlogged soil), very long-chain fatty acid (VLCFA) biosynthesis is
enhanced in roots. The increased VLCFAs promote ethylene biosynthesis, which results in ele-
vated levels of ethylene, followed by enhancement of NADPH oxidase-mediated reactive oxygen
species (ROS) generation. Higher accumulation of ROS activates lysigenous aerenchyma forma-
tion by programmed cell death and lysis of the cortical cells

plants to maintain gas exchange between the aerial and underwater parts and to
reestablish aerial photosynthesis (Bailey-Serres and Voesenek 2008; Colmer and
Voesenek 2009). The escape strategy is effective under relatively shallow, long-term
flooded conditions (Voesenek et al. 2004; Bailey-Serres and Voesenek 2008). By
contrast, some plant species have another strategy, in which shoot elongation is sup-
pressed to avoid unnecessarily losing energy for 1-2 weeks under complete submer-
gence; thus, the plants can restart their growth during desubmergence using
preserved carbohydrates. This is a quiescence strategy [i.e., low-oxygen quiescence
syndrome (LOQS)] (Colmer and Voesenek 2009). The quiescence strategy is effec-
tive under relatively deep, short-term flooded conditions (Voesenek et al. 2004;
Bailey-Serres and Voesenek 2008).
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Fig. 5.2 Control of adventitious root (AR) formation in plants (e.g., tomato) by the interplay
between auxin and ethylene under flooded conditions. (a) AR formation in a tomato plant under
flooded conditions. An aerobically grown 28-day-old plant was further grown under flooded condi-
tions for 10 days. (b) Higher magnification of the hypocotyl part in (a). The dotted lines indicate the
water level used for flooding treatment in (a) and (b). (¢) Model of the flooding-stimulated AR for-
mation in tomato plants. Flooding induces the accumulation of endogenous ethylene by entrapment.
The entrapped ethylene stimulates transport of auxin, thereby increasing the amount of auxin in the
stem. The auxin triggers ethylene biosynthesis, which promotes further ethylene accumulation. The
accumulated auxin also promotes AR formation by inducing the growth of initially preformed ARs

It is known that ethylene, a gaseous phytohormone, plays important roles in mor-
phological and anatomical responses of plants to flooded conditions (e.g., aeren-
chyma and AR formation and control of shoot elongation). Ethylene biosynthesis is
accomplished by two main successive enzymatic reactions: conversion of
S-adenosylmethionine to 1-aminocyclopropane-1-carboxylic acid (ACC) by ACC
synthase (ACS) and conversion of ACC to ethylene by ACC oxidase (ACO) (Yang
and Hoffman 1984). Both ACS and ACO activities are enhanced in plant tissues
under flooded conditions (He et al. 1996). Thus, in addition to rapid accumulation
of ethylene by entrapment in the organs/tissues surrounded by water upon waterlog-
ging or submergence (Visser and Voesenek 2004), the amount of ethylene is further
increased by enhancement of ethylene biosynthesis (Van Der Straeten et al. 2001;
Sasidharan and Voesenek 2015). In this chapter, we summarize the roles of ethylene
and some other phytohormones, including auxin, gibberellin (GA), and abscisic
acid (ABA), in morphological and anatomical changes of plants in response to
waterlogging or submergence.

5.2 Roles of Phytohormones in Lysigenous Aerenchyma
Formation

The gaseous phytohormone ethylene is involved in lysigenous aerenchyma forma-
tion in the roots of some plants (Drew et al. 2000; Shiono et al. 2008). Indeed,
lysigenous aerenchyma formation was induced by ethylene in the roots of
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gramineous plants such as maize (Zea mays), rice (Oryza sativa), or wheat (Triticum
aestivum), either when endogenously produced or exogenously applied (Drew et al.
1981; Jackson et al. 1985; Steffens et al. 2011; Yamauchi et al. 2014), and was pre-
vented by inhibitors of ethylene action and perception [e.g., silver ion] or ethylene
biosynthesis [e.g., aminoethoxyvinylglycine (AVG)] (Drew et al. 1981; Jackson
et al. 1985). These findings indicate that ethylene is involved in the signaling path-
way of lysigenous aerenchyma formation. However, treatments with higher concen-
trations of ethylene or the ethylene perception inhibitor, 1-methylcyclopropene
(1-MCP), did not result in any changes of lysigenous aerenchyma formation in the
roots of a wetland species, Juncus effusus (Visser and Bogemann 2006).

The influence of other phytohormones such as auxin, ABA, GA, and cytokinin
on the formation of aerenchyma in maize roots was also investigated (Konings and
de Wolf 1984). 1-Naphthalene acetic acid (NAA; a synthetic auxin) and ABA pre-
vented aerenchyma formation in maize roots, although NAA (but not ABA)
enhanced ethylene concentration in maize roots. By contrast, GA and kinetin (a
synthetic cytokinin) stimulated ethylene production and promoted aerenchyma for-
mation in aerated maize roots (Konings and de Wolf 1984). Subsequently, Justin
and Armstrong (1991) reported that acrenchyma formation in maize roots was pro-
moted by low levels of NAA, but was reduced by higher NAA levels. Higher NAA
levels inhibited root growth and thus possibly resulted in reduced aerenchyma for-
mation. Hence, it was concluded that low levels of auxin promoted ethylene produc-
tion and aerenchyma formation in maize roots (Justin and Armstrong 1991).

Recently, Yamauchi et al. (2015) found that concentrations of saturated very
long-chain fatty acids (VLCFAs) of 24, 26, and 28 carbons were increased in rice
ARs under stagnant deoxygenated conditions, which mimic oxygen-deficient con-
ditions in waterlogged soils. The increased VLCFAs upregulated expression of a
gene that encodes ACC synthase-1 (ACS1) and thus increased ethylene accumula-
tion, thereby inducing lysigenous aerenchyma formation in rice roots (Fig. 5.1c).
Interestingly, expression levels of ACSI and the gene that encodes a fatty acid elon-
gase (CUTIL) were predominantly induced in the outer part of the roots under
stagnant deoxygenated conditions. These results indicate that VLCFAs increase
ethylene production by promoting ACC biosynthesis in the outer part of roots,
which, in turn, induces lysigenous aerenchyma formation in the root cortex of rice
under oxygen-deficient conditions (Fig. 5.1¢) (Yamauchi et al. 2015).

Reactive oxygen species (ROS) are key signaling factors that stimulate abiotic
stress responses in plants (Suzuki et al. 2011) and accumulate during aerenchyma
formation in roots (Bouranis et al. 2003; 2006), which indicates that ROS are
involved in regulating root aerenchyma formation (Rajhi et al. 2011; Yamauchi et al.
2011). A plasma membrane-located NADPH oxidase [i.e., a respiratory burst oxi-
dase homolog (RBOH)] is considered as a key enzyme for ROS generation during
lysigenous aerenchyma formation (Steffens et al. 2011; Yamauchi et al. 2011) (Fig.
5.1c). Thus, the genes related to ROS generation (e.g., RBOH) as well as Ca* signal-
ing and cell wall loosening were upregulated in the cortex during aerenchyma for-
mation in the maize primary root (Rajhi et al. 2011). The upregulated expression of
these genes was suppressed by pretreatment of the ethylene perception inhibitor,
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1-MCP. On the other hand, there is increasing evidence that plant metallothioneins
(MTs) regulate ROS accumulation. For example, rice MT2b and cotton (Gossypium
arboreum) MT3a have higher antioxidative capacity against hydroxyl radicals than
other antioxidants in vitro, and many cysteine residues in MTs are remarkably reac-
tive to oxidizing agents (Coyle et al. 2002; Wong et al. 2004; Xue et al. 2009). During
aerenchyma formation in the maize primary root under waterlogged conditions, the
MT expression was specifically downregulated in the cortex, and the downregulation
was also ethylene dependent (Rajhi et al. 2011; Yamauchi et al. 2011). Aerenchyma
formation in maize roots under waterlogged conditions was prevented by an NADPH
oxidase inhibitor, diphenyleneiodonium (DPI) (Yamauchi et al. 2011). Even under
aerobic conditions, the treatment of the maize primary root with ethylene induced
aerenchyma formation, which was inhibited by DPI treatment (Takahashi et al.
2015). Similarly, in wheat, treatments on ARs with an ethylene precursor, ACC,
under aerobic conditions, which was expected to increase the amount of ethylene in
roots, upregulated expression of RBOH genes and also induced lysigenous aeren-
chyma formation. In addition, ACC-induced aerenchyma formation was prevented
by DPI pretreatment (Yamauchi et al. 2014). These findings indicate that NADPH
oxidase-mediated ROS generation contributes to ethylene-induced aerenchyma for-
mation in roots of some gramineous plants (Fig. 5.1c).

In rice, aerenchyma is constitutively formed in leaf sheaths (Parlanti et al. 2011)
and internodes (Steffens et al. 2011), but its formation is further enhanced under sub-
merged conditions. In leaf sheaths, the dependency of aerenchyma formation on eth-
ylene is different between rice genotypes. For example, aerenchyma formation was
enhanced in leaf sheaths of the rice varieties “FR13A” and “Arborio Precoce” under
submergence. However, it is likely that ethylene controls aerenchyma formation in
“Arborio Precoce” but not in “FR13A” (Parlanti et al. 2011). In internodes, ethylene
promoted ROS generation and exogenously applied H,O, enhanced aerenchyma for-
mation. Moreover, in rice, a mutant of the gene that encodes the ROS scavenging
MT?2b, in which ROS generation was expected to increase, further enhanced aeren-
chyma formation in internodes compared with the wild type (Steffens et al. 2011).
Taken together, these findings indicate that ethylene-induced ROS generation is com-
monly involved in lysigenous aerenchyma formation in leaf sheaths, internodes, and
roots of rice, although the mechanism may vary between genotypes.

5.3 Roles of Phytohormones in Adventitious Root Formation

Auxin is the major phytohormone that initiates AR formation, because it is an
essential regulator of the redifferentiation of shoot cells into root apical meristems
(Verstraeten et al. 2013; Agullé-Antén et al. 2014). The first experimental evidence
of the effect of auxin on AR formation was found in sunflower, in which flooding-
induced auxin accumulation was observed at the base of the shoot at the onset of AR
formation (Phillips 1964). A similar role of auxin in AR formation under flooded
conditions was also found in other species, such as box elder (Acer negundo)



5 Roles of Phytohormones in Morphological and Anatomical Responses of Plants... 123

(Yamamoto and Kozlowski 1987) and tobacco (Nicotiana tabacum) (McDonald
and Visser 2003). Moreover, treatment with N-1-naphtylphtalamic acid (NPA), an
inhibitor of auxin transport, suppressed the flooding-induced AR formation in
Rumex, tobacco, and tomato (Solanum lycopersicum) (Visser et al. 1995; McDonald
and Visser 2003; Vidoz et al. 2010).

Ethylene is also involved in AR formation, which was first identified in 1933
(Zimmerman and Hitchcock 1933). Since then, it has been well established that
ethylene has a positive effect on AR development and emergence (Drew et al. 1979;
Verstraeten et al. 2014). In fact, flooding-induced ethylene accumulation is respon-
sible for AR formation (Wample and Reid 1979; Visser et al. 1996a, b; Vidoz et al.
2010). In deepwater rice, exogenous ethylene treatment promoted AR emergence
by enhancing the cell division activity in ARs (Lorbiecke and Sauter 1999).
Treatment with the ethylene biosynthesis inhibitor, AVG, resulted in reduction of
AR formation in waterlogged tomato plants (Vidoz et al. 2010).

The cross talk between auxin and ethylene is important for AR formation under
flooded conditions. In tomato, the auxin-insensitive diageotropica (dgf) mutant
reduced the flooding-induced AR number and abolished ethylene production (Vidoz
et al. 2010). Exogenous auxin application increased AR formation on stem cuttings
of wild-type tomato plants, but had little or no effect on AR development in the
ethylene-insensitive never ripe (nr) mutant tomato plants (Clark et al. 1999), which
indicates that ethylene responsiveness is necessary for the promotive effects of
auxin on AR formation (Fig. 5.2¢). Furthermore, ethylene affected auxin transport
efficiency or sensitivity to auxin in flooded plant tissues (Visser et al. 1996b; Vidoz
et al. 2010) (Fig. 5.2¢). For example, flooding induced the accumulation of endog-
enous ethylene rather than auxin in the Rumex palustris hypocotyl during flooding-
induced AR formation (Visser et al. 1996b). The ethylene-stimulated AR formation
in the R. palustris hypocotyl was almost completely blocked by treatment with the
auxin transport inhibitor NPA, whereas auxin-induced AR formation was not pre-
vented by treatment with the ethylene biosynthesis inhibitor AVG. Indeed, ethylene
accumulation led to an increase in sensitivity of the root-forming tissue to auxin,
which stimulated AR development (Visser et al. 1996b). In tomato, ethylene stimu-
lated auxin transport efficiency to the flooded hypocotyl. Consequently, auxin accu-
mulation in the stem promoted additional ethylene biosynthesis, which further
stimulated auxin flux under flooded conditions (Vidoz et al. 2010) (Fig. 5.2¢).

In rice, ethylene coordinates promotion of AR growth and induction of local
programmed cell death (PCD) of epidermal cells that overlay the AR primordium
under submerged conditions (Steffens and Sauter 2005, 2009; Steffens et al. 2012).
The epidermal PCD facilitates emergence of AR and prevents injury to the growing
root tip (Mergemann and Sauter 2000). The PCD requires ethylene-stimulated,
NADPH oxidase-mediated ROS generation in the epidermal cells; thus, downregu-
lation of the gene that encodes an ROS scavenging-related MT2b induces the epi-
dermal PCD (Steffens and Sauter 2009). The ethylene-promoted AR growth
generates mechanical force that is exerted on epidermal cells, which indicates that,
in addition to ethylene signaling, this mechanical force may promote specificity of
the site where the epidermal PCD occurs (Steffens et al. 2012).
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In addition to auxin and ethylene, GA and ABA are involved in AR growth under
flooded conditions. In rice, submergence resulted in accumulation of bioactive GA
within 3 h (Hoffmann-Benning and Kende 1992). GA acted in a synergistic manner
together with ethylene to promote AR initiation and elongation (Steffens et al.
2006), but application of only GA showed little or no effect on AR initiation
(Lorbiecke and Sauter 1999; Steffens et al. 2006). Paclobutrazol, a GA biosynthesis
inhibitor, inhibited AR elongation but not AR initiation in deepwater rice (Steffens
et al. 2006). These results indicate that GA does not affect the initiation of AR but
determines the growth rate of emerged roots. On the other hand, ABA content
decreased in rice under submergence, and the decrease in ABA levels promoted AR
growth (Hoffmann-Benning and Kende 1992; Steffens et al. 2006; Bailey-Serres
and Voesenek 2008). Furthermore, exogenous ABA strongly inhibited both ethylene-
induced AR initiation and GA-promoted AR elongation (Steffens et al. 2006), which
indicates that ABA acts as a potent inhibitor of both GA and ethylene signaling. In
addition to AR growth, it is known that the ethylene-induced epidermal PCD is also
enhanced by GA and inhibited by ABA in rice (Steffens and Sauter 2005; Steffens
et al. 2006).

5.4 Roles of Phytohormones in Control of Shoot Elongation
Under Submergence

Although the escape and quiescence strategies for shoot elongation under submer-
gence are opposite strategies, both mechanisms are controlled by ethylene-dependent
signaling pathway in Rumex and rice. Moreover, these strategies can both exist
within the same species or genus.

In Rumex, R. palustris and R. acetosa adopt the escape strategy and the quies-
cence strategy, respectively, under submerged conditions (Voesenek et al. 2004).
Upon submergence, R. palustris leaves changed their orientation from horizontal to
vertical (so-called hyponastic growth), and there was then rapid elongation of their
petioles (Cox et al. 2004, 2006), whereas R. acetosa petiole elongation was sup-
pressed under submergence (Pierik et al. 2009). Ethylene was highly accumulated
in both species (R. palustris and R. acetosa) under submergence (Benschop et al.
2005, 20006). In R. palustris, the accumulated ethylene stimulated decrease in ABA
levels in petioles by repressing ABA biosynthesis and enhancing ABA catabolism.
By contrast, in R. acetosa, rapid decrease in ABA levels was not observed under
submergence (Benschop et al. 2005). Indeed, significant downregulation of expres-
sion of the gene that encodes 9-cis-epoxycaotenoid dioxygenase-1 (NCED1), which
is a key enzyme for ABA biosynthesis, was observed in R. palustris but not R. ace-
tosa (Benschop et al. 2005; van Veen et al. 2013). However, upregulation of expres-
sion of the gene that encodes ABA-8'-hydroxylase, which is responsible for ABA
catabolism (Kushiro et al. 2004; Saika et al. 2007), was observed in both R. palus-
tris and R. acetosa (van Veen et al. 2013). This indicates that, despite induction
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of expression of the ABA catabolism gene, the controlled expression of ABA bio-
synthesis genes (e.g., NCEDI) contributes to the maintenance of higher ABA levels
in R. acetosa under submergence.

Increase in a bioactive GA (i.e., GA)) levels was observed in R. palustris only
after 6 h of submergence, and the increase in GA, levels was dependent on the
ethylene-induced decrease in ABA levels in submerged petioles (Benschop et al.
2006). Thus, it was proposed that the submergence-induced petiole elongation
response in R. palustris was separated into three phases: (1) independence on GA
until 4 h after submergence, (2) limitation by GA from 4 to 6 h after submergence,
and (3) dependence on but not limitation by GA from 15 h after submergence
(Benschop et al. 2006). However, upregulation of expression of the genes related to
the GA-mediated signaling pathway was observed at an earlier phase of submer-
gence in R. palustris, which indicates that sensitivity to GA is increased prior to the
increase in active GA levels (van Veen et al. 2013).

Auxin, together with ethylene, also plays an important role in submergence-
induced shoot elongation of some species that inhabit aquatic or semiaquatic envi-
ronments (Cookson and Osborne 1978; Walters and Osborne 1979; Horton and
Samarakoon 1982; Malone and Ridge 1983). In R. palustris, the depletion of auxin
levels by removal of the leaf blades from the petiole delayed submergence-induced
petiole elongation, and the delayed petiole elongation was recovered by submerging
the plants treated with a synthetic auxin, 2,4-dichlorophenoxy acetic acid (2,4-D) or
NAA (Cox et al. 2004, 2006). Although ethylene is essential for submergence-
induced petiole elongation in R. palustris, ethylene did not restore elongation in
submerged petioles of plants with depletion of auxin levels, which indicates that
both auxin and ethylene play active roles in growth responses. The submergence
signal, which could increase the amount of internal ethylene, and the following
cooperative action of ethylene with endogenous auxin are both necessary for stimu-
lating petiole elongation.

As in the case of Rumex, the degree of shoot elongation in rice under submer-
gence differs among varieties. For example, “deepwater rice” varieties employ the
escape strategy to survive under deepwater flooding, which last for several months;
that is, deepwater rice can rapidly and substantially elongate its internodes to cope
with deepwater flooding. Rapid elongation can result in leaf tips extending above
the water surface to exchange gases for respiration and photosynthesis (Bailey-Serres
and Voesenek 2008). During internode elongation, the amounts of ethylene was
increased, and the accumulated ethylene was responsible for the increased GA/
ABA ratio by increasing GA levels and decreasing ABA levels, which stimulates
internode elongation (Hoffmann-Benning and Kende 1992; Kende et al. 1998;
Sauter 2000) (Fig. 5.3). Hattori et al. (2007, 2008) detected three quantitative trait
loci (QTLs) for internode elongation on chromosomes 1, 3, and 12 of deepwater
rice (variety C9285) and produced three nearly isogenic lines (NILs) that possessed
each of the three deepwater rice QTLs (NIL-1, NIL-3, and NIL-12) by backcrossing
with a lowland (i.e., non-deepwater) rice variety. Internode elongation of the three
QTL pyramiding lines (NIL-1+3+12) was almost the same as that of deepwater
rice C9285, which indicates that lowland (non-deepwater) rice can acquire the same
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Fig. 5.3 Control of flooding-induced shoot/internode elongation in rice by the interplay among
ethylene, ABA, and GA. Flooding induces the accumulation of endogenous ethylene by enhance-
ment of ethylene biosynthesis as well as entrapment. The accumulated ethylene promotes decrease
in ABA levels, followed by derepression of GA responsiveness and induction of shoot/internode
elongation. SK1/SK2 and SUB1A are key regulators of flooding-induced shoot/internode elonga-
tion in deepwater rice and lowland (i.e., non-deepwater) rice, respectively. In deepwater rice variet-
ies, the accumulated ethylene upregulates SK/ and SK2 expression under flooding (i.e.,
submergence). SK1 and SK2 promote internode elongation through possibly enhancement of GA
biosynthesis, which stimulates GA responsiveness. On the other hand, in lowland rice varieties that
possess SUBIA, accumulated ethylene upregulates SUBJA expression under flooding (i.e., sub-
mergence). SUBIA limits flooding-induced shoot elongation through the enhanced expression of
the key GA signaling repressors SLR1 and SLRL1, which reduce GA responsiveness. By contrast,
in lowland rice varieties that do not possess SUBIA, the accumulated ethylene reduces the amount
of SLR1 (but not SLRL1), thereby derepressing GA responsiveness

ability for internode elongation as deepwater rice by introducing the three QTLs
(Hattori et al. 2009). Accumulation of several GAs (GA,, GA,, GA,, and GA,)
increased in the aerial parts of NIL-1+3+ 12 and deepwater rice C9285 under deep-
water flooded conditions. The increase in GA levels may be due to upregulation of
expression of the GA biosynthesis gene OsGA200x2 (Ayano et al. 2014). By posi-
tional cloning of the QTL for internode elongation on chromosome 12, two ethylene-
inducible genes, SNORKELI (SK1) and SNORKEL? (SK2), were identified (Hattori
et al. 2009). SK1 and SK2 encode the group VII ethylene response factor transcrip-
tion factors, which are responsible for ethylene signaling during internode elonga-
tion. Although it is unclear how SK1 and SK2 interact with the products encoded by
the other QTLs on chromosomes 1 and 3, SK1 and SK2 may control ethylene-
induced GA biosynthesis during internode elongation in deepwater rice (Fig. 5.3).
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Generally, many lowland rice varieties also have the ability to elongate their
leaves toward the water surface under complete submergence. However, most can-
not elongate enough to reach the water surface when they are deeply submerged.
Because large amounts of energy are lost during shoot elongation, these plants can-
not fully recover after the water recedes and eventually are severely damaged or
dead (Jackson and Ram 2003). By contrast, the East Indian rice variety FR13A uses
the quiescence strategy; that is, FR13A can repress shoot elongation and reduce
energy usage under submergence (Setter and Laureles 1996). Upon desubmergence,
growth can be restarted using the energy preserved during submergence (Singh
et al. 2001; Fukao et al. 2006). By positional cloning of the SUBMERGENCE-1
(SUBI) locus on chromosome 9 of FR13A, Xu et al. (2006) found that the SUB/
locus contained SUBIA, SUBIB, and SUBIC, all of which encode the group VII
ethylene response factor transcription factors and were upregulated under submer-
gence. Among them, only SUBIA was responsible for the suppressed shoot elonga-
tion under submergence (Fukao et al. 2006; Xu et al. 2006; Bailey-Serres et al.
2010) (Fig. 5.3). SUB1A controlled repression of expression of the genes involved
in starch and sucrose metabolism, thereby preserving energy and carbohydrates
under submergence (Fukao et al. 2006). SUBIA also enhanced expression of the
genes involved in alcohol fermentation and the genes that encode SLENDER
RICE-1 (SLR1) and SLR1 LIKE-1 (SLRL1), which are key repressors of GA sig-
naling in rice (Fukao et al. 2006; Fukao and Bailey-Serres 2008) (Fig. 5.3). Increased
amounts of SLR1 and SLR1L may restrict shoot elongation by negatively regulat-
ing the GA responsiveness under submergence. Ethylene upregulated expression of
SUBIA, thereby enhancing SLRI and SLR1L expression and decreasing GA respon-
siveness in the shoots (Fukao and Bailey-Serres 2008) (Fig. 5.3). Interestingly, in
rice varieties that do not possess SUBIA, ethylene reduced the amount of SLR1 (but
not SLRL1). On the other hand, rapid decline in endogenous ABA levels under
submergence was SUB1A independent (Fukao and Bailey-Serres 2008) (Fig. 5.3).

5.5 Conclusions and Perspectives

Ethylene is involved in aerenchyma formation, AR formation, and shoot growth
control under both escape and quiescence strategies, which indicates that ethylene
is a key factor in morphological and anatomical responses of plants to flooding
stress. Upon waterlogging or submergence, ethylene is entrapped and quickly accu-
mulates in the submerged tissues because water surrounding the tissues prevents its
escape (Visser and Voesenek 2004); thus, the rapid accumulation of ethylene may
work as a priming factor for these adaptive responses of plants to flooding. By con-
trast, the downstream processes may be controlled by unique mechanisms in differ-
ent places (i.e., different cell or tissue types) where the adaptive responses occur.
Moreover, some studies found that interactions of ethylene with other phytohor-
mones such as auxin, GA, and ABA were also important for AR formation and
shoot growth control under submergence. However, much remains to be elucidated
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about cell- or tissue-specific molecular processes that are regulated by the interplay
between ethylene and other phytohormones. To answer these questions, transcrip-
tome or proteome analyses combined with methods for isolating specific cells or
tissues (e.g., laser microdissection) may be useful. Indeed, many genes associated
with lysigenous aerenchyma formation in maize roots were identified using a micro-
array analysis combined with laser microdissection (Rajhi et al. 2011; Takahashi
et al. 2015). The same approach can be applied to identify the genes associated with
other traits for morphological and anatomical responses of plants under flooded
conditions. Further functional analyses of the identified genes will accelerate our
understanding of the molecular mechanisms of plant adaptive responses controlled
by phytohormones under flooded conditions.
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Chapter 6
Phytohormonal Responses to Soil Acidity
in Plants

Marjorie Reyes-Diaz, Elizabeth Maria Ulloa-Inostroza, Jorge Gonzalez-
Villagra, Alexander Gueorguiev Ivanov, and Leonid Vladimir Kurepin

Abstract Phytohormones play an important role in plant growth and adaptation to
various environmental stresses. Acid soils are recognized as one of the most important
abiotic stresses, limiting plant growth and reducing crop yield. Furthermore, acid soils
can cause changes in phytohormone metabolism such as biosynthesis and action. Thus,
in this chapter, we provide a critical overview focused on phytohormone responses,
plant hormone balance, and cross-interactions to nutrients and acid soils, including low
pH stress (or high H* toxicity) and low pH-induced aluminum toxicity.

Keywords Aluminum toxicity * Cross-interactions ® High H* toxicity * Low pH
Phytohormones

6.1 Introduction

Phytohormones play a crucial role in regulation of plant growth, development,
nutrient, and source/sink allocations (Davies 2010; Kurepin et al. 2013a; Hiiner
et al. 2014; Zaman et al. 2015). They are signaling molecules that control many
physiological and biochemical processes, affecting various plant physiological

M. Reyes-Diaz (P<)
Departamento de Ciencias Quimicas y Recursos Naturales, Facultad de Ingenieria y Ciencias,
Universidad de La Frontera, P.O. Box 54-D, Temuco, Chile

Center of Plant, Soil Interaction and Natural Resources Biotechnology, Scientific and
Technological Bioresource Nucleus (BIOREN), Universidad de La Frontera,

P.O. Box 54-D, Temuco, Chile

e-mail: marjorie.reyes @ufrontera.cl

E.M. Ulloa-Inostroza ¢ J. Gonzélez-Villagra
Programa de Doctorado en Ciencias de Recursos Naturales, Universidad de La Frontera,
P.O. Box 54-D, Temuco, Chile

A.G. Ivanov * L.V. Kurepin
Department of Biology and the Biotron Centre for Experimental Climate Change Research,
Western University, London, ON N6A 5B7, Canada

© Springer Science+Business Media Dordrecht 2016 133
G.J. Ahammed, J.-Q. Yu (eds.), Plant Hormones under Challenging
Environmental Factors, DOI 10.1007/978-94-017-7758-2_6


mailto:marjorie.reyes@ufrontera.cl

134 M. Reyes-Diaz et al.

processes including seed dormancy and germination (Davies 2010; Park et al.
2015). Furthermore, phytohormones are essential for the ability of plants to adapt to
abiotic stresses, as they mediate a wide range of adaptive responses (Kurepin et al.
2013b, 2015a). The classical phytohormones such as abscisic acid (ABA), ethylene,
cytokinins (CKs), auxins (predominantly indole-3-acetic acid or IAA), and gibber-
ellins (GAs) as well as other signaling molecules such as brassinosteroids (BR),
salicylic acid (SA), jasmonic acid (JA), nitric oxide (NO), and strigolactone (SL)
are involved in a wide range of plant response to various definite and/or co-occur-
ring abiotic stresses (Peleg and Blumwald 2011; Ahammed et al. 2015).

In response to a numerous abiotic stresses, plants typically reduce the levels of
growth-promoting phytohormones such as IAA, GAs, and CK, via reductions in
biosynthetic activities and/or increases in catabolic activities. Since these growth-
promoting phytohormones are responsible for cell division and expansion, it is not
surprising that both processes responsible for plant growth are typically inhibited by
abiotic stress. In contrast, abiotically stressed plants typically increase accumula-
tion of “stress-related” phytohormones, such as ABA, SA, JA, and, occasionally,
ethylene. The biosynthesis of ABA occurs mainly in the chloroplast, except for the
last biosynthetic steps, which take place in the cytosol (Schwartz and Zeevaart
2010). Abscisic acid appears to be a key phytohormone in plant responses to envi-
ronmental changes and plays a major role in acclimation of plants to multiple abi-
otic stresses (Zeevaart and Creelman 1988; Cho et al. 2009; Kurepin et al. 2013b,
2015a). For example, drought-stressed plants rapidly increase the de novo synthesis
of ABA, which quickly leads to stomatal closure to protect the plant from rapid
desiccation (Schwartz and Zeevaart 2010). Furthermore, stress-induced accumula-
tion of ABA and also SA may cause an upregulation in the expression of genes
involved in the biosynthesis of compatible osmolytes, such as glycinebetaine
(Jagendorf and Takabe 2001). Moreover, exogenous applications of ABA and espe-
cially SA have been shown to increase plant stress tolerance to various abiotic
stresses and thus their yield (Ivanov et al. 1992, 1995; Kiba et al. 2011). Jasmonic
acid is involved mainly in plant defense responses to herbivory insects (Howe
2010). However, it has also been shown to play a role in root development (Kurepin
et al. 2011a), in modulation of photosynthesis (Popova et al. 1988; Maslenkova
et al. 1992; Ivanov and Kitcheva 1993), and, as discussed later in this chapter, in
increasing plant stress tolerance to heavy metal stress. Ethylene plays a key role in
multiple growth and developmental processes, as well as plant responses to stress
(Abeles et al. 1992).

There are two main hurdles in studying the involvement of each phytohormone
group in various growth and developmental processes controlled by environmental
signals. First, phytohormones interact extensively in multiple growth and develop-
mental processes, resulting in synergistic or antagonistic interactions (Wang and
Irving 2011). These interactions play crucial roles in plant responses to abiotic
stress (Peleg and Blumwald 2011). For instance, stress-induced accumulation of
ABA, which typically leads to stomatal closure, can be counteracted by endogenous
increases in CK or ethylene levels (Wilkinson et al. 2012). Moreover, stress-induced
increase of ABA levels can counteract increases in GA and IAA levels in abiotically
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stressed plants (Tanada 1973; Kurepin et al. 2011b). Increases in the growth-active
GA levels can be additionally stimulated by endogenous increases in IAA levels and
therefore further promote plant growth. This IAA-GA interaction is due to IAA
ability to increase the expression of key GA biosynthetic genes (O'Neill and Ross
2002). Furthermore, application of growth-active BR increases shoot growth most
likely via indirect effects on the TAA-GA interaction (Kurepin et al. 2012a).
However, it is important to note that phytohormone interactions may differ across
species (Ross et al. 2011), as was shown, for example, when phytohormonal inter-
actions were compared between sunflower and Arabidopsis plants subjected to a
light signaling stress (Kurepin et al. 2012b; Kurepin and Pharis 2014). Consequently,
when studying the effect of abiotic stress signals, such as soil acidity or Al toxicity,
it is important to evaluate the involvement of multiple phytohormones, as well as to
attempt to deduce their interactions on a species-specific basis.

Second, various phytohormones can be directly produced by certain soil- or
plant-associated bacteria or fungi, or these microorganisms can influence in planta
phytohormone metabolism (Kurepin et al. 2014). Direct biosynthesis of growth-
promoting phytohormones, such as IAA, GAs, and CKs, was reported for several
bacteria and fungi species (Bottini et al. 1989; Ivanova et al. 2001; Waqas et al.
2012). Direct or indirect effects on the plant endogenous levels of “stress-related”
phytohormones by the presence of microorganisms are also very likely. For exam-
ple, inoculation of plants with plant growth-promoting bacterium Burkholderia
phytofirmans caused increases in both shoot and root growth, and these increases in
growth were associated with endogenous changes in not just growth-promoting
phytohormones but also in the levels of ABA, SA, and JA (Kurepin et al. 2015b, ¢).
Furthermore, many species of both soil- and plant-associated bacteria have been
shown to carry 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase gene
controlling the biosynthesis of ethylene precursor, ACC (Klee et al. 1991). The
product of ACC deaminase gene reduces the pool of available ACC and thus can
limit ethylene production (Walton et al. 2012). Introduction of ACC deaminase gene
into plant tissues via inoculation with a bacterial species carrying this gene or via
genetic engineering can improve plant tolerance to abiotic stresses (Kurepin et al.
2007) but can also negatively affect growth and development of non-stressed plants
(Walton et al. 2012). Since soil acidity can also negatively affect the activity and
presence of soil- and plant-associated microorganisms (Francis 1982; Rousk et al.
2009), this, in turn, can modify the levels of phytohormones in plant tissues and/or
rhizosphere.

6.2 Phytohormonal Responses to Soil Acidity

Soil acidity occurs when soil pH drops below 5.5, having a severe negative impact
on crop yield (Kochian et al. 2004). The negative impact of acid soils on low pro-
ductivity and yields in various crops has been mainly attributed either to nutrient
(phosphorus (P), calcium (Ca), and magnesium (Mg)) deficiency or toxicity to
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aluminum (Al), iron (Fe), and manganese (Mn) (Soon 1991; Millaleo et al. 2010).
Close to 3,950 million ha, or 30 % of total land area and 70 % of the potentially
arable land, experience some degree of soil acidity (Von Uexkiill and Mutert 1995).
Soil becomes acidic due to an increment of H* ion concentration. This process
occurs when basic cations (Ca**, Mg?*, K*, and Na*) are leached from soil and the
excess of H* ions replaces these cations (Delhaize and Ryan 1995). Soil acidifica-
tion is influenced by edaphic, climatic, and biological factors, but it can be intensi-
fied due to acid rain from pollution and certain farming practices, such as application
of ammonium-based N fertilizers (Kennedy 1986; Hede et al. 2001; Zheng 2010).
A number of studies have reported that phytohormone biosynthesis and action can
be affected by the soil acidity stress (Yuan et al. 2009; Zhou et al. 2014). In most of
these studies, the involvement of phytohormones was evaluated and focused on the
phytohormonal responses to aluminum (Al) toxicity (Massot et al. 2002; Shen et al.
2004; Reyna-Llorens et al. 2014; Zhou et al. 2014). This is because Al toxicity is
recognized as the most important factor limiting crop productivity on acid soils
(Soon 1991; Kochian et al. 2004; 2015). However, the negative effects of low pH
stress (or high H* toxicity) on plant growth and phytohormones are less known and
documented (Takahashi 2012). Root growth inhibition by low pH stress has been
reported in some plant species (Kinraide and Parker 1987; Kinraide et al. 1994). It
has been proposed that apoplastic calcium (Ca?*), an important signaling molecule
for cell growth, is the main target of low pH stress, and higher H* concentration
could cause inhibition of root elongation due to Ca displacement in the apoplast
(Kinraide et al. 1994).

Cizkova (1990) reported that CK levels increased in oak (Quercus sessilis Ehrh.)
seedlings exposed to pH of 2.5, whereas the levels of GAs were not affected relative
to the control seedlings. Low-pH stress also affected endogenous levels of several
phytohormones in Atractylodes lancea (Thunb.) DC. plants (Yuan et al. 2009). In
particular, the levels of IAA and ABA increased, relative to control, 2.8-fold and
1.4-fold, respectively, in response to low pH treatment by day 30 (Yuan et al. 2009).
Furthermore, levels of a CK zeatin riboside increased 2.0-fold by day 60, whereas
the levels of GAs were not affected by a low pH stress at either measurement date
(Yuan et al. 2009). Interestingly, these increases in CK, IAA, and ABA levels in
response to a low pH stress triggered an increase in root hair density and root hair
number, but inhibited elongation of the main root. The formation and elongation of
root tissues is under tight phytohormonal control (Kurepin et al. 201 1a). The results
reported by Yuan et al. (2009) fall into the current model of root formation and
growth, where localized increases in IAA levels suppress localized CK accumula-
tion and therefore lead to root formation, but later, potentially via negative ABA-TIAA
interaction, localized IA A increase diminishes, and thus CK levels increase, causing
further root development (Kurepin et al. 2011a). In addition, increase in ABA levels
in root tissues following soil acidity could be responsible, via localized antagonistic
ABA-TIAA and ABA-CK interactions, for a decrease in main root elongation
(Kurepin et al. 2011a).

Experiments with plant hormone mutant lines have also shown the importance of
phytohormones in root growth in response to a low pH stress. For example,
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Takahashi and Inoue (2008) reported that auxin and ethylene are essential to stimu-
late root hair elongation. Interestingly, mutation in CTR1 (CONSTITUTIVE
TRIPLE RESPONSE J), a negative regulator of ethylene signaling and inhibitor of
ethylene action, causes fewer root hairs (Masucci and Schiefelbein 1994). Rahman
et al. (2002) showed that root hair length of a double mutant ein2-1 aux! (ethylene-
insensitive and auxin-influx mutant) was reduced compared with wild type in
response to a low pH stress. However, the elongation of root hairs was recovered by
exogenous auxin application. Therefore, we can suggest that ethylene and auxin
interact to inhibit the main root elongation and stimulate root hair formation for
plants exposed to a low pH stress. Nonetheless, further research is required to
understand the phytohormonal response to a low pH stress. Moreover, several stud-
ies dealing with the phytohormonal responses to acid soil were unable to separate
the effects caused by Al toxicity and a low pH stress. However, the experimental
system developed by Koyama et al. (2001) can be successfully used to study the
phytohormonal responses to a low pH stress alone. The use of this experimental
system may provide us with more knowledge about phytohormonal responses to
acid soils and possibly facilitate in developing hormone-based approaches to
increase low pH stress tolerance in crop plants. Luchi et al. (2007) identified a
mutant hypersensitive to protons named Arabidopsis STOP 1 (sensitive to proton
rhizotoxicity 1). The STOP I gene encodes a zinc-finger protein located, by fluores-
cence, in the nucleus (Sawaki et al. 2009). The STOP 1 is a transcription factor,
which is regulated by the expression of aluminum-activated malate fransporter /
(ALMT1) (Kobayashi et al. 2014). The ALMT|1 plays a critical role in Al tolerance
by malate exudation (Sasaki et al. 2004). However, involvement of phytohormones
in signaling pathway and expression of STOP 1 gene are no yet clarified.

6.3 Mineral Nutrients and Phytohormonal Responses
to Soil Acidity

Plants require several mineral nutrients for the normal growth and development.
These mineral nutrients are classified in two groups: (I) macronutrients, such as
nitrogen (N), potassium (K), Ca, P, Mg, and sulfur (S), where each one may exceed
1 % of the total plant dry weight, and (II) micronutrients, such as Fe, chlorine (Cl),
copper (Cu), Mn, zinc (Zn), molybdenum (Mo), and boron (B), which constitute
about 0.04% of the total plant dry weight (Barcel6 and Poschenrieder 2002;
Lambers et al. 2008). These nutrients are incorporated to plant tissues mainly from
soil, where their abundance can be influenced by soil physical and chemical proper-
ties, microorganisms, and certain agronomic practices such as fertilization and irri-
gation (Lambers et al. 2008).

Agroecosystems are agricultural ecosystems, which include biophysical and
human components as well as their interactions (Altieri 1999). Agroecosystems are
constantly disturbed by extraction, mobilization, or application of agrochemicals
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(such as fertilizers, pesticides, etc.), affecting soil conditions (Altieri 1999; Igbal
et al. 2013). A fertilization deficiency severely limits the growth, development, and
productivity of plants in agroecosystems (Fageria et al. 2010). Therefore, the addi-
tion of nutrient-based fertilizers generates an immediate availability of nutrients and
thus restores soil nutrient levels for a proper development of soil microbial com-
munities and crops (Francis 1982). This is important because the law of the mini-
mum indicates that the increase of crop yield per unit of limiting nutrient applied is
directly proportional to the decrease from the maximum yield (Mitscherlich 1909).

The rhizosphere, zone of soil near to the root (1-2 mm), is essential to nutrient
absorption (Hiltner 1904), which determines and modifies the nutrient bioavailabil-
ity according to their degree of acidity or alkalinity by the roots (Hue et al. 1986;
Kinraide and Parker 1987). Thus, positively charged nutrient elements such as K, S,
Ca, and Mg exhibit lower availability at acid pH environment around the rhizo-
sphere, depending on the degree of cation exchange complex saturation (Besoain
1985; Mora et al. 2002). Soil exchange capacity is a measure of its ability to hold
and to release cations that are adsorbed onto a negatively charged clay particles
(Kinraide and Parker 1987; Pansu and Gautheyrou 2006). Acidic pH soils affect the
cation exchangeable complexes inducing substantial replacement of Ca?*, Mg?*, and
K* for H*, which are more prone to loss by leaching, thus decreasing nutrient avail-
ability to plants (Besoain 1985; Kinraide et al. 1994).

Although most of the nutrient(s) uptake mechanisms are well known (Lambers
et al. 2008), the effects of soil acidity on phytohormones are poorly understood,
mainly because of the scarcity of experimental data. It is widely accepted that phy-
tohormones are implicated in the majority of processes connecting with growth and
nutritional status of plants (Barcelé and Poschenrieder 2002). For example, a study
conducted with durum wheat (Triticum durum Desft.) plants, grown at nutritional
deficit (1 % of Hoagland solution), showed a decrease in shoot dry biomass accumu-
lation, whereas the root dry biomass accumulation remained unchanged (Vysotskaya
et al. 2008). These changes in shoot and root dry biomasses were associated with
increases in ABA levels in leaves, apical root area (3—4 mm), xylem, and phloem; in
contrast, ABA levels decreased in response to nutritional deficit in whole-root tissue
(Vysotskaya et al. 2008). Exogenous application of ABA biosynthetic inhibitor, flu-
ridone, to wheat plants subjected to a nutritional deficiency caused a further decrease
in shoot biomass as well as a decrease in root biomass, but shoot-to-root biomass
ratio was not affected by fluridone (Vysotskaya et al. 2008). This growth inhibitory
effect of a decrease in ABA biosynthesis and thus endogenous accumulation by
exogenous fluridone was associated with decreased stomatal conductance and CO,
assimilation (Vysotskaya et al. 2008). This suggests a key role of ABA in plant
response to nutrient deficiency. Limitation of proper nutrient supply causes a trans-
port of newly synthesized and/or accumulated and stored ABA from roots to leaves
via both xylem and phloem. Once in the leaf tissues, ABA likely protects plant from
severe growth arrest by maintaining CO, assimilation at a level which is lower from
optimal, but high enough to maintain physiological processes at reduced capacity.
The key role of ABA in root-to-shoot and shoot-to-root signaling for plants sub-
jected to N deficiency has been recently reviewed by Kiba et al. (2011). The
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interactions of ABA with other phytohormones and secondary metabolites with
growth-regulating activity in plants subjected to mineral deficiency are not well
elucidated. However, it is likely that these interactions are similar to ABA interac-
tions, which are better understood for plants subjected to abiotic stresses. Thus,
similar to abiotic stress, nutrient deficiency-mediated increase in ABA biosynthesis
causes a decrease in shoot growth via increase in the catabolism of growth-active
GAs (Kurepin et al. 2013b). Furthermore, similar to abiotic stress-mediated increase
in ABA levels, which maintains CO, assimilation via increases in the biosynthesis
of glycinebetaine (Kurepin et al. 2015a), the nutrient deficiency may cause similar
ABA-glycinebetaine-photosynthesis interactions.

Nitrogen forms such as ammonia (NH,*) and nitrate (NO;") are the most studied
nutrients related to the phytohormonal responses (Garnica et al. 2009, 2010; Krouk
et al. 2011; Igbal et al. 2013). The effect of N deficiency is probably the most stud-
ied nutrient limitation in plants because of the high significance of N for the biosyn-
thesis of multiple plant organic molecules. There is a great interest in agriculture to
use N-based fertilizers co-applied with phytohormones or other growth-promoting
chemicals (Zaman et al. 2015). Thus, there is increased interest in researching the
N-phytohormone interactions (Kiba et al. 2011; Zaman et al. 2015). A strong coor-
dination has been proposed among ABA, auxin, and CKs in controlling the demand
and acquisition of nitrogen in plants (Kiba et al. 2011; Zaman et al. 2015). Microarray
analyses performed in Arabidopsis have demonstrated that exogenous application
of CK represses two AtNRT2 genes (AtNRT2.1 and AtNRT2.3), three ammonium
transporter genes, three amino acid transporter genes, and a urea transporter gene,
suggesting a negative regulation of nitrogen uptake-related genes by CKs (Kiba
etal. 2011). This repression was not observed with other phytohormones, indicating
that the effect is CK specific. Likewise, a negative regulation by CKs on other nutri-
ent acquisition-related genes in Arabidopsis and rice, such as high-affinity phos-
phate transporter genes (Phtl;2 and Phtl;4), high-affinity sulfate transporter genes
(SULTRI1;2 and SULTR1;4), and iron deprivation-inducible genes (IRT1, FRO2,
and FIT), have been reported (reviewed by Kiba et al. 2011).

Applied N was shown to stimulate ethylene production by wheat roots at the first
24 h, but there was a subsequent decline after 24 h period (Garnica et al. 2009).
Furthermore, ethylene production was higher when N was applied as NO;~ than
when applied as NH,* (Garnica et al. 2009). Cytokinins biosynthesis, forms, and
distribution also vary between plant organs and tissues depending on the form of
supplied N source and the duration of a plant exposure to N (Garnica et al. 2009;
Kiba et al. 2011). Garnica et al. (2010) showed that fertilization with NH,* as a N
source increased CK levels in wheat roots by about threefold, compared with NO;~
as N source. In this report was also reported that different CK forms distribute dif-
ferently in shoot and roots. Thus, it is observed that zeatin (Z) and cis-zeatin riboside
(cZR) levels increased by about 20 % in shoots and roots after 24 h period, follow-
ing fertilization with NH,*. However, fertilization with NO;™ caused no changes in
either Z or ¢ZR levels (Garnica et al. 2010). Furthermore, the same authors reported
that shoot ABA levels increased more wheat plants supplemented with NH,* than
NO;~, whereas IAA were not affected by either of the two N sources (Garnica et al.
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2010). Hence, independently of nitrogen source (NH," or NO;"), at the first 24
hours, an increase of CK in shoots occurs, suggesting that the interaction between
N and CK is related to biomass increment.

A study carried with tobacco transgenic plants overexpressing isopentenyltrans-
ferase (IPT), enzyme which catalyzes the limiting step in CK biosynthesis, demon-
strated the link between oxidative stress and CK biosynthesis during N deficiency
(Rubio-Wilhelmi et al. 2011). These tobacco plants subjected to an N deficiency did
not increase leaf O,~, H,O,, or LP levels. However, the foliar biomass of tobacco
transgenic plants was still higher than wild tobacco plants (Rubio-Wilhelmi et al.
2011). On the other hand, Wei et al. (2009), using urea (CO(NH,),) as N source sup-
plied to barley (Hordeum vulgare L.) plants, showed increases in the endogenous
ABA, TAA, and ZR levels during the grain filling stage at 10 days post anthesis.
Another study with urea as N source showed an increase in the number of female
flowers per fruit spur in Chinese chestnut (Castanea mollissima BL.) trees treated
with growth-active GA; (Qiguang et al. 1985).

Since there is an apparent involvement of multiple phytohormones in nitrogen
signaling, the future challenge will be to understand the interaction between multi-
ple phytohormones and the nitrogen signal. On the other hand, understanding the
interaction between transport of both micro- and macronutrients and phytohor-
mones in acidic soils is also an important future research direction.

6.4 Phytohormonal Responses to Aluminum Toxicity

The majority of acid soils are located in the tropical and subtropical regions. The
primary limiting factor for crop productivity in these soils are the Al and manganese
(Mn) toxicities (Kochian 1995; Raman et al. 2002; Tang et al. 2002). However, a
low pH in soils per se is also stress factor limiting nutrient availability and affecting
the development and growth of agronomically important crops (Mora et al. 2006).
The most available studies about Al toxicity are referred to annuals species, particu-
larly cereals (Mora et al. 2006; Kollmeier et al. 2001). Acid soils typically have high
organic matter concentration (OM) (Mora et al. 2002), stimulating the decrease in
soil pH due to the release of H" ions (Hede et al. 2001). These acid soils are charac-
terized by a granular structure, amorphous clays (allophane or imogolite) (Besoain
1985; Shoji et al. 1993), low bulk density, high phosphorus fixation (Wada 1985),
high stability of aggregates, and low quantity exchangeable bases such as Na*, K*,
Ca?*, and Mg?* (Shoji et al. 1993). Aluminum is the third most abundant element in
the Earth’s crust. It is typically found as oxides and aluminosilicate complexes in
soil (Wada 1985; Shoji et al. 1993; Delhaize and Ryan 1995; Barcelé and
Poschenrieder 2002; Hede et al. 2001, 2003). In acid soils, the Al dynamic plays an
important role in low pH exclusively, leaving available Al forms such as phytotoxic
A1, AI**, and Al*, potentiating both stresses. The latter form causes the highest Al
toxicity in plants under acidic conditions (Kinraide 1991; Delhaize and Ryan 1995;
Mora et al. 2006; Wang et al. 2000).
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Plants exposed to Al stress modify their physiological, biochemical, and mor-
phological characteristics, depending on species or genotype, severity of Al toxicity,
and the degree of Al tolerance (Delhaize and Ryan 1995; Reyes-Diaz et al. 2010).
The inherited resistance mechanisms to Al toxicity in plants are not fully elucidated,
although there is consensus that at least two major mechanisms, i.e., external exclu-
sion and internal tolerance, might be involved. The main difference among them is
the site of Al detoxification. The external exclusion mechanism involves preventing
the toxic aluminum to enter in the apoplasm or symplasm (Hue et al. 1986; Kochian
1995; Kochian et al. 2004; Li et al. 2002; Kollmeier et al. 2001; Pifieros et al. 2005;
Wang et al. 2006; Inostroza-Blancheteau et al. 2011, 2012). The proposed exclusion
mechanism involves excretion of organic compounds (malate, citrate, and oxalate)
from the roots that form stable complexes with the Al** ions in the soil solution,
which are less phytotoxic than free Al** ions, thus avoiding the toxic Al species to
enter the sensitive intracellular sites of the symplasm (Ma 2000; Li et al. 2002;
Pifieros et al. 2005). The internal tolerance mechanism immobilizes, compartmen-
talizes, or detoxifies the toxic AI** in the symplasm or apoplasm (internal). As in
other stresses, the degree of plant resistance to Al toxicity depends on the species,
variety, or cultivar considered (Barcel6 and Poschenrieder 2002). Native species
that grow naturally in acid soils are very resistant to Al stress as Miconia ferrugi-
nata, Miconia pohliana, Palicourea rigida, Qualea grandiflora, Qualea multiflora,
Qualea parviflora, Vochysia elliptica, and Vochysia thyrsoidea (Haridasan 1982;
Kochian 1995; Geoghegan and Sprent 1996), and some of them accumulate high
concentrations of this metal in leaves, whereas others as Oryza sativa in a lesser
amount (Li et al. 2002). Commercially important species such as Medicago sativa,
Hordeum vulgare, Lycopersicon esculentum, and Brassica napus are considered
Al-sensitive species. However, Triticum aestivum and Zea mays showed a wide
range of sensitivity among its genotypes (Kochian 1995; Pifieros et al. 2005).

The major visible symptoms of plants exposed to Al toxicity are inhibition of
root growth, chlorosis of leaf tissues, and stunted shoot growth (Matsumoto 2000;
Mora et al. 2005; Rengel 2006; Reyes-Diaz et al. 2009, 2010). The inhibition of cell
division in the root meristem zone is the typical response of cereal plants to Al expo-
sure (Kochian et al. 2015). It was reported that more than 95 % of the Al associated
to roots is located in the cell wall, suggesting that Al is responsible for the rapid
displacement of Ca from the cell wall and the loss of elasticity (Kinraide et al. 1994;
Rengel 2006). These changes affect also the nutrients and water absorption from the
soil, thus affecting the metabolic processes of the whole plant (Quinteiro et al.
2013).

Another important Al stress response in plants is the exacerbation of the produc-
tion of reactive oxygen species (ROS) causing oxidative stress in cells, cell mem-
branes, cellular organelles, and organic molecules, which can result in cell death
(Yakimova et al. 2007). It is also reported that Al can alter chloroplast and mito-
chondrial functions, which leads to ROS production and cell death via a ROS-
activated signal transduction pathway (Kochian 1995; Kochian et al. 2004; 2015;
Hede et al. 2001; Kopittke et al. 2015). Differential expression of ROS-related genes
has been reported under Al stress conditions (Kumari et al. 2008;



142 M. Reyes-Diaz et al.

Inostroza-Blancheteau et al. 2011; Reyna-Llorens et al. 2014). Plants are able to
activate antioxidant enzymes such as superoxide dismutase (SOD), peroxidase,
catalase, ascorbate peroxidase, and other nonenzymatic ROS-scavenging systems/
molecules as ascorbic acid, a-tocopherol, flavonoids, and carotenoids, to counteract
and decrease/tolerate the phytotoxic effect of Al-induced and decrease oxidative
stress (Ma et al. 2007).

Biochemical, physiological, and morphological alterations are due to the high Al
accumulation in the cell (Matsumoto 2000; Kochian et al. 2004), affecting phytohor-
mone metabolism and action (Yakimova et al. 2007; Aloni et al. 2010; He et al. 2012;
Puga-Freitas and Blouin 2015). A direct relationship between Al toxicity at acidic
conditions and phytohormonal metabolism in root tissues has been reported (Shen
et al. 2004; Garay-Arroyo et al. 2013; Reyna-Llorens et al. 2014), where Al stress-
induced inhibition of root cell elongation also altered ethylene and auxin biosynthe-
sis and accumulation in soybean (Glycine max L.) (Kopittke et al. 2015). Among the
phytohormones affected by Al toxicity at acidic conditions are ABA, IAA, CKs,
ethylene, GAs, and JA, whereas the involvement of SA, which is affected by multiple
other environmental stresses (Kurepin et al. 2010, 2013c), is presently unknown.

The ABA plays an important role in the response to Al toxicity. The increases in
ABA biosynthesis and signaling transduction were shown in maize (Zea mays L.),
soybean, barley (Hordeum vulgare L.), pea (Pisum sativum L.), and buckwheat
(Fagopyrum esculentum Moench) (Shen et al. 2004; Hou et al. 2010; Reyna-Llorens
et al. 2014; Fig. 6.1). This increase in ABA biosynthesis is directly related to an
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Fig. 6.1 Involvement of phytohormones in plant tolerance to Al toxicity. Two groups of phytohor-
mones are involved in plant tolerance to Al toxicity. Group 1: exudation of organic acid regulation
mediated by ABA, ethylene, and IAA. Group 2: decrease of ROS by secondary metabolism activa-
tion regulated by GA; and JA
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increase in Al toxicity available at low pH, as was shown concomitant with increases
in Al doses and endogenous ABA levels in the root apex of soybean plants (Shen
et al. 2004; Hou et al. 2010; Reyna-Llorens et al. 2014). The Al toxicity and ABA
biosynthesis link was further demonstrated with the use of a carotenoid and ABA
biosynthesis inhibitor fluridone ([1-methyl-3-phenyl-5-(3-(trifluoromethyl)phenyl)-
4(1H)-pyridinone]) (Gamble and Mullet 1986). Application of fluridone in plants
exposed to Al toxicity reduced ABA accumulation and root growth, suggesting that
the ABA inhibition increased the negative effect at lower Al (30 pM) concentration
in soybean root (Hou et al. 2010).

Hou et al. (2010) also investigated the ABA transport and redistribution in plants
subjected to Al toxicity by using a split-root experiment, where soybean roots were
divided into part A and part B, with Al stress and without Al stress, respectively
(Fig. 6.2). Using the [*H]-ABA radioisotope technique, Hou et al. (2010) showed
that more than 16 % of [*’H]-ABA fed to soybean roots exposed to Al toxicity (Fig.
6.2, inset 1) was detected 5 minutes later in stem and leaf tissues (Fig. 6.2, inset 2).
Therefore, this author concluded that Al toxicity may accelerate ABA transport
from roots to leaves (Fig. 6.2). Furthermore, [*H]-ABA was also detected in part B
root tissues, i.e., a part which was not exposed to Al toxicity (Fig. 6.2, inset 3). The
ABA transport and accumulation in different plant organs may be possible due to
recently discovered transporters that belong to ATP-binding cassette (ABC) trans-
porter family and encoded by AtABCG40 (Kang et al. 2010), AtABCG25 (Kuromori
et al. 2010), and AtABCG22 (Kuromori et al. 2011) genes in Arabidopsis. These

Fig. 6.2 Redistribution of ABA in soybean roots exposed to Al toxicity. The [*H]-ABA fed in part
A (Al toxicity) [1] is transported from roots to leaves [2] and then redistributed to roots in part B
(not exposed to Al toxicity) [3] (Adopted from Hou et al. 2010)
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transporters have now been detected in roots, vascular tissues, leaves, and flowers
(Kuromori et al. 2010, 2011). There is likely another functional aspect of Al toxicity-
mediated increase in plant endogenous ABA levels. Increase in soil Al concentra-
tions was shown to decrease plant stomatal conductance (Quinteiro et al. 2013).
Abscisic acid is well known as regulator of stomatal closure in response to osmotic
stress or exogenous ABA application (Dodd and Davies 2010). Therefore, the redis-
tribution of ABA from root to leaf tissues following the exposure of a plant to Al
toxicity could be responsible of the decrease in stomatal conductance. Finally, Hou
et al. (2010) also suggested that ABA could be involved in increasing plant toler-
ance to Al toxicity. However, the present knowledge on ABA downstream signaling
action in high Al-stressed plants has to be further expanded.

Pretreatment of soybean plants with exogenous ABA followed by exposure to Al
toxicity stimulated both root elongation and citrate efflux (Shen et al. 2004).
Evidence has shown that Al induces the efflux of organic acids such as citrate,
malate, and oxalate from roots (Ma 2000). This malate exudation has been linked to
Al resistance gene in wheat as ALMT1 and MATE (multidrug and toxic compound
extrusion) family that Al-activated the malate transporter as an important Al resis-
tance mechanism (Delhaize et al. 2004; Sasaki et al. 2004). However, pretreatment
with K-252a, an inhibitor of broad range of protein kinases (Hossain et al. 2011),
inhibited root elongation and citrate efflux in plants treated with ABA and Al toxic-
ity (Shen et al. 2004). Similar results were reported by Reyna-Llorens et al. (2014),
i.e., the variation in the relative expression of an ATP-binding cassette (ABC)-like
transporter gene (FeALS3) was correlated with organic acid exudation in Al-tolerant
buckwheat plants. Furthermore, Reyna-Llorens et al. (2014) demonstrated that exu-
dation of the malic, citric (at 12 h), and oxalic (at 48—72 h) acids can be stimulated
in different times by Al toxicity. Thus, both ABA and Al can regulate organic acid
exudation from mitochondria in tricarboxylic acid cycle (Fig. 6.1). The ABA long-
distance transport from the site of ABA biosynthesis to the site of its biological
action is well known (reviewed by Leng et al. 2014). However, recently, Kang et al.
(2010) reported the first ABA transporter involved in both ABA transport and sig-
naling. Kang et al. (2010) identified a plasma membrane ABC transporter called
ABCG40, which is an ABA uptake transporter necessary for stomatal closure and
regulation of lateral root development. This ABA uptake transporter is located in the
guard cells in leaf tissues and endodermis cells in root tissues. Additionally,
Kuromori et al. (2010) identified another ABA transporter, ABCG25. This ATP-
dependent ABA transporter was expressed mainly in the vascular tissues and acts as
an exporter of ABA. Thus, the endogenous increase in root ABA levels alters Al
toxicity; likely leads to a long-distance transport of the newly synthesized ABA to
leaves, where its signals permit stomata closure; and therefore minimizes further Al
uptake via transpiration. This is supported by Perfus-Barbeoch et al. (2002) study,
where exogenous ABA application reduced the root-to-shoot translocation of heavy
metals, such as cadmium (Cd?*), inducing the stomatal closure. It has been proposed
that the increase in ABA accumulation in response to a heavy metal stress may
increase plant tolerance via two different pathways (Kang et al. 2010). First, the
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reduction of metal uptake and translocation from root to shoot, which is due to sto-
matal closure (Kang et al. 2010). Second, modification of gene expression that con-
tributes to heavy metal tolerance (Talanova et al. 2000; Perfus-Barbeoch et al.
2002). Thus, ABA is an important factor for increasing plant tolerance to Al toxicity
via Al-induced organic acid production. Moreover, we suggest that ABA mobility is
a key factor in determining the degree of plant tolerance to Al toxicity (Fig. 6.1).

In plants exposed to Al toxicity, the role of auxin is mainly in regulation of cell
division and root elongation (Ma et al. 2007; Garay-Arroyo et al. 2013). Early
reports have shown that supplying IAA at 0.1 pM to the root elongation zone was
able to diminish the inhibition of elongation of primary roots caused by Al toxicity
in the distal transition zone of maize ATP-Y (Al-resistant) and Lixis (Al-sensitive)
cultivars (Kollmeier et al. 2000). Furthermore, it was shown that Al-sensitive culti-
var diminished the inhibition of root elongation more than Al-resistant cultivar
when both were treated with exogenous IAA. One possible explication for this IAA
action is the direct and proportional relationship between negative effects of Al
toxicity and significant inhibition of apical IAA transport in Arabidopsis root tips
(Sun et al. 2010). For example, in wheat plants exposed to Al toxicity, the blocked
TAA transport in roots increased the local IAA accumulation (Yang et al. 2011). The
increase in local IAA accumulation can lead to lateral or adventitious root formation
(Kurepin et al. 2011a). The IAA transport is regulated by PIN2 proteins and it
appears that Al toxicity inhibits the transport of PIN2 vesicles from plasma mem-
branes to endosomes (Shen et al. 2008; Yang et al. 2011; Fig. 6.1). Moreover, the
effect of Al toxicity on IAA distribution into apex of primary roots of the maize
Al-resistant and Al-sensitive plants was observed (Kollmeier et al. 2000). Thus,
there was a buildup in IAA accumulation in the root meristematic zone of Al-resistant
maize (Fig. 6.1), whereas in Al-sensitive maize, there was a decrease in IAA accu-
mulation in root meristematic and elongation zones due to a high accumulation of
Al (Kollmeier et al. 2000). Aluminum can also inhibit IAA transport from shoot-to-
root apex, causing an alteration of IAA distribution by a major retention of IAA in
the root elongation zone of plants exposed to Al toxicity (Zhou et al. 2014). However,
it is also possible that IAA could be involved in Al-induced efflux of malic acid,
which regulates transport protein IAA output and increases the concentration in
wheat root tissues (Yang et al. 2011; Fig. 6.1). Therefore, the increase in IAA levels
may suggest a resistance mechanism which is linked to the increase in plant Al
concentration with different tolerance levels. An increase of IAA accumulation
could be restricted to the absorption of Al and its toxic effects on plants.

At molecular level, Mattiello et al. (2010) reported that genes involved in IAA
biosynthesis, such as IAA amidohydrolase and anthranilate phosphoribosyl
transferase, were upregulated in Al-sensitive genotype of maize exposed to acidic
soil (Table 6.1). Meanwhile, indole-3-acetate beta-glucosyltransferase gene which
encodes an enzyme responsible for auxin degradation was downregulated (Normanly
et al. 2010; Table 6.1). On the other hand, the ACC oxidase gene was upregulated in
response to soil acidity (Table 6.1). Therefore, the upregulation of genes involved in
auxin synthesis could lead to higher IAA levels, and it is known that higher IAA
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Table 6.1 Expression of phytohormone-related genes as influenced by Al stress

Response to Al

Genes Functional annotations Involved in | stress References
IAA3 and | Indole-3-acetic acid Auxin Upregulated Mattiello et al.
AnPRT amidohydrolase and synthesis (2010)
anthranilate phosphoribosyl
transferase
AUX1 Auxin transporter-like Auxin Upregulated Zhou et al. (2014)
protein transport
PIN7 Auxin efflux carrier Auxin Downregulated | Kumari et al.
component 7 transport (2008)
PINI Auxin efflux carrier Auxin No changes Zhou et al. (2014)
component 1 transport
IAGLU Indole-3-acetate Auxin Downregulated | Mattiello et al.
beta-glucosyltransferase degradation (2010)
ACC 1-Aminocyclopropane-1- Ethylene Upregulated Sun et al. (2007),
oxidase carboxylic acid oxidase synthesis Chandran et al.
(2008), and
Mattiello et al.
(2010)
ACC 1-Aminocyclopropane-1- Ethylene Upregulated Sun et al. (2007)
synthase | carboxylic acid synthase synthesis

levels inhibit root elongation, but increase lateral and adventitious root formation
(Kurepin et al. 2011a). However, a transcriptomic study performed in Arabidopsis
revealed that transcripts putatively related to auxin transport (PIN7) were down-
regulated in root tissues in plants exposed to Al toxicity (Kumari et al. 2008; Table
6.1). Thus, it seems reasonable to suggest that reduction in auxin transport in roots
could likely be involved in triggering the characteristic phenotype associated with
soil acidity.

In plants exposed to Al toxicity, an increase in endogenous CK levels, plant hor-
mone which regulates different aspects of shoot and root growth (Kurepin et al.
2008, 2012c), may induce ethylene production in root tissues. This was shown in
root tissues of bean (Phaseolus vulgaris L. cv. Strike) plants exposed to Al toxicity:
a rapid increase in endogenous CK levels, particularly bioactive zeatin and dihy-
drozeatin, levels contributed to the inhibition of root growth and increase in root
ethylene evolution (Galuszka et al. 2001). However, increase in the activity of CK
dehydrogenase, a CK-degrading enzyme in plants exposed to Al toxicity, caused
increases in IAA levels and ethylene production (Massot et al. 2002; Fig. 6.1). This
is not surprising since CKs act antagonistically to auxins and ethylene in root growth
and development (Kurepin et al. 2011a).

No change in ethylene production has been observed in root tips of Al-sensitive
or Al-tolerant maize cultivars 24 h after exposure to Al toxicity (Gunse et al. 2000).
However, Sun et al. (2007) observed a rapid increase in ACC synthase and ACC
oxidase activities, ethylene biosynthetic enzymes (Abeles et al. 1992), as well as
upregulated gene expression of ACC oxidase enzymatic activity and thus in ethylene
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production following plant exposure to Al toxicity. Furthermore, application of
ethylene biosynthetic inhibitor aminoethoxyvinylglycine (AVG) or perception
inhibitor Co?* (Abeles et al. 1992) resulted in a decrease in ethylene production or
activity, respectively, as well as eliminating the root elongation inhibition caused by
Al toxicity after 12 h (Sun et al. 2007). Recently, Tian et al. (2014) demonstrated
that the increase in ethylene production in root apex and the inhibition of root elon-
gation in wheat plants exposed to Al toxicity were both ameliorated by a pretreat-
ment of Al-stressed plants with 2-aminoisobutyric acid (AIB), an inhibitor of both
ACC synthase and oxidase activities (Abeles et al. 1992, Fig. 6.1). Besides, Al
toxicity-mediated changes in plant ethylene production have been observed to cause
changes in malate anion concentrations (Tian et al. 2014; Fig. 6.1). Malate concen-
trations decreased with the application of AVG or AIB and increased when AVG
and/or AIB were co-applied with Al stress (Tian et al. 2014). In addition, the appli-
cation of ethylene or its biosynthetic precursor 1-aminocyclopropane-1-carboxylic
acid (ACC) application can generate a lower malate efflux from root apex in
response to Al toxicity (Abeles et al. 1992; Fig. 6.1).

Chandran et al. (2008) reported that gene involved in ethylene biosynthesis was
upregulated in Medicago truncatula in response to plant exposure to Al toxicity.
The release of organic acids from root tissues into the rhizosphere is an important
response to soil acidity (Hue et al. 1986; Pifieros et al. 2005). In this context,
Kobayashi et al. (2013) showed that increase in IAA in response to soil acidity is
essential for the expression of an organic acid transporter called AtALMT1 (Table
6.1). Therefore, phytohormones such as auxin and ethylene may play an important
role during the plant adaptation to acidic soil and Al toxicity. Thus, the next chal-
lenge is to identify how the use of exogenously applied phytohormones could facili-
tate an increased plant tolerance to acid soils without compromising the crop yield
in the face of an uncertain, climate-related future.

The application of GA and GA;, a potent shoot dry biomass accumulation and
stem elongation promoters (Park et al. 2013; Zaman et al. 2014; Kurepin et al.
2015d), has been shown to decrease oxidative stress of plants exposed to Al toxicity
(Khan et al. 2015). This is achieved via activation of two pathways: (1) increased
levels of reduced glutathione and superoxide anion which are generated in the mem-
brane surface and (2) increased rate of linoleic acid biosynthesis, a precursor of JA
(Khan et al. 2015) (Fig. 6.1). Furthermore, exogenous GA; application to plants
exposed to Al toxicity increases chlorophyll content and stems biomass (Khan et al.
2015). Application of GA; to Al-tolerant tomato (Solanum lycopersicum L. cv.
LA2710) plants exposed to Al toxicity also increased endogenous SA levels (Khan
et al. 2015). Consequently, higher levels of SA enhanced the efficiency of antioxi-
dant systems in stressed plants (Hayat et al. 2008), such as ascorbate peroxidases,
CAT, guaiacol peroxidase, glutathione reductase, and superoxide dismutase, con-
vert H,O, to water, thus completing what has been called the water-water cycle
(Panda and Patra 2007). This suggests a direct role of GA; and the activation of
water-water cycle in alleviating Al-induced oxidative stress (Fig. 6.1).

Jasmonates are phytohormones involved in antioxidant responses to different
stresses (Keramat et al. 2009). Application of volatile, methylated form of JA
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(MeJA) to Brugmansia x candida plants exposed to Al toxicity increased H,O,
accumulation and thus peroxidase activity, lignin accumulation, and NADH activity
(Spollansky 2000). A similar response was also reported for roots of Cassia tora
plants exposed to Al toxicity: decreased root elongation and stimulated oxidative
damage measured as Tbars content were observed after applying increased concen-
trations of MeJA (0, 1, 5, 10, and 15 pM) (Xue et al. 2008). Moreover, expressions
of coenzyme A ligase (4CL,EC6.2.1.12), lipoxygenases (LOX), and L-phenylalanine
ammonialyase (PAL, EC 4.3.1.5) were upregulated by exposure to either Al toxicity
or exogenous MeJA (Fig. 6.1). Thus, a possible role of MeJA in activating responses
associated with jasmonate signal transduction defense mechanism(s) and secondary
metabolism, which may decrease the Al toxicity effects in root tissues, could be
suggested (Fig. 6.1).

Therefore, two main mechanisms explaining the role(s) phytohormones may play
when plants are exposed to Al toxicity can be proposed: (1) the role played by ABA,
ethylene, and TAA in the mechanism of Al resistance via exudation of organic acids
and (2) the secondary metabolism activation by the application of exogenous GA; and
MelJA (Fig. 6.1). There is so far no evidence of a direct link between these groups.

6.5 Conclusions and Future Perspectives

The role of individual phytohormones and their cross-interaction with acidity and
Al toxicity has been discussed in this chapter. Metabolism of different phytohor-
mones is modified under acid soil conditions. However, further studies are needed
to extend our knowledge and establish the mechanisms involved in phytohormonal
responses to low pH stress. Most studies show separately the effect of hormones or
soil pH, and the interaction between them is only showed in a few researches.
Further studies would be critical in addressing the role of phytohormones in improv-
ing plant tolerance to acid soils and thereby increase the crop yield. Therefore, the
integration of molecular and biochemical studies are necessary to know phytohor-
mone mechanism under acid soils.
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Chapter 7

Use of Phytohormones for Strengthening
Metal(loid) Phytoextraction: Limitations
and a Case Study

Meri Barbafieri

Abstract Phytoextraction is a branch of phytoremediation technology in which
plants are used to remove polluting substances from the environment. Among inor-
ganic contaminants, metal(loid)s are an important problem. Of the abiotic stresses
that strongly impact plant growth and healthy food, metal(loid)s in soil are an impor-
tant and challenging area for scientists working on agricultural and environmental
issues. Phytoextraction is basically a modified “agronomic” practice where plants are
used not for food production but for “cleaning” and/or rendering contaminated media
less harmful. Many factors, such as the survival of plants at high-contaminant con-
centrations, low soil fertility conditions, and unfavorable pH values, diminish the
potential of this technique. Another factor to consider is the long period of time it can
take to reduce contaminants to the level of natural content or to the limit established
by the laws and regulations of each country. Very recently, phytohormones were
studied to resolve several phytoremediation limitations. Interesting results (presented
as a case study in the second part of the chapter) were obtained from our laboratory
at ISE-CNR in Pisa on the use of phytohormones as an exogenous treatment for dif-
ferent phytoextraction mechanisms. It was shown to counteract difficulties plants
have in combating phytotoxicity effects and to improve the technology’s efficiency.

Keywords Induced/natural phytoextraction ® Phytohormones ¢ Phytoremediation ®
Phytotoxicity * Soil contamination

7.1 Introduction

Environmental contamination has spurred the scientific world to seek new tech-
niques for rehabilitating contaminated areas and restoring them for social use in
clean and/or profitable ways. When phytoremediation — an environmentally friendly
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and economically feasible technique — was conceived, it attracted great scientific
and technical interest. Phytoremediation technologies offer a broad range of appli-
cations, and can be used for many kinds of contaminants (organic and inorganic)
and media (soil, sediment, water, waste, etc.). The technology attracted the attention
of stakeholders and legislators due to its low environmental impact and low cost;
thus, this sustainable technology has received great attention from the green
economy.

Many studies on phytoextraction, the use of plants to “extract” metals from con-
taminated soil, have focused on overcoming two important drawbacks: the survival of
plants in unfavorable environmental conditions (contaminant toxicity, low fertility,
etc.) and the often lengthy time it takes to reduce contaminants to the desired level.

The investigations integrating soil chemistry with plant biology expertise (on
different experimental scales, from microcosm to field pilot trials) have shown that
specific soil treatments combined with plant treatments led to impressive advances
in the technology’s performance.

Phytoremediation is basically a modified “agronomic” practice. It is not used for
food production but for “cleaning” and/or rendering contaminated media less harm-
ful. Consequently, different plants and plant abilities are needed. Moreover, differ-
ent agronomic inputs to increase and maximize phytoremediation efficiency must
be established and applied.

We speak of “assisted phytoremediation” when more than one action is used to
“push” plants to increase their cleaning performance.

Here we describe and discuss the use of phytohormones as a recent alternative
strategy that has attracted the attention of researchers for assisted phytoextraction.
Phytohormones play a major role in cell division and cell differentiation. They can
stimulate shoot initiation, bud formation, the growth of lateral buds, leaf expansion,
and chlorophyll synthesis. They can also delay leaf senescence; enhance resistance
to salinity, low temperature, and drought; and induce stomatal opening in some spe-
cies (Letham et al. 1978; Pospisilova et al. 2000; Werner et al. 2001).

Application of exogenous phytohormones is examined as a viable technique for
increasing the efficiency of metal extraction from contaminated soils by plants
(Fuentes et al. 2000; Barbafieri and Tassi 2011; Barbafieri et al. 2012; Piotrowska
et al. 2011; Bulak et al. 2014). Results also suggest that the chemical regulation of
stomatal behavior by phytohormones can improve water and contaminant uptake in
order to control and contain contaminant migration in subsurface water. However,
further experiments are needed to increase our knowledge of the dynamics of the
transport mechanism involving metal uptake, since this mechanism is dependent on
plant characteristics and environmental parameters.

This chapter aims to discuss: (1) phytoextraction methods for metal-contaminated
soil, and (2) the potential use of phytohormones as assistants to improve phytoex-
traction efficiency. Moreover, a case study is presented that involves the developed
use of cytokinin on boron-assisted phytoextraction by a patented modulated appli-
cation of nitrogen and phytohormone to a crop of Helianthus annuus grown on
boron-contaminated soil.
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7.2 Phytoextraction of Metal(loid)s from Contaminated Soil

7.2.1 The Technology

Contamination by heavy metals continues to pose a serious challenge for the reme-
diation of polluted soils, as they are not degradable and have to be removed physi-
cally. Most currently used technologies for removing heavy metals from the soil
strongly affect the biogeochemical characteristics of the soil. In many cases, the soil
cannot even be considered a useful and productive soil resource anymore, and the
treated soil has to be disposed of in landfills.

Phytoremediation is a broad term that comprises several technologies using plant
properties as a tool to clean up water and soil.

Phytoextraction refers to the translocation of metal contaminants from soil up to
the above-ground tissues by the root system (Baker and Books 1989; McGrath and
Zhao 2003). After plants have grown for a certain period, they are harvested and
may be incinerated to recycle the metals. This procedure, repeated several times,
brings soil contaminant levels down to below legally acceptable limits. The time
required for remediation depends on the type and extent of heavy contamination,
duration of the growing season, the amount and characteristics of the produced
biomass, and the plants’ natural ability to accumulate heavy metals. Generally, phy-
toextraction is only applicable for sites containing low-to-moderate levels of metal
contamination or involving treatment of only the mobile fraction of the
contaminants.

Two different phytoextraction methods can be distinguished: natural phytoex-
traction — using natural metal hyperaccumulator plants that absorb, translocate, and
accumulate an enormous amount of metals during their entire life period without
visible toxicity symptoms; induced phytoextraction — using crop plants, usually at
high biomass production, in which the accumulation process is induced by increas-
ing contaminant bioavailability in soil via the addition of chemicals (Fig. 7.1).
Synthetic amendments such as chelates (e.g., EDTA, EDDS, NTA), organic acids
(e.g., citric acid), or ion competitors such as phosphate (Tassi et al. 2004) added to
the soil enhance metal bioavailability, although the soil microbial community is
usually neglected and there is a potential risk of leaching of metals to groundwater
(Dickinson et al. 2009). The term assisted phytoextraction is used when more than
one action is used to increase the technology’s efficiency (Barbafieri et al. 2013).
Several strategies to achieve higher heavy metal removal efficiency have been
recently developed, such as enhancing the concentration of soluble heavy metals in
the soil by adding synthetic chelate agents (e.g., EDTA). This then leads to an
increase in the metal uptake of high biomass crop plants (e.g., Brassica juncea,
Helianthus annuus, Zea mays, Nicotiana tabacum, etc.) (Meers et al. 2005; Di
Gregorio et al. 2006). Moreover, bacteria inoculations (Ma et al. 2015) and setting
up ad hoc agronomic practices (Giansoldati et al. 2012; Barbafieri et al. 2013; Bani
et al. 2015) have been proposed to assist phytoextraction processes (Pedron et al.
2009; Pedron et al. 2014; Petruzzelli et al. 2014; Cassina et al. 2012).
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Fig.7.1 Phytoextraction methods and “assistants” to improve the technology’s efficiency. Induced
phytoextraction: the use of non-hyperaccumulator plants requires additives to increase metal avail-
ability in soil. Natural phytoextraction: the use of hyperaccumulator plants. Each mechanism can
be assisted to increase efficiency by using phytohormones, endophytic bacteria, agronomic prac-
tices, and/or additives to modify metal availability in soil

Assisted

Effective phytoextraction requires both plant genetic ability and optimal soil and
crop management practices (Prasad 2004; Di Gregorio et al. 2006; Tassi et al. 2008;
Pedron et al. 2009). Thlaspi caerulescens (Cd and Zn hyperaccumulator) and
Brassica juncea (heavy metal accumulator) are examples of species that well repre-
sent the two phytoextraction strategies described above. Metals such as Ni, Zn, Cu,
and As are the best candidates for removal by phytoextraction, although Cd, Pb, etc.
have been extensively studied as well. Genetic engineering studies have been
performed to manipulate plant accumulation by means of the overexpression or
knockdown of membrane transporter proteins (Rogers et al. 2000).

The hazardous plant biomass must be disposed of, in order to minimize environ-
mental risk. The waste volume can be reduced by thermal, microbial, physical, or
chemical means such as composting, compaction, or thermochemical conversion
processes (combustion, gasification, and pyrolysis). Recycling the biomass from
phytoextraction for fuel and other uses cuts down on the need for landfills and pro-
vides the contaminated site with an economic value. Added value to the phytoex-
traction process could be obtained by combining the biomass produced as an energy
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source, resulting in an ore after incinerating the residual biomass. This would be
possible in the case of phytomining, a particular example of phytoextraction.
Phytomining involves the exploitation of subeconomic ore bodies using hyperac-
cumulator plants. For instance, the species Alyssum bertolonii and Berkheya coddii
have a high potential for extracting Ni, due to their high biomass and a Ni concen-
tration of 1% in the dry matter (Robinson et al. 2003). Other metals such as gold,
thallium, and cobalt have been extracted from tailings or other residues of low com-
mercial value (LaCoste et al. 2001; Keeling et al. 2003). Heavy metal phytoextrac-
tion refers to the use of plants that can remove contaminants from soil and accumulate
them in a harvestable part in a process alongside water and nutrient absorption by
roots. Therefore, plant biomass production and the metal concentration in the bio-
mass are fundamental success factors for the practical efficiency of phytoextraction
(McGrath and Zhao 2003).

Among tolerant plants, three general classes of vegetation have been defined and
recognized as growing in contaminated and metalliferous soils (Barbafieri et al.
2011). These comprise metal excluders ( plants that avoid the translocation to upper
parts over a broad range of metal concentrations in the soil, but can have large
amounts in their roots), metal indicators (plants that accumulate metals in their
above-ground tissues where the metal levels in the plant reflect metal levels in the
soil), and metal accumulators (usually referring to hyperaccumulators that concen-
trate metals in the above-ground tissues to levels higher than 1% of Zn, Mn; 0.1 %
of Ni, Co, Cu, Cr, Pb, Al; 0.01 % of Cd Se; or 0.001 % of Hg on a dry-weight basis
irrespective of the metal in the soil) (Baker and Books 1989).

7.2.2 Mechanisms Associated with the Phytoextraction
of Inorganic Contaminants

Generally, it is agreed that the uptake of ions by plant roots consists of two phases:
adsorption and accumulation.

Adsorption is predominantly related to cations in soil solution and is a non-
metabolic process, whereas accumulation is an active process with specific carrier
transporters. More specifically, the availability to plants of metal contaminants is
governed by a variety of reactions that include complexation with organic and
inorganic ligands, ion exchange and adsorption, precipitation and dissolution of sol-
ids, and acid-base equilibria. Thus, the extraction of metals by plants is usually
limited by their availability in the soil.

The rates of redistribution of metals among the solid and liquid phases and their
binding intensity are affected by the metal species, loading levels, aging, and soil
properties.

The more bioavailable fractions for plant uptake are generally those with higher
water solubility, i.e., metal fractions following the order: exchangeable >carbonate
specifically adsorbed>Fe-Mn oxide>organic sulfide>residual (Barbafieri et al.
1996; Li and Thornton 2001). These fractions can be estimated by various extrac-
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tion procedures (generally sequential extraction schemes are used to isolate specific
fractions). Soft extractants such as non-buffered salt solutions, diluted acids, and
complexing agents better correlate with the fraction for plant uptake (Lindsay and
Norwell 1978). Neutral salts mainly dissolve the cation exchangeable fraction.
Diluted acids partially dissolve trace elements associated with different fractions
such as exchangeable carbonates, iron and manganese oxides, and organic matter.
Complexing agents dissolve not only exchangeable element fractions but also the
element fraction forming organic matter complexes and the element fraction fixed
on soil hydroxides (Rauret 1998; Barbafieri 2000).

As a general rule, readily bioavailable inorganics for plant uptake include As, Cd,
Cu, Ni, Se, and Zn. Moderately bioavailable metals are Co, Fe, and Mn, whereas Cr,
Pb, and U are not very bioavailable (EPA 2009). Petruzzelli et al. (2015) demon-
strated the importance of metal bioavailability in the context of phytoextraction
technology.

Inorganic contaminants may be localized differently in roots and shoots, depend-
ing on the type of plant (sensitive or tolerant, i.e., metal excluder, indicator, or accu-
mulator species). Recent studies have identified potential cellular/molecular
mechanisms involved in the resistance and tolerance of plants to high concentra-
tions of inorganic contaminants in the environment. Generally, the plants avoid
metal accumulation in the cytosol to prevent toxicity symptoms. Plants present vari-
ous mechanisms, and most of them are shared by several common metal-tolerant
plants. However, it seems that specific mechanisms are employed for specific metals
in particular species (Hall 2002; Clemens 2006; Hanikenne et al. 2008). For exam-
ple, nickel hyperaccumulation was found in some specialized flora such as the
Alyssum murale that has colonized Ni-rich serpentine soils. It was also shown that
more than one mechanism may be involved in reducing the toxicity of a particular
metal (Salt et al. 2000; Hartley-Whitaker et al. 2001). Inorganic contaminants (usu-
ally ions) are taken up by biological processes via membrane transporter proteins.
The transporter proteins have unique properties (transport rate, substrate affinity,
substrate specificity, etc.) that are regulated by the level of specific metabolites or
regulatory proteins. The abundance of each transporter also depends on the tissue
type and on environmental conditions (Pilon-Smits 2005).

The different mechanisms for the detoxification of metals and thus for increased
tolerance to metal stress can be subdivided into mechanisms at the extracellular
level and those at the cellular level.

Extracellular strategies include roles for mycorrhizas, the cell wall, and extracel-
lular exudates. They can also involve the plasma membrane, which reduces the
uptake or stimulates the efflux out of the cytosol.

Mycorrhizas and particularly ectomycorrhizas can be effective in reducing the
effects of metal toxicity on host plants (Jentschke and Godbold 2000), but elucida-
tion of their mechanisms is difficult, due to the high specificity of metals and fungal
species. These mechanisms consist of various exclusion processes (reduced access
to the apoplast due to the hydrophobicity of fungal sheath, chelation by fungal exu-
dates, and adsorption onto the external mycelium) that restrict either the metal’s
movement to the host roots or the absorption of metals.
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Metals in the soil solution are in direct contact with the root cell wall, but its
adsorption has a limited effect on metal activity at the surface of the plasma mem-
brane. However, root exudates can play a role in tolerance to metals. For example,
Salt et al. (2000) showed that root exudates of non-hyperaccumulating plants (histi-
dine and citrate) promote the accumulation of Ni-chelating compounds in roots, and
state that exudates could have a role in a Ni-detoxification strategy. Ma et al. (2001)
showed that buckwheat plants secrete oxalic acid from the roots in response to Al
stress, and anontoxic Al-oxalate compound was found inits leaves. Phytosiderophores
(biosynthesized from nicotianamine) are mucigenic acids released by roots, and
together with the proper nicotianamine, the organic acids (citrate, malate, histidine)
and the thiol-rich peptides (glutathione [GSH] and phytochelatins [PCs]) have the
ability to chelate metals at the root level. Chelated metals in roots may be stored in
vacuoles or exported to the shoot via the xylem.

Heavy metals could affect the plasma membrane, and its damage would produce
increased leakage of solutes from cells. The cell membrane of metal-tolerant plants
may play an important role in preventing or reducing entry into the cell or through
efflux mechanisms. One example of reduced uptake as an adapted tolerance mecha-
nism to arsenic toxicity was found in Holcus lanatus. Phosphate and arsenate appear
to be taken up by the same system (Tassi et al. 2004). The arsenate-tolerant geno-
type showed a much lower uptake for both anions than the non-tolerant genotype.
Moreover, it was suggested that arsenate tolerance in H. lanatus is due to both this
adaptive suppression transport system and constitutive phytochelatin production,
since arsenate can still accumulate to high levels in tolerant plants (Meharg and
Macnair 1992; Hartley-Whitaker et al. 2001).

The efflux of metal ions is another strategy for controlling extracellular metal
levels at the plasma membrane. Membrane transporters are responsible for the
uptake, efflux, translocation, and sequestration of essential and non-essential min-
eral nutrients. Although there is little direct evidence of plasma membrane efflux
transporters in metal tolerance in plants, recent research has revealed that several
classes of metal transporters could play a key role in tolerance. These include the
Zn-regulated transporter (ZRT), Fe-regulated transporter (IRT)-like proteins (ZIP),
natural resistance-associated macrophage proteins (Nramp), and cation diffusion
facilitator (CDF) (Kim et al. 2004; Lee et al. 2007).

Root-to-shoot translocation requires an intermediate step of membrane transport.
Membrane transporter proteins are needed to promote the movement of inorganics
from the root endodermis to the root xylem. It is an area under study and is still
unclear via which transporter proteins most metals are exported to the root xylem.
The bulk flow in the xylem from root to shoot is driven by the transpiration stream
from the shoot, where negative pressure pulls up water, solutes, and the bioavailable
inorganic contaminants that have access through the root membrane. Chelators such
as organic acids (histidine, malate, citrate), nicotianamine, and thiol-rich peptides
can bind metals during xylem transport. Another membrane transport step is
required to import metals into the leaf cells from the leaf xylem. Again, specific
membrane transporter proteins are needed. Once inside the leaf symplast, the metal
may be kept away from metabolic processes by compartmentation at the tissue level
(epidermis or trichomes) or at the cellular level (vacuoles or cell wall).
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At the intracellular level, other potential mechanisms exist for the repair of
stress-damaged proteins (heat shock proteins or metallothioneins); for the chelation
of metals in the cytosol by organic acids, amino acids, or peptides; and for transport
away from metabolic processes with compartmentation in the vacuole. At the tissue
level, metals were sequestered by chelators to form conjugates and aid in the detoxi-
fication process. Chelators such as the tripeptide GSH (glu-cys-gly) and the PCs can
bind metals, and by the action of active transporter molecules, the metal-chelate
complex can be transported to the vacuole where it can be further complexed, for
example, by sulfide on PC-Cd complexes (Hall 2002; Pilon-Smits 2005; Memon
and Schroder 2009).

The induction of metal-chelating proteins such as metallothioneins and phyto-
chelatins increased the level of cell tolerance to an excess of metal ions by the
sequestration of metals and accumulation in plant cells. Moreover, plants with high
transporter activities from cytosol to vacuole can be more efficient at storing toxic
inorganic contaminants. Thus, the overexpression or knockdown of membrane
transporter proteins or the alteration of plant chelator production by genetic engi-
neering allows us to manipulate plant accumulation (Memon and Schroder 2009).
Selected or engineered plants that have high levels of transporters involved in the
uptake of metals from the xylem into the leaf symplast are recommended for phyto-
extraction, while selected or engineered plants with higher production of chelators
or conjugates that confer an enhanced sequestration and tolerance could be useful
for phytostabilization.

Figure 7.2 schematically shows the main mechanisms regarding inorganic
detoxification.

Mechanisms of
detoxifications

Extracellular Intracellular

Mycorrhizas
Root exudates
Cell membrane

Transporter proteins

Compartmentation
Sequestration

Conjugation

Fig. 7.2 Mechanisms of detoxification of inorganics in plants: extracellular mechanisms and
intracellular mechanisms
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7.3 Phytohormones and Their Help with Phytoextraction
Technology

Phytohormones regulate and control virtually every aspect of plant growth and
development (Ahammed et al. 2015). Phytohormone research is a crucially impor-
tant area of plant science; phytohormones are one of the key systems that integrate
metabolic and developmental events in the entire plant and the response of plants to
external factors. Thus, they influence the yield and quality of crops.

As agriculture becomes more mechanized and science increases the possibilities
for using various inputs to enhance production, the role of plant growth regulators
(PGRs) becomes vital. PGRs in agriculture and horticulture provide agriculture pro-
fessionals and researchers with the information needed to effectively tap these ver-
satile resources to enhance crop production and quality. Phytoremediation can also
obtain profitable benefits from the application of PGRs used in classic agricultural
practices, but with special PGR and application protocols. Thus, phytoremediation
that is aided by phytohormone treatment can be called “assisted phytoremediation
by plant growth factor (phytohormone)” (Barbafieri et al. 2012).

Plant growth regulators could benefit phytoremediation in various ways, increas-
ing the efficiency of a selected “depolluting plant.” As an example, it is deliverable
for a “depolluting plant”:

1. To increase survival and development in stressful conditions; contaminated sites
are often quite poor in fertility regarding soil structure and nutrient content.

2. To increase tolerance to toxic effects of different contaminants (organics and/or
inorganics) at the level of concentration present in contaminated media.

3. To increase the rate of contaminant treatment (increasing degradation of organ-
ics, or increasing biomass production and metal uptake, and accumulation in the
upper plant in case of inorganics).

The way in which phytohormones could be used to manipulate plants is shown
schematically in Fig. 7.3 (Barbafieri et al. 2012).

7.3.1 Some Evidence Regarding Phytohormones Application
in “Induced” Phytoextraction

Few studies have been conducted to verify the possible use of phytohormones for
phytoremediation purposes (summarized in Table 7.1). Most of them focus on
increasing stress resistance to metal toxicity and its uptake for phytoextraction as an
alternative strategy for increasing the efficiency of “induced phytoextraction”
(Ouzounidou and Ilias 2005; Tassi et al. 2008).

Some studies have examined the combined effects of phytohormones and heavy
metals, most performed in hydroponics (Ouzounidou and Ilias 2005) or in spiked
soil (Sayed 1997; Khan and Chaudhry 2006). Only a few publications (Fuentes
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Developmental rate
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Tillering
Leaf area
Seedling establislunent Root growth
Drought resistance
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Root growth
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Metal manslocanon
root to shoot
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period

Increased contamimant uptake and the
consequent inprovinents in phytoextraction,
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Fig. 7.3 Possible targets for manipulating plants for phytoextraction purposes by using phytohor-
mones (From Barbafieri et al. 2012)

et al. 2000; Liphadzi et al. 2006; Tassi et al. 2008) have focused on the application
of phytohormones in crop plants grown in highly contaminated soils, to improve
phytoextraction. Fuentes et al. (2000) treated corn (Zea mays) by spraying either
indolebutyric acid (IBA) or naphthylacetic acid (NAA), which resulted in a 41.2%
increase in Pb uptake using IBA and a 127.4 % increase in Pb and a 59.5 % increase
in Zn uptake using NAA. Nevertheless, these results led to a high mortality (up to
45 % of the treated plants), a huge PGR concentration (NAA sprayed at 1000 mg
kg™!), and a decrease in overall biomass. Liphadzi et al. (2006) used IAA to increase
root growth in sunflower plants and observed an increase in Cd and Pb accumula-
tion in leaves with and without EDTA treatment in soil.

Cytokinins (CKs) could prove to be interesting phytohormones for phytoreme-
diation. They are plant growth regulators that play a major role in cell division and
cell differentiation. CKs can stimulate shoot initiation, bud formation, the growth of
lateral buds, leaf expansion, and chlorophyll synthesis. CKs can also delay leaf
senescence; enhance resistance to salinity, low temperatures, and drought; and
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induce stomatal opening in some species (Letham et al. 1978; Pospisilova et al.
2000; Werner et al. 2001). Transpiration in plants is driven by a combination of
abiotic (climate, soil water availability, ground water depth, etc.) and biotic (leaf
area, stomatal functions, root amount and distribution, hormone synthesis, etc.)
conditions (Letham et al. 1978). The rate of transpiration is also directly related to
whether the stomata are open or closed, and it accounts for the movement of water
from roots to shoots by subsequent water loss as vapor through the stomata. An
increase in transpiration rate has been observed from 20 to 40 % when stomata are
wide open (Vose et al. 2003). The chemical regulation of stomatal behavior is one
strategy for improving water and contaminant uptake, since water absorbed at the
roots by osmosis carries any dissolved mineral nutrients and/or soluble contami-
nants through the xylem. Thus, transpiration is considered a key process for the
success of phytoremediation in soil and groundwater, since the vegetation must
transpire enough water to control or take up contaminants (Rock 2003). The appli-
cation of exogenous CKs can increase the transpiration rate and consequently the
absorption of contaminants present in the soil solution. An increased transpiration
rate in the excised leaves of Brassica, Helianthus, Anthephora, Avena, Hordeum,
Triticum, and Vigna was found after the addition of exogenous CKs (kinetin,
N6-benzyladenine, and zeatin) (Pharmavati et al. 1998; Pospisilova 2003). Kinetin
also markedly increases the stomatal aperture in Tradescantia and Paphiopedilum
tonsum leaves (Irving et al. 1992).

Results reported in Tassi et al. (2008) indicate that in treated sunflower plants, the
exogenous application of a mixture of CKs had a positive effect on the aerial biomass
and phytoextraction efficiency and increased the transpiration rate. CK treatment
showed high Pb phytoextraction efficiency in leaf and shoot (about 120 % and 50 %,
respectively) when compared to the control plants. Again, the treatment also showed
a high increase for Zn, which was about 100 % in leaves and 20 % in shoots, com-
pared to the control plants. When the EDTA treatment was added to increase metal
bioavailability in the soil, CK treatment increased the transpiration rate by about
50 %, but the treatment did not produce a meaningful increase in the overall aerial
biomass, but induced a higher increase in the biomass of leaves (about 30 %), which
are the aerial tissues with the greatest Pb accumulation. The most positive result in
phytoextraction efficiency was achieved when both CKs and EDTA were used. This
result supports the hypothesis that phytoextraction can be improved by increasing
both the dry mass and (to a lesser extent) the metal accumulation in the upper parts
of the plants. The regulation of stomatal opening is also an important effect of CKs.
This in turn can increase the transpiration rate and consequently the flux (via xylem
sap) of water-soluble soil components or contaminants to the upper parts of plants.
Results show that the application increased the transpiration rate of H. annuus. The
increased transpiration rate and aerial biomass of plants treated with PGRs indicate
that water and micronutrients are efficiently absorbed from the soil and translocated
to the parts of the plant that are above-ground, but were only able to remove a limited
fraction of soluble metals. This suggests that phytohormones can increase the metal
translocation of an already absorbed metal fraction, as demonstrated in combined
treatments with PGRs and EDTA.



172 M. Barbafieri

Increasing plant transpiration alone does not lead directly to an increase in metal
uptake. Many indubitably confirm the fact that metal absorbing processes are strictly
regulated by complex metal homeostasis in the plant (Clemens 2001; Clemens et al.
2002; Verbruggen et al. 2009) as previously described in section 2.4 (mechanisms
associated with the phytoremediation of inorganic contaminants).

The combined effects of EDTA and the growth-promoting 3-indoleacetic acid
(IAA) on Pb uptake in Medicago sativa plants have been studied in hydroponics.
Increased Pb content in leaves of plants exposed to Pb and EDTA/TAA is about
2800 % compared to those treated with Pb alone and about 600 % compared to those
treated with Pb and EDTA (Lopez et al. 2005).

The results, published by Cassina et al. 2012, are really the first that investigated
Hg phytoextraction in combination with plant growth factor (cytokinin, CK) and thio-
ligand (TS) treatments as a viable technique to increase the efficiency of plant Hg
removal. Hg is highly toxic and phytotoxic, so the study takes into consideration both
the Hg transfer from soil to plant tissues and the effects on plant growth. The investi-
gation provides new insights into exploring a new strategy to effectively increase Hg
uptake by crop plants, with possible applications for phytoremediation technology.
The obtained data have high scientific impact, since Hg is one of most difficult ele-
ments to approach when no hyperaccumulator plant is known in current plant-based
technology. Results show that the combination of CK and TS had synergistic effects
on Hg phytoextraction (increased up to 450 %). In one growing cycle, the plants sub-
ject to the combined treatment significantly reduced labile-Hg pools by about 40 %.

7.3.2 Some Evidence Regarding Phytohormones Application
in “Natural” Phytoextraction

Phytohormones have a potential role in improving “natural” phytoextraction. An
initial trial and results were reported on Alyssum murale, a well-known Ni hyperac-
cumulator (Cassina et al. 2011). In the study, 70-day-old A. murale plants were
transplanted to plastic pots containing 4 kg of serpentine soil with 1521 mg/kg Ni
(approximately 25 mg/kg diethylenetriaminepentaacetic acid (DPTA)-extractable).
Twenty days after transplanting, plants were treated every 6 days and harvested
after three foliar, in-soil, and combined soil and foliar applications of a mixture of
cytokinins. The phytoextraction data indicated a significant tendency to raise higher
values of Ni phytoextracted in the combined treatment (foliar+soil) where the
amount of Ni phytoextracted increased by 75 %. No significant differences were
found in Ni concentration in shoots, also due to the high data variability. However,
significantly higher shoot biomass was found in all treatments compared to the con-
trols; moreover, significant differences were observed among the different methods
of cytokinin treatment. The foliar treatment increased the shoot biomass by 53 %,
the soil treatment by 41 %, and the combined treatment (foliar +soil) by 75 %. The
results suggest that A. murale is a plant species sensitive to cytokinin treatment and
that cytokinin treatment is potentially useful for increasing phytoextraction capabil-
ity by increasing biomass.
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Other evidence has been reported on Alyssum plant species and various phyto-
hormones (Cabello-Conejo et al. 2013, 2014). The most effective treatment was
observed with cytokinin and IAA treatments, providing a significant increase in %
Ni phytoextraction. In all cases the effects were due to the increased plant biomass.
Currently, no increase in metal uptake has been observed. Hence, the development
of an exact protocol for using plant hormones for hyperaccumulator plants remains
open.

7.4 Case Study: Modular Application of Phytohormone
and Nitrogen in the Phytoextraction of Boron
by Helianthus annuus

The research reported here on phytoextraction focuses on overcoming two main
drawbacks: the survival of plants in unfavorable environmental conditions (con-
taminant toxicity, low fertility, etc.) and the often lengthy time it takes to reduce
contaminants to the desired level.

This study (patented by Barbafieri 2014) evaluated the effect of exogenous phyto-
hormone (cytokinin) in promoting growth and alleviating stress in sunflower plants
exposed to boron (B)-contaminated sediments. It is necessary to point out that B phy-
toextraction can be approached without hyperaccumulators or any chemical addition
to increase B bioavailability, as it is readily available in soil and effectively translo-
cated and accumulated to the upper part of the plants (Tassi et al. 2011; Giansoldati
et al. 2012). However, its effectiveness is strongly affected by the high B phytotoxicity
that severely compromises plant growth. Experiments were carried out at lysimeter
scale where nitrogen fertilization was also evaluated. The treatments, alone or com-
bined, were tested in plants that were allowed to grow until the end of the vegetative
phase (70 days). This study aimed to test the hypothesis that an exogenous phytohor-
mone supply, in particular CKs, alone or in combination with N fertilization, could
help to overcome the stress caused by B contamination and to improve phytoextrac-
tion in the sediments from the Cecina river basin. Large-scale tests (lysimeters) were
used to evaluate the effects of different treatments. To date, this research appears to be
the first test carried out to evaluate the effects of phytohormone on B phytotoxicity
and on the phytoextraction efficiency of Helianthus annuus.

7.4.1 Effect of Different Treatments on Plant Morphological
Characteristics

The effect on total dry biomass, leaf area, and stem length (Table 7.2) in D is greater
than the sum of the effects of each treatment taken into account individually (B and
O), producing a synergistic effect with respect to the untreated lysimeter (A): 516 %
versus (171 %+ 123 %), 411% versus (261 %+58 %), 83 % versus (11 %+34 %),



174 M. Barbafieri

Table 7.2 Effect of different treatments on plant morphological characteristics as influenced by
treatments in lysimeter experiment

Leaves Stems Roots Total Biomass
Surface area DW Length |DW DW

Lysimeter | (cm?) FW (g) |(9) (cm) (€3] (9] DW (g)

Ctr 10.5¢ 454 d 71.0d [92.5d 98.0 ¢ 11.0b 180 d

A 52a 79.0 a 13.6a |422a 179 a 3.7a 352a

B 18.8d 277 ¢ 354c |46.8ab |50.0b 102b [952¢

C 82D 156 b 240b [56.5b 450b |94b 78.4b

D 26.6d 595e 73.0d |77.1c 138d 22.0c |233e

Treatments: Ctr control (uncontaminated and untreated sediment), A contaminated sediment,
untreated, B contaminated sediment, urea 200 kg ha™!, C contaminated sediment, cytokinins (CKs)
3 mg kg!, D contaminated sediment, urea+ CKs. Means with different letters in the same column
differ significantly from each other (P <0.05)

FW fresh weight, DW dry weight

respectively. Thus, the combined N fertilization and CK treatment helped plants to
overcome the stress induced by high boron concentration, proved by a higher pro-
duction of biomass (DW) than plants grown in uncontaminated sediment (Ctr lysim-
eter) which had 3 and 25 times lower total and available B content, respectively.

7.4.2 Effect of Treatments on B Phytoextraction by H. annuus

No significant difference in B content in the same tissue was found among all the
treatments in contaminated sediments (A-D), meaning that fertilization and cytoki-
nin treatment, both separate and in combination, had no decisive influence on B
uptake and translocation by plants (Table 7.3a).

B phytoextraction (Table 7.3b) was calculated by multiplying B concentration by
the biomass produced in the respective tissue. Although no significant differences in
B concentration were observed among treatments (A-D), the amount of B removed
by H. annuus in the same tissue was very different and depended on the kind of
treatment, which in turn influenced the production of biomass. Considering leaves,
urea treatment (lysimeter B) gave rise to higher B phytoextraction than CK treat-
ment (lysimeter C); however, the combined treatment (lysimeter D) showed a syn-
ergistic effect giving rise to 55 mg B phytoremoved per lysimeter. The amount of B
removed by stems and roots was, respectively, 10 and 100 times lower than by
leaves, although a remarkable B phytoextraction was also observed in these tissues
when compared with the untreated contaminated sediment (lysimeter A). The total
amount of B phytoextracted in only one growth cycle was about 60 mg t=!' of sedi-
ment using urea fertilization and CK combined treatments, which is 5 times higher
than the amount of B phytoextracted by plants grown in unfertilized sediment.

Lysimeter experimentation could represent this realistic situation and permitted an
evaluation of the growth parameters and phytoextraction ability of H. annuus plants
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Table 7.3 Boron content in mg kg™! (a) and boron phytoextracted in mg lys™ (b) in leaves, stems,
and roots of H. annuus grown in the different treatments

(@

Lysimeter Leaves Stems Roots
Ctr 772 a 11.1a 18.2a
A 819b 33.7b 29.7b
B 758 b 31.1b 27.1b
C 762 b 27.6b 234b
D 751b 33.7b 22.8b
(b)

Lysimeter Leaves Stems Roots Total B phytoremoved
Ctr 0.08 a 0.02 a n.d. 0.1a

A 11.1b 0.6b 0.12a 11.82b

B 26.8d 15¢ 0.36b 28.16 ¢

C 183 ¢ 12¢ 0.28b 20.3 ¢

D 55.1e 4.6d 0.53¢ 60.23 d

Treatments: Ctr control (uncontaminated and untreated sediment), A contaminated sediment,
untreated, B contaminated sediment, urea 200 kg ha™!, C contaminated sediment, cytokinins (CKs)
3 mg kg™!, D contaminated sediment, urea+CKs. Means with different letters in the same column
are significantly different from each other (P <0.05)

n.d. not detectable

naturally exposed to variations in light, temperature, and humidity (rain events) during
the complete growth cycle or maturity of plants (floral stage). In this scenario, our
results proved the potential of H. annuus plants to phytoextract B in contaminated
sediment where the adverse effects of B toxicity on plant growth were managed by the
amelioration of soil quality (urea fertilization) and plant growth (the application of an
exogenous plant hormone). The combined treatment in soil produced a synergistic
effect in the biomass produced and the amount of B phytoextracted.

7.5 Concluding Remarks

Phytohormones have the specific ability to increase and support plant physiology and
are well known and applied in horticulture, floriculture, fruit farming, and other agri-
cultural fields. The main processes of phytoremediation involve physiology within
the plant and/or in its immediate surroundings (rhizosphere); thus, it can take advan-
tage of any “assistance” that improves the efficiency of the physiological mecha-
nisms to make the phytoextraction processes more efficient. Phytohormones can be
easily applied and are cost-effective and environmentally friendly. Such compounds
offer a versatile resource for enhancing crop production and contaminant treatment
with no side effects on health and environment. Consequently, phytoextraction can
also benefit from its use. Nonetheless, the most appropriate phytohormones for
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phytoremediation as well as the correct application method and timing still need to
be identified in order to reap the maximum benefit from phytoremediation.
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Chapter 8

Plant Responses to Light Stress: Oxidative
Damages, Photoprotection, and Role

of Phytohormones

Aditya Banerjee and Aryadeep Roychoudhury

Abstract Light stress is the most uncharacterized and less studied among the vari-
ous types of abiotic stresses experienced by the plant systems. Plants, being sessile
organisms, cannot escape from such stresses, and one of the mechanisms of adapta-
tion under such hostile circumstances is mediated through the altered regulation of
phytohormones. In this book chapter, we have presented an exhaustive literature-
based study on the different kinds of light stress encompassing light quality and
type, the basic mechanism of perception of UV-B (the most harmful) rays by the
plant system, the general metabolites which get upregulated under stress, and then
a detailed excerpt on the role of phytohormones like auxin, gibberellic acid, cytoki-
nins, ethylene, and abscisic acid under such conditions. Based on this account, our
chapter also aims at integrating the perception of light stress-signaling pathway
with the phytohormone-signaling networks, thus providing the idea of a universal
cross talk occurring in plant cells, exposed to a variety of light stresses.

Keywords Light quality  Light stress « UV-B rays ¢ Plant hormone ¢ Stress
signaling

8.1 Introduction

The environmental or abiotic factors are the major regulators of plant growth and
distribution across the globe. These abiotic factors include soil water content, salin-
ity, heavy metal content, and even the quantity of the incoming light striking the
plants. A range of tolerance against these abiotic factors is exhibited by each plant
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species. The moment the limit of tolerance is exceeded, the plant experiences stress
and upregulates the stress-responsive pathways. This ultimately leads to the survival
of the stress-tolerant species and susceptibility or death of the sensitive species in
the area under stress. Hence, these factors cumulatively dictate the geography of
plant distribution. Light stress is the chief atmospheric stress acting upon plants
which mainly inhibit growth via disrupting the photosynthetic pathway (Greenberg
et al. 1989; McKenzie et al. 2003; Seppelt 2005). Phytohormones are the diverse
chemical molecules which play prime roles in activating stress-responsive pathways
required to guard against the potential damages caused by light stress (Effendi et al.
2013; Hayes et al. 2014). In this chapter, we would highlight the various light stress
responses that are activated by the series of phytohormones, which on a broader
level do have the possibility to act in tandem through a cross talk in their pathways.
The type and quality of light stress affecting plant growth, the major signaling cas-
cade involved in their perception, and the major effectors to combat light stress have
also been dealt with in this chapter. The major form of light stress is of course the
ultraviolet B (UV-B) light of shorter wavelength (280-320 nm). Such short wave-
lengths are normally filtered by the ozone layer in the stratosphere. However, due to
the alarming increase in pollutants like chlorofluorocarbons (CFCs), the ozone layer
is getting rapidly depleted resulting in harmful UV rays reaching the earth surface
and posing a threat to plant growth (Arréniz-Crespo et al. 2004). Though several
plants (species and cultivars), depending on their location, remain unaffected by
small increases in UV-B rays, the overall constitution of the ecosystem obviously
gets altered. This has remained a phenomenon of immense concern than loss of
agricultural crops that are more easily manipulated.

8.2 Types of Light Affecting Plant Growth

8.2.1 UYV Rays and Their Effects on Plant Growth

Solar UV radiation reaching the earth’s surface is composed of UV-A (320—400 nm)
and part of UV-B (280-320 nm), while most of the UV-B and all UV-C (<280 nm)
radiation are absorbed by the ozone layer (Fig. 8.1). Over the last decades, depletion
in the ozone layer has increased the level of solar UV-B radiation reaching the earth,
and now approximately 0.5% of the total solar radiation accounts from
UV-B. Exposure to UV light has been stated as a major deterrent of evolution to
land (Arréniz-Crespo et al. 2004). The major effects of such exposure can be chlo-
rophyll degradation and photoinduced DNA damages. Lignin, which is absent in
bryophytes, plays a role in protecting the cells against UV light. The shifting of
radiation to shorter wavelengths increases its damaging potential, and the factor by
which the biologically effective radiation is increased by this effect is termed the
radiation amplification factor (RAF) (Bornman 1991). Plant species with habitats
around the higher latitudes are more prone to UV-B stress. This is because in
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Fig. 8.1 Different types of light rays having varying wavelengths constitute the solar radiations.
Out of these, the UV-B rays have the maximum potential to cause damages to both floral and faunal
communities. The major photoinduced damages occurring in plants exposed to UV-B stress have
been listed in the figure

comparison to the tropics, the temperate and higher latitude regions experience
larger relative increase of effective UV-B on slight thinning of the ozone layer.
Measurement of viability of species in varying latitudes has substantiated such
inference (McKenzie et al. 2003).

Response to UV-B stress leads to the accumulation of UV-absorbing biomole-
cules like flavonoids, along with an increase in leaf thickness, lignin content, and
surface reflectivity of the leaves. Such adaptations often are accompanied by stunted
growth and reduced photosynthetic activity. Bleaching of leaves together with
degraded cell membranes have also been documented as a result of UV-B exposure.
Measurement of net and partial photosynthesis, flash-induced absorption changes,
and fiber optic microprobes have been used to quantify the internal photosyntheti-
cally active radiation (PAR) of leaves, phytoluminography, and even to monitor
chemiluminescence (Seppelt 2005). Different partial reactions of photosynthetic
electron transport chain has led to the identification of UV-sensitive targets like the
reaction center of photosystem II (PSII), the light-harvesting complex (LHC), the
acceptor site of PSII, and the donor site of PSII. Experiments have proved that on
exposure to UV-B radiation, the functional integrity between the water-splitting
complex and P680 on the oxidizing side of PSII is lost (Gill et al. 2015). Greenberg
et al. (1989) showed that the chloroplast protein D1 (Qg) also gets rapidly degraded
by UV-B rays. Thus, apart from being a prime target of atrazine herbicides, D1 is
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also affected upon UV-B exposure, probably by the semiquinone anion radical.
Since the Mn cluster of water oxidation is the most fragile component of the electron
transport chain, protein matrix absorption of UV-B rays or other redox components
have the ability to dissociate the Mn cluster and altogether inactivate
photosynthesis.

Plants have often been observed to respond differently in greenhouses with sub-
optimal PAR in contrast to those growing under normal sunlight. The first example
of such interaction between PAR levels and UV-B radiation was forwarded in
Phaseolus vulgaris (Bornman 1991). Here, the bean plants were grown under three
levels of visible light (230, 500, and 700 pmol m~2 s~! referred to as low light (LL),
medium light (ML), and high light (HL)), with or without enhanced UV-B radiation.
Resistance to UV-B rays was observed in plants grown under HL conditions, while
the LL conditions elicited increased response to UV stress. The ML plants exhibited
intermediate response patterns. Significant increase in leaf thickness and pigment
changes were observed in plants under all three conditions with least leaf thickness
in the LL-grown plants. This was due to plant growth under suboptimal greenhouse
conditions which did not completely mimic the natural environmental conditions.
Hence, UV-B-exposed LL-grown plants did not show pronounced induction of
UV-B absorbing compounds, and the leaf reflectivity was the highest in the blue and
red regions of the spectrum, as derived by using bifurcated optical fibers. This indi-
cates a phenomenon which decreases the penetration of PAR. In another experi-
ment, the two species of Brassica, one from a northern latitude origin (B. campestris)
and the other from southern latitude (B. carinata), were grown under high visible
light (1800 pmol m~2 s~!) supplemented with UV-B radiation. B. campestris showed
maximum sensitivity to UV-B radiation with 45 % increase in leaf thickness and
decrease in chlorophyll content. Though the internal PAR of the leaves changed
with respect to the controls leading to attenuation of the transmitted light, the scat-
tered light within the leaf in the palisade and spongy mesophyll tissue considerably
increased (Berli et al. 2011). This observation shows that exposure to UV-B rays not
only alters the anatomical features of the leaves but also their microenvironment
thereby influencing photosynthesis.

Aromatic amino acids like phenylalanine, tyrosine, and tryptophan as well as
histidine, cysteine, and cystine absorb in the UV-B region and hence can be direct
targets of UV-B rays. Photooxidation of tyrosine to dityrosine and conversion of
tryptophan to N-formyl kinurenine have been reported. The latter photoproduct so
formed has the ability to interact with DNA after absorbing UV-A rays. Though
cysteine is a poor absorber in the UV-B region, it can undergo photolysis at high
quantum efficiency, leading to the splitting of the covalent disulfide bonds into reac-
tive sulfhydryl groups. Hence, the tertiary structure of the entire protein is disturbed
leading to aggregate formation. Characteristic examples include ribulose 1,
5-bisphosphate (Rubisco), ATPase, violaxanthin de-epoxidase, and protein subunits
of PSI and PSII. Plant cell membranes are rich in phospholipids and glycolipids,
consisting of unsaturated fatty acids (FAs) which are destroyed by UV-B radiation
in the presence of oxygen (Hollosy 2002).



8 Plant Responses to Light Stress: Oxidative Damages, Photoprotection, and Role... 185

UV-B rays have the ability to destroy the genomic DNA by initiating the production
of cyclobutane pyrimidine dimers (CPDs) and pyrimidine (6—4) pyrimidinone dimers
(64 PPs). Formation of such adducts lead to the inability of the polymerases to access
such bulky regions, resulting in disrupted replication, transcription, and finally cell
death. To reverse such abrupt cellular failure, plants like Arabidopsis contain photoly-
ases which have substrate specificity for either CPDs or 64 PPs and utilize UV-A and
blue light to monomerize the pyrimidine dimers (Frohnmeyer and Staiger 2003; Gill
et al. 2015). Cyanobacteria like Anabaena, Nostoc, and Scytonema contain a myco-
sporin-like amino acid called shironine. It has a cyclohexanone or cyclohexenimine
chromophore conjugated with an amino acid or its imino alcohol accumulates in
response to UV-B stress evidently during the daily light period (Sinha et al. 2001).

8.2.2 Gamma Rays and Their Effects on Plant Growth

Irradiation of plant cells with gamma rays resulted in dissolution of the pectin
through increased activity of polygalacturonase and pectin methyl esterase.
However, the cells in apple treated with calcium were less prone to such cell wall
alterations, particularly due to the formation of stable cementing material calcium
pectate. A very high radiation dose of 5 kGy finally resulted in a completely disin-
tegrated middle lamella (Kovacs and Keresztes 2002). Gamma irradiation at expo-
sures above 0.2 kGy in banana resulted in dilations between thylakoid membranes
and a loss of granal stacking. Exposure to 0.2 kGy radiations retarded the fruit
softening and yellowing, while higher gamma ray exposure values accelerated such
changes. Marked decrease in sensitivity to exogenously applied ethylene was
reported in banana under irradiation exposures between 0.6 and 1.0 kGy (Kovacs
and Keresztes 2002). In another experiment, chlorophyll and carotene in acetone-
ethanol solutions were irradiated with 60 krad of gamma rays and the optical
absorption was measured. The results were expressed by an opacity term, which
was derived from the ratio of the incident to the emergent light intensities. The per-
sistent decrease of the opacity behavior of the chlorophyll and carotene solutions
was recorded (Ramiarez-Nina et al. 1998). This indicates that following irradiation,
fewer organic dye molecules remain to absorb light at a specific wavelength.
Chlorophyll in silicon oxide matrix was also irradiated with 0, 30, and 60 krad, and
surprisingly smaller changes were observed in irradiated gel samples than in solu-
tions (Ramiarez-Nina et al. 1998). Such results were observed probably due to the
presence of fewer free radicals in the gel structure in comparison to the large amount
in the liquid sample solutions. Cia et al. (2007) reported the use of gamma irradia-
tion to evade anthracnose which is the main post-harvest disease in papaya. It was
perhaps a novel interpretation which showed the use of these harmful rays toward
beneficial plant growth instead of generating stress in the plant. It was concluded
that doses of 0.75 and 1 kGy of gamma irradiation reduced the lesion size caused by
Colletotrichum gloeosporioides (causal organism of anthracnose) and anthracnose
incidence in papaya fruit (Cia et al. 2007; Patricia et al. 2007).
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8.2.3 Low Light Intensity and Its Effects on Plant Growth

Low light intensity is about 40-50 % of natural light. Hence, it is about 40-60 % less
than the light intensity during the dry season. The growth pattern and productivity
of two indica rice genotypes of kharif and three of rabi were assessed under low
light intensity. It was observed that growth of plants under shade affected the dry
matter accumulation at all stages. Such effects were critical from primordial initia-
tion onward. Within 26-9 °C range of mean maximum temperatures, the expression
of the panicles appeared to be a function of the light intensity. As a result of expo-
sure to low light intensity and shading from the primordial initiation stage, the grain
and panicle yields in the rice plants were sufficiently reduced. Low light intensity
was depicted to be a major constraint for higher yields during monsoons, as low
yields of 3.2-4.4 tons ha™! were recorded in rice cultivars which yielded 8-10 tons
ha™! under exposure to high light (Retkute et al. 2015). Thus, it seems that low light
intensity causes stress by insufficient supply of energy-rich photons which fuel the
photosystems and regulate photosynthesis. Insufficient photosynthesis results in
insufficient food production for the autotrophic plants leading to unusual retarded
growth patterns and lowered productivity. This has led to the hypothetical possibil-
ity of the probable existence of a cross talk between the signaling cascade perceiv-
ing low light intensity and the quantitative trait loci encoding plant productivity.
Boo et al. (2000) showed that the rice plants had similar oxidative stress profiles
under drought, when incubated with 5-aminolevulinic acid (ALA) in dark and sepa-
rately exposed to low light intensity. This has been accredited to the formation of
singlet oxygen in the plants both under drought stress and after incubating with
ALA Treatment of the rice plants with ALA resulted in high accumulation of proto-
chlorophyllide which under low light intensity photodynamically generated singlet
oxygen (Boo et al. 2000).

Vantuyl et al. (1985) reported the incidence of flower bud abortion in Asiatic
hybrid lilies exposed to low light intensity. It was found that these lilies required
additional light to prevent flower bud abscission and flower bud blasting during the
winter season when natural light intensity is quite low. Among the cultivars,
Connecticut King and Enchantment appeared to be the most sensitive to low light
conditions. Low light intensity was also reported to upregulate ethylene biosynthe-
sis especially during the critical stage. This is because ethylene is the essential hor-
mone which initiates abscission and hence abortion of the flower buds. According
to Durieux et al. (1983), a short period with very low light intensity at the critical
stage for bud abscission should be sufficient for a disproportionate increase in per-
centage of flower bud abortion. Artetxe et al. (2002) however reported an unusual
result where low light intensity levied the oxidative stress in duckweeds (Lemna
minor) under cadmium (Cd) and zinc (Zn) stress and rendered them tolerant to these
heavy metals. The low light (LL)-treated plants exhibited reduced symptoms of Cd-
and Zn-induced cytotoxicity with no effect on the relative chlorophyll contents.
Such surprising results were unexpected as we have discussed in the previous
instances that the LL plants are less protected toward oxidative stresses. Along with
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increasing the phytochelatin content, LL plants showed enhanced Glu accumulation
particularly to be channelized for glutathione biosynthesis. Large increases in total
ascorbate, tocopherol, and xanthophylls-cycle pigments were also observed which
altogether launched an antioxidative response (Artetxe et al. 2002).

8.2.4 High Light Intensity and Its Effects on Plant Growth

Severe photoinactivation and photodamage of photosynthetic apparatus and degra-
dation of photosynthetic proteins have been documented in plants exposed to light
intensity which is abnormally higher than what is utilized in photochemistry.
Degradation of D1 protein of PSII, large subunit (LSU) of the Rubisco, and
decreased levels of PSI polypeptides like PsaA, PsaB, and PsaC are the major det-
rimental effects of high light intensity (Jiao et al. 2004). Higher plants which are
often exposed to such detrimental doses of high light intensity during summer have
evolved photoacclimation strategies. A series of dynamic alterations in the chloro-
plast occurs involving a reduction in the number and size of light-harvesting com-
plexes and accumulation of D1 proteins. Light stress response thus includes the
modification of the stoichiometry, content, and activity of PS complexes like chlo-
rophyll levels, activity of the electron transport chain, plastocyanin content, ATP
synthase activities, Rubisco LSU synthesis, and transcriptional regulation of PSII/
PSI ratio (Jiao et al. 2004; Pfannschmidt et al. 1999). Energy transition between
PSII and PSI is also controlled by regulating the synthesis and activity of the light-
harvesting complex II (LHCII) (Allen 2003). Jiao et al. (2004) reported high light
stress-induced synthesis of the B-isoform of the chloroplast ATP synthase coupling
factor (CF1) as a positive response during chloroplast photoacclimation in Brassica
rapa. The gametophytes and sporophytes of Laminaria saccharina exposed to high
light stress (500 pmol m~2 s~! for two hours) exhibited photoinhibition of photosyn-
thesis with fast kinetics (Hanelt et al. 1997). Maximum photodamage was recorded
in the younger sporophytes, some of which did not recover fully even after 12 h of
exposure to lowered light intensity. However, the kinetics of recovery in the old
sporophytes and gametophytes showed a fast and a slow phase. Hanelt et al. (1997)
inferred that the fast phase was indicative of a decline in the photoprotective pro-
cesses following stress, and the slow phase corresponded to steady recovery from
stress. It was also investigated and seen that the resistance of the older sporophytes
and gametophytes was not only due to an increase in the light absorbing pigments
like xanthophylls but also due to a rapid change in the thallus structure. Laminaria
sporophytes became multilayered when their size exceeded one centimeter along
with thickening of the blades. In this way, by a mechanism of self-shading, the
plants have the ability to protect their chloroplasts by rearranging them into a low-
absorbing position in the cytosol. Similar cases have also been reported in Porphyra
purpurea where the effect of photoinhibition decreased due to self-shading of over-
lapping thalli (Hanelt et al. 1997). The effect of high proton flux density (PFD) was
studied in the desert resurrection plant Selaginella lepidophylla to analyze the
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chlorophyll fluorescence under such extreme conditions (Eickmeier et al. 1993).
Significant reductions in the intrinsic fluorescence yield and photochemical effi-
ciency of PSII were observed in hydrated physiologically competent stems under
extremely high intensity of light (2000 pmol m= s™'). However, the recovery of the
resurrection plants under low PFD was rapid. Borya nitida are poikilohydrous
angiosperms known for their tolerance to extremes of temperatures and also to
intense visible radiation. Exposure to two hours of high light intensity (650 pmol
m~2s7!) resulted in no photoinhibition in Borya, while 70 % photoinhibition occurred
under exposure to low light intensity (120 pmol m= s!') (Retkute et al. 2015). Thus,
it was inferred that Borya flourish best under harsh extreme habitat probably by
maintaining a high basal level of antioxidative front to tackle oxidative stress.
Morphological adaptations like compact rounded leaves and their orientations to
afford maximum reflectance also aid Borya in tackling high light stress. Funk et al.
(2010) reported that Brassica nigra (invasive) and Encelia californica (native) were
tolerant to high light stress than Ricinus, Salvia, Artemisia californica (native), or
Nicotiana glauca (invasive).

Such inferences could be drawn from the observations that Brassica and Encelia
both were resistant to photoinhibition in response to high light stress.

8.3 Quality of Light Affecting Plant Growth

8.3.1 Blue Light Affecting Plant Growth

The quality of light is one of the most crucial variables affecting photosynthetic
parameters and concentrations of the phytochemicals in plants (Whitelam and
Halliday 2007). High pressure sodium (HPS) lamps are often used to produce sup-
plementary blue light for the plants. In case of the greenhouses, the light-emitting
diodes (LEDs) are procured for service (Paradiso et al. 2011). Blue light (having a
bandwidth 420-460 nm) in a cross talk with phytochrome signaling regulates sto-
matal opening, mainly via potassium and chloride uptake and malate biosynthesis.
Blue light activates the proton pumping ATPase which aids in ion uptake. The
C-terminal phosphorylation by a Ser/Thr kinase activates the ATPase. An action
spectrum was exhibited by the blue light-specific stomatal opening with a maxi-
mum peak at 450 nm and two minor peaks at 420 and 470 nm (Talbott et al. 2003).
The role of phytochrome in blue light-mediated stomatal opening was hypothesized
from the fact that the absorption spectrum of phytochrome extends into the blue
region of the spectrum. In the orchid genus Paphiopedilum, phytochrome plays a
direct role in stomatal opening (Talbott et al. 2002). Photosynthesis-dependent
stomatal opening is absent in this genus as the leaves have minute amounts of
chlorophyll. The chloroplastic carotenoid and zeaxanthin have been identified as
the putative photoreceptors of blue light in the guard cells. Hence, the
Arabidopsis mutants npql, which failed to accumulate zeaxanthin due to defective
violaxanthin de-epoxidase, lacked blue light-specific responses (Talbott et al. 2003).
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Kinoshita et al. (2001) reported that the double mutants of phot/ and phot2 exhib-
ited more impaired blue light response than the single mutants alone. It was also
suggested that the stomata from the double mutant would show blue light response
at higher fluence rates of blue light (Kinoshita et al. 2001).

In another instance, it was seen that predawn and high light intensity treatment
supplemented with blue light decreased the quantum yield of PSII and enhanced the
accumulation of phenolics, flavonoids, and pigments in Lactuca sativa (Ouzounis
et al. 2015). Here two cultivars of lettuce, viz., Batavia (green) and Lollo Rossa
(red), were subjected to variable light intensities with or without supplemented blue
light. Though the total fresh and dry weights were not affected in the plants under
blue light, these were more compact in growth and development. Difference in vari-
etal response to blue light was also observed as the red cultivar under blue light
showed reduced quantum yield of PSII with an increase in non-photochemical
quenching. However, the green lettuce variety exhibited no such difference except
an increase in the stomatal conductance. These results obviously indicate the fact
that high light levels not only trigger photoprotective heat dissipation in the plant
system but also the specific spectral composition of the light itself at low intensities
(Ouzounis et al. 2015).

8.3.2 Red and Far-Red Light Affecting Plant Growth

Red light has a bandwidth of 620-640 nm and often acts as a pivotal regulator in
plant physiological functions. Alyabyev et al. (2002) showed that at high tempera-
ture, the rate of oxygen consumption of summer wheat seedlings exposed to blue
light decreased by 40—45 % when compared with the control plants under similar
conditions. The heat production rate of wheat seedlings exposed to blue light was
also higher than those grown under red light. This was the first report of a compara-
tive analysis between the red and blue light-mediated responses which aided in
understanding the contrasting signaling mediated by them. Depending on the qual-
ity of light exposure, differential rates of respiration were observed in plants grow-
ing in optimum temperature. The excised roots of plants exposed to blue and white
light exhibited slightly lowered rate of respiration in comparison to those under red
light. However, high temperature treatment reduced the respiration rate in all plants
with the lowest inhibition in the blue light-treated plants. Such results possibly indi-
cate greater stability achieved by the plants under blue light at higher temperatures
(Alyabyev et al. 2002). This observation also corresponds to the fact that the rate of
oxygen uptake of roots is dependent on the spectral composition of the light it receives.
Such correlation might be because the plant tissues are highly light conducting and
photosensitive (Kim et al. 2007). Electron transport and activation of enzymes
related to respiratory metabolism and membrane stabilization are often regulated by
blue light which can be accredited to such correlation with respiratory rate.

Far-red (FR) light generally has an emission peak at 740 nm and half bandwidth
of 25 nm. It has a correlation with the plant photoreceptors. The chief plant
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photoreceptors are phytochromes and cryptochromes which regulate the circadian
clock in plants. In Arabidopsis, five phytochromes (Phy A-E) have been identified
and characterized, of which PhyA is predominant in etiolated seedlings and PhyB
in the light-grown plants (Qin et al. 2010). Identification of SUBI, a calcium-bind-
ing protein, has strengthened the possibility of a cross talk between the phyto-
chrome- and cryptochrome-mediated signaling networks (Guo et al. 2001). Qin
et al. (2010) depicted the involvement of calcineurin B-like protein (CBL)-
interacting protein kinase 14 (CIPK14) in the PhyA-mediated FR light inhibition of
greening in Arabidopsis seedlings. CIPK 14 was also found to affect the expression
of Protochlorophyllide Oxidoreductase (POR) genes like PORA, PORB, and PORC
in Arabidopsis. Greening was not initiated in the cipk/4 seedlings under FR light
even after 15 h of exposure to white light. However, the phyA seedlings showed
greening within 0.5 h of white light exposure. Expression of CIPK 14 appeared to be
regulated by both the circadian clock and PhyA, thus indicating the role of CIPK 14 in
the FR inhibition of seedling greening mediated by PhyA by negatively regulating
the PhyA-dependent repression of the POR genes (Qin et al. 2010).

Far-red elongated hypocotyls 3 (FHY3), also known as chloroplast division 45
(CPD45), acts as a crucial factor in FR light-signaling pathway in Arabidopsis. The
FHY3/CPD45 mediates perception of FR light and regulates chloroplast division.
ARCS5 is a nuclear gene encoding a dynamin-related protein involved in chloroplast
division (Gao et al. 2003). The chloroplast division mutant arc5-3 had no defect in
FR light sensing, while constitutive overexpression of ARC5 aided in recovering
from chloroplast division defects but not from those in FR light signaling in the
cdp45 mutants (Chang et al. 2015). Constitutive overexpression of FHY! repaired
the fallacies in FR signaling, but not in the chloroplast division mechanism in cdp45
mutants. Chang et al. (2015) hence reported that FHY3/CDP45 regulates FR light
signaling and chloroplast division together through parallel activation of FHYI and
ARCS independently. Apart from these two pathways, CDP45 also acts as an impor-
tant regulator of circadian rhythm and other important biological processes essential
for proper plant growth and development. This fact was supported by the observa-
tion that CDP45 regulates the expression of Early Flower4 (ELF4) and interacts in
the CCAI/LHY-TOCI circadian clock feedback circuit via association with the
ELF4 promoter (Li et al. 2011). Thus, the link between photomorphogenesis, circa-
dian rhythm, and FR signaling is probably through FHY3/CPD45 which acts as a
crucial node in the entire gene regulatory pathway and even acts as a transcription
factor (TF) to transcribe the downstream effector genes. Kegge et al. (2015) reported
that the emission of total volatile organic compounds (VOCs) was reduced in
Hordeum vulgare cv. Alva under low red and FR light conditions when compared
with their control counterparts. The basic notion of this study was to investigate the
effect of light quality on the emission of VOCs which act as crucial signaling mol-
ecules in plant-plant interactions. Thus, the altered VOC emission by Alva cultivars
surprisingly affected the carbon (biological) allocation in the receiver plants of
another Hordeum cultivar named Kara (Kegge et al. 2015).

Blue, red, and far-red light signaling visually does not seem to cause much stress
like the UV-B rays because they do not harm the morphological queues of plants.
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However, from the point of regulating plant growth patterns, they do trigger essen-
tial photomorphogenesis which may have common patterns under true light stress.
In this section, we have tried to highlight only such phytoregulations mediated by
the quality of light, reaching the plant absorptive surfaces.

8.4 Signaling Pathways Involved in UV-B Stress

Since light stress is more focused mainly on the UV-B mediated stress, in this sec-
tion we would briefly discuss the receptive pathway related with UV-B-mediated
response in plants (Fig. 8.2). The major UV-B photoreceptor is UVR8 which is a
seven-bladed B-propeller protein first identified in the Arabidopsis mutants which
showed hypersensitivity to UV-B light (Li et al. 2013). Apart from the sequence
homology of this receptor with Regulator of Chromatin Condensation 1 (RCC1)
found in humans, UVRS is the prime regulator of multiple genes involved in UV
damage repairs. Such results have been concluded after exhaustive transcriptome
studies of UVRS (Brown et al. 2005). An interesting phenomenon was identified
that the UVRS8 proteins are constitutively expressed irrespective of UV-B light
stress. The UV-B rays stimulate the distribution of UVRS in the cell mainly concen-
trating them in the nucleus (Kaiserli and Jenkins 2007). The UV-B stress was still
required for the constitutively nuclear-localized proteins. Though the biological
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Fig. 8.2 The light-signaling pathway involved in UV-B perception and the potential cross talk
among the major phytohormones, ABA, auxin, and GA with this light receptive pathway
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significance of UVRS still remains largely unknown, it has been depicted that this
protein can even act as a potential TF by associating with the promoter region of
Elongated Hypocotyl 5 (HY5) (Cloix and Jenkins 2008). HYS is a nuclear bZIP TF
involved in the regulation of photomorphogenesis under a wide spectrum of wave-
lengths including blue, red, and FR lights. HYS5 is involved in the upregulation and
downregulation of light-responsive genes through association with the promoters of
the annotated genes (Zhang et al. 2011). Oravecz et al. (2006) showed that HYS is
a positive effector in UV-B-mediated signaling because the Ay5 mutants displayed
sensitivity to UV-B. New alleles like cop! and uvr8 were identified by Favory et al.
(2009) by using HY5p: LUC reporter construct. Involvement of other TFs like HYS
is also possible as a subset of UVRS, and Constitutive Photomorphogenic 1 (COP1)-
dependent genes were not upregulated by HYS/HYS Homolog (HYH) (Feher et al.
2011).

Favory et al. (2009) reported the importance of the physical interaction between
UVRS and COP1, an E3 ubiquitin ligase. The C-terminus of UVRS consists of a 27
amino acid region, which, when digested, destroyed the UVRS8 activity. Single
amino acid changes in UVR8 and COP1 proteins resulted in an abrogated direct
interaction between them, due to which the entire UV-B-mediated response path-
way became aberrant (Favory et al. 2009; Li et al. 2013). COPI is a conserved
RING finger E3 ubiquitin ligase involved in plant development, mammalian cell
survival, growth, and metabolism (Lau and Deng 2012). However, in this discussion
we would deal mainly with the aspects of COP1 as a central repressor in light sig-
naling. It functions as an E3 ligase, targeting different photomorphogenesis-
promoting proteins like HYS5 and HYH for degradation under visible light (Li et al.
2013). However, under UV-B stress, COP1 accumulates in the nucleus and forms
protein complexes with four WD40-repeat proteins. Suppressor of PhyA-105
(SPA1), SPA2, SPA3, and SPA4 is not obligatory for proper UV-B-mediated stress
response (Zhu et al. 2008). Structural stabilities and similar levels of UVRS in the
wild-type and copl-4 mutants depict that COP1 does not stabilize UVRS, as it does
in case of other photoreceptors like phytochromes and cryptochromes (Favory et al.
2009; Jang et al. 2010).

Rizzini et al. (2011) reported that a UVRS dimer is the major UV-B receptor and
proposed that a number of conserved tryptophan residues like W285 have key roles
as light sensors in UVRS. In vivo experiments showed that the mutation of either
tryptophan (W233 or W285) residues to alanine totally abolished the photomorpho-
genic responses mediated by UVRS in Arabidopsis mutants. This is because absorp-
tion of UV-B photons by these two tryptophans dissociates the salt bridges, resulting
in destabilization of the dimeric form and signal initiation (Christie et al. 2012).
Redimerization of UVRS8 has been seen to be mediated by Repressor of UV-B
Photomorphogenesis (RUP1) and RUP2. This dimerization negatively regulates the
stress-responsive cascade as UVR8 and COP1 cannot mutually interact with each
other (Heijde and Ulm 2013). RUP1 and RUP2 are members of the WD40-repeat
protein superfamily. Members of this superfamily consist of at least one copy of a
conserved motif (WD40 motif: 40 amino acids long and typically ending with tryp-
tophan and aspartate residues). RUP1 and RUP2 have been reported to contain



8 Plant Responses to Light Stress: Oxidative Damages, Photoprotection, and Role... 193

seven WD40 repeats with no other apparent domains (Gruber et al. 2010). RUPI
and RUP2 have been reported to be upregulated under UV-B stress in a UVRS-,
COP1-, and HY 5-dependent manner (Gruber et al. 2010). Thus, if RUP1 and RUP2
are considered as negative regulators in the UV-B-mediated stress-responsive path-
way, then the direct interaction of these proteins with UVRS to promote its dimer-
ization can be seen as a direct interaction of the negative regulators at the
photoreceptor level (Li et al. 2013). It has been postulated that since COP1 is essen-
tial for the UV-B responsive expression of RUP1 and RUP2, there should be suffi-
ciently high basal level of RUPs, if the RUP-mediated dimerization of UVRS is
COP1 independent, as hypothesized by some groups (Gruber et al. 2010; Heijde
and Ulm 2013).

FR Elongated Hypocotyl 3 (FHY3) and its homologue FR Impaired Response 1
(FARI) are transposase-derived TFs, which, apart from participating in PhyA-
mediated signaling, are also involved in multiple development processes like circa-
dian rhythm, chloroplast development, chlorophyll biosynthesis, and shoot
branching (Stirnberg et al. 2012; Tang et al. 2012; Li et al. 2013). These processes
are regulated by light in association of FHY3/FARI1, with PhyA in vivo. Other TFs
which have been identified to work in tandem with FHY3/FAR1 are HY5,
Phytochrome-Interacting Factorl (PIF1), Circadian Clock Associated 1 (CCAl),
and Late Elongated Hypocotyl (LHY) (Tang et al. 2012). The tandem functioning
of these TFs with FHY3/FARI1 has presented a possibility of a cross talk existing in
the light-signaling pathway, where FHY3/FAR1 may be the central node. Huang
etal. (2012) reported that FHY3 and HY5 physically interact with their cis-elements
in the COP1 promoter. This means that COP1 is inducible by UV-B light stress.
FHY3 acts as a positive regulator in light stress-mediated signaling, as the fhy3
mutants exhibited distorted UV-B-induced hypocotyl growth and high UV-B sensi-
tivity. On the contrary, FARI is not obligatory for the UV-B photomorphogenetic
pathway, because it was monitored that the far/ mutants were devoid of any appar-
ent impairments, while the fhy3/farl double mutants also showed no further impair-
ment of the UV-B-induced hypocotyl growth (Huang et al. 2012). Li et al. (2013)
have suggested that HYS promotes COPI expression through a positive feedback
loop. This is based on the fact that though FHY3 and HY5 both positively regulate
COPI gene expression, the accumulation of HY5 under UV-B exposure requires
COP1. Another emerging signaling intermediate of the UV-B photomorphogenetic
pathway is the Salt Tolerance (STO also referred to as BBX24) which is a B-box Zn
finger protein. STO is a negative regulator of the UV-B-responsive signaling cas-
cade, interacting with COP1 and repressing the transcriptional activities of HYS
(Jiang et al. 2012). The UV-B stress-responsive pathway is still a major focus of
research for several scientific groups as some schools of scientists find the emerging
players in this signaling cascade as potent targets of developing transgenic plants
with considerable tolerance toward UV-B stress.
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8.5 Major Metabolites Which Confer Resistance
Against Light Stress

8.5.1 Flavonoids

Phenolic compounds constitute one of the most important groups among the bioac-
tive compounds found in plants since they have diverse functioning in signaling and
defense pathways. Flavonoids and hydroxycinnamic acids are the major phenolic
compounds found in fruits and berries determining the color, aroma, astringency,
and antioxidant properties (He and Giusti 2010). The flavonols, anthocyanins, and
proanthocyanidins (PA) constitute the major flavonoids found in flowers and fruits.
These flavonols, apart from serving as visual signals for pollinators in flower and
fruit dispersal, act as photoprotectants by scavenging the free radicals formed under
UV-B exposure (Bogs et al. 2007). Suppressed flavonoid biosynthesis has been
reported in fruits which have been shaded from sunlight. In Litchi chinensis, fruit
bagging treatments resulted in lowered accumulation of anthocyanins as well as the
anthocyanin biosynthetic genes like chalcone synthase (LcCHS), chalcone isomer-
ase (LcCHI), flavones 3-hydroxylase (LcF3H), dihydroflavonol 4-reductase
(LcDFR), anthocyanidin synthase (LcANS), and UDP-glucose: flavonoid
3-0O-glucosyltransferase (LcUFGT). These genes were again reported to be upregu-
lated on debagging and exposure of fruits to sunlight (Wei et al. 2011). The purpose
is to inhibit chlorosis and bleaching on exposure to light, which can only be done if
these genes are particularly upregulated. Light has also been reported to regulate
flavonoid biosynthesis in strawberry (Fragaria X ananassa), peach/nectarine
(Prunus persica), pear (Pyrus pyrifolia), and apple (Malus X domestica) (Zoratti
et al. 2014; Sun et al. 2014). Agati et al. (2013) reported the significance of flavo-
noids in their ability to scavenge ROS and control the development of individual
organs and the whole plant. The chloroplast-located flavonoids have been portrayed
as hydrogen peroxide and singlet oxygen scavengers, so that they can prohibit pro-
grammed cell death under light stress. The vacuolar flavonoids, together with the
antioxidant enzymes, like peroxidases and ascorbic acid, form a second antioxidant
system. The flavonols have also been depicted as the key developmental regulators,
as they have the ability to mediate auxin transport and catabolism. Thus, Agati et al.
(2013) concluded that UV-B photoprotection is just one of the essential functions of
flavonoids which have several other myriad roles in plant growth regulation.

However, the most important functions of flavonoids arise when the plants face
UV-B stress. During such stress, there is a burst in reactive oxygen species (ROS)
production, resulting in various damages which we have discussed before. Koyama
et al. (2012) reported a decrease in the flavonol content in the skin of grape berries
(under UV shield). However, the cinnamic acid and PA levels were much less
affected. In Sauvignon blanc grape berries, substantial increase in flavonols like
quercetin and kaempferol glycosides were detected by Liu et al. (2014) when the
fruits were exposed to UV-B light stress. Of the four Vitis vinifera flavonol synthase
(VWFLS) genes, two were found to be transcriptionally active and only one (VVFLS4)
responded to UV-B mediated stress (Liu et al. 2014).
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Peng et al. (2013) reported the expression of MdMYBA and the related anthocyanin
pathway genes in apple skin in response to UV-B stress. Martinez-Luscher et al.
(2014) showed that the anthocyanin and flavonol contents were high in red grapevine
variety (cv. Tempranillo) exposed to UV-B stress. Qualitative differences were also
found in the flavonol profiles in the UV-B treated fruits when compared to that of the
untreated fruits (Martinez-Luscher et al. 2014). Accumulation of flavan-3-ol and high
transcript levels of related genes was observed in the developmental stages (3—11
weeks after flowering) of Cabernet Sauvignon grapevine variety, exposed to UV-A
irradiation (Zhang et al. 2013). However UV-B and UV-C irradiations gave rise to
same results only in berries of 7-11 weeks of flowering, based on which Zhang et al.
(2013) inferred that flavan-3-ol accumulation increased on exposure to UV light
stress, only in berries which were still in their developmental phases, but not in those
which were mature. Enhanced transcript levels of flavonoid biosynthesis genes like
DFR and UFGT were observed in the skin of nectarines (cv. Stark Red Gold) on expo-
sure to white light, supplemented with UV light for about 72 h (Ravaglia et al. 2013).
Castagna et al. (2014) also reported flavonol accumulation in the flesh of tomato fruits
at green mature stage, harvesting them following UV-B exposure. Namli et al. (2014)
observed an increase in the total flavonoids, phenolics, and hypericin content in the
in vitro cultures of Hypericum retusum var. Aucher exposed to UV radiations. When
the cultured plantlets were exposed to UV-B rays for 15, 30, 45, and 60 min, the high-
est total phenolics, flavonoids, and hypericin accumulation (43.17+0.8; 35.09+0.8;
2.7+0.05 mg g!, respectively) was achieved at 45 min of UV-B exposure, whereas
the contents of these metabolites in the naturally grown plants were 23.33+0.9,
18.62+0.3, and 1.6+0.01 mg g~! respectively (Namli et al. 2014).

Scattino et al. (2014) observed the increased accumulation of flavonols and antho-
cyanidin glycosides in two cultivars of peach where the transcript levels of the struc-
tural phenylpropanoid and flavonoid pathway genes were consistent with the levels of
the detected metabolites (Scattino et al. 2014). Crupi et al. (2013) reported that the
accumulation of stilbene cis- and trans-piceid along with quercetin-3-O-galactoside
and quercetin-3-O-glucoside was enhanced in grape berry skin under UV-C stress.
The accumulation was higher by about three folds than the control berries which were
not exposed to UV-C light stress. The radical-scavenging properties were found to be
higher in the papaya fruits exposed to UV-C irradiation. Such antioxidative activity
was found to be mediated by an enhanced level of flavonoids (Rivera-Pastrana et al.
2014). Thus, in the above excerpt, we have provided a brief discussion on the varied
cases where flavonoid accumulation has been depicted as a result of mainly UV stress.
From all these results, it is clearly implicated that flavonoids do have important roles
as antioxidants considering generation of plant tolerance against light stress (Fig. 8.3).

8.5.2 Xanthophylls

The xanthophyll cycle consists of light-dependent conversions of three oxygenated
carotenoids in a cyclic reaction which involves de-epoxidation of the diepoxide
violaxanthin, via the monoepoxide antheraxanthin to the epoxide free form of
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Fig. 8.3 The major metabolites which accumulate in plant tissues exposed to light stress and their
major roles in generating plant tolerance against photodamages and light stress

zeaxanthin. This is followed by an epoxidation sequence in the reverse direction
(Demmig-Adams and Adams 1992). It was found that this xanthophyll cycle acts as
a thermal dissipator in plants when preventing overheating of particular tissues
which are more exposed to light (Fig. 8.3). The leaves of Euonymus kiautschovicus
Loesener experienced a wide degree of light stress mainly in response to different
levels of incident photon flux densities at similar photosynthetic capacities among
the leaves. The intrinsic PSII efficiency, non-photochemical fluorescence quenching
and the levels of zeaxanthin along with antheraxanthin in leaves have been consid-
ered as functions of actual light stress (Demmig-Adams and Adams 1996). Thus,
under a given degree of light stress, the same conversion state of the xanthophyll
cycle, accompanied by constant level of energy dissipation, was found, irrespective
of the usage of species or conditions, causing light stress. Xanthophyll-independent
energy dissipation was not reported, since all increases in thermal dissipation were
associated with simultaneous increases in the levels of zeaxanthin and antheraxan-
thin in these leaves (Demmig-Adams and Adams 1996).

8.5.3 Glucosinolates

Schreiner et al. (2014) recently reported the production of defense-related compounds
like glucosinolates in members of Brassicaceae, on exposure to UV light stress
(Fig. 8.3). The glucosinolates are sulfonated thioglycosides which share a common
glycone moiety with a variable aglycone side chain. Based on this, the glucosinolates
can be differentiated into aliphatic, indolyl, and aromatic glucosinolates (Schreiner
et al. 2014). UV-B-mediated increased glucosinolate content has been reported in
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Brassica oleracea var. italica (broccoli), Arabidopsis thaliana, and Tropaeolum
majus. UV-B doses led to high accumulation of mainly aliphatic methylsulfinylal-
kyl glucosinolates and indole 4-methoxy-indol-3-ylmethyl glucosinolate in broccoli
and Arabidopsis and an aromatic glucosinolate in Nasturtium. It was also reported
that multiple exposures of high (up to 0.9 KJ m™ d™') doses of UV-B did not elicit a
stronger response in glucosinolate accumulation than that which occurred as a result
of lower UV-B doses. UV-C irradiation in broccoli florets resulted in high accumu-
lation of 4-methoxy-indol-3-ylmethyl glucosinolate, 4-hydroxy-indol-3-ylmethyl
glucosinolate, and 4-methylsulfinylbutyl glucosinolate. Unripe Nasturtium green
seeds exhibited sixfolds enhanced level of benzyl glucosinolate accumulation,
whereas the mature leaves exhibited only threefolds increase in the same metabolite
content (Schreiner et al. 2014).

8.6 Phytohormone-Mediating Plant Stress Tolerance
Against Light Stress

Plants have been depicted to possess the intrinsic ability to tackle stress by altering
its physiological growth parameters. Such alterations are often brought about by a
dynamic change in the concentration of phytohormones. It has been reported that
plants can regulate their physiological responses by changing the concentration of
indole-3-acetic acid (IAA), cytokinin (CTK), abscisic acid (ABA), ethylene, and
other minor phytohormones. In this section, we would mainly highlight the conse-
quences of light stress, especially mediated by UV rays on the phytohormone levels
and the resultant effects on the plant system. In Fig. 8.2, we have tried to reflect a
possible model of cross talk among the plant signaling pathways involved in UV-B
perception and three phytohormones, viz., auxin, gibberellic acid (GA), and ABA.

8.6.1 Auxin

Liu and Zhong (2009) emphasized the fact that UV radiation reduces the concentra-
tion and activity of IAA through photodegradation. This has a direct effect on the
cell physiology as the cells can no longer metabolize and utilize IAA. Witztum and
Keren (1978) observed the significant decrease in IAA levels in the fronds of
Spirodela oligorhiza exposed to UV light stress. The daughter colonies of the
stressed fronds exhibited a high percentage of abscission. Such physiological decay
could be reversed if the stressed fronds were imbibed in appropriate IAA solutions.
However, this resulted in a strong release of ethylene, which first provided the pos-
sibility of a cross talk between auxin- and ethylene-signaling pathways during UV
stress. Yang et al. (1993) inferred that exogenous application of IAA of appropriate
concentrations could result in growth of plants exposed to UV-B radiation. Liu and
Zhong (2009) also reported that the IAA content in the leaves of UV-B stressed
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Trichosanthes kirilowii was lower than that of the control plants. Another auxin
with a much stable structure than IAA is the a-naphthalene acetic acid (NAA) which
acts as an artificial plant growth regulator and is not degraded by IAA oxidase. NAA
causes acidification of the cell wall medium and formation of proteins, thus promot-
ing total plant growth (Wang 2000). In T kirilowii exposed to UV-B rays, addition
of NAA promoted an increase in height and leaf area. This data represents the fact
that NAA replaces the decrease in the endogenous IAA levels under light stress. It
has also been found that UV-B radiation alters the ability of the cells to utilize NAA,
and so the alleviation effect of NAA on the damages caused by UV-B stress is lim-
ited. It was also seen that UV-B radiation decreased the gibberellic acid 1/3 (GA1/3)
content in the leaves of T. kirilowii. Addition of NAA reduced the effect of UV-B on
the endogenous content of GA, because it was observed that the GA content was
higher in the T3 plants where NAA has been exogenously applied than in the T2
plants (Liu and Zhong 2009). UV-B also reduced the leaf area, and hence the pro-
duction of less leaf area under such UV-B stress has been portrayed as a defensive
mechanism against this abiotic stress. Reduction of cell size accompanied with con-
ditional change in leaf structure, reduction in cell number through decreased cell
division, and expansion have been accredited to such reduced leaf area under UV-B
stress (Hofmann et al. 2001). Irina et al. (2004) observed that in Pisum sativum, the
leaf area and biomass decreased after UV-B exposure and accounted the inactiva-
tion of CTKs to be responsible for such a phenomenon. However, Liu and Zhong
(2009) found that zeatin riboside (ZR) levels increased in the leaves of T. kirilowii
plants under UV-B stress after addition of NAA.

In previous sections, we have clearly discussed the signaling pattern involved in
UV-B-mediated response in plants. Our main intention is to merge this signaling
with those of the phytohormones which occur in tandem to tackle stress. Hayes
et al. (2014) showed that the UV-B photoreceptor UVRS provides an unambiguous
sunlight signal that inhibits shade avoidance responses in Arabidopsis by antagoniz-
ing the phytohormones like auxin and GA. UV-B has also been reported to trigger
the degradation of the TFs like phytochrome-interacting factor 4 (PIF4) and PIF5
and stabilization of the growth repressors like DELLA. Such UV-B-mediated
responses block the auxin biosynthetic pathway, via a dual mechanism (Hayes et al.
2014). Leivar and Quail (2011) inferred that the PIF proteins act as potent signaling
hubs, regulating the auxin and GA activity to control plant development and growth.
However, the cross talk and mechanism of interaction of these pathways are not
completely known, and hence further research is required to investigate the intricate
happenings between the UV-B-mediated signaling cascade and the phytohormone
biosynthetic pathways.

Hectors et al. (2012) reported that auxin is a component of the regulatory system
that controls both UV-mediated accumulation of flavonoids and UV-induced photo-
morphogenesis. The leaf area of Arabidopsis Col-0 plants raised under low doses of
UV radiation (0.56 KJ m=? day~!) decreased by about 23 % on average when com-
pared with the control plants, and the level of free auxin also declined in the stressed
young leaf tissues. The auxin influx mutant axr4-/ and the auxin biosynthesis
mutant nitl-3 exhibited stronger morphogenetic responses than the control plants
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with higher levels of decrement in the leaf area. It was also inferred that auxin medi-
ated UV acclimation in the plants through the regulation of flavonoid concentration
and flavonoid-glycosylation pattern and controlled the UV stress-induced photo-
morphogenesis (Hectors et al. 2012).

Lin et al. (2002) reported the relation between auxin and polyamine content in
the leaves of Nancheum (NC) and Shan You63 (Sy63). The three major enzymes
like arginine decarboxylase (ADC), ornithine decarboxylase (ODC), and
S-adenosylmethionine decarboxylase (SAMDC) were found to be increased in both
the plants. However, in the leaves of IR65600-85, only the ADC and ODC activities
increased by 115.93 % and 14.45 %, respectively, but the SAMDC activity decreased
surprisingly by 33.01 % on exposure to UV-B radiation for one to two weeks. In late
treatment time course (21-28 days), the activities of ADC and ODC substantially
increased in the leaves of Sy63, NC, and IR65600-85 under UV-B stress. However,
the SAMDC content was reduced by 40.06 %, 19.20 %, and 38.21 % in Sy63, NC,
and IR65600-85, respectively, when all were exposed to UV-B stress. The activity
of polyamine oxidase was also low in the plants which ultimately resulted in high
accumulation of polyamines especially putrescine. Apart from these results, Lin
et al. (2002) also reported that after exposure of the plants to UV-B stress for 7-28
days, the IAA and GA1/3 contents decreased by 58.92 % and 45.48 %, respectively,
in the leaves of Sy63; by 43.31 % and 56.20 %, respectively, in the leaves of NC; and
by 38.60 % and 47.33 %, respectively, in the leaves of IR65600-85. Another contra-
dictory result was observed for CTKs, when it was found that the ZR levels reduced
in the leaves of the three plants with UV-B treatment for 7-14 days, but peaked in
the late courses of exposure (21-28 days). However, the production of the “univer-
sal stress hormone” ABA was quite high. So, a low ratio of IAA/ABA, GA1/3/ABA,
and ZR/ABA led to the suppressed growth of the plants so that more resources
could be channelized to tackle the damages caused by UV-B stress (Lin et al. 2002).

Zhang et al. (2014) showed that PhyB plays a major role as photoreceptor in
sensing the ratio of red to FR light in order to mediate the shade avoidance response
(SAR). Change in homeostasis of phytohormones like auxin and strigolactone has
been partially held responsible for SAR, though the link between PhyB and hor-
monal homeostasis has not been unveiled. Constans-like 7 (COL7) plays a role in
increasing the branching number under high red: FR, but not under low red: FR,
from which it was inferred that COL7 can be involved in the PhyB-mediated
SAR. COL7-induced branching proliferation was suppressed by mutating PhyB and
it was also reported that COL7 inhibits auxin biosynthesis by elevating the mRNA
expression of Superroot2 (SUR2) which encodes a suppressor of auxin biosynthetic
pathway. This suppression of auxin synthesis occurred only under high red: FR and
not under low red: FR. Thus, it can be said that following photoexcitation, PhyB
stabilizes COL7, which regulates the light perceived changes in auxin biosynthesis
(Zhang et al. 2014). In another report, Effendi et al. (2013) found that the auxin
receptor, auxin binding protein (ABP) is involved in the direct regulation of plasma
membrane activities, including the number of PIN proteins and auxin efflux trans-
port. A steady-state level of ABP1 and auxin-inducible growth capacity are main-
tained by the phytochromes under red light. The hypocotyl lengths were larger in
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abpl-5 and abpl/ABP1 mutants exposed to FR light, but not in the null mutant of
Transport-Inhibitor-Responsel (tirl-1) auxin receptor. Auxin transport has been
depicted to be an important condition for FR-induced elongation. So, naphthylphtha-
lamic acid (NPA) which is an auxin transport inhibitor reduced elongation more
strongly in the low red: FR light-enriched white light than in the high red: FR light-
enriched white light condition (Effendi et al. 2013). It was also found that decreased
phytochrome action occurred in conjunction with auxin transport in the abpl
mutants, because after adding NPA, hypocotyl gravitropism was inhibited on expo-
sure to both red and FR light. The abp/-5 mutant lines exhibited a reduction in the
transcription of FR light-induced genes, which included several genes regulated by
auxin and shade. The same set of genes under the same conditions was found to be
even lower in the abpl/ABP1 mutants. In the tir/-1 and PhyA-21] mutants, the
shade-induced gene expression was reported to be greatly attenuated. These data
obviously support the fact that ABP1 directly or indirectly plays a role in auxin-
mediated light signaling (Effendi et al. 2013). Zhao et al. (2013) reported that high-
intensity blue light-induced hypocotyl phototropism is mediated by phototropins
mainly through the regulation of the cytosolic calcium concentration in Arabidopsis.
It was seen that the addition of an inhibitor of auxin efflux carrier resulted in the
inhibition of phototropism and cytosolic calcium bursts, which obviously points to
the role of polar auxin transport in high blue light-induced responses. Phytochrome
kinase substrate (PKS1), the phototropin-related signaling element, has been depicted
to interact physically with the phototropins, auxin efflux carrier PIN Formed 1
in vitro, and with calcium-binding protein, Calmodulin4 in vivo (Zhao et al. 2013).

Intact auxin signaling regulates proper brassinosteroid (BR)-mediated responses
in plants, as has been ascertained from several genetic and physiological studies
(Zhou et al. 2013). It was demonstrated that high BR concentration induced the dif-
ferential growth of etiolated hypocotyls, resulting in variable morphological altera-
tions. However, the dominant mutant of IAA19, msg2, and Auxin Responsive
Factor7 (ARF7) mutant, arf7, were insensitive to the BR effect and could suppress
enhanced BR-mediated downstream signaling. Reduced BR response in msg2 was
verified from systemic microarray analysis, from which Zhou et al. (2013) finally
inferred that BR employs auxin signaling components IAA19 and ARF7 to trigger
the downstream responses. Since the relation of light quality with hypocotyl growth
has already been correlated in the previous sections, it can be predicted that BR,
along with auxin, entail pivotal significance in the light-mediated responses. Tao
et al. (2008) reported the existence of an aminotransferase named TAA1 which cata-
lyzes the accumulation of indole-3-pyruvic acid (IPA) from L-tryptophan. This reac-
tion leads to the rapid accumulation of auxin through a previously uncharacterized
pathway. Such rapid accumulation of auxin is required to initiate the multiple altera-
tions at the morphological level associated with shade avoidance (Tao et al. 2008).
Among the early auxin-responsive genes, the Aux/IAA genes are the best character-
ized. These genes encode short-lived transcriptional repressors which regulate
downstream responses. Singla et al. (2006) found 15 expressed sequence tags
(ESTs) in wheat by screening available databases, and these ESTs exhibit high
homology with the Aux/TAA homologues in the other related species. TalAA1 is one



8 Plant Responses to Light Stress: Oxidative Damages, Photoprotection, and Role... 201

such Aux/TAA gene, which encodes a protein containing all the four conserved
domains, characteristic of the Aux/IAA proteins. Expression of TalAA [ is regulated
by light intensities and is tissue specific and auxin inducible. TalAA[ is upregulated
in the presence of calcium ions and is also induced by BR, thus showing that the
interplay and cross talk between hormones is essential for plant growth and devel-
opment under light stress (Singla et al. 2006). Based on the fact that cryptochromes
participate in several photomorphological responses in seed plants, Imaizumi et al.
(2002) analyzed the functions of cryptochrome in the moss Physcomitrella patens.
The reason of choosing this bryophyte has been accredited to the fact that this is a
well-characterized species, where gene replacement occurs at a high frequency by
homologous recombination. In Physcomitrella, two cryptochrome genes and single
and double disruptants of these genes were generated. It was surprisingly found that
the induction of side branching on protonema and gametophore induction and
development are regulated via cytochrome-mediated signaling. The disruptants
exhibited higher sensitivity to exogenous auxin than the wild type, accompanied
with an altered expression pattern of the auxin-inducible genes, especially when the
disruptant lines were exposed to blue light. These data from the reports of Imaizumi
et al. (2002) indicate the potential of cytochrome-mediated light signaling in
repressing the auxin-mediated downstream cascades in order to restructure the plant
developmental pattern. The detailed excerpt of the various roles of auxin under light
stress or variable light quality does illustrate the importance of these phytohormones
in maintaining the plant metabolic homeostasis under aforesaid conditions. We have
also tried to highlight the still uncharacterized versions of cross talks and interplay
among the phytohormones like auxin, CTK, and BR which are even more crucial
for the proper generation of plant responses against light stress and light quality.

8.6.2 Cytokinins (CTKs)

CTKs play crucial roles in regulating plant growth, metabolism, and development
under both normal and stress conditions. It has been seen that during desiccation
stress arising out of salinity, drought, variations of temperatures, and even under
heavy metal toxicity, the levels of CTK alter rapidly (Atanasova et al. 2004).
According to Buchanan-Wollaston et al. (2003), the plants experience senescence-
like symptoms under stress conditions due to the burst in the production of ROS.
The CTKs have often been portrayed as antioxidants due to their anti-senescence
property. Vaseva et al. (2006) studied the changes in CTK oxidase/dehydrogenase,
involved in CTK biosynthesis in plants exposed to UV-B stress. The authors chose
two pea cultivars based on phenotypic differences; the cv. “Scinado” was taller and
fast growing, whereas the cv. “Manuela” showed slow growth, accompanied by
shorter stems and broader leaves. The initial level of CTK content in the leaves of
both the varieties sufficiently differed from each other. The control Manuela leaves
exhibited lower CTK concentration compared to Scinado. However, the CTK
oxidase/dehydrogenase (CKX) behaved differently in the leaves of plants after
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exposure to UV-B radiation. In Manuela, UV-B radiation completely inhibited CKX
activity which led to lowered CTK content, except only the phosphorylated forms.
On the contrary, the leaves of Scinado exhibited a completely opposite trend, lead-
ing to increased accumulation of CTK due to high CKX activity (Vaseva et al.
2006). The CTK ribosides, cis-zeatin (cisZ), and isopentyl adenosine riboside
monophosphate (iPRP) levels were unaffected by irradiation in the Manuela roots,
though a drastic decrease in the isopentyl adenine (iP) titer (more than 2.5-fold
compared to the control) was recorded. The Scinado roots exhibited lowered CTK
content with the exception of cisZ, accompanied with very low CKX activity (about
tenfolds inhibition compared to the control) after exposure to UV-B stress. Thus
Vaseva et al. (2006) reported the better adaptability of the Scinado cultivars under
UV-B stress due its high CTK content, mainly because of the fact that CTKs have
antioxidant and anti-senescence properties. It was found that the Manuela cultivars
are more prone to UV-B stress. Thus, apart from inferring that a high CTK level is
a prerequisite for better UV-B stress adaptability, it was also predicted that the dif-
ferent CKX responses in Scinado and Manuela could be due to the presence of dif-
ferent alleles controlling the studied processes in their genomes (Vaseva et al. 2006).

8.6.3 Ethylene

The response of the plants to tackle light stress or to adapt to the quality of light to
which it is exposed depends on a complex network of interactions among multiple
phytohormones. Weller et al. (2015) identified a mutant with greatly increased leaf
expansion and delayed petal senescence by screening for pea mutants showing
altered photomorphogenesis under red light. The mutant was quite insensitive to
ethylene due to the occurrence of a nonsense mutation in the single pea orthologue
of the ethylene-signaling gene Ethylene Insensitive2 (EIN2). Phytochrome-deficient
plants having ein2 mutation had the ability to reverse the effects of ethylene over-
production. Increase in leaf expansion under monochromatic red: FR or blue light
was recorded in the ein2 mutant seedlings. That ein2 enhances both phytochrome-
and cytochrome-dependent responses in a LONGI1-dependent manner was con-
firmed from the interaction of ein2 with PhyA and PhyB and also from the longl
mutants (Weller et al. 2015). However, it was inferred that ethylene was not the
limiting factor for the development of seedlings in darkness or under high-irradiance
white light. It was also concluded that ethylene signaling was responsible for the
constrained leaf expansion during de-etiolation in pea and that the downregulation
of ethylene biosynthesis might be linked with the photomorphogenetic development
of the plant mediated by phytochromes and cryptochromes (Weller et al. 2015).
UV-B mediates stomatal closure via production of hydrogen peroxide and also
affects ethylene biosynthesis. He et al. (2011) linked UV-B stress response and eth-
ylene activity, based on the fact that both induce stomatal closure through the pro-
duction of hydrogen peroxide. So, it is possible that the UV-B-mediated stomatal
closure actually occurs via ethylene-mediated hydrogen peroxide production. This
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probability was investigated in Vicia faba by epidermal strip bioassay, laser scan-
ning confocal microscopy, and assays of ethylene production (He et al. 2011). The
report became interesting when the experiments showed that ethylene might be epi-
static to UV-B radiation in stomatal movement, because stomatal closure, induced
by UV-B stress, was inhibited when the ethylene biosynthesis and signaling cascade
was interfered. It was also observed that on exposure to UV-B stress, the ethylene
accumulation preceded the hydrogen peroxide production which also supported the
hypothesis of auxin-mediated stomatal regulation on exposure to UV-B radiation.
He et al. (2011) also suggested that such stomatal closure occurs via a peroxidase-
dependent hydrogen peroxide production, mediated by auxin because the inhibitors
for peroxidase, but not for NADPH oxidase, strongly inhibited hydrogen peroxide
production upon UV-B radiation.

The following report by Becatti et al. (2009) showed the effect of UV-B shielding
on ethylene production for the ripening in tomato fruits, along with the ethylene-
mediated carotenoid accumulation in the ripened fruits, exposed to UV-B rays. The
authors, therefore, selected rin and nor tomato mutants, which were unable to pro-
duce ethylene required for fruit ripening in the cv. Alisa Craig, which were culti-
vated under control and UV-B depleted conditions till fruit ripening. The requirement
of functional rin and nor genes was declared essential after observing that following
UV-B depletion, the ethylene production decreased in Alisa Craig. The carotenoid
content in the ripened fruits was found to be controlled by UV-B-mediated plant
responses, either in an ethylene-dependent or ethylene-independent manner (Becatti
et al. 2009). In another finding, it was seen that PhyB-1-mediated ethylene produc-
tion increased only with high photosynthetic photon flux density (PPFD) and high
red: FR light ratio in Sorghum (Finlayson et al. 2007). Enhanced ethylene produc-
tion promoted shade avoidance by reducing the leaf blade, leaf sheath elongation,
though the total shoot elongation was hindered. Finlayson et al. (2007) also reported
that PhyA could participate in the transduction of shade signals in light-grown
Sorghum plants by triggering ethylene-mediated responses.

8.6.4 Abscisic Acid (ABA)

ABA is the universal stress hormone which has been reported to be upregulated
under almost all forms of abiotic stress. It can be clearly deciphered that UV-B
stress causes several morphological and molecular damages to the plant system, and
hence like other abiotic stresses, ABA level is expected to enhance under such con-
ditions. The downstream signaling cascade mediated by ABA has been depicted to
be involved in triggering downstream stress-responsive genes which encode protein
products having potential roles as stress relievers. One such product is the
OsWRKY89 which is ABA inducible. This protein encoding gene OsWRKY89 was
identified in rice which has been depicted to regulate responses during UV-B stress.
Increased wax deposition on the surfaces of leaves was reported in UV-B-stressed
transgenic plants overexpressing OsWRKYS89. The increased wax deposition
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drastically reduced the percentage of UV-B transmittance through the leaves.
Further researches are required to create a database on the involvement of multiple
WRKY proteins regulating the responses induced by radiation stress (Banerjee and
Roychoudhury 2015).

Liu et al. (2009) also suggested the accumulation of ABA in plants exposed to
UV-B stress, and the authors also documented that ABA might be responsible for
the corresponding decrease in the levels of IAA, GA, and CTKs. The NAA, TAA,
GA3, and 6-benzyladenine (6-BA) have functions contradicting those of ABA and
hence can decrease the total endogenous ABA levels. In Trichosanthes kirilowii, as
explained earlier, UV-B stress leads to reduced accumulation of IAA and GA1/3,
whereas the levels of ZR and ABA significantly increased. Thus, it was concluded
by Liu et al. (2009) that growth regulation in 7. kirilowii exposed to UV-B stress is
not only mediated by altered IAA concentrations or activities but also by the inte-
grated changes in concentrations and activities of GA and ZR which affected the
endogenous levels of ABA. This observation was in line with those of Tossi et al.
(2012) who inferred that an increase in endogenous ABA concentration is a univer-
sal response to UV-B stress. It was also proposed that the induction of common
signaling components like ABA, nitric oxide, and calcium bursts in plant and ani-
mal cells exposed to UV-B radiation points toward the evolution of a general mech-
anism in divergent multicellular organisms to tackle the damages caused by high
doses of UV-B stress (Tossi et al. 2012). In another experiment, it was observed that
ABA concentration increased by 100 % in the UV-B-irradiated leaves of Zea mays,
whereas the maize viviparous14 (vp14) mutant, due to a defective ABA biosynthesis
pathway, was hypersensitive to UV-B stress (Tossi et al. 2009). However, the UV-B-
mediated damages were attenuated both in the wild-type and vpl4 mutants after
exogenous ABA treatments. It was also suggested that UV-B perception induced an
increase in the ABA concentration which stimulated NADPH oxidase activity,
hydrogen peroxide generation, and also a nitric oxide synthase-like-dependent
mechanism leading to increased nitric oxide production, required to maintain cel-
lular homeostasis under stress (Tossi et al. 2009). Gil et al. (2012) investigated the
terpene profiles as determined by gas chromatography with electron impact mass
spectrometry (GC-EIMS) analysis of in vitro cultured plantlets of Vitis vinifera
exposed to field-like UV-B dosage. In young leaves exposed to low UV-B dosage,
notable increases were found in the levels of membrane-associated triterpenes like
sitosterol, stigmasterol, and lupeol. On the other hand, antioxidants like diterpenes o
and y tocopherols, phytol, the sesquiterpene E-nerolidol and the monoterpenes
carene, a-pinene and terpinolene cumulatively accumulated in the leaves under high
dosages of UV-B stress. Along with the increase in the cellular concentration of
these antioxidant terpenes, rise in the levels of the sesquiterpene phytohormone,
ABA, was also recorded (Gil et al. 2012).

Berli et al. (2010) exposed one-year-old field-grown plants of Vitis vinifera to
PAR along with weekly supplemental sprays of ABA. They observed that on exog-
enous ABA treatment, the levels of UV-B-absorbing flavonols, quercetin, and
kaempferol significantly increased. Though the levels of two hydroxycinnamic
acids named caffeic and ferulic acids remained unaffected on exposure to UV-B
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stress, their levels increased on exogenous ABA treatments. Such UV-B-independent
increased accumulation was also true for the cell membrane p-sitosterol, solely by
exogenous ABA treatments. However, simultaneous treatments of both UV-B radia-
tion and exogenous ABA were required to upregulate the activities of antioxidant
enzymes like catalase, ascorbate peroxidase, and also carotenoids (Berli et al. 2010).
Berli et al. (2011) reported that in the UV-B-exposed grapevine leaf tissues, the
ABA levels increased sufficiently to trigger the biosynthesis of phenols that filter
the harmful radiations and act as potential antioxidants. It was found that when the
grapevine plantlets were exposed to both high and low dosages of UV-B irradiation
and weekly exogenous supplements of 1 mM ABA (+ ABA) or water (— ABA), the
reduction of UV-B delayed the development and maturation of berries, whereas
the+UV-B and+ABA treatments hastened sugar and phenol accumulation.
However, individual treatments of + UV-B or+ABA reduced berry growth and the
sugar content per berry, without affecting the concentration of sugar at harvest
(Berli et al. 2011). Assays performed also exhibited that the ABA levels in the berry
skins were high in the+UV-B and+ABA combined treatment which led to hastened
berry ripening, thus indicating toward the possibility of some role of ABA in regu-
lating fruit ripening under stress conditions. Under such treatments, the berry skin
phenols increased with a change in the anthocyanin and non-anthocyanin profiles,
thus enhancing the proportion of phenols which display high antioxidant properties
(Berli et al. 2011).

ABA produced by the vascular parenchyma cells has been depicted to regulate the
bundle sheath cell (BSC)-specific expression of Ascorbate Peroxidase2 (APX2) in the
leaves of Arabidopsis exposed to high light stress. ABA mediates APX2 expression by
triggering the combined activation of Sucrose Non-fermenting-1-related protein
kinase, SnRK2.6 (Open Stomatal protein kinase), protein phosphatase2C ABA
Insensitive2 (ABI2), and Go (GPA1)-regulated signaling cascades (Gorecka et al.
2014; Galvez-Valdivieso et al. 2009). The degree of susceptibility of the BSCs to
photoinhibition under high light stress is regulated by the ABA-activated signaling
network through influential non-photochemical quenching. However, except the
guard cell responses to initiate stomatal closure, no major ABA-mediated response in
the transcriptome was detected in the whole leaves exposed to high light stress
(Gorecka et al. 2014). Piskurewicz et al. (2009) reported that under the canopy, seed
germination was slowed by FR light along with the inactivation of the photoreceptors.
Such conditions elicited a decrease in the GA content and an increase in the ABA
level. Seed germination is generally promoted by GA, via the proteasome-mediated
degradation of the DELLA repressors, whereas ABA inhibits seed germination via
stimulation of the ABI repressors. The link between phytochrome-mediated light
responses and the GA/ABA concentration ratio has not yet been clearly deciphered.
However, it has been depicted that exposure to FR light stabilizes the DELLA factors
like GAI, RGA, and RGL2, which in turn stimulated ABA synthesis, thus inhibiting
seed germination through the production of ABI proteins. Such transcription of GAI
and RGA was mediated by the basic helix-loop-helix TF named PILS5. Under low GA
concentration, high GAI and RGA levels inhibited seed germination. Interestingly
under white light, GAI and RGA were expressed under the RGL2 promoter and could
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substitute RGL2 to trigger ABA synthesis. Testa rupture was inhibited by the DELLA
proteins, while ABI3 blocked endosperm rupture thus prohibiting seed germination
under low GA levels, induced by FR light (Piskurewicz et al. 2009). FR and red light
perceived by phyA and phyB in tomato were found to function antagonistically in
mediating cold tolerance. This antagonism was regulated by the ABA- and JA-related
genes and the C-repeat binding factor (CBF) stress-signaling pathway (Wang et al.
2015). Chen et al. (2008) observed that HY5 mediated ABA responses during seed
germination, early seedling growth, and root development in Arabidopsis. ABI5 tran-
scription is activated through the association of HYS with the promoter of the ABI5
gene. Translated ABIS acts as a crucial TF to upregulate the late embryogenesis abun-
dant (lea) genes in seeds. It was found, via chromatin immunoprecipitation assays,
that ABA further enhances the binding of HYS with the ABI5 promoter and the over-
expression of ABI5 solely restored ABA sensitivity in the 4y5 mutants. Chen et al.
(2008) identified a possible integration of light and ABA-signaling pathways which
helped young seedlings to develop tolerance toward abiotic stresses. After the percep-
tion of light, the phytochromes promoted the expression of Light-Harvesting
Chlorophyll a/b protein encoded by the PSII LHCB genes. Staneloni et al. (2008)
fused the LHCB promoter to a reporter gene in etiolated Arabidopsis seedlings and
exposed them to continuous FR light. This was done only to activate phytochromes
and not photosynthesis. The seedlings were also treated with exogenous ABA. The
authors found a motif containing the core CCAC sequence in the LHCB promoter
which is required for ABI4 binding, thus facilitating the ABA-mediated downregula-
tion of the associated gene. However, the ACGT sequence containing G-box was not
found in the promoter sequence. Thus, Staneloni et al. (2008) proposed a model in
which hydrogen peroxide, produced in the chloroplasts under high light conditions, is
associated with the ABA-mediated signaling to altogether regulate LHCB expression.
Thus, it could be clearly seen that ABA have tremendous roles to play in the plant
system in order to mediate stress-responsive and stress-tolerance signals, which aid
the plant to better tackle light-related abiotic stresses.

8.7 Conclusions

Several breakthrough outcomes have been recorded over the past years regarding
plant tolerance toward abiotic stress. Among these, the most uncharacterized and
less studied is the light-associated stress and their effects and responses in plants.
Though sunlight is obligatory for plant growth and development via photosynthesis,
it contains harmful rays which mainly fall within the UV-B range of the spectrum.
The plant nuclear DNA is an inherently unstable biomacromolecule which can be
spontaneously damaged metabolically or through the generation of several stress-
responsive harmful factors. Light stress which includes high and low light intensity
along with the ROS-generating UV-B rays have such disastrous effects, leading to
the ultimate degeneration of genomic integrity. Phytohormones are the major chem-
ical regulators which determine alterations in the patterns of plant morphogenesis at
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molecular and physiological levels. Recent researches have emphasized the fact that
such phytohormones, especially auxin and ABA, have vital roles to play in light
stress-mediated responses. Our chapter has also covered the integrated signaling of
UV-B perception of the plant and the downstream cross talks present among the
auxin-, CTK-, GA-, ethylene-, and ABA-signaling cascades. However, a proper
blueprint containing clean demarcations and accurate knowledge of the responsible
factors participating in such cross-talk signaling has not yet been created. Thus, the
future perspectives in this field are bright enough, since light stress cannot be regu-
lated as such, along with increasing CFCs and ozone layer depletion. In spite of
such constraints, crop development and large-scale production of food crops are
required for the ever growing population, a large fraction of which suffer from “hid-
den hunger.” The breeders cannot avoid and vanquish land stretches based only on
the constraint that they experience high doses of light stress. This brings forth the
need of transgenic technology which can create stress-tolerant varieties, viable
under such stress conditions, thereby increasing the overall yield and crop produc-
tion. Hence the inquisitive science community is on the verge to better understand
the phytohormone responses in plants exposed to a variety of light stresses, so that
the biosynthetic or downstream genes regulated by these hormones can be targeted
for up- or downregulation, in order to create stress-tolerant transgenic cultivars for
human consumption.
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Chapter 9
Involvement of Phytohormones in Plant
Responses to Ozone

Elisa Pellegrini, Alice Trivellini, Lorenzo Cotrozzi, Paolo Vernieri,
and Cristina Nali

Abstract Among various contaminants, ozone (O;) is considered the most ubiqui-
tous and phytotoxic atmospheric pollutant in industrialized and developing coun-
tries. It causes extensive risks for plant life, in terms of survival and productivity of
wild and cultivated species. Plant response to O; resembles the biotic defense reac-
tions and includes two steps: the first is a biphasic oxidative burst with a massive,
rapid, and transient increase in apoplastic reactive oxygen species (ROS) produc-
tion; the second is the induction of the hypersensitive response (HR) and systemic
acquired resistance (SAR). In particular, the acute O; exposure (high concentrations
for a few hours) results in the activation of programmed cell death (PCD) response
that interacts with the synthesis of several hormones and other signaling molecules.
The cross talk among all these molecules and their complex and interconnected
signaling pathways are more important to determine (1) the initiation, propagation,
and containment of O;-induced cell death, (2) the degree of the sensitivity of plants
to this contaminant, and (3) the regulatory potential that plants have to promptly
respond to oxidative stress. The present chapter reviews the role of phytohormones
(such as ethylene, abscisic acid, gibberellins, auxins, and cytokinins) and other sig-
naling molecules (such as salicylic and jasmonic acids, proline, and brassino-
steroids), as well as their synergistic and antagonistic effects, in the complex
signaling pathway involved in plant responses to O; stress.
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9.1 Introduction

Ozone (0s) is a secondary product formed by the pollution of the atmosphere, as it
is generated when primary polluting substances [such as carbon monoxide (CO),
hydrocarbons, nitrogen oxides (NO,), and halogens] of automobile exhaust and
industrial wastes are exposed to the solar light. If in the stratosphere O; is decreas-
ing, its concentration in the ground-level layer of the atmosphere (called tropo-
sphere) is increasing with negative impacts on the (1) environment and (2) health of
living organisms. Os is a greenhouse gas and especially is one of the most powerful
oxidants known (with a redox potential of 2.07 V). It is recognized that O sources
in the continental boundary layer of the atmosphere include both transport from the
stratosphere and in situ photochemical production. In the troposphere, O; is pro-
duced by O,/O; equilibrium reactions involving nitrogen monoxide/dioxide (NO/
NO,) and light (reaction 9.1). In addition, photooxidation reactions of CO (reaction
9.2), unburned hydrocarbons such as methane (CH,, reaction 9.3), formaldehyde,
and other non-methane organic compounds (reaction 9.4) also contribute to tropo-
spheric O; (Rao et al. 2000). Further volatile organic compounds from plants take
part in photochemical reactions that lead to O; formation as well (Pinto et al. 2010):

NO, +0, +hv <>NO+0, .1
CO+20, +hv —-CO, +0, 9.2
CH, +40, +2hv -»HCHO +H,0+20, 9.3)
RH +40, +2hv - R'CHO+H,0 +20, 9.4)

Due to these reactions, known as “photochemical smog mechanism”, the concen-
tration of tropospheric O; has increased considerably since preindustrial times (The
Royal Society 2008). Ground-level O; is increasing at a rate of approximately
0.5-2 % per year over mid-latitudes of the Northern Hemisphere owing to a rapid
industrialization and urbanization during the last three decades (IPCC 2013).
Episodes of high concentrations of surface O; over large parts of Europe and North
America usually occur during the summer in dry and sunny weather conditions.
Ambient O; concentrations in Europe, Japan, and the United States usually range
between 20 and 60 ppb (for Os, 1 ppb is 1.96 pg m=3 at 20 °C and 101.325 kPa) dur-
ing high light intensity seasons, but acute O; peaks exceeding 200 ppb are fre-
quently reached around large cities (Tamaoki 2008) or during heat wave episodes
(Pellegrini et al. 2007; Lorenzini et al. 2014a, b). High O; concentrations are no
longer limited to local hot spots or urban regions. Elevated O; concentrations in
rural areas are caused by the transport of O; and its precursors from urban and
industrialized regions over distances of hundreds of kilometers (Stockwell et al.
1997). Moreover, as a result of the increased emission of O; precursors, tropospheric
O; is expected to increase 20-25 % by 2050 and as much as 40-60% by 2100, in
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developing countries such as China and India (Meehl et al. 2007). For these reasons,
as reported by the Royal Society (2008), O; can no longer be considered a mere
local air quality issue, but it is a global problem requiring a global solution.

Tropospheric O; is considered the major air pollutant causing negative effects on
plant growth and productivity because of its toxicity and widespread occurrence
(Long and Naidu 2002; Wilkinson et al. 2012). The O; impact on natural ecosys-
tems and crop productivity (quality and quantity) is relevant (The Royal Society
2008). Exposure to O can result in foliar lesions such as chlorosis and necrosis, but
the appearance and the severity of these leaf injuries differ among plant species and
varieties (Tamaoki 2008). However, it is well known that O; may produce functional
alterations even without, before the onset of, or in addition to visible effects on a
plant (Gottardini et al. 2014). O; reacts with plants in a (1) solid (e.g., with the leaf
cuticle), (2) gas (e.g., with hydrocarbons emitted by plants), and (3) liquid phase. In
the last case, O; has the biggest effect on plants, which includes the dissolution of
O; in aqueous media followed by its reaction with lipids, proteins, and other cellular
components (Rao et al. 2000). Nonetheless, plants are able to respond to air pollut-
ants in a similar manner as to other stress factors. Mechanisms include the (1) exclu-
sion, (2) tolerance, (3) compensation, and (4) repair (Levitt 1980). Effects of O; on
plants depend upon the concentration of the pollutant and the duration of the expo-
sure. Two types of exposure are defined: (1) acute, high concentrations, above 120
ppb for a few hours, as may occur at most polluted sites and (2) chronic, an elevated
background concentration with daily peak concentrations in the range of 40-120
ppb over several days in the growing season (Long and Naidu 2002). Chronic expo-
sures to low levels of O; result in a (1) decline in photosynthesis, (2) growth inhibi-
tion, and (3) premature senescence, normally even without visible damage (Krupa
2003; Leisner and Ainsworth 2012; Vainonen and Kangasjarvi 2015). Conversely,
acute exposures, which can occur several times throughout the growing season, lead
to the induction of cell death and visible leaf injuries in sensitive plants (Rao et al.
2000).

In this chapter, we focus mainly on processes induced in plants by acute O; expo-
sures. The reader interested in the effect of chronic O; exposure on plant perfor-
mance is referred to several field studies (Booker et al. 2009; Gottardini et al. 2014;
Hoshika et al. 2015).

The acute O; exposure results in the activation of programmed cell death (PCD)
response resembling the hypersensitive response (HR) observed in plant-pathogen
interactions (Baier et al. 2005; Kangasjirvi et al. 2005). HR, which often precedes
systemic acquired resistance (SAR), is characterized by the induction of (1) various
cellular protectant genes, (2) the host cell death, and (3) the restriction of pathogen
growth and spread. PCD is a physiological process that selectively targets and elim-
inates unwanted cells, and it plays a role in influencing plant responses to a variety
of biotic and abiotic stimuli (Rao et al. 2000; Pellegrini et al. 2013; Vainonen and
Kangasjirvi 2015). Kangasjdrvi et al. (2005) proposed this mechanism of plant O,
sensitivity as defined in the lesion formation: (1) regulation of O; flux to leaves, (2)
O; degradation to reactive oxygen species (ROS, normally produced by the plant
cellular metabolism) and detoxification [mainly by ascorbate (AsA)] in the apoplast,
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(3) O5 sensing/perception, (4) O;-induced active production of ROS, (5) early acti-
vation by O; of mitogen-activated protein kinases (MAPK), and (6) hormonal regu-
lation of the O;-induced lesion formation. A common element seen with O; and
other abiotic and biotic stresses is the active production of ROS in the apoplast.
Therefore, O; may also be used as a non-invasive tool to mimic and to study signal-
ing pathways triggered by active apoplastic ROS formation (Pellegrini et al. 2013;
Vainonen and Kangasjirvi 2015).

Like CO,, O; enters leaves through open stomata by the diffusion according to
ambient concentration gradients. Therefore, stomatal apertures control and restrict
the O; flux into leaves and in this way form the “first line of defense” (Vainonen and
Kangasjirvi 2015) in order to reach the acclimation (Hoshika et al. 2013). O; gener-
ally decreases the stomatal conductance few hours after the beginning of exposure
(also restricting the CO, flow into leaves), and this continues for several hours.
Furthermore, O; produces a quick (within 1 min) transient decrease in the conduc-
tivity followed by a recovery before the longer, final decrease in stomatal conduc-
tance (Vahisalu et al. 2010). These results suggest that the sensitivity to external
stimuli is an important factor in the regulation of stomatal movements and, conse-
quently, in overall sensitivity/tolerance to Os;. The Os-induced control of the stoma-
tal aperture via ethylene (ET) can either promote their opening/closure, depending
on (1) if plants have experienced an additional stress and (2) how its intensity was
(Wilkinson et al. 2011). Also the enhancement of calcium (Ca?*) level in the cytosol
determines stomata closure via the regulation of the ion channel activity (Vainonen
and Kangasjirvi 2015). In addition, stomatal movements in response to O; in the
guard cell are regulated by other anion channels, such as open stomata 1 (OST1)
and slow anion channel 1 (SLAC1) (Vahisalu et al. 2010). OST1 is involved in
abscisic acid (ABA)-dependent stomatal responses regulating the activity of several
ion channels in guard cells. Similarly, the activation of SLACI is essential in stoma-
tal closure triggered by O; and by other signals including ABA, Ca**, NO, and light/
dark transitions (Negi et al. 2008). However, it is still poorly understood how O,
impacts the stomatal functionality. Kangasjarvi et al. (2005) proposed that (1)
changes in the photosynthesis, (2) hormone signal-mediated active ROS production
in guard cells, and (3) Ca fluxes and anion channels could be possible mechanisms
that impact the stomata regulation. The stomatal closure has been frequently
observed in both trees and herbaceous species exposed to O;. However, differences
in the O; tolerance cannot always only be attributed to changes in the stomatal con-
ductance, as plant responses to Os also include protective and repair processes
(Castagna and Ranieri 2009).

O; does not penetrate deeper into intercellular spaces but rather decomposes at
the cell wall and the plasma membrane. After O; enters the apoplast, it is immedi-
ately degraded into several ROS (Vainonen and Kangasjdrvi 2015). According to
studies by Weiss, O; dissociates in aqueous solutions as a function of the endoge-
nous hydroxyl ion concentration, generating ROS such as superoxide anion (O,")
and hydrogen peroxide (H,O,) in the apoplastic and the intercellular space within
plant cells (Heath 2008; Sandermann 2008). While O; reacts with lipid molecules
generating stoichiometric amounts of aldehydes and H,O, — a process referred to as
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ozonolysis — both O,"~ and H,0, react with transition metals (e.g., through the Haber-
Weiss mechanism or the Fenton reaction) to generate hydroxyl radicals (OH"), which
are the most reactive chemical species in the biological world. Furthermore, O; can
react with thiol groups, amines, and/or phenolic compounds, intensifying the pro-
duction of OH" and singlet oxygen ('O,). O,™ can also react with another very influ-
ential signaling free radical species, NO", to give off peroxynitrite (Rao et al. 2000;
Gill and Tuteja 2010). These ROS are highly reactive and toxic, and they cause
damage to (1) proteins, (2) lipids, (3) carbohydrates, and (4) DNA, which ultimately
may result in cell death. To protect themselves against ROS, plant cells and organ-
elles such as chloroplasts, mitochondria, and peroxisomes deploy antioxidant
defense systems. To remove and detoxify excess ROS, plants have evolved antioxi-
dant defenses as both enzymatic [e.g., superoxide dismutase (SOD), catalase (CAT),
ascorbate peroxidase (APX), and glutathione reductase (GR)] and nonenzymatic
(e.g., phenylpropanoids, proline, a-tocopherol, and carotenoids) which have been
the subject of extensive research and the focus of recent reviews (e.g., Mgller et al.
2007; Castagna and Ranieri 2009; Gill and Tuteja 2010; Farmer and Mueller 2013).
The first antioxidant defense against O;-derived ROS takes place in the apoplast,
where AsA is believed to provide an important protection from the oxidative injury.
The ROS detoxification formed from Oj; in the apoplast can therefore be considered
as the next line of defense (Vainonen and Kangasjérvi 2015). The antioxidant role
played by AsA is strictly dependent on the cell ability to maintain it in a reduced
state. This is usually enacted by the so-called Halliwell-Asada cycle, which takes
place in the chloroplast and cytosol. This mechanism regenerates the pool of reduced
AsA at the expense of reduced glutathione (GSH) by monodehydroascorbate reduc-
tase (MDHAR) or by dehydroascorbate reductase (DHA). Glutathione is a powerful
ROS scavenger, but, like AsA, only its reduced form has antioxidant properties.
GSH is cyclically regenerated by GR at the expense of NADPH oxidation (Foyer
and Noctor 2011). Other low-molecular-weight compounds (e.g., phenylpropanoids)
present in the apoplast may also play a role in the cell defense. When the antioxidant
capacity of the apoplast is exceeded, the ROS accumulation in the extracellular
space further propagates inside cells (Kangasjérvi et al. 2005).

Based on the assumption that ROS are highly reactive and lead to the cellular and
organelle dysfunction, their generation is frequently considered deleterious and
harmful. However, several studies indicate that ROS may be important components
of signal transduction pathways that influence plant defense responses and PCD for
a wide variety of stimuli, including pathogens such as fungi, bacteria, and viruses
(Lamb and Dixon 1997; Jabs 1999). The production of secondary ROS due to the
O, degradation in the apoplast induces an endogenous, enzymatic ROS generation
or “oxidative burst” similar to that seen in the HR-mediated cell death (Baier et al.
2005) triggering a series of signaling cascades that work simultaneously, alterna-
tively, or in series (Vaultier and Jolivet 2015) by amplifying the ROS wave in differ-
ent subcellular compartments (Fig. 9.1). Similarly to pathogen response, the
0O;-induced ROS production is biphasic: an early sharp peak detectable within 1 h
of O; exposure and a late broad peak developing at 9—12 h after the onset of exposure
(Jones and Dangl 2006). A heterotrimeric G protein has been suggested to mediate
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Fig. 9.1 Reactive oxygen species (ROS) and hormonal pathways induced by ozone (O;). O; enters
leaves through stomata reacting with components of the cell wall and generating ROS. O; and ROS
[hydrogen peroxide (H,0O,) and anion superoxide (O,")] induce an active production of ROS in the
apoplast which is at least partly dependent on membrane bound NADPH oxidase (RBOH) that
produces O,~. Similar ROS production in the apoplast takes place after infection of a plant with a
pathogen or treatments with pathogen-derived elicitors (PAMPs). Inside the cell, the signaling
pathway is splitted into two pathways. In the ROS pathway, defense no death 1 (DND1) mediates
arequired step of the signaling pathway. Jasmonic acid (JA) and ethylene (ET) act as positive regu-
lators; by contrast, salicylic acid (SA) and nonexpressor of pathogenesis-related gene 1 (NPR1)
are negative regulators. In the SA pathway, ROS or pathogens activate SA biosynthesis via isocho-
rismate synthase 1 (ICS1) where NPR1 is a required component. Since NPR1 is a positive regula-
tor of the SA pathway and a negative regulator of the ROS pathway, this implies that the separate
signaling pathway use different transcription factors and promoter elements to regulate cysteine-
rich receptor-like kinase (CRK) expression. Increased ROS production in the chloroplast activates
separate signaling pathway(s) leading to repression of CRK expression. One of these pathways
could involve abscisic acid (ABA) and negative cross talk with the SA pathway (Modified and
redrawn from Wrzaczek et al. 2010. Abbreviations: SOD superoxide dismutase)
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the biphasic ROS production in response to O; (Joo et al. 2005; Booker et al. 2012).
In any event, the apoplastic ROS generated by the O; degradation or by the oxida-
tive burst in response to O; needs to be (1) perceived by cells and (2) elaborated and
delivered to nucleus in order to ensure an appropriate response by the plant. Several
potential mechanisms may work simultaneously to create a complex signaling net-
work for the O; response. These include (1) changes in the cellular redox homeosta-
sis, (2) perception by apoplastic proteins, (3) oxidative damage to membranes, and
(4) transport of apoplastic H,O, through aquaporins across plasma membranes.
Additionally, the ROS production in chloroplasts has been detected for a short time
after O; exposure, suggesting a strong connection between the apoplast and the
chloroplast in ROS signaling. Guard cell chloroplasts represent the main source of
ROS under high O; stress, but this stress also propagates the ROS signal at the cell
wall via peroxidases and at the plasma membrane via NADPH oxidases (RBOH)
activated by Ca, OST1, and Ca-dependent protein kinases (CPKs) (Vahisalu et al.
2010) playing a critical role in amplifying the ROS signal (Vainonen and Kangasjirvi
2015). As such, ROS alone may not be sufficient to induce PCD at the entire-plant
level, but they act in concert with other signaling components to trigger the cell
death (Rao et al. 2000). Hence, O; exposure activates several intercellular signaling
pathways that lead to changes in the hormonal homeostasis and biochemical and
transcriptional responses. The constitutive MAPK activation has been shown to
play a key role in the HR-like cell death, suggesting that the MAPK signaling is a
part of the ROS-induced PCD pathway. Ahlfors et al. (2004) documented that
MPK3 and MPK6 were rapidly induced in response to a transient exposure of O;
(between 30 min to 2 h) in Arabidopsis thaliana plants. Then MPKs translocate to
the nucleus, where they activate target transcription factors and regulate gene
expression. Typically, MPK3/MPKG6 substrates involved enzymes linked to ET bio-
synthesis (Meng et al. 2013). Previous studies have shown that MPK3 and MPK6
can be activated by different MKKs and participate in specific signaling pathways.
For example, MKK4/MKK5/MKK9 activates MPK3/MPK6 to promote ET (Liu
et al. 2008), and MKK®9 activates MPK3/MPK®6 to regulate leaf senescence (Zhou
et al. 2009) and ET signaling (Yoo et al. 2008).

Another early event triggered by the O; exposure is the increase of the concentra-
tion of free cytosolic calcium ion (Ca*") in guard cells (Evans et al. 2005) which acts
as a second messenger regulating a signaling network involved in the response of a
different range of developmental and environmental stimuli (Tamaoki 2008; Kudla
et al. 2010; Short et al. 2012).

Collectively, plant hormones regulate every aspect of the plant growth and devel-
opment, as well as their response to biotic and abiotic stresses (included chronic and
acute O;). Plant growth regulators include classical phytohormones ET, ABA, aux-
ins (IAAs), cytokinins (CKs), and gibberellins (GAs), as well as other signaling
molecules, such as salicylic acid (SA), jasmonic acid (JA), proline (Pro), and brassi-
nosteroids (BRs). Moreover, the participation of several phytohormones in response
to acute O; exposure, following the production of ROS, has been established. Recent
studies have demonstrated that these signaling pathways do not act independently
and that the degree of the lesion formation induced by Oj; is influenced by a cross
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Fig. 9.2 Oxidative cell death cycle induced by ozone. Ozone stress causes the accumulation of
reactive oxygen species (ROS) and results in salicylic acid (SA) accumulation (/) and programmed
cell death (2). Cell death activates ethylene (ET) production, which is required for the continuing
ROS production and, consequently, for the propagation of cell death (3). Jasmonic acid (JA) coun-
teracts the progression of the cycle by antagonizing the cell death promoting SA and ET function
(4). Abscisic acid (ABA) can antagonize ET function and might also have this role in ozone-
induced cell death (5) (Modified and redrawn from Kangasjarvi et al. 2005)

talk between these signal pathways (Tuominen et al. 2004; Gomi et al. 2005; Yaeno
et al. 2006; Ludwikéw et al. 2009; Tamaoki 2008). An early O, response is the bio-
synthesis of ET followed by the production of SA, JA, and ABA. ET and SA signal-
ing promote an enhanced ROS production and PCD, which all together form a
feedback loop (Fig. 9.2). JA attenuates this cycle by reducing the ROS production
followed by (1) ET biosynthesis and (2) cell death. ABA is especially important as
the regulator of stomatal closure and O; entry. Recently, connections between the
oxidative stress and classical plant hormones IAAs, CKs, and GAs have garnered
attention (Blomster et al. 2011; Peleg and Blumwald 2011; Tognetti et al. 2012).

The present chapter reviews the role of phytohormones and other signaling mol-
ecules, as well as their synergistic and antagonistic effects, in the complex signaling
pathway involved in plant responses to O; stress.

9.2 Roles of Hormones in Ozone Response

9.2.1 Ethylene (ET)

Ethylene (C,H,) is essential in modulating plant responses to both biotic and abiotic
stresses, in addition to its key roles in the regulation of growth and senescence (Lin
et al. 2009). In plants exposed to stresses such as wounding, flooding, drought,
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osmotic shock, Os, and pathogen/insect invasion, the rate of ET production increases
rapidly (Wang et al. 2002; van Loon et al. 2006) leading the activation of cellular
responses through ET signaling and interactions with other hormone signaling path-
ways (Overmyer et al. 2008; Wang et al. 2002; Trivellini et al. 2011).

ET is synthesized by two enzymes encoded by small gene families, 1-aminocyc
lopropane-1-carboxylic acid (ACC) synthase (ACS) and ACC oxidase (ACO),
respectively (Fig. 9.3). The two-step reactions are first catalyzed by ACS involving
the conversion of S-adenosyl-L-methionine (SAM) to ACC and then ACO catalyzes
the conversion of ACC to ET with the release of CO, and cyanide (Wang et al.
2002). ACS is the rate-limiting step in ET biosynthesis, and it controls the major
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Fig. 9.3 Proposed pathways for ethylene biosynthesis in ozone-exposed plants. Ozone stress
causes the accumulation of reactive oxygen species (ROS) and results in an oxidative burst inside
plant cells. Mitogen-activated protein kinases (MAPKs) respond to the resulting oxidative burst
and induce the activation/phosphorylation of 1-aminocyclopropane-1-carboxylic acid (ACC) syn-
thase. The phosphorylated ACC synthase becomes stabilized and subsequently enhances the eth-
ylene production (Modified and redrawn from Igbal et al. 2014. Abbreviations: SAM
S-Adenosylmethionine)
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regulatory step in stress-induced ET (Tsuchisaka et al. 2009). For this reason, ACO
activity is constitutively present in most vegetative tissues. In fact, the activity of
ACS in non-stressed tissues is low and does not induce a significant amount of ET,
whereas ET synthesis induced by biotic/abiotic stresses is linked to a rapid enhance-
ment in ACS activity (Tamaoki 2008).

The induction of ET biosynthesis is one of the fastest O;-dependent biochemical
responses observed in plants, occurring within few hours (Nakajima et al. 2001;
Moeder et al. 2002; Pellegrini et al. 2013). In Os-fumigated tomato plants,
LE-ACS1A, LE-ACS2, and LE-ACS6 are induced, and the expression of ST-ACS4
and ST-ACSS is increased in potato (Schlagnhaufer et al. 1997; Tuomainen et al.
1997). This response was similarly rapid in birch (Vahala et al. 2003) and in an Os-
sensitive poplar clone (Diara et al. 2005). In Os-exposed beech plants (180-200
ppb, 8 h d7!, for 6 consecutive months), the transcript levels of ACS1, ACS2, and
ACO1 were significantly enhanced (Nunn et al. 2005; Betz et al. 2009).

ET production is strictly regulated at various levels. It is accepted that, in addi-
tion to the transcriptional regulation (Tsuchisaka and Theologis 2004; Li et al.
2012), posttranslational regulation is crucial for plant development and stress-
induced ET production (Christians et al. 2009; Han et al. 2010; Lyzenga et al. 2012).
The increase in ET production in response to O; occurs simultaneously or even
precedes the induction of ET biosynthesis genes, thus pointing toward a tight post-
translational control of enzymes involved in the biosynthesis of ET (Vainonen and
Kangasjirvi 2015). ET biosynthesis is tightly regulated by controlling the stability
of ACS protein post-transcriptionally. The involvement of ACS2 and ACS6 in Os-
induced ET biosynthesis by their transcriptional activation (Blomster et al. 2011)
occurs through their regulation at the protein stability level by MPK3 and MPKG6,
two Arabidopsis pathogen-responsive MAPKs (Li et al. 2012). MPK3 and MPK6
not only control the stability of ACS2 and ACS6 proteins via direct protein
phosphorylation, but these kinases also regulate the (1) expression of ACS2 and
ACS6 genes by phosphorylating another MPK3/MPKG6 substrate and (2) WKRY53
transcription factor, involved in the MPK3/MPK6-induced ACS2/ACS6 gene
expression that play key role in supporting high ET levels. ET biosynthesis at the
ACS stability level is also regulated by the protein degradation via proteasome-
dependent pathway. The ethylene overproducer 1 (ETO1)/ETO1-like (Wang et al.
2004; Christians et al. 2009) interacts with ACSs by inhibiting their activity and
targeting them to degradation (Yoshida et al. 2006). The O; sensitivity in terms of
leaf injury is greater in ET-overproducing Arabidopsis mutants (Kangasjirvi et al.
2005) compared to ET-insensitive ones (Overmyer et al. 2008). The high
accumulation of ET in ET-overproducer mutants upon acute O; exposure is propor-
tional to the SA level in these mutants (Rao et al. 2002). Thus, SA and ET act in
concert to regulate the Os-induced cell death in A. thaliana. Instead, blocking the
ET perception, jasmonate resistant 1 (jarl) prevented the spread of cell death
(Tuominen et al. 2004; Kazan 2015). The Os-induced spreading cell death is stimu-
lated by early, rapid accumulation of ET, which can suppress the protecting function
of JA thereby allowing the cell death to proceed. All these evidences suggest that ET
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acts synergistically or antagonistically with other signaling molecules to regulate
the response to O;.

At a morphological level, ET promotes a direct reduction of shoot and root cel-
lular expansion via Os-induced ET production, as proposed by Wilkinson and
Davies (2010), since this hormone naturally controls the root growth (Gallie et al.
2009). Os caused the reduction and the abortion of bud and flowers (Black et al.
2007) and the decrease in fruit weight and fruit number in a significant manner
(Leisner and Ainsworth 2012), and in these processes ET could be actively involved
(Wilkinson et al. 2011).

9.2.2 Abscisic Acid (ABA)

ABA plays considerable roles, and it is involved in the complex network that con-
trols plant responses to abiotic and biotic stresses, during growth and development
as well as in the regulation of stomatal aperture. Generally, high salinity and drought
stresses promote an enhancement of endogenous ABA content which (1) modulates
the gene expression and (2) induces the closure of stomata (Shinozaki and
Yamaguchi-Shinozaki 2007). Under stress conditions such as water deficit, ABA
increases in guard cells, so stomata close and leaves retain water (Tardieu et al.
2010). The Os-induced ET production alters the sensitivity of stomata to ABA in
O;-sensitive species (Wilkinson and Davies 2010), inducing stomatal pores to
remain more open. Thus, O; — via ET — contributes to support the disruption of
ABA-mediated stomatal signaling.

Evidence has been reported that ROS accumulation in the apoplast following a
stress is involved in the induction of stomatal closure (An et al. 2008; Khokon et al.
2011) modulating the responsiveness of guard cells to ABA (Munemasa et al. 2013).
ROS were expected to induce the accumulation of free ABA, resulting from a
decreased degradation or its release from conjugated forms (Daszkowska-Golec and
Szarejko 2013; Song et al. 2014). Mittler and Blumwald (2015) recently proposed
that an elevation in apoplastic ROS levels could result in higher ABA accumulation
in guard cells, whereas enhanced ABA levels could result in an enhancement of ROS
production in guard cells, creating a positive loop to promote stomatal closure.

ABA biosynthetic pathway is known (Fig. 9.4), but the signaling and perception
machinery remains largely ambiguous caused by the high number of components
involved in its network complexity. ABA is perceived in cells by pyrabactin
resistance protein 1 (PYR1) or PYR-like protein (PYR1/PYL) ABA receptors (Ma
et al. 2009) that bind themselves to ABA leading to the suppression of the protein
phosphatase 2Cs (PP2Cs). PP2Cs interact with a sucrose non-fermenting 1 (SNF1)-
related protein kinase 2 family (SnRK2s), which inhibits the positive regulator of
the ABA response and then facilitates the downstream ABA signaling.

Protein phosphatases have also been implicated in the MPK6 regulation (Brock
et al. 2010), representing a key component in the regulation of ET production under
stress (Schweighofer et al. 2007). ABI1 protein phosphatase 2C is a negative



226 E. Pellegrini et al.

normal conditions stress conditions

@0 AR
o ABA

|

P P P p
SnRK2 [ I snrx2 [ 1 ¢
/ \ activation

' '

gene other responses
expression  (e.g., stomata closure)

Q@ orr @ oN

—

Fig. 9.4 Proposed pathways for abscisic acid biosynthesis in ozone-exposed plants. Under normal
conditions, abscisic acid (ABA) level is low; type 2C protein phosphatases (PP2C) bind sucrose
non-fermenting 1-related protein kinase subfamily 2 (SnRK2) and inhibit its kinase activity by
dephosphorylating activation loop. Under ozone stress conditions, ABA level is increased; ABA
receptors (regulatory components of ABA/receptors pyrabactin resistance, RCAR/PYR) interact
with PP2C and activate SnRK2. The kinase activity phosphorylates target proteins such as bZIP-
type transcription factors and turns on ABA response (Modified and redrawn from http://www.
riken.jp)

regulator of ABA signaling (Gosti et al. 1999; Miyazono et al. 2009), which is
known to inhibit the MPK6 activity (Leung et al. 2006). Ludwikéw et al. (2015)
show that the ABI1 protein phosphatase, a negative regulator of ABA signaling, is
involved in ET production in plants via interaction with ACS and MPK6 under O,
exposure. O;-induced ACC levels in abil mutants increased in comparison to wild
type, and the ACS6 activity was significantly higher in mutants leading to an
increase in ET production in response to O;. However, previously data reported that
abil mutants are O; tolerant (Ludwikéw et al. 2009). Interestingly, these mutants
achieve the stress tolerance by switching on the regulation of cellular redox state,
exhibiting a significantly reduced ion leakage (Ludwikéw et al. 2015). These results
improve the current knowledge on ABA-ET cross talk where ABA may control ET
synthesis and its own biosynthesis by controlling the ABI1 phosphatase activity
and, at the same time, highlighting the striking role of ROS homeostasis and redox
state in Os-tolerance mechanisms. There are few studies reporting the effect of O;
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on ABA content despite its recent role in controlling ET evolution in response to O;.
ABA content was enhanced in Os-fumigated Melissa officinalis plants (200 ppb, 5
h) preceding the secondary ROS production peak (Pellegrini et al. 2013). However,
in some species, O; has no effect on its endogenous content (Doring et al. 2014).
Jiang and Zhang (2002) documented a significant increase in ABA levels which
preceded that of ROS in leaves of detached maize plants exposed to water stress.
Using global transcriptional profiling, the expression of ABA biosynthetic gene
9-cis-epoxycarotenoid dioxygenase (NCED) is positively regulated by the late O,
stress (350 ppb, 6 h) suggesting a key role of NCED3 enzyme in triggering ABA
accumulation in Arabidopsis (Ludwikéw et al. 2009).

9.2.3 Gibberellins (GAs), Auxins (IAAs), and Cytokinins (CKs)

GA is a pentacyclic diterpene which influences the (1) cell elongation, (2) dor-
mancy, (3) seed germination, (4) senescence, and (5) tolerance against environmen-
tal stresses (Rodrigues et al. 2011). Actually, no data on the action of exogenously
applying GA to plants neither the effect of O; on GA biosynthesis and signaling
pathway are found in literature despite its prominent role in the mitigation of envi-
ronmental stresses. In fact, exogenous treatments with GA improve the tolerance of
Catharanthus roseus to heavy metals (Pandey et al. 2007). Moreover, adverse
effects of salt stress were alleviated by GA3, restoring the normal growth and devel-
opment in soybean plants (Hamayun et al. 2010). Also, the leaf senescence was
inhibited by applying exogenous GA, whereas paclobutrazol, an inhibitor of GA
synthesis, accelerated PCD (Li et al. 2010). Interestingly, a mutation in the negative
regulator of GA signaling, SPINDLY, is responsible of the improvement of the tol-
erance to drought and to salt (Qin et al. 2011). Jibran et al. (2013) suggested that
GAs may work antagonizing the effect of ABA, making intriguingly this scenario in
a putative condition of O;-tolerance mechanisms.

The phytohormone auxin regulates almost every aspect of plant development and
has a well-known role in the cell growth and development, and its role in organ
architecture has been clarified (Woodward and Bartel 2005; Kim et al. 2011).

Recently, IAAs have also been linked to oxidative stress. Malfunctions in the
antioxidative capacity of a thioredoxin and GSH mutant resulted in altered auxin
homeostasis and development in Arabidopsis (Bashandy et al. 2010). Iglesias et al.
(2010) have shown that an auxin receptor mutant showed an increased tolerance to
methyl viologen, H,O,, and salinity stress, reporting evidences on the contribution
of auxin signaling pathway to adaptive responses against abiotic stress in
Arabidopsis. Moreover, many phytopathogens (Erwinia herbicola pv. gypsophilae;
Rhodococcus fascians) can interfere with the normal growth and development of
plant processes by modulating the auxin host biosynthesis or producing ex novo
hormones (Manulis et al. 1998; Vandeputte et al. 2005). In fact, when the auxin
signaling was suppressed, this condition mediates the pathogen tolerance via
SA-auxin antagonism (Wang et al. 2007a, b). Additionally, the functional analysis
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of oxidative stress by H,O, activated MAPK cascade in plants that downregulated
auxin-responsive genes (Kovtun et al. 2000). Plants, exposed to mild chronic stress,
manifested a clear reduction in cell division leading to a more compact growth with
lateral growth enhanced (Potters et al. 2009), and this physiological response is
called “stress-induced morphogenic response” (SIMR). Blomster et al. (2011) used
O; as a model of ROS inducer in Arabidopsis and by the analysis of transcriptomic
data reported that several aspects of auxin homeostasis and signaling were modified
by apoplastic ROS and the change in gene expression was not completely over-
lapped with (1) abiotic stress, (2) pathogen responses, and (3) SA signaling. Thus,
this evidence indicates that ROS signaling regulates auxin response using a different
and likely novel pathway. The alteration of auxin biosynthesis and signaling is a
logical consequence that allows plants to cope with environmental stresses, by
changing their growth and morphology.

CKs are adenine- or phenylurea-based compounds that regulate the plant growth
and development via a complex network of CK signaling (Perilli et al. 2010) and
have a well-established senescence-retarding role (Gan and Amasino 1995). As
already reported, various phytohormones regulate the mechanisms of the plant
response to abiotic and biotic stresses, and also CKs have a function in the adapta-
tion of stress responses (Ha et al. 2012). For example, elevated CK content in ipt
transgenic creeping bentgrass (Agrostis palustris) promotes drought tolerance
through increasing the activity of antioxidant enzymes such as SOD, peroxidase
(POD), and CAT (Merewitz et al. 2012). Also, in transgenic tobacco, the overex-
pression of isopentenyltransferase (IPT) gene prevents the degradation of photosyn-
thetic protein complexes during drought and promotes drought tolerance (Rivero
et al. 2010). Nishiyama et al. (2011) explored the role of CKs in stress responses
using low-CK-content mutants on the relative adaptation of plants to stresses. A
decrease in CK content was reported to determine the hypersensitivity to ABA and
the upregulation of stress- and/or ABA-responsive genes, resulting in an increased
stress tolerance of CK-deficient and CK-signaling mutants. Thus, the higher stress
tolerance of CK-deficient plants could be attributed to their repression of CK signal-
ing that reacts faster to ABA and stresses.

Very few studies examined the role of CKs in response to oxidative stress induced
by O;. Protective effects of exogenous application of synthetic CKs were assessed
on some sensitive crops exposed to high O; doses. The application of kinetin on
leaves retarded their yellowing, inhibited the loss of free sterols, and suppressed
O;-induced foliar necrosis in bean plants (Tomlinson and Rich 1973). Pauls and
Thompson (1982) showed that the application of a zeatin solution protected the
integrity of cell membranes from O; damage. Another study reported the effect of
long-term exposure to non-necrotic levels of O; on cytokinin levels in beech trees
(Winwood et al. 2007). The authors documented that the Os-induced increase in
root development was the most likely cause of increased CK export to the shoot.
Thus, the O;-induced reduction of CKs in leaves led to declining re-translocation
from leaves via the phloem to the root system — a change known to relieve inhibition
of fine-root production (Riefler et al. 2006). All these data suggest a protective
effect of CKs in response to O; stress by a chemical interaction between the com-
pounds and O;.
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9.3 Roles of Other Signaling Molecules in Ozone
Tolerance/Resistance

9.3.1 Salicylic Acid (SA)

SA is a plant phenolic compound (o-hydroxybenzoic acid) considered as a hormone-
like endogenous regulator (Igbal et al. 2014). Among signaling molecules, SA has
received particular attention in relation to its ability to regulate various aspects of
plant responses to biotic and abiotic stresses through extensive signaling cross talk
with other growth substances (Horvéth et al. 2007). In higher plants, two distinct SA
synthesis pathways have been identified: (1) phenylalanine ammonia-lyase (PAL)
and (2) isochorismate (Fig. 9.5). Nonetheless, Arabidopsis is actually the only plant
in which SA is known to be synthesized via the isochorismate pathway (Ogawa
et al. 2007). The first pathway occurs in the cytoplasm, and SA is synthesized only
from the phenylalanine by the action of PAL via ¢-cinnamic acid and benzoic acid.
The isochorismate pathway takes place in chloroplasts, and SA is produced from
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Fig. 9.5 Proposed pathways for salicylic acid biosynthesis and signaling in ozone-exposed plants.
There are two pathways for salicylic acid (SA) biosynthesis in plants. In Arabidopsis, SA is pro-
duced from chorismate by the action of isochorismate synthase (ICS) via isochorismate (the iso-
chorismate pathway takes place in chloroplasts). In all plants (except Arabidopsis), SA is produced
from the phenylalanine by the action of phenylalanine ammonia-lyase (PAL) via f-cinnamic acid
and benzoic acid (Modified and redrawn from Jayakannan et al. 2015. Abbreviations: NPRI non-
expressor of PR-1, SAG 2-O-b-p-glucosylbenzoic acid)
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chorismate by the action of isochorismate synthase (ICS) via isochorismate
(Wildermuth et al. 2001). An unresolved issue is which pathway is used for SA
synthesis when plants are subjected to O;. Ogawa et al. (2005) reported that
14C-labeled benzoic acid (a precursor of SA in the phenylalanine pathway) is metab-
olized to SA in tobacco plants exposed to O; (200 ppb, 6 h), whereas the activity and
the mRNA level of ICS did not increase. By contrast, same experimental conditions
induced an increase of ICSI expression and of ICS activity in A. thaliana plants
showing that the pathway of O;-induced SA biosynthesis differs between two spe-
cies. Most SA synthesized in plants is either glycosylated and/or methylated in
cells. The SA O-B-glucoside (SAG) is the dominant glucosylated conjugate of SA,
and several studies suggest that it is inactive and must be converted to SA to induce
defense responses. Methyl salicylate (MeSA) is the dominant methylated form of
SA that, like SAG, is biologically inactive and acts as a mobile endogenous signal
carrier that triggers induction of SAR upon converting back into SA. Among vari-
ous forms of SA, only MeSA has been shown to travel in plant tissues (via phloem)
locally as well as systemically after pathogen infections (Jayakannan et al. 2015).
Experiments on Os-exposed transgenic plants in which synthesis and metabolism of
SA were altered showed that its presence is needed for (1) the stress symptom initia-
tion/progression and (2) the induction of HR-like cell death. Orvar et al. (1997)
reported that the expression of NahG, a bacterial salicylate hydroxylase gene, in the
tobacco cultivar Xanthi resulted in an inability to accumulate SA and consequently
in a reduction of lesion formation in response to O; exposure (250 ppb, 6 h).
Similarly, Overmyer et al. (2005) observed that the O;-sensitive Arabidopsis eco-
type Cape Verde Islands (Cvi-0) and the radical-induced cell deathl (rcdl) mutant
(which hyperaccumulates SA in response to O;) became more tolerant to O; (250—
300 ppb, 6 h) in terms of the symptom development, when transformed with NahG
or crossed with the npr/ mutant (which lacks SA signaling). These results indicate
that the O;-induced production of SA acts as a signal that (1) maintains the cellular
redox state, (2) induces and potentiates the activation of cellular defenses, and (3)
has a vital role in SAR. At a functional level, some experiments provide evidence
that the SA perception amplifies downstream signals that lead to the cell death in a
process similar to what occurs during plant-pathogen interactions (Tamaoki 2008).
Pellegrini et al. (2013) reported that O; triggers marked increases in SA (conjugated
and free forms) in asymptomatic leaves of M. officinalis after 8 h from the begin-
ning of exposure. In this case, SA may have a role in the upregulation of antioxida-
tive systems during the lesion spread (as confirmed by the increase of ascorbate and
glutathione content). The following necrotic cell death can be interpreted as a result
of a gradual depletion of antioxidative capacity, which led to a drastic shift in the
cellular redox balance and eventually to the cell death (reported after 48 h from the
beginning of exposure). Similarly, Pasqualini et al. (2002) reported that, in an Os-
sensitive cultivar of tobacco exposed to a short-term O; treatment (200 ppb, 3 h), the
maximum induction of SA was observed after 7 h of recovery. Di Baccio et al.
(2012) documented an analogous pattern of SA accumulation during post-O; (200
ppb, 5 h) recovery in a cultivar of tomato confirming that O; exposure, such as the
pathogen infection, induces SA synthesis within few hours from the beginning of
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the exposure, as suggested by Kangasjirvi et al. (2005). SA exerts its role in a vari-
ety of plant developmental processes via cross talk with (1) other hormones (ET,
ABA, and GAs), (2) molecules with hormonal function (JA, Pro, and BRs), and (3)
ROS (especially H,O,). Mutual antagonistic or synergetic interactions among these
molecules in (1) modulating plant responses during O stress and (2) regulating leaf
injury after O, exposure have been reported. However, detailed roles and their inter-
actions in regulating O;-induced stress or other forms of ROS-dependent cell death
have not been completely elucidated yet. ET and SA are needed for the initiation/
propagation of visible O; lesions, amplifying the oxidative signal (Kangasjirvi et al.
2005). In plant responses to O;, SA is required for the execution of PCD (as dis-
cussed above), controlling and potentiating the oxidative burst together with ET. SA
action is strictly dependent on ET synthesis/perception and thresholds of ROS/ET
signaling pathway. Vahala et al. (2003) reported that the Os-sensitive birch clone
V5818 exposed to O; (200 ppb, 8 h) showed a high ET production without a late SA
accumulation. Ogawa et al. (2005) observed that SA synthesis occurred later than
ET production in O;-exposed tobacco plants. Similarly, Pellegrini et al. (2013)
noted a high early ET production just after 1 h from the beginning of exposure and
a late SA accumulation (at 8 h from the beginning of exposure) during the post-
fumigation phase when ET levels were not significantly different from those mea-
sured in controls. Subsequently, during the late post-fumigation phase (24 and 48
h), SA reached constitutive values, while ET increased. Taken together, these results
might suggest that O;-induced ET may antagonize SA accumulation. By contrast,
Rao et al. (2002) reported that SA is required for O;-induced ET production and that
the synergistic action of SA and ET fine-tunes the kinetics and magnitude of lesion
formation in Arabidopsis exposed to O; (300 ppb, 6 h). Thus, whether, and how, SA
is involved in the regulation of ET biosynthesis can still be regarded as an open
question. Currently, there are few studies dealing with ABA and O; (as discussed
above), and the detailed roles/interactions of SA and ABA in regulating O;-induced
stress have been largely neglected. In general, SA is antagonistic to ABA during
development of SAR (Jayakannan et al. 2015): exogenous application of ABA ham-
pered the induction of SAR, whereas activation of SAR by SA suppressed ABA
signaling (Yasuda et al. 2008). On the other hand, SA and ABA play a similar role
in stomatal closure, although through a different pool of ROS, suggesting the inter-
action between SA and ABA may be either positive or negative depending on stress
conditions. Pellegrini et al. (2013) noted a marked increase of ABA concentration at
the end of O, treatment and a late SA accumulation (8 h from the beginning of expo-
sure) during the post-fumigation phase when ABA levels were still higher than
those measured in controls. Subsequently, during the late post-fumigation phase,
SA reached constitutive values, while ABA values remained higher than those of
controls. Detailed roles and interactions of SA and JA in regulating Os-induced
stress are discussed in more detail in the next section.

A “self-amplifying feedback loop” concept has been proposed to explain the
interaction between SA and H,0, during stress (Xia et al. 2015). In particular, H,O,
induces accumulation of SA (catalyzing the conversion of benzoic acid into SA),
and SA enhances H,0, levels (inhibiting catalase activity through specific binding



232 E. Pellegrini et al.

to the enzyme or by inducing the formation of this molecule by phenol-dependent
peroxidase; Diara et al. 2005). Pellegrini et al. (2013) reported that the marked
increase in SA content of M. officinalis plants exposed to O; was coincident with the
second H,0, peak, suggesting a HO,-SA interaction pattern. This agrees with the
studies that proved the essential role of SA perception in (1) SAR, (2) the activation
of an HR cell death pathway, and (3) the lesion initiation and progression in response
to O3 (as discussed above).

9.3.2 Jasmonic Acid (JA)

JA has been recognized as an endogenous regulator that plays a crucial role in (1)
different developmental processes and (2) responses to several stress factors (includ-
ing pathogens and wounding, Okada et al. 2015). JA is a fatty acid-derived cyclo-
pentanone that is synthesized by the sequential action of several plastid, peroxisome,
and cytoplasmic enzymes, via the octadecanoid pathway (Dar et al. 2015, Fig. 9.6).
JA and its methyl ester (methyl jasmonate, MeJA) are the most studied of the lin-
oleic acid-derived signaling molecules in higher plants that are collectively referred
to as oxylipins or jasmonates (Dar et al. 2015). Exposure to O, stimulates jasmonate
biosynthesis in plants (Rao et al. 2000): it has been reported that the reaction of O;
with unsaturated lipids of the plasma membrane leads to the production of peroxida-
tive processes and, consequently, of substrates for octadecanoid pathways, such as
a-linoleic acid (Mudd 1997). In the oxidative cell death cycle, jasmonates (1) par-
ticipate in the containment of the ROS-dependent lesion propagation (Devoto and
Turner 2005; Kangasjirvi et al. 2005), (2) protect tissues from ROS-induced cell
death (Overmyer et al. 2000), and (3) counteract ET and SA effects (Rao et al.
2002). Pellegrini et al. (2013) observed that in O;-treated M. officinalis plants, JA
peaked at 8 h from the beginning of exposure and remained high throughout the
entire recovery period. Di Baccio et al. (2012) documented an analogous pattern of
JA accumulation during post-O; recovery in a cultivar of tomato. Tuominen et al.
(2004) reported that the level of JA increases only quite late in A. thaliana plants
exposed to O; (300 ppb, 6 h), during the lesion formation. These results suggest that
JA is primarily formed in the wounds (i.e., the borders of foliar lesions), as JA accu-
mulation was observed only in plants that were impaired during the O; exposure.
Also at a genic level, Castagna et al. (2007) reported an O;-induced increase in
transcript abundances of two JA biosynthetic genes [allene oxide synthase 2 (AOS2)
and allene oxide cyclase (AOC), which have been reported to be strictly correlated
to JA concentration] in two tomato genotypes exposed to O; (200 ppb, 4 h), only
during the recovery period. Similarly, Di Baccio et al. (2012) observed that the
mRNA of a gene encoding an acidic tomato pathogenesis-related protein (PR) was
strongly upregulated in two tomato lines following O; exposure (3 h and 6 h after
the end of treatment). These results confirm that JA acts as a component of anti-cell
death pathway limiting and modulating the lesion spreading in later stages.
Generally, jasmonates are vital in providing defense against biotic stresses,
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especially necrotrophic pathogens. Resistance against pests (such as herbivores,
predatory, or parasitic arthropods) and pathogens can be enhanced by the jasmonate
treatment that is an integral part of the plant defense signaling (Rohwer and Erwin
2008). In the case of an abiotic stress such as O,, Orvar et al. (1997) reported that
pretreating tobacco plants with jasmonates inhibited O;-induced cell death.
Similarly, in Arabidopsis, jasmonate treatment halted O;-lesion spread and reduced
the amount of SA produced in response to the pollutant (Rao et al. 2000). Kock et al.
(2000) proposed that the Os sensitivity of the poplar clone NE388 (300 ppb, 6 h d™!
for 4 consecutive days) resulted from JA insensitivity. Not all JA-insensitive mutants
are, however, sensitive to O;: Nickstadt et al. (2004) noted that the jasmonate-
insensitive (jinl) mutant of Arabidopsis is tolerant to episodic O; treatment (250
ppb, 6 h). This finding suggests that JA has at least two distinct roles in O responses:
JA can (1) overcome the promoting effect of ET for ROS generation, resulting in the
containment of lesion propagation and spread (Santino et al. 2013), and (2) act as a
negative regulator of the oxidative cell death, promoting lesion formation and HR
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cell death and, consequently, senescence. Generally, the major role postulated for JA
is its antagonistic action toward ET- and SA-dependent signaling pathways
(Kangasjarvi et al. 2005). It is known that ET stimulates and JA inhibits the spread-
ing of cell death (Kazan 2015). Tuominen et al. (2004) documented an early and
rapid accumulation of ET during the spread of Os-induced cell death in A. thaliana
exposed to O; that suppresses the protecting function provided by the JA pathway
allowing cell death to proceed during the propagation phase of lesion formation. At
the tissue level, the function/balance of ET and JA signaling has both temporal and
spatial components in the regulation of oxidative cell death. In first cells, the SA-
and ET-driven processes prevail, but further away from the site of initiation, JA
pathways become progressively more induced, overcoming first processes, and con-
tainment of cell death follows. For this reason, it is possible that antagonistic and/or
synergistic functions are also separated in place and/or time. Pellegrini et al. (2013)
noted that in Os-treated M. officinalis plants, ET evolution was induced within 1 h,
and an accumulation of JA was observed within 3 h after the end of exposure. JA
accumulating later during this response antagonizes the spread of cell death pro-
moted by ET, resulting in the containment of Oz-induced lesions. Thus, both ET and
JA syntheses seem to be locally restricted, and it is possible that the antagonistic
action of ET and JA might occur only in borders of spreading lesions. Similarly, Di
Baccio et al. (2012) observed that JA synthesis occurred later than ET production in
0O;-exposed tomato plants. These results suggest that a mutually antagonistic inter-
action between JA and ET occurred in the regulation of spreading O; cell death.
Overmyer et al. (2000) reported that ET levels in a JA-insensitive (jar!) mutant of
Arabidopsis exposed to O; (250 ppb, 6 h) were similar to those of the wild type,
suggesting that the antagonistic effect of ET seems to act at the level of JA signaling
rather than of JA biosynthesis/accumulation. In particular, Vahala et al. (2003) docu-
mented an ET and JA accumulation in the O;-sensitive clone of Betula pendula in
response to Os treatment, whereas, in the Os-tolerant clone, the JA concentration did
not increase. The suggested involvement of JA in lesion containment may at first
seem contradictory to JA accumulation in the sensitive clone; however, because the
JA biosynthesis appears to be limited by substrate availability, it is also possible that
the JA accumulation is a consequence of cell death. As discussed above, the sub-
strate for JA synthesis could originate from membranes in dying cells, thus resulting
in increased JA synthesis, which then halts the ET-dependent lesion propagation by
decreasing ET sensitivity of cells (Kangasjirvi et al. 2005). Antagonistic interac-
tions among JA and SA have been also observed in plants subjected to O;. In par-
ticular, the regulation of ROS production may play a critical role in the interaction
between JA and SA signaling pathways (Xia et al. 2015). In fact, JA appears to
protect tissues from ROS-induced cell death counteracting effects of SA and ET (as
discussed before, Kangasjarvi et al. 2005). At a genic level, Rao et al. (2000)
reported an antagonistic relationship between JA and SA signaling pathways in con-
trolling the magnitude of O;-induced HR-like cell death in a JA-insensitive mutant
(jarI) and in a mutant of Arabidopsis blocked in JA biosynthesis (fad3/7/8). At a
functional level, Di Baccio et al. (2012) documented an opposite accumulation pat-
terns for JA and SA in two tomato lines exposed to Os (the largest absolute content



9 Involvement of Phytohormones in Plant Responses to Ozone 235

was measured at 6 h and 9 h of recovery time after the end of treatment, respec-
tively). The relationship between JA and SA signaling pathways is dependent on
relative concentrations of each hormone. Low SA concentrations can also act syner-
gistically with JA in the regulated induction of defense mechanisms. Pellegrini et al.
(2013) observed that in Os-treated M. officinalis plants, JA and SA peaked at 8 h
from the beginning of exposure. Similarly, Kock et al. (2000) reported that an Os-
sensitive hybrid poplar clone accumulates SA and JA in the response to a single
pulse of this contaminant. These findings demonstrate (1) an involvement of these
compounds in modulating and limiting the lesion spreading and (2) overwhelming
similarities between O;- and pathogen-induced responses.

9.3.3 Proline (Pro)

Pro is a proteinogenic amino acid that has multifunctional roles in higher plants
(Szabados and Savouré 2010). It is synthesized via the sequential action of enzymes
mainly from glutamate. In higher plants, two Pro synthesis pathways have been
identified: (1) glutamate and (2) ornithine. Pro is synthesized mainly from gluta-
mate by the action Pro dehydrogenase or Pro oxidase enzymes. Alternatively, Pro
can also be produced from ornithine via aminotransferase. The catabolism of Pro
occurs in the mitochondria (Igbal et al. 2014). For a long time, Pro was considered
as an inert compatible osmolyte that protects subcellular structures and macromol-
ecules under osmotic stress. However, recent results highlight its multiple functions
in stress adaptation, recovery, and signaling. Pro can act as an enzyme protectant
enhancing activities of several enzymes and protecting the protein integrity (Filippou
et al. 2014). As a scavenger of hydroxyl radicals and as a single oxygen quencher,
Pro may be important in preventing an oxidative damage caused by ROS (Rejeb
et al. 2014). Pro can act as a cell redox balancer, stabilizing cellular homeostasis,
and as a stabilizer for subcellular structures, providing carbon and nitrogen for
growth (Szabados and Savouré 2010). Pro metabolism can also influence the pro-
grammed cell death acting as a signaling molecule to (1) modulate mitochondrial
functions, (2) influence the cell proliferation, and (3) trigger specific gene expres-
sion (Igbal et al. 2014). These roles of Pro have been extensively demonstrated in
plant responses to drought and salt and metal stress at functional and genic levels
(Gill and Tuteja 2010; Dobra et al. 2010; Igbal et al. 2014; Filippou et al. 2014).
Generally, a dramatic accumulation of Pro due to increased synthesis or decreased
degradation was observed. However, little is known about the responses of Pro con-
tent to O; stress. Moreover, this few information is generally based on experiments
where plants have been exposed to chronic O; treatment. Zheng et al. (2014) docu-
mented a marked increase in Pro levels in two cultivars of Zea mays exposed to
chronic O; treatment (85+5 ppb, 8 h d! for 35 consecutive days). Similarly,
El-Khatib (2003) reported that increasing Oj; levels (50-100 ppb, 5 h d™! for 5 con-
secutive days) induced an accumulation of Pro in some common Egyptian plant
species. Consequently, further investigations are required in order to understand (1)
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the role of Pro as potential inhibitor of programmed cell death, (2) the role of Pro as
signaling molecule in response to O;, and (3) the interaction between different phy-
tohormones in regulating Pro metabolism for O, tolerance.

9.3.4 Brassinosteroids (BRs)

BRs are a group of naturally occurring plant steroids (in free form or conjugated to
sugars and fatty acids) and are important for a broad spectrum of cellular and physi-
ological processes. Like IAAs, BRs (1) promote cell elongation, (2) control plant
height, and (3) produce ROS (as second messengers by activation of NADPH oxi-
dases, Bartoli et al. 2013). Progress has been made in elucidating the BR signal
transduction pathway, and in the recent past, BRs have emerged as a new paradigm
in the category of phytohormones. BRs can induce plant tolerance to a variety of
abiotic stresses, such as high and low temperature, drought, and salt excess. BRs
may also play a role in responses to pathogens. Recent studies demonstrated that the
BR-induced resistance to bacterial and fungal pathogens in tobacco and rice plants
was not correlated with enhanced SA accumulation or increased expression of
genes associated with SA-regulated SAR (Nakashita et al. 2003). However, mecha-
nisms underlying for BR-mediated stress responses are not fully understood. It is
difficult to analyze genetically the role and the action mechanism of BRs in plant
stress tolerance because of the strong and pleiotropic phenotypes of BR biosynthe-
sis and signaling mutants (Xia et al. 2009). It is proposed that changes induced by
BRs are mediated through the repression and/or de-repression of specific genes
(Hasan et al. 2011). Puckette et al. (2009) reported that the regulation of BR biosyn-
thesis and the interaction between BRs and IAAs caused a global decrease in the
transcription of auxin-responsive genes via the BREVIS RADIX (BRX) protein in
O;-resistant accession (JE154) of Medicago truncatula exposed to episodic O;
treatment (300 ppb, 6 h). Little is known about the role of BRs in response of plant
to O; and generally to oxidative stress (Bajguz and Hayat 2009). Further investiga-
tions are required in order to understand (1) the role of BRs as a signaling molecule
in response to O; and (2) the interaction between phytohormones in regulating BR
metabolism for O; tolerance. Molecular studies present the notion that the cross talk
between BRs and other phytohormones exists. Puckette et al. (2009) documented
that BR/TAA interactions may play a critical role in determining the resistance to O;
in two accessions of M. truncatula.

9.4 Conclusions and Perspectives

Overall, plant hormones ET, ABA, SA, and JA and other important signaling mol-
ecules have crucial roles in the modulation of apoplastic ROS signaling in response
to O;. The cross talk among all these players and their complex and interconnected
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signaling pathways depicts the extraordinarily regulatory potential that plants have
to promptly respond to environmental stimuli. The O; exposure is a valuable tool to
improve the biochemical and molecular studies of phytohormones. As previously
observed by Beauchamp et al. (2005), O; is a good plant stress “model” agent for
several reasons: (1) exposure can be conducted under well-defined conditions; (2)
experiments may be easily repeated mimicking the same conditions; (3) doses of O;
can be varied over a wide range.

Understanding the integration of O;-induced responses with ROS signaling and
hormonal interactions can provide powerful tools for improving the (1) plant
growth, (2) productivity, and (3) product quality for the future plant production in a
changing climate. The future challenge for plant O; research is to identify the com-
ponent involved in O;/ROS perception and to elucidate cross talk pathways to
understand interaction mechanisms in the whole signal network.
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Chapter 10
Engineering Phytohormones for Abiotic Stress
Tolerance in Crop Plants

Vinay Kumar, Saroj Kumar Sah, Tushar Khare, Varsha Shriram,
and Shabir Hussain Wani

Abstract Abiotic stresses including salinity, drought, extreme temperatures, and
heavy metals are posing serious threats to agricultural yields as well as the quality
of produce. This necessitates the production of cultivars capable to withstand the
harsh environmental conditions without substantial yield losses. Owing to the com-
plexity underlying stress tolerance traits, conventional breeding techniques have
met with limited success and demand effective supplements to feed the growing
food demands worldwide. This necessitates the development and deployment of
novel and potent approaches, and engineering of phytohormone metabolism could
be a method of choice to produce climate resilient crops with higher yields.
Phytohormones are considered critical for regulating and coordinating plant growth
and development; however, in recent years, they have received great attention for
their multifunctional roles in plant responses to environmental stimuli. Creditable
research has shown that phytohormones including the classical ones — auxins, cyto-
kinins, ethylene, gibberellins, and newer members including brassinosteroids, jas-
monates, and strigolactones — may prove to be potent targets for their metabolic
engineering for producing abiotic stress-tolerant crop plants. This chapter presents
short description of the roles of phytohormones in abiotic stress responses and toler-
ance followed by reviewing attempts made by the plant biotechnologists for
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engineering of phytohormone metabolism, signal, transport, and perception to
develop abiotic stress-tolerant crop plants.

Keywords Abiotic stress * Genetic engineering * Plant hormone ¢ Plant tolerance

10.1 Introduction

Recent climate changes aggravated by the modern anthropogenic activities have put
unprecedented pressure on global crop production and yield. Various environmental
stress factors including salinity, drought, water logging, extreme temperatures (heat,
chilling, and freezing), heavy metals, light (intense and weak), and radiation
(UV-A/B) have become severe threat to agricultural yields and quality of produce
(Hasanuzzaman et al. 2013; Vardhini and Anjum 2015). This has increased the need
for stress-tolerant cultivars adapted to adverse environmental conditions, and mod-
ern plant biotechnologies offer an effective solution in this context, as they enable
to overcome the limits of classical breeding techniques (Zalabak et al. 2013).
Genetic engineering, particularly in post-genomic era, has shown its tremendous
potential in producing plants with higher yield and improved nutritional quality
besides conferring tolerance against stresses.

Applied plant biotechnology, which relies largely on the expression of genes
involved in signaling and regulatory pathways (Shinozaki et al. 2003), genes encod-
ing proteins (Wang et al. 2004), or their pathway enzymes (Kumar et al. 2010)
which confer stress tolerance, is a sound platform for producing abiotic stress-
tolerant crops. Abiotic stresses such as drought, high salinity, and extreme tempera-
tures induce the expression of large number of genes, and this stress-mediated
induction is regulated through complex transcriptional networks. Molecular
advancements in recent past such as microarray technologies have revealed the key
genes functioning in these transcriptional networks on large scale, and these genes
are potent candidates for the development of transgenic abiotic stress-tolerant plants
(Todaka et al. 2015); besides, transcriptomics has contributed significantly to the
elucidation of stress responses (Urano et al. 2009).

Several classes of small molecules, known as plant hormones, phytohormones, or
plant growth regulators, are critical for regulating and coordinating the plant growth
and development (Davies 2010). They act either close to or remote from their site of
synthesis to mediate genetically programmed developmental changes or responses to
environmental stimuli (Sreenivasuluetal. 2006; Colebrook et al. 2014). Phytohormones
are very important for providing the adaptive responses during stress conditions, a
critical requirement for their survival as sessile organisms (Argueso et al. 2009; Wang
et al. 2009; Colebrook et al. 2014). In recent past, phytohormones have received great
attention owing to their multifunctional roles in plants’ responses to adapt to and
counteract the deleterious effects of abiotic stress in crop plants. Creditable research
has shown that phytohormones including the classical well-known auxins, cytokinins,
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ethylene, gibberellins, and newer members including brassinosteroids, jasmonates,
and strigolactones may prove to be potent targets for their metabolic engineering for
producing abiotic stress-tolerant crop plants.

This chapter reviews the roles of phytohormones in abiotic stress response and
tolerance in brief, while engineering of phytohormone metabolism, signal, trans-
port, and perception to produce abiotic stress crop plants has been discussed with
considerable depth.

10.2 Abiotic Stress: Serious Threat to Global Crop
Production

Abiotic stresses pose major threats for crop productivity to food security (Huang
et al. 2013). In 2005, FAO reported that there was 620 % loss due to abiotic stress,
i.e., US$120 billion due to different stresses like drought, flood, and nutrient defi-
ciencies. As pointed out by Goel and Madan (2014), abiotic stresses account for
more than 50 % reduction in crop yields. Nowadays, due to changing environment,
plants compete with different types of abiotic stress, which limit the growth and
productivity of crop plants. During the stress, plants experience with multiple
stresses at the same time during growth and development which leads to the effect
on yield of crop plants (Tuteja 2007). This reveals that abiotic stress is a serious
threat to global food productions. Plants developed a variety of defense mechanism
to adapt from stress environment, although it is not enough to defend them. Due to
stress, plants experience cellular dehydration and accumulate reactive oxygen spe-
cies which ultimately affects membrane potentials and macromolecules like carbo-
hydrates, proteins, and DNA (Doltchinkova et al. 2013). Therefore, to fulfill the
demand, crop production must be increased exponentially. For the better crop pro-
ductions, plant biotechnologists are trying different techniques to develop abiotic
stress-tolerant plants. In modern era, genetic engineering has proved a prominent
tool for the development of abiotic stress-tolerant plants to achieve the goal. Using
these techniques, some varieties are already in the pipeline to be released as abiotic
stress tolerant. Singh and his co-workers (2012) developed a transgenic tobacco,
which is resistant to salinity and heavy metal stress. In this tobacco, they transferred
a gene from rice. Thus, genetic engineering of phytohormones could be a new hope
to develop abiotic stress-tolerant plants which will be beneficial for boosting crop
yield and thereby achieving target.

10.3 Roles of Phytohormones in Abiotic Stress Tolerance

It is well documented and discussed with great depth in previous chapters that they
provide the necessary adaptation to plants to abiotic stress tolerance. Phytohormones
help to alter the gene expression by preventing the degradation of transcriptional
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regulators (Santner and Estelle 2010). Currently, many of the researchers are
focused on developing abiotic stress-tolerant plants through phytohormone engi-
neering. Genetic engineering of cytokinin revealed the development, morphogene-
sis, and many physiological aspects. It has an important role toward productivity
and increased tolerance to various stresses (Zalabdk et al. 2013). Reguera et al.
(2013) reported that phytohormone engineering, i.e., cytokinin, leads to increase
drought tolerance in rice. Similarly, Klay et al. (2014) reported that ethylene
response factor leads to enhance salt and cold tolerance in tomato. Colebrook et al.
(2014, for details, see review) reported that gibberellins (GA) have a significant role
in response to abiotic stress. Increasing the GA biosynthesis and signaling induces
tolerance toward submergence, whereas the reduction of GA levels restricts plant
growth and development to many stresses like cold, salt, and osmotic stress. Like
GA, ABA has also the bigger role in the development of abiotic stress tolerance in
plants. It plays many regulatory roles toward physiological process in plants and
provides tolerance to abiotic stresses like water, drought, cold, light, temperature,
etc. In a recent research, Singh and his co-workers (2015) reported that phytohor-
mone engineering of ABA revealed increased salt and mannitol stress tolerance in
Arabidopsis. Transgenic Arabidopsis plants, accumulating high level of ABA,
showed better physiological appearance than wild ones in respect to water loss,
chlorophyll content, and photosynthetic potential which ultimately provides high
tolerance to salt, mannitol, and drought. Thus, genetic engineering of phytohor-
mones could be a very potent tool for plant biotechnology in the future and is dis-
cussed in the following section.

10.4 Engineering Phytohormones for Producing Abiotic
Stress-Tolerant Crops

Perturbed phytohormone fluxes and subsequent signal transduction cascade have
been revealed as one of the key stress responses evolved by plants. Signal transduc-
tion cascades that interact with the baseline pathways transduced by phytohor-
mones are triggered by perception of abiotic stresses (Harrison 2012). The
fluctuations of stress-responsive hormones help alter the cellular dynamics and thus
play a central role in coordinately regulating the growth responses under stress
conditions (Kohli et al. 2013). Since, phytohormones are tagged as key regulators
of not only plant growth and development but also act as mediators of the response
to environmental stress (Sreenivasulu et al. 2012), the hormone metabolism and
signaling process thus are potential targets for manipulations to obtain enhanced
abiotic stress tolerance. The mutants and transgenic lines/tissues with altered
activities of phytohormone metabolic enzymes or perception machinery have
reaffirmed their crucial involvement in different traits including increased tolerance
to various abiotic stresses. Over the past decade, many genes have been identified
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that are either involved or affect phytohormone synthesis, transport, metabolism,
and perception.

10.4.1 Genetic Engineering of ABA Metabolism

Though ABA regulates various physiological processes of plant development at its
basal levels, ranging from stomatal opening to seed development, dormancy, and
synthesis of storage proteins and lipids (Sreenivasulu et al. 2010), however, its role
in stress tolerance is taking a center stage. It is now credited as an essential mes-
senger involved in adaptive response of plants against stressful conditions (Umezawa
et al. 2006). ABA is perhaps the most studied plant hormone for plant stress
responses as summarized in some excellent recent reviews (Sreenivasulu et al. 2007,
2012; Raghavendra et al. 2010; Todaka et al. 2015). Extensive research has estab-
lished the role of ABA in adaptive responses of plants to drought and salinity stress,
and its levels gets substantially elevated under water-deficit conditions around the
roots (Wilkinson et al. 2012). In response to environmental stresses, endogenous
ABA levels increase rapidly, activating specific signaling pathways and modifying
gene expression levels as well as inducing ABA-inducible genes (Lu et al. 2013;
O’Brien and Benkova 2013). It lead the signals to shoots indicating stressful condi-
tions around roots triggering water-saving antitranspirant activities such as stomatal
closure and reduced leaf expansion (Wilkinson and Davies 2002). It regulates the
expression of different stress-responsive genes involved in the accumulation of
compatible osmolytes, in the synthesis of LEA proteins, dehydrins, and other pro-
tective proteins besides antioxidant enzymes (Chaves et al. 2003; Verslues et al.
2006). Through the characterization of ABA auxotrophic mutants, majority of the
ABA pathway enzymes have been discovered (Koornneef et al. 1998; Seo and
Koshiba 2002) as pointed out by Xiong and Zhu (2003) that most of these genes are
transcriptionally upregulated under abiotic stress conditions.

Various genes involved in ABA biosynthesis, catabolism, and signaling network
have been advocated as interesting candidate genes for breeding stress-tolerant
crops. The ABA synthesis starts with zeaxanthin in plastids, a product of MEP path-
way. The de novo biosynthesis of ABA occurs in leaves, stems, and roots of most
plant species primarily in plastids; however, the last two steps occur in cytoplasm
where xanthoxin is converted to ABA (Seo and Koshiba 2002). Nonetheless, the
ABA biosynthesis is feedback controlled, and the rate-limiting step of ABA biosyn-
thesis is the formation of xanthoxin via oxidative cleavage by the enzyme 9-cis-
epoxycarotenoid dioxygenase (NCED) (Krannich et al. 2015). The last step in ABA
synthesis is catalyzed by abscisic aldehyde oxidase (AAQ), which requires a sulfu-
rylated form of a molybdenum cofactor (MoCo) for its activity (Bittner et al. 2001;
Seo et al. 2004), and the molybdenum cofactor sulfurase (LOS5) gene encodes the
MoCo sulfurase involved in the regulation of ABA biosynthesis (Xiong et al. 2001).
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LOS5 gene is particularly important in regulating the final step of ABA biosynthe-
sis, and its enhanced expression has been reported to be induced by drought, salt,
and ABA treatment (Xiong et al. 2001).

These aforementioned molecular mechanisms have been targeted for metabolic
engineering, and the engineering of different ABA pathway genes has improved
plant abiotic stress tolerance. Li et al. (2013) overexpressed the MoCo sulfurase
gene in soybean which resulted into noticeably higher biomass production and yield
with overall enhanced drought tolerance attributed to higher ABA accumulation,
reduced water loss through decreased stomatal aperture, and induced antioxidant
enzymatic machinery. A#ZEP-overexpressing transgenic Arabidopsis plants showed
smaller stomatal aperture, enhanced de novo ABA biosynthesis, and higher toler-
ance to osmotic stress than their wild-type counterparts (Park et al. 2008). Xiao
et al. (2009) observed significantly higher crop yield and better spikelet fertility of
transgenic rice plants overexpressing LOS5 gene, growing under drought condi-
tions. Overexpression of Arabidopsis LOSS5 markedly enhanced the expression of
aldehyde oxidase (AO) activity, leading to ABA accumulation and increased drought
tolerance of transgenic maize plants (Lu et al. 2013). The transgenic maize lines
with higher ABA contents exhibited decreased water loss and maintenance of higher
relative water content through reduced stomatal aperture, with lower electrolyte
leakage, lipid peroxidation levels, and H,O, contents and concomitant higher activi-
ties of antioxidant enzymes and proline content (Lu et al. 2013). In similar vein,
overexpression of another gene NCED increased the levels of endogenous ABA,
induced stomatal closure, and ultimately led to enhanced drought tolerance in trans-
genic plants of Arabidopsis (Iuchi et al. 2001), tobacco (Qin and Zeevaart 2002),
creeping bent grass (Aswath et al. 2005), and tomato (Thompson et al. 2000, 2007;
Tung et al. 2008).

Additionally, Kim et al. (2014) observed that the constitutive expression of
OsPYL/RCAR5 (PYRABACTIN RESISTANCE 1-LIKE/REGULATORY
COMPONENTS OF ABA RECEPTOR) in rice driven by Zea mays ubiquitin pro-
moter induced the expression of many stress-responsive genes and resulted in
improved drought and salt stress tolerance in rice. However, this was accompanied
with negative impacts on seed yield (Kim et al. 2014). Similar to this overexpression
of PYLI/RCAR, PYL5/RCARS, or PYLS8/RCAR3 gave more tolerance to drought in
Arabidopsis (Mehrotra et al. 2014). In an interesting study, Mao et al. (2010) over-
expressed ABA signaling network gene serine/threonine protein kinase (SnRK2.4),
and transgenic Arabidopsis overexpressing this gene exhibited enhanced tolerance
to drought, salt, and freezing stresses, accompanied by decreased rate of water loss,
enhanced higher relative water content, strengthened cell membrane stability,
improved photosynthesis potential, and significantly increased osmotic potential.
However, unlike many other studies, the overexpression-mediated multi-stress tol-
erance was not accompanied with any growth retardation of transgenic plants under
well-watered conditions (Mao et al. 2010), indicating this gene to be a potent target
for utilization in transgenic breeding to improve abiotic stress tolerance in crops.
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10.4.2 Genetic Engineering of Auxin Metabolism

Auxin represents one of the most important groups of plant hormones, known for
their pleiotropic effects on plant growth and development. It regulates numerous
complex plant processes such as apical dominance, lateral/adventitious root forma-
tion, tropisms, fruit set and development, vascular differentiation, as well as embryo-
genesis (Friml 2003). Probably the most versatile phytohormone, auxin not only
performs many essential physiological processes critical for plant growth and devel-
opment but also govern and/or coordinate plant growth in stressed conditions
(Kazan 2013). As envisaged by De Smet et al. (2010), the existence of an auxin
biosynthesis, signaling, and transport apparatus in single-celled green algae indi-
cates the evolutionary role played by auxin during adaptation of plants to diverse
land environments. Through recent research, it is evident that auxin also plays a role
as an integral part of plant responses to unfavorable and stressful conditions (Sharma
et al. 2015).

Environmental stress conditions are known to induce differential expression of
genes involved in various auxin-related pathways, as pointed out by various authors
(Jain and Khurana 2009; Song et al. 2009; Ha et al. 2014). Aux/IAA and auxin
response factor (ARF) are two important protein families that are well recognized
for their roles in auxin-mediated responses (Song et al. 2009). The authors reported
that the results based on DNA chip and real-time PCR analysis confirmed that many
genes of these families were responsive to various abiotic stresses, indicating an
interaction between plant growth and abiotic stress.

Overexpression of an auxin efflux carrier OsPIN3t under the control of 35S pro-
moter resulted in increased drought tolerance of rice plants, and the knockdown of
OsPIN3t caused crown root abnormalities in seedling stage, indicating the involve-
ment of this gene in control of polar auxin transport (Zhang et al. 2012). Despite the
fact that auxin is being studied for over 100 years, its biosynthesis, transport, and
signaling pathways are still not very clear (Ke et al. 2015). However, some intercon-
necting pathways have been proposed so far to synthesize auxin in plants, including
four tryptophan (Trp)-dependent and a Trp-independent pathway (Mano and
Nemoto 2012). Trp-dependent auxin biosynthesis comprises of the conversion of
Trp to indole-3-acetaldoxime, indole-3-acetaide, indole-3-phyruvic acid (IPA), and
tryptamine (TAM) (Zhao et al. 2002; Mashiguchi et al. 2011), and the YUCCA fam-
ily of flavin monooxygenase (FMO)-like proteins catalyzes the rate-limiting step in
the TAM pathway (Won et al. 2011). Recent studies have demonstrated the crucial
involvement of YUCCA genes in auxin biosynthesis in plants ranging from mosses
to monocots as well as dicots (Kim et al. 2013; Landberg et al. 2013; Ke et al. 2015).
Additionally, YUCCAs are also reported to function in the IPA pathway in
Arabidopsis (Mashiguchi et al. 2011). The transgenic poplar plants overexpressing
Arabidopsis YUCCA6 gene under the control of SWPA2, an oxidative stress-
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inducible promoter, exhibited auxin overproduction and elevated transcript levels of
early auxin-responsive genes and increased tolerance to drought and oxidative
stresses (Ke et al. 2015). Previously, Kim et al. (2013) observed increased plant
height, longevity, and enhanced drought tolerance in Arabidopsis and potato resulted
from overexpression of YUCAAG.

10.4.3 Genetic Engineering of Cytokinin Metabolism

Cytokinins (CKs) are ubiquitous phytohormones that are considered as key regula-
tors of plant development, physiological processes, and plant morphology. The
mutants and transgenic cells and tissues with altered activity of cytokinin metabolic
enzymes or perception machinery have highlighted their crucial involvement in dif-
ferent agriculturally important traits, such as productivity, and increased tolerance
of crop plants to various stresses (Zalabdk et al. 2013). Genetic engineering
approaches were used to confirm the role of CKs in plant morphogenesis, and
results revealed that CK organ imbalance results into morphological abnormalities
and a crucial effect on shoot/root ratio (Werner et al. 2003).

The CK function has been linked to different abiotic stresses (Hare et al. 1997),
for instance, there are reports of CK sensing in long-term responses to cold stress as
well as enhanced tolerance to freezing stress of CK receptor mutants (Jeon et al.
2010). Drought conditions exerted a reduction in isoprenoid CK levels in the xylem
sap of plants (Shashidhar et al. 1996); on the other hand, elevated levels of BAP,
with apparent inhibitory effects on leaf senescence coupled with higher accumula-
tion of proline, were detected in xylem sap of maize exposed to drought (Alvarez
et al. 2008). Salinity or osmotic stress shows a strong impact on expression levels of
Arabidopsis CK receptors (Zalabdk et al. 2013). Downregulation of AHK2 and
AHK4 and upregulation of AHK3 as well as its orthologue were observed in roots
and shoots of Medicago sativa (Coba de la Pefia et al. 2008; Argueso et al. 2009).
Owing to the overexpression of stress-responsive genes in ahk2/ahk3 double
mutants, Tran et al. (2007) pointed out the nature of AHKSs as apparent stress signal-
ing negative regulators. Tight regulation of genes involved in CK metabolism has
been mentioned during plants’ adaptation to salinity and osmotic stresses in maize
(Zalabék et al. 2013).

It is evident that drought conditions decrease the endogenous levels of CK in
plant tissues, and elevated levels of CK might promote plants’ adaptation and mini-
mize the yield penalties. Therefore, attempts have been made to increase CK levels
via genetic engineering to confer stress tolerance in transgenic plants. The inducible
promoters have been used successfully for producing highly drought-tolerant plants
without negative impacts on the growth of cassava (Zhang et al. 2010a) and tomato
(Ghanem et al. 2011). On similar lines, Rivero et al. (2007) and Peleg et al. (2011)
reported enhanced drought tolerance and higher grain yield than non-transformed
counterparts of tobacco and rice, respectively. In an interesting experiment,
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improved growth of transgenic plants was achieved under osmotic stress conditions
after isopentenyl transferase gene fusion to the 3’ transcription ends of other genes
under constitutive promoters (Guo et al. 2010).

Werner et al. (2010) generated transgenic Arabidopsis and tobacco plants over-
expressing cytokinin oxidase/dehydrogenase (CKX) gene with enhanced root-
specific degradation of CK, and the resultant transgenic plants formed a larger root
system and exhibited higher survival rate under severe drought conditions. Under
conditions of sulfur or magnesium deficiency, leaf chlorophyll content was less
affected in transgenic plants. This approach holds significance and can be explored
to improve drought tolerance, nutrient efficiency, and nutrient content of crop plants.

10.4.4 Genetic Engineering of Ethylene Metabolism

Ethylene (ET) is one of the most important regulatory molecules that are related to
environmental responses in plants. ET is a gaseous phytohormone and has been
documented for its involvement in plant stress responses, in addition to its roles in
germination, fruit ripening, organ abscission, pathogen, and senescence (Chen et al.
2005; Klay et al. 2014). There are various reports confirming that the accumulation
of ET or its precursor ACC (aminocyclopropane-1-carboxylic acid) is sharply
induced by abiotic stress conditions such as soil salinity (Zapata et al. 2007) and
water stress (Narayana et al. 1991). The transcript profiling of expanding Arabidopsis
leaves under mild osmotic stress conditions revealed that an ET and gibberellin-
dependent regulatory circuit modulated the growth under these conditions (Skirycz
et al. 2010). This was accompanied by the rapid accumulation of 1-ACC, and this
accumulation has been proposed to activate a cascade of the growth regulatory cir-
cuit in Arabidopsis (Claeys and Inzé 2013). Recent findings have drawn a general
conclusion that ET and 1-ACC act as positive growth regulators under various con-
ditions in rice (Fukao and Xiong 2013; Wang et al. 2013).

ET has been proposed to function via modulation of gene expression, which
operates in part at transcriptional level by ERF (ethylene response factor) consid-
ered as the effectors of ethylene signal (Klay et al. 2014). A linear ET transduction
pathway has been proposed in Arabidopsis which corresponds to a succession of
components from ET receptor integrated in endoplasmic reticulum to TFs localized
in nucleus (Chen et al. 2005; Guo and Ecker 2004). The ERF-TFs, comprising a
huge multigene TF-family, regulate the expression of ET-dependent genes and are
considered as the most prominent components directing the plant responses to ET
signal (Klay et al. 2014). Various members of this family are critical in regulating
the expression in response to abiotic stresses (Zhang et al. 2008). Notably, these
ERFs have the ability to work as both activator and repressor elements depending
upon the situation (Fujimoto et al. 2000; Zhang et al. 2004). Several reports have
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confirmed the involvement of different ERF genes in abiotic stress responses of
plants including Arabidopsis (Yang et al. 2011).

Klay et al. (2014) studied the expression patterns of a Solanum lycopersicum
ERF-gene SI-ERF.B.3, which encodes for tomato TF of ERF family, to determine
its regulation in response to abiotic stresses including salinity, drought, flooding,
heat, and cold. RT-PCR-based results showed that SI-ERF.B.3 is an abiotic
stress-responsive gene and is induced by cold, heat, and flooding but downregulated
by salinity and drought. Further, as compared with wild type, SI-ERF.B.3 antisense
transgenic plants exhibited a salt stress-dependent growth inhibition (Klay et al.
2014).

Overexpression of different ERFs has been attempted in different plant species
for conferring abiotic stress tolerance. Rice mutants overexpressing the response
factor jasmonate and ERF-1 (JERF) exhibited enhanced drought tolerance, and
this effect was correlated with the expression of stress-responsive genes, including
key enzymes of proline biosynthesis (Zhang et al. 2010b). Similarly, better drought
and salinity tolerance was observed in Arabidopsis (Cheng et al. 2013) and tomato
(Pan et al. 2012) plants overexpressing ERF-1 and ERF-5, respectively. Further, ET
overproducer 1-like (ETOLI)-overexpressing rice plants was found more tolerant to
drought and submergence (Du et al. 2014). It can be concluded that ET metabolism
and signaling pathways influence various stress responses in plants (Krannich et al.
2015). The ET genes, in particular those related with growth maintenance under
water-deficit conditions, have significant agronomic relevance for providing effi-
cient resources for crop improvement and can negate the yield penalties.

10.4.5 Genetic Engineering of Brassinosteroid Metabolism

Brassinosteroids (BRs) are a group of steroidal phytohormones, structurally similar
to animal and insect steroids. These are ubiquitous throughout the plant kingdom
and regulate a range of physiological responses such as cell elongation, photomor-
phogenesis, xylem differentiation, seed germination (Sasse 2002), and stress
responses (Krishna 2003). Owing to the multifunctional roles of BRs, the genetic
manipulation of BR metabolism offers a unique possibility of significantly increas-
ing crop yields and protecting plants from environmental stresses (Divi and Krishna
2009). Various BR-induced molecular changes that are related with stress tolerance
have been identified such as overexpression of stress-responsive genes (Dhaubhadel
et al. 1999; Kagale et al. 2007), maintenance of protein synthesis (Dhaubhadel et al.
2002), induction of antioxidant enzymes and osmoprotectant accumulation
(Ozdemir et al. 2004; Divi and Krishna 2009), and higher photosynthetic efficiency
(Krishna 2003; Ogweno et al. 2007).

Consequently, T-DNA knockout mutants of OsGSKI, a rice ortholog of the
BR-negative regulator BIN2, exhibited enhanced tolerance to cold, heat, salt, and
drought stresses as compared to their wild-type counterparts (Koh et al. 2007). A
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gene HSD1 encoding a protein with homology to animal 11-b-hydroxysteroid dehy-
drogenase (HSD) was identified in Arabidopsis by Li et al. (2007). The HSDs are
attributed for regulating growth and development in animals, though their enzy-
matic functions are still not clearly known in plants. Though a relationship of AtHSD
with BR biosynthesis or signaling has yet to be established, the overexpression of
AtHSD1 in Arabidopsis resulted in the constitutive expression of BR response genes
and produced phenotypes similar to plants overproducing BRs or BRII
(BR-insensitive 1), with increased growth and seed yield as well as increased toler-
ance to salinity stress and reduced seed dormancy (Li et al. 2007). These findings
suggest that ArHSD] is linked to the BR pathway and it has potential for improving
crop yield and stress tolerance in plants. As it is clear that BRs have the potential to
enhance crop yield and confer tolerance to abiotic stresses, their genetic manipula-
tions present a sound platform for producing high-yielding stress-tolerant crops.
However, there is a long way to make these strategies a commercial success. In this
direction, the identification of species-specific BR-related genes and trial and error
of gene manipulation with respect to the candidate gene and targeted organ or tissue
may be of great help. A list of transgenic plants with altered expression of
phytohormone-related genes with enhanced abiotic stress-tolerant phenotypes has
been presented in Table 10.1.

10.5 Conclusion and Perspectives

It can be concluded that the phytohormone engineering has the potential for produc-
ing high-yielding and abiotic stress-tolerant crops which provides new opportuni-
ties to maintain sustainable crop production to feed the whole world under changing
environmental conditions. Although, with rapid development of genomic technol-
ogy, significant attempts have been done in recent years toward deciphering the
plant abiotic stress responses, many challenges still lie ahead to uncover the com-
plexity of stress signal transduction pathways. More extensive work is required to
be done at the genetic level of biosynthetic pathway of hormones like IAA, mecha-
nism of upregulation of ABA biosynthesis genes by the abiotic stress and hormone
homeostasis of GA, and exact pathway of many hormones like SA.

Plant hormones are involved directly or indirectly in wide spectrum of abiotic
stresses, and creditable research has validated that they play a critical role in plant
defense and plant-environment interactions. Undoubtedly, the phytohormone engi-
neering is highly promising for plant biologist, but there is still a long way to reach
its complete prospective. Among the greatest challenges that remain to be addressed
is the development of stable phytohormone-engineered abiotic stress-tolerant crops
but without growth or yield penalties. The multi-gene transfer approaches may also
prove beneficial for producing crop plants with tolerance to multiple or combination
of abiotic stresses.



(8002

‘[e 32 Sungy, pue
(L00T ‘0002) Te 32
uosdwoy], ((5007)

V. Kumar et al.

‘Te 30 yremsy (z007) 90ULI[0) JYSNOIP Pasealou] pue
1IBRADIZ PUR UID) ‘2INSO[9 [BIBWO)S PAONPUI ‘Y'Y
$(T007) 'Te 32 Iyony SNOUaSOpUD JO S[OAS] PISLAIOU]

90UBId[0) JYINnOIp

PaseaIOUI PUE ‘UOTIB[NWNIOL

VgV ‘uoissaxdxe QY

(€102) T N PIOUBYUD (IIM ZIBW JIUdSSuel],
ssa11s Jy3noip Jopun

Aoy joeyids 1o112q ‘praifk doro

(6007) 'Te 12 oery IoyS1Y pamoys 0LI JTUagsuel],
ssons

J1OWSO0 0} AOULBIIO) 1YY VIV

(8007) 'Te 30 yIed JO SISQUIUAS OAOU 9p padueyUY
Kyroedeo

JUBPIXONUE PAdNpul pue armIade

[eIBWO]S PISEIIOAP 0] PANGLIIL

QIe Jey) SSOJ J9jeM PadNpal

‘uone[NUINOde gy Ioysiy

¢20UBIA[0) JYINOIP PIOUBYUD

‘PIo1A ‘uononpoid ssewrorq

(€102) T 19 I'T| I9YSIY pamoys ueaqAos oruagsuel],
SQIUAIAJY soruagsuen jo adAjouayq

[onuod
Joeqpa9y J0J SISAYIULsoIq
V4V Jo dais Sunnur-ojer

l ur 9[o1 Jueroduwy daDN
N\

SISOYIUASOIq VgV JO
|| dais iser o Jo uonen3oy SSO71

s1sayjuAsorq ygy jo das

1| 1say ayy Suump juenodurg dAZIV
sisoiuksolq ygv jo
|| dasise[ oy Jo uonen3oy |  9seanyins 0O vav
noyoouy/uolssardxg Juas Jo uonounyg Juen | Juouwloy Jue[d

soruagsuen) juejnsar Jo sadKjouayd JULIS[0}-SSAIS ONOIqE PAOUBYUD Uk Sauas paje[aI-suourioyolAyd Jo uorssardxo paraly T[0T dIqeL

258



259

10 Engineering Phytohormones for Abiotic Stress Tolerance in Crop Plants

(penunuod)

(¥100) 'Te 1@ ng

(Q0107) 'Te 12 Sueyz

(LOOT) 'Te 10 019ATY

(0102) Te 10 JouIoM

(0102) 'T& 10 UOSEIN

(€100) Te 10 Wy

(S100) Te 10 oY

(21027) "Te 10 Sueyz

(0100) T8 10 OB

QouagrouIqns

pue 1ySnoIp 0} AOULIS[0) PasLaIdU]

Q0URIS[0) JYSNOIp

pasearoul pamoys syuerd aory

20UBI9[0) JYSNOIP PIdUBYUD

PAQIYX 0008qO} JTUIFSULI],

20UBI9[0) JYSNOIP PIdUBYUD

pPomoys aua3 aseua3oIpAYap
/3SEPIXO UTUR03A0 Jurssardxorono
syuerd s1sdopigp.y oruagsuel],

I9)10dsuen 3 jo uorssardxe

PISBAIOUL YIIM SJUBINW J[qNOP
4D UT Q0URIS[O} I[BS PASLaIou]
90ULID[0) JYSNOIP PIJURYUS pue
‘K31aa8uo] ‘JyStay jued pasearouy

SSI)S QAIIEPIXO

pue JySnoIp 0} 90ULIS[0} PISLAIOUT

‘urxne jo uononpoidioaQ

QOLI UT 9OUEIA[0} JYSNOIp Pasearou]

[enuajod onjowso

pue ‘Tenuajod sisaypuisojoyd

paaoxdur ‘ssof 1jem

PasBaIdap ‘ssams Furzoalj ‘jres
Y3noIp 0] IOUBII[O) PIOUBYUD
ynm sisdopigoay druagsuel],

4D STURINUT JNOYOOUS]

sojeuowsel

SE [[om SB QUI[AYIR

10J s10308] osuodsay
sIsayyuAs 3D jo doys
SunTwr-oyer Ay 9zA[eIR)

uonepeI3op urunolL)

$10)0B)
uonduosuen urunolA)

stsaIuAsolq VdI

Jurxne ur aua3 jueyrodwy
Jlodsuen

urxne rejod ur juelroduir
IOLLIED XN[JJO UIXNY

YI1omou Surfeusis ygy ut
oseury urajoxd auruoay)
Jautias jueptoduy

['1014

(1494r) [-444

Ldl

X)D

SHY

9VOONAX

1ENIdSO

P AUS

14

;0]

urxny



V. Kumar et al.

260

(L00D) T8 I'T

(L0O0D) T8 10 4oy
SQOUQIJIY

90UBIJ[O0 AJIUI[ES PaseaIoul
‘PISIA P9s pue el ImoI3
pasearour “yg jo uononpoidioaQ
$9ssa1s JY3noIp

pue ‘J[es ‘7eay ‘p[od 03 syuenu
INOYO0UY JO QOUBID[0) PISBAIOU]

soruagsuen jo adAjouayg

[XSDS0 Jo Imoydouy
Jnosoouy/uoIssaIdxyg

SISOUIUASOIq ¥ UI [0y

I0JB[N3I QATIRTOU-Y g

Qua3 jo uonoung

uorssardxaronQ :|

[dSHY

XSO0 sdd
JQuon | ouowoy jue[d

(panunuod) T°Q1 dIqeEL



10 Engineering Phytohormones for Abiotic Stress Tolerance in Crop Plants 261

Acknowledgments The research activities in the laboratory of VK are supported by the funds
under the Science and Engineering Research Board, Government of India, in the form of a Young
Scientist Project [SERB-OYS; grant number SR/FT/LS-93/2011], and University Grants
Commission Major Research Project [F. No. 41-521/2012 (SR)]. The use of the facilities created
under DST-FIST is gratefully acknowledged.

References

Alvarez S, Marsh EL, Schroeder SG, Schachtman DP. Metabolomic and proteomic changes in the
xylem sap of maize under drought. Plant Cell Environ. 2008;31:325-40.

Argueso CT, Ferreira JF, Kieber JJ. Environmental perception avenues: the interaction of cytokinin
and environmental response pathways. Plant Cell Environ. 2009;32:1147-60.

Aswath CR, Kim SH, Mo SY, Kim DH. Transgenic plants of creeping bentgrass harboring the
stress inducible gene, 9-cis-epoxycarotenoid dioxygenase, are highly tolerant to drought and
NaCl stress. Plant Growth Regul. 2005;47:129-39.

Bittner F, Oreb M, Mendel RR. ABA3 is a molybdenum cofactor sulfurase required for activation
of aldehyde oxidase and xanthine dehydrogenase in Arabidopsis thaliana. J Biol Chem.
2001;2001(276):40381-4.

Chaves MM, Maroco JP, Pereira JS. Understanding plant responses to drought: from genes to the
whole plant. Funct Plant Biol. 2003;30:239-64.

Chen Y, Etheridge N, Schaller GE. Ethylene signal transduction. Ann Bot. 2005;95:901-15.

Cheng M-C, Liao P-M, Kuo W-W, Lin T-P. The Arabidopsis ETHYLENE RESPONSE FACTOR1
regulates abiotic stress-responsive gene expression by binding to different cis-acting elements
in response to different stress signals. Plant Physiol. 2013;162:1566-82.

Claeys H, Inzé D. The agony of choice: how plants balance growth and survival under water-
limiting conditions. Plant Physiol. 2013;162:1768-79.

Coba de la Pefia T, Carcamo CB, Almonacid L, Zaballos A, Lucas MM, Balomenos D, et al. A salt
stress-responsive cytokinin receptor homologue isolated from Medicago sativa nodules. Planta.
2008;227:769-79.

Colebrook EH, Thomas SG, Phillips AL, Hedden P. The role of gibberellin signalling in plant
responses to abiotic stress. J Exp Biol. 2014;217:67-75.

Davies PJ. The plant hormones: their nature, occurrence, and function. In: Davies PJ, editor. Plant
hormones: biosynthesis, signal transduction, action! Dordrecht: Springer; 2010. p. 1-15.

De Smet I, Voss U, Lau S, Wilson M, Shao N, Timme RE, Swarup R, Kerr I, Hodgman C, Bock R,
Bennet M, Jurgens G, Beeckman T. Unraveling the evolution of auxin signaling. Plant Physiol.
2010;155:209-21.

Dhaubhadel S, Browning KS, Gallie DR, Krishna P. Brassinosteroid functions to protect the trans-
lational machinery and heat-shock protein synthesis following thermal stress. Plant
J.2002;29:681-91.

Dhaubhadel S, Chaudhary S, Dobinson KF, Krishna P. Treatment with 24-epibrassinolide, a brassi-
nosteroid, increases the basic thermotolerance of Brassica napus and tomato seedlings. Plant
Mol Biol. 1999;40:333-42.

Divi UK, Krishna P. Brassinosteroids confer stress tolerance. In: Hirt H, editor. Plant stress biol-
ogy. Weinheim: Wiley—VCH Verlag GmbH & Co. KGaA; 2009. p. 119-35.

Doltchinkova V, Angelova P, Ivanova E, Djillanov D, Moyankova D, Konstantinova T, Atanassov
A. Surface electric charge of thylakoid membrane from genetically modified tobacco plants
under freezing stress. J Phytochem Photobiol B Biol. 2013;119:22-30.

Du H, Wu N, Cui F, You L, Li X, Xiong L. A homolog of ETHYLENE OVER-PRODUCER,
OsETOLL1, differentially modulates drought and submergence tolerance in rice. Plant
J. 2014;78:834-49.



262 V. Kumar et al.

FAO. The Status of research and application of crop biotechnologies in developing countries. Italy:
Rome; 2005.

Friml J. Auxin transport—shaping the plant. Curr Opin Plant Biol. 2003;6:7-12.

Fujimoto SY, Ohta M, Usui A, Shinshi H, Ohme-Takagi M. Arabidopsis ethylene-responsive ele-
ment binding factors act as transcriptional activators or repressors of GCC box mediated gene
expression. Plant Cell. 2000;12:393-404.

Fukao T, Xiong L. Genetic mechanisms conferring adaptation to submergence and drought in rice:
simple or complex? Curr Opin Plant Biol. 2013;16:196-204.

Ghanem ME, Albacete A, Smigocki AC, Frébort I, PospiSilova H, Martinez-Andujar C, et al. Root-
synthesized cytokinins improve shoot growth and fruit yield in salinized tomato (Solanum lyco-
persicum L.) plants. J Exp Bot. 2011;62:125-40.

Goel S, Madan B. Genetic engineering of crop plants for abiotic stress tolerance In: Ahmed P,
Rasool S, editors. Emerging Technologies and Managements of crop stress tolerance, vol 1.
Amsterdam: Elsevier. 2014.

Guo H, Ecker JR. The ethylene signaling pathway: new insights. Curr Opin Plant Biol.
2004;7:40-9.

Guo JC, Duan RJ, Hu XW, Li KM, Fu SP. Isopentenyl transferase gene (ipt) downstream transcrip-
tionally fused with gene expression improves the growth of transgenic plants. Transgenic Res.
2010;19:197-209.

Ha CV, Le DT, Nishiyama R, Watanabe Y, Sulieman S, Tran UT, Mochida K, Van Dong N,
Yamaguchi-Shinozaki K, Shinozaki K, Tran L-SP. The auxin response factor transcription fac-
tor family in soybean: genome-wide identification and expression analyses during development
and water stress. DNA Res. 2014;20:511-24.

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

Harrison MA. Cross-talk between phytohormone signaling pathways under both optimal and
stressful environmental conditions. In: Khan NA, Nazar R, Igbal N, Anjum NA, editors.
Phytohormones and abiotic stress tolerance in plants. Berlin/Heidelberg: Springer; 2012.
p. 49-76.

Hasanuzzaman M, Gill SS, Fujita M. Physiological role of nitric oxide in plants grown under
adverse environmental conditions. In: Gill SS, Tuteja N, editors. Plant acclimation to environ-
mental stress. New York: Springer; 2013. p. 269-322.

HuangJ, Levine A, Wang Z. Plant abiotic stress. Scientific World J. 2013. doi: 10.1155/2013/432836.

Tuchi S, Kobayashi M, Taji T, Naramoto M, Seki M, Kato T, Tabata S, Kakubari Y, Yamaguchi-
Shinozaki K, Shinozaki K. Regulation of drought tolerance by gene manipulation of 9-cis-
epoxycarotenoid dioxygenase, a key enzyme in abscisic acid biosynthesis in Arabidopsis. Plant
J.2001;27:325-33.

Jain M, Khurana J. Transcript profiling reveals diverse roles of auxin-responsive genes during
reproductive development and abiotic stress in rice. FEBS J. 2009;276:3148-62.

Jeon J, Kim NY, Kim S, Kang NY, Novak O, Ku S-J, et al. A Subset of cytokinin two component
signaling system plays a role in cold temperature stress response in Arabidopsis. J Biol Chem.
2010;285:23371-86.

Kagale S, Divi UK, Krochko JE, Keller WA, Krishna P. Brassinosteroid confers tolerance in
Arabidopsis thaliana and Brassica napus to a range of abiotic stresses. Planta.
2007;225:353-64.

Kazan K. Auxin and the integration of environmental signals into plant root development. Ann Bot.
2013;112:1655-65.

Ke Q, Wang Z, Ji CY, Jeong JC, Lee HS, Li H, Xu B, Deng X, Kwak SS. Transgenic poplar
expressing Arabidopsis YUCCAG6 exhibits auxin-overproduction phenotypes and increased tol-
erance to abiotic stress. Plant Physiol Biochem. 2015;94:19-27.

Kim H, Lee K, Hwang H, Bhatnagar N, Kim D-Y, Yoon IS, Buyn M-O, Kim ST, Jung K-H, Kim
BG. Overexpression of PYL5 in rice enhances drought tolerance, inhibits growth, and modu-
lates gene expression. J Exp Bot. 2014;65:453-64.


http://dx.doi.org/10.1155/2013/432836

10 Engineering Phytohormones for Abiotic Stress Tolerance in Crop Plants 263

Kim J, Baek D, Park HC, Chun HJ, Oh D-H, Lee MK, Cha J-Y, Kim W-Y, Kim MC, Chung
WS. Overexpression of Arabidopsis YUCCAG in potato results in high-auxin developmental
phenotypes and enhanced resistance to water deficit. Mol Plant. 2013;6:337-49.

Klay I, Pirrello J, Riahi L, Bernadac A, Cherif A, Bouzayen M, Bouzid S. Ethylene response fac-
tors SI-ERFB3 is responsive to abiotic stresses and mediates salt and cold stress response regu-
lation in tomato. Sci World J. 2014;2014:1-12. doi:10.1155/2014/167681.

Koh S, Lee S-C, Kim M-K, Koh JH, Lee S, An G, Choe S, Kim SR. T-DNA tagged knockout muta-
tion of rice OsGSK1, an orthologue of Arabidopsis BIN2, with enhanced tolerance to various
abiotic stresses. Plant Mol Biol. 2007;65:1158-64.

Kohli A, Sreenivasulu N, Lakshmanan P, Kumar PP. The phytohormone crosstalk paradigm takes
center stage in understanding how plants respond to abiotic stresses. Plant Cell Rep.
2013;32:945-57.

Koornneef M, Léon-Kloosterziel KM, Schwartz SH, Zeevaart JAD. The genetic and molecular
dissection of abscisic acid biosynthesis and signal transduction in Arabidopsis. Plant Physiol
Biochem. 1998;36:83-9.

Krannich CT, Maletzki L, Kurowsky C, Horn R. Network candidate genes in breeding for drought
tolerant crops. Int J Mol Sci. 2015;16:16378—400.

Krishna P. Brassinosteroid-mediated stress responses. J Plant Growth Regul. 2003;22:289-97.

Kumar V, Shriram V, Kishor PBK, Jawali N, Shitole MG. Enhanced proline accumulation and salt
stress tolerance of transgenic indica rice by over-expressing PSCSF129A gene. Plant Biotechnol
Rep. 2010;4:37-48.

Landberg K, Pederson ER, Viaene T, Bozorg B, Friml J, Jonsson H, Thelander M, Sundberg E. The
moss Physcomitrella patens reproductive organ development is highly organized, affected by
the two SHI/STY genes and by the level of active auxin in the SHI/STY expression domain.
Plant Physiol. 2013;162:1406-19.

Li Y, Zhang J, Zhang J, Hao L, Hua J, Duan L, Zhang M, Li Z. Expression of an Arabidopsis
molybdenum factor sulphurase gene in soybean enhances drought tolerance and increases yield
under field conditions. Plant Biotechnol J. 2013;11:747-58.

Li F, Asami T, Wu X, Tsang EW, Cutler AJ. A putative hydroxysteroid dehydrogenase involved in
regulating plant growth and development. Plant Physiol. 2007;145:87-97.

LuY, LiY, Zhang J, Xiao Y, Yue Y, et al. Overexpression of Arabidopsis molybdenum cofactor
sulfurase gene confers drought tolerance in maize (Zea mays L.). PLoS One. 2013;8(1):e52126.
doi:10.1371/journal.pone.0052126.

Mano Y, Nemoto K. The pathway of auxin biosynthesis in plants. J Exp Bot. 2012;63:2853-72.

Mao X, Zhang H, Tian S, Chang X, Jing R. TaSnRK2.4, an SNF1-type serine/threonine protein
kinase of wheat (Triticum aestivum L.), confers enhanced multistress tolerance in Arabidopsis.
J Exp Bot. 2010;61:683-96.

Mashiguchi K, Tanaka K, Sakai T, Sugawara S, Kawaide H, Natsume M, Hanada A, Yaeno T,
Shirasu K, Yao H. The main auxin biosynthesis pathway in Arabidopsis. Proc Natl Acad Sci U
S A.2011;108:18512-17.

Mason MG, Jha D, Salt DE, Tester M, Hill K, Kieber JJ, et al. Type-B response regulators ARR1
and ARRI12 regulate expression of AtHKT1;1 and accumulation of sodium in Arabidopsis
shoots. Plant J. 2010;64:753-63.

Mehrotra R, Bhalothia P, Bansal P, Basantani MK, Bharti V, Mehrotra S. Abscisic acid and abiotic
stress tolerance—different tiers of regulation. J Plant Physiol. 2014;171:486-96.

Narayana I, Lalonde S, Saini HS. Water-stress-induced ethylene production in wheat: a fact or
artifact? Plant Physiol. 1991;96:406-10.

O’Brien JA, Benkova E. Cytokinin cross-talking during biotic and abiotic stress responses. Front
Plant Sci. 2013;4:1-11. doi:10.3389/fpls.2013.00451.

Ogweno JO, Song XS, Shi K, Hu WH, Mao WH, Zhou YH, Yu JQ, Nogués S. Brassinosteroids
Alleviate heat-induced inhibition of photosynthesis by increasing carboxylation efficiency and
enhancing antioxidant systems in Lycopersicon esculentum. J Plant Growth Regul.
2007;27:49-517.


http://dx.doi.org/10.1155/2014/167681
http://dx.doi.org/10.1371/journal.pone.0052126
http://dx.doi.org/10.3389/fpls.2013.00451

264 V. Kumar et al.

Ozdemir F, Bor M, Demiral T, Tiirkan I. Effects of 24-epibrassinolide on seed germination, seed-
ling growth, lipid peroxidation, proline content and antioxidative system of rice (Oryza sativa
L.) under salinity stress. Plant Growth Regul. 2004;42:203-11.

PanY, Seymour GB, Lu C, Hu Z, Chen X, Chen G. An ethylene response factor (ERFS5) promoting
adaptation to drought and salt tolerance in tomato. Plant Cell Rep. 2012;31:349-60.

Park HY, Seok HY, Park BK, Kim SH, Goh CH, et al. Overexpression of Arabidopsis ZEP enhances
tolerance to osmotic stress. Biochem Bioph Res Comm. 2008;375:80-5.

Peleg Z, Reguera M, Tumimbang E, Walia H, Blumwald E. Cytokinin-mediated source/sink modi-
fications improve drought tolerance and increase grain yield in rice under water-stress. Plant
Biotechnol J. 2011;9:747-58.

Qin X, Zeevaart JAD. Overexpression of a 9-cis-epoxycarotenoid dioxygenase gene in Nicotiana
plumbaginifolia increases abscisic acid and phaseic acid levels and enhances drought toler-
ance. Plant Physiol. 2002;128:544-51.

Raghavendra AS, Gonugunta VK, Christmann A, Grill E. ABA perception and signaling. Trends
Plant Sci. 2010;15:395-401.

Reguera M, Peleg Z, Abdel-Tawab YM, Tumimbang EB, Delatorre CA, Blumwald E. Stress-
induced cytokinin synthesis increases drought tolerance through the coordinated regulation of
carbon and nitrogen assimilation in rice. Plant Physiol. 2013;163(4):1609-22. doi:10.1104/
pp-113.227702.

Rivero RM, Kojima M, Gepstein A, Sakakibara H, Mittler R, Gepstein S, et al. Delayed leaf senes-
cence induces extreme drought tolerance in a flowering plant. Proc Natl Acad Sci U S A.
2007;104:19631-6.

Santner A, Estelle M. The ubiquitin-proteasome system regulates plant hormone signaling. The
plant journal. 2010;61:1029-40.

Sasse J. Physiological actions of brassinosteroids: an update. J Plant Growth Regul.
2002;22:276-88.

Seo M, Aoki H, Koiwai H, Kamiya Y, Nambara E, et al. Comparative studies on the Arabidopsis
aldehyde oxidase (AAO) gene family revealed a major role of AAO3 in ABA biosynthesis in
seeds. Plant Cell Physiol. 2004;45:1694—703.

Seo M, Koshiba T. Complex regulation of ABA biosynthesis in plants. Trends Plant Sci.
2002;7:41-8.

Sharma E, Sharma R, Borah P, Jain M, Khurana JP. Emerging roles of auxin in abiotic stress
responses. In: Pandey GK, editor, Elucidation of abiotic stress signaling in plants. New York:
Springer, 2015. p. 299-328

Shashidhar VR, Prasad TG, Sudharshan L. Hormone signals from roots to shoots of sunflower
(Helianthus annuus L.) moderate soil drying increases delivery of abscisic acid and depresses
delivery of cytokinins in xylem sap. Ann Bot. 1996;78:151-5.

Shinozaki K, Yamaguchi-Shinozaki K, Seki M. Regulatory network of gene expression in the
drought and cold stress responses. Curr Opin Plant Biol. 2003;6:410-17.

Singh AK, Kumar R, Pareek A, Sopory SK, Singla-Pareek SL. Overexpression of Rice CBS
domain containing protein improves salinity, oxidative and heavy metal tolerance in transgenic
tobacco. Mol Biotechnol. 2012;52:205-16.

Singh A, Jha SK, Bagri J, Pandey GK. ABA inducible rice protein phosphatase 2C confers ABA
insensitivity and abiotic stress tolerance in Arabidopsis. PLoS One. 2015;10(4):e0125168.
doi:10.1371/journal.pone.0125168.

Skirycz A, De Bodt S, Obata T, De Clercq I, Claeys H, De Rycke R, et al. Developmental stage
specificity and the role of mitochondrial metabolism in the response of Arabidopsis leaves to
prolonged mild osmotic stress. Plant Physiol. 2010;152:226-44.

Song Y, Wang L, Xiong L. Comprehensive expression proWling analysis of OsIAA gene family in
developmental processes and in response to phytohormone and stress treatments. Planta.
2009;229:577-91.

Sreenivasulu N, Harshavardhan VT, Govind G, Seiler C, Kohli A. Contrapuntal role of ABA: does
it mediate stress tolerance or plant growth retardation under long-term drought stress? Gene.
2012;506:265-73.


http://dx.doi.org/10.1104/pp.113.227702
http://dx.doi.org/10.1104/pp.113.227702
http://dx.doi.org/10.1371/journal.pone.0125168

10 Engineering Phytohormones for Abiotic Stress Tolerance in Crop Plants 265

Sreenivasulu N, Radchuk V, Alawady A, Borisjuk L, Weier D, Staroske N, Fuchs J, Miersch O,
Strickert M, Usadel B, Wobus U, Grimm B, Weber H, Weschke W. De-regulation of abscisic
acid contents causes abnormal endosperm development in the barley mutant seg8. Plant
J. 2010;64:589-603.

Sreenivasulu N, Radchuk V, Strickert M, Miersch O, Weschke W, Wobus U. Gene expression pat-
terns reveal tissue-specific signaling networks controlling programmed cell death and ABA-
regulated maturation in developing barley seeds. Plant J. 2006;47:310-27.

Sreenivasulu N, Sopory SK, Kishor PBK. Deciphering the regulatory mechanisms of abiotic stress
tolerance in plants by genomic approaches. Gene. 2007;388:1-13.

Thompson AJ, Andrews J, Mulholland BJ, McKee JMT, Hilton HW, et al. Overproduction of
abscisic acid in tomato increases transpiration efficiency and root hydraulic conductivity and
influences leaf expansion. Plant Physiol. 2007;143:1905-17.

Thompson AJ, Jackson AC, Symonds RC, Mulholland BJ, Dadswell AR, et al. Ectopic expression
of a tomato 9-cis-epoxycarotenoid dioxygenase gene causes over-production of abscisic acid.
Plant J. 2000;23:363-74.

Todaka D, Shinozaki K, Yamaguchi-Shinozaki K. Recent advances in the dissection of drought-
stress regulatory networks and strategies for development of drought-tolerant transgenic rice
plants. Front Plant Sci. 2015;6:1-20.

Tran LS, Urao T, Qin F, Maruyama K, Kakimoto T, Shinozaki K, et al. Functional analysis of
AHK1/ATHKI1 and cytokinin receptor histidin kinases in response to abscisic acid, drought,
and salt stress in Arabidopsis. Proc Natl Acad Sci U S A. 2007;104:20623-8.

Tung SA, Smeeton R, White CA, Black CR, Taylor IB, et al. Overexpression of LeNCED]1 in
tomato (Solanum lycopersicum L.) with the rbcS-3C promoter allows recovery of lines that
accumulate very high levels of abscisic acid and exhibit severe phenotypes. Plant Cell Environ.
2008;31:968-81.

Tuteja N. Abscisic acid and abiotic stress signaling. Plant Signal Behav. 2007;2:135-8.

Umezawa T, Fujita M, Fujita Y, Yamaguchi-Shinozaki K, Shinozaki K. Engineering drought toler-
ance in plants: discovering and tailoring genes to unlock the future. Curr Opin Biotechnol.
2006;17:113-22.

Urano K, Maruyama K, Ogata Y, Morishita Y, Takeda M, Sakurai N, Suzuki H, Saito K, Shibata D,
Kobayashi M. Characterization of the ABA-regulated global responses to dehydration in
Arabidopsis by metabolomics. Plant J. 2009;57:1065-78.

Vardhini BV, Anjum NA. Brassinosteroids make plant life easier under abiotic stresses mainly by
modulating major components of antioxidant defense system. Front Env Sci. 2015;2:1-16.
Verslues PE, Agarwal M, Katiyar-Agarwal S, Zhu J, Zhu JK. Methods and concepts in quantifying
resistance to drought, salt and freezing, abiotic stresses that affect plant water status. Plant

J. 2006;45:523-39.

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

Wang Q, Zhang W, Yin Z, Wen C-K. Rice CONSTITUTIVE TRIPLE-RESPONSE 2 is involved in
the ethylene-receptor signaling and regulation of various aspects of rice growth and develop-
ment. J Exp Bot. 2013;64:4863-75.

Wang W, Vinocur B, Shoseyov O, Altman A. Role of plant heat shock proteins and molecular
chaperones in the abiotic stress response. Trends Plant Sci. 2004;9:244-52.

Werner T, Motyka V, Laucou V, Smets R, van Onckelen H. Cytokinin-deficient transgenic
Arabidopsis plants show multiple developmental alterations indicating opposite functions of
cytokinins in the regulation of shoot and root meristem activity. Plant Cell. 2003;15:1-20.

Werner T, Nehnevajova E, Kollmer I, Novédk O, Strnad M, Kramer U, Schmulling T. Root-specific
reduction of cytokinin causes enhanced root growth, drought tolerance, and leaf mineral
enrichment in Arabidopsis and tobacco. Plant Cell. 2010;22:3905-20.

Wilkinson S, Davies WJ. ABA-based chemical signalling: the co-ordination of responses to stress
in plants. Plant Cell Environ. 2002;25:195-210.

Wilkinson S, Kudoyarova GR, Veselov DS, Arkhipova TN, Davies WJ. Plant hormone interac-
tions: innovative targets for crop breeding and management. J Exp Bot. 2012;63:3499-509.



266 V. Kumar et al.

Won C, Shen X, Mashiguchi K, Zheng Z, Dai X, Cheng Y, Kasahara H, Kamiya Y, Chory J,
Zhao Y. Conversion of tryptophan to indole-3-acetic acid by TRYPTOPHAN
AMINOTRANSFERASES OF ARABIDOPSIS and YUCCAs in Arabidopsis. Proc Natl Acad
Sci U S A. 2011;108:18518-23.

Xiao BZ, Chen X, Xiang CB, Tang N, Zhang QF, Xiong LZ. Evaluation of seven function-known
candidate genes for their effects on improving drought resistance of transgenic rice under field
conditions. Mol Plant. 2009;2:73-83.

Xiong L, Zhu JK. Regulation of abscisic acid biosynthesis. Plant Physiol. 2003;133:29-36.

Xiong LM, Lee H, Ishitani M, Zhu JK. The Arabidopsis LOS5/ABA3 locus encodes a molybde-
num cofactor sulfurase and modulates cold stress- and osmotic stress-responsive gene expres-
sion. Plant Cell. 2001;13:2063-83.

Yang CY, Fu-Chiun Hsu F-C, Li JP, Wang NN, Shih M-C. The AP2/ERF transcription factor
AtERF73/HRE1 modulates ethylene responses during hypoxia in Arabidopsis thaliana. Plant
Physiol. 2011;156:202-12.

Zalabak D, Pospiilovd H, Smehilova M, Mrizové K, Frébort I, Galuszka P. Genetic engineering
of cytokinin metabolism: prospective way to improve agricultural traits of crop plants. Biotech
Adv. 2013;31:97-117.

Zapata PJ, Botella MA, Pretel MT, Serrano M. Responses of ethylene biosynthesis to saline stress
in seedlings of eight plant species. Plant Growth Regul. 2007;53:97-106.

Zhang G, Chen M, Chen X, et al. Phylogeny, gene structures, and expression patterns of the ERF
gene family in soybean (Glycine max L.). J Exp Bot. 2008;59:4095-107.

Zhang H, Huang Z, Xie B, et al. The ethylene-, jasmonate-abscisic acid- and NaCl-responsive
tomato transcription factor JERF1 modulates expression of GCC box-containing genes and salt
tolerance in tobacco. Planta. 2004;220:262-70.

Zhang P, Wang WQ, Zhang GL, Kaminek M, Dobrev P, Xu J, et al. Senescence-inducible expres-
sion of isopentenyl transferase extends leaf life, increases drought stress resistance and alters
cytokinin metabolism in cassava. J Integr Plant Biol. 2010a;52:653-9.

Zhang Q, Li J, Zhang W, Yan S, Wang R, Zhao J, et al. The putative auxin efflux carrier OsPIN3t
is involved in the drought stress response and drought tolerance. Plant J. 2012;72:805-16.
Zhang Z, Li F, Li D, Zhang H, Huang R. Expression of ethylene response factor JERF1 in rice

improves tolerance to drought. Planta. 2010b;232:765-74.

ZhaoY, Hull AK, Gupta NR, Goss KA, Alonso J, Ecker JR, Normanly J, Chory J, Celenza JL. Trp-
dependent auxin biosynthesis in Arabidopsis: involvement of cytochrome P450s CYP79B2 and
CYP79B3. Genes Dev. 2002;16:3100-12.



Index

A

Abiotic stress, 10, 14, 15, 24, 27, 28, 31, 34,
41, 53,76, 78, 80, 81, 88, 89, 92, 101,
106, 121, 134, 135, 139, 198, 203, 206,
221, 222,227,229, 233, 236, 248-260

Abscisic acid (ABA), 6, 24, 52, 76, 120, 134,
197, 218, 250

Acquired thermotolerance, 5, 6, 10

Adventitious root (AR), 118, 120, 122-124,
127, 145, 146, 253

Aerenchyma, 118-122, 127, 128

Al resistance, 144, 148

Aluminum (Al), 135-137, 140-148, 161, 163

Aluminum-activated malate transported 1
(ALMT 1), 137, 144, 147

Ammonia (NH,"), 139

Anatomical responses, 118—128

Assisted phytoextraction, 158—160

Assisted phytoremediation, 158, 165

ATP-binding cassette (ABC)
transporter, 143, 144

Auxin transporter PIN-FORMED (PIN),
31, 62, 146

Auxins (AUXS), 6, 24, 52, 76, 120, 134, 194,
221,248

B

Basal thermotolerance, 5, 6, 13

Boron contamination, 158, 173

Brassinazole-resistantl (BZR1), 16

Brassinosteroids (BRs), 6, 8, 12, 15-17, 24,
30, 36, 53, 54, 76, 80, 90-92, 134, 135,
200, 201, 221, 231, 236, 249, 256-260

© Springer Science+Business Media Dordrecht 2016

C

CBF-cold binding factor, 26

Chilling, 24, 25, 29, 35, 36, 38-40, 248

Chilling stress, 24

Climate change, 2, 3, 17

Climate warming, 10

Cold stress, 24—40, 254

Contaminant bioavailability, 159

Cross talk, 3, 6, 10, 24, 28-32, 35, 36, 39,
40, 52-54, 57-65, 80, 83, 89, 91,
106, 123, 182, 186, 188, 190, 191,
193, 197, 198, 201, 207, 220, 226,
229, 231, 236, 237

Cytokinins (CKs), 6, 10-12, 24, 26, 27, 30,
32, 36, 52-56, 58-66, 76, 80, 96-97,
99, 106, 121, 134, 136, 139, 142, 146,
158, 166, 168, 170-175, 197, 201-202,
204, 207, 221, 222, 227-228, 248, 250,
254-255, 259

D
Detoxification mechanisms, 164

E

Efficient phytoextraction, 158, 161, 165

Ethylene (ET), 6, 24, 52, 76, 118, 134, 185,
218, 249

Exchangeable bases, 140

F
Flooding, 118-128, 222, 256

267

G.J. Ahammed, J.-Q. Yu (eds.), Plant Hormones under Challenging
Environmental Factors, DOI 10.1007/978-94-017-7758-2



268

G

Gamma rays, 185

Gibberellins (GAs), 6, 7, 12-13, 16, 24, 27,
30-35, 37, 52-55, 58, 60-62, 64, 65,
76, 80, 85, 89, 91, 99-101, 106, 120,
121, 124-127, 134, 136, 139, 142, 147,
167, 191, 197, 198, 204, 205, 207, 221,
222,227-228, 231, 249, 250, 255, 257

Glucosinolates, 196-197

Glycophytes, 77

H

H2A.Z, 4,13

Heat sensors, 3, 4

Heat shock factor (Hsf), 4, 11

Heat shock proteins (HSPs), 11, 14, 15, 39,

40, 164
Heat stress response (HSR), 3, 4, 11, 12,
14-16
Helianthus annuus, 158, 159, 173-175
High H*, 136

Hormonal cross talk, 6, 31, 57-65

Hormonal interaction, 51-66

Hormone cross talk, 3

Hormone interplay, 117

Hormones, 2, 27, 52, 76, 137, 171, 186,
218, 250

Hydrogen peroxide (H,0,), 78, 79, 86, 104,
194, 202-204, 206, 218, 220

Hyperaccumulator plants, 159, 160, 173

Hypersensitive response (HR), 217, 230,
233,234

I

Indole-3-acetic acid (IAA), 31, 36, 55, 62-64,
83, 97-99, 134, 136, 139, 140, 142,
145-148, 166-168, 170, 172, 173,
197, 199, 200, 204, 222, 227-228,
236, 253, 257

Induced phytoextraction, 159, 160, 165-172

J

Jasmonic acid (JA), 6, 8, 13-16, 24, 27-29,
31, 36, 38, 39, 66, 76, 80, 88-90, 93,
101, 106, 134, 135, 142, 147, 206, 220,
221, 224, 231-236

L
Light intensity, 185-189, 201, 206, 216
Light quality, 190, 200, 201

Index

Low pH, 136, 140, 143, 148

Low-oxygen escape syndrome
(LOES), 118

Low-oxygen quiescence syndrome
(LOQS), 119

Lysigenous aerenchyma, 118-122, 128

M

Metal accumulation, 160-162, 171
Modulated application, 158

Multiprotein bridging factor 1c (MBFlc),

4,5, 14

N

Natural phytoextraction, 159, 160, 167-170,
172-173

Nitrate (NO5"), 91, 139

Nitrogen (N), 7, 91, 93, 95, 103, 104,
136-140, 158, 173-175, 184, 235

Nutrients deficiency, 138, 255

(0]

Oxygen deficiency, 118, 121

Ozone (05), 76, 88, 182, 207, 216-225,
227-232,234-237

P

Phenolics, 40, 92, 94, 102, 189, 194, 195,
219,229

Photoinhibition, 187, 188, 205

Phytochrome-interacting factor 4 (PIF4),
9, 13, 16, 198

Phytoextraction methods, 158-160

Phytohormone cross talk, 80

Phytohormones, 3-6, 9, 11-13, 15, 17,
24, 27-35, 3740, 52, 76-80, 82-95,
97-104, 106, 118-128, 133-148,
157-169, 171-175, 182-190,
192-206, 216-225, 227-232,
234-237, 248-260

Phytohormones crosstalk, 35

Phytoremediation, 157, 159, 165, 166,
172,175

Phytotoxicity, 173

Plant biomass, 160, 161, 173

Plant growth factor, 165, 172

Plant hormones, 3, 4, 10, 14, 17, 2341, 53,
57,76, 80, 90, 98, 99, 106, 136, 146,
173, 221, 222, 236, 248, 251, 253,
257-260



Index

Plant response, 5, 6, 12, 14, 17, 25, 28, 32, 53,
55, 78-80, 88, 134, 181-207, 215-237,
251,253

Plant tolerance, 5, 8, 12, 17, 76, 99, 106, 118,
135, 142, 144, 145, 147, 148, 195, 196,
206, 236

Postharvest cold storage, 37-40

Programmed cell death (PCD), 119, 123, 124,
194,217, 219, 221, 222, 227, 231, 235

Proline (Pro), 40, 79, 84, 92, 94, 100, 102,
104, 219, 221, 231, 235-236, 252,
254,256

R

Reactive oxygen species (ROS), 4, 5, 24, 25,
28, 30, 31, 53, 77-79, 83, 86, 91, 104,
119, 121-123, 141, 142, 194, 201, 206,
217-220, 222,223, 225, 228, 231, 232,
234-236, 249

Respiratory burst oxidase homolog (RBOH),
16, 121, 122, 220, 221

S

Salicylic acid (SA), 6, 24, 66, 76, 134,
221,257

Salinity, 28, 40, 59, 63-65, 75-106, 158, 166,
181, 201, 225, 227, 248, 250, 251,
254-257, 260

269

Schizogenous aerenchyma, 118

Sensitive to proton rhizotoxicity 1
(STOP1), 137

Shoot elongation, 119, 120, 124-127, 203

Signaling molecules, 14, 24, 36, 89, 91, 133,
136, 190, 221, 222, 225, 229-236

Signaling network, 11, 24, 85, 92, 190, 205,
221,251, 252, 259

Signaling pathway stress response, 5, 14,
25-28, 80, 89, 191-193, 206

Soil contamination, 158-171

Stress signaling, 10, 30, 31, 80, 206, 254

Submergence, 118-120, 122, 124-127, 250,
256, 259

Systemic acquired resistance (SAR),
217,231,236

U

Ultraviolet B (UV-B), 182-185, 190-196, 198,
199, 201-206

Urea (CO(NH,),), 104, 139, 140, 174, 175

W
Waterlogging, 118, 120, 127

X
Xanthophylls, 187, 195-196



	Dedication
	Preface
	Contents
	Contributors
	About the Editors
	Chapter 1: Role of Hormones in Plant Adaptation to Heat Stress
	1.1 Introduction
	1.2 Sensing Thermal Stimuli by Plants
	1.3 The Concept of Basal and Acquired Thermotolerance
	1.4 Hormones Involved in the Response of Plants to Heat Stress 
	1.4.1 Abscisic Acid
	1.4.2 Auxins
	1.4.3 Cytokinins
	1.4.4 Gibberellins
	1.4.5 Salicylic Acid
	1.4.6 Jasmonic Acid and Ethylene
	1.4.7 Brassinosteroids

	1.5 Conclusions and Perspectives
	References

	Chapter 2: Involvement of Plant Hormones in Cold Stress Tolerance
	2.1 Introduction
	2.2 Cold Stress Sensing and Signaling Pathways
	2.3 Hormone Functions and Cross Talk Toward Cold Tolerance
	2.3.1 Stress-Responsive Phytohormones and Cold Tolerance
	2.3.2 Growth-Promoting Phytohormones and Cold Tolerance

	2.4 Plant Development and Cold Tolerance Mechanisms
	2.4.1 Hormones and Cold Tolerance Mechanisms: Seed and Bud Dormancy
	2.4.2 Cold Stress During the Reproductive Phase

	2.5 Phytohormones and Cold Tolerance During Fruit Ripening and Postharvest Storage
	2.6 Conclusions and Future Perspectives
	References

	Chapter 3: Hormonal Interactions Underlying Plant Development under Drought
	3.1 Introduction
	3.2 Hormonal Regulation of Growth Responses Under Drought
	3.2.1 Root System Growth and Development
	3.2.2 Hydrotropism Regulation
	3.2.3 Root-to-Shoot Signaling
	3.2.4 Leaf Growth and Development

	3.3 Mechanisms of Hormonal Cross Talk Under Drought
	3.3.1 Interactions Controlling the Biosynthesis or Removal of Hormones
	3.3.2 Interactions Influencing Hormonal Transport
	3.3.3 Interactions Influencing Hormone Sensitivity

	3.4 Conclusion and Perspectives
	References

	Chapter 4: Participation of Phytohormones in Adaptation to Salt Stress
	4.1 Introduction
	4.2 Salinity
	4.3 Glycophytes and Halophytes
	4.4 Plant Responses to Salt Stress
	4.5 Phytohormones
	4.5.1 Abscisic Acid
	4.5.1.1 Biosynthesis
	4.5.1.2 ABA in Physiological Plant Development
	4.5.1.3 Participation ABA in Salt Stress
	4.5.1.4 The Effect of Exogenous Abscisic Acid on Adaptation to Salt Stress

	4.5.2 Ethylene
	4.5.2.1 Ethylene in Plant Development
	4.5.2.2 Biosynthesis
	4.5.2.3 Receptors
	4.5.2.4 Ethylene During Salt Stress
	4.5.2.5 The Effect of Exogenous Ethylene on Adaptation to Salt Stress

	4.5.3 Jasmonates
	4.5.3.1 Jasmonates in Plant Development
	4.5.3.2 Biosynthesis of Jasmonate
	4.5.3.3 Jasmonates During Salt Stress
	4.5.3.4 The Effect of Exogenous Jasmonates on Adaptation to Salt Stress

	4.5.4 Brassinosteroids
	4.5.4.1 Brassinosteroids in Physiological Processes
	4.5.4.2 Brassinosteroids During Salt Stress
	4.5.4.3 The Effect of Exogenous Brassinosteroids on Adaptation to Salt Stress

	4.5.5 Salicylic Acid
	4.5.5.1 Role of Salicylic Acid in Biological Processes
	4.5.5.2 Exogenous Application of Salicylic Acid Under Salinity

	4.5.6 Cytokinins
	4.5.6.1 Cytokinins in Biological Processes
	4.5.6.2 Exogenous Application of Cytokinins Under Salinity Conditions

	4.5.7 Auxins
	4.5.7.1 Role Auxins in Biological Processes
	4.5.7.2 Exogenous Application of Auxins Under Salinity

	4.5.8 Gibberellins
	4.5.8.1 Biosynthesis of Gibberellins and Their Role in Biological Processes
	4.5.8.2 Exogenous Application of Gibberellins Under Salinity

	4.5.9 Nitric Oxide
	4.5.9.1 Role of Nitric Oxide in Biological Processes
	4.5.9.2 Effect of Exogenous Application of Nitric Oxide Under Salinity

	4.5.10 Strigolactones, Their Hormonal Functions, and Ameliorative Role Under Salt Stress Conditions

	4.6 Conclusion and Future Prospects
	References

	Chapter 5: Roles of Phytohormones in Morphological and Anatomical Responses of Plants to Flooding Stress
	5.1 Introduction
	5.2 Roles of Phytohormones in Lysigenous Aerenchyma Formation
	5.3 Roles of Phytohormones in Adventitious Root Formation
	5.4 Roles of Phytohormones in Control of Shoot Elongation Under Submergence
	5.5 Conclusions and Perspectives
	References

	Chapter 6: Phytohormonal Responses to Soil Acidity in Plants
	6.1 Introduction
	6.2 Phytohormonal Responses to Soil Acidity
	6.3 Mineral Nutrients and Phytohormonal Responses to Soil Acidity
	6.4 Phytohormonal Responses to Aluminum Toxicity
	6.5 Conclusions and Future Perspectives
	References

	Chapter 7: Use of Phytohormones for Strengthening Metal(loid) Phytoextraction: Limitations and a Case Study
	7.1 Introduction
	7.2 Phytoextraction of Metal(loid)s from Contaminated Soil
	7.2.1 The Technology
	7.2.2 Mechanisms Associated with the Phytoextraction of Inorganic Contaminants

	7.3 Phytohormones and Their Help with Phytoextraction Technology
	7.3.1 Some Evidence Regarding Phytohormones Application in “Induced” Phytoextraction
	7.3.2 Some Evidence Regarding Phytohormones Application in “Natural” Phytoextraction

	7.4 Case Study: Modular Application of Phytohormone and Nitrogen in the Phytoextraction of Boron by Helianthus annuus
	7.4.1 Effect of Different Treatments on Plant Morphological Characteristics
	7.4.2 Effect of Treatments on B Phytoextraction by H. annuus

	7.5 Concluding Remarks
	References

	Chapter 8: Plant Responses to Light Stress: Oxidative Damages, Photoprotection, and Role of Phytohormones
	8.1 Introduction
	8.2 Types of Light Affecting Plant Growth
	8.2.1 UV Rays and Their Effects on Plant Growth
	8.2.2 Gamma Rays and Their Effects on Plant Growth
	8.2.3 Low Light Intensity and Its Effects on Plant Growth
	8.2.4 High Light Intensity and Its Effects on Plant Growth

	8.3 Quality of Light Affecting Plant Growth
	8.3.1 Blue Light Affecting Plant Growth
	8.3.2 Red and Far-Red Light Affecting Plant Growth

	8.4 Signaling Pathways Involved in UV-B Stress
	8.5 Major Metabolites Which Confer Resistance Against Light Stress
	8.5.1 Flavonoids
	8.5.2 Xanthophylls
	8.5.3 Glucosinolates

	8.6 Phytohormone-Mediating Plant Stress Tolerance Against Light Stress
	8.6.1 Auxin
	8.6.2 Cytokinins (CTKs)
	8.6.3 Ethylene
	8.6.4 Abscisic Acid (ABA)

	8.7 Conclusions
	References

	Chapter 9: Involvement of Phytohormones in Plant Responses to Ozone
	9.1 Introduction
	9.2 Roles of Hormones in Ozone Response
	9.2.1 Ethylene (ET)
	9.2.2 Abscisic Acid (ABA)
	9.2.3 Gibberellins (GAs), Auxins (IAAs), and Cytokinins (CKs)

	9.3 Roles of Other Signaling Molecules in Ozone Tolerance/Resistance
	9.3.1 Salicylic Acid (SA)
	9.3.2 Jasmonic Acid (JA)
	9.3.3 Proline (Pro)
	9.3.4 Brassinosteroids (BRs)

	9.4 Conclusions and Perspectives
	References

	Chapter 10: Engineering Phytohormones for Abiotic Stress Tolerance in Crop Plants
	10.1 Introduction
	10.2 Abiotic Stress: Serious Threat to Global Crop Production
	10.3 Roles of Phytohormones in Abiotic Stress Tolerance
	10.4 Engineering Phytohormones for Producing Abiotic Stress-Tolerant Crops
	10.4.1 Genetic Engineering of ABA Metabolism
	10.4.2 Genetic Engineering of Auxin Metabolism
	10.4.3 Genetic Engineering of Cytokinin Metabolism
	10.4.4 Genetic Engineering of Ethylene Metabolism
	10.4.5 Genetic Engineering of Brassinosteroid Metabolism

	10.5 Conclusion and Perspectives
	References

	Index

