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Preface

Climate changes have multifaceted effects on the consequences of abiotic stress, threat-
ening the productivity and sustainability of agricultural systems. As sessile organisms,
plants generally encounter a wide range of abiotic stresses such as salinity, drought,
and temperature extremes during their life span. Under stress conditions, the survival
of plants relies on the coordination of stress-adaptive physiological, metabolic, and
structural alterations into endogenous developmental programs. Considering the cur-
rent climate change, it is of great importance to understand the processes that underpin
plant growth under stressful environments and design possible strategies to overcome
the expected challenges. Moreover, understanding the plant tolerance mechanisms

to different abiotic stresses is inevitable for developing stress-tolerant cultivars. Plant
Abiotic Stress Responses and Tolevance Mechanisms provides the most recent understand-
ing of plant morpho-physiological, biochemical, and molecular responses to different
abiotic stresses and highlights the underlying tolerance mechanisms against these
stressors. With contributions from internationally recognized scientists, this volume
contains seven chapters covering topics such as current challenges and future threats
of plant abiotic stresses, regulatory networks in plants under abiotic stresses, plant
adaptation to temperature extremes and salinity, plant secondary metabolites and
stress tolerance, and the role of phytohormones in plant stress tolerance.

I wish to express my gratitude to the contributing scientists for their overwhelming
response and for readily accepting my invitation to contribute to this book. They not
only shared their knowledge but also admirably integrated scattered information
from diverse fields in composing the chapters and efficiently incorporated edito-
rial suggestions. I greatly appreciate their commitment. I am also thankful to the
IntechOpen team for their generous cooperation at every stage of the book produc-
tion. I hope this volume will be useful to agriculturists, environmentalists, research
scholars, students, and others working on plant abiotic stresses.

Dr. Saddam Hussain
Assistant Professor,
Department of Agronomy,
University of Agriculture,
Faisalabad, Pakistan
(Academic Editor)

Ejaz Ahmad Waraich
Associate Professor,
Department of Agronomy,
University of Agriculture,
Faisalabad, Pakistan
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Chapter1

Perspective Chapter: Plant Abiotic
Stress Factors — Current Challenges
of Last Decades and Future Threats

Tamer Giimiis, Sinan Meri¢, Alp Ayan and Cimen Atak

Abstract

All life forms, from the simplest to the most complicated, are inevitably exposed
to altering environmental conditions in their natural habitats, gradually depending
on their lifestyle. Unfavorable alterations drive these life forms either to avoidance or
defense as a response. Most of the essential plant growth-promoting environmental
factors can also turn out to be stress factors. Water as the most abundant molecule of
all living cells can cause stress either in deficit as drought or in excess as waterlogging.
Temperature is important for the maintenance of all biomolecules and metabolic
reactions; hence, both low and high temperatures are deleterious stress factors. Even
though the plants were exposed to various volcanic origin, heavy metals and pol-
lutants and evolved molecular mechanisms during millions year of evolution, rapid
urbanization, and industrial progress introduce brand new pollutants as micro- and
nanoplastics as well as nanoparticles to plants like never before. This chapter defines
and evaluates major environmental abiotic stress factors with an emphasis on the
latest knowledge of molecular effects on plants. In addition, novel stress factors, such
as nanoparticles and microplastics, are looked over as hot prospects for the future of
plant abiotic stress areas.

Keywords: nanoparticles, microplastics, nanoplastics, abiotic stress tolerance

1. Introduction

Environment as a term originated from the French word “environ” by the meaning
of encompass or surround. In the early twentieth century, a biologist, Jacob van Erkul,
pioneered the subject to describe all the physical, chemical, and biological factors,
which comprise and interdependence with living organisms. In a healthy environ-
ment, all living organisms borrow basic necessities of life from nature and deposit
waste and pollutants as by-products. However, this deposit is in a rate of recycling
capacities of nature itself. Following the industrial revolution in the late eighteenth
to the middle of the nineteenth century, the transition from manufacturing methods
based on hand production and manpower to fossil fuel-based steam power machine
tools and mechanized factory production led to unprecedented use of natural sources
and deposition of wastes and pollutants. Technological developments in textile
manufacturing, iron industry, power production, chemicals, infrastructure, lighting,
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paper production, mining, transportation, and agriculture altered the social aspects
of living standards, industrialization, consumer goods, urbanization, lifestyle, and
labor conditions, which all led to rise of the population as never before [1].

Dry land environment referred to as “terra firma” was never hospitable to
plants through their terrestrialization during over the billion years of evolution
process from plastid-bearing algae lineages to the formation of desiccation-tolerant
photosynthetic eukaryotes. Various algae lineages evolved to survive in terrestrial
lifestyle after numerous biochemical and physiological photosynthetic adaptations
in multiple independent times long before plants. However, land plants evolved from
terrestrial life adapted unicellular filamentous freshwater algae, Zygnematophycae, in
Streptophyta clade, once in 450 million years ago during the end of the Cambrian Era
[2]. The first plants were seedless nonvascular plants with a basic low body plan called
bryophyte. Evolution is a dynamic process and the first phase required adaptive traits,
such as complex plant body plan, vascular tissues to conduct water and minerals to
upper part and to provide stability, desiccation-tolerant seeds instead of spores, and
stomata for gas exchange.

Drought is a major threat to agricultural food security today as it was to the first
land plants during this evolution process. Water deficiency can be physically caused
by insufficient rainfall, and poor storage capacity of soil based on its texture in arid
and semiarid regions. It can also be caused physiologically when the plant transpira-
tion rate surpasses the rate of water uptake. Water deficiency also has cellular effects,
such as alterations in cytoplasmic solutes and water potential gradient, reduction
in turgor pressure and wilting, shrinking of cell volume and membrane integrity,
denaturation, and degradation of proteins and more. The intensity and the dura-
tion of the drought determine the effects on plants along with the genotype and the
developmental stage of the plant as well as other environmental interactions [3].

In the present day, drought as the direct consequence of global warming brought
secondary problems to the field such as salinity. Saline components naturally exist

in rocky layers. Insufficient drainage of the surface salts from the plant root zone
leads to accumulation. Poor irrigation strategies also add up to the concentration as
water molecules evaporate and leave substances, such as chloride, sulfate, carbonate
compounds of sodium, potassium, and magnesium. As drought, the complex effects
of salinity on plants are mainly through osmotic properties. Imbalance in ion homeo-
stasis, physiological water deficiency, and insufficient nutrient uptake is the most
severe results. Excluding sodium and other saline components from roots prevents
plants from the intake of 17 elements, which are essential to plant growth and
development. Today, a phenomenon called nutrient stress is mostly associated with
salinity and heavy metal stresses and leads to metabolic plant diseases, which reduces
growth and yield significantly. Heavy metals, such as Cd (Cadmium), Hg (Mercury),
and Pb (Lead), are toxic elements with no biological use for plants and other organ-
isms, while Ni (Nickel), Cu (Copper), and Zn (Zinc) are double-edged blades that are
micronutrients for plants in low concentrations and toxic in high. Plants developed
strategies, such as cell wall binding, reduction of mobility through cell membrane,
active efflux, compartmentalization, chelation, and sequestration with phytochela-
tins and metallothioneins. As in heavy metals, 17 essential nutrition elements are also
nutritional stress factors in excess levels for plants.

In the second phase, former photosynthetic aquatic habitat organisms had to
adapt to terrestrial dry land stressors, such as high irradiance of unfiltered sunlight,
which leads to photooxidative damage through UV rays, severe heat, and cold as
their plastids were not hard-wired to the cellular stress response pathways and hence,
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susceptible to stress-related photosynthetic gene expression inhibition. Plants are
sessile organisms and are constantly exposed to high ambient temperatures through
sun rays in various wavelengths. Combined with drought effects, internal heat may
rise even to a higher degree as transpiration through stomata is reduced. Today,

heat shock proteins (HSPs) are an important topic of interest as their expression
significantly elevates when external body temperature increases from 5 to 10°C from
the organism’ regular growth temperature. They are also one of the most conserved
protein families in all living cells. Another stress factor based on direct exposure to
the sun is called light stress or photooxidative stress. As the absorbed photon energy
surpasses the photosynthetic capacity of the photosystems in chloroplasts, excess
energy forms reactive oxygen species (ROS), which may damage the photosystem
and chloroplast, if not scavenged. Low (freezing) temperatures are also major threats
to plants as seasonal temperature fluctuations are more frequent with global climate
effects. Freezing mainly affects the membrane systems of plant cells and secondarily
protein denaturation. Freezing tolerance is mainly associated with levels of metabo-
lites, such as sugars, their respective enzyme activities, HSPs, lipids of cell membrane,
abscisic acid, and other altered metabolism products, which depress water’s freezing
point in cells. In the evolution of plants, other adaptations as cell walls containing
lignin-like monomers eased the dramatic effects of dehydration as well as provided
stability and sturdiness to plants. The phenylpropanoid pathway contributed asa

UV shield through phenolic compound production [4]. Modern-day plants facilitate
phytohormone-mediated stress signaling during turbulent times. Abscisic acid, as
one of the key phytohormones, increases under all osmotic stresses, such as drought,
salinity, and freezing as well as under some other abiotic stresses as heavy metals.
Even though it is called a stress hormone in plants, it also has important physiological
duties on unstressed plants. Comparative genomic studies on ABA discovered 47 of
48 transcription factor (TF) families of modern land plants, which utilize complex
gene expression regulatory networks, were also present in algal common ancestors,
resulting in similar phytohormone-mediated signaling [5].

Undoubtfully, first land plants were forced to cope with various environmental
abiotic stress factors in unfavorable conditions. Either adaptations or exaptations
equipped plants during terrestrialization. Despite million years of evolutionary adap-
tations drought, temperature (heat and cold), nutrients, heavy metals, salinity, and
more are still limiting abiotic stress factors in varying intensities and combinations
for approximately 380.000 plant species, including a handful of agricultural crops
among them [6]. Except for these common limiting stress factors, the persistence
and steady increase of plastic pollution is an emerging global issue of the present
day. Once plastics seep into the environment, they can take up to several hundred
years to get degraded, persistently. The production rate of plastics has exceeded 350
million tons per year since the initiation of mass production in the 1950s [7]. Plastics
escape into many different environments, from soil to the deep water of the oceans.
It is estimated that 8.300 million metric tons (Mt) of raw plastic have been produced
to date. As of 2015, approximately 6.300 Mt. of plastic waste was produced of which
9% was recycled, 12% incinerated, and 79% accumulated in landfills or in the natural
environments. If current production and waste management trends continue, 12.000
Mt. of plastic waste will accumulate in landfills or in the natural environment by
2050 [8]. The dangerous effects of microplastics and nano plastics, also known as
“next generation” organic pollutants, on the environment cause intense concerns.
Previous studies have reported that plastic pollution affects the flora in terrestrial
and aquatic ecosystems [9]. Plastics are new stressors that can be found around and
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in soil-dwelling organisms, especially plants. Plastics can degrade in different ways
depending on the environmental conditions and the chemical composition of the
plastic. These ways include mechanical, thermal, chemical, biological degradation,
and light-induced photodegradation [10, 11]. In general, plastic polymer particles are
divided into three main classes: macro plastics, which are particles larger than 5 mm,
microplastics, which are particles between 5 mm and 100 nm, and nanoplastics,
which are particles less than 100 nm [12]. Potential sources of microplastics include
household and industrial waste, personal care products, city dust, road marking,
marine coating, tire wear, and residues from the synthetic textile industry [13].
Microplastics are divided into two subclasses, such as primary and secondary micro-
plastics, in terms of their origin. Primary microplastics have been created for direct
use or as precursors to a variety of products in the preproduction of plastic pellets/
nurdles, microbeads used in personal care products, industrial and cosmetic abra-
sives, exfoliants, and various consumer-use products. Secondary microplastics occur
in the environment as a result of the breakdown of larger plastic debris. Secondary
microplastics can leach into water bodies and are significantly involved in sewers
and surface water [14]. Microplastics commonly detected in the environment are
polyethylene (PE), polypropylene (PP), polystyrene (PS), polyvinyl chloride (PVC),
polyamide (PA), and polyethylene terephthalate (PET). On the other hand, the term
nanotechnology was first introduced to the literature by Taniguchi in 1974, as it was
used for particles between 1 and 100 nm. When atoms are reduced to nano-size,
they have a high surface-to-volume ratio that allows them to acquire new properties
completely distinct from their macro-scale properties. For nanomaterials to have
high reactivity, the surface area must be small, and the zeta potential must be as high
[15]. Nanostructured materials obtained by nanoparticles are called nanomaterials.
The change in the surface/volume ratio is obtained as a result of the change in the
number of atoms on the material surface. Thanks to the change in atomic quantities,
the surface/volume ratio changes. Changing the number of atoms on the surface of a
material also affects surface energy. It has been stated in many studies that the effects
of nanoparticles vary depending on the applied doses. As a result of exposure at high
doses, it causes oxidative damage to biomolecules in plants and causes the formation
of reactive oxygen derivatives. As a result of the damage caused by the formed ROS,
damage that will result in cell death may occur. The root growth inhibition initi-

ated by nanoparticle treatment in plants was associated with particular cell division
errors and chromosome behavior as bridges, early chromosome separation, multiple
breaks, and micronuclei release, as well as DNA damage [16]. At low concentrations,
however, the nanoparticles often act to promote plant growth and development.
Treatment with nanoparticles at low doses enables the detoxification of free radicals
and the strengthening of the responses of plants to stress by increasing the activities
of antioxidant enzymes [17].

Understanding the molecular mechanisms of environmental abiotic stress
responses of plants that were involved for millions of years, is a prerequisite for
maintaining global food security. This wide range of molecular mechanisms
involves various pathways. However, the process involves a perception of the stress,
transduction of stress signals, and regulation of stress-responsive gene expression in
transcriptional, translational, posttranslational, and epigenetic levels.

The present chapter summarizes the current understanding of this perception
and the transduction mechanisms against the common stressors and emphasizes the
stress-specific mechanisms as well as the crossroads in pathways of multiple stressors.



Perspective Chapter: Plant Abiotic Stress Factors — Current Challenges of Last Decades and Future...
DOI: http://dx.doi.org/10.5772/intechopen.110367

The topic also extended through the emerging environmental stress factors of the
twenty-first century, such as microplastics and nanoparticles.

2. Abiotic stresses in plants
2.1 Perception of stress

Plants sense the abiotic stress factors through the physical and chemical altera-
tions, which occur on several biomolecules. Different stress factors may trigger the
same or similar stress perception. For instance, drought and salinity have osmotic
effects on plant cells and are sensed through similar mechanisms. Under the osmotic
stress factors, plant cells are subjected to decreased turgor pressure. The cell mem-
brane sense the reduced tension and allow the transport of the Ca®* into the cell
through ion channels. Mechanosensor (MS) ion channels are well preserved in almost
all the kingdoms of life. However, it is possible to categorize two distinct mechano-
sensitive ion channel types. The first type involves microtubules of the cytoskeleton
as MSs. For instance, NompC, a member of non-voltage-gated cation channel type
transient receptor potential (TRP) ion channels, has helical springs attached to
cytoskeleton microtubules and releases currents when microtubules are disturbed
[18, 19]. The second type of MSs directly senses the tension on the lipid bilayer of
the membrane, such as MscL, TRAAK channel, TREK1 channel, and Piezol. These
channels are found in nearly all animals and sense the osmotic shock, light touch,
sound waves, vascular blood flow, and such. In plants, there are five MS ion channel
families named as mechanosensitive ion channels of small conductance (MscS)-like
(MSL) proteins, two-pore K*-channels (TPK) and Mid1-Complementing Activity
(MCA), reduced hyperosmolality-induced [Ca*]; increase (OSCA) channels and
Piezo channels [20-24].

MCA channels are different from the other MSs, structurally. MS channels are
constituted from multiple transmembrane segments and form multimers. For
instance, TPKs form dimers, Piezo channels form trimers, OSCA channels form
pentamers and MSL proteins form heptamers. In contrast, the channel formation of
MCA is constituted by assembled homotetramer and has only one transmembrane
segment. MCA proteins, which are exclusive to plants, are involved in sensing gravity,
hardness of soil, and hypo- and hyperosmotic conditions caused by abiotic stress fac-
tors. Homologs of other MSs are found in other kingdoms. MSLs are found in archaea,
bacteria, protists, and fungi, while Piezo, OSCA, and TPKs are found in animals [22].

MscS directly responds to the membrane tension in bacteria. Homologs of MscS
are identified in various subcellular parts of the plant cells. These homologs were
named as MscS-like proteins (MSLs). MSL1 is found in the inner membrane of
mitochondria. It is ubiquitously expressed and presents a slight anion preference.
MSL1 maintains the energy production of mitochondria during osmotic stress by
releasing excessive membrane potential and balancing redox homeostasis. MSL2 and
MSL3 are found in the inner membrane of chloroplasts. They play roles in maintain-
ing the plastid shape, size, and division under unstressed conditions. The rest of the
plant MSLs are found in plasma and endoplasmic reticulum (ER) membranes. They
are involved in various physiological processes. For instance, MSL8 is particularly
expressed in pollens to take part in maintaining integrity through rehydration, while
MSL10 is involved in the jasmonic acid synthesis and signaling during wounding [20].
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Two-pore K*-channels (TPKs) are located on the tonoplast, plasma membrane,
and thylakoid membrane. They are crucial for potassium transport from vacuoles
to cytosol as the K is the most abundant cation in plants playing important roles in
physiological processes (providing turgor, balancing negative charges, enzymatic
processes, and protein translation). Members of different K* channels can be voltage-
gated or, as in TPKs, voltage-independent. Also, in some species as Arabidopsis K*-
inward rectifier (Kir)-like channel (KCOs), they may have one pore only. Since they
are insensitive to membrane voltage their activity is dependent on cytoplasmic Ca**
levels, hence they include one or two Ca** binding EF-hands in the C-terminus. These
EF-hands are helix-loop-helix motifs largely found in calcium-binding proteins. In
N-terminus, they may contain domains to bind 14-3-3 proteins, which can bind to
signaling proteins, such as kinases, phosphatases, and transmembrane receptors. pH
value of cytoplasm, trans-tonoplast osmotic gradients, or tension upon cell mem-
brane can lead to TPK channel activity and intracellular osmosensing [21].

In bacteria and animals, cytosolic free Ca”* concentrations [Ca®*]; tend to increase
in response to numerous stimuli as hyperosmolality. However, hyperosmolality-
induced [Ca®']; increases were widely speculated for plants. Today, reduced hyperos-
molality-induced [Ca*]; increase (OSCA) channels are known osmosensors, thanks
to the calcium-imaging-based forward genetics screens, especially in Arabidopsis.
They are identified as the previously unknown plasma membrane proteins, which
form hyperosmolality-gated calcium-permeable channels in guard cells and root
cells. They regulate water transpiration and root growth under stressful conditions.
Decreased tension on the lipid bilayer leads OSCA channels to open for Ca** uptake
into the cells [25].

Besides the sensing of lateral tension on the cell membrane, osmotic stresses such
as salinity can be sensed through the polarization of the cell membrane. MOCA1
gene-encoded glucurosyl transferase adds glucuronic acid (GlcA) to the plasma
membrane. Negatively charged GlcA added glycosil inositol phophoryl ceramides
(GIPC) bind Na* cations in the membrane and lead to polarization. Salinity-
dependent polarization of the membrane results in intracellular Ca** spikes in plants
[26]. High salinity can also be sensed through organizational cell wall alterations.

In unstressed conditions, Ca** assembles the pectin units of the cell wall by cross-
linking. Receptor-like kinases (RLKs), such as the FERONIA (FER)-related malectin-
domain-containing THESEUS1 and ANXUR1/2 physically interact with pectins in the
cell wall. Leucine-rich repeat (LRR) extensins (LRXs) interact with rapid alkalization
factor (RALF) peptide ligands and prevent their interaction with FER. Increased
salinity, dissociate RALFs from LRXs. RALFs bind to FER and prevent FER to cross-
link pectins. Therefore, LRX, RALF, and FER interaction involve in cell wall sensing
of salt stress [27].

In this regard, microplastic particle incorporations, such as polystyrene, polypro-
pylene, polyethylene terephthalate, polyethersulfone (PES), or high-density polyeth-
ylene (HDPE), are known to decrease soil bulk density after exceeding the 2% (w:w)
concentration. If larger microfibers incorporate over even lower amount as 0.2%
(w:w), they reduce soil aggregate stability. Moreover, another well-known fact is that
plastic films desiccate soil more rapidly in about 0.5-1% concentrations [28]. These
mechanical changes can be sensed by plants as reduced tension through the root cap,
which is a protective barrier for root meristem. Mechanical stresses and the chemicals
that cause toxicity to plants lead root cap cells to excrete mucilage and some other
exudates by initiating stress signal transduction pathways. This first line of defense
also traps some positively and negatively charged nanoparticles as well as dissolving
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nutrients and other aggregated soil particles. The more comprehensive effects are
discussed in Section 3.

2.2 Transduction of the stress signals

In plants, stress signals lead to stress-related physiological responses through gene
expression regulation, epigenetic modifications, small RNA regulation, and more.

In cascade of actions, perceived stress requires transduction to trigger specified
responses. Signal transduction involves secondary messenger ions and molecules
such as Ca*, abscisic acid (ABA), reactive oxygen species (ROS), and several
phospholipids. Some alterations on particular molecules can also transduce the signal
as phosphorylation, dephosphorylation, oxidation, nitrosylation, sumoylation, and
ubiquitylation in processes called posttranslational modifications (PTMs). Seconder
messengers, such as ABA, ROS, and Ca?*, are the most focused signal transducers

as they also play different roles in plants. PTMs may alter the regulation, stability,
localization, and activity of various cellular components. Therefore, they also play
crucial roles in signal transduction.

Abiotic stress responses are complex traits. Phytohormones play fundamental
roles in stress adaptation. The most notorious, abscisic acid (ABA) is a small lipo-
philic sesquiterpenoid (C;s) that plays numerous roles in plant growth and develop-
ment as well as stress response. ABA increases under harsh environmental conditions
and serves as a signal transducer for the plant cells to adapt as necessary. Since the
discovery of ABA in 1960s, ABA receptors and sensing in plants brought endless
debates and controversy. Today, the ABA signaling pathway from a signaling cascade
consisting of the PYL ABA receptors, to type 2C protein phosphatases (PP2Cs) and
Snfl-related protein kinases 2 (SnRK2s) has been enlightened by multiple structural
studies which provided insight on regulating each level of the ABA signal transduc-
tion pathway [29]. In this core ABA signaling pathway model, PYLs [14 members;
Pyrabactin Resistance 1 (PYR1) and PYR1-like 1-13 (PYL1-PYL13) or regulatory
component of ABA Receptor (RCAR1-RCAR14)] bind to ABA to inhibit PP2Cs,
which represent a major phosphatase family in plants and consisted of single subunit
Mg**/Mn**-dependent Ser/Thr phosphatases [30]. ABA response is kept silent at the
basal level by negative regulators of ABA as PP2Cs, including ABI1, ABI2, and HABL1.
Sucrose non-fermenting 1-related protein kinases (SnRKs) are positive mediators of
ABA signaling, which are divided into three groups taking part in metabolic regula-
tion (SnRK1) and abiotic stress signaling (SnRK2 and SnRK3). PP2Cs suppress
ABA response by inhibition of positive mediators, especially SnRK2.2, SnRK2.3,
and SnRK2.6 [31]. Under stress conditions, elevated levels of ABA induce PYLs
to bind and inhibit PP2Cs, which leads to PP2C-dependent SnRK?2 inhibition that
allows kinases to autophosphorylate and activate effectors as ion channels and ABF
transcription factors to activate ABA responses. ABA-responsive elements (ABREs),
which generally include PYACGTGG/TC consensus sequence belonging to the G-box
family (CACGTG), are cis-acting DNA elements with a wide range of gene expression
roles. A subgroup of bZIP transcription factors was isolated by using ABRE-binding
factors (ABFs). To date, all these AREB/ABF genes have been functionally character-
ized in Arabidopsis. These four genes (ABF1, ABF2/AREB1, ABF3, and ABF4/AREB2)
are primarily expressed in vegetative tissues and, the induced ABF1 expression altera-
tions in response to abiotic stress factors are minimal, while ABF2/AREB1, ABF3, and
ABF4/AREB2 are significantly up-regulated under ABA and osmotic stresses [32].
Under various abiotic stress conditions, ABA alters 5-10% of plant transcriptome

7



Plant Abiotic Stress Responses and Tolevance Mechanisms

in which half of the alterations are characteristic of drought and salinity responses.
ABA-inducible genes include members of Late Embryogenesis Abundant (LEA)
proteins called dehydrins, which act as chaperones and protect membrane stability,
ROS detoxifying enzymes, and regulatory proteins such as TFs, phosphatases, and
kinases. On the other hand, ABA-repressed genes are generally associated with cel-
lular growth [29].

Ca’*, which has limited functions on prokaryotes, is a ubiquitous seconder
messenger in plants. Ca®*, which is kept at low concentrations in the cytosol through
the calcium pump activities and stored in various intra- and extracellular compart-
ments, influx into the cytosol and presents concentration spikes. These spikes are
transduced to cell type-specific and stress-specific signatures depending on timing,
intensity, and frequency. For instance, cold shock triggers rapid and transient mainly
external Ca®* peaks for seconds, while slow cooling causes two-peaked bimodal
elevation for minutes either external or internal sourced as vacuoles. Hyperosmotic
stresses cause single or biphasic external or internal Ca** elevations for a minute,
while hypoosmotic stresses lead to rapid bimodal elevations longer than just a
minute. Mechanical stresses trigger rapid and transient internal peaks for seconds in
contrary to oxidative stresses, which lead to a single external or internal sourced peak
for minutes. Anoxia leads to mitochondrial rapid and sustained Ca*", elevation for
hours; however, heat shock causes sustained external or internal increase between
15 and 30 minutes. Alterations in the Ca** concentration inform targeted cells and
organs, subsequently. In plants, calcium sensors are categorized into two groups. The
first group, including calmodulins (CaMs) and calcineurin B-like (CBLs) proteins, is
called sensor relays. The second group, including calcium-dependent protein kinases
(CDPKs), calcium- and calmodulin-dependent protein kinases (CCaMKs), is called
sensor protein kinases. The first group which transmits the calcium-induced modi-
fication to target proteins has no intrinsic activity. On the other hand, the second
members are directly activated upon calcium binding [33]. Calmodulin is a small
protein consisting of two pairs EF-hands that bind to Ca**. CaM globular structure is
modified into an open following the conformation Ca**-binding, which subsequently
alters (induces or inhibits) target activity. Therefore, Ca®* signatures are decoded
into biochemical responses. There are several genes encoding CaMs and CaM-like
proteins (CMLs) in plants diverging by specific sequences or domains to undertake
additional properties. For instance, 6 CaM (SpCaM) and 45 CaM-like (SpCML)
genes are present for Solanum pennellii [34]. Hence, various factors, such as expres-
sion pattern alterations, target specificity, affinity to calcium, subcellular localiza-
tion, or methylation may alter the dynamics of CaM-mediated stress responses.
However, CaMs have no active enzymatic activities. They play roles in stress
responses over CaM-binding proteins (CaMBPs), which can be further divided into
two categories as transduction proteins, such as protein kinases (CBKs) and tran-
scription factors (CBTs). They also interact with effector proteins as ion transporters
and enzymes involved in physiological responses. Similar to the CaMs, CBLs are
small proteins consisting of two globular domains, which have two EF-hand motifs
and connected with a short linker. In contrast to the CaMs, these domains have less
conserved variations, resulting in different affinity properties against Ca®* capaci-
ties and response specificity [35]. As members of the sensor protein kinases group
members, CDPKs contain a protein kinase domain linked to a CaM-like domain by
a junction sequence. This sequence is required for kinase activation, which occurs
depending on the intramolecular interaction between the CaM-like domain and
altered conformation induced by Ca** binding. As in CaMs, CDPKs are multigenic
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and encoded by a different number of members in various plant species. Depending
on the sensed Ca”* signature, multigenic properties result in variations in activation
thresholds, substrate recognition, expression patterns, and sub-cellular localization.
CDPKs are located in numerous cellular compartments, such as nucleus, cytosol,
chloroplast, peroxisome, ER, and plasma membrane. CBL-interacting protein
kinases (CIPKs) complexes are studied extensively. For instance, SOS3 as an EF-hand
Ca’* binding protein triggers SnRK3 family kinase SOS2 (CIPK) in SOS (salt overly
sensitive) pathway. CDPKs coordinate Ca®* sensing by co-targeting the kinase and
its calcium regulator and contribute to cellular response. The other sensor protein
kinases known as CCaMKs contain an N-terminal kinase domain and two regulatory
domains as CaM-binding domain and 3 EF-hands, which leads to a complex regula-
tory mechanism involving both Ca** and Ca’*/CaM binding. Ca** binding trigger
autophosphorylation and elevates CaM affinity. This process removes autoinhibition
and leads to kinase activity.

Similar to the Ca**, variations in ROS species, production source, and accumula-
tion lead to decodable oxidative footprints. During numerous abiotic stress condi-
tions, ROS production presents common oxidative bursts. Common ROS increases are
balanced through detoxification and scavenging. On the other hand, ROS interacts
with signaling molecules and transduces them to specific stress-related responses.
Most of the ROS have a local site of action due to the short half-life and inadequate
stability to diffuse to long range, except H,0,. Hence, they are not capable of crossing
cellular membranes [36]. However, ROS signaling can be induced in either extrinsic
or intrinsic manner. An extrinsic path involving apoplast and cell wall facilitates
respiratory burst oxidase homologs (RBOHs), aquaporins (AQPs), and cell wall-
bound peroxidases (PRXs) for signaling. RBOHs generate superoxide radicals at the
apoplast by using cytosolic NADPHs. RBOH activity is initiated by EF-hand domains
following the Ca** binding. They can be either activated or inactivated in response to
various stress/stimuli to trigger ROS signatures at the apoplast. As well as cell wall-
bound peroxidases other oxidases on apoplast can produce ROS as well. RBOHs can
also be activated through phosphorylation, biquitylation, persulfidation, nitrosyl-
ation, and glutathionylation. Apoplastic ROS infiltrates the cell through AQPs, which
are regulated by phosphorylation, acetylation, and/or guanidinylation. Following
these posttranslational modifications elevated ROS in cytosol triggers cytosolic
phosphorylation reactions through receptors. Therefore, the extrinsic ROS pathway
plays an important regulatory role by altering the influx of Ca®* through the channels.
As described earlier, the intrinsic path involving cytosol and nucleus has numerous
signaling components, such as MAPK cascades, CDPKs, CIPKs, and phosphatases,
such as PP2A, PP2C, and PTPs, and signaling molecules, such as Ca?* and various
phytohormones. Cytosolic H,O, levels are balanced through the activity of AQPs.
They are located on both organelle and cell membranes and can transport H,O, both
ways. Sensor relay proteins may lead to ROS scavenging and therefore alter signaling
and the related stress responses. Cytosol is a central hub to decode and transduce ROS
signatures leading to specific responses. Therefore, the majority of the stress-related
TFs have either ROS- or redox-dependent activation to initiate transcription in the
nucleus. Moreover, inside the plant cell, organelles participate in ROS regulation by
both production and scavenging. Organelle-derived ROS communicates through dif-
ferent organelles and nucleus. Organelle-autonomous regulation, nucleus-controlled
retrograde/anterograde regulation, and direct export/import are deciding factors for
ROS accumulation. Organelle-derived ROS communication is short-ranged. They
either cross the cytosol at a very limited distance or do not cross at all [37].
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As described earlier, each abiotic and biotic stresses transduce cell type-specific
and stress-specific signatures, depending on timing, intensity, and frequency.
Microplastics as polystyrene significantly elevates MAPK signaling pathway similar to
plant—pathogen interaction. It also upregulates metabolic processes such as microtu-
bule-based movement and cell cycle as well as down-regulating response to reactive
oxygen species and oxidative stress. Through transducing the signals, microplastics
affect the synthesis of a variety of amino acids, such as alanine, aspartate, and gluta-
mate, which are speculated to be highly related to the mechanism of plant tolerance or
detoxification. Plants enhance a variety of metabolic pathways to increase resistance
by producing various metabolites. Polystyrene alters plant hormone biosynthesis,
phenylpropanoid biosynthesis, and fatty acid metabolism pathways significantly,
which take part in important stress signal transduction pathways and negatively
affect transcriptional levels [38].

3. Micro/nanoplastics and nanoparticles

In contrast to the well-studied molecular mechanisms of abiotic stresses described
earlier, a limited number of investigations have been conducted to understand plant
responses to micro/nanoplastics. Nevertheless, the effects of microplastics and
nanoplastics on plant germination, morphology, physiology, and plant responses are
substantial.

Exposure to microplastics and nanoplastics in the ecosystem has often been
reported to have adverse effects on many organisms and the environment. Negative
impact on the activity of soil microorganisms and animal species [39, 40]; damage
to soil structure by altering the physical and chemical properties of soil [41]; adverse
effect on plant growth [14, 39], decreased growth and productivity of aquatic flora
[42], and negative impact on nitrogen and carbon cycles [43] are some major of these
effects. Microplastic pollution affects the nitrogen (N) cycle in soil ecosystems by
significantly reducing NH; volatilization. Microplastics change dissolved organic
material fractions and soil properties [44].

However, some researchers have reported that exposure to microplastics does not
cause plant, soil animal, or soil damage and may even play a role in preparing a more
favorable environment for the growth of plants and soil animals [45]. Current soil
microplastic research has shown that agricultural soils are subject to higher environ-
mental exposure than other environments [39]. Agricultural soil has been recognized
as a major pollutant sink for microplastics and nanoplastics that can affect ecosystem
and biodiversity. Microplastics are responsible for many changes in the physicochemi-
cal properties of the soil, such as soil nutrient balance, soil porosity, fertility, aggre-
gate stability, bulk density, enzyme activity, and water-holding capacity [14]. Many
of these changes affect the soil microbiome as well as terrestrial plants. Low-density
polyethylene (LDPE) and bio microplastics trigger significant changes in rhizosphere
bacterial communities. These changes have proven to have far-reaching effects on soil
nutrient cycling and plant health in agroecosystems [46]. Findings on the effects of
microplastics, especially on the development of agricultural products and soil health,
are very important in the development of policies related to agricultural sustainable
development.

Especially in recent years, biodegradable plastics such as mulch films used in
agricultural lands, organic fertilizer and sewage sludge application, greenhouse
materials, soil conditioners for agriculture, irrigation with reclaimed water, and
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biosolids pose a significant threat to the functioning of the agroecosystem [47]. Mulch
films can degrade soil quality as well as reduce crop production [48]. Studies using a
global meta-analysis based on field/laboratory measurement have shown that undi-
minished accumulation of microplastics adversely affects crop growth and soil health
[47]. It has been reported that the effects of microplastics on plants are affected by the
microplastic properties and concentration, such as particle type, size, shape, polymer
structure, and vary among plant species [49-51].

The inhibitory mechanisms of microplastics are divided into two direct and
indirect mechanisms. Direct mechanisms include blocking pores or light, causing
mechanical damage to root, inhibiting gene expression, and releasing additives.

On the other hand, indirect mechanisms include changes in soil properties and the
influencing of soil microorganisms and animals [52]. The presence of microplastics in
the soil causes a decrease in nutrient availability and microorganism activity, which
ultimately affects the growth, development, and production of crops [49, 53, 54]. It
has been shown that microplastics can inhibit the growth and performance of higher
plants as well. In addition, leachate from coastal microplastics has been reported to
reduce seed germination and early plant growth. Coastal ecosystems are threatened
by exposure to coastal microplastics [55].

Microplastics can inhibit germination and seedling development, delay fruit
ripening, and reduce yield. It also causes a decrease in biomass and modulates the
growth indices of the plant. Physiological responses of plants to microplastics
include disruption of cellular homeostasis, induction of oxidative stress, changes in
antioxidative enzyme activities, and photosynthetic parameters [13]. Microplastics
and nanoplastics cause oxidative stress by being transported from root to stem on
terrestrial plants or by being directly absorbed by leaves and accumulating in vari-
ous tissues, and adversely affect plant growth parameters by altering metabolism,
photosynthesis processes, and related gene expression levels. Once microplastics and
nanoplastics enter the plant, they cause different effects on roots, including impairing
water and nutrient uptake and reducing transpiration rate [56]. When the effect of
microplastics polyethylene on photosynthetic performance in the leaves of Nicotiana
tabacum seedlings was evaluated by transcriptomic analysis, 79 DEGs related to
photosynthetic proteins were detected. It was reported that most of the genes were
downregulated under high microplastic concentrations. The reduction in photosyn-
thetic capacity is due to the expression of genes involved in light collecting, electron
transport, and photosystem function in chloroplasts. Modulation of photosynthetic
capacity includes high ROS accumulation, inhibition of leaf pigment synthesis and
Rubisco activity, reduction of light utilization and dark respiration, and inhibition of
electron transport between PSII and PSI [57].

Identification and characterization of microplastics in plant tissues have been
achieved through Raman confocal microscopy and mass spectrometry-based
approaches (Py-GC-MS and ICP-MS) that map and characterize cross-sections of plant
tissue [56]. Fluorescent and confocal microscopy studies have shown that microplastics
physically block the pores in the seed capsule, delay germination, and also affect root
development due to their small size and high adsorption capacity [58]. Nanoplastics can
accumulate in plants at different levels, depending on their surface charge. Positively
charged nanoplastics accumulate at relatively low levels at root tips but result in higher
reactive oxygen species accumulation. They inhibit plant growth and seedling devel-
opment more strongly than negatively charged nanoplastics. In contrast, negatively
charged nano plastics are frequently observed in the apoplast and xylem [59]. It is also
reported that polystyrene nanoplastics (22-24 nm) accumulate in plants, depending
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on their surface charge. Positively charged polystyrene nanoplastics accumulate more
readily than negatively charged polystyrene nanoplastics. The photosynthesis inhibi-
tion efficiency of positively charged nanoplastics is higher and the activation of the
antioxidant system can be stimulated more strongly [60]. Microplastics show different
effects at different concentrations. Concentration-dependent developmental altera-
tions are summarized in Table 1. On the other hand, it has also been shown that PE

in the soil has either non or slight significance on plant growth [89, 90]. The same is
applied to microplastics [90]. Nevertheless, microplastics at high concentrations also
may not have a significant effect on plant growth, photosynthesis, and reactive oxygen
species (ROS) content depending on the particle size [91].

Although the uptake mechanisms of plastic particles cannot be clearly explained,
it can be achieved through numerous entry routes, such as passive diffusion through
the cell wall, endocytosis, facilitated diffusion through carrier proteins of the cell
membrane, stomatal opening, and intercellular translocation mechanisms via
plasmodesmata [14]. In particular, microplastics that are effectively taken from the
lateral root regions by the crack-entry mode are then transported from the roots to the
shoots via the xylem [92]. Generally, for nanoplastics and occasionally larger micro-
plastics, translocation can occur from leaf to root via stomata or from root to leaf via
apoplastic transport [51]. Micro- and nanoplastics on the root surface and root hairs
can change the shape of root epidermal cells and block the cell junctions and cell wall
pores, thereby preventing root hairs from absorbing water and nutrients, resulting in
reduced plant growth [59]. Micro- and nanoplastics have been found in various plant
tissues and organs, such as root and stem xylem, leaf [45], stem [92], and root [93, 94].
Microplastics retained by plant roots can become part of the plant body and eventually
join the higher food chain and be stored in the edible parts of plants [94]. Microplastics
also play a role in the transport of various toxic chemicals, such as polycyclic aro-
matic hydrocarbons (PAHs), potentially toxic elements (PTEs), and antibiotics.
Microplastics and nanoplastics can act as a carrier for heavy metals derived from the
environment, leading to higher heavy metal accumulation in plant leaves [95]. The
accumulation of micro- and nanoplastics and subsequent damage to plants further
affect crop productivity, food safety, and quality and lead to potential health risks.

Studies in many plant species show that nanomaterials can be absorbed by the
roots and transported to other organs. However, the amount of absorbance varies
greatly by the physicochemical properties of nanomaterials, the plant species, and
environmental conditions [15]. The biological effects of nanoparticles also vary
greatly depending on their physicochemical properties, plant tissue, the environment
they encounter with the plant, surface charge, size, and concentration. Nanoparticles
enter plant tissues through pores in the cell wall, stomata, and crack enter. Size is the
most important parameter for absorption into plant tissues. The negative charge of
the cell wall allows positively charged particles to penetrate the surface more easily
[96]. The number of polar and nonpolar groups in the structure of the material, in
other words, its hydrophobicity, is an important determining,.

To obtain nanomaterials, two basic methods are used as top-down and bottom-
up production. In the method called top-down, the whole material is processed
and divided into small pieces. Milling, etching, electro-explosion, sputtering, laser
ablation, lithography, aerosol-based techniques, and liquid-phase techniques are
frequently used in top-down. In the bottom-up production method, the material is
obtained by synthesizing atoms and molecules through chemical reactions. Chemical
vapor deposition (CVD), chemical vapor condensation (CVC), molecular beam
epitaxy (MBE), plasma arcing, and wet chemical methods are used for bottom-up.
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Plant Microplastics- Plant Response Concentration Ref.
Nanoplastics
Avabidopsis Poly (butylene Disrupted the photosynthetic system 20gkg™ [48]
adipate-co-
terephthalate)
Avabidopsis PE, PET, PVC, Changes in phenotypic, metabolic 1mg mL™ [61]
PVC, PS and transcriptional profiles
Brassica PE Changes in enzymatic factors, 0.01,0.1,1, 10, [62]
olevacea modifications in antioxidant defense 100, 1000, and
system 10,000 mg L™
Centaurea PVC Reduced plant growth and 1%, w/w [63]
cyanus photosynthetic efficiency
Cucumis PE-MS Changes in metabolic profile 10, 100, and [64]
sativus 1000 mg L!
Cymodocea PS Lower numbers of leaves per shoot, 68 ug/L [65]
nodosa reduced photochemical efficiency,
and increased pigment content
Fragavia x HDPE Decreased plant height, lower yield 02gkg™ [66]
ananassa
Glycine max Polylactic acid Decreased the root length, Changes in 0.1% w/w [67]
microplastics amino acid metabolism
Hordeum PE-MS Changes in metabolic profile 10, 100, and [64]
vulgare 1000 mg L™
Hydrilla Polystyrene Decreased relative growth rate 10 mgL™? [68]
verticillate nanoplastics and and chlorophyll content, triggered
bisphenol F antioxidant responses
Lactuca sativa Differentially Growth inhibition, root lignification, 30 mg L™ [69]
charged PS root cell apoptosis, oxidative stress
responses, accelerated chlorophyll
decomposition and hampered normal
electron transfer
L. sativa PEF, fossil-based Inhibited growth, photosynthesis, 0.5%, 1.0%, [70]
plastic PET and the accumulation of other and 2.0% w/w
nutrients
Lemma minor PE Inhibited growth rate and chlorophyll 50 mgL™ [71]
content
Lemna minor PE Tolerated the presence of MPs for a 100 mg L™ [72]
long period of time
Lens culinaris PE Reduced germination viability and 10, 50, and [73]
plant growth 100 mg L1
Lycopersicon PS, PE, and PP Adverse effects on seed germination, 10, 100, [74]
esculentum root growth, and physiological and 500, and
biochemical activities 1000 mg L™
Oryza sativa PEand Reduced the height and dry weight, 1% wiw [75]
biodegradable induced oxidative stress, changes in
mulch films transcriptional profile
O. sativa PS and Phe Inhibited growth, improved 50 mg L (PS), [76]

antioxidant potential, destroyed the
photosynthetic system

1mg L (Phe)

13



Plant Abiotic Stress Responses and Tolevance Mechanisms

Plant Microplastics- Plant Response Concentration Ref.
Nanoplastics
O. sativa PE Reduced growth parameters, changes 250 mg and [77]
in biomass accumulation, physiological 500 mg L™
and biochemical attributes
O. sativa PSand PVC Reduced plant growth and 1.5and [78]
photosynthetic rate 3.0mgL™
Pistia stratiotes PS No effect on plant growth negatively 10 mg kg™ [79]
affected the translocation of
Bisphenol S
Raphanus PVC Reduced plant growth 2%, wiw [80]
sativus
R. sativus PE Changes in enzymatic factors, 0.01, 0.1, 1, 10, [62]
modifications in antioxidant defense 100, 1000, and
system 10,000 mg !
Senecio PVC Reduced plant growth and 1%, w/w [63]
inaequidens photosynthetic efficiency
Solanum MFB and MFL Concentration-dependent decline in 04,24, 4.4, [81]
lycopersicum growth 6.4, and 8.4%
(w/w)
S. lycopersicum PE-MS Changes in metabolic profile 10, 100, and [64]
1000 mg L™
Solanum LDPE Inhibited growth index for medium- 0.135, 0.27, [82]
nigrum high concentration 0.81, and
135mgkg™
Thinopyrum HDPE and PP Reduced plant growth 0.0125-0.1 mg/ [55]
Junceum ml
Trigonella LDPE Increased plant height 1gkg™ [83]
foenum
-graecum
Triticum PS and DMF Reduced plant height and base 10 and [84]
aestivum diameter of seedlings 100 mg kg™
1% DMF
Vigna radiata Shoe sole Adverse effects on plants size: 57-229 pm [85]
fragments
Zea mays PHBV Reduced plant growth and foliar 0.01%, 0.1%, [86]
nitrogen 1%, and 10%
Z. mays PMF Limited crop growth and N uptake 0.5% wiw [87]

PE: Polyethylene, PET: Polyethylene terephthalate, PVC: Polyvinylchloride, PS: polystyrene, PE-MS: Polyethylene
microspheres, HDPE: High-density polyethylene, PEF: Polyethylene 2,5-furan-dicarboxylate, PP: Polypropylene,

Phe: Phenanthrene, MFB: Microfibers, MFL: Microfilms, LDPE: Low-density polyethylene, PP: Polypropylene

DMEF: Degradable mulching film, PHBV: Bioplastic poly (3-hydroxybutyrate-co-3-hydroxyvalerate, PMF: Polyester
microplastic fibers factor as well as the size and particle charge. Hydrophobicity can be an important limiting factor not
only in the uptake from the cell wall but also in its transport within the ovganism [88].

Table1.
Concentration-dependent developmental alterations of micro- and nanoplastics on plants.

Atoms and molecules are brought together in a controlled manner to form larger
systems, clusters, organic lattices, multi-molecular structures, and synthesized
macro-molecules [97]. Nanomaterials can be divided into four classes according to
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their structures as: (i) zero-dimensional nanomaterials with all dimensions on the
nanoscale, (ii) one-dimensional nanomaterials with two dimensions at the nanoscale,
(iii) two-dimensional nanomaterials with one dimension at the nanoscale, (iv) three-
dimensional nanomaterials, all of which are microscale. These materials may have
organic (carbon-based) or inorganic content [98].

Nanomaterials show better optical, electrical, and magnetic properties due to their
high reactivity and mechanical resistance. These materials, which have completely
new features unlike the materials we know, have gained great popularity in the fields
of health, chemistry, cosmetics, food, military practices, and agriculture. However,
the great advantages of these materials also brought new risks and uncertainties.

The nanoparticles can penetrate leaf tissue through stomata or cuticles. The cuticle
layer is the outermost barrier of the leaf. It may restrict the entry of nanoparticles
smaller than 5nm. Movement of nanoparticles between 10 and 50 nm occurs through
the adjacent cell’s cytoplasm referred as a symplastic route. Therefore, larger nanopar-
ticles between 50 and 200 nm are translocated between the cells known as apoplastic
route. Following the penetration, nanoparticles interrupt the electron transport chain
(ETC) cycle of chloroplast and mitochondria and trigger oxidative bursts. The excess
level of ROS leads plant to destruction of DNA, oxidation of proteins, peroxidation
membrane lipids and ultimately programmed cell death (PCD) [99].

With nanomaterials, it is tried to develop strategies to increase food quality, protect
against pests and diseases, determine species, make instant interventions by monitor-
ing the development of the plant, and increase yield [100]. It is used extensively in the
form of nano fertilizers, nano herbicides, nano fungicides, and nano pesticides in order
to ensure the controlled release of necessary chemicals, especially without disturbing
the environmental ecosystem and to reduce the number of pesticides and herbicides
dispersed into the environment [101]. Nanoparticles are also frequently used in
agriculture to improve soil quality, increase germination, support plant growth, and
increase yield. In addition, its use for reducing the effects of abiotic stresses and revers-
ing the damage caused is a subject of intense research. There is also a lot of research on
gene transfer and obtaining new transgenic plants through nanoparticles [102].

Nanomaterials often accumulate in the soil and encounter plants through roots.
Depending on their size, the free nanomaterials in the soil penetrate the epidermal
cells in the root tissues with the effect of osmotic pressure and capillary forces. The
wall of epidermal cells of root tissue acts as a semipermeable barrier with gaps smaller
than 20 nm and prevents the passage of large particles. Nanomaterials penetrat-
ing through the cavities in the cell wall are transported up to the central cylinder
apoplastically through intercellular spaces or symplastically via plasmodesmata.
Plasmodesmata are about 40 nm wide [103]. For the nanomaterials to enter the
phloem and xylem and to be transported to the shoots and other organs, they must
pass through the central cylinder. This happens by binding to the endodermal cell
membrane’s carrier proteins through endocytosis, pore formation, and transport.
Otherwise, the nanomaterials accumulate in the casparian strip and cause textural
damage. Here, soil content and nanomaterial interaction also appear as limiting fac-
tors in the amount of penetration from plant roots [104].

Although nanomaterials are often taken from the soil via roots, in some cases, they
can also be taken up through leaves or other organs. The cuticle layer on the leaves acts
as a barrier for materials larger than 5 nm. Again, stomata on the leaf surface provide
passage for materials smaller than 40 nm. Generally, the materials entering the tissue
with a size of up to 50 nm are transported by symplastic means, while the materials
in the 50-200 nm range are transported apoplastically [105]. Nanomaterials can be
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transported bidirectionally with sugar and other soluble organic compounds in the
phloem [106]. It can be carried to the roots, stems, fruits, and seeds and accumulate
there. Leaf morphology, chemical composition of the genus, presence of trichomes,
presence of leaf exudates, wax layer, and most importantly size are the most important
factors in the penetration of nanomaterials into the tissue by adhering to the leaf
surface [107].

In some cases, nanomaterials cause cell wall damage, promoting the formation
of new pores. The de novo pores formed in the cell wall can simply enter the cell.
Similarly, it can enter the cell by imitating the behavior of biological components
or by forming a bond with chemicals in the external environment [108]. It can
progress through symplastic and apoplastic pathways in the cell, as well as enter and
accumulate in organelles with energy-dependent endocytosis. Accumulation at high
concentrations causes toxicity to the cell.

Despite the long-standing experimental contribution to the topic, there are still
large gaps to be addressed. Some of the key aspects are as follows:

* Long-term studies are required to diversify the future projections about the fate
of micro/nanoplastics and nanoparticles in different environments (soil, aquatic
systems, etc.) and to understand the uptake potential of micro/nanoplastics
and nanoparticles by plants and bioaccumulation of micro/nanoplastics and
nanoparticles in plants.

* Itis necessary to determine the uptake potential of micro/nanoplastics and
nanoparticles by the plant and their positive or negative effects on plant growth,
according to their various sizes and surface charges (positively or negatively
charged). Moreover, much more data are required to evaluate the toxicity of
micro/nanoplastics and nanoparticles in plants.

* Data on the morphological, physiological, and omic-based (genomic, transcrip-
tomic, proteomic, and metabolomic) evaluation of the effects of micro/nanoplastics
and nanoparticles on plants in different plant species is quite limited. There is a
requirement to increase the number of studies at the molecular level to understand
the interactions between micro/nanoplastic and nanoparticles in plants and to
illuminate the related molecular pathways.

* Determining the changes that micro/nanoplastics may cause in the physical
and chemical structure of the soil and the indirect effects of these plastics on
the development of plants will provide extremely beneficial information for
agricultural improvement.

* More data are required to better understand the interactions of micro/nanoplastics
with soil microorganisms and animals under different soil conditions. In addition,
studies to understand the effects of micro/nanoplastics on nitrogen and carbon
cycles will be extremely beneficial in terms of the evaluation of environmental
stress on plants and novel strategies for agricultural improvement.

* There is very limited data on the interactions between nanoplastics and

other nanoparticles. In this regard, precise data are required to elucidate the
cumulative effect of nanoparticles on plants.
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* Limited data are available regarding the bioaccumulation of nanoplastics and
nanoparticles in plant tissues. Increasing these data will be extremely helpful in
understanding the fate of them in the food chain.

4. Concluding remarks on crossroads between abiotic stresses
and micro/nanoplastics and nanoparticles

Adsorption or uptake of micro/nanoplastics through root tips leads to toxic-
ity and activates mechanoreceptors similar to other osmotic stresses. Apparently,
plants share common stress perception and signal transduction crossroads between
familiar abiotic factors and novel micro/nanoplastics and nanoparticles, even though
evolutionary adaptations have not introduced these pollutants to plants before.
Micro/nanoplastics may cause mechanical stress by physical blockage, disconnect-
ing cells, and consequently reducing signal transmission. Obstructing properties
prevent plants to uptake water and nutrients, hence reducing germination. Due to
the extremely small size of nanoparticles, rapid and relatively uncontrolled penetra-
tion and translocation to various cell compartments occur. Transport proteins or ion
channels mentioned earlier utilize the proportional entry of nanoparticles as well
as endocytosis. Especially metallic forms of nanoparticles, such as Cu, Ni, Zn, TiO,,
and CeO,, may lead to excessive ROS production through the Fenton reactions by
altering oxidative states. Occasionally, nanoparticles can decrease intracellular H,0,
concentrations and lipid peroxidation by increasing the efficiency of redox reactions
by playing a central role in electron retransmission. On the other hand, nanoparticle
exposure may increase the production of 'O,; hence, creating unique ROS signatures
to be decoded to appropriate abiotic stress response. Ca** ions play a vital role in
increasing plant tolerance during abiotic stresses by modulating stress signaling and
responses. Ca nanoparticle applications lead to better utilization of mineral elements.
CaO nanoparticles undertake a key role in stress signaling processes to maintain ion
homeostasis in plants. ABA is a notorious phytohormone for stress signaling and
abiotic stress responses. Nanoparticle exposure rapidly impacts the ABA signaling
pathway. Ag nanoparticles induced ABA signaling by enhancing ROS and altering
root growth. La,O; nanoparticles induce rapidly detectable ABA fluctuations through
the ABA receptors. Similarly, ZnO nanoparticles exposure mediates the transcript
level of ABA synthesis and catabolism-related genes. Further proteomic, transcrip-
tomic, epigenetic, and other omic-based examinations will provide insight into
the regulatory role of nano-sized pollutants in the stress resistance of future plant
cultivars [109-112].
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Abstract

Abiotic stress is one of the primary causes of crop yield loss worldwide; it
contributes to a nearly 50% reduction in crop production. Anti-oxidants are produced
in plants to scavenge ROS that causes cellular damage during abiotic stress. The plant
stress response is a complex mechanism that involves protein initiation pathways,
abscisic acid signaling, transcriptional and post-transcriptional modifications.
Abiotic stress-inducible genes are divided into two groups based on protein products,
one is for signal transduction and other is for expressing resistance. Transcriptional
factors bind to the promoter of the target gene at specific DNA sequences thus
regulating the gene expression, so different kinds of transcriptional factors known as
regulons are involved in regulation of genes during drought, salinity and cold stress.

Keywords: abiotic stress, transcriptional factors, signalling, genes

1. Introduction

Abiotic stress is one of the main reasons for crop yield loss worldwide, almost
more than 50% reduction in crop yield is due to abiotic stress. Plant are sessile
in nature and environmental conditions constantly affect the plant. When these
conditions are extreme and rapid, plants face stress conditions. But stresses are not
necessarily a problem because plants have defense mechanisms to reduce or avoid the
damage caused by these stresses.

For salinity and drought, it is very easy to distinguish the primary stress signals
from the secondary stress signals, which is caused by too much salt or too little water.
Primary signals caused by the drought which is hyperosmotic stress. Drought is often
callas as osmotic stress because hypo-osmotic condition does not harmful for the cell.
Salt stress cause both the osmotic can ionic effects on cells. The secondary effects of
salinity and drought cause the oxidative damage to cell like damage to cellular pro-
teins, lipids, nucleic acid and dysfunction of metabolites. Salinity and drought have
overlapping and unique stress signals. Both cause the hyperosmotic signals which
causes the phyto-hormone abscisic acid accumulation [1].

Abiotic stress such as high temperature, low temperature, high light intensity,
heavy metals, osmotic stress and the number of herbicides and toxic elements leads
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Stress Plantresponse Effects of stress on plant

Drought stress Stomata closure, leaf rolling, Reduction in photosynthesis due to inability of
accumulation of metabolites water transport to leaf

Heat stress Protein stability support High evaporation, water deficit, plant death due to
survival, activation of enzyme turnover

protein repair systems

Cold stress Synthesis of hydrophilic Slow rate of biochemical reactions, photosynthesis,
protein and accumulation leading to oxygen radical damage and CO; fixation
of osmolytes to prevent ice lags. Formation of ice crystal which disrupt the cell
crystal formation membrane

Table 1.

Effects of abiotic stress and vesponse of plant.

to a high amount of reactive oxygen species (ROS) productions that cause cellular
damage and reduce the amount of photosynthesis in the plant (Table 1). The plant
produces the antioxidants that remove the ROS but sometimes in extreme stress con-
ditions amount of ROS is so much high that antioxidants are unable to remove them.
So a high amount of ROS in the cell leads to cell damage that reduces the various
metabolic processes of the plant. To repair these damages, plant cells have a complex
defense system, including the antioxidant stress-related defense genes that cause the
changes in plant cell machinery.

Stress-responsive pathways in plants are not linear, they are complex that involved
multiple pathways and specific tissues and cellular compartments [2]. When plants
face stress, at the initial stress stages, the activation of protein signaling pathways
and activation of Ca* act as the initial sensor that leads to the expression of stress-
responsive genes and physiological changes [3]. Accumulation of abscisic acid (ABA)
in cell plays a crucial role in transduction pathways, and stress signaling and activate
many defense responses [4].

It is known that abiotic stress, through regulation of protein turnover and gene
expression, changes the abundance of many proteins and mRNAs, showing that
transcriptional and post-transcriptional gene regulation plays a very important role
in cellular function adaptation to environmental changes. Recent advances in genom-
ics, metabolomics and proteomics have provided a way to study the gene regulatory
network system which consists of inducible genes, expression programming and
regulatory elements [5]. Through genetic studies, scientists revealed that stress-
related attributes are quantitative trait loci, so the selection of these traits is difficult.

The plant produces various metabolic proteins such as osmoprotectants, regulatory
proteins that play role in signal transduction pathways like kinases and transcriptional
factors in responses to abiotic stress. Transcriptional gene regulation is controlled by
transcriptional factor binding sites (TFBS) and a network of transcriptional factors [6].

Transcriptional factors are proteins in nature that have DNA binding domains that
bind to cis-acting elements that are present in the target gen promoter. TFs repress
(repressor) or induce (activators) the RNA polymerase activity that leads to the
expression of gene regulation. TFs are grouped into families based on their DNA bind-
ing domain [7]. The absence and presence of TFs (activators or repressors) lead to
the regulation of gene transcription that involved the whole signaling cascade events
specified by plant developmental stage, environmental condition and tissue type [8].

Abiotic stress-inducible genes are divided into two groups based on protein
products. The first group of genes, proteins of these genes play role in the regulation
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of signal transduction such as TFs and gene expression, another group of genes whose
proteins directly confer resistance in plant stress against environmental stress such

as anti-freezing protein, late embryogenesis abundant (LEA), enzymes for synthesis
of proline, betaine and osmoregulators. Four different regulons have been identified,
two regulons are ABA dependent (1 and 2) and two are ABA independent (3 and 4):
(1) AREB (ABA-responsive element-binding protein) /ABF regulons (ABA-binding
factor); (2) MYC/MYB (myelocytomatosis oncogene/myeloblastosis oncogene)
regulons; (3) CBF/DREB regulons (4) ZF-HD (zinc-finger homeodomain) and NAC
(ATAF, CUC and NAM) regulons.

Our knowledge related to molecular mechanisms involved in plant defense against
abiotic stress is limited but many numbers of genes have been identified in recent
years that are involved in these responses. These genes can be induced by stimuli and
proteins that confer resistance to abiotic conditions.

The book chapter aims to report recent advances in abiotic stress-responsive
mechanisms and describe the regulation of gene expression.

2. Abiotic stress-inducible genes

Many genes are involved in plant response to abiotic stress. The study of the
function of abiotic stress-inducible genes is an important tool to study the molecular
mechanisms of stress tolerance and plant responses but it also helps scientists to
improve the stress tolerance in crop plats by manipulation of genes. Hundreds of
genes have been identified that play role in abiotic stress responses [9]. Most of the
drought-inducible genes are induced by cold stress and salinity stress.

These genes are divided into 3 groups: (1) in this group, genes product directly protect
the cell against stresses e.g. heat shock proteins (HSPs), chaperones, osmoprotectants,
LEA proteins, detoxification of enzymes, antifreeze proteins and free radical scavengers
[10]; (2) in this group, genes that involved in signaling cascade and transcriptional
control e.g. Calcium-dependent protein kinase (CDPK) and Mitogen-activated protein
kinase (MAPK), phospholipases and transcriptional factors [11]; (3) genes that are
involved in ion and water uptake and transport via ion transporter and aquaporin [12].

3. Transcriptional factors genes

Plant growth and developmental processes are affected by environmental stress.
These stress are salinity, drought and high temperature etc. Human activities cause
adverse effects on the atmosphere that leads to an increase in conc. of O; in the
troposphere and this causes oxidative stress, oxidative stress cause the destruction of
various important proteins and cells, and a reduction in crop yield.

Susceptibility or tolerance is a very complex phenomenon because stress can occur
at any plant developmental stage and mostly more than one stress affects the plant
[13]. Abiotic stress responses involved the production of metabolic proteins such as
proteins which are involved in the production of regulatory proteins and osmoprotec-
tants that play role in signal transduction e.g. transcription factors or kinases.

Regulation of responses needs proteins that operate in signal transduction path-
ways, e.g. transcription factors. These factors bind to the promoter of the target gene
at specific DNA sequences thus regulating the gene expression. This type of regula-
tion is known as regulons. Four different regulons have been identified that are active
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in plants during abiotic stress. Dehydration responsive element binding protein/
C-repeat binding factor (DREB1/CBF), DREB2 regulons play important role in
ABA-independent gene expression, but in ABA-dependent gene expression regulons
ABA-responsive element binding protein/ABREF binding factor (AREB/ABF) [14].
Some other regulons like NAC (No apical meristem) and MYB/MYC (Myeloblastosis-
Myelosytomatosis) are also involved in gene expression of the abiotic stress-respon-
sive gene. TF OsNAC6 is a NAC-type in produced by the plant during abiotic stress
especially cold, salinity and drought. In Rice, over-expression of OsNAC6 during
abiotic stress is studied by using microarray analysis [15]. Transcription factors can be
the target for genetic engineering for the development of abiotic stress-resistant crop
plants.

4. Transcription factor for drought stress

The plant genome controls the regulation of TF under water deficit conditions.
By using the microarray technique in Avabidopsis thaliana, also known as the model
plant, many genes have been identified that are repressed or induced in response to
a condition that leads to cellular drought stress [16]. The drought genes have been
divided into four groups, transcriptional regulations, protection of cellular struc-
tures, cellular metabolism and signal transduction. Almost six different classes of TFs
have been identified that participate in gene repression or induction under drought
conditions. Multiple treatments that mimic drought stress, induce NAC domain and
Homebox domain containing TFs. Adaptation of plants to water stress is promoted
by the accumulation of proteins which have structural and metabolic functions. Late
embryogenesis abundant (Lea) gene play role in plant protection. In desiccating
seeds, Lea genes are expressed. Lea genes produce a hydrophilic protein that protects
the plant membranes and proteins because of its chaperons-like function. In rice
plants, these hydrophilic proteins are identified that protect the cell membrane from
injury under drought stress [17].

5. Transcriptional factors in drought stress

In wheat genome microarray analysis was performed, and the result of the analy-
sis showed that in 300 unique ESTs (expressed sequence tag), 18% of genes were
down-regulated and 30% of genes were up-regulated under water stress [18]. Bray
[19] reported the 130 genes in A. thaliana that were up-regulated under water stress.
Under water stress, these genes are involved in cellular response by detoxification,
signaling events and other functions.

5.1 Salinity stress

Large world cultivated areas are salt-affected. Salt stress affects plant growth,
development, metabolic processes and physiological processes that lead to a reduc-
tion in crop yield [20]. Plant water relations are also affected by salt stress. Salinity
creates ionic stress by the accumulation of Cl” and Na® ions in the cell. Homeostasis
of some other initial ions e.g. Ca**, NO® and K*. The plant cell membranes are also
affected by salt stress. It affects the lipid and proteins of the cell membrane which
leads to cell injury because of hyperosmotic stress and ion imbalance. These changes
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in plants cause disturbance in normal plant development and growth [21, 22]. High
NaCl concentration in the root zone affects the plant metabolism and physiology at
various levels (oxidative stress, water deficit, nutrient imbalance and ion toxicity
[23]. At the initial stages of salinity stress, the plant experienced drought stress which
causes a reduction in leaf expansion. When exposed to long-term salinity stress, ionic
stress occurs in the plant that causes the premature senescence of leaves so that the
photosynthetic area is reduced.

The salt-responsive gene are classified into two groups: 1) early responsive genes
and 2) delay responsive genes [24]. The early responsive genes are induced transiently
and quickly while the late responsive genes are activated slowly and the expression of
these genes is constant. Early responsive genes produce proteins that are transcription
factors. These transcription factors are involved in the activation of downstream late
response genes [1]. When microarray expression profile, a T-DNA insertion knockout
mutant of AtNHX1 and rescued line (NHX1::nhx1) exposed to both long (1 and
2 weeks) and short (12 h and 48 h) duration of salt stress were studied in wild type
plant, 147 transcripts were found which showed both significant effects of AtNHX1
and salt responsiveness.

A large number of genes have been identified that are involved in responses con-
ferring salt tolerance. As functional components, many genes are identified in plant
response under stress conditions, including genes that code for an enzyme that has a role
in detoxification like glutathione peroxidase [25], osmolytes such as LEA and glycine-
betaine [26], AtNHX1 Na*/K* antiporter [27], Alfinl TF [28] and AtHALS3 flavoprotein
[29]. The complete study of transcriptomes showed that synthesis of ion transporter
and osmolytes and regulation of translational and transcriptional machinery have
important roles in salinity stress response. Induction of various transcripts that encode
for RNA-binding protein, specific TFs, elongation factors, ribosomal genes and transla-
tion initiation is reported and these transcripts are important during salinity stress [30].

Some stress-specific consensus sequences are identified in the promoter of genes,
these regions help in activating or repressing these gene transcriptions, TF should be
located in the nucleus that binds with DNA and interacts with the basal transcrip-
tion apparatus. TFs that play role in stress responses are DRE-related binding factors,
putative Zn-finger proteins, leucine zipper DNA binding protein, AP2/EREBP, myb
proteins and bZIP/HD-ZIPs [31], Interact with osmotic regulated genes promoter [32].
AP2/ERF protein domain has CBF or DREB proteins that bind with DRE (dehydration
response elements) or C-repeats. DRE/C-repeat promoter sequence and DREB/CBF
factors in stress-activated genes control the expression of salt-responsive genes. In
Arabidopsis, various stress-inducible genes e.g. Kinl, Cor6.6, rd29A and Corl15a are the
target of DREB/CBFs and contain DRE/C-repeat sequences in the promoter region.

Basic leucine zipper protein consists of a DNA binding domain that binds to the
ACGT core sequence of the target region. One subfamily of bZIP has been identified
that is linked with ABA response ABRE binding factors (ABFs/AREBs), ABIS and its
homologs. Under salt stress when plants go under dehydration ABRE binding factors
are transcribed by the plant cell [33].

Some regulatory intermediates such as SOS3 (calcium-binding protein), SOS2
(Suc nonfermenting -like) kinase, mitogen-activated protein kinase and Calcium-
dependent protein kinases [34]. Salt tolerance and ion homeostasis are regulated by
a single pathway which includes SOS1, SOS3 and SOS2, their functions are calcium-
dependent. SOS1 encode the protein (plasma membrane Na*/H" antiporter) which
play important role in Na* extrusion [35]. This antiporter makes a component which
increases the Ca** and reversible phosphorylation [36].
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Several studies reported that oxidative stress and reactive oxygen species (ROS)
may be mediating the toxic effects of NaCl in legumes and vascular plants [37]. ROS
are produced in plant chloroplast by direct excitation energy transfer from chloro-
phyll to produce the singlet oxygen or in Mehler reaction by the reduction of univalent
oxygen at photosystem 1 and in mitochondria. ROS can interact with many cellular
components and trigger the peroxidation reaction which leads to significant damage
to cellular lipids, proteins and nucleic acids. Plant have an antioxidant defense system
that helps in the detoxification of ROS and maintain redox homeostasis. This system
consists of enzymes and non-enzyme components which maintain the level of ROS in
the plant cells. Major non-enzymatic antioxidants present in plants are ascorbic acid
and glutathione, some others are tocopherol, alkaloids flavonoids and carotenoids.

5.2 Cold or chilling stress

Cold stress inhibits the expression of the full genetic potential of the crop plants
which leads to a reduction in metabolic reaction and indirectly through the oxida-
tive, cold-induced osmotic (chilling induced prevent the water uptake and freezing
induced leads to cell dehydration), and other stresses. Cold stress has 2 types: 1) chill-
ing stress at <20°C and freezing stress at <0°C. These low temperatures cause adverse
effect on plant cells and growth.

Chilling and cold stress leads to slow the biochemical process such as effect
on enzyme and membrane transport. It also leads to the formation of ice crystals
which causes the cell membrane system disruption [38]. A large number of genes
studies have been used for the identification of genes that respond to cold stress in
Arabidopsis. Results of the studies showed that under cold stress, mRNA levels of
many genes that are important for plant growth and development altered [39].

The cold induction of genes involved in lipid signaling, calcium signaling or
encoding receptor-like protein kinases are affected by the icel mutation. TFs that bind
with DRE/CRT is known as DREB2 and DREB1/CTR-binding factors. AP_2/ERF fam-
ily of transcription factors increases under cold stress. This family have CBFs which
bind to the promoter region of COR genes and activate the expression of the genes.
CBFs regulate the expression of many genes which are involved in ROS detoxification,
transcription, phosphoinositide metabolism, membrane transport, signaling, osmo-
lytes and hormone metabolism [40].

The first cDNA isolated from Arabidopsis, encodes for the DRE binding pro-
teins (DREB1A and DREB2A) reported in scientific study [41] after that many
DREB genes were isolated from many plants. In barley and wheat, the number of
CBF homologs have been identified and mapped to low temperate QTLs, and Fr-2
chromosomal region [42]. Results of the scientific research showed that DREB1/
CBF regulons are ubiquitous in nature within higher plants. Expression of DREB1
genes was investigated in many crop plants under different abiotic stresses. It was
concluded that AzDREBI gene expression is induced by only cold stress, not due
to dehydration or salinity [43]. Another gene CBF gene expression was studied
and concluded that this gene also expressed under sold stress and its mRNA was
detected after 30 minutes in the plant when exposed to 4°C and showed the maxi-
mum expression at 1 hour [44]. Two cold-responsive TFs of genes RAP2.1 and
RAP2.7 can sub-regulate the CBF region. This results showed by the microarray
analysis when performed on transgenic Arabidopsis ectopically expressing the
CBFs. CBFs can regulate the expression of some COR genes that create the cold
resistance in plants.
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The expression of ZAT10 can be induced by the CBFs which can down regulate
the expression of COR genes. Phosphorylation and sumoylation which is induced by
cold stress can activate the constitutive expressed ICE1. Activated ICE1 can induced
the transcription of reprime MYP15 and CBFs. MYB15 and ZAT12 can negatively
regulate the expression of CBFs. HOS1 mediate the proteolysis and ubiquitination of
ICE1, so that it negatively regulate the CBF regulons [45]. Small ubiquitin-related
Modifier proteins (SUMO) can induced the sumoylation. Sumoylation protect the
ubiquitination of the proyein because it protect the protein from the proteosomal
degeradation [46].

Key findings

Late embryogenesis abundant (Lea) gene play role in plant protection during
drought and cold stress, Lea genes produce a hydrophilic protein. In rice plants, these
hydrophilic proteins are identified that protect the cell membrane from injury under
drought stress. Under salt stress when plants go under dehydration, ABRE binding
factors are transcribed by the plant cell which protect the plant against salinity. A
large number of genes studies have been used for the identification of genes that
respond to cold stress in Arabidopsis. Results of the studies showed that under cold
stress, mRNA levels of many genes that are important for plant growth and develop-
ment altered.
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Plant Secondary Metabolites
and Abiotic Stress Tolerance:
Overview and Implications
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Abstract

Plant secondary metabolites (PSM) are one of the major sources of industrially
important products such as food additives due to their distinctive tastes, smells, and
flavors. Unlike primary metabolites such as carbohydrates, lipids, and proteins, these
secondary chemicals are not involved in plant growth, development, and reproduc-
tion but play a significant role in ecosystem functioning. These secondary biochemi-
cals also play a key role in plant communication and defense, particularly under
different environmental stresses. Plants may exhibit a defense response to combat
these abiotic environmental stressors by generating a variety of PSMs to minimize
cell and tissue damage. Secondary metabolites are very diverse (almost more than
200,000) in nature, majorly classified into terpenoids, phenolic compounds, nitro-
gen, and sulfur-containing secondary metabolites, separated based on biosynthetic
pathways (shikimate pathway, mevalonic pathway, and tricarboxylic acid cycle
pathway). This chapter summarizes the stimulating effects of different abiotic
stressors (heavy metals, cold and high temperature, light, salinity, and drought) on
secondary metabolite production. A major focus is given on the synthesis of second-
ary metabolite and accumulation in plants under stressful conditions, and their role in
the regulation of plant defense.

Keywords: secondary metabolites, ecosystem regulator, abiotic stresses, phenolics,
plant defense, terpenoids

1. Introduction

Primary and secondary metabolites are two categories of substances synthesized
by plants. Primary metabolites that directly contribute to plant growth and develop-
ment include lipids, proteins, and carbohydrates. On the other hand, secondary
metabolites (SMs) are multipurpose metabolites that frequently participate in plant
defense and environmental communications [1]. Interspecies communication,
controlling the activity of enzymes, signaling, and defense are just a few of the tasks
performed by SMs [2].
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The SMs play a major role in the plant’s capacity to endure abiotic stressors. The
plant defense system has developed under a variety of stress detection systems,
including transmembrane recognition, and the creation of SMs, which ultimately
help plants to withstand these harsh or stressful conditions [3, 4].

Secondary metabolism also permits ecological interactions between plants and
some other species and contributes to the capacity of plants to adjust and survive in
response to environmental conditions throughout their lifecycle [5]. Plants are often
at risk from a variety of abiotic stresses, such as oxidative and toxic metals, extreme
cold, flooding, salinity, and drought [6]. Plants create a variety of low molecular
weight chemicals known as secondary metabolites, such as anthocyanins, phenolic
compounds, alkaloids, flavonoids, steroids, and terpenes. These phytochemicals are
vital for a plant’s protection, adaptation, and environmental adjustment [7].

Plant secondary metabolites are distinctive sources of flavorings, food additives,
and medications with significant industrial use [8]. A transition from a rapid growth
period to a stationary(inactive) phase in plants is typically due to the highest amounts
of SMs production. Secondary metabolism is a crucial component of organic metabo-
lism and biological processes; it mainly relies on primary metabolism for the contri-
bution of the necessary enzymes, ATP, and cellular machinery and has a role to make
a significant contribution to the producer organism’ long-term survival. However,
their manufactured organisms can grow and develop even without these secondary
compounds, recommending that secondary metabolism is not necessary, at least for
short-term or temporary survival [9].

Regulating plant tolerance at the cellular level is crucial for controlling stress
responses and signal transduction systems [10]. For instance, the capacity of cotton to
synthesize flavonoids and derivatives of cinnamic acid under drought stress tolerance
indicated that they are highly effective at scavenging ROS [11], whereas the ability
of reed plants to produce isoprene during heat-induced stress suggested that they
have an effective antioxidant capacity that can quench oxygen [12]. There are more
than 200,000 SMs known in plants [13]. Some SMs are unique to certain plant taxa,
and their concentrations might differ between populations and individual plants
depending on tissue type and specific plant development stage [14]. Although such
SMs variations may be a result of genetic variability, their concentrations are also
influenced by abiotic factors (growth circumstances) that are anticipated to get worse
with climate change (such as heat stress, drought, and UV radiation) [15]. It has been
believed that increased synthesis of the majority of SMs by a plants mechanism for
chemical defense response is linked to their resistance to stress and that this may be
one explanation for the existence of variation in the type and quantity of SMs pro-
duced by different plants taxonomic groups [16, 17].

This chapter elaborates on the sources and classification of plant secondary
metabolites, their synthesis under unfavorable conditions, and their role in modulat-
ing plant growth and abiotic stress tolerance.

2. Sources and classification of secondary metabolites

A simple classification of plant secondary metabolites includes three main groups:
terpenes (which include plant volatiles, cardiac glycosides, carotenoids, and sterols),
phenolics (which include phenolic acids, coumarins, lignans, stilbenes, flavonoids,
tannins, and lignin), and nitrogen-containing compounds (which include alkaloids
and glucosinolates) [18].
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2.1 Terpenoids

Terpenoids are the largest and most diverse collection of natural products and
contain thousands of isoprene units ranging from hemiterpenes to rubber, varying in
structure from linear to polycyclic molecules. Each terpene is produced by the con-
densed isoprene units, and all of them are classified based on the number of carbon
(5C) units that make up the basic structure [19].

A monoterpene is a compound composed of two isoprene units (C10) and is found
in a wide range of plants. Terpenoids were first reported in their volatile forms, where
they contributed to abiotic stress tolerance and chemical communications between
species [20]. Terpenes have several uses for attracting pollinators, protecting plants
from herbivores [21], and also acting as deadly insecticides and insect repellents [22].

2.2 Phenolics

Phenolics are a crucial subclass of aromatic PSMs, with one or many acidic
hydroxyl groups linked to phenyl-ring [23, 24]. Phenolics are a family of heteroge-
neous molecules made up of about 10,000 chemicals that are both soluble in water
and organic solvents [25]. Plants, fungi, and bacteria can make these substances [26].

Phenolic compounds are classified based on their structural characteristics
(phenols (C6), phenolic acids (C6-C1 or C6-C3), flavonoids (C6-C3-C6), and tannins
(C6-C3-C6)). They can occasionally be further divided according to the degree of
polymerization: (I) High molecular weight phenolic compounds, such as tannins, are
water-soluble molecules that are strongly polymerized and fall under two subfamilies
with distinct properties (II). The majority of saprotrophic organisms readily use
low molecular weight phenolic compounds, which are discovered in most plants in
glycosylated and solubilized form; however, some of them have specific biological
activities such as cinnamic acids, in dicot angiosperms, the bulk of hydrolyzable tan-
nins are present. Pro-anthocyanidins is another name for condensed tannins, which
are polymers of flavan-3-ols (flavonoids) [27].

They serve significant roles in giving fruits, flowers, and seeds color, smell, and
flavor, and they also have powerful antioxidant qualities because of their physical and
chemical makeup [28]. Moreover, these substances have an impact on interactions
between plants, such as allelopathic inhibition of targeted species growth [29].

2.3 Nitrogen-containing secondary metabolites

Glucosinolates, alkaloids, and cyanogenic glycosides make up a significant class
of nitrogen-containing SMs. Alkaloids are basically alkaline compounds, which have
low molecular weight and make up a large group of secondary metabolites [30]. The
majority of alkaloids occur in their free state as N-oxides or mix with acids to form
salts that can easily dissolve in water [24]. Alkaloids are identified due to the presence
of at least one nitrogen atom, and they have a noticeable physiological impact on
animal behavior; for instance, many of them have poisonous or analgesic effects (such
as cocaine or morphine) [21].

Cyanogenic glucosides (CNglcs), also known as a-hydroxy nitrile glucosides, are
naturally occurring bioactive plant secondary metabolites generated from amino
acids and primarily composed of the sugar D-glucose [31]. According to Picmanova
et al. [32], CNglcs are thought to be crucial for plant development, growth, and toler-
ance against different abiotic stressors [33].
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2.4 Sulfur contains secondary metabolites

Phytoalexins, defensins, glutathione (GSH), and allicin are just a few of these sub-
stances that have been linked either directly or indirectly to plants’ protection against
microbial diseases [34]. The GSH is one of the primary forms of organic sulfur, which
is present in soluble parts of plants and is essential for controlling plant development
and growth as well as working as an antioxidant in cells under stress [35].

Higher plants synthesize glucosylates (GSL), a type of low molecular weight plant
glucosides containing nitrogen and sulfur to boost their resistance against predators,
competitors, and parasites. These compounds degrade into toxic or repellent volatile
defense chemicals, for example, allylcys sulfoxides in allium and mustard oil and
glucosides in Cruciferae [36]. A typical structural characteristic of Brassica phyto-
alexins is an indole or closely similar ring structure. These secondary metabolites are
different compared to other well-known GSLs and appear to exclusively be produced
by the plant family Cruciferae. Due to their high value, multiple research teams have
looked at cruciferous phytoalexins as well as their biological activities over the past

few decades [37].

3. Production sites and biosynthesis of secondary metabolites

Within plant cells, many secondary compounds are biosynthesized from
primary metabolites, and their production can be stimulated under many abiotic
elicitors and signaling molecules [38]. Under stressful environments, specific SMs
conditionally accumulate in different plant sections [39]. The Krebs cycle and
the Shikimate pathway are run where the precursors of metabolites are formed.
The important starting materials for SMs are primary metabolites. Based on their
chemical makeup, intended use, and distribution in plants, primary and SMs can
be separated from one another. In most plants, the basic biosynthesis routes of
metabolites remain conserved and most of the primary metabolites are present in
all tissue types. Several basic metabolic frameworks have emerged because of the
preservation of this metabolic core. Many modifications in fundamental structures
result from regular glycosylation, methylation, hydroxylation, acylation, oxidation,
phosphorylation, and prenylation, as well as from fewer chemical modifications
brought on by the specialized enzymes.

The three main categories of SMs can be separated based on biosynthetic path-
ways. Phenolic substances are synthesized through the shikimate pathway. Terpenes
are synthesized through the mevalonic pathway, while the N-containing substances
are synthesized through tricarboxylic acid cycle pathway [40]. The precursor of
the shikimate pathway (from the pentose phosphate pathway) is shikimic acid,
which is produced when erythrose 4-phosphate and phosphoenolpyruvate from
the glycolytic pathway combine. Phenylalanine, tyrosine, and tryptophan are the
precursors for PSMs like phenolics, and N-containing compounds are produced via
the shikimate pathway and also serve as the building blocks for protein synthesis
[39]. In contrast to tryptophan (which is the precursor of alkaloids, phytoalexins,
indole glucosinolates, and plant hormones like auxin), tyrosine further produces
isoquinoline alkaloids, pigment betalains, and quinones (such as tocochromanols
and plastoquinone) [41].
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4. Metabolomic approaches for quantifying secondary metabolites

Understanding the kinds and quantities of SMs generated by the kingdom of
plants is beneficial for plant research since this production reveals how plants have
evolved in nature to meet various challenges [42]. We need to use a wide range of
various analysis tools to get better handling of metabolites for plant metabolomics due
to the wide variety of chemical classes and characteristics as well as their enormous
dynamic range of metabolite concentrations in plants.

After the organic substrate has been extracted using a non-polar solvent, the only
approach for terpene analysis is through GCMS (gas chromatography-mass spectros-
copy). The principle behind the technique is the specific absorption of near-infrared
electromagnetic radiation by different OCs (organic compounds), which is known as
near-infrared spectrometry (NIRS). This method creates spectra reflecting the materi-
al’s organic composition (nitrogen, lignin, cellulose, hemicelluloses, etc.) [43]. Another
recently created comprehensive method is called “metabolomics,” which enables quan-
titative determination and all metabolites’ identifications in different tissue by using a
variety of analytical methods such as gas/liquid chromatography (GC/LC) combined
with mass spectrometry (MS) or nuclear magnetic resonance (NMR) spectroscopy.
Metabolomics provides a full snapshot of the chemical makeup of a tissue (such asa
leaf) at a specific moment, enabling somebody to focus on the least understood chemi-
cals and evaluate or recognize metabolites that have insufficient information [44].

Folin-Ciocalteu method, used to calculate the concentration of OH™ phenolic com-
pounds that are bound to the benzene ring is the method most frequently employed to
examine the phenolic fraction of plants [45]. The Folin-Ciocalteu reagent reacts with
phenolic groups to produce a blue complex, which is the basis for this procedure [46].

The STME (Silicone tubing microextraction) is a technique created by Mohney
et al. [47] and is one of the newer techniques that open up new opportunities for
studying secondary metabolites in soils. Direct placement of sorbent microtubes in
the soil allows for iz situ monitoring of allelochemicals released from roots [48].

5. Secondary metabolite accumulation under various environmental
factors

The production and accumulation of PSMs in tissues are tightly regulated in a
spatiotemporal way and influenced by many abiotic factors [49]. Environmental
factors affect how PSMs produce and accumulate in different plants [50]. The alkaloid
content of Catharanthus roseus seedlings under salt stress and water stress (drought)
was significantly higher than when it is under control conditions [51]. Different
abiotic stress conditions also have a substantial impact on the formation of phenolic
chemicals [52]. Oryza sativa stimulates phenolics secretions in the stele and epidermis
of roots in alkaline conditions, which effectively boosts ion absorption and reduces
iron-deficiency reactions [53].

Polyphenols that are also called flavonoids are antioxidants and necessary for
plant tolerance against different abiotic stresses [54]. In model plants, excessive
accumulation of various flavonoids such as kaempferol, quercetin, and cyanidin is
well known [55]. Heat and salt stress increased flavonoid accumulation in O. sativa,
which enhanced tolerance in rice against these stresses [56]. Short-wavelength
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radiation causes a number of flavanol glycosides including quercetin and kaempferol
glycosides, which strengthen plant defenses against different stresses [57]. In plants of
Brassicaceae family, glucosinolates are significant precursors to several active compo-
nents [58]. Strong light, high temperatures, and drought caused more accumulation
of glucosinolates in Brassica rapa [59]. Brassica oleracea show strong tolerance against
chilling and freezing, and it is suggested that the defensive mechanism enabling this
tolerance involves the glucosinolates concentrations induced by low temperature [60].

6. Plant secondary metabolites and abiotic stress tolerance

Metabolic processes that lead to the accumulation of natural products are affected
by the concentrations of various PSMs, which greatly affect growth conditions.
Numerous typical reactions occur when abiotic stresses affect the stimulation of
PSMs.

6.1 Heavy metals

Zinc, manganese, nickel, and iron are essential for the development of photosystems
(I & II) and different enzymes in plant cells [61]. An excess of various metals especially
toxic metals is harmful to plants; as a result, plant cells have systems in place to prevent
these metals’ poisonous buildup. Recent research has focused on the development of
SMs within plants under heavy metal stress [62]. The formation of different photosyn-
thetic pigments, sugars, proteins, and non-protein thiols is affected by heavy metals
at physiological and metabolic levels in plants. By altering certain parts of secondary
metabolism, metals can change how bioactive molecules are produced [63].

Secondary metabolite synthesis is also regulated by metal ions (europium, silver,
lanthanum, and cadmium) and oxalates [64]. Urease enzyme, which is an essential
component of the trace metal nickel (Ni), is required for the development of plants
[65]. It has been demonstrated that Cu** and Cd** increase the yields of secondary
metabolites such as shikonin [66]. Babula and colleagues [67] examined the physi-
ological reactions of Hypericum perforatum plants to cadmium stress in several tissues,
specifically in the shoots and the roots. Their findings revealed an increase in phenolic
acids (ferulic acid), and on the other hand, there was a decrease in flavonoids (epicat-
echin and procyanidin) in shoots as well as in roots. It is interesting to note that PAL
(phenylalanine ammonia lyase), the first gene to intervene in the phenylpropanoid
pathway, was found to be directly correlated with heavy metal accumulation [68].
This showed how heavy metals affect the genes that are responsible for producing
phenylpropanoids and explained why phenolic acids build up in heavy metal-stressed
plant cells. To conserve energy plants, produce phenolic acids (hydroxycinnamic
acids), and may prefer to invest in the first steps of the pathway rather than activating
the genes that would otherwise interfere with the proceeding steps (which result in
the synthesis of flavonoids and anthocyanins). It was previously mentioned that phe-
nolic compounds are produced as a defensive mechanism in response to toxic metal
stress. Phenolics are powerful Cd chelators and the roots of Matricaria chamomilla
produce more of these compounds than other plants [69].

In plant cells, oxidants and antioxidants coexist in a dynamic balance that prevents
ROS buildup [70]. Secondary metabolites play a well-established role in reducing
ROS stress [71]. The plant secondary metabolites that can combat ROS and prevent
oxidative stress are polyphenols and terpenes [72]. Their scavenging abilities are also
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caused by these molecules, it is important to note that the antioxidant characteristic
of flavonoids is determined by their OH™ groups that provide electrons and hydrogen
to radicals to stabilize them [73]. A CdSO, treatment led to an increase in protective
soluble phenolic compounds within the woody species Populus x canescens [74]. In
contrast to the wood, where ROS were created at a faster rate these chemicals were
more prevalent in the bark. These findings showed that different organs of the same
tree exhibit diverse responses to heavy metals and that these responses are correlated
with the capability of plants to produce different SMs [75].

6.2 Temperatures (cold and high temperatures)

The temperature has a significant impact on plant ontology and metabolic activity,
and extreme heat can expedite the senescence of leaves. Thermal treatments were
observed to marginally reduce carotenoids in Brassicaceae, including f-carotene [76].
Temperatures and the phenological stage had an impact on the production of SMs in
Rhodiola rosea clones [77], and increased levels of toxic metals boosted SMs produc-
tion with a synergistic action associated [78]. Within suitable temperature ranges,
plants can grow and develop more effectively. The development and production of
plants may be negatively impacted by low and high temperatures [79]. Heat stress
affects plants that are growing in hot environments. Stomatal conductance and net
CO, fixation drop due to heat stress are linked to decreased plant growth and yield.
Heat stress in plants and SMs biosynthesis are related to one another [80]. A decrease
in the photochemical efficiency of photosystem II is seen in plants developing under
heat stress. A review of the literature found that plants under heat stress often
produce more SMs, but some studies also showed a decrease in SMs production under
elevated temperatures; ginsenoside levels were increased in Panax quinquefolius plants
that were cultivated under elevated temperature stress [65].

Among the most detrimental abiotic stressors affecting temperate plants is
low-temperature stress. Due to seasonal temperature changes, several species’
metabolisms have modified in the fall to contain more of a variety of cryo-protective
compounds for enhancing their capacity to survive cold temperatures [81]. When a
temperate plant overwinters, its metabolism is switched to the synthesis of molecules
that act as cryoprotectants, such as sugar alcohols, and low molecular weight nitrog-
enous compounds [81]. Low-temperature stress inhibits metabolic processes, water
absorption, and cellular dehydration in many plants [82]. Freezing temperatures
caused photosynthesis in Capsicum annuum plants ultimately reducing the plant
growth. Cold acclimation occurs when plants that are growing at low temperatures
show significant changes in a variety of physiochemical and molecular mechanisms
allowing plants to withstand these cold temperature stresses. Moreover, informa-
tion about the decline in photosynthetic pigments and total soluble protein content
in plants during cold temperatures has been documented in the literature [83]. The
production and storage of SMs were noticeably decreased under low-temperature
stress [80]. Phenolic synthesis is also observed to be increased by cold stress [84].
The relationship between temperature and the production of alkaloids has been
observed, particularly with high temperatures being preferred to trigger alkaloid
production. At low temperatures, the accumulation of the alkaloids was constrained
in dry Papaver somniferum [85]. In contrast to the control, the overall phenolic acid
content and isoflavonoids (genistein, daidzein, and genistin) in soybean (Glycine
max) roots increased when these roots were treated at a cold temperature for 24
hours with genistin showing the greatest rise of 310% [86]. Christie et al. [87]
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documented the development of anthocyanins during low-temperature stress. Pinus
pinaster undergoes modifications in its endogenous jasmonates because of cold and
water stressors [88].

According to Lei et al. [89], melatonin protects carrot suspension cells against
cold-induced apoptosis via upregulating the polyamines (putrescine and spermine).
According to a recent study by Zhao et al. [90], melatonin has been shown to increase
the longevity of Rhodiola crenulata cryopreserved callus. Kovacs et al. [91] observed that
when wheat (Triticum aestivum L.) leaves are subjected to low temperatures putrescine
accumulates (6-9 times), spermidine accumulates less, and spermine declines little.
Moreover, under low-temperature stress, alfalfa (Medicago sativa L.) also accumulates
putrescine [92]. According to Hummel et al. [93], agmatine and putrescine levels have
been linked to enhanced levels of cold tolerance, and they may serve as a useful indicator
of this trait in P, antiscorbutica seedlings. Perilla frutescens suspension cultures showed
a striking reduction in anthocyanin production at an elevated temperature of 28°C,
which was the greatest at 25°C [94]. Similar findings on anthocyanin productivity at
its maximum production level in Daucus carota cell suspension cultures were described
[95]. Under the influence of various temperatures, Beta vulgaris hairy root cultures were
observed and examined for a release of these pigments [96]. The ideal temperature
ranges for each plant species and cultivar are unique, and any variation from those limits
may have an impact on biomass and the production of SMs.

6.3 Salinity stress

Salinity stress affects plant growth and the production of bioactive compounds
[97, 98]. Many plant species create phenolics to defend themselves against different abi-
otic stress conditions, including salinity, and their buildup is correlated with plant spe-
cies’ antioxidant capacities [99]. Proline levels in the roots of salt-tolerant alfalfa plants
increased quickly according to research by Petrusa and Winicov, the increase was gradual
in salt-sensitive plants [100]. Many plants have also observed an increase in polyphenol
content in various tissues under salt stress [101]. Navarro et al. [102] found that red
peppers had an enhanced total phenolic content at a moderate salinity level. It has been
demonstrated that plant polyamines influence how plants react to salinity. There have
been reports of alterations in polyamine levels caused by salinity in Helianthus annuus L.
(sunflower) roots [103]. The effects of KCl treatment on amounts of total phenolics and
flavonoids in C. cardunculus and Cardunculus var. altilis leaves were more pronounced
than those of the other two chloride salts (NaCl and CaCl,) [104] (Table1).

6.4 Drought stress

Drought stress is one of the major abiotic stresses that affect plant development
and growth [93, 113]. Drought disrupts cellular homeostasis by affecting proteins,
carbohydrates, lipids, and DNA. It has an impact on the plant’s height, root growth,
and leaf area (LA) [114, 115]. Moreover, drought has a significant impact on the
physiology of plants, including osmotic potential, stomatal conductance, rate of
photosynthesis, pressure potential, and transpiration rates [116]. Drought stress poses
a serious threat to sustainable agriculture since it has a negative impact on crop yield
globally. However, in response to drought stress, plants have evolved several morpho-
logical, physiological, biochemical, and phonological mechanisms [117].

Willow (Salix) leaves were shown to contain more flavonoids and phenolic acids
during a drought, which frequently results in oxidative stress [118]. Changes in the
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Plant species

Salinity levels

Effects on the concentrations of SMs

References

Solanum nigrum

0, 50,100, &
150 mM

Salinity stress increased the expression
of the flavonoid genes, which in turn
increased the synthesis of quercetin
3-d-glucoside and lutein. Moreover,
certain carotenoid-related genes, such as
phytoene synthase 2 and lycopene cyclase
were just overexpressed in response to
salt stress.

[105]

Zea Mays

0 & 100 mM

Salinity stress increased the total phenolic
and flavonoid levels.

[106]

O. sativa

0 & 25mM

Grain nutritional quality, including
antioxidant activities, anthocyanins,
and total phenolics, was significantly

improved under salinity stress.

[107]

Triticum astivum

0 & 150 mM

Salinity stress increased phenolics,
particularly at the booting stage.

[108]

Lepidium sativum

30, 60, 90, &
120 mM

Accumulation of flavonoids and phenolic
compounds in L. sativum was increased
under salinity stress.

[109]

Saccharum
officinarum

12.5 & 6.8 dS/m

Salinity stress altered the production
of flavones, anthocyanins, and soluble
phenolics in two sugarcane clones,
CP-4333 and HSF-240.

[110]

Fagopyrum esculentum

0,50,100, &
200 mM

Carotenoids, phenolics, and antioxidant
activity changed noticeably when
buckwheat plants were exposed to
different salinity levels. Comparing plants
grown under non-saline conditions to
plants growing under various salinity
doses, it is evident that the concentration
of phenolic chemicals increased
significantly.

[111]

Salvia mivzayanii

45,68, & 9.1dS/m

S. mirzayanii’s antioxidant activity,
phenolic content, and volatile compounds
(Bicyclogermacrene, 1,8-cineole, and
-terpinyl acetate) were increased under
salinity stress.

[112]

Table 1.

Influence of salinity stress on the biosynthesis and accumulation of different PSMs.

ratio of chlorophylls “a” & “b” and carotenoids were affected by the drought [119].
Cotton under drought stress was shown to have less chlorophyll [120], as was in C.
roseus [121]. In Chenopodium quinoa, drought circumstances reduced the amount of
saponins from 0.46% dry weight (dw) in plants growing in low water deficit settings
to 0.38% in plants growing in high water deficit situations [121]. A number of SMs

generated by plants are beneficial for fostering drought resistance [96, 122].

A different study found that applying drought stress improved the quality of signifi-
cant SMs in Artemisia annua [80]. Similarly, Glechoma longituba grown in drought condi-
tions showed an increase in total flavonoids [123]. Significant changes were seen in the
contents of several macronutrients, proline, carbohydrates, and essential oils in Ocimum
americanum and Ocimum basilicum under water-limited circumstances [124] (Table 2).
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Plant species Drought levels Effects on the concentrations of SMs References
Achillea filipendulina 25, 50,75, &100% Drought increased total phenolic and [125]
(field capacity) flavonoid concentrations.
Zea mays PEG-induced (0.6 Reduced phenolic compounds and [126]
MPA) decreased plant biomass occurred
under drought.
O. sativa 25, 45, 65, & 85% Drought increased the production of [127]
Soil moisture flavonoids, phenolics particularly in
tolerant genotypes.

G. max Control (—15 to —20) Total phenolics and lignin levels [128]

Drought (-90 & significantly increased under drought

-100KPA)

Carthamus tinctorius 25 and 50% water Plants under mild water scarcity [129]

deficit produced more phenolic compounds,

whereas plants under severe drought

showed a clear drop in phenolics.
Likewise, plants exposed to moderate
drought had much higher levels of
carotenoids.

Vitis vinifera 30 & 70% Soil In plants under drought stress, the [130]

moisture amounts of the phenolic compounds

significantly dropped.
Table 2.

Drought-induced alterations in the biosynthesis and storage of PSMs.

6.5 Light

The physiological reactions of various plant species and even cultivars to exposure
to light conditions, such as photoperiod or small durations connected to the genera-
tion of SMs [131]. Light is a physical element that is widely established to have an
impact on metabolite synthesis. In Z. officinale callus cultivation, light can enhance
the formation of such secondary metabolites as gingerol and zingiberene [5]. Hence,
the amounts of phenolics have been found to increase in direct proportion to light
intensity.

Due to shorter light duration, many plant portions have significantly lower endog-
enous levels of coumarins. Furthermore, the prolonged period of light markedly
enhanced the number of coumarins [132]. American ginseng (P. quinquefolius) plants
that were exposed to direct sunlight for a longer period produced more ginsenoside in
their roots than those that were exposed for a shorter time [133].

Blue light was found to have the greatest impact on SMs in Scutellaria laterifora
shoot cultures, and their connection with PGRs (Plant growth regulators) was found
[134]. The effects of various light spectra from light-emitting diode sources on the
production of SMs were seen when Peucedanum japonicum callus cultures were
exposed to them. The red and blue light was shown to be the most effective [135].
Based on the length of the cell suspension cultures of Artemisia absinthium, light and
dark incubation conditions had a significant impact on the generation of biomass
[136]. Different species have different effects on how light affects plant growth and
development [131].

According to Liang et al. [137], UV-B radiation may cause a decrease in chlorophyll
content while increasing flavonoid content and PAL activity. Root flavonoids in
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Pisum sativum plants were elevated by UV light (300-400 nm) [138]. Recent research
showed that photoperiod regimes influence endogenous indoleamines (serotonin

and melatonin) in farmed green algae Dunaliella bardawil [139]. In primary and
secondary metabolism as well as a number of plant developmental processes, light is
widely known to be essential [140]. Several studies have revealed that light sources
directly induced the synthesis of crucial secondary metabolites, such as anthocya-
nins, artemisinin, caffeic acid derivatives, and flavonoids [141]. Regvar et al. [142]
compared the effects of UV irradiation on different concentrations of rutin, catechin,
and quercetin in Fagopyrum esculentum and F. tataricum, and they discovered that E.
esculentum was found to have more quercetin when exposed to the elevated UV irra-
diation. Markham et al. [143] investigated the C-glycosyl flavone content of various
rice cultivars under UV-B light and discovered that C-glycosyl flavones were enriched
in a UV-tolerant rice cultivar but lacking in a sensitive cultivar.

7. Conclusions

This chapter explains the importance of secondary metabolites in plants’ defense
against abiotic stresses such as heavy metals, flooding, salinity, and drought. These
metabolites are produced in response to environmental stressors and are regulated
depending upon growth circumstances and developmental stage. There are three
main groups of secondary metabolites: terpenoids, phenolics, and nitrogen-contain-
ing compounds. Higher plants synthesize GSL (N & S containing secondary metabo-
lites) to boost their resistance against predators, competitors, and parasites. The
biosynthetic pathways of these SMs are distinct and use different precursors, with the
shikimate pathway producing phenolic substances, the mevalonic pathway producing
terpenes, and the tricarboxylic acid cycle pathway producing nitrogen-containing
compounds. Understanding the types and quantities of secondary metabolites in
plants is important for plant research, as it reveals how plants have evolved to cope
with various challenges. Metabolomics is a comprehensive method used to identify
and quantify all metabolites in different tissues. Flavonoids and glucosinolates are
two examples of secondary metabolites that are important for plant tolerance against
different abiotic stresses. Plant breeders have the potential to develop new plant
varieties with increased tolerance to various abiotic stresses by selectively incorporat-
ing specific secondary metabolites. In the context of climate change, where plants will
face more extreme environmental conditions, this could be particularly valuable.
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Chapter 4

Types and Function of
Phytohormone and Their Role
in Stress

Diksha Vaishnav and Parul Chowdhury

Abstract

Plants require sunlight, water, oxygen, and minerals to grow and flourish. Along
with the external environments, plant cell functioning is regulated by chemicals and
plant hormones, also known as phytohormones or plant growth regulators (PGRs).
Plant hormones are chemical substances, like signalling molecules found in plants
at extremely low concentrations. Hormones such as auxins, cytokinins, gibberellins,
ethylene, abscisic acid, jasmonic acid; salicylic acid, brassinosteroids, and strigolac-
tones are the classes of plant hormones playing vital role in plant. All these hormones
are produced in practically every region of the plant and are distributed throughout
the plant. Hormones, as well as external variables, play a vital role in processes such
as vernalisation, phototropism, seed germination, and dormancy, because these
hormones are responsible for translating the external signal into adaptive growth and
developmental changes, that help plant to survive better. They also evolved as cellular
signal molecules with important roles in the modulation of immunological responses
to bacteria, insect herbivores, and beneficial microorganisms. Hence, plant hormones
govern a variety of biological activities ranging from growth and development
to biotic and abiotic responses. This chapter will focus on various classes of plant
hormones and their role in growth and development along with the stress.

Keywords: plant hormone, signalling molecules, growth and development, abiotic and
biotic stress
1. Introduction
1.1 The meaning of a plant hormone

Plants need sunlight, water, oxygen, minerals for their growth and develop-
ment. These are. Apart from external factors there are some intrinsic factors that
regulate the growth and development of plants [1]. These are called plant hormones

or “Phytohormones”. The term “hormone” was originally used narrowly to refer
to secretory substances generated by particular organs, glands, tissues, or cells in
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animals that were transported by veins (or other comparable tissues) to more or less
specific tissues and had some effect on their metabolism [2]. However, the termi-
nology is now always used to refer to the mobile signals of living creatures and is
frequently used with a heading to indicate the type of living things, such as animal
hormones, plant hormones, insect hormones, etc. Every living species has hormones
that are frequently exclusive to that species and reflect the traits of its biological
occurrences. The peculiar growth phenomenon known as developmental plasticity, in
which a plant continuously forms new organs and tissues throughout its life cycle, can
be attributed, at least in part, to the features of plant hormones [3]. Plant hormones
are a group of organic, naturally occurring chemicals that, when present in small
amounts, affect physiological functions. Growth, differentiation, and development
are the primary processes impacted, while other processes, such stomatal movement,
may also be impacted. Although the term “phytohormones” is not commonly used,
plant hormones have also been referred to as such [4].

* Plant hormones are chemical compounds present in very low concentration in
plants. They are derivatives of indole (auxins), terpenes (Gibberellins), adenine
(Cytokinins), carotenoids (Abscisic acid) and gases (Ethylene). These hormones
are produced in almost all parts of the plant and are transmitted to various parts
of the plant. They may act synergistically or individually. Roles of different hor-
mones can be complementary or antagonistic. Hormones play an important role
in the processes like vernalisation, phototropism, seed germination, dormancy
etc. along with extrinsic factors.

* Two types of plant hormone Synthetic and Natural. Synthetic plant hormones
are exogenously applied for controlled crop production Charles Darwin first
observed the phototropism in the coleoptiles of canary grass and FW. Went first
isolated auxin from the coleoptiles of oat seedlings. Plant hormone (phytohor-
mones) is chemicals produced by plants that regulate their growth, develop-
ment, reproductive processes, longevity, and even death.

Plant hormones control every phase of the life cycle of the plant. In general,
more than one hormone influences plant biological activity, therefore the biological
phenomena frequently represents the combined interactions of multiple distinct
hormones [5]. When plants confront biotic and abiotic pressures, they can only
survive by altering various biological processes, unlike animals that may flee from
harsh situations. In these circumstances, plant hormones also work together to alter
biological reactions for the establishment and maintenance of plant stress tolerance.
Transducing extracellular or intracellular signals into cellular responses is a process
known as signal transduction. The processes of signal transduction are involved in
hormones functioning. Hormones are compounds that function at low concentrations
that circulate through some or all living creatures to signal and regulate the response,
growth, and development of those organisms [6].

2. Class of phytohormone

Plant hormones (phytohormones) are chemicals produced by plants that regulate
their growth, development, reproductive processes, longevity, and even death. These
small molecules are derived from secondary metabolism and are responsible for the
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adaptation of plants to environmental stimuli. Plants are subjected to an ever chang-
ing environment and require these phytohormones for appropriate responses. A
single phytohormone can regulate many cellular and developmental processes, while
at the same time multiple hormones often influence a single process [7].

Auxin, gibberellins, cytokinins, ethylene and abscisic acid are the five primary
phytohormone. Other phytohormone that influences plant physiological processes
include brassinosteroids, salicylates, jasmonates, strigolactones, etc (Table1) [8].

2.1 Auxin
2.1.1 Introduction

The first growth hormone to be identified was auxin. They were discovered due to
the observations of Charles Darwin and his son, Francis Darwin. The coleoptile (pro-
tective sheath) of canary grass develops and bends in the direction of the light source,
as seen by the Darwin’s. This is known as “phototropism.” Additionally, their research
demonstrated that the coleoptile tip was the location where the bending occurred.

As aresult, F. W. Went was able to isolate the first auxin from the coleoptile tip of oat
seedlings [9]. The apical meristem of shoots, young leaves, and seeds is where auxin is
mostly produced. From the point of production, auxin moves downward in a unidi-
rectional or polar manner. Auxin concentration gradient produced by polar transit
drives specific responses. The plasma membrane’s auxin-specific transport proteins
regulate how auxin leaves the call. Plant hormones work through signal transduction,
triggering several cellular responses. Auxin attaches to receptors that are related to
enzymes, which encourages reaction catalysis. The repressor protein for certain genes
(the auxin response gene) attaches to ubiquitin when auxin binds to a receptor. This
causes the repressor protein to be degraded, and the transcription of auxin response
genes proceeds, promoting cellular growth and development [10].

2.1.2 Function

Auxin, plays a crucial role in regulating growth and development. Indole-3-Acetic
Acid (IAA), Indole-3-Butyric Acid (IBA), and 4-chloro-indole-3-acetic acid are all
members of this hormone family that are found in nature. Auxin levels vary dra-
matically within the plant body and throughout the life cycle of the plant, forming
complex gradients that appear to be a central component of its regulatory activity for
plant development. In order to control auxin levels in particular tissues in response
to shifting environmental and developmental factors, plants have evolved complex
networks with adaptive flexibility as well as genetic and biochemical redundancy
[11]. Indole-3-acetic acid (IAA) is the main auxin in most plants (natural auxin) 2,
4-Dichlorophenoxy Acetic acid, Indole-3-Propionic Acid, alpha- Naphthalene Acetic
Acid are synthetic auxins.

2.2 Gibberellins
2.2.1 Introduction
Gibberellins are plant growth regulators that control growth and have an impact on

avariety of developmental processes, including stem elongation, germination, bloom-
ing, enzyme induction, and so on. The most pronounced effect of gibberellins on plant
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Hormone Where produced or found in plant Major function

Auxin (IAA) Shoot apical meristems and young leaves Stimulate stem elongation (low
are the primary site of auxin synthesis, concentration only); promotes the
root apical meristem also produce auxin, formation of lateral and adventitious
also the root depends on shoot for much roots; regulates development of fruit:
of its auxin .developing seeds and fruits enhances apical dominances; functions in
contain high levels of auxin, but it is phototropism and gravitropism; promotes
unclear whether it is newly synthesised or vascular differentiation; retards leaf
transports from maternal tissues abscission.

Cytokinins These are synthesised primarily in Regulate cell division in shoots and roots;
roots and transported to other organs, modify apical dominance and promote
although there are many minor sites of lateral bud growth; promote movement of
production as well. nutrients into sink tissues; stimulate seed

germination; delay leaf senescence.

Gibberellins Meristems of apical bud and roots, young Stimulate stem elongations, pollen
leaves, and developing seed are the development pollen tube growth, fruit
primary sites of production. growth, and seed development and

germination; regulate sex determination
and the transition from juvenile to adult
phases.

Brassinosteroids These compounds are present in all plant Promote cell expansion and cell division

tissues, although different intermediates
predominate in different organs.
Internally produced brassinosteroids act
near the site of synthesis.

in shoots; promote root growth at high
concentrations; inhibit root growth at
high concentration; promote xylem
differentiation and inhibit phloem
differentiation; promote seed germination
and pollen tube elongation.

Abscisic acid
(ABA)

Almost all plant cells have the ability to
synthesise abscisic acid, and its presence
has been detected in every major organ
and living tissue; may be transported in
the phloem or xylem.

Inhibits growth; promotes stomatal closure
during drought stress; promotes seed
dormancy and inhibits early germination;
promotes leaf senescence; promotes
desiccation tolerance.

Strigolactones These carotenoid-derived hormones and Promote seed germination, control of
extracellular signals are produced in roots apical dominance, and the attraction of
in response to low phosphate conditions mycorrhizal fungi to the root.
or high auxin flow from the shoot.

Ethylene This gaseous hormone can be produced Promotes ripening of many types of fruit,
by most parts of the plant. It is produced leaf abscission, and the triple response in
in high concentrations during senescence, seedling (inhibition of stem elongation,
leaf abscission, and the ripening of promotion of lateral expansion, and
some types of fruits. Synthesis is also horizontal growth); enhances the rate of
stimulated by wounding and stress. senescence; promotes root and root hair

formation; promotes flowering in the
pineapple family.
Table 1.

Summary of various phytohormone with their major functions.

development is the elongation of the stem [12]. When it is administered to a shrub at
low concentration, the stem begins to grow. Different dwarf kinds’ genetic restrictions
are overcome via Gibberellins. More than 70 gibberellins have been isolated. The num-
bers are GA1, GA2, GA3, and so forth. The most extensively researched plant growth
regulator is GA3, or gibberellic acid. GAs are a family of plant hormones with about 135
members that are classified as diterpenoids with a gibberellin basic structure [13].
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2.2.2 Function of gibberellins

* Seed germination. In the absence of sunshine, some seeds that are light-
sensitive, like lettuce and tobacco, germinate poorly. If the seeds are placed in
the sunshine, germination starts right away. The need for light can be met if the
seeds are given a gibberellic acid treatment.

* Dormancy of buds. Autumn-formed buds dormant till the spring. By adminis-
tering gibberellin to them, you can break them out of their dormant stage.

* Root growth. Gibberellins hardly have any impact on root development. A few
plants, nevertheless, may experience modest growth inhibition at a greater dose.

2.3 Cytokinins
2.3.1 Introduction

Adenine derivatives known as cytokinin have the capacity to stimulate cell pro-
liferation in tissue culture [14]. The most common natural occurrence of cytokinin
in plants is zeatin. Cytokinin is transported via the xylem from roots to shoots.
Exogenous injections of Cytokinins stimulate cell division in tissue culture when
auxin is present. Cytokinins promote shoot initiation in moss; Cytokinins induce
bud formation Growth of lateral buds. Cytokinin applications, or the increase in
Cytokinin levels in transgenic plants with genes for enhanced Cytokinin synthesis,
can cause the release of lateral buds from apical dominance [15].

Natural Example of plant hormone Cytokinins are isopentenyl adenine and Zeatin
(corn kernels, coconut milk) while Synthetic: Benzyladenine, Kinetin, thidiazuron,
and diphenylurea [16].

2.3.2 Functions of plant hormone cytokinins

* This promotes lateral and adventitious shoot growth and is used in culture to
initiate shoot production.

* Assists in resolving auxin-induced apical dominance.

* Stimulate the production of chloroplast in the leaves.

* Promoting the mobilisation of nutrients and slowing leaf senescence.

Cytokinin helps in encouraging plant growth and cell division. Utilised by farmers to

boost crop output even under drought-like circumstances, it has a positive effect on

cotton seedlings by 5-10% seedling emergence [17]. By promoting resistance to cer-

tain disease-causing bacteria, plays a significant part in the pathogenesis of plants.
2.3.3 Cytokinin transport

In the xylem and phloem, cytokinins are moved from roots to shoots and the other

way around. By conveying information about nutrient availability, for instance, trans-
ported cytokinins may play a part in coordinating root and shoot growth. To enable
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effective mobilisation and tailored translocation of cytokinins, many cellular importers
and exporters are necessary, although little is understood about cytokinin transport-
ers. According to transport studies, cytokinins are transported through a widespread

H + -coupled high-affinity purine transport pathway [18].

2.4 Ethylene
2.4.1 Introduction

The important hormone ethylene controls and mediates intricate cycles in plants
that affect their growth and development as well as their ability to survive throughout
their life cycle. The capacity of ethylene to ripen fruits and cause senescence is its
primary use and area of scientific study. The potential to accelerate the ripening of
fruits where ethylene is the primary hormone, such as tomato and banana fruits, has
been the main focus for food biotechnologists. By regulating the manufacture of the
ethylene hormone, food biotechnologists hope to be able to control the ripening of
fruit [19].

We must first comprehend how ethylene is secreted in the tissues of a plant in
order to comprehend its function. Two stages make up the metabolic process that
produces ethylene [20].

It begins with a substance called SAM (S-adenosyl-L-methionine). The enzyme
ACS aids in the conversion of SAM into ACC (ACC synthase). ACO is an enzyme that
converts ACC to ethylene (ACC oxidase) [21].

It is important to realise that the enzymes ACS and ACO are both released by
various gene coding families in synchrony with one another when conditions like
drought, flood, wound, exerting pressure from the outside, and pathogen assault
occur [22].

2.4.2 Functions of ethylene

In plants, ethylene is used for a variety of purposes. Seed germination, shoot
and root growth, root development, abscission of leaves and fruits, the creation of
adventitious roots, senescence of leaves and flowers, and sex determination are a
few of the crucial tasks that ethylene performs. For instance, in plant tissue, ethyl-
ene stimulates the development of air-filled cavities known as aerenchym tissues
during floods, which aids in the oxygenation of plants. However, the ripening of
climacteric fruits, such as peaches, bananas, apples, and tomatoes, is ethylene’s most
significant role. For instance, putting a ripe banana in a bag of immature avocados
would speed up the avocados’ ripening process. The build-up of ethylene in the bag
is to blame for this.

In summary Ethylene’s important uses are the following:

* The generation of female flowers in a male plant.

* Producing root growth to enhance the capability of the root to absorb more water
and minerals.

* Evoking a phenomenon called epinasty. Epinasty is a complex behaviour seen
in plants when the roots are flooded. During floods, the top layer of the leaves
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grows more than the bottom ones. This induces the leaves to drop and rather
than being horizontal the leaves become more vertical. This is specially induced
by ethylene when it is converted to ACC and transported from the xylem to the
tissues of leaves on the upper part.

* Ethylene promotes negative geotropism, where it ensures that the growth of the
roots is towards the ground. Hence, more area of roots in the soil indicates easy
absorption of minerals from the soil.

* The sex of a flower can be determined.

* Influences seed germination.

* Hasa great role in the initiation of root growth and pollination.

* The flowering of pineapple flowers can be hastened by ethylene.

* It breaks the dormancy of buds, seeds and storage organs of the plants.

* Itincreases the dormancy of lateral buds and improves apical dominance [23].
2.5 Abscisic acid
2.5.1 Introduction

Abscisic acid is the plant stress hormone (ABA). It inhibits plant development and
regulates abscission and dormancy. The naturally occurring Abscisic acid is dextro-
rotatory (+), but commercially available synthesised ABA is a racemic combination.
ABA is transported by the xylem, phloem, and parenchyma cells [24].

Discovery of ABA took place between 1950 and 1960, scientists had a hunch
that when a growth stimulating endogenous hormones are present in the plant cell,
growth inhibiting hormones which causes the senescence or abscission of fruits
must be governed by other hormones namely abscisic acid(ABA). ABA does not
cause abscission, they just inhibit growth [25]. Violaxanthin and neoxanthin are
Xanthophylls that are used to synthesise ABA. Epoxidation, or the presence of epoxy-
carotenoids, is required for ABA production. The synthesis however initiates from
IPP forming GGPP further leads to the formation of Zeaxanthin produces violaxan-
thin. Violaxanthin forms cis—neoxanthin followed by cis—xanthin produces ABA
Aldehyde leads to ABA [26]. Synthesis occurs in mature leaves and stems, as well as
developing fruits, seeds.

Abscisic acid is referred to as a stress hormone since its production is promoted
by environmental challenges such as drought and water logging. It is crucial in the
tolerance of abiotic stress. ABA is important in a variety of developmental and physi-
ological processes, including:

* ABA causes stomata to close when excessive salinity, water stress, and lowers
water loss through transpiration. To stimulate stomatal closure, ABA interacts
with other phytohormones such as jasmonates, nitric oxide, and signalling
molecules.
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* ABA causes seed dormancy, allowing seeds to tolerate desiccation and other
unfavourable growth factors. Seeds can be stored for an extended period of time.

* ABA is essential for root development and modification under nitrogen depriva-
tion and drought. It controls gene expression, which is necessary for root devel-
opment, maintenance and water absorption.

* ABA affects protein-encoding genes as well as lipid and storage protein
production.

* ABA isrequired for the signal transduction pathway during the stress response.

* Abscisic acid participates in the production of dehydrins, osmoprotectants, and
protective proteins.

* By modulating stress-responsive genes, ABA promotes long-term
development [27].

2.6 Jasmonic acid
2.6.1 Introduction

Jasmonic acid (JA) is an organic compound found in several plants including
jasmine. The molecule is a member of the jasmonate class of plant hormones. It is
biosynthesized from linolenic acid by the octadecanoid pathway. It was first isolated
in 1957 as the methyl ester of jasmonic acid by the Swiss chemist Edouard Demole and
his colleagues.

Jasmonates are represented by jasmonic acid (JA) and its methyl ester. The plant
hormone jasmonic acid (JA) and its derivative (jasmonoyl isoleucine: JA-Ile) are
signalling molecules involved in the control of cellular defence and development
in plants. Jasmonic acid plays a vital role in the various plant developmental pro-
cesses including flowering, fruiting, senescence and secondary metabolism. These
are known to be critically important in plant defence and abiotic stress response.
Jasmonic acid stimulates the antioxidant system, induces amino acid and soluble
sugar accumulation, and modulates stomatal opening and closing during abiotic
stress [28].

2.6.2 Function
1.Jasminates play an important role in plant defence, where they induce the syn-
thesis of proteinase inhibitors which deter insect feeding, and, in this regard, act
as intermediates in the response pathway induced by the peptide system in.

2.Jamonates inhibit many plant processes such as growth and seed germination.

3.They promote senescence, abscission, tuber formation, fruit ripening, pigment
formation and tendril coiling.

4.JA is essential for male reproductive development of Arabidopsis. The role in
other species remains to be determined [29].
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2.7 Salicylic acid (SA)
2.7.1 Intvoduction

Salicylic acid (SA) is a member of the salicylates group of chemicals, which are
phenolic compounds generated by plants and have an aromatic ring and a hydroxyl
group. Salicylates were used as pain relievers for thousands of years before they were
chemically identified.

Salicylic acid and its derivatives, as one of the plant hormones generated naturally,
belong to the phenolic acid group and consist of a ring connected to the hydroxyl and
carboxyl groups, with cinnamic acid as the starting component. It is mostly produced
in cytoplasmic cells of the plant. Symbolised by the symbol SA called chemical
orthohydroxybenzoic acid chemical formula is C7H603 [30].

2.7.2 Salicylic acid’s chemical composition
2.7.2.1 Function

Many physiological and biochemical processes, including photosynthesis, ion
absorption, membrane permeability, enzyme activity, flowering, heat generation,
and plant growth and development, are influenced by Salicylic acid.

Its effects include, among others, the inhibition of root growth, variation in
chlorophyll content, carotenoids, and xanthophylls, increased water use efficiency,
improved nitrogen uptake by some species, inhibition of ethylene generation, altera-
tion of plant nutrition, inhibition of the absorption of some substances, and regula-
tion of flowering.

Its effects include, among others, the inhibition of root growth, variation in
chlorophyll content, carotenoids, and xanthophylls, increased water use efficiency,
improved nitrogen uptake by some species, inhibition of ethylene generation, altera-
tion of plant nutrition, inhibition of the absorption of some substances, and regula-
tion of flowering [31].

2.8 Brassinosteroids
2.8.1 Introduction

Brasinosteroids, the sixth plant hormone after auxin, gibberellins, cytokinin,
abscisic acid, and ethylene, are structurally similar to steroid hormones found in
animals. Brassinosteroids are important plant hormones that function similarly to
animal hormones in a variety of biological processes, such as cell division, cell elonga-
tion, root development, photomorphogenesis, stomatal and vascular differentiation,
seed germination, immunity, and reproduction. Brassinosteroids are also involved
in regulating the metabolism of plant oxidation radicals, ethylene synthesis and root
gravitropic response, and have a role in mediating plant responses to stress, such
as freezing, drought, salinity, disease, heat and nutrient deficiency. Depending on
growth state, this subfamily of hormones controls a wide variety of activities in plant
development and responses to environmental challenges. Analogs of these hormones
have been demonstrated to significantly boost grain production.

There are at least 70 polyhydroxylated sterols in the class of Brasinosteroids.
These substances are similar in structure to animal steroid hormones that control the
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function of complex genes is influenced by the expression of several genes metabolic
processes, which help to control cell division, differentiation, help in morphogenesis
regulation, and regulate certain plant development stages, including blooming and
cell expansion [32].

2.8.2 Function

Agriculture is where brassinosteroid is initially used. Therefore, during both
abiotic and biotic stress, such as salt and drought stress, extremes in temperature,
and disease assault, brassinosteroid mediates in plants. By applying them exog-
enously, they can be utilised to regulate the time of blooming in some plant species.
Brassinosteroid deficiency has been linked to dwarfing phenotypes, short petioles,
delayed blooming, and decreased fertility in plants [33].

1. Cell Division, possibly by increasing transcription of the gene encoding cyclinD3
which regulates a step in the cell cycle

2.Cell elongation, where BRs promote the transcription of genes encoding
xyloglucanases and expansins and promote wall loosening. This leads to stem
elongation.

3.Vascular differentiation.

4.BRs are needed for fertility: BR mutants have reduced fertility and delayed
senescence probably as a consequence of the delayed fertility.

5.Inhibition of root growth and development.

6. Promotion of ethylene biosynthesis and epinasty [34].
2.9 Strigolactones
2.9.1 Introduction

Strigolactones are a class of carotenoid-derived plant hormones that are found
in a wide variety of plant species, ranging from mosses to higher plants. They are
crucial for the stimulation and branching of parasitic plants as well as the symbiosis
and growth of arbuscular mycorrhizal fungus in soil. In 1966, cotton root exudate
was the source of the first Strigolactones to be identified, called Strigol. Its name was
connected to the Striga plant genus, a typical parasite of this crop. The creation of
adventitious and lateral roots, as well as the induction of secondary growth, accelera-
tion of leaf senescence, promotion of internode growth, and root elongation are all
regulated by Strigolactones [35].

2.9.2 Function

Plant roots create a class of chemicals known as strigolactones. Strigolactone
encourages the growth of parasitic plants like Strigalutea and other members of
the genus Striga that grow in the roots of the host plant. Because they form a mutu-
alistic connection with these plants and offer phosphate and other soil nutrients,
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strigolactone plays a crucial part in the symbiotic fungi’s ability to identify the plant.
Strigolactone has a function in the enhancement of lateral root development and root
hair elongation, as well as the inhibition of shoot branching in plants [36].

3. Role of phytohormone in stress

Due to their effects on hormonal and nutritional imbalances, stress conditions
have a significant negative impact on crop productivity. Some common stresses that
have a negative impact on plant growth and development include salinity, drought,
heavy metals, nutrient deficiency, and pathogens. These stresses have an impact on
plant growth in one way or another. A single stress can negatively impact several plant
functions in a variety of ways. For instance, salt reduces plant development by gen-
erating hormonal abnormalities, ion toxicity, oxidative stress, nutritional problems,
and water stress. Plants adapt specific defence systems to deal with biotic and abiotic
challenges in their native soil environments. To each given stimulus, several cellular
signalling pathways are triggered [37]. The synthesis of phytohormones is accelerated
by these signals. Signalling molecules called phytohormones control physiological
and developmental processes in plants. There are several biotic and abiotic factors
that influence hormone production, which substantially varies These hormones may
have a significant impact on plant growth and development even at very low concen-
trations. Plant defence against environmental stresses depend heavily on hormonal
signalling. The primary function of phytohormone production in plants is resistance
to stress. Auxin, cytokinins, ethylene, gibberellins, and abscisic acid are the five main
groups of phytohormones. Brassinosteroids, jasmonic acid, salicylic acid, and nitric
acid have also been found as chemical messengers present in trace amounts in plants
in addition to these well-known plant hormones. These hormones move throughout
the plant body via the xylem or phloem transport stream.

The most investigated stress-responsive hormone among them is abscisic acid
(ABA), which has a role in a variety of conditions include osmotic, drought, and cold
stress. Plant processes including organogenesis, embryogenesis, and the develop-
ment of vascular tissue are all regulated by auxin. A new class of plant hormones
known as brassinosteroids affects processes such as flowering, senescence, and seed
germination [38].

4. Abiotic stress and phytohormones

Abiotic stress like salt, low temperature, heat, drought, UV-radiation, elevated
CO2, ozone, and heavy metals stress, are the major factors that reduce the growth
of plants. There are various adaptations and ways by which plants protect them
from the abiotic stress, and one such strategy is phytohormones produced by them.
Phytohormones play a major role in some of the important functions in plants in how
to respond to external environmental changes [39].

Abscisic acid (ABA), also called as the plant stress hormones as it is the most stud-
ied plant hormones under abiotic stress and has the important role in stress tolerance
too. ABA activates specific signalling molecules which helps in activating the genes
by signal transduction and activates set of genes through abscisic acid-responsive
elements (ABRE) and Dehydration Responsive elements (DRE) pathways.in response
to ABS LEA and dehydration proteins are also induced [40].
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Auxin’s primary role is to play an important role in plant growth and development,
but auxin also plays an important role in abiotic stress tolerance. Functional genomics
studies based upon the transcriptome analysis proves the upregulated genes related to
auxins under abiotic stress conditions [41, 42]. Auxin level has been altered and PIN
proteins play an important role in all kinds of abiotic stress like salt, drought, heat,
heavy metal etc. As auxin plays a role in root architecture, so it helps in abiotic stress
response by altering root physiology [43].

Cytokinin has a main role in growth and development like Auxin, but also it
helps in stress signalling, which was proved by the transcriptomics studies. At stress
forms cytokinin levels increase and decrease accordingly [44]. It was studied that the
cytokinin levels initially drop down in less stress conditions but gradually increase as
the stress increases. Lots of studies have been done and still more studies need to be
done to clarify the statements [45].

Gibberellic acid, which is also called as germinating hormones also plays a role
in abiotic stress tolerance. Studies has shown its role in all kinds of stress [46].
Experiments have shown its role in heat stress tolerance in Tomatoes [47], and chilling
stress tolerance by increasing antioxidant activity in sprouts has also been proved
[48]. Studies in Arabidopsis thaliana have shown that GA also helps in mitigating
heavy metal stress via modulating antioxidants [49].

Salicylic acid (SA) serves as a key hormone in plant innate immunity, includ-
ing resistance in both local and systemic tissue upon biotic attacks, hypersensitive
responses, and cell death. Salicylic acid plays an important role in the growth and
development of the plant for important physiological roles such as increasing the
plant’s response to stress conditions (biotic and abiotic) by increasing the resistance
of the plant to System Acquired Resistance (SAR) by stimulating or changing the
internal paper dissection endogenous signalling to withstand a large number of
stresses [50]. Salicylic acid acts as a stimulant or transmitter of the cell to withstand
environmental stress conditions such as drought, cold, heat, stress of heavy elements,
and conditions of ammonia tension and also increases the plant’s ability to withstand
salt stress salt particularly harmful sodium chloride compound NaCl. This phenolic
acid hormone plays important role in the regulation of plant growth, fruit ripening
and development. It is involved in pathogenesis-related protein expression. It also
has the ability to bind conjugate with some amino acids such as proline and arginine,
which increase the plant’s effectiveness in resisting environmental stresses and at the
same time maintain systemic acquired resistance [51].

Salicylic acid and Jasmonic acid, hormones which are known for the biotic stress
hormones also play a role in abiotic stress tolerance. In wheat application of SA and JA
has shown to increase the germination during the drought stress [52]. Even exogenous
application of SA helps in salt stress response in cucumbers [53] and reports have
shown their role in heavy metal toxicity tolerance too [54].

Strigolactones are also very important hormones in plant microbe relations but
also play a role in different stress. Moreover Strigolactones play a role in stress adapta-
tion by cross talking with other plant hormones and playing a regulatory role [55].

5. Biotic stress and phytohormones

As soon as plat sense a stress response lots of signalling pathway is triggered in the
plant. One of the most important event is alteration in calcium levels in plants, which
in turn helps in signalling via PIP and activating the kinases enzymes. Calcium ions
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bins to calmodulin or calcium-dependent protein kinases (CDPKs), or phosphatases
which can either phosphorylate/dephosphorylate specific transcription factors, and
regulate the gene expression [56]. Although all plant hormones play a role in stress
response both abiotic and biotic as they cross talk among each other and help in
combating stress in coordinated manner, but few hormones are well studied and are
like font line warriors in biotic stress tolerance, like abscisic acid, ethylene, salicylic
acid, jasmonates.

Abscisic acid positively regulates or negatively regulates defence responsive genes
depending upon the type of pathogen plant is facing and type of plant. It exerts
its effect by upregulating some of the gene families like ABA-responsive elements
(ABRE) and other transcription factors like MYC, MYB and NAC families [57]. As
the herbivore attacks the plant, their secretions increase the ABA level in the plant.
Research has been done in plants with the herbivore attack and mutant analysis too
and it proves to be correct. Transcriptome analysis also prove the same [58]. ABA
is also involved in plant antiviral defence, as infection with few viruses studied has
shown to have increased accumulation of ABA in plants [59].

Salicylic acid, Jasmonic acid and Ethylene play an important role in biotic stress
response. These are the key hormones which play an important role in plant defence
against the pathogens and pests. Increased Salicylic acid levels protect the whole
plants with the help of upregulation of Pathogenesis related genes (PR genes) [60].
Jasmonic acid helps in production of secondary metabolites like tannins, total phe-
nols, total flavonoids, and lignin upon insect attack and helps in insect resistance in
plants [61].

All these hormones and signalling pathways interact among each other to help
plants fight against the stress. Plant adaptations and its development stages and cross
talk of these biotic and abiotic stresses with help of different transcription factors
help a plant to survive in harsh conditions.

6. Conclusion

A well-known fact is that plant growth, development and senescence are under
the regulation of the system of natural growth regulators: natural inhibitors and
phytohormones. These substances could be transported in the cell or even between
the plant tissues and organs. Phytohormones are involved in wide range of func-
tions, ranging from growth and development to biotic and abiotic stress tolerance.
Efficiency of plant hormone is increased by their ability to crosstalk under different
conditions. We can use research in plant hormones to improve crop growth and
production, as they regulate complex signalling networks involving developmental
processes and environmental stresses. Significant progress has been made in identify-
ing the key components and understanding plant hormone signalling (especially sali-
cylic acid, Jasmonic acid and Ethylene) Several recent studies provide evidence for the
involvement of other hormones such as Abscisic acid, Auxin, Gibberellins, Cytokinins
and Brassinosteroids in plant defence signalling pathways. To understand how plants
coordinate multiple hormonal components in response to various developmental
and environmental cues is a major challenge in research. It is important to note that
the type of interactions and plant responses to stresses vary depending on the plant
system as well as the time, quantity and the tissue where hormones are produced.
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Abstract

Low-temperatures (LT) stress is one of the abiotic stresses in plants that affect cell
survival, cell division, photosynthesis, and water transport, negatively affecting plant
growth, and eventually constraining crop productivity. LT stress is categorized as, (i)
chilling stress where low temperature (0-15°C) causes injury without ice crystal forma-
tion in plant tissues, and (ii) freezing stress (<0°C), where ice formation occurs within
plant tissues. Both stresses are together termed low temperature or cold stress. In gen-
eral, plants originating from tropical and subtropical regions are sensitive to LT, whereas
temperate plants showed chilling tolerance to variable degrees. Low-temperature stress
negatively impacts plants, may affect the survival rate of crop plants, and also affect
various processes, including cell division, photosynthesis, plant growth, development,
metabolism, and finally reduce the yield of crop plants, especially in the tropics and
subtropics. To overcome stress generated by low-temperature exposure, plants trigger a
cascade of events that enhance their tolerance by gene expression changes and activation
of the ROS scavenging system, thus inducing biochemical and physiological modifica-
tions. In this chapter, a detailed discussion of different changes in plants and their
tolerance mechanism is done to understand the plant’s response under LT stress.

Keywords: low-temperature stress, oxidative stress, resilience, stress tolerance

1. Introduction

Low-temperature (LT) stress is one of the abiotic stresses [1] in plants that affect cell
survival, cell division, photosynthesis, and water transport with a negative effect on
plant growth, eventually constraining crop productivity [2, 3]. LT stress is categorized
as, (i) chilling stress, where low temperature (0-15°C) causes injury without ice crystal
formation in plant tissues, and (ii) freezing stress (<0°C), where ice formation occurs
within plant tissues. Both stresses are termed low temperature or cold stress [4]. In gen-
eral, plants originating from tropical and subtropical regions are sensitive to LT, whereas
temperate plants showed chilling tolerance to variable degrees [2]. Low temperature
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negatively impacts plants, may affect the survival rate of crop plants, and also affect
various processes including cell division, photosynthesis, plant growth, development,
metabolism, and finally reduce the yield of crop plants, especially in the tropics and
subtropics [5, 6]. To overcome stress generated by LT exposure, plants trigger a cascade
of events that enhance their tolerance by changes in gene expression and activation of
the ROS scavenging system and thus inducing biochemical and physiological modifica-
tions [7, 8]. This review is a detailed discussion of different changes in plants and their
tolerance mechanism in order to understand the plant’s response under LT stress.

2. Morpho-physiological changes in crop plants in response to LT stress

Morphological changes are the change that is visible on the plants during the early
stage of LT stress. These are the primary signs of the plants, indicating adverse effects
of stress on plants. Stress reduces leaf expansion, causes chlorosis, wilting of leaves
and necrosis, and accelerates senescence in crop plants [9, 10]. Various metabolic
reactions were inhibited by LT exposure, consequently preventing the plant’s full
genetic expression potential expressed by diverse phenotypic symptoms [11]. Low
temperature is a limiting factor for seed germination and plant growth [12-14]. Under
LT stress in Elymus nutans Griseb, the shoot and root lengths in tolerant seedlings
were longer than the susceptible ones. Low temperatures also increased the mortal-
ity percentage of seedlings [15]. LT dramatically affects photosynthesis as well [16].
The negative impact of abiotic stress on the photosynthetic process in plants has
been extensively studied and measurement of chlorophyll fluorescence (Fv/Fm)
has proven as an effective, reproducible, and nondestructive tool for evaluating the
susceptibility index of plants subjected to LT stress [3, 17]. Under LT stress, photosyn-
thesis is impaired, resulting in a lower amount of carbohydrates for grain production
and reducing growth, adding to indirect yield loss [3]. In rice seedlings, LT stress
affected total chlorophyll (Chl) content and thus photosynthetic efficiency [18, 19].
Proteomic analysis in a semihardy winter wheat cultivar under natural field condi-
tions indicated a down-regulation of several photosynthesis-related proteins (such
as oxygen-evolving enhancer protein, NADH dehydrogenase, and dehydroascorbate
reductase) during the initiation of cold acclimation [16]. Low temperature decreases
photosynthesis due to partial stomatal closure, slowdown of electron transport,
inhibits metabolism of carbohydrates, and interferes with phloem loading [13]. In
plants, the content of both total Chl and chlorophyll b (Chl b) decreased and the Chl
a/b ratio increased under low night temperature stress [17]. Low night temperature
probably enhanced the activity of chlorophyllase enzyme in leaves and hence resulted
in reduced Chl synthesis. Most of the Chl a, all the Chl b, and other pigments absorb
light. They transfer that light energy to the reaction center but only a part of Chl a mol-
ecule can utilize that energy to perform the charge separation process. Plants maintain
arelatively higher level of Chl a content, so that they can perform the process of
photosynthesis normally and adapt themselves to cold stress. The cessation of growth
ensuing from cold stress decreases the capacity of utilizing the energy and hence
results in feedback inhibition of photosynthesis. In cold-acclimated winter annuals,
Calvin cycle enzymes accumulate in higher amounts and effectively maintain the
photosynthetic activity of plants. The Chl content and photosynthetic parameters like
Fv/Fm had a positive correlation with chilling injury indices and have been utilized
as a marker of cold tolerance in sugarcane [20]. Under dark chilling treatment, Fv/
Fm significantly decreased in plants and after the recovery period, the Fv/Fm ratio
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recovered to nearly that of the control levels [21, 22]. A greater decrease in Chl con-
tent in the cold-sensitive rice genotype was reported as compared to the cold-tolerant
genotype under cold stress [23]. LT tolerant lines of rice, after stress, seedling height
in both the lines remained unchanged over time; however, more tolerant seedlings
(M202) exhibited a small increase in the root-to-shoot ratio [23].

Carotenoids are not considered photosynthetic pigments, but play important
role in protecting the photosystems from damage. They have structural roles and
act as natural antioxidants, quenching triplet Chl and singlet oxygen species, which
are potentially harmful to the chloroplast [24, 25]. Carotenoids also maintain and
stabilize thylakoid membranes from the damage caused by lipid peroxidation and
cold stress [26]. In Elymus nutans seedlings, carotenoid content was decreased when
exposed to cold stress at 5°C. The decrease in carotenoid content was higher in GN
(more sensitive) than DX (tolerant) seedlings [15].

In conclusion, under LT stress plants showed various phenotypic symptoms, these
are the primary symptoms of stress. Photosynthetic pigments and photosynthetic
parameters like Fv/Fm ratio are altered under LT stress and showed a positive cor-
relation with the chilling injury indices and potential to be used as a marker for cold
resistance.

3. Oxidative stress

Plants exposed to LT stress undergo various metabolic and physiological changes
and chilling stress ultimately leads to oxidative stress in plants, a physiological condi-
tion, where an imbalance occurs between the generation of reactive oxygen species [27]
and their metabolism via enzymatic and nonenzymatic antioxidants [28]. Different
types of reactive oxygen species (ROS) are accumulated under LT stress, which includes
(a) singlet oxygen (0,), (b) superoxide radical (O,"), (c) hydrogen peroxide (H,0,),
and (d) hydroxyl radical (OH") [29]. In plant cells, ROS are continuously produced as a

Figure 1.
Overview of oxidative stress, production of reactive oxygen species, and its scavenging.
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consequence of aerobic metabolism in all the intracellular organelles, particularly in the
chloroplast, mitochondria, and peroxisomes [30]. Chloroplast is considered the main
source of ROS in plants. Other ROS-producing sources include NADPH oxidases, cell
wall-bound peroxidases, and amine oxidases (Figure1).

4. Other biochemical changes

Under normal physiological conditions, ROS levels are maintained low by the
action of various enzymatic and nonenzymatic antioxidants, such as superoxide dis-
mutase (SOD), catalase (CAT), peroxidase (POD), glutathione (GSH), and vitamin C
[31]. Accumulation of ROS accelerated under extremely cold conditions, beyond the
plant’s tolerant level due to less activity of antioxidant enzymes, which are responsible
for detoxification of ROS. Higher content of ROS causes oxidative stress which is
manifested as peroxidation of membrane lipids, damage to proteins, carbohydrates,
and DNA, etc. [28, 32, 33]. They also alter enzyme activities, biochemical reactions,
and plant processes, such as photosynthesis and respiration, which negatively affect
the plant’s survival percentage [12].

ROS alters the activities of enzymes and affects various biochemical reactions and
physiological processes, including nutrient movements, respiration, photosynthesis,
and transpiration, thus having a negative impact on a plant’s survival percentage.
Higher H,0, accumulation in cold-stressed leaves of chickpea plants resulted in
membrane injury [34]. Oktem et al. [35] also stated that an increase in oxidative
damage caused by cold stress in lentils resulted due to high H,0, production. Higher
MDA content and higher electrolyte leakage from cell membranes of sensitive plants
indicate injury caused by LT stress [36, 37]. Increased content of ROS and malondial-
dehyde (MDA) under LT stress probably impair metabolism in rice seedlings [38]. A
significant increase in lipid peroxidation, membrane leakage, and hydrogen peroxide
levels was observed in wheat seedlings subjected to chilling stress [39]. Apostolova
et al. [40] reported a 40 and 100% increase in the content of H,O, in the leaves of
winter wheat and spring wheat, respectively under cold stress. Janmohammadi et al.
[41] reported that during cold stress less cold-hardy spring wheat cultivar had a
higher accumulation of hydrogen peroxide than the winter wheat cultivar. LT stress
resulted in increased electrolyte leakage in the leaves of Avena nuda L. (naked oats)
seedlings. Electrolyte leakage also increased with the prolongation of the stress period
[42]. Membranes are a primary site of cold-induced injury because of their central
role in the regulation of various cellular processes [43, 44]. LT stress leads to the
destruction of cell membrane structure in maize plants [45], change the permeability
of membranes, and causes leakage of cell electrolytes [5] and thus damages the plants.
It has been demonstrated that LT responses are triggered by membrane rigidifica-
tion, coupled with calcium influxes, cytoskeletal rearrangements, and the activation
of MAPK cascades [46]. ROS are not only the toxic by-products of metabolism but
also act as signaling molecules that transform the expression of different genes, for
example, genes encoding for antioxidant enzymes and modulators of H,0, produc-
tion. ROS plays a vital role in plant stress acclimation [47, 48].

In conclusion, ROS are accumulated under LT, which alter the activities of
enzymes, affect various biochemical, and physiological processes, and thus affect the
plant’s survival. Enzymatic and nonenzymatic antioxidants enhance their content
under LT stress and are involved in the detoxification of ROS, thus increasing the
resistance against the stress condition.
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5. Enzymatic antioxidants

Plants have developed ROS scavenging mechanisms, which include a variety of
nonenzymatic and enzymatic defense systems to protect cellular membranes and
organelles from the damaging effects of ROS [49, 50]. Types of antioxidants produced
in the plants are represented in Table 1. The degree of damage by ROS depends on the
balance between the accumulation of ROS products and their detoxification by the
antioxidant scavenging system [49].

The efficiency of the antioxidant defense system to scavenge ROS largely decides
the plant’s sensitivity to chilling [27, 28, 54]. A higher amount of H,0, produced dur-
ing stress is detoxified by APX, POD, and CAT in different organelles [48]. Catalase
converts H,O, into O, and water. Zhao et al. [54] reported in tomato cultivars that
higher activities of CAT, APX, POX, and SOD could be positively correlated with
chilling tolerance. The CAT activity increased in plants under prolonged LT stress
[55]. Fahimirad et al. [56] recorded an increased CAT activity in canola cultivars
in response to LT stress. The increase in activity was higher in winter canola than
LT-sensitive spring canola. The LT stress resulted in enhanced peroxidase activity in
naked oats (Avena nuda L.) [42]. Daiet al. [57] observed that after 72 hours of the
recovery period, in barley seedlings, the peroxidase activity was significantly higher
in the cold-tolerant cultivar (M(103) in comparison to the cold-sensitive cultivar
(Chumai). Aydin et al. [58] reported that in tomato plants (Lycopersicum esculentum
L.) highest MDA production occurred after 10 days of stress and SOD enzyme activ-
ity gradually increased with increasing exposure to cold stress. Expression of the SOD
gene and enzyme plays a key role to provide resistance in tomato plants against cold
stress. Zhang et al. [59] observed that in C. Sativus, activities of antioxidant enzymes
viz. SOD, POD, CAT, and APX were reduced after chilling exposure. Fahimirad et al.
[56] reported that cold stress exposure enhanced SOD activity by 2.5-fold in winter
canola (tolerant) leaves when compared to controls, whereas spring canola (LT sensi-
tive) cultivar showed a 1.7-fold increase. Sun ez al. [60] reported that in sugar cane
seedling roots at 4°C, SOD activity was higher in cold tolerant (GT28) variety than
cold-sensitive (ROC22) variety. Various studies showed a similar response to cold
stress in wheat [61], strawberries [62], and barley [63]. Hajiboland and Habibi [64]
reported that in cold-treated seedlings, the activity of SOD increased significantly,
while in the acclimated seedlings, SOD activity did not differ from the control.

CAT and POD are important enzymes that scavenge H,0, [65]. Generally, there
is a positive correlation between stress tolerance and the activity of POD, CAT, and
SOD enzymes in plants [65]. Javadian et al. [61] reported that cold-tolerant wheat
cultivars had higher CAT activity. Fahimirad et al. [56] reported that winter canola
had a greater increase in CAT activity than LT-sensitive spring canola under LT stress.

Antioxidant Types

Enzymatic antioxidants Catalase (CAT), ascorbate peroxidase (APX), superoxide dismutase
(SOD), glutathione peroxidase (GPX), glutathione reductase (GR),
glutathione S-transferase (GST), dehydroascorbate reductase (DHAR),
monodehydroascorbate reductase (MDHAR), etc. [13, 51-53].

Nonenzymatic antioxidant Ascorbicacid (Vitamin C), a-tocopherol (Vitamin E), glutathione (GSH),
carotenoids, phenolics, and flavonoids, etc. [13, 51-53].

Table1.
List of the different types of enzymatic and nonenzgymatic antioxidants of plant.

83



Plant Abiotic Stress Responses and Tolevance Mechanisms

Morsy et al. [66] reported that under cold stress no change was recorded in peroxidase
activity in cold-tolerant as well as cold-sensitive rice seedlings. Liu et al. [42] reported
that POD activities in naked oats (Avena nuda L.) were higher under LT than normal
temperature. But with time POD activities decreased greatly, indicating that LT had
affected POD enzyme synthesis. Dai et al. [57] reported that in two contrasting cold-
tolerant cultivars of barley, the tolerant cultivar (M0103) had significantly higher
peroxidase activity than the sensitive cultivar (Chumai) after 72 h recovery in cold-
treated plants. POD activity increased in Cucumis sativus, tomato, and canola under
LT stress [61, 67, 68]. Sunet al. [60] reported that under LT stress at 4°C POD activity
was increased in the roots of sugarcane seedlings than in control. The increase in POD
activity was higher in the cold-tolerant genotype (GT28) than cold-sensitive genotype
(ROC22). Higher POD and SOD activity probably suggest their possible role in miti-
gating adverse environmental damage. Hajiboland and Habibi [64] reported a slight
increase in CAT activity in both wheat cultivars under chilling temperatures with and
without acclimation. In contrast, POD activity increased in spring wheat cultivar but
not in winter wheat by both temperature treatments. Gong et al. [69] reported that in
maize seedlings, cold acclimation enhanced the activity of five antioxidant enzymes
catalase (CAT), superoxide dismutase (SOD), ascorbate peroxidase (APX), guaiacol
peroxidase (GPX), and glutathione reductase (GR). In conclusion, enzymatic anti-
oxidants accumulate under LT stress and are actively involved in the detoxification of
ROS thus enhancing the resistance of the plants.

6. Nonenzymatic antioxidants

In plants ascorbic acid (AsA) and glutathione (GSH) are low molecular weights,
nonenzymatic antioxidants, abundantly present, and participate in ROS scavenging
[28, 70]. The tripeptide glutathione (y-glutamyl-cysteinyl-glycine) is widely dis-
tributed in plant cells and is implicated in the adaptation of plants to environmental
stresses, such as extreme temperatures [48]. It is an important antioxidant associated
with the regeneration of AsA in the ascorbate-glutathione cycle and participates in
the removal of H,0, [67]. Its antioxidant activity is mainly due to its redox buffer
property. It functions to remove toxic peroxides formed in the cell during normal and
stressed conditions [70, 71].

2GSH+ROOH —- GSSH+H,0+R-0OH 1)

Glutathione detoxifies ROS in concert with NADPH. At low nonfreezing tempera-
tures, several plants accumulate GSH and show an increase in GR activity, indicating
a possible role in enhancing chilling tolerance and cold acclimation. A differential
elevation in GSH has been reported in a number of LT-exposed plants, including
cucumber genotypes [72, 73].

Ascorbic acid (AsA) is one of the universal nonenzymatic water-soluble antioxi-
dants having a substantial potential of scavenging ROS in plants both under stressed
and non-stressed conditions [74]. Cell cytoplasm constitutes the most abundant pool
of ascorbate, while to some extent it is also transported across the plasma membrane
(usually 5%) to the apoplast [75, 76]. Ascorbate is a component of the NADPH/glu-
tathione/ascorbate cycle that removes photosynthetically generated O*~ and H,0,. It
may also directly reduce O’-, quench ‘O, and regenerate reduced tocopherol. Lukatkin
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and Anjum [77] reported that AsA and GSH have a high potential for sustainably
increasing chilling resistance in plants. A significant increase in the levels of these
antioxidants as well as the activity of NADPH-generating dehydrogenases have been
caused by LT stress [78]. The AsA content was more in tolerant chickpea (Cicer arieti-
num) genotypes after chilling at the reproductive phase [79]. Kim et al. [80] reported
that changes in GSH content in two rice cultivars were not evident until 10 days of
cold stress. Ascorbic acid content increased significantly in stressed IR50 seedlings in
comparison to the control while M-202 stressed seedlings showed little or no change.
Overexpression of SIGMEs (Solnaum lycopersicon, GDP-Mannose 3’, 5'-epimerase)
was reported to cause AsA accumulation with enhanced cold tolerance in tomatoes
[81]. Airaki et al. [78] reported that in pepper plants LT stress caused a significant
increase in the level of soluble nonenzymatic antioxidants; ascorbate and glutathione.
Kader et al. [39] reported an increase in GSH and free ascorbate content in 15 days old
seedlings of two wheat varieties after cold treatment. Esra et al. [82] reported proline
accumulation in two pepper variety seedling leaves under cold stress as compared to
control counterparts. Yadegari et al. [83] reported that proline content increased more
under acclimation than non-acclimated seedlings of soybean and hence provide more
tolerance. Zuther et al. [84] reported that proline content was higher in acclimated
leaves of Arabdopsis thaliana than in non-acclimated leaves and recovered back to
normal levels after de-acclimation. Airaki et al. [78] reported that in pepper plants
LT stress significantly increased the levels of soluble nonenzymatic antioxidants;
ascorbate and glutathione. Kim et al. [80] reported that LT stress at 9°C resulted

in increased proline and glutathione content in IR50 rice seedlings, compared to
controls, and change in glutathione content was evident on the 10th day of LT stress.
Kim et al. [23] also reported similar changes, under LT stress for proline, glutathione,
and ascorbic acid in rice seedlings. Zhang et al. [85] reported that to resist the effect
of cold stress, resistant sugarcane varieties showed a higher accumulation of proline
content in leaves than sensitive varieties. Sun et al. [60] reported an accumulation of
proline content in sugarcane seedlings under cold stress. Krol et al. [86] reported that
cold stress caused a decrease in the radical scavenging activity in the leaves of both
varieties of grapes and the more-tolerant variety was characterized by better scaveng-
ing activity. In conclusion, nonenzymatic antioxidant accumulates in plants under LT
stress and are involved in the detoxification of ROS, thus enhancing the resistance of
plant against stress.

Phenylalanine ammonia-lyase (PAL) is the key enzyme of the phenylpropanoid
pathway, converting L-phenylalanine (substrate) into trans-cinnamic acid, a precur-
sor of phenolics. The activity of the PAL enzyme increases in response to LT stress
[87] and is considered to be one of the main lines of cell acclimation in plants against
stress [88]. Phenolics protect plants against ROS by acting as antioxidants [89, 90].
Christopoulos and Tsantili [91] used a PAL inhibitor to prove the role of PAL in
the accumulation of phenolics under cold stress. Chilling stimulates the expres-
sion of genes for phenylalanine ammonia-lyase (PAL) in cucumber seedlings [92].
Olenichenko ez al. [93] studied the effect of cold stress on phenolic compounds in
winter wheat (Triticum aestivum L.) leaves, which resulted in hardening and detected
an increased level of phenolic compounds. In chilling stressed petunia leaves, it was
observed that stress led to elevated antioxidant capacity and total phenolic content
[94]. Hajiboland and Habibi [64] reported that PAL activity was increased in win-
ter wheat cultivars under acclimation and more phenolic content accumulated in
seedling leaves. The transcription level of PAL and phenolic content was higher in
acclimated chickpea seedlings than in non-acclimated ones [37]. Chilling stimulates
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the enzymatic activities and the expression of genes for phenylalanine ammonia-lyase
(PAL) in cucumber seedlings [92]. Pennycooke et al. [94] reported that chilling stress
leads to elevated total phenolic content and antioxidant capacity in petunia. Krol et al.
[86] reported that cold stress caused a decrease in the phenolic content in the leaves of
two varieties of grapes, though the more-tolerant variety was characterized by higher
phenolic contents. Cold acclimation resulted in a higher accumulation of phenolics,
which were positively correlated with the antioxidant capacity of plants. Flavonoids
are a type of phenolics, that accumulated at higher rates in leaves and stems of
LT-stressed plants, which are responsible for enhanced cold tolerance [95]. Ahmed

et al. [96] reported that anthocyanin (a flavonoid) content increased in Brassica rapa
under cold stress. Total phenols are also the components of the nonenzymatic antioxi-
dant system and their content has been correlated with the stress tolerance capacity
of plants [97]. Esraet al. [82] reported that in pepper (Capsicum annum L.) phenolics
accumulated in seedling leaves under LT stress. In acclimated plants, enhanced PAL
activity and accumulation of different phenolics are thought to play an important role
in creating cold tolerance [37]. Schulzet al. [98] showed that flavonoid accumulation
increased in Arabidopsis thaliana after cold acclimation and all acclimated plants
performed better under cold stress.

Plants accumulate a variety of compatible solutes, including sugars, polyamines,
glycine betaine, and proline, in response to cold and other osmotic stresses [13]. In
LT-tolerant plants, such as barley, rye, winter wheat, grapevine, potato, chickpea,
and A. Thaliana, a positive correlation between improved cold tolerance and accu-
mulation of endogenous proline content was observed [99-101]. In order to enhance
the stress tolerance level of plants, proline act as a mediator of osmotic adjustment,
proteins, and membrane stabilizer, an osmotic stress-related genes inducer, and a
ROS scavenger, so that plants can perform better under stress [99, 100, 102]. The most
feasible roles of proline are to (a) maintain the acidity of cytosol, (b) maintain the
NAD'/NADH ratio, (c) enhance photosynthetic efficiency of the photosystem II, and
(d) inhibit peroxidation of membrane lipids [103, 104]. Proline accumulated in chill-
ing stressed soybean seedlings [83]. Kim et al. [80] reported that in two rice cultivars
(IR50 and M-202) proline content increased significantly in stressed IR50 seedlings
in comparison to control seedlings, whereas in M-202, stressed seedlings showed little
or no change. Cold-acclimated plants recovered faster than non-acclimated plants
because of the higher accumulation of proline in acclimated plants.

Fernandez et al. [105] reported that carbohydrate metabolism has greater LT
sensitivity than other photosynthetic components. Although the precise function
of soluble sugars remains unclear, their accumulation in plants under a cold accli-
mation process suggests that sugars probably play an important role as signaling
molecules, cryoprotectants, or osmoregulator [106]. Ruelland et al. [107] reported
that sugars possess a positive correlation with cold stress tolerance. Sugars under LT
stress contribute to preventing the water within the plant cells to freeze because of its
typical compatible osmolyte property, hence reducing the availability of water for the
ice nucleation process in the apoplast. Sugars replaced water molecules in establish-
ing hydrogen bonds with lipid molecules and hence protecting plant cell membranes
during cold-induced dehydration [107]. In addition to these, sugars may also play a
role in scavenging reactive oxygen species and contribute to enhanced stabilization of
membranes [108, 109]. Hormone signaling and sugar signaling are closely associated
processes, which contribute to managing plant growth, development, and defensive
responses against stress [110]. Seedling resistance against cold was enhanced when
rice seedlings were pretreated with fructose or glucose [66]. Trehalose possesses a

86



Perspective Chapter: Effect of Low-Temperature Stress on Plant Performance and Adaptation...
DOI: http://dx.doi.org/10.5772/intechopen.110168

unique capacity for reversible water absorption and appears to be superior to other
sugars in protecting biological molecules from desiccation-induced damage [111].
Transgenic A. thaliana plants showed enhanced freezing tolerance due to the accumu-
lation of trehalose during cold treatment [112].

Sucrose accumulated in higher amounts in LT-stressed plants [113]. Sucrose acts
as an osmoprotectant, as it maintains the turgor pressure of cells and stabilizes cell
membranes by interacting with phosphate in their lipid headgroups, decreasing mem-
brane permeability [106]. In some plants, the increase in sucrose content can be as
high as 10-fold. Lower amounts of other free sugars like glucose and fructose also get
accumulated under stress. The LT exposure also leads to fructan synthesis in temper-
ate grasses, which were reported to depend upon sucrose accumulation. The effects
were studied on a less cold-hardy spring cultivar (pishtaz) and a cold-hardy winter
cultivar (CDC-ospray) of wheat under cold acclimation (20 days at 4°C), interrupted
by de-acclimation (10 days at 25°C) and then followed by re-acclimation conditions
(10 days at 4°C). Hardening conditions induced the accumulation of carbohydrates
in both cultivars and the de-acclimated plants exhibited a significant reduction [114].
Total soluble sugars, reducing sugars, and sucrose contents were higher in cold-
acclimated than those in non-acclimated plants of sweet cherry [115].

Accumulation of carbohydrates under LT may be due to enhanced expression and
post-translation activation of enzymes of the sucrose synthesis pathway [116] and
fructose-1,6-bisphosphatase [115]. Sun et al. [60] also reported that in sugarcane
seedling roots, soluble sugar content increased after LT stress and increased to a
higher value in a cold-tolerant variety of sugarcane. Hajiboland and Habibi [64]
reported that under cold stress and acclimation total soluble sugar content increased
equally in winter wheat while sugar content was higher in acclimated spring wheat
seedlings than in non-acclimated seedlings. Parteli et al. [117] reported in 1-year-old
plants of coffee under a cold acclimation period, the soluble sugars accumulated
and enhanced cold tolerance. Burchett ez al. [118] reported that in cold-acclimated
(at 5°C) winter barley plants, the sugar concentration was slightly lower than in
non-acclimated plants. Sugars had a positive correlation with cold stress tolerance
because they act as osmolytes and protect the water within the plant cells and reduce
water accessibility for ice formation. Sugars also establish hydrogen bonds with
lipids by replacing water molecules and hence protect the membranes during cold-
induced dehydration. Sugars also act as ROS scavengers and play role in membrane
stabilization [107]. Sucrose synthase (Sus) is one of the key enzymes involved in
sucrose synthesis metabolism, especially in non-photosynthetic tissues. The revers-
ible transformation of sucrose and UDP into UDP-glucose and fructose is catalyzed
by the sucrose synthase enzyme. Under normal growth conditions, Sus activity has
been linked to phloem loading-unloading and nodule function [115]. The differential
regulation of stress-responsive Sus genes in leaves might represent part of a general
cellular response to the allocation of carbohydrates during acclimation processes,
such as the synthesis of cell walls and starch. Under normal physiological conditions,
sucrose synthase has a very low level of expression and serves no apparent metabolic
function. In leaves and various organs of plants, stress resulted in the stimulation of
the expression of Sus gene(s) and enhanced stress tolerance. Turhan and Ergin [115]
studied the effect of cold acclimation in sweet cherry. The activity of sucrose synthase
was higher in the non-acclimated stage than those in the cold-acclimated stage. Klotz
and Haagenson [119] studied the effect of cold stress on sugar beet roots and reported
that sucrose synthase enzyme activity showed several-fold changes. Abdel-Latif [120]
reported that cold shock in wheat seedlings caused an increase in sucrose synthase

87



Plant Abiotic Stress Responses and Tolevance Mechanisms

enzyme activity. The accumulation of sucrose in cane sugar exposed to LT stress sup-
ports the role of this sugar as an osmoprotectant that stabilizes cellular membranes
and maintains turgor pressure [121]. Yue et al. [122] reported that after cold acclima-
tion total soluble sugars and specific sugars, including glucose, sucrose, and fructose,
were constantly elevated during cold acclimation and decreased after de-acclimation
in tea plants. Cowie et al. [123] reported that in Arabdopsis thaliana sucrose had a
regulatory role in the acclimation of whole plants to cold and this may be important
during diurnal dark periods. Zuther et al. [84] reported that sucrose content was
higher in acclimated leaves of Arabdopsis thaliana than in non-acclimated leaves and
recovered back to non-acclimated levels after de-acclimation. Burchett et al. [118] also
observed that in winter barley plants acclimated at 5/-1°C; day/night, and there was a
significant increase in the glucose, sucrose, and fructose content. The sucrose content
increased by 4-fold in comparison to non-acclimated plants.

Low-temperature stress resulted in the synthesis of different types of proteins
[13]. Proteins are the major players in most cellular events and are directly involved
in plant LT responses [124]. Cold stress increased soluble protein content in pepper
(Capsicum annum L.) varieties [82]. Different plant species have shown that cryopro-
tective proteins are encoded by a range of cold-induced genes. Specific proteins with
antifreeze activity (antifreeze proteins, AFPs), accumulated during cold acclimation
in the apoplast, thus enhancing plant resistance against freezing stress [125-127].
These AFPs were identified as chitinase-like proteins, p-1,3-glucanase-like proteins,
thaumatin-like proteins, and polygalacturonase inhibitor proteins [127, 128]. They
were also present in non-acclimated plants, but at different locations and did not
exhibit antifreeze activity, which suggested that different isoforms of PR proteins
are produced under LT. Until now, no plant has been reported to have constitu-
tive antifreeze activity. However, different studies reported the accumulation of
transcripts and translation products of AFP genes during cold acclimation [128]. A
number of studies have shown that after exposure to LT, many PR genes get induced
and enhanced disease resistance was observed in plants [129].

Xuet al. [130] found that frost-sensitive winter wheat cultivars exhibited high
levels of ROS and leaf cell death in response to abrupt freezing stress, whereas
significant increases in the relative abundance of antioxidant-related proteins were
found in frost-tolerant cultivar leaves. Under LT stress in sugarcane seedling roots,
the total soluble protein was higher in the cold-tolerant variety than cold-sensitive
variety [60] and helped to tolerate LT stress. Moieni-Korbekandi [52] reported in
canola (Brassica napus L.) seedling leaves that soluble protein content increased under
cold stress. Esra et al. [82] reported that in two pepper (Capsicum annum L.) varieties
total soluble protein content was higher under cold stress conditions. These proteomic
results emphasize the assumption that freezing-tolerant plants are capable of manag-
ing ROS-mediated damage more efficiently than sensitive ones. Sarhadi ez al. [131]
investigated the interrelationship between vernalization fulfillment and expression
of LT-induced proteins in wheat genotypes differing in freeze tolerance. Their results
showed a clear induction of cold-regulated (Cor)/Lea and antifreeze proteins (AFPs)
during cold acclimation in the freeze-tolerant genotype, whereas less induction was
observed in the semi-hardy genotype. In winter rye seedlings one of the cold-induced
thermal hysteresis proteins was $-1,3-glucanase [132]. Consequently, these proteins
must possess extensive structural similarities with the pathogen-induced basic
p-1,3-glucanase in tobacco. Cryoprotection increased linearly with an increase in
p-1,3-glucanase concentration. Chang et al. [133] reported that the protein in the cell
sap of cold-acclimated mungbean seedlings was 60% higher than control seedlings.
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Yadegari et al. [83] reported that total protein content increased in both acclimated
and non-acclimated seedlings of soybean.

Proteins with antifreeze activity were reported to be accumulated in the apoplast
during cold acclimation, thereby offering plant resistance against freezing [127]. Winter
rye antifreeze proteins (AFPs) enhance freezing tolerance by preventing physical
damage caused by ice crystals and may also function as a barrier to inhibit ice formation
[126]. These proteins were identified as -1,3-glucanase-like proteins, and chitinase-like
proteins [127, 128]. Their results interestingly revealed that during the cold acclimation
process, the production of ice nucleation substances in both the leaf and the crown was
suppressed, correlating with the rapid up-regulation of genes encoding the major anti-
freeze (chitinases, glucanases, and thaumatin-like proteins) and ice recrystallization
inhibition proteins. Antifreeze proteins (AFPs) or ice recrystallization inhibition (IRI)
proteins ascribe to a category of proteins in plants that allow their survival in sub-zero
situations. Sarhadi et al. [131] showed the expression of LT-induced proteins in wheat
genotypes differing in freeze tolerance. Their results clearly showed the induction of
cold-regulated (Cor)/Lea and antifreeze proteins (AFPs) during cold acclimation in
the freezing-tolerant genotype. Comparable results were also observed in diploid wild
wheat (Triticum urartu L.), where cold acclimation increased the abundance of ROS-
scavenging proteins, LEA/RAB proteins, and dehydrins [134].

Species adapted by natural selection to LT environments have evolved a number
of morphological, physiological, and biochemical means to improve survival under
prolonged LT stress periods [135]. Cold-adapted species generally have short stature,
small leaf surface area, and a high root /shoot ratio. Seedlings subjected to prolonged
LT exposure showed chlorosis, wilting, reduced leaf expansion, necrosis, tissue

Enzymatic
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enzymatic membrane
antioxidants
Low Morpho-
Carbohydrates Temperature physiological
stress factors
Proteins Secondary
metabolites

Figure 2.
Factors affected under low-temperature stress.

89



Plant Abiotic Stress Responses and Tolevance Mechanisms

damage, and stunting [23]. Numerous studies indicated that an increase in antioxi-
dants positively correlated with tolerance to LT stress in plants [23, 28, 136]. Fahimirad
et al. [56] reported that winter canola had higher activity of antioxidant enzymes
(SOD, CAT, and APX) and lower levels of MDA as compared to spring canola. The
study showed a positive correlation between the activities of antioxidant enzymes

and cold tolerance in the canola winter cultivar as compared to the spring cultivar.
Sato et al. [137] reported that under cold stress, rice plants protected themselves from
oxidative damage by increased production of various antioxidant species. Dai et al.

[57] reported that LT-treated barley cultivars showed an increase in peroxidase activity
after 72 hours of the recovery period. The activity of peroxidase in the tolerant cultivar
(M(103) was significantly higher than in the sensitive cultivar (Chumai). Liu et al. [42]
reported that LT tolerance in Avena nuda L. was probably due to the higher content of
proline, SOD, CAT, and POD activities. Cold stress conditions, caused a slight decrease
in Fv/Fm ratio in plants that showed tolerance to cold, but a significant decrease was
observed in plants that are sensitive to LT [138, 139]. Zhang et al. [140] reported

that under 0°C treatment, plantlets of the tolerant genotype of strawberry showed a
significant increase in peroxidase activity (Figure 2).

7. Cold acclimation

In several species, the acquisition of freezing tolerance can be induced by expo-
sure to low, nonfreezing, and non-injurious temperatures [124, 141]. Acclimation
may be defined as changes that occur in a plant in response to chilling temperatures,
which confer subsequent tolerance to the cold injury [113], especially during ger-
mination and early seedling growth [69]. Cold priming/acclimation is associated
with multiple physiological and biochemical alterations, including membrane
stabilization, increased ROS and methylglyoxal (MG) detoxifications, activation of
cold-sensitive protein kinases, NO and hormone biosynthesis, and accumulation of
antioxidants, HSPs, cold-regulated proteins (CORs), and dehydrins [141-149]. Cold
acclimation makes plants capable of protecting themselves from freezing-induced
injury [149, 150]. Gong et al. [69] reported that in maize seedlings, cold acclimation
resulted in higher survival percentage, catalase, ascorbate peroxidase, superoxide
dismutase activity, and lower electrolyte leakage, than in non-acclimated seedlings.
Cold acclimation in Zoysia spp. resulted in higher ABA and H,0, levels as well as
regulated antioxidant metabolism, resulting in improved freezing tolerance [151].
Cold priming-induced proline and glycine betaine accumulations were found to be
associated with freezing tolerance in barley and Arundo donax L. [152]. Cold acclima-
tion in Arabidopsis thaliana L. induced the accumulation of endogenous NO, and
increased proline levels, conferring freezing tolerance [54]. Cold acclimation also
enhanced the expression of genes that play role in membrane stabilization against
freeze-induced damage [153, 154]. Minami et al. [155] verified that plasma membrane
subfractions, responded to cold, by considerably changing lipid and protein composi-
tion in Arabidopsis plants. The study indicated that the plasma membrane is restruc-
tured in order to resist different stresses that take place throughout a freeze—thaw
cycle. Cold acclimation increased the abundance of ROS-scavenging proteins, LEA/
RAB proteins, and dehydrins in diploid wild wheat (Triticum urartu L.) [134, 156].
Studies have suggested that the activity of cold/chilling-induced genes may facilitate
the metabolic changes that confer LT tolerance [156, 157]. Cold acclimation causes
the synthesis of protective molecules, such as soluble sugars, sugar alcohols, proline,
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and glycine betaine [106]. These molecules in conjunction with various proteins play
arole to stabilize both phospholipids and proteins of the membranes and proteins of
cytoplasm, maintain hydrophobic interactions between molecules and scavenge vari-
ous types of ROS, which are produced under LT [158]. Some plants respond to LT by
the synthesis of some specific proteins that are similar to plant pathogen-related (PR)
proteins (particularly in winter rye), in response to cold and drought [159].

Kim et al. [23] reported that 14 days of LT stress killed most of the IR50 (sensitive)
rice seedlings, while no negative effect was observed in M202 (tolerant) seedlings.
Morsy et al. [66] showed that cold-tolerant seedlings of rice had 100% survival at
13/10°C regime in comparison to cold-sensitive seedlings, which suffered 50% mortality
under the same conditions. Gong et al. [69] also reported that the percentage survival
of maize seedlings increased after the pretreatment of seedlings at 1°C. Kargiotidou
et al. [160] reported that the percentage survival of cotton is enhanced if plants are
acclimated at low and nonfreezing temperatures prior to cold stress. Many studies in
the literature have reported that LT stress affected seedling growth parameters viz.
germination, and seedling growth, and caused chlorosis, wilting of leaves, reduced
leaf expansion, and necrosis of tissue [12-14]. Low-temperature stress in Elymus nutans
Griseb decreased shoot lengths of tolerant (DX) and sensitive (GN) genotypes by 88.8
and 91.7%, respectively compared to controls [15]. Jan et al. [161] showed that under
cold stress one variety of rice SB showed no change in shoot length, while B-385 showed
a slight decrease in average shoot length. Both the varieties showed some increase in
root length under cold stress. Razmi et al. [162] reported that in sorghum (Sorghum
bicolor L.) genotypes, LT reduced the germination percentage, root length, and shoot
length of the seedlings, whereas increased the root/shoot ratio. Increased RL/SL under
LT might be an indication of water deficit stress due to cold stress.

LT stress increased the chlorophyllase enzyme activity in grapevine leaves and
restrained the synthesis of total Chl [163]. Plants need to maintain a sufficient level
of Chl a content to perform the photosynthesis process to some extent even under
stress [17]. Yadegari et al. [83] reported that under LT stress at 5°C in soybean seed-
lings Chl a, b, and total Chl contents decreased. However, Yang et al. [17] reported
that in bitter gourd genotypes, Chl a content increased, whereas total Chl and Chl b
contents decreased under cold stress. Our results are supported by the work of Esra
et al. [82] who reported that in two pepper varieties (Capsicum annum L.), Mert and
KM-121, the content of Chl a and total Chl significantly decreased, while no significant
change was found in the content of Chl b in response to LT stress. Tang et al. [20] also
reported that under low LT stress in different sugarcane genotypes total Chl content
decreased. Carotenoids are not considered photosynthetic pigments, but they play
an important role in the protection of the photosystems and accumulate under LT.
Carotenoids act as natural antioxidants by quenching triplet Chl and singlet oxygen
species, which are potentially harmful to the chloroplast [24, 25]. Fuet al. [15]
reported that under LT stress at 5°C in Elymus nutans seedlings, carotenoid content
decreased. The decrease in carotenoid content was higher in GN (more sensitive)
than DX (tolerant) seedlings. Gerganova et al. [164] reported that in tomato plants
after cold treatment, a pronounced decrease was observed in carotenoids. Yadegari
et al. [83] reported that Chl a, b, and total Chl decreased in both acclimated and non-
acclimated soybean seedlings, but in cold-acclimated leaves, this decrease was lesser
than in non-acclimated seedlings. It is well documented that photosynthetic appara-
tus is sensitive to several environmental stresses and PS II appears to be preferentially
affected by chilling stress [165]. Fv/Fm reflects the susceptibility to damage of the
photosystem II (PSII). Yang et al. [17] reported that in two bitter gourd genotype

91



Plant Abiotic Stress Responses and Tolevance Mechanisms

seedling leaves, the Fv/Fm ratio was hardly affected by cold stress, suggesting that
LT did not affect the efficiency of PSII. Grapevine seedlings grown under LT stress
showed different effects on photosynthetic efficiency [166]. Tang et al. [20], however,
reported that LT stress in different sugarcane genotypes affected Fv/Fm ratio, which
decreased with temperature and stress period. Decreased Fv/Fm ratio indicated

that the photosystem was affected under LT stress in sugarcanes. Many researchers
pointed out that there was a significant decrease in Fv/Fm ratio under dark chilling
stress and after the recovery period the values recovered to control levels [21, 22].
Mishra et al. [167] reported that Fv/Fm decreased in both acclimated and non-accli-
mated samples of Arabadopsis thaliana, but the decrease was more in sensitive than
tolerant types. Hajiboland and Habibi [64] reported that cold and acclimation both
did not affect the Fv/Fm of winter wheat “Sabalan” while causing a significant reduc-
tion of Fv/Fm in “Zagros” spring wheat. Khaledian et al. [37] reported an accumula-
tion of H,0, under cold stress in the leaves of chickpea plants.

Yang et al. [17] also reported higher electrolyte leakage for the sensitive bitter
gourd genotype (Y-106-5) than the less sensitive one (Z-1-4). Liu et al. [42] reported
an increase in electrolyte leakage in leaves of Avena nuda L. (naked oats) seedlings
with cold stress and with prolongation of the stress period. LT stress leads to the
destruction of cell membrane structure in maize plants [45], which caused increased
permeability of membranes, and increased leakage of cell electrolytes and thus
causing damage to plants. Electrolyte leakage was significantly (CD at 5%) lower in
acclimated seedlings under LT stress, which probably suggested that membranes of
acclimated seedlings were less affected under LT stress. Gong et al. [69] reported that
electrolyte leakage from root tips of non-acclimated maize seedlings significantly
increased after exposure to chilling stress, while cold shock pre-treatment remarkably
reduced the leakage of electrolytes under chilling stress as compared to non-accli-
mated. Aaron et al. [168] reported that cold acclimation enhanced the freezing toler-
ance in Petunia hybrida and decreased the ELs( value. In conclusion, acclimation prior
to LT stress results in the enhanced tolerance of plants. Different types of molecules
accumulate under stress conditions, which are used as a potential acclimatizing agent
for plants in the form of a spray.

8. Conclusion

The LT stress negatively impacts the plant’s performance, and survival percent-
age, through the generation of ROS. ROS accumulate under the stress in plants
from different cell organelles. To deplete these ROS plants, activate the defense
system, which includes enzymatic and nonenzymatic antioxidants. These together
are involved in the detoxification of the accumulated ROS and enhance resilience
against cold stress. Carbohydrates, proteins, and phenolic compounds also accu-
mulate under stress conditions, helping in scavenging the ROS species. Acclimation
is a method in which the plants are allowed to be exposed under nonfreezing and
non-injurious temperatures, which leads to certain changes in plants that confer
subsequent tolerance to cold injury.
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Abstract

Salt stress is a sever threat to global agriculture. Improving salt tolerance is a
problematic task due to the large number of characteristics involved. Graft technique
is a potential substitute to breeding and interesting practices to salt tolerance since
it unites a scion and rootstock of two genotypes. Increased salinity tolerance in fruit
trees will alter water relations, disrupt ionic balance, which can harm plant tissues and
thus limit plant productivity. Therefore, the ability of fruit trees to resist salinity varies
by species, although it is mostly determined by the type of their root systems. In this
regard, the selection of salt-tolerant rootstocks can help maintain productivity under
salinity. Several physiological and biochemical changes are attributed to the favorable
response of grafting exerted by tolerant rootstocks or scion-rootstock interactions on
yield and fruit attributes of plants in saline environments. Rootstocks provide grafted
plants different salt tolerance mechanisms including the accumulation of compatible
solutes and enhancing the antioxidant mechanisms in scion. The importance of graft-
ing, strategies for selecting appropriate rootstocks, scion-rootstock interaction for
growth and the tolerance mechanisms used by plants to avoid the effects of salt stress,
are all discussed in this review. Grafting’s potential challenges are also discussed.

Keywords: grafting, rootstocks, scion, salinity, glycophyte

1. Introduction

Environmental stress causes a variety of physiological stress reactions in plants,
which can change the chemical composition of crops and, as a result, the quality of
harvested goods and linked to the quantity and quality of agricultural seeds and food.
The most significant of all environmental stresses is salinity, which affects the plant
growth and barricades plants from reaching their genetic potential [1]. Salinity occurs
when salts accumulate excessively in the water [2]. High salinity affects about 20% of
planted native land and 33% of watered farming lands all around the world, and these
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regions are growing at a pace of 10% each year. Salinity is expected to affect 50% of

all arable land by 2050, according to estimates [3]. Salts in the soil are essential for the
growth of plant [3]. However, excess of salt can lead to ion toxicity and osmotic stress
and interfere with soil nutrient balance [4] affecting plant growth and physiological
functions. Salt stress impairs a plant’s capacity for photosynthesis and chlorophyll
production, which frequently results in a decrease in PSII activity, an obstruction

to electron transport, a restriction on carbon assimilation, and peroxidation or
dissociation of the thylakoid membrane [5]. Plant roots are characterized by high
developmental plasticity, facilitating adaptation to adverse environments [6]. Because
there is less cell development in the root elongation zone, the root responds to salt
stress by inhibiting root growth [5]. The most actively developing part of the root

tip, the meristematic zone, which is a key component of the architecture of the root
system, undergoes modifications as a result of saline stress in order for roots to adapt
[7]. Therefore, rootstocks are also commonly employed in current wood fruit crop
cultivation because of their capacity to adapt a cultivar to a variety of environmental
conditions and cultural methods [8, 9]. Rootstocks, on the other hand, can alter scion
performance by decreasing plant vigor and allowing the production of high-density
orchards [10]. Several breeding initiatives around the world are working on improv-
ing rootstocks for fruit trees. It has been reported that the most important factor
limiting the cultivation of fruit trees such as peach, almond, plum, cherry, olive, and
grape is their special ecological requirements. Aside from the high lime rate of the

soil, various diseases also hamper the cultivation of fruit tree species. As a result, in
many Mediterranean regions, rootstock is needed to overcome these limitations while
growing stone fruits. Therefore, interspecific hybridization is widely used in rootstock
breeding programs to expand the genetic base and allow the introduction of genes not
found in the breeding population [11]. Because they are tolerant of lime-induced Fe
chlorosis and graft-compatible with peach cultivars, almond peach hybrids are widely
used as rootstocks for peach trees in Mediterranean countries [12]. They are robust and
suitable for use in poor and dry soils [13]. New varieties resistant to biotic stressors,
including root-knot nematodes (Meloidogyne spp.) and replanting conditions, have
also been produced [14, 15]. Rootstock/scion interactions are widely known to produce
arange of properties that transform the overall performance of the combination and
have important economic implications and are referred to as rootstock/scion relation-
ships [16]. However, the mechanisms behind these connections are complicated and
poorly understood. Soil salinity affects fruit tree species in particular. For instance,
peach [17] and almond tree [18] shoot growth is inhibited by relatively low NaCl
concentrations (25 mM) in the soil solution. Stress-tolerant crops must be produced
through the selection and breeding of cultivars capable of providing commercial
yields in saline or drought conditions to reduce the detrimental effects of these stresses
[18]. Unfortunately, due to the genetic complexity of abiotic stress tolerance, this is a
challenging task [19]. As a result, various cultural opportunities were scrutinized. In
this regard, grafting has been used in crops production in the world to improve plant
tolerance to abiotic stress by grafting best cultivars (as scion) onto more resistant
genotypes (as rootstocks) [20]. Grafting is distinguished as a crucial process to adapt
the plant vigor and extend the crops [8, 21]. The most important factor that affects
the adaptability of fruit tree to soil stress is the scion-rootstock combination [22]. The
combination of rootstock/scion has the potential to produce a plant with characteris-
tics that neither component would have if grown independently. Indeed the rootstocks
can provide many characteristics that do not appear in the scion, such as resistance to
pests and diseases in the soil [23, 24], improved nutrient uptake, and better tolerance
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to high saline [25, 26]. The rootstock vigor can also improve the whole plant vigor,
increase fruit quality, and alter fruit ripening period [27]. Grafting can also lengthen
the harvesting season [13] and extend the life of the crop after harvest [28]. Based on
recent studies in this subject, in this article, we will give an overview of the potential
of the grafting method to improve the salt tolerance of fruit trees. The physiological
and biochemical elements of the rootstock—scion relationship in fruit trees will be
explored, as well as the mechanisms involved in the salt tolerance of grafted plants and
the influence of the rootstock on the main physiological and biochemical processes of
the scion, in order to boost the tolerance of trees grown under saline conditions.

2. The effect of salinity on fruit trees species

Soil salinity is a global issue endangering land productivity and one of the most
important environmental concerns limiting plant production in arid and semiarid
areas [16]. Salinity alters water relations, disrupt ionic balance, and produces reactive
oxygen species (ROS) that can harm plant tissues and thus limit plant productivity.
Salinity also causes osmotic and oxidative stress in plant tissues [29, 30] and affects
growth, development [31], and the rate of plant less survival [32, 33].

The most sensitive horticultural crops to high salinity were fruit trees [34],

Fruit crops are somewhat affected by salinity levels, and once salt concentrations
exceed the threshold, their growth rate drops faster than most crops [35]. In fact,

salt stress disrupts many metabolic activities in most glycophyte plants, impairing
vital cellular function. Many fruit trees, on the other hand, have evolved systems to
withstand salt stress and can thus thrive in saline soils [36]. The ability of fruit trees
to resist salinity varies by species, although it is mostly determined by the type of
their root systems [22]. The ability of most glycophyte plants, such as fruit trees, to
exclude or retain potentially harmful ions, determines their salt tolerance. Different
species or root types have different adaptation methods for salt stress. The overall
concentration of soluble salts in the soil solution, or its osmotic potential, is linked

to reduction in growth and yield [32]. For example, shoot growth of peach [37] and
almond [5] is affected by low doses (25 mM NaCl) of salt in the soil solution. Zrig et
al. [38] revealed that the sweet almond tree cannot tolerate a concentration higher
than 75 mM NaCl. Under this lethal concentration, the total dry weight and shoot
extension of almond cv Mazzetto decreased while the root/shoot ratio increased.

The ratio root/shoot was a state of homeostasis and is independent of root salinity. In
this regard, at high salinity level, many plants allow the big part of biomass to roots

to maintain a better uptake of water and therefore reach to optimum autoregulation.
In pistachio species (P. atlantica and Pistacia lentiscus), the growth, the number of
leaves, and the fresh biomass of a 3-month-old plantlets decreased significantly with
10 gL of NaCl. The leaf browning rate also increased [34]. Furthermore, several
studies have been conducted to determine the effects of varying salt levels on the yield
of mature plum trees (Prunus salicina, cv Santa Rosa) [39]. At 4 dm/S, plum vegeta-
tive development appeared more sensitive, and the same treatment caused significant
leaf damage [35]. Excessive doses of salt in soil reduce significantly the performance
of fast-growing plants of Prunus species [40]. Salt load control systems at the whole
plant level strongly integrate growth rates and plant shape [41]. Furthermore, high
salinity disturbs the osmotic adjustment and leaf water relations [42, 43]. Stone fruit
crops (Prunus spp., for instance) such as apricot, cherry, nectarine, almond, peach,
and plum are the world’s seventh-largest crop producers. Stone fruit trees are sensitive
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to salinity, particularly to chloride, and irrigation with saline water can significantly
reduce yields [44, 45]. The main ions causing problems are CI’, S0,*, HCO;™, Na*,
Ca*, Mg2+, NO;7, and K*, although in several fields B is concerned [46]. In general,
during the seed germination stage, the plants were moderately salt-tolerant, but
during the young seedling stage, they become more sensitive and progressively

more tolerant as they get older through the reproductive stage [47]. Furthermore,
most stone fruit trees are sensitive to salt stressors, and their production gradually
decreases at salt concentrations above 1.5 dSm™, reaching 50% of normal production
at 4 dSm™ [48].

Plants are affected by salt stress in various ways, including ionic diseases, osmotic
stress, and nutritional imbalances. Overproduction of reactive oxygen species (ROS)
such as singlet oxygen (O,), superoxide anion (O,"), hydrogen peroxide (H,0,), and
hydroxyl radical (OH) is a common feature of these effects, which are highly reactive
and toxic and cause damage to proteins, lipids, carbohydrates, and DNA, leading to
oxidative stress [49]. Salt stress closes stomata, lowering the CO,/O, ratio inside leaf
tissues and preventing CO, fixation. Plant antioxidant enzymes work together to
prevent uncontrolled oxidation cascades and protect plant cells from oxidative dam-
age by scavenging ROS [50].

The processes of salinity sensing and signal transduction within the plant are
not well understood, which is exacerbated by the restricted investigation done on
this topic for fruit trees [51]. According to several authors [52, 53], plants respond
to high levels of salt by activating a signaling network and a comprehensive reac-
tion that involves the synthesis of a variety of chemicals that maintain cellular
homeostasis. When the plants sense high levels of salt, primary and secondary
metabolites will be activated to provide adequate osmotic balance. This is the
cleanest approach for plants to adapt to salt stress. In almond leaves, when the
electrical conductivity of irrigation water exceeds 3 dS m™', Ranjbarfordoei et al.
[44] found that the total chlorophyll content and fluorescence parameters are
negatively affected. In vitro cultivated “Gisela 6” cherry and exposed to various salt
concentrations also showed increased malondialdehyde content as well as expres-
sion of SOD, ascorbate peroxidase, catalase, and glutathione reductase. Milosevic
et MiloSevi¢ [54] found that the Myrobalan plum (Prunus cerasifera Ehrh.) is one
of the most tolerant to salinity and B (reduced salt uptake in the root), while the
peach “Nemared” (Prunus persica (L.) Batsch) is one of the most sensitive (high
salt content in the stem).

Traditional breeding programs have attempted to improve crop salt tolerance,
but with limited success due to the trait’s complexity [55]. The adoption of resistant
rootstocks is a technique to avoid or reduce production losses caused by salinity.

In this regard, scion/rootstock pairings with a modest growth response have been
demonstrated to have a greater ability to exclude Na* and CI” from the shoot [56].

3. Effect of the rootstock on the salt tolerance of grafted plants

Plant development and structure can be influenced by the complex interactions
between scion and rootstock. Rootstocks provide grafted plants with more favor-
able tolerance against several environmental stresses (both abiotic and biotic);
therefore, one of the most important steps in starting a new plantation is choosing
a good rootstock, achieving outstanding tree performance in various ecological
zones. In fruit trees, rootstocks have been used to boost fruit yield, flavor, and
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quality while improving nutrient uptake, transport, and resistance to a variety

of environmental challenges. The rootstocks had an impact on the physiologi-

cal characteristics of the grafted plants, as well as other elements of growth and
development [49]. Therefore, using grafting techniques to choose a salt-tolerant
root system as rootstock can support plants become more salt-tolerant (Table 1).
The root system of the rootstock replaces the scions during grafting. If the root-
stock is chosen correctly, this method will improve nutrition and water uptake,
increase carbon and nitrogen metabolism, and increase the salt tolerance of plants
[63, 64]. Depending on the intrinsic qualities of the scion, rootstock, and their
functional linkages, as well as the severity of salt stress, the persuasive response
of grafting on plant growth and production characteristics may differ under salty
environments. A number of studies have suggested that grafting can help plants
cope with the negative effects of salt stress. Therefore, the rootstock’s involvement
in determining the tree’s performance under saline conditions is essential [65].
Physical characteristics of the root system, such as lateral and vertical develop-
ment, lead to increased or reduced uptake of water and minerals, which is one of
the reasons for the widespread use of rootstocks to overcome salinity. In order to
increase detection of better sources of tolerance in the rootstock selection process,
it is crucial to determine which type of test offers the best response in a commercial
orchard (Figure1).

3.1 Growth and yield

Rootstocks alter the size and shape of trees by reducing internodes, altering branch
angles, and altering dates and rates of active growth [49]. The rootstock’s response to
salinity was related to improved growth under saline circumstances. Several fasci-
nating research studies on Prunus rootstocks, for example, have indicated that via
grafting, the rootstock’s degree of tolerance is transmitted to the scion variety. In fact,
several studies have shown that grafting onto salt-tolerant rootstock can reduce more
effectively the negative effects of salt on scion growth. For example, shoot exten-
sion and leaf dry weight of almond cv. Mazzetto grafted on Garnem (GN15), which
considered as more salt tolerance, were found to be higher to those grafted on GF677
[43]. Accordingly, it appears that grafting onto specific rootstocks can successfully

Species Rootstocks genotypes References

Almond GN15 (Prunus dulcis (Mill.) D.A. Webb x [57]
(Prunus persica (L.)

Pistachio Akbari, ‘Ahmad-Aghai’ and ‘UCB-1 [34]

Plum ‘Mariana 2624 and Adesoto 101’ [58]

Cherry CAB 6P’ (Prunus [59]

cerasus L.) and Colt’ (Prunus avium (L.) L. x
Prunus pseudocerasus Lindl.)

Apricots Prunus microcarpa [60]

Olive Arvanitolia and Lefkolia [61]

Citrus Shaker and Cleopatra mandarin [62]
Table 1.

Different genotypes of rootstocks of different trees. They are used as most salt-tolerant rootstocks.
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Figure 1.

Potential beneficial effects of rootstocks on trees in saline soil conditions, summarized from the literature.
Salinity reduces voot biomass because it prevents cell prolifevation, which lowers the overall biomass yield (left).
Grafting improves voots vaporosity by modifying root architecture and increased nutrient uptake (vight). In
ungrafted tree, Na* and Cl™ accumulation generates competition for nutrient uptake and transport. This vesults
in imbalance of the ionic composition of plant and affects plant’s physiological traits (left). In grafted tree,
rootstock could improve nutrient uptake and maintenance of ionic homeostasis (vight). The high uptake of Na*
and CI caused by an increase in salt content (left). In grafted tree, the accumulation of osmolytes consequently
improves plant’s water status (right). In ungrafted tree, increasing salinity causes oxidative stress due to
imbalance in reactive oxygen species generation and quenching activities of antioxidants (left). In grafted
plants, the oxidative stress was reduced under salt stress (vight). Salt stress causes a decline in photosynthesis by
decreasing chlorophyll concentration (left). The vigor rootstock has positive effect on photosynthesis under salt
stress (vight).

minimize the negative effects of salt on the scion; this is consistent with previous
observations on various plant species [5]. Similarly, Massai et al. [37] found that
peach cv. Armaking grafted onto GF677 inhibited whole plant and lateral root growth
more than the Arm/Mrs. combination. This indicated that the first combination was
more sensitive to NaCl than the second. Aras and Esitken [66] studied the responses
of cherry plants grafted onto two distinct rootstocks (CAB6P, MaxMa 14, and
Mazzard Rootstocks) to short-term salt. This study found that 0900 Ziraat grafted
onto MaxMa 14 had the largest decreases in rootstock and shoot diameter by 14 and
14.2%, respectively, while 0900/Mazzard had the smallest decreases in rootstock
and shoot diameter by 9.2 and 11%, respectively. Cherry (Prunus cerasus) rootstocks
can considerably alter the scion’s tolerance to salinity, according to Ertuka et al. [67].
Kucukymuk et al. [68] confirmed that sweet cherry trees with the 0900/mazzard
combination were more vulnerable to salinity increases than plants with the 0900/
mahaleb combination. Further research has shown that when “GF-677” and “Mr.S.
2/5” rootstocks were grafted with peach and exposed to varying NaCl concentrations
(0-120 mM)), the “GF-677” showed improved sensitivity in terms of growth and net
CO, assimilation [41].

112



Perspective Chapter: Rootstock-Scion Intevaction Effect on Improving Salt Tolerance in Fruit Trees
DOI: http://dx.doi.org/10.5772/intechopen.108817

3.2 Root system architecture

The rootstock’s root system characteristics are often the most important criterion
for increasing salt tolerance in grafted plants; therefore, the most significant factor
for enhancing salt tolerance may be a healthy root system [69]. The root is the first
organ to deal with salt excess in soil, due to its activities of searching for and mov-
ing water, nutrients, and ions, and it can play a key role in defining plant sensitivity
or tolerance to salt stress. Under salt stress, a decline in root growth was observed
in woody fruit trees with different levels of salt tolerance. Accordingly, the loss was
linked to a decrease in root respiration, which is susceptible to high salinity in soils
[70]. Root respiration is also a major source of carbohydrates [71], and it is classified
into two types: “maintenance respiration,” which includes the preservation of existing
tissue, and “growth respiration,” which involves the production of new tissue [72].
Maintaining a root respiration is important for producing energy and coping with
adverse environments like salinity. Because of the significant requirement for ATP
to maintain transport activities across concentration gradients, a higher percentage
of root respiration was found to be dedicated to scion maintenance in plants under
salt stress. For example, a healthy root system produced more cytokinins and utilized
xylem sap to transport water to the shoot system, thereby increasing plant develop-
ment and yield [73]. Furthermore, root hydraulic conductivity can control plant
growth by controlling the water supply to the aboveground plant components [67].
The mechanism, however, is still unknown. Because roots are the primary organ
exposed to salt stress, salt-induced suppression of root development is extremely
clear. Salt stress, for example, slowed root growth in ungrafted plants, whereas the
rate of root dry mass loss was lower in grafted Kinnow mandarin [69] and Pistachio
[74]. According to recent study, the first defense under salinity takes place in the root
system and apoplastic barrier differentiation contribute to salinity response [35].
The exodermis and the endodermis serve as two apoplastic barriers contributing to
protection against abiotic stress, such salinity, by regulating the uptake and transport
of water and ions from the soil. An anatomical analysis of suberin in almonds roots
revealed that the most salt tolerance rootstock exhibits a strinking increase of suber-
ine deposition at both exodermal and endodermal cells under salinity stress [35].
Furthermore, the lignin deposition, particularly at the Casparian strip, is also critical
for the regulation of solute transport at apoplastic barriers [75].

3.3 Gas exchange attributes

The first signs of salt stress in glycophytes are the decrease in leaf development,
which seems to be driven by a decrease in stomatal conductance [76]. The stomatal
closure reduces the assimilation rate of CO, in both grafted and non-grafted salt-
treated plants by impairing CO, diffusion into the leaves as a result of mesophyll
conductance impairment. Photosynthesis is blocked by salt stress because it sup-
presses the electron transport chain leading to photoinhibition, which leads to a
decline in plant growth [57]. Earlier findings have demonstrated that grafting onto
salt-tolerant rootstocks can enhance photosynthetic efficiency by preserving chloro-
plast composition and reducing oxidative damage, which ultimately leads to a delay
in photoinhibition rate [32]. The photosynthetic rate (A), stomatal conductance (gs),
and transpiration of many prunus rootstocks, such as almond, were all impacted by
salinity [77]. It is worth noting that the grafting can modify the photosynthetic per-
formance depending on the scion-rootstocks combinations. Several works reported
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that the grafting on salt-tolerant rootstocks reduced the salt effect on gas exchanges of
scion. In fact, research on almond rootstocks found that after 4 weeks of NaCl treat-
ment, A, gs, and rate of transpiration rate (E) were all lower in all grafting combina-
tions compared to control. Mazzetto/GF677 reliably showed the ultimate reductions.
By supporting stomatal conductance, the leaves of Mazzetto/Garnem plants were
able to lessen the harm of photosynthetic apparatus. In peach trees, Massai et al. [37]
showed that the severe reduction in net assimilation rates was observed in Arm/Mrs.
compared to Arm/GF during the first 2 weeks of stress imposition. Besides, these
reductions in net assimilation rate seemed to be mainly limited by CO2 diffusion into
the leaves during the first 15 days of salt stress. A greater decrease in stomatal conduc-
tance was obvious in salt-treated Arm/GF leaves, clearly resulting from salt-induced
water stress. Goharrizi et al. [29] examined the photosynthetic activity of three
Iranian cultivars of pistachio grafted on four rootstocks and found that trees grown
on Sarakhs and P, atlantica rootstocks had the highest photosynthetic rates. Sharma
etal. [78] recorded higher leaf chlorophyll content in Non Pareil almond and bitter
almond rootstock combination than on wild peach rootstock, although wild peach
rootstock had higher leaf photosynthesis.

3.4 Mineral content

Fruit species, such as prunus or citrus, are categorized as glycophyte plants
because they are salinity sensitive on a scale ranging from moderate to severely salt
sensitive. Ion transporters’ activities are affected by rootstocks, which alter ion
intake and transfer to the scion. Rootstocks promote the acquisition of vital elements
while reducing salt uptake and transport (e.g., Na* and CI") under saline conditions
by exclusion or retention of ions. It is thought that effective rootstocks will be able
to limit salt ion uptake and their transit to the shoot, hence slowing or preventing
hazardous salt ion accumulation in the leaves [79].

The ability of rootstocks to minimize toxicity of Na" and/or ClI” by exclusion and/
or reduction of Cl- uptake by the roots, and replacement or substitution of total K* by
total Na* in the foliage, is related to increased salt tolerance by grafting [80, 81]. The
rootstocks minimize Na* and CI” loading and transport to the scion while enhancing
K, Ca, and Mg** ion intake and allowing for low energy osmotic potentials [82]. The
salt sensitivity of fruit tree is related to the sensitivity of the leaves to chloride, while
the rootstock salt tolerance is related to the rootstock’s ability to exclude chloride and
protect the scion leaves [26]. The physical characteristics of the root system, such
as lateral and vertical development, which results in increased or reduced uptake of
water and minerals, have been attributed to the rootstock’s influence on the concen-
tration of certain minerals in the aerial parts of the plant; this is one of the reasons
for the widespread use of rootstocks to overcome salinity [83]. Other research has
shown that increased salt tolerance in grafted plants is related to increased K*, Ca*",
or Mg”* translocation to the leaves [53]. The rootstock’s ability to minimize damag-
ing ion uptake and transport over time is thought to influence shoot growth [84].
According to Zrig et al. (2016) [85], Mazzetto/Garnem had lower Na + content in the
aerial sections than Mazzetto/GF677. The greater shoot extension and leaf biomass
of Mazzetto/Garnem found in this study can be explained, at least in part, by such an
exclusion mechanism. In this regard, scion/rootstock pairings with a modest growth
response have been shown to have a greater ability to exclude Na* and CI” from the
shoot. The ability to stock Na* and CI” in the cell vacuole and excrete salts outside
of the leaf cells via specialized organs is a crucial determinant for salt tolerance in
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glycophytes [86]. Massai et al. [87] showed that a gradient in Na* and CI” concentra-
tion (tissue water molar basis) was observed in leaves of various age of Arm/GF
plants, since basal leaves of 120 mM salt-treated plants had aNa* + Cl” concentration
2.1 and 3.4 times higher than that of medial or apical leaves, respectively. On the
contrary, the concentration of Na* + CI” did not differ between leaves of different
age of both 80 and 120 mM salt-treated Arm/MrS plants. According to Kiigiikyumuk
et al. [68], when increasing salinity of the irrigation solution, leaves of sweet cherry
trees grafted onto mazzard rootstock suffered more than sweet cherry trees grafted
onto mahaleb. Na* and CI” ions can build up in high concentrations in leaves, causing
leaf burn in trees grafted with mahaleb.

Rootstocks protect scion shoots from salt damage primarily by reducing ionic
stress and, to a lesser extent, by enhancing K*, Ca®*, and Mg2+ translocation to the
shoots and leaves, according to studies, but they have minimal role in reducing
osmotic stress [88]. Exclusion or restricted uptake by the roots is used to reduce Na*
and/or CI translocation to the shoot system. According to Pérez-Alfocea et al. [89],
plants use their inherent potential to exclude Na* and/or CI” from shoots by preserv-
ing energy consumption in the root system from risky ion efflux.

Aside from osmotic balancing and root exclusion or restricted root-to-shoot trans-
fer of the harmful ion (i.e., Na*), plants use ion buildup and subsequent partitioning
among plant organs or compartmentalization in cellular organs such as vacuoles to
reduce salt toxicity. The grafted plants were able to maintain favorable K*/Na*, Ca**/
Na*, and Mg**/Na* ratios in actively growing leaves [77].

By reducing Na" toxicity, rootstocks have been proven to restore plant salt toler-
ance. According to several studies, the increased salt tolerance of grafted plants
such as prunus cultivars is due to a decrease in the accumulation of Na + and/or
Cl” in the shoots of the plant [77]. Other research has shown that increased salt
tolerance in grafted plants is associated with better transfer of K*, Ca**, or Mg**
to the leaves [53]. A 19-year-old commercial Japanese plum (P, salicina Lindl. var.
salicina) orchard grafted onto “Marianna 2624” rootstock and received varying
amounts of a mixture of NaCl and CaCl, ranging from 0 to 28 mM. This study
found that woody tissues accumulated a lot of Na* and CI", while the leaves accu-
mulated a lot of CI', leading to leaf lesions. They found that woody tissue can
presumably retain the flow of Na* to the leaves (which was not observed in young
trees). Chlorides have the greatest damaging influence at the leaf level, lowering
net photosynthesis, total carbohydrates, chlorophyll content, and leaf area, accord-
ing to the second part of the invitation [9]. The ability to keep the rate of buildup
of harmful ions (Na*/CI") as close to physiological homeostatic capacity as possible
disturbs the plant’s response to salinity. Martinez-Rodriguez et al. [84] state that
these characteristics can be transmitted to a more salt-sensitive cultivar by using
tolerant genotypes as rootstocks [84]. Despite the fact that ionic homeostasis is
mandatory for plant persistence, tissue ion concentration is not a reliable measure
of salt tolerance [90, 91].

Different amounts of NaCl and CaCl, mixture from 0 to 28 mM were administered
to a 19-year-old commercial orchard of Japanese plum (P, salicina) grafted on the
rootstock “Marianna 2624” [92]. These researchers found that woody tissues stored a
lot of Na* and CI", while leaves mainly accumulated CI’, leading to leaf lesions. They
found also that woody tissue can apparently retain the movement of Na* to the leaves
(which was not observed in young trees). The same authors observed that the most
negative impact was caused by chlorides at leaf level, decreasing net photosynthesis,
total carbohydrates, chlorophyll content, and leaf area [92].
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3.5 Water relations

Under normal conditions, grafted plants frequently show improved mineral
and water uptake compared to non-grafted plants due to improved root vigor of the
rootstock [81]. The plasticity in hydraulic properties in a crop species may be offered
through increasing resistance along the pathway of water transport in the plant,
and this is central to the maintenance of an adequate water supply to the foliage. In
glycophyte plants, which include most crops, high salt content in the medium has
a well-known influence on plant growth. First, the saline soil’s osmotic potential
decreased considerably, resulting in a loss in root water uptake ability. Osmotic stress
impacts root and leaf growth as well as stomatal conductance and photosynthetic
rate. Water relations in the rootstock-scion system have been explored with a focus on
increasing plant adaptability to stressful situations. Zrig et al. [38] showed a decline
of the relative water content (RWC) similarly in two Mazzetto/GF677 and Mazzetto/
GN15 combinations. On the other hand, Massia et al. [37] reported that the greatest
reductions in relative growth rate (RGR) observed in salt-treated Arm/GF as com-
pared to Arm/MrS plants. Nevertheless, at the lowest NaCl doses (25 mM), the water
potential dropped significantly, especially in Mazzetto/ GF677. Compared to GF677,
plants grafted onto Garnem consistently had higher leaf water potential, indicating
that Mazzetto/Garnem had higher turgor potential. Salinity affected RWC values in
0900/mazzard trees more than 0900/mahaleb trees, according to a study on sweet
cherry [68]. Rootstocks give grafted plants a stronger and wider root system, which
allows them to absorb more minerals and water than non-grafted plants [57].

4. Some mechanisms of salt tolerance in grafted plants

Salt tolerance mechanisms have been shown to be transported from rootstock to
scion [93]. In fact, several mechanisms of salt tolerances have been observed in the
rootstock (Figure 1), after grafting it has been observed in the scion. While, in some
varieties their salt tolerance was different between scion and rootstocks, this may be
due to the interaction between the scion and the rootstock through the graft associa-
tion. Through their roots, plants were evolved different mechanisms of salt tolerance
such as exclusion of salts, accumulation of salts for osmotic adjustment, and activa-
tion of antioxidative system.

4.1 Accumulation of compatible solutes

To maintain turgor and water intake for growth, plants must keep their internal
water potential below that of the soil. This requires an increase in cell osmotic concen-
tration, either by inorganic ion uptake or by the manufacture of metabolically suitable
solutes such as sucrose and proline [32]. Osmoregulation is further facilitated by cyto-
solic compatible solutes, which impede water outflow to the apoplast and vacuole [2].
In this regard, Zrig et al. (2016) [38] showed that Mazzetto/GN15 had higher concen-
trations of polyamine, proline, and total soluble sugar (TSS) in their leaves than those
of Mazzetto/GF677. This highest accumulation of compatible solute was observed in
GN15 rootstocks more than on GF677 rootstocks [5, 38]. These results suggest that
the rootstock Garnem enhanced the accumulation of those osmolytes in the leaves of
the scion (Mazzetto) to be more tolerant to salinity. Still in almond tree, Zrig et al.
[38] testified that GN15 rootstocks accumulated anthocyanin in their leaves, and that
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these polyphenols were reinforced under salt stress. These anthocyanin productions
were observed in leaves of Mazzetto grafted onto Garnem (GN15) also under normal
conditions; thereafter, the anthocyanin content was sharply increased under a high
level of salinity. According to this earlier study, rootstocks induce the anthocyanin
biosynthesis in scion leaves to effectively contribute to osmoprotection under salt
stress. Thus, the lower salt-tolerant plants Mazzetto grafted onto GF677 rootstocks
showed novel production of polyphenols and polyamines to contribute to osmoregu-
lation [43].

4.2 Antioxidant mechanisms

Photosynthesis can be reduced by a reduction in photochemical activity under salt
stress, regardless of stomatal conductance [17]. Several abiotic stressors have been
shown to decrease Chla+b content and photochemical efficiency of photosystem II
(PSII), still these effects can be improved by grafting. In fact, it was demonstrated
that the total chlorophyll contents were reduced in the leaves of Mazzetto grafted
on GF677; however, it remained unchanged in the plants grafted on Garnem [38].
Accordingly, the rootstock appears to have influenced the rate of Chl turnover or
biosynthesis in scion leaves. Similarly, Aras and Esitken [66] showed that the lesser
decrease of cholrophyll pigment is related to the salt tolerance of rootstocks. In fact, in
this study on cherry trees, the plants (0900) grafted on Mazzard displayed the lowest
decline in chlorophyll content by 7% under salinity compared to those grafted onto
CAB 6P and MaxMa 14. Such effect could be due to its ability to maintain higher chlo-
rophyll levels or its ability to block chlorophyllase activity, which causes chlorophyll
degradation [66]. Plants also have the ability to scavenge or detoxify ROS produced
by salinity to safeguard photosynthesis and prevent the breakdown of cholorophyll
pigments. In grafted crops, such antioxidants have been used as indicators for salin-
ity tolerance. Accordingly, an effective antioxidant system is a key determinant of
increased salt tolerance of grafted plants. This is accomplished by increasing the
activity of antioxidant enzymes and the amount of non-enzymatic antioxidants in the
plant. Under NaCl stress, non-enzymatic antioxidant activity was found to be consid-
erably higher in the leaves of grafted eggplant seedlings than in self-rooted seedlings
[94]. There has been less research on the antioxidant system in the roots of grafted
plants under salt stress than in the leaves. Non-enzymatic antioxidants are higher in
sweet almonds grafted on salt-tolerant rootstocks than in sweet almonds grafted onto
salt-sensitive rootstocks. Indeed, research on sweet almond cv. Mazzetto found that
Mazzetto/Garnem leaves had higher carotenoid/Chl and anthocyanin/Chl ratios than
Mazzetto/ GF677 foliage. These findings suggest that the light-harvesting antenna and
photosystems are protected by more effective antioxidant mechanisms. Carotenoids
protect chlorophylls from oxidative damage by scavenging two ROS, singlet molecular
oxygen and peroxyl radicals, in addition to their role as light-harvesting pigments that
aid in photosynthesis [95]. These results show that Garnem rootstock improved the
antioxidation capacity of Mazzetto cells. Mazzetto/Garnem leaves had higher antho-
cyanin concentrations and anthocyanin/Chl ratios than in Mazzetto/ GF677 leaves,
even in control plants. The leaves of the scion seem to adopt some of the rootstock’s
characteristics; for example, the red-leafed Garnem contains more anthocyanins in its
tissues than in green-leafed GF677 [38]. The mechanism of this influence is unknown,
but growth regulators such as auxin may play a role. Several studies have established
the impact of rootstock on the biochemical composition of the scion of several spe-
cies, including almond [96] and grapevine [63]. The photo-protective importance of
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anthocyanins against photo-oxidation during salinity stress was highlighted by Zrig
et al. [43] in Garnem rootstock, overall antioxidant activity was favorably related

to carotenoid and anthocyanin concentrations rather than polyamines. Mazzetto/
Garnem plants appear to exhibit the most efficient photoprotective mechanism,
which require carotenoids and anthocyanins, as well as more osmoprotectants in the
form of proline and soluble sugars. Mazzetto/antioxidant GF677’s effect appears to be
mostly due to polyphenols and spermidine, both of which were abundant in its leaves.

5. Impact of scion/rootstock reciprocal effects

Rootstock-scion have the capacity to influence tree physiology in several ways, as
the relationships between rootstocks and scions are both vast and complex. The scion
assimilates the carbohydrates and translocates them, along with the hormones, to the
root system. While the root system can also provide hormones for the scion, as well
as water and nutrients absorbed from the soil [97]. Numerous research studies have
been done to better understand how rootstock and scion interact to produce traits such
as modest tree stature and precocity. Further studies have described a main effect of
the rootstock and its proficiency to exhibit consistency of growth to the scion, while
the scion showed influence in determining tree weight. Physiological research on
rootstock-scion interactions revealed a complex relationship that differed depending
on the rootstock and scion varieties used [23]. Despite the fact that scion genotype has
a dominant effect on most agronomic variables, rootstock-scion-environment inter-
actions introduce new sources of genotypic and phenotypic diversity into the crop.
Hydraulic and chemical impulses pass through the xylem and phloem to cause these
interactions. Although maximizing crop productivity requires the leaves to obtain an
appropriate supply of water and mineral nutrients from the root system via the xylem,
integrated plasticity also requires long-distance communication, in which tiny organic
molecules play an important role [1]. The xylem and phloem, two plant vascular
systems, conduct cross talk between the above and below graft components under
normal conditions. Under salt stress, plants accumulate many osmoregulators such
as amino acids, carbohydrate, organic acids, and enhance mineral uptake, all these
compounds abound in phloem sap, which includes both organic and inorganic compo-
nents. In a grafted tree, a reciprocal bond between scion and roots develops, in which
a progression of reciprocated adjustment develops in the forced connection between
two genotypes. Furthermore, the qualities of a scion or rootstock can only be deter-
mined in conjunction with the characteristics of other scions/rootstocks. Therefore,
the required characteristics of either the scion or the rootstock (e.g., salinity tolerance)
should come first when selecting a rootstock-scion combination, followed by a careful
selection of a compatible partner [94].

6. Conclusion

The global climate change makes the crop production very vulnerable. In addition,
climate change was linked to the increase in temperatures, and fluctuating rainfall
patterns cause a significant rise in soil salt, leading to a decline in the production of
fruit trees given their sensitivity to this abiotic stressor. In this regard, grafting has
been described by several studies as a practice to improve tolerance to a variety of
environmental conditions. Indeed, rootstock and scion interaction is effective in
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reducing stress factors and producing a healthier plant ideotype. Moreover, the trait
of salt tolerance of rootstock was transfer to the aerial part (scion). In fact, the scion
could adopt several mechanisms including antioxidant activities to tolerate the salin-
ity. Furthermore, progeny assessment requires an understanding of the mechanisms
underlying responses to abiotic stressors. The establishment of a network of assess-
ment sites lets for more information on the performance and salt tolerance mecha-
nism of each rootstock in each season, and which, when combined with the specific
tests, leads to a detailed characterization of each genotype, making it easier to select
the most appropriate rootstock for each producer’s conditions.

Replace the entirety of this text with the main body of your chapter. The body is
where the author explains experiments, presents and interprets data of one’s research.
Authors are free to decide how the main body will be structured. However, you are
required to have at least one heading. Please ensure that either British or American
English is used consistently in your chapter. Future research should concentrate on
understanding the molecular interactions between and within cells that contribute
to the salt stress response. With more candidate genes for salinity tolerance being
discovered and widely used, genetic engineering has already proven to be an effective
method for creating plants that can withstand salty environments. Through interspe-
cific crosses, new sources of variation within the species must be sought. This requires
a diverse array of resources that will provide breeders with new options for breaking
down resistance and/or tolerance barriers to pests and diseases.
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Chapter7

Perspective Chapter:

An Insight into Abiotic Stresses
in Pigeonpea — Effects and
Tolerance

Megha and Nisha Singh

Abstract

Cajanus cajan (L.) Millsp. is an adaptable, resilient, and nutrient-dense grain
legume with qualities that can help agricultural systems become more sustainable in
subtropical and tropical regions. Extremes in moisture, temperature, photoperiod,
and mineral-related stressors are the most significant that encounter throughout
the life cycle. Different stress slows down the plants’ growth by upsetting its typical
physiology and morphology. Inefficient conditions can occur sequentially or simulta-
neously in environments, and plants have evolved defense mechanisms to continue to
grow and survive under less-than-ideal edaphic and climatic factors. Although vari-
ous genotypes of pigeonpea have been identified that are tolerant to heat, drought,
and waterlogging, new empirical evidence reveals that genotypic changes have been
detected for all of the abiotic stimuli in this crop. Furthermore, to enhance tolerance,
breeding techniques or methods such as marker features, including extensive hybrid-
ization, double haploids, tissue culture, somaclonal variants, genetic transformation,
and marker-assisted breeding, have been employed to lessen the effect of these
stressor. These methods help in the development of enhanced germplasm with abiotic
stress tolerance and disease resistance, resulting in higher crop quality and produc-
tion. This chapter focuses on different abiotic stressors and the methods that have
been employed to help pigeonpea to overcome environmental constraints.

Keywords: abiotic stress, climatic changes, drought, genetic approach, molecular
marker selection

1. Introduction

Legumes are well known for their nutritional and health benefits, as well as their
contribution to agricultural system sustainability. They are the most important single
source of vegetable protein in human diets and cattle feed (forages) [1]. Legumes are
frequently used as an intercrop (e.g., paired with cereals) or in crop rotation in farm-
ing systems, resulting in a reduction in pests, diseases, and weed populations while
increasing overall farm production and income for smallholder farmers. Other than
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Cajanus cajan

Genomics resources References
Species Diploid [3]
Genome size 833.07 Mbp (4]
Genetic maps Reference genetic map, six intraspecific maps, one [5]

consensus map

DArT based maternal and paternal maps [6]
SNPs array 50 K Affymetrix Axiom [7]
Genotyping-by-sequencing (GBS) [6]
Restriction site-associated DNA sequencing (RAD) [8]
Database PpTFDB, Pipemicrodb [9]
Number of genes and ESTs 48,680 and 25,640 [3]
Whole genome sequencing Reference genome sequence [3,10]
WGRS [11,12]
Genetic purity testing kits SSR assay [13,14]

Table 1.
List of genetic resources of pigeonpea.

commercial and economic importance, legumes have gotten less attention than cereals
in terms of increasing agricultural production. A variety of abiotic stresses are threaten-
ing the legume crops [2]. Studies on stress tolerance processes have led to the identifica-
tion of characters related with tolerance in plants, as well as the molecular regulation of
stress-responsive genes. Some of these researches have paved the way for new opportu-
nities to investigate the molecular basis of plant stress responses and find novel features
and associated genes for agricultural plant genetic improvement (Table 1) [15].

Cajanus cajan also named as Pigeonpea, arhar, tur, red gram, is a major pulse crop
of the world’s semi-arid regions and India’s second most important pulse crop after
chickpea. It is high in protein (21-28%), carbohydrates, vitamins, fats, and minerals
[4]. Pigeonpea has become an important crop in India throughout time, with attempts
being undertaken to produce high yielding varieties by conventional breeding and
biotechnology approaches [16]. Plants have evolved complex signaling pathways that
include receptors, secondary messengers, phytohormones, and signal transducers
to detect different stresses and adapt to changing environmental conditions. These
inherent processes promote stress signal transduction and the activation of stress-
responsive gene expression in order to maintain plant growth and productivity [17].

Pigeonpea breeding has been more difficult than in other dietary legumes due to
crop specific features and a very sensitive nature [18]. For more than five decades, low
productivity and lack of stability have been major production challenges in this crop.
This scenario is caused by abiotic stressors, in addition to genetic and agronomic fac-
tors. This dilemma can now be turned around by simultaneously reducing crop losses
and increasing crop yielding capabilities [19]. This hardy crop is subjected to a variety
of abiotic stresses, including moisture (waterlogging/drought), temperature, photo-
period, and mineral (salinity/acidity) stress (Table 2) [25]. Drought and heat stress,
two important abiotic stress elements affecting crop loss and yield, are notable effects
of climate change. Drought disrupts the pigeonpeas’ symbiotic association, reducing
growth and finally leading to lower crop production [26]. The tension exerted on the
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Abiotic Genotypes Tolerance mechanism Reference

stress

Waterlogging ICPL 84023, Asha Lenticels development, more root [20]
biomass and adventitious root.

Drought LRG 30, ICPL 85063, ICPL 332 High RWC, pods/plant and HI. [21]

Low IPA 7-2, Bahar, and MAL 19 Ability to flower and pod setting [22]

Temperature under low temperature.

Salinity C11, ICPL 227, WRP1, GS1 and Reduced translocation of Na and Cl [3]

TS3, UPAS 120 and ICPL 151 from root to shoot.

Aluminum IPA7-10and T 7 67 Band GT Aluminium exclusion. [23]

toxicity 101E

Cold ICPL 87119 Involved in seed germination and [24]
metabolism

Table 2.

Different pigeonpea genotypes tolerant to abiotic stress and their mechanism [18].

northern and north-eastern areas of India where temperature extremes (too low/too
high) during the reproductive stage affect the production rate [27].

Other than temperature and drought, aluminum toxicity in acidic soil is also a
constraint for production. Some regions of Haryana and Punjab, where the pigeon-
pea is affected by waterlogging, soil erosion and salinity pressures [28]. All these
factors have a significant impact on productivity, yet few changes have been made
in genotypes which are resistant to these abiotic stresses. Hence, the purpose of the
present study is to examine the available information on abiotic stresses and discuss
approaches to improve pigeonpea resistance to these constraints.

2. Major stresses influencing C. cajan productivity
2.1 Waterlogging

Waterlogging is a major abiotic stress affecting pigeonpea production where annual
rainfall is 600-1500 mm [29]. The primary biological consequence of waterlogging
isalack (hypoxia) or full lack (anoxia) of oxygen in the soil, which creates anaerobic
conditions and limits plant growth and development, thus seed yield. Oxygen shortage
causes electrolyte leakage, exposing the cell to the outside environment, which can
lead to lipid and nucleic acid peroxidation and, eventually, death [30]. Previous stud-
ies found that proline accumulation, starch content, and effective H,0, detoxification
are among the significant biochemical alterations that play a major role in waterlog-
ging resistance in pigeonpea genotypes. During monsoon, this plant is susceptible to
phytophthora blight disease due to waterlogging and hence causes yield losses [31].

Another study identified that high nitrogen uptake and development of aeren-
chyma in ICPL-84023 enabled it to sustain growth under waterlogging [32]. Total
reducing sugars, superoxide dismutase, membrane stability index, number of pods
per plant, pod dry weight, and seed yield, are some biochemical changes that can be
affected by waterlogging [33]. Crossings between tolerant and sensitive lines revealed
greater genetic variety than crosses between tolerant lines, implying the possibility of
genetic improvement for this crop. Lines derived from crosses involving C. acutifolius
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have the unique property of enhancing tolerance under water logging circumstances
for resource poor farming communities [29]. It is estimated that agriculture would be
impacted globally by these forecasted climate changes. A better understanding of this
legume crop resource and their characterization in terms of desirable traits for climate
change adaptation are essential for the use of adapted C. cajan genetic resources in
strengthening the resilience of future production systems [34].

2.2 Drought

Pigeonpea is a rainfed crop grown during the kharif season. Because of its deep
root structure, it is considered a drought-tolerant legume [25]. It can suffer from
early and terminal drought stress due to its deep and broad root structure [26]. The
germplasm has a wide range of Osmotic adjustment variation (0.2-1.6 MPa), with
some accessions reaching 5.0 MPa. Some varieties, such as Bahar, BSMR 853, and ICP
84031, have demonstrated increased osmotic adjustment under drought conditions
[35]. In response to drought conditions, relative water content (RWC) of leaves and
dehydration tolerance are crucial (Figure 1). Drought resistant breeding should be
done under true moisture-deficit conditions using agronomic traits such as pods
per plant, seeds per pod, seed size, and seed production per plant. Therefore, physi-
ological interactions, as well as high mean seed yield, should be employed to identify
superior genotypes for low-soil-moisture situations [23, 36].

To understand the molecular mechanism for drought response in pigeonpea, a
study has been performed on ICP151, ICPL8755 and ICPL227, where 51 genes were
selected using Hidden Markov Model (HMM) to identify protein domain responsible
for stress-responsive genes. Ten genes of U-box proteins, H" antiporter proteins, and
universal stress proteins were studied out of 51 drought genes (AuspA). These genes
offer the way for molecular research into drought resistance [37]. The identified genes
can also be validated at the sequence level in various genetic backgrounds to identify

= Osmotic Imbalance
= Tissue damage

* Decreased the rate biochemical reaction |
= |ce crystal mediated damage
* Free radical damage

"= Accumulation of toxic level of ions
| | * Imbalance in nutrition
| ® ROS production and tissue damage

>

| = Poor water absorption
= Reduced cell expansion
._® Low stomatal activity

= Lack of oxygen in soil
= Electrolyte shortage
= Alteration of biochemical process

Figure 1.
Abiotic stresses in pigeonpea with their effects.
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the presence of sequence variations for the formation of gene-based markers for crop
improvement and the development of breeding lines and hybrids that are more toler-
ant through genomics-assisted breeding [38, 39]. As drought stress stagnates the food
security over the globe, it is important to develop new varieties to achieve a proper
amount of yield with maintained quality under such climatic perturbation. Strategies
should develop where pigeonpea could enhance physicochemical capability of their
cells to continue metabolism at low leaf water status [40].

2.3 Soil salinity

Salt stress is a significant constraint to the productivity of the nutritional rich
pigeonpea. India accounts for more than 85% of global production and consump-
tion of this legume crop. Excess Na" accumulation during salt stress interferes with
hydrogen bonding and polar interactions, causing protein and nucleic acid structure
to be disrupted. Thus, the total soluble protein content of stressed pigeonpea plants
was found to be significantly lower [24]. The moisture content and succulence of C.
cajan decreased dramatically as salinity increased, indicating a loss of turgor. When
subjected to increasing salinity, this crop reduces water content in order to reach
low osmotic potential. Salinity was performed to extend the 50% flowering stage by
1-2 weeks while also delaying the peak flowering stage. It increases floral shedding,
lowering the effective quantity and weight of pods, and lastly lowering the number of
seeds, lowering production [41].

Previous studies observed that the salt tolerance gene, CcCYP, is responsible for
upregulated salt tolerance in root, whereas CcCDR was upregulated in shoot [42]. To
make this legume crop resilient to salt stress, a better understanding of the molecular
networks, in particular epigenetic regulation of gene expression, would be beneficial
[23]. The potential of producing salt-tolerant lines of pigeon pea through genetic
engineering has not been thoroughly studied. There is only one occurrence where
transgenic pigeon pea plants were given salt tolerance through overexpression of the
mutant 1-pyrroline-5-carboxylate synthetase gene (PSCSF129A) from Vigna aconiti-

folia [43]. These lines are notably salt tolerant. The identification of novel molecular
targets that can be exploited by transgenic technologies would undoubtedly benefit
from genome-wide association studies (GWAS) that uncover gene expression pro-
files in salt-stressed pigeon pea. It is also possible to use genomics-assisted intensive
breeding to find quantitative trait loci and potential markers in salt-tolerant pigeon
pea cultivars [44].

2.4 Metal toxicity

Changes in the environment are most likely to have a significant impact on how
plants evolve, mostly through interfering with the process through mutations,
gene flow, and evolution. Heavy metals are the major environmental changes/pol-
lutants and their toxicity is a growing concern for ecological, evolutionary, nutri-
tional and environmental reasons. These contaminants have a negative impact
on the environment, impair agricultural output, and pose serious health risks to
living organisms [45]. Metals exerts several effects on legume crop generated by
elements such as Cd, Cu, Al, Hg, Pb and As, among others.

Cadmium (Cd), the most dangerous heavy metals because of their great mobil-
ity, non-degradability, and toxicity to plants as well as animals [46]. Excessive Cd*"
accumulation in plants can result in severe phytotoxicity as well as a variety of
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physiological, morphological, and biochemical toxic effects on plant attributes such
as pigment destruction, photosynthetic and respiration process inhibition, reduced
nutrient uptake, overproduction of reactive oxygen species (ROS), enzyme and gene
suppression, growth inhibition, and even plant death [47, 48].

Copper (Cu) is a vital element for plants since it helps with several physiological
processes such as mitochondrial respiration, photosynthetic electron transport, and
cell wall metabolism [49]. However, due to its redox characteristics, it is harmful to
plants in large quantities (Figure 2). Excessive amounts impede plant growth, inter-
fere with photosynthetic and respiratory activities, reduce nutrient uptake, target the
membrane transport system, and produce excessive amounts of ROS [50]. Copper
concentrations in the soil gradually lowered pigeonpea secondary metabolite biosyn-
thesis (phenolics and flavonoids). Under Cu stress, pigeonpea had severe oxidative
damage, as evidenced by higher levels of MDA (Malondialdehyde contents), hydro-
gen peroxide, and electrolyte leakage. Antioxidant enzymes (Superoxide dismutase,
Peroxidase dismutase, Catalase and Glutathione peroxidase) and proline content
were considerably increased with increasing Cu concentration to reduce oxidative
damage [51].

Mercury contamination has emerged as a critical modern environmental issue.

Its treatment highly reduced seed germination. Mercury chloride was found to be
very harmful to seedling growth of legume crops. Plants grown at various levels of
cadmium revealed a considerable drop in the length of shoots and roots, yellowing
and ultrastructural abnormalities of the leaves, and a significant decrease in the
essential oil content [52]. This metal exists in both organic and inorganic forms, and
both are extremely dangerous. Its concentration in soil and water is an issue due to the
widespread use of mercury-containing chemicals, fungicides, algaecide, paper pulp

Figure 2.
Toxic effect of different heavy metals on pigeonpea.
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industries, and agriculture. Mercury released into the near environment may pen-
etrate pigeonpea and other crops that humans eat, affecting human health. Therefore,
it is critical to reduce the use of mercury in industries, as well as mercury-containing
insecticides and fungicides [53].

Aluminum is the third most prevalent element in the earth’s crust (after oxygen
and silicon). The presence of poisonous AI’* cations in acidic soils (pH 5.0) is a major
constraint to agricultural productivity worldwide. The excess of Al is a major soil limita-
tion to food and biomass production [54]. The suppression of root extension is the first
sign of Al toxicity, which has been postulated to be produced by a variety of mecha-
nisms, including Al interactions with the plasma membrane or the symplast. Aluminum
poisoning has a negative impact on root growth and interferes with water and mineral
nutrient intake [54, 55]. Pigeonpea plants cultivated in Al-challenged soil have lower
nodulation. However, the use of 24-EBL inhibited the effect of Al on nodulation.
Rhizobium multiplication and nodule development were reported to be more sensi-
tive aspects of the symbiotic interaction to excess Al. Al poisoning caused a significant
decrease in chlorophyll concentration. The use of 24-EBL on C. cajan plants significantly
boosted photosynthetic pigments and counteracted the negative effects of Al*” stress
[18, 23, 56]. Plants have evolved various strategies to minimize metal-induced damage,
including metal exclusion, compartmentalization, chelation, and a wide range of ROS-
scavenging mechanisms, including antioxidant enzymes such as superoxide dismutase
(SOD), catalase (CAT), peroxidase (POX), glutathione reductase (GR), ascorbate
peroxidase (APX), as well as non-enzymatic antioxidants such as phenol [18, 51].

2.5 Temperature

2.5.1 Cold stress

During the winter season in northern India, pigeonpea suffers from low tem-
perature stress (December-January). If the minimum temperature goes below 5°C,
stress impacts plant growth, survival, and reproductive capacity [57]. At freezing
temperatures, intracellular water condenses into ice, causing cell contraction within
the plant, resulting in wilting and plant death [18, 58]. Initial research at IIPR Kanpur
also revealed genotypic differences in cold tolerance in pigeonpea. Because knowledge
on cold stress and its impact on the pigeonpea crop is scarce, screening a large number
of pigeonpea genotypes for low temperature tolerance under controlled temperature
conditions is still required to confirm and generate precise genetic information [59].

2.5.2 Heat stress (HS)

Pigeonpea is a grain legume that is resistant to climate change. Though the ideal
temperature for produced is 25-35°C, wild relatives grow at temperatures ranging
from 18 to 45°C [60]. Heat Stress (HS) is the most serious abiotic threat to all legume
crops. It reduces plant biomass build-up, resulting in lower yield, particularly in
tropical and subtropical environments [61]. A prior analysis stated that a 1°C increase
in maximum temperature during crop season could result in a 20.8% decrease in
pigeonpea output. HS causes critical protein complexes to dissociate and the produc-
tion of Reactive Oxygen Species (ROS) [62]. Plants tend to up-regulate the genes
encoding molecular chaperones and signaling molecules in response to HS, thereby
regulating a chain of events that lead to HS responses [63].
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3. Mitigate the climatic change for C. cajan production

Food production, security and climate change are all interconnected and hence
affecting living systems. Long-term changes cause the entire weather pattern to alter,
and also increase temperature, unpredictable rainfall, floods and a rise in sea level.
India and other developing nations struggle to produce enough food to feed their
expanding populations [23, 63]. Legumes, especially pulses make up the majority
of the food on an Indian meal platter. Over a few decades, Pigeonpea in India has
transitioned from being an orphan crop to a cash crop. Its production as a main crop is
constrained by its lengthy maturation period and low yield [64]. This crop can with-
stand prolonged periods of drought and are well adapted to rain-fed conditions. They
require little soil moisture to maintain themselves and generate a respectable amount
of yield. However, this legume crop is sensitive to high temperatures and waterlog-
ging. The effects of shifting climatic conditions on arhar that are rainfed are signifi-
cant [64, 65]. According to reports, pulses are especially susceptible to heat stress
during the bloom stage; just a few days of exposure to high temperatures ((30-35°C)
can result in significant yield losses due to flower drop or pod damage. The crop’ abil-
ity to grow in a larger range of latitudes and altitudes has been constrained by shifting
rainfall patterns, rising yearly temperatures, and irregular climatic trends. However,
there is no denying that the crop has the potential to support food security, nutrition,
forage, and income production [66, 67].

Indian farmers have long waited for early-maturing pigeonpea cultivars that are
compatible with their farming practices and produce higher yields with little inputs.
The super-early varieties (ICPL 11255, ICPL 20340, and ICPL 20338) that ICRISAT’s
pigeonpea breeding team recently created are luring farmers from numerous states,
including Maharashtra, Odisha, Karnataka, Telangana, and Andhra Pradesh [https://
www.icrisat.org/]. Given their photo- and thermo-insensitivity and capacity to grow
in a larger range of latitudes (30°N) and altitude (1250 msl), such as in Uttarakhand,
Rajasthan, Odisha, and Punjab, these cultivars have the potential to flourish in varied
agro-ecologies. Creating short-lived variants has an added benefit. They may be culti-
vated with minimal inputs post-rainy season or off-season, giving farmers in dryland
areas of India an extra source of income [68].

Gene mining for abiotic stress tolerance, restructuring plant types for climate-
vulnerable regions, changing cropping patterns, effective nutrient and water
management, seed banks for alternative legume crops, watershed management,
and micro-irrigation facilities are some of the better options to address climate
change-related issues [42, 67, 69]. Furthermore, crop improvement strategies could
be enhanced to mitigate climate changes by developing climate resilient varieties,
reducing crop duration, adopting diversification in practices, improving crop specific
practices, reducing greenhouse gas emission and use of biofertilizers. Therefore,
more effective agronomic techniques have a huge potential to counteract the nega-
tive effects of climate change on arhar production. Adopting suggested management
measures helps agriculture not only conserve soil and water, but also increases soil
organic carbon levels and lessens the effects of climate change [70].

4. Genetic enhancement in abiotic stress tolerance in pigeonpea

Genomics is concerned with the physical integrity of the genome, with the
purpose of identifying, diagnosing, and regulating genetic traits throughout the
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chromosomes. We are now considering certain genetic advances to better understand
abiotic stress tolerance in Pigeonpea. Specific trait markers for blooming, fertility, and
resistance to sterility mosaic disease. QTL mapping, association mapping for candi-
date genes, transcriptome assembly, and genome sequencing technologies can be used
to identify yield factors [71].

5. Quantitative trait loci mapping

Abiotic stress resistance heredity is a complicated process, QTL mapping, genetic
and linkage mapping of genomic regions relevant to tolerance, is the most preferred
way of discovering QTL. QTL analysis allows researchers to investigate the genetic
structure of a trait. QTLs can discover genomic regions associated with the expres-
sion of the characteristic under investigation [72]. Different types of bi-parental
populations are used for QTL mapping and the discovery of marker-trait associa-
tions. These populations include recombinant inbred lines (RILs), near isogenic
lines (NILs), doubled haploids (DHs), multiparent advanced generation inter-cross
(MAGIC), nested association mapping (NAM), and association mapping (AM) on
wider panels [73]. Chickpea, pigeonpea, lentil (Lens culinaris), and groundnut have
successfully used advanced backcross quantitative trait loci (AB-QTL). The resolu-
tion for locating novel genes, alleles, and QTLs is improved when this bi-parental
mapping population is combined with GBS and GWAS [39, 74]. PEG/water depri-
vation stress conditions were used to create a collection of ESTs from entire plant
tissues of pigeonpea [75]. From pigeonpea plants treated with 10% polyethylene
glycol, two subtracted cDNA libraries were created (PEG-6000). Among the many
ESTs found, three stress-responsive genes, CcHyPRP [76], CcCDR [77], and CcCYP
[75], demonstrated extraordinary resistance to different abiotic stimuli in transgenic
Arabidopsis.

6. Molecular marker resources

With the advent of genomic research, new opportunities for genetic enhancement
of complex traits like salinity and drought endurance have emerged. In comparison
to traditional breeding, a combination of genomic approaches and molecular marker
resources can significantly speed up the identification of individual-specific genes in
breeding populations [78]. This explains the evolution of genetic marker technology
from gel or hybridization approaches (DArT, SFP’) to sequence-based SSR and SNP
markers. Diversity arrays technology (DArT), a hybridization based highly parallel
genotyping protocol, has generated thousands of polymorphic loci in pigeonpea that
were used for genetic diversity analysis and linkage mapping [6]. SNPs helps in the
identification of haplotypes, and blocking such haplotypes would act as markers
for the identification of relevant attributes utilizing allele mining approaches [79].
The 50 K Rice SNP50 array was developed for Illumina Infinium platform and has
thousands of genome-wide SNPs with genic regions responsible for different genic
regions. Further, this array was successfully used for variety verification and trait
introgression. The 50 K Rice SNP50 chip plays an important role in both functional
and genomics studies and molecular breeding [80, 81]. Similar analysis has been
performed using a 62 K SNP array in pigeonpea germplasm. Incorporation of 746
disease resistance and defense response genes in the array with average 10 SNPs per
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gene will be useful for pathologists and breeders in identifying genes for abiotic stress
resistance in pigeonpea [82, 83].

Utilizing diverse genomics resources and enhanced genotyping platforms,
molecular breeding techniques like MAS (marker-assisted selection), MABC
(marker-assisted backcross breeding), GS, and multivariate adaptive regression
splines (MARS) allow for the effective use of legume crop genetic resources that con-
tain important alleles and genes. For instance, four molecular markers (ICCM0249,
TAA170, GA24, and STMS11) have been transmitted by MABC for the creation of
chickpea types that can tolerate drought [84-87]. Such markers have been developed
by understanding the genome-wide sequence variations and are effectively utilized
for allele mining, characterizing germplasm for genetic improvement and genetic
mapping of important agronomics traits.

7. Genome-wide association studies (GWAS)

The identification of candidate gene(s)/QTLs for complex characteristics is
significantly assisted by GWAS. GWAS methods have been used to find small and
minor genetic changes linked to a variety of biotic and abiotic stresses as well as crop
agronomic traits [88-90]. GWAS analyzes the entire genome for QTLs and requires
for genome-wide markers. Through the GWAS method, different QTLs were also dis-
covered for several abiotic stress-tolerant genes. The genetic resources and gene(s)/
QTLs for morphological, quality, and biotic and abiotic stressors have recently been
enriched in pigeonpea [89, 90]. Through MAS, the yield traits as well as the detected
QTLs/gene(s), such as pod borer and Phytophthora stem blight resistance genes,
have been successfully introgressed into the cultivated varieties of pigeonpea [91].
To speed up genetic gain, two high-density Affymetrix Axiom genotyping chips
have recently been created. 103 lines were studied using a 56 K Cajanus SNP chip to
examine genetic diversity. The SNPs lack haplotype information and are distributed at
random [40].

A 62 K genic-SNP chip called “CcSNPnks” has recently been created using the
resequencing of 45 different genotypes. Additionally, the ‘CcSNPnks’ chip array
will be helpful for gene-based association studies and high-resolution mapping of
yield-related QTLs. With the use of these high throughput genotyping arrays, many
samples may be genotyped quickly, and the analysis of the primary genotyping data
is also relatively simple [92]. In pigeonpea from diverse sets of wild and cultivated
genetic backgrounds, this led to the discovery of the most effective genomic loci
(genes) associated with abiotic and biotic stress related genes [4, 83].

8. Transcriptomics profiling

Transcriptomic tools scan, provide gene-expression and protein expression levels
in real time, making them important in plant improvement in this advanced era. The
development of next-generation sequencing technology has made it possible and reli-
able to sequence plant species [93]. Furthermore, transcriptomics technologies help
to understand gene and protein levels. According to the findings of several research,
not all genes are turned on or off at the same time; hence, the metabolism adopts a
complex phenotype that cannot be determined by genotype [38, 94]. As of December
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26th, 2014, 25,577 ESTs for pigeonpea were discovered at NCBI (National Centre for
Biotechnology Information). CcTAv1 transcriptome assembly contigs were created
with 1, 27, 754 TUS (Tentative Unique Sequences) and were then upgraded with
Ilumina GAIIX by 454 platforms to construct CcTav2 transcriptome assembly contigs
with four data groups and 21, 434 transcriptome assembly contigs (TAC’) [95-97].
The expression of WRKY genes in two different genotypes was examined in leaf and
root tissue in response to drought and salt stress [98].

Furthermore, Comparative transcriptome analysis and biochemical tests showed
that Cajanus species’ responses to heat stress varied widely. The most thermotolerant
of the examined species was C. scarabaeoides, followed by C. cajanifolius, C. cajan,
and C. acutifolius. When under heat stress, a significant number of genes have been
studied that undergo alternative splicing in a species-specific pattern. Chlorophyll
content, electrolyte leakage assay, histochemical assay, and gene expression profiling
analysis all demonstrated that C. scarabaeoides possesses adaptive traits for heat stress
tolerance [61]. It would help breeders find promising candidate genes and appropriate
features for creating and boosting legume crop productivity under abiotic challenges
[24]. In depth analysis of the transcriptomics would be definitely fascinating for bet-
ter perception of pigeonpea.

9. Conclusion and future prospects

Food production will face severe hurdles in the near future due to a gradual drop
in soil water and an increase in temperature. Drought and high temperature tolerant
crops, such as pigeonpea, may be a viable option for ensuring food security. Efforts
should be made to define the genetic resources of pigeonpea at both the phenotypic
and molecular levels in order to uncover genetic variations that can be leveraged to
generate improved cultivars. To achieve a consistent rise in pigeonpea productivity,
existing breeding efficiency must be improved.

In order to focus on trait associated marker study, new methodologies such as
transcriptome assembly, MAGIC, and NAM populations were developed. It is feasible
to introduce genes from wild species to commercially farmed types using cutting-edge
advanced backcross-QTL techniques. In the future, efforts should be made to concen-
trate on phenotypic approaches that are affordable, high throughput, and effective.
Innovative breeding designs that are supported by relevant genomic technology
will be critical in modernizing breeding programmes. Current genetic advances in
pigeonpea for resistance to abiotic stress will also considerably benefit hybrid breed-
ing. Furthermore, intense attempts are being made using in vitro techniques to find
complicated abiotic stress features, foreign gene introgression facilitated by embryo
rescue, and quick fixation of stress tolerant recombinants via doubled haploid breed-
ing. These procedures, together with more efficient screening methods, demand
special attention in the coming days to make pigeonpea farming an attractive, profit-
able, and feasible option for the world’s pulse farmers.
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