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Abstract

Abiotic variables such as water, light, nutrients, and temperature play a crucial
role in optimizing growth and development of plants. The interplay of these
variables results in significant yield losses in major agronomic crops, thereby
putting global food security at risk. In recent times, the abiotic stress factors have
been intensified by climate change, resulting in decreased crop yield and making
global food security an implausible dream for agriculturists, policy makers, and
researchers. Drought and salinity are two of the most important environmental
factors hampering agricultural productivity worldwide. The concurrence of abi-
otic stress causes morphological, physiological, biochemical, and metabolic
changes in plants, affecting their growth, development, and productivity. The
responses of crops to this combined stress are complicated and are influenced by
the severity and duration of these abiotic and other factors. In the present chapter,
synergistic effects of drought and salinity stress on plant physiological processes,
growth, and behaviour have been explained. Moreover, we have focused on the
morphological, physiological, biochemical, and metabolic responses of plants to
these combined stresses, underlying mechanisms that confer abiotic stress toler-
ance and key strategies for developing climate resilient crop.
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8.1 Introduction

Environmental factors that affect plants growing in the field include salt, drought,
and extremes in temperature. Plants might be subjected to two or more stressors at
any same moment (e.g., drought and salinity). Drought, which affects almost 40% of
the world’s geographical area, is the stress that has the greatest impact on global
agriculture. According to Trenberth et al. (2014), it is anticipated that global climate
change would result in high temperatures and more severe, persistent drought in
several regions of the world, which will have a significant influence on agricultural
growth and output. A significant factor reducing agricultural output in addition to
drought is salt. According to estimates, salinity has an impact on around 7% of the
planet’s geographical surface. The combined areas of soils impacted by salt and
drought are 10.5 million km? and 60 million km?, respectively (Rozema and Flowers
2008). These territories encompass all places impacted by salt and drought across the
world, including those that aren’t necessarily arable. Maintaining global food
supplies for the expanding population has proven to be extremely difficult due to
the loss of farmable land caused by either salinity or drought. Thus, there is an urgent
need to develop and apply key strategies for improving tolerance to combined effect
of drought and salinity stress in crops.

8.1.1 Physiological Response of Drought and Salinity Stress

Constant exposure of plants to the fluctuating environmental conditions especially
when these conditions are extreme leads to stress in plants. In many crops, these
stresses affect the plant growth, biomass, ion toxicity, osmotic stress, and net
photosynthetic rate. The accumulation of salt not only inhibits the plant growth
but also reduces water and nutrient uptake, resulting in osmotic or water deficit stress
in plants. In some crops such as wheat, it was observed that due to combined stress of
drought and salinity, the plants become necrotic resulting in significant reduction of
root length, plant height, chlorophyll content, and biomass. Similarly, drought stress
in sorghum leads to chlorophyll content reduction and promotes leaf senescence,
which further leads to the lower grain yield. The growth of panicle exertion and
peduncle length were also found to be affected due to the stressed conditions. Under
ambient temperature, the drought stress in plants occurs due to low soil and
atmospheric humidity following deficiency of water for normal growth of plants,
and in response to this, the plants adapt their water balance to improve water uptake
or to reduce water losses. In response to the drought stress, plant reacts in these ways:
avoidance, tolerance, and escape (Fig. 8.1) (Ngara and Ndimba 2014).
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Fig. 8.1 Diverse abiotic stresses affect the plant and their physiological responses

Stress escape is the situation in which plant avoids the drought period by early
maturing or completing life cycle before severe water deficient conditions, and this
attribute is suitable for late-season drought stress environments. These varieties have
early flowering, high photosynthetic capacity, lower total evapotranspiration, and
lower yield potential. Avoidance is the plant ability to maintain higher hydration
level/leaf water content under atmospheric or soil water stress conditions. These
plants are characterized with small leaf area and reduce transpiration by stomatal
closure, leaf rolling, and wax accumulation on leaf surface in water deficient
conditions. In some cases, in response to water deficient conditions, the roots of
the plant start synthesizing ABA which is transported through xylem from roots to
leaves. To avoid water stress conditions, ABA plays an important role by affecting
the stomata closure, leaf expansion reduction, and enhancing root growth. The stress
tolerance ability of the plants means that as compared to the other plants under stress
conditions, the tolerant plants will experience significantly lower level of changes.
These plants attain tolerance by improving ability of osmotic adjustment and
maintaining tissue turgidity by increasing cell wall elasticity.
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8.1.2 Biochemical Response

These drought and salinity stresses lead to the oxidative stress in the plant cell which
increases the electron leakage toward O, during the processes of photosynthesis and
respiration resulting in enhancement of ROS such as H,0,, O,, and hydroxyl radical
(HO) generation (Xie et al. 2019). The salinity stress in plants which are exposed to
high NaCl soils leads the accumulation of Na* and Cl1™ ions in plant cells causing
severe ion imbalance. Higher Na* concentration in plants during stress inhibits the
K* ion uptake, which plays an important role in the plant growth and development
leading to lower productivity and possibly plant death. Under combined (D + S)
stress, the stomatal closure and leaf conductance were decreased in wheat plants
which leads to the inhibition of CO, diffusion to carboxylation site and resulted in
reduced photosynthetic uptake. The effects of salinity and drought on photosynthesis
are attributed directly to the stomatal limitations for diffusion of gases which
ultimately alters photosynthesis and the mesophyll metabolism (Dubey 2018).

8.1.3 Solute Accumulation

Under stress conditions, the concentration of other amino acids such as cysteine,
arginine, and methionine decreases, whereas the proline concentration rises. Intra-
cellular accumulation of proline during the salinity stress along with tolerance to the
stress also serves as reservoir for organic nitrogen during the recovery under stress.
For example, in rice, it was observed that the pretreated seeds with 1 mM proline
produced rice seedlings which exhibited improved growth during salt stress. Glycine
betaine (nontoxic cellular osmolyte) accumulation is found in large number of plants
during stress (Hussain Wani et al. 2013). It plays important role under stress
conditions, by raising the cell osmolarity, cell protection by osmotic adjustment,
ROS reduction, and protecting photosynthetic apparatus from damages due to stress.
Accumulation of glycine betaine is found in a wide variety of plants belonging to
different taxonomical background.

In some plants, the accumulation of carbohydrates like sugars (fructose, sucrose,
trehalose, and glucose) and starch under salt stress was also found to mitigate the
stress by carbon storage, osmoprotectants, and scavenging of ROS (Goyal et al.
2023). During salt stress, accumulation of trehalose in the plant cell protects the plant
from several physical and chemical damages (Sadak 2019). In rice roots, the content
of starch under drought and salinity stress was observed to be low, while in the shoot,
its concentration was not that much affected (Beckles and Thitisaksakul 2014).

8.1.4 Molecular Response
8.1.4.1 Genetic Basis of Drought and Salinity Stress Resistance

The traits responsible for drought and salinity stress tolerance such as yield stability,
leaf rolling, root growth, ABA accumulation, osmotic adjustment, resistance to
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flower shedding, seedling recovery, and sustained formation of pod under stress are
controlled by various major as well as minor genes. The characters of the leaf like
waxy leaves and traits such as accumulation of ABA (wheat), proline accumulation
(barley), and pod formation (French bean) are under the control of oligogenes (Rauf
et al. 2016). On the other hand, the other remaining traits for drought or salinity
stress are considered to be determined by the polygenes.

8.1.4.2 QTL Identification

There are many QTLs responsible for the abiotic stress tolerance. In many crop
species, these QTLs for abiotic stress tolerance were identified and transferred to
susceptible lines using linkage mapping and molecular markers linked to these QTLs
through marker-assisted selection (MAS) such as QTL for osmotic adjustment in
rice; for proline accumulation in Brassica species; for drought tolerance in rice,
barley, and maize; or for salt tolerance in rice (Sahebi et al. 2018). However, due to
some problems like linkage drag and the effect of environment, the transfer of
marker linked QTL is limited. But new genomic approaches like next-generation
sequencing (NGS), genome wide association study (GWAS), and CRISPR/Cas9
make it easier to identify and transfer these QTLs by providing genetic maps with
better resolution and precisely locating the QTL position on the chromosome (Fiaz
et al. 2019). The combination of genomic studies and transcriptomic analysis
enhances the precision of identifying new genes and regulatory systems and their
positions.

8.1.4.3 Transgenics

The transgenic plants with the overexpressing ion transporters, transformed with
tissue-specific AtNHX1 gene from same species encoding for Na*/K* antiporter,
showed improved tolerance to NaCl and accumulated salt in leaves in many crops
like Arabidopsis thaliana and tomato (Li et al. 2017). The manipulation of specific
metabolic pathways and enhancing the cellular levels of particular osmolytes were
also done in some crops to improve the abiotic stress tolerance. For example, in rice,
the plants were transformed with choline oxidase gene, i.e., codA, resulting in higher
levels of glycine betaine and simultaneously increasing tolerance to salinity (Bhowal
et al. 2021). Similarly, in tobacco, the expression of 1-pyrroline-5-carboxilase
synthetase leads to higher proline levels improving drought and salinity tolerance.

8.1.4.4 Activation of Antioxidant Systems

In response to abiotic stress conditions, transgenic plants with enhanced stress
tolerance activates the antioxidant system by expressing different antioxidant
enzymes like glutathione S-transferase/glutathione peroxidase in tobacco or super-
oxide dismutase in alfalfa and by expressing specific proteins to confer tolerance
against abiotic stresses such as heat shock proteins (HSPs), LEA proteins, or
transcription factors (Srivastava et al. 2019). There is another approach to increase
the stress tolerance used in GM plants which involves overexpression of stress target
proteins. In A. thaliana, two genes encoding the SR-like splicing factors were
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isolated from its cDNA library, and their expression in these transgenic plants of
A. thaliana resulted in salt and drought tolerance (Naranjo et al. 2006).

8.2  Traits Which Are Crucial for Combined Salinity
and Drought Stress Tolerance

Plants are frequently exposed to one or more abiotic stresses, including combined
salinity and drought, which significantly lower plant growth. The two main abiotic
stressors that interfere with plant growth and productivity are salinity and drought
(Gull et al. 2019). Due to climate change, both salinity and drought stresses are
gradually becoming more severe in many places, mainly in arid or semiarid areas
(Manneh et al. 2007). Drought is frequently associated with salinity stress in coastal,
arid, and semiarid regions. When the soil water evaporates, the salts become
concentrated in the soil solution, resulting in combined drought and salinity
(Angon et al. 2022). In general, the co-occurrence of many abiotic stresses is
worse for crop output than a single stress event. For instance, the combined effects
of salinity and drought on yield are more detrimental than the effects of each stress
alone, as observed in barley (Yousfi et al. 2010), wheat (Yousfi et al. 2012), and
potato. However, several studies to date have addressed the effects of single stresses
on plant, and little is known about the physiological and molecular mechanisms
underlying the acclimation of plants to a combination of salinity and drought (Zhao
et al. 2020; Wu et al. 2013).

Adapting to unfavorable environment for growth and development is a common
task for plants. A promising way of doing so is to identify measurable traits/
parameters that are affected by combined stress conditions, which can be modified
positively to improve crop productivity under combined stress conditions (Stokes
and Inman-Bamber 2014). For example, a plant has evolved morphological and
physiological adaptations, as well as signaling pathways that trigger biochemical and
molecular mechanisms, to tolerate these extreme climatic circumstances. Some
plants evolved with adapted characteristics to survive in harsh conditions including
marshes, tundra, and deserts. By making morphophysiological adjustments, such as
regulating stomata, reducing the number of leaves or their area, accumulating wax,
improving the root system’s ability to absorb available water, and using less water
overall, it is possible to prevent droughts (Shelake et al. 2022). In the section below,
we focus some important traits that can be used for crop improvement under
combined salinity and drought stress.

8.2.1 Root System Architecture

Root system architecture has a dominant role in crop plants’ response to abiotic
stresses. Since roots grow underground, they are the first to sense abiotic stresses and
adjust their genetic program for postembryonic development to survive the stress
(Guo et al. 2009). Different abiotic stresses affect RSA in various ways. Deeper roots
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are associated with increased acquisition of water and mobile nutrients like N that
may leach to lower soil layers (Lynch and Wojciechowski 2015). To prevent
dehydration under mild or severe drought stress, the roots may alter their architecture
and resource allocation (Smith and De Smet 2012; Hasibeder et al. 2015). However,
under extreme dry stress, the roots shrivel, and the photosystem II in the leaf
malfunctions (Fathi and Tari 2016).

8.2.2 Leaf Rolling and Stomatal Aperture

Leaf rolling is one of the consequences of turgor pressure adjustment observed in
diverse plants when they are exposed to limited water environments. Leaf rolling
during the stressful time decreases the leaf area, which in turn decreases the area that
may be used for evapotranspiration and hence represents a drought acclimation
response. Leaf rolling is a classic indication of soil water deficiency in wheat, as it
is in other cereals. Leaf rolling is a classic indication of soil water deficiency in
wheat, as it is in other cereals (Kadioglu et al. 2012). Early reactions to salinity and
drought are quite similar because both cause water stress, which slows development,
reduces stomatal aperture, and results in nutrient deficiencies (such K™ and Ca2+)
(Pirasteh-Anosheh et al. 2016).

8.2.3 Canopy Temperature

According to Mason and Singh (2014), canopy temperature is a physiological trait
that reflects crop water status, which is a recognized proxy for stomatal conductance
(Deery et al. 2019). Canopy temperature has the potential to be an extremely helpful
tool for the indirect selection of genotypes that are tolerant to heat and drought stress
(Reynolds et al. 2010). Genotypes that retain cooler canopies are more likely to
flourish in such conditions. It has been noted that canopy temperature is typically
lower in deep-rooted genotypes because the crop may draw moisture from a deeper
soil depth (L6pez-Urrea et al. 2012). Canopy temperature and stomatal density may
be effective measure of drought tolerance of wheat cultivars and yield improvement
under drought stress conditions (Srivastava et al. 2017)

8.2.4 Osmotic Adjustment

Osmolytes or compatible solutes are small molecules sometimes known as
osmoprotectants or osmolytes, have low molecular weights, and are water soluble
and nontoxic at molar concentrations that enhance the cell potential to maintain
turgor potential without hampering the normal physiological processes. Thus, dam-
aging effects of drought are minimized by accumulation of solutes in cellular
cytoplasm and vacuole (Taiz and Zeiger 2006). Osmotic regulation, antioxidant
metabolism, and preservation of cell membrane stability are main defense strategy
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against abiotic stress. Plant cells enthusiastically accumulate solutes when cellular
dehydration occurs as part of osmotic adjustment. Under salt, drought, and cold
stresses, metabolic-compatible substances can accumulate in greater quantities and
are key drivers of osmotic adjustment. They also aid in stabilizing membranes,
protecting proteins’ quaternary structures, and neutralizing poisonous substances
which are the main tactics used by numerous creatures to overcome environmental
stress (Abid et al. 2018). The most popular compatible substances are sugars
(sucrose and trehalose), polyols (mannitol and sorbitol), polyamines (putrescine,
spermine, and spermidine), amino acids (glutamine and proline), and quaternary
amines and compatible solutes (glycine betaine and choline-O-sulfate) (Singh et al.
2015; Zulfigar et al. 2021). Plants accumulate Osmoprotectants such proline, glycine
betaine, and sugars as a result of an induced change in osmolarity. Increased proline
levels in the niger showed an effective osmotic adjustment, which is consistent with
findings in salt-stressed tobacco, sorghum, and Sesuvium portulacastrum (Celik and
Atak 2012; Kahrizi et al. 2012; Rajaravindran and Natarajan 2012; Deinlein et al.
2014).

8.3  Different Reactive Oxygen Species (ROS) Produced During
Drought and Salinity Stress

The generation of ROS is a fundamental process in higher plants to transmit cellular
signaling information in response to the changing environmental conditions. Differ-
ent ROS are produced by the unavoidable leakage of electrons on to O, from the
electron transport systems of chloroplasts, mitochondria, and plasma membranes or
as a consequence of various metabolic pathways. Osmotic effects caused by salinity
and drought change fundamental metabolic and enzymatic functions, increasing the
production of reactive oxygen species (ROS). The main ROS include singlet oxygen
(102), hydroxyl radicals (OH), superoxide anion (O,), hydrogen peroxide (H,O,),
and the latter two each of which have a distinct half-life and oxidizing potential
(Apel and Hirt 2004; Miller et al. 2010; Hasanuzzaman et al. 2021).

Reactive 'O, can be efficiently quenched by small lipophilic compounds such as
[-carotene and tocopherol or by a scavenging action of protein D1 protein present in
photosystem II (Krieger-Liszkay 2005). However, minor portion of 'O, is able to
diffuse to a smaller distance, where it can react with diverse biomolecules and
potentially mediate its signaling pathways (Dogra et al. 2018). The superoxide
radical (O, ") is formed mainly in the thylakoid-localized PSI during noncyclic
electron transport. Its production is one of the responses to the pathogens that burst
rapidly and transiently. It is mediated by NADPH oxidases, belonging to the
respiratory burst oxidase homolog (RBOH) family (Sang and Macho 2017). Usually,
H,0 is generated when cytochrome c oxidase interacts with O,, and sometimes, it
reacts with the different components of ETC to give O, . Reactive O," often
undergo further reactions to generate 0%, H,0,, and *OH (Jankd et al. 2019).
Several recent studies have demonstrated that H,O, is involved in stress signaling
pathways, which can activate multiple responses that strengthen resistance to various
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biotic and abiotic stresses (Petrov and Van Breusegem 2012; Molassiotis et al.
2016). Highly reactive *OH promotes oxidative cleavage of pectin and xyloglucans,
thus causing cell elongation by loosening the cell wall. Drought stress increases Fe
and Cu availability for Fenton reactions and could cause increased *OH production.
There is potential of *OH for an impact on atmospheric methane levels, and after the
plant’s death, *OH contributes to its recycling into soil organic matter. Because cells
have no enzymatic mechanism to eliminate *OH, its excess production can eventu-
ally lead to cell death (Pinto et al. 2003; Demidchik 2015; Richards et al. 2015).

8.3.1 Antioxidative Defense

If prolonged to a certain extent, drought stress or salinity stress alone or in combina-
tion inevitably resulted in oxidative damage due to the overproduction of reactive
oxygen species. Reactive oxygen species (ROS), also called active oxygen species
(AOS) or reactive oxygen intermediates (ROI), are the result of the partial reduction
of atmospheric O,. Both salt and drought can cause the production of reactive
oxygen species (ROS) like superoxide, singlet oxygen, hydrogen peroxide, and
hydroxyl radicals inside of plant cells. The overproduction of ROS causes oxidative
damage to mainly cell membranes, proteins, lipids, and nucleic acids, causing
oxidative stress (Gill and Tuteja 2010). The upregulation of antioxidant enzymes
represents an important marker for drought stress (Laxa et al. 2019). In order to cope
with the oxidative stress, plants usually rely on effective enzymatic antioxidant
defense system, including catalase (CAT), peroxidase (POD), ascorbate peroxidase
(APX), and superoxide dismutase (SOD) as well as nonenzymatic antioxidant
defense system, including ascorbate, flavonoids, glutathione, tocopherols, and
phenolics, involved in removing high levels of ROS. Some plants such as Calendula
officinalis, Solanum lycopersicum, Jatropha curcas, and Zea mays have been dis-
covered to upregulate antioxidant activity under drought and salinity stresses
(Chaparzadeh et al. 2004; Mittova et al. 2004; Gao et al. 2008; Anjum et al.
2017). Similarly, by strengthening the resistance of host plants to oxidative damage,
maintaining a high level of antioxidative enzyme activity significantly reduces the
effects of drought or salt stress.

8.4  Strategies to Improve Combined Stress Tolerance

8.4.1 Breeding Approaches for Developing Combined Stress
Tolerance

Drought and salinity are major abiotic stresses that severely affect agricultural yields.
Combined stress of drought and salinity severely affects physiological, biochemical,
and metabolic activities/processes of plant as compared to independent either
drought or salinity. Earlier breeders concern about the improvement of either
drought or salinity tolerance using classical breeding techniques, due to ever
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changing weather climatic changes and degradation of soil and water quality by
extensive use of groundwater for agriculture. Degrading soil quality and poor
groundwater conditions along with uneven distribution of rainfall create salt accu-
mulation on top most soil layer (for crop growth and development) combined with
drought. Therefore, to address the negative impact of combined drought and salinity
stress on crops, there is a need to adopt new classical techniques to advance breeding
strategies/approaches by using wild relatives and landraces, introducing elite breed-
ing lines, inducing mutants, transferring beneficial quantitative trait loci (QTLs)
genes, and altering gene metabolites into a commercially adopted well-known
cultivars/varieties of crop plants (Kaur et al. 2023). Different breeding strategies
that can be utilized for combined drought stress tolerance for traits viz., earliness,
lesser number of stomata per unit area on leaves, thick and small leaves, leaf and
stem waxiness, deep root system, determinate growth habit with salinity stress
tolerance traits viz., osmoprotectant proteins, osmolytes, metabolites, stress protein
transport, stomatal conductance, cell wall modification and root architectural
changes. We can develop genotypes for both stresses using evaluation of large set
of germplasm through artificial intelligence with molecular markers (SSR and
SNPs), mutation breeding, haploid induction, mapping of QTLs/genes, marker-
assisted selection (MAS)/marker-assisted backcross selection (MABC), advanced
backcross QTL mapping, gene introgression, and gene pyramiding (Fig. 8.2). Now a
days recent advances in modern plant breeding that exploits for generation of
targeted mutations at desired loci/genic regions in plant genomes (Shelake et al.
2019) using genome editing tools that enable fast-track introgression of novel trait of
interest into crop varieties (Shelake et al. 2019, 2022) represented in Fig. 8.2.

8.4.2 Searching for Drought and Salinity Stress Tolerance
Germplasm

A lot of efforts have been invested by plant breeders and geneticists after the
rediscovery of Mendel’s laws, for the identification of desirable germplasm for
drought tolerance, salinity tolerance, and both using accessions from primary center
of origin to hot spots of crop diversity, landraces, and wild relatives for different
crops. Earlier breeders use large-scale screening of germplasm using
morphophysiological parameters for drought and salinity separately. These are
very laborious and time-consuming and require experienced personnel. With the
advancement of evaluation techniques, genetic inheritance, molecular markers,
modification of germplasm, and mapping techniques also facilitate the improvement
in crop plants for salt and drought tolerance (Deshmukh et al. 2014). A molecular
marker increases the selection intensity for a trait of interest. Nowadays, advances in
artificial intelligence (AI) along with molecular data of the genotype will increase
selection efficiency by reducing the environmental variation for quantitative traits
(salinity and drought tolerance). So through molecular techniques along with Al, we
can easily identify simultaneously tolerant germplasm for drought and salinity in
large population.
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Identification of source of tolerance for drought and salinity stresses
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Fig. 8.2 Advanced breeding tools for development of drought and salinity tolerant genotype

8.4.3 Double Haploid

Double haploid (DH) production through anther culture, ovary culture, and chromo-
some elimination technique emerged as a new breeding tool having advantage by
reducing the breeding cycle, homozygosity fixation, high selection efficiency, and
expression of recessive alleles suitable for breeding. Guha and Maheshwari (1964)
introduced the first haploid embryos and plantlets through anther culture of Datura
innoxia. In this tool, we first developed haploid plantlets than diploidization of
haploids artificially using genome doubling agents (i.e., colchicine treatment). DH
technology can be utilized for fixation of desirable trait combination in an elite
cultivar, and it will be used for the mapping of QTLs/genes controlling quantitative
traits such as salt and drought tolerance. DH can be deployed for development of
drought and salinity by using anther culture (rice, wheat, maize), ovary culture
(wheat), and chromosome elimination technique, i.e., wheat x H. bulbosum (Inagaki
1985), wheat x maize (Laurie and Bennett 1988; Bains et al. 1998; Campbell et al.
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1998), wheat x Imperata cylindrica (Chaudhary et al. 2005), Hordeum
vulgare x H. Bulbosum (Kasha and Kao 1970), and inducer Stock 6 in maize
(Lashermes and Beckert 1988). These techniques of haploid production can be
utilized for the production of haploid from the hybrids of wild relative/landraces
and simultaneously produce haploids having both drought and salinity tolerance
traits within a shortened time periods using cytogenetic techniques such as genomic
in situ hybridization (GISH) and FISH (fluorescence in situ hybridization) (Sharma
et al. 2022a).

8.4.4 Mutation

Mutation is used to create genetic variation; if such variations are not present in
population, then these mutant variants can be deployment for development of new
varieties. A major key point in mutation breeding is identification of desirable
mutation linked with trait of interest involving two steps: first screening out the
mutant and then second confirmation of mutants (Forster and Shu 2012). In mutation
breeding, the seeds/plant propagating materials are treated with mutagen (X-rays,
gamma rays, chemical mutagens, and fast neutrons) with desired concentration at
which plant shows LD 50% than grown for segregation and recombination and
selection of salinity and drought tolerance plants and further grow for next genera-
tion to stabilization of mutant alleles.

Multiyear and location trials are conducted for evaluation of stable mutant for
release of a new variety with trait of interest (Oladosu et al. 2016). Salt oversensitiv-
ity is achieved through mutation in barley that enhanced salinity tolerance through
ion homeostasis (i.e., M4-73-30 and its wild-type cultivar). These two genotypes
showed differential expression of HVA, HvSOS3, HvSOS2, and HvSOSI1 genes in
the roots of barley. And there is more Na* accumulation in shoot tissues of wild-type
than mutant because sodium ion transfer from root to shoot is in the mutant type, i.e.,
salt tolerant (Yousefirad et al. 2018). Lethin et al. (2020) developed a mutant of
wheat variety BARI Gom-25 using EMS (ethyl methanesulfonate) that showed
semi-tolerance to salinity.

8.4.5 Wild Relative Exploitation

Wild relatives of crops are utilized as a source of biotic and abiotic stress tolerance
using interspecific hybridization. Hybrid from wild relatives had lot of embryo and
endosperm growth and developmental associated barriers. So it requires specialized
methods/techniques for embryo rescue from those hybrids. Salt tolerant wild
relatives of rice, Oryza coarctata (halophytic relative), was identified as a source
which can be exploited for transferring salt tolerance QTL/genes into elite cultivated
lines through marker-assisted backcrosses (Mishra et al. 2016; Garg et al. 2013).
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8.4.6 QTL Mapping

Identification of genomic regions associated with drought and salinity tolerance can
be done through different types of mapping populations, molecular marker, genomic
sequencing, and statistical approaches. Zang et al. (2008) identified salt tolerance
QTLs at seedling and tillering stages using introgression lines derived from IR64
(indica) x Binam (japonica). Yun et al. (2012) use BC2F8 advanced backcross
introgression lines derived from Teqing x Binam in Teqing background for identifi-
cation of both drought and salt stress tolerance QTL governing traits, i.e., days to
seedling survival, score on salt toxicity symptoms on leaves, shoot K* concentration,
shoot Na* concentration at seedling stage, panicle number per plant, thousand grain
weight, seed fertility, plant height, and grain yield per plant.

8.4.7 Gene Introgression and Marker-Assisted Breeding

Introgression is the transfer of genes between crop species, which is mediated
primarily by backcrossing. Introgressiomics is an extensive systematic improvement
of plant genomes and populations through introgressions of fragments of genome
from crop wild relatives into the genetic background of prevailing crops in order to
develop new cultivars having desirable traits. Due to introgression, rampant gene
flow may occur between species where their distribution patterns overlap and they
interact so much that introgression has been described as an “invasion of the
genome” (Mallet 2005). About 25% of plant species are known to hybridize with
at least one other species (Mallet 2005; Schwenk et al. 2008). Greater genomic
plasticity can be obtained in a crop using exotic genetic material that was previously
nonexistent within the genome through introgression. This strategy can have myriad
effects, and though it is most commonly thought to be deleterious, introgression may
also provide the raw genetic materials for adaptation and speciation (Arnold and
Martin 2009; Suarez-Gonzalez et al. 2018). However, a major limitation when
assessing introgression is the availability of genetic resources to accurately estimate
interspecific gene flow.

Changes in climatic conditions led to the emergence of various biotic and abiotic
stresses which are becoming a major threat limiting crop production and productivity
(Gautam et al. 2013). Thus, broadening the crop genetic base will serve as armor
against these rising challenges under climate change. The crop wild relatives
(CWRs) are known to possess useful alien alleles and cryptic genetic variation,
which are introgressed and expressed in cultivated gene pool (Pratap and Gupta
2009). Recent advances in breeding and genomic tools and techniques provide an
opportunity to introgress useful alleles left behind in the secondary and tertiary gene
pool into the elite background useful for breeders. For crop improvement, genetic
engineering strategies are relatively faster than traditional breeding programs, as well
as cloning of genes responsible for imperative traits and introgression into plants.

Drought and salinity are the major abiotic stresses that dramatically cause threat
to the food security in the world. Triticum dicoccoides and Hordeum spontaneum,
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the progenitors of cultivated wheat and barley, have adapted to a broad range of
environments and developed rich genetic diversities for drought and salt tolerances.
Drought- and salt-tolerant genes and quantitative trait loci (QTLs) have been
identified in 7. dicoccoides and H. spontaneum and have great potential in wheat
and barley improvement. Advanced backcross QTL analysis, the introgression
libraries based on wild wheat and wild barley as donors, and positional cloning of
natural QTLs will play critical roles in elucidating the molecular control of drought
and salt tolerance. Combining tolerant genes and QTLs in crop breeding programs
can be aimed at improving tolerance to drought and salinity (Nevo and Chen 2010).

Root architecture traits are an important component for improving water stress
and salinity adaptation. Considerable genetic variation exists for root-related traits in
major crops such as wheat, rice, and maize (Zea mays) in both the domesticated
species and wild relatives (Ribaut et al. 2009; Gowda et al. 2011). The presence of
the rye-wheat translocation (1RS) reduced central metaxylem diameter, a trait that
has been associated with drought tolerance in wheat (Richards and Passioura 1989;
Sharma et al. 2010). Several Agropyron species and wheat 3 A. elongatum lines have
been reported to enhance tolerance to abiotic stresses, including drought,
waterlogging, and salinity (Dvorak et al. 1988; McDonald et al. 2001). The physio-
logical and molecular consequences of introgressing an alien chromosome segment
(7DL) from a wild wheat relative species (Agropyron elongatum) into cultivated
wheat (Triticum aestivum) were studied by Placido et al. (2013). The wheat translo-
cation line had improved water stress adaptation and higher root and shoot biomass
compared with the control genotypes. The transcriptome analysis identified candi-
date genes associated with root development, and two of the candidate genes
mapped to the site of translocation on chromosome 7DL based on single-feature
polymorphism analysis.

8.4.8 Use of High-Throughput and Automated Phenotyping
Techniques

The slow pace, high costs, and inconsistencies associated with trait quantification
and data management using traditional phenotyping techniques still limit the prog-
ress of drought tolerance improvement. This could, also, have been contributing to
the complexities of understanding the genetic and physiological basis of drought
tolerance both at the phenotypic and the genomic level (Xu and Crouch 2008). The
utilization of sophisticated, nondestructive, high-throughput phenotyping
technologies with automated systems for capturing, storage, and statistical analysis
of large volumes of data allows for fast and precise large-scale quantification and
monitoring of various phenotypic traits (Araus and Cairns 2014). Ground and remote
sensing techniques based on near- or far-infrared reflectance digital sensors,
thermometers, and cameras are reported to precisely measure various phenotypic
traits (Araus and Cairns 2014; Honsdorf et al. 2014). These include automated
camera systems which are connected to computers for monitoring complex root
architectural traits through periodic image capturing. Some of these tools are graced
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with image processing and analysis software. These advanced phenotyping
technologies may create local databases for easy management of the vast amounts
of data that will be generated.

8.4.9 Omics: Genomics, Phenomics, Metabolomics, Achievements

Plant ecology is a very complicated and interconnected system. For an edge in crop
development, it is crucial to comprehend the fine-tuning and integration of various
signals produced by environmental interactions in the plants. Multiple biotic and
abiotic environmental challenges must be overcome by a plant. The outcome of the
plant-environmental interaction may be controlled by prioritizing physiological
pathways in plants; many of these are similar to stress responses while others have
negative effects. Multiple stress causes result in complicated defensive signals in
plants. The molecular and cellular processes behind abiotic stress adaptation in
cereal crops have been extensively studied. The control of genes affects a plant’s
response to drought, high temperatures, and salt (upregulation or downregulation).
In this context, multi-omics techniques can be used to tackle the difficult issue of
figuring out changes in plants at the genomic, proteomic, or metabolomic level in
order to unravel the causes.

8.4.10 Genomics

Crop development projects have greatly benefited from the use of genomics-based
technology. The use of molecular markers, QTL mapping, genetic mapping, com-
parative genomics, the intricate interactions between plants and their environment,
and expression quantitative trait loci have all made genomic and systems biology
methods to the discovery of stress tolerant phenotypes possible. These methods can
offer a useful method for locating candidate genes implicated in the ability to
withstand abiotic stress. Thus, a large number of genomic information in the form
of sequenced genomes and expression profiles are driving the development of
breeding techniques for stress reduction (Fig. 8.3) (Tomar et al. 2014).

The discovery of restriction fragment length polymorphisms (RFLPs) and the
subsequent correlation of these variants with a number of major agronomically
significant variables presaged the promises of genomics to increase genetic variation
per unit time in the 1980s. Later, numerous different marker systems were employed
to map quantitative trait loci, most notably microsatellite or simple sequence repeat
(SSR) markers (QTLs). However, despite their excellent usage in finding the
polymorphisms and in applied breeding, these methods had limited throughput
and were time- and cost-inefficient. For instance, there were only 279 loci on the
first SSR map of wheat (Roder et al. 1998). According to Koussevitzky et al. (2008),
the cytosolic ascorbate peroxidase 1 gene Apx1 is especially needed for Arabidopsis
to be tolerant to drought and heat stress. Ectoine, a suitable osmolyte, is in charge of
Halomonas elongata OUT30018’s ability to tolerate salt. Tobacco plant (Nicotiana
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Fig. 8.3 Omics approaches for stress tolerance in plants

tabacum L.) cv. Bright Yellow 2 (BY2) was given three cloned ectoine biosynthesis
genes, which increased resistance to hyperosmotic shock by accumulating ectoine
and allowed it to develop normally in such circumstances (Nakayama et al. 2000).
More than 15 million ha of rainfed lowland rice are under stress because of
submergence in various areas of Asia (Neeraja et al. 2007). Problems with floods
or anoxia affect 13% of the world’s total geographical area (Cramer et al. 2011). In
rice, a single main quantitative trait locus (QTL) located on chromosome 9 controls
submergence tolerance (Toojinda et al. 2003). Molecular markers for the Subl gene
were employed by Neeraja et al. (2007) in a backcross breeding effort using the
recurrent parent, named Swarna. This Sub1 offers tolerance in giant varieties that are
delicate. It has now been established that SublA is the main factor influencing
submergence tolerance (Septiningsih et al. 2009). The development of submergence
tolerance by marker-assisted backcrossing (MAB) has been greatly facilitated by
this QTL.

Single nucleotide polymorphisms (SNPs), the smallest type of DNA variation,
can be found, giving researchers the chance to examine potentially millions of DNA
locations. As a result, it has become a popular site for markers. Large-scale germ-
plasm assessments in many cereals have been made possible by high-throughput,
high-efficiency, repeatability, and cheap cost per data point, which has led to the
practically total replacement of RFLPs or SSR marker platforms. Both genotyping-
by-sequencing and array-based genotyping are important techniques for SNP detec-
tion in grains. Both types of SNP identification may be accomplished using a variety
of sequencing technologies. For the purpose of establishing the groundwork for
whole-genome sequencing and determining the genetic basis of characteristics that
are economically significant, high-density SNP genotyping is crucial.
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Linkage mapping is the process of locating quantitative trait loci (QTLs) in
segregating populations that are mostly artificially produced. Many features of
economic significance are of a quantitative type, meaning that they are controlled
by the coordinated action of numerous genetic loci, such as grain yield, stress
tolerance, and disease resistance (Bernardo 2010). To analyze the genetic basis of
a quantitative characteristic, segregating populations including practically hundreds
of individuals is necessary. The development of different segregating populations,
including the F2 population, recombinant inbred lines (RILs), doubled haploid
(DH) population, heterogeneous inbred family (HIF), near-isogenic lines (NIL),
advanced intercross recombinant inbred lines (AI-RIL), backcross inbred lines,
and multiparent advanced generation intercross (MAGIC), is primarily driven by
the resources available and the goals of the research. Through QTL, which can be
found at the Gramene database (http://www.gramene.org/qtl/, accessed on October
5, 2022), the major cereal crops are mapped. It has QTLs for abiotic stressors such
nutrient deficiency, heavy metal toxicity, salt, cold, and severe temperature. The
Sorghum QTL Atlas is available online at https://aussorgm.org.au/sorghum-qtl-
atlas/ containing 150 QTL and GWAS research that have been published in sorghum
from 1995 to the present (accessed on October 6, 2022). It is beneficial for sorghum
crop development and comparative genomics (Mace et al. 2019). The ability to
identify natural differences in all recombination events that take place during the
evolutionary processes of a variety of organisms makes GWAS an effective tool.
SNP identification is the primary goal of the GWAS (Marees et al. 2018). To detect
genetic differences based on complex variables like growth rate, blooming period,
and yield, WGAS analyses complete samples using databases that contain reference
plant genome sequences and genetic maps.

8.4.11 Transcriptomics

Transcriptomics is the study of gene expression patterns that can identify the genes
causing abiotic stress. For abiotic stress to be managed successfully, understanding
such reactions may be essential. Investigating the functional characterization of
specific genes in stress tolerance systems is made possible by transcriptome
profiling. For better plant genomic resources, more next-generation sequencing
(NGS) and RNA sequences for short RNAs have been produced recently (Imran
et al. 2021).

The high-throughput transcriptome sequencing dataset provides an efficient strat-
egy for gene discovery, molecular marker development, and marker-assisted breed-
ing (Munaweera et al. 2022). Typical plant responses to abiotic stress involve a
network of molecules. ABA (abscisic acid) is a major phytomolecule that plays an
important role in responding to a variety of stresses such as drought, heat stress, high
salinity, heavy metal stress, low temperature, etc. They are also involved in various
developmental processes, including seed germination, seed dormancy, and closure
of stomata. ABA-dependent pathways appear to recruit antioxidant and
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osmoprotectant mechanisms, whereas ABA-independent pathways generally
involve protective proteins (Rane et al. 2021; Khan et al. 2021).

Under abiotic conditions including drought, salt, and cold, different miRNAs in
rice, Medicago, Phaseolus, Arabidopsis, and other plants have a regulatory function
(Trindade et al. 2010). Noncoding RNAs called miRNAs, which have a length of
19-23 nucleotides, have a regulatory function in a number of biological processes
(Budak et al. 2015). Arabidopsis overexpressing osaMIR393 exhibits tolerance to
salt overload, and miR393 regulates this tolerance (Gao et al. 2011). According to
Zhao et al. (2009), miR169 reduces the stress caused by salt and drought in rice via
altering the expression of a nuclear transcription factor called YA (NF-YA). Drought
resistance is conferred by tomato plants that overexpress the miR169c gene, which
regulates the expression of the gene(s) involved in stomatal activity. WD-repeat
proteins, which are essential for cucumber stress tolerance, are regulated by
Bvu-miR13 (Li et al. 2015). MiRNAs target stress signaling pathways, which are
involved in root development, leaf morphogenesis, and stress response, in addition
to regulating TFs (Curaba et al. 2014). In silico analysis was used to identify
13 mature miRNAs in B. vulgaris plants (Li et al. 2015). Superoxide dismutase
SOD1 and SOD2 mRNA activity is targeted by miR398 that plays a function in
decreasing ROS and subsequent consequences of abiotic stress (Kantar et al. 2011).
Distinct kinds of miRNAs regulate different cellular responses to stress and meta-
bolic functions such transcriptional control, auxin homeostasis, ion transport, and
apoptosis (Li et al. 2010). Additionally, it has been discovered that plants’ responses
to aluminum stress are regulated by miRNA (Lima et al. 2011). MiRNA expression
in two distinct rice subspecies, japonica and indica, with variable levels of aluminum
tolerance, was compared. The use of RT-qPCR identified 16 different types of
miRNA responses, demonstrating a complicated response to aluminum stress.

The impacts of water stress, salinity stress, and combination stress were disclosed
by Osthoff et al. (2019). Transcriptome sequencing was carried out in this study
6 and 24 h following the stress treatment. The gene expression responses that were
shown at 6 h of stress are still present at 24 h. However, compared to a 6-h stress
treatment, hundreds of genes were further altered after 24 h. Nine hundred fifty-three
genes showed differential expr bHLH (basic Helix-Loop-Helix), ERF (Ethylene
Response Factors), and HSF (Heat Shock Factors) transcription factors that have
all been enriched at each time point under the three shocks (6 and 24 h). Addition-
ally, the bZIP was enriched following both combined stress and water deficiencies at
both time periods. After 24 h of treatment, salt stress, bZIP, G2-like, and HD-ZIP
TFs were enriched, while 1802 genes did so following a 24-h salt therapy. bHLH
(basic Helix-Loop-Helix), ERF (Ethylene Response Factors), and HSF (Heat Shock
Factors) transcription factors have all been enriched at each time point under the
three shocks (6 and 24 h). Additionally, the bZIP was enriched following both
combined stress and water deficiencies at both time periods. After 24 h of treatment,
salt stress, bZIP, G2-like, and HD-ZIP TFs were enriched.

The differently expressed genes in bread wheat across the salt-tolerant and
sensitive cultivars were also discovered by comparative transcriptome analysis
following a 150 mM salinity treatment. Five thousand one hundred and
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twenty-eight genes were differently expressed between salt-treated and control
plants, according to the findings. One thousand nine hudred and ninety-five genes
among them showed an upregulation, and 3133 genes showed a downregulation. In
addition, 109 and 210 genes, respectively, were discovered to express themselves
exclusively in salt-treated and control plants (Amirbakhtiar et al. 2019).

8.4.12 Proteomics

The development of genomic technologies has altered the way we study biological
systems by giving us a blueprint for potential gene products. The lack of a link
between mRNA and protein quantity owing to posttranslational modifications,
protein function, and localization results from the static nature of the genome.
Therefore, it is crucial to research protein interactions and structure in order to
understand how they affect plant growth and development. A comprehensive,
high-throughput method called proteomics allows for the thorough identification
and study of protein expression in a cell, tissue, or organelle of an organism at a
certain time and under particular circumstances (Tan et al. 2013). Proteome profile
study gives in-depth understanding of many metabolic processes and how they
interact with distinct regulatory pathways in a biological system. Proteomics is a
potent tool that, compared to other methods, including genomics technologies, offers
a robust and superior description of how a cell functions. The identification of
proteins and their expression profiles, posttranslational modifications (PTMs), and
protein-protein interactions under stressed and normal conditions have been made
possible recently by advances in quantitative proteomics research using high-
resolution and mass accuracy instruments (Agregan et al. 2021). Systematic high-
throughput methods, such as 2D-PAGE (two-dimensional polyacrylamide gel elec-
trophoresis), MALDI-TOF/MS/MS, and LC-MS/MS, are used to conduct plant
proteome analyses. Utilizing protein mapping, PTM characterization, protein-
protein interaction, and systems biology techniques, the elucidation of protein
activities and functional protein networks is assessed in plant metabolic and signal-
ing pathways (Holman et al. 2013).

Proteomic methodologies offer fresh research techniques for a deeper compre-
hension of the molecular causes of drought stress in rice. There were 900 proteins
found in rice roots under drought stress. Among these, 38% had more changes than
the untreated group. Tubulins and proteins linked to transport were reduced, but
chitinases and redox proteins implicated in disease were elevated. The proteomes of
drought resistant (IRAT109) and susceptible (Zhenshan97B) cultivars were com-
pared. In contrast to the sensitive variety (two proteins in increased abundance;
15 proteins in decreased abundance), the tolerant variety had higher protein abun-
dance (14 proteins in increased abundance; six proteins in decreased abundance).
Proteins implicated in the action of the enzyme’s superoxide dismutase and
dehydroascorbate reductase shielded IRAT109 (Ji et al. 2012).

Three distinct wheat cultivars were tested for their capacity to produce grain
under drought stress using an iTRAQ-based quantitative proteome analysis:
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RACS875 (drought-tolerant), Excalibur (drought-tolerant), and Kukri (drought-
intolerant). At various stages of drought stress, these cultivars displayed distinctive
physiological reactions, with equally drought-tolerant types (RACS875, Excalibur)
displaying variations in their protein responses. In contrast to Excalibur, which
lacked substantial proteins, RAC875 proteins demonstrated considerably abundant
proteins. The ability of a protein involved in oxidative stress metabolism and ROS
scavenging to boost SOD and CAT enzyme activity was present in all three cultivars
at the same time. However, by reducing the proteins necessary for photosynthesis
and the Calvin cycle, both drought-tolerant cultivars are implicated in the prevention
of ROS.

iTRAQ and 2-DGE investigations on the maize leaf proteome were carried out to
examine the impact of drought on the proteome. This research revealed that protec-
tive and stress-related proteins were upregulated in both genotypes (chaperones and
dehydrins) (BeneSova et al. 2012). Out of the 220 proteins that were identified as
having differential expression, it was discovered that 106 were upregulated in the
tolerant genotype and downregulated in the sensitive genotype. The preventive and
detoxifying proteins ascorbate peroxidase, superoxide dismutase, glutathione reduc-
tase, and catalase were upregulated in the drought-tolerant genotype CE704. Addi-
tionally, the levels of the translation initiation factor elF3 and the mitochondrial
translation elongation factor EF-TuM were both increased. Comparative proteome
analysis also discovered distinct protein accumulation locations in maize between
the genotypes that are resistant (YE8112) and susceptible (MO17) to drought stress
(Zenda et al. 2019). They discovered 721 proteins that were differently abundant
(DAPs). Among them, 107 distinct DAPs shared by drought-sensitive and drought-
tolerant lines following drought treatment, 84 distinct DAPs exclusive to MO17, and
13 particular DAPs peculiar to YE8112 were found. The tolerant genotype’s
(YES8112) elevated proteins promoted chaperons like the ASR1 protein, photosyn-
thesis (PSII), and lipid metabolism.

Rice’s responses to salt (150 mM NaCl) stress were examined by Xu et al. (2015)
utilizing a proteomic method. A total of 56 proteins were discovered to have
undergone substantial alteration, 16 of which improved the photosynthesis, antioxi-
dant, and oxidative phosphorylation pathways by upregulating peroxiredoxin Q and
photosystem I subunit D. The abundances of thioredoxin x, thioredoxin peroxidase,
glutathione S-transferase F3, PSI component H, light-harvesting antenna complex I
subunits, vacuolar ATP synthase subunit H, chloroplast chaperonin, and ATP
synthase delta chain were significantly decreased in response to salt exposure. The
phosphor proteomic variations between a salt-tolerant and a salt sensitive maize
cultivar under short-term salt stress were discovered by Zhao et al. (2016). The
proteome analysis was carried out utilizing the iTRAQ technique after salt treatment
with 200 mM NaCl in two different rice cultivars, Pokkali (tolerant) and IR64
(sensitive). When compared to the sensitive cultivar IR64, the tolerant cultivar
Pokkali had a greater concentration of proteins. Ascorbate peroxidase, superoxide
dismutase, peptidyl-prolyl cis-trans isomerases, glyoxalase II, and oxygen evolving
enhancer proteins OEEl and OEE3, as well as PsbP, are among the proteins that
have been discovered as being involved in stress tolerance (Lakra et al. 2019).
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8.4.13 Metabolomics

In order to comprehend complicated biological processes and decode plant
metabolomes, one relatively new “-omics” method called metabolomics was devel-
oped. A cell, tissue, organ, or organism’s tiny molecule (1500 Da) may be thor-
oughly profiled and compared using metabolomics (Deborde et al. 2017). A
biological system’s metabolites must be identified and quantified in order to study
their compositions and interactions with the environment (Khakimov et al. 2014).
Furthermore, metabolomics focuses on examining biological activity as opposed to
genomes, transcriptomics, and proteomics, making it comparatively simpler to link
to the phenotype (Ibarra-Estrada et al. 2016). Metabolomics has been extensively
utilized to study how plants respond to stress in adaptive ways. It is crucial to study
the production of certain metabolites under diverse stressors in order to comprehend
how plants respond to adverse environmental conditions (Sharma et al. 2023). New
substances and unique metabolic pathways that accumulate under various stress
circumstances are discovered by metabolomic research (Wen et al. 2014). Addition-
ally, metabolomic research contributes to a better knowledge of already known
metabolic pathways. Numerous metabolome studies have been carried out over the
past 10 years to look at how metabolite concentrations alter in response to various
biotic and abiotic stress conditions.

In response to abiotic stressors, plants accumulate several metabolites such as
trehalose, glycine betaine, IAA, etc. According to Allen et al. (2009), the sheer
accumulation of a particular chemical does not determine stress tolerance; rather,
tolerance is determined by the flux’s adaptation to several routes for defense and
development. Stoichiometry and metabolic modification have been described as
methods for maintaining plants’ optimal fitness (Rivas-Ubach et al. 2012). Time-
series studies with the plant Arabidopsis thaliana revealed that metabolic activities
react to abiotic changes more quickly than transcriptional activities (Caldana et al.
2011).

8.5 Antioxidative Enzyme-Based Approach for Combined
Stress Tolerance

8.5.1 Superoxide Dismutase

Superoxide dismutase (SOD) is the first detoxification enzyme that acts as a compo-
nent of first line defense system against reactive oxygen species. SODs are a class of
metalloenzymes that catalyze the dismutation of two molecules of O, ™ into O, and
H,0,. In plants, there are three main groups of SODs that have been reported: Cu/
Zn-SODs, Mn-SODs, and Fe-SODs. SOD removes O, ~ and hence decreases the
risk of OH formation via the metal catalyzed Haber Weiss-type reaction (Gill and
Tuteja 2010). Together with other antioxidant enzymes like CAT, peroxidases
(POX), and APX, SOD is able to detoxify the resultant H,O, and stop the creation
of additional damaging ROS like OHe. According to the previous studies,
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overexpression of Cu/Zn SOD and Mn-SOD in rice, sweet potato, Arabidopsis,
alfalfa, and tobacco (Prashanth et al. 2008) improved the capacity of drought
tolerance and recovery in plants.

8.5.2 Catalase (CAT)

Catalase (CAT), also known as a H,0, oxidoreductase, is a heme-containing
enzyme that catalyzes the dismutation of H,O, into H,O and O, mainly in
peroxisomes (Vellosillo et al. 2010). Numerous studies demonstrated that expression
abundance of CATs increased under various stresses for scavenging of ROS
(Vandenabeele et al. 2004). The features that distinguish CAT from other H,O,
metabolizing enzymes such as ascorbate peroxidases (APX), peroxiredoxins (PRX),
glutathione/thioredoxin peroxidases (GPX), and glutathione S-transferases (GST)
are that CAT do not require a reductant. When compared to control plants, the
activities of SOD, POD, and CAT in the roots of salt-stressed barley plants were
greatly increased at Day 2, but they significantly decreased from Day 4 onward
(Liang et al. 2003). Combined stress of high temperatures and salt resulted in a
decrease of CAT activity at higher levels in durum than bread wheat genotypes,
while salt stress alone significantly increased CAT activity in all genotypes under
normal temperature.

8.5.3 Peroxidase

Peroxidases (POXs) are oxidoreductases that transform a variety of compounds via a
free radical mechanism into oxidized or polymerized products. These POXs scav-
enge the H,O, produced during oxidative stress. POXs are reported from all plants,
animals, and microbes and are essential for living systems. POXs are involved in
many physiological and biochemical processes, including the cross-linking of
molecules in the cell wall and lignin and suberin formation by oxidation of cinnamyl
alcohol.

8.5.4 Ascorbate Peroxidase (APX)

Ascorbic acid-glutathione (AsA-GSH) cycle is essential metabolic pathway for
protection against ROS and regulation of the cellular level of H,O, in plants. This
pathway includes ascorbate peroxidase (APX), dehydroascorbate reductase (DHAR)
and glutathione reductase (GR), and monodehydroascorbate reductase (MDHAR)
with antioxidant metabolites ascorbic acid (AsA) and reduced glutathione (GSH). It
plays an important role of maintaining redox homeostasis in plants to protect them
from oxidation damage (Foyer and Noctor 2016). Increased activity of APX was
reported under drought stress in maize and soybean (Jiang and Zhang 2001). Under
combined stress (drought and salinity), antioxidant enzymes, for example, guaiacol
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peroxidase activity was upregulated as compared to control (Attia et al. 2020). The
drought-tolerant wheat variety’s APX, CAT, and SOD activity peaked at the end of
flowering, milky ripeness, and wax ripeness, respectively; the drought-sensitive
cultivar, on the other hand, had the lowest SOD and GR activities at waxy maturity
and the least amount of APX activity at milky ripeness (Huseynova 2012).

8.5.5 Glutathione Reductase (GR)

Glutathione reductase (GR), also known as glutathione disulfide reductase (GSR), is
a flavoprotein belonging to the family of NADPH-dependent oxidoreductases. It
catalyzes the reduction of GSSG to GSH and plays an important role in cell defense
against ROS (Hernandez et al. 2017). An increase in GR activity in plants results in
the accumulation of GSH and ultimately confers stress tolerance in plants. Various
studies have demonstrated that drought stress increased GR activity in tobacco,
barley, maize, wheat, rice, and pea (Sharma and Dubey 2005). Liang et al. (2003)
reported that GR activity in the roots of salt-stressed plants at second day was
unchanged, but at Day 4 and later, it drastically decreased in barley. Under normal
(24/16 °C) temperature conditions, drought stress activated GR activity, and under
high temperature water stress conditions, it significantly increased in all genotypes.

8.5.6 Monodehydroascorbate Reductase (MDHAR)

Monodehydroascorbate reductase (MDHAR) is one of the key enzymes in the
conversion of oxidized ascorbate back to reduced ascorbate in plants (Kavitha and
Murugan 2017). The exposure of plants to environmental stress conditions like high
light leads to very quick oxidation of AsA to MDHA in chloroplast. Reddy et al.
(2004) found that the enzyme activity of MDHAR was significantly high in the
water-stressed leaves of mulberry cultivars, while contrary to this finding, reported
that the activity of MDHAR decreased significantly in the heat and drought
treatments in Crofton weed. MDHAR activity was enhanced under various other
stresses such as salt, high light, and UV radiations. Sharma and Dubey (2005)
reported that the activities of MDHAR, DHAR, and GR were higher in drought
stressed rice seedlings.

8.5.7 Dehydroascorbate Reductase (DHAR)

Dehydroascorbate reductase (DHAR) is a monomeric enzyme, which is a member of
the GSHS-transferase superfamily which maintains AsA in its reduced form by
catalyzing the reduction of dehydroascorbate (DHA) to AsA using GSH as a
reducing substrate (Hasanuzzaman et al. 2021). AsA recycling through MDHAR
or DHAR is critical for maintaining the AsA level and redox state in the adaptation
of plants to environmental conditions. Knockout mutants of Arabidopsis DHAR
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were unable to show any significant differences in total AsA content until challenged
with the abiotic stress, which showed the importance of DHAR in reducing the DHA
under stress conditions.

8.5.8 Glutathione S-Transferase (GST)

Glutathione S-transferases (GSTs) are multigene superfamily with cytosolic, mito-
chondrial, and microsomal localization in plants (Kumar and Trivedi 2018). GSTs
are involved in safeguard of the cells against biotic and abiotic stresses and provide
tolerance by catalyzing S-conjugation between the thiol group of GSH and electro-
philic moiety in the hydrophobic and toxic substrate (Nianiou-Obeidat et al. 2017).
Enzymatic activity of GSTs is induced by various fungal elicitors, wounding as well
as by cold, drought, oxidative stress, heavy metals, and salt (Srivastava et al. 2019).
Drought-tolerant and drought-sensitive sorghum genotypes showed efficient H,O,
scavenging mechanisms with significantly higher activities of GSTs (Jogeswar et al.
2006). According to the Rahdari et al. (2012), the ability of antioxidant enzymes to
scavenge ROS and reduce the damaging influences is closely related to plant drought
or salinity stress resistance. Drought or salinity not only adversely affects numerous
subcellular compartments, for instance, vacuole, cytoplasm, and nucleus, and also
affects the cell organs, and whole plant level, subsequently affecting plant biomass
and health.

8.6 Secondary Metabolite Enzymes and Compounds

Phenolic compounds are derived from the phenylpropanoid pathway, mainly from
aromatic amino acid phenylalanine in most plants or tyrosine in few cases. Enzymes
involved in the phenylpropanoid biosynthetic pathway include lyases, transferases,
ligases, oxygenases, and reductases, many of which are encoded by gene
superfamilies.

8.6.1 Phenylalanine Ammonia-Lyases (PAL)

In plants, phenylalanine ammonia-lyases (PAL) catalyze the first step of the
phenylpropanoid pathway, i.e., conversion of L-Phe to trans-cinnamic acid, which
supplies the precursors for many phenolic compounds (Sharma et al. 2022b). PALs
are ubiquitous in plants and also found in fungi but have not yet been detected in
animals. Studies have shown that PAL activity responds to various stresses, such as
wounding, drought, salinity, heavy metals, and infection by viruses, bacteria, or
fungi (MacDonald and D’Cunha 2007).
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8.6.2 Tyrosine Ammonia-Lyases (TAL)

Tyrosine ammonia-lyases (TAL) convert L-tyrosine to ammonia and p-coumaric
acid (Sharma et al. 2022b). TAL has been studied less than PAL, and it remains
unclear whether TAL activity is due to a capability of PAL to accept tyrosine as a
substrate or due to the activity of a specific enzyme (Jendresen et al. 2015). The rarity
of TAL is likely a reflection of its specialized role in 4-coumaric acid biosynthesis,
which is used as the cofactor for photoactive yellow protein (PYP) in Rhodobacter
and initiates the conversion of tyrosine to N-(m,p-dihydroxy cinnamoyl) taurine
moiety of Saccharomycin antibiotics.

8.6.3 Polyphenol Oxidase (PPO)

Polyphenol oxidase (PPO) is widely distributed in bacteria, animals, plants, and
fungi (Boeckx et al. 2015). PPO has been involved in the formation of pigments,
oxygen scavenging, defense against plant pathogens, and herbivores. During various
abiotic stresses (cold, heat, and drought), there was significant increase in phenolic
compounds, and oxidation of these accumulated phenolics was proposed to be
inhibited by significant decreases in PPO. This decrease in PPO activity, following
abiotic stress, was associated with improved antioxidant capacity of plant under
stress (Sofo et al. 2005).

8.6.4 Phenolic Compounds

Phenols are plant secondary metabolites that hold an aromatic ring bearing at least
one hydroxyl group which are synthesized by the shikimate-phenylpropanoid bio-
synthetic pathway. Secondary metabolites are generally classified into two groups:
nitrogen compounds (alkaloids, nonprotein amino acids, amines, alkamides, cyano-
genic glycosides, and glucosinolates) and non-nitrogen compounds (monoterpenes,
diterpenes, triterpenes, tetraterpenes, sesquiterpenes, saponins, flavonoids, steroids,
and coumarins). Structurally, phenolic compounds are composed of the aromatic
ring bonded directly to at least one (phenol) or more (polyphenol) hydroxyl groups
(-OH) and other substituents, such as methoxyl or carboxyl groups, which cause the
polar character of the compounds and allow dissolution in water. Phenolic
compounds are usually divided into two groups—simple phenols and more complex
derivatives—often containing several aromatic rings linked together (Sharma et al.
2019). Phenolic compounds have the ability to donate electron; hence, their
hydroxyl groups can directly contribute to antioxidant action by stimulating the
synthesis of endogenous antioxidant molecules in the cell (Bendary et al. 2013).
Phenolic compounds chelate iron and copper ions due to the presence of suitable
functional groups—hydroxyl and carboxyl—while some phenolic compounds also
inhibit membrane lipid peroxidation by “catching” alkoxyl radicals. These activities
of phenolic compounds are dependent on the structure of molecules and the number
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and position of hydroxyl groups. Under drought stress, increase in the number of
flavonoids and phenolic acids was reported (Akula et al. 2018).

A previous study documented that phenylpropanoid biosynthetic pathway is one
of the most stimulated pathways under salinity condition. The activation of
phenylpropanoid biosynthetic pathway results in the improved production of various
phenolic compounds, such as hydroxybenzoic acids (e.g., gallic acid, vanillic acid,
syringic acid, p-hydroxybenzoic acid, and ellagic acid), hydroxycinnamic acids
(e.g., caffeic acid, chlorogenic acid, p-coumaric acid, m-coumaric acid, ferulic
acid, sinapic acid, and trans-cinnamic acid), and flavonoids (e.g., quercetin and
iso-quercetin, rutin, luteolin and luteolin-7-O-glycoside, apigenin, kaempferol, and
luteolin) (Sharma et al. 2019).

8.6.5 Flavonoids

They are synthesized through the phenylpropanoid pathway. Chalcone synthase
(CHS), chalcone isomerase (CHI), and flavanone 3-hydroxylase (F3H) are key
enzymes in this pathway (Hodaei et al. 2018). There are different classes of
flavonoids depending upon the level of oxidation and pattern of substitution of the
C ring, while individual compounds within a class differ in the pattern of substitution
of the A and B rings. Important flavonoids in plants are flavones, flavanones,
isoflavones, flavonols, flavanonols, flavan-3-ols, chalcones, and anthocyanidins.
Until now, more than 5000 different flavonoids have been described which are
classified into six major subclasses, such as flavones, flavonols, flavanones,
flavanols, anthocyanidins, and isoflavones (Ross and Kasum 2002). Their structural
variation in each subgroup is partly due to the degree and their hydroxylation,
methoxylation, prenylation, and glycosylation pattern. Flavonoids can directly scav-
enge ROS by donating hydrogen atom, thus inactivating ROS (Sharma et al. 2023).
Flavonoids themselves get converted to phenoxyl radical which can further react
with other free radicals to form stable quinone structure (Treml and Smejkal 2016).

8.7  Photosynthetic Machinery
8.7.1 Metabolism (Photosynthesis and Respiration)

The green leaves of plants indicate its capability for photosynthetic activity and
offers important clues about agricultural productivity, as well as the physiological
and phenological state of the plant. One of the primary processes impacted by
salinity and drought is photosynthesis (Chaves et al. 2009). However, long-term
salt stress exposure also causes plants to experience ionic stress, which impairs
photosynthesis and causes leaf senescence, both of which have a detrimental impact
on growth (Chaves et al. 2009). When plants are stressed by prolonged drought
stress, their roots continue to elongate, which may be explained by the demand for
groundwater on the part of the plant (Brunner et al. 2015). Long-term salinity stress
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might cause heavier roots to store more chloride. The photosynthetic components are
negatively impacted by an excessive accumulation of ions, primarily Na**, which
lowers enzyme activity and pigment synthesis.

Plants use stomata for two crucial processes: controlling CO, entry into the leaf
and regulating transpiration, which supplies plants with nutrients and regulates leaf
temperature. These stressful circumstances reduce the rate of CO, assimilation, and
the excess light received that is not utilized by the plant may increase the generation
of reactive oxygen species (ROS), which in turn causes oxidative stress. The
reduction of the stomata aperture width (stomatal closure) prevents the loss of
water to the atmosphere, and this protection mechanism is considered an adaptation
response of plants to the onset of drought conditions (Saradadevi et al. 2017). Plants
with salt exclusion mechanisms can either prevent salt from entering plant cells or
reduce the amount of salt present in the cytoplasm by compartmentalizing salt in the
vacuoles. In addition to lowering water potential and stomatal conductance, the
combined stress also decreased plant photosynthetic efficiency.

8.8 Accumulation of Stress Protein

During water deficit and salt stress conditions, plants not only unregulated the
production of osmoprotectants (e.g., proline and glycine betaine), antioxidant
enzymes, but also enhance the expression of several drought- and salt stress-
responsive genes and proteins such as late embryogenesis abundant proteins
(LEA) and dehydrins (Fahad et al. 2015; Wani et al. 2016; Ullah et al. 2018).

8.9 Conclusion

Various studies regarding the drought and salinity stress response in plants have
suggested the diverse adaptation mechanism to combat such conditions. These
studies have improved our knowledge regarding the strategies and mechanisms
involved to improve the tolerance in plants. Plants mitigate the combined stresses
by regulating the genomic, proteomic, and metabolic responses. Plants have built-in
adaptation mechanism to tackle complex abiotic conditions. Technological
advancements can help to develop plant species with resistance toward the combined
drought and salinity stresses. These advancements include breeding strategies, omics
approaches, enzyme engineering, and other metabolic adjustments. These strategies
further may be helpful to tackle the stress conditions for plant by maintaining the
stress-responsive signaling. In this way, these approaches can be the coordinated
efforts to develop resistance plants/varieties which can be helpful in maintaining
food and nutritional security.
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