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Abstract: An increase in atmospheric concentration of greenhouse gases and associated climatic variability is
primarily responsible for inducing high heat waves and drought stress, affecting both plants and animals. Drought
stress is one of the finest limitations to global agricultural production due to the problem of the water limiting
environment and global climate change. It is critical to determine the plant response mechanisms to drought stress
to reduce the impacts of drought stress on plants. Drought response mechanism includes morphological,
physiological, biochemical, and molecular processes occurs in plants underlying drought stress. These processes
include improvement in root structure, leaf structure, osmotic adjustment, relative water content, and stomata
regulation. Moreover, calcium and phytohormone (Abscisic acid, Jasmonic acid, Salicylic acid, Auxins, Ethylene,
and others) signaling pathways, as well as scavenging of reactive oxygen species are crucial mechanisms to cope with
drought stress. To further elucidate and improve drought tolerance in plants, novel emerging approaches of plant
breeding and biotechnological methods such as genome-wide association studies, mutational breeding, marker
assisted breeding, double haploid production and CRISPR/cas genome editing serve as engineering tools for
dissecting the in-depth physiological mechanisms. These techniques have well-established implications to understand
plants’ adaptions to develop more tolerant varieties and minimize energy expenditure in response to stress as well
as to fill the void that would otherwise result in growth resistance and yield loss. Hereby, this review highlights
various mechanisms of drought tolerance and it also discuss new cutting-edge mechanisms of breeding to cope plants
with drought stress.
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1. INTRODUCTION

Global food demand is continuously increasing, and it is expected to double in the next years. It is difficult to feed the
world's population using current natural resources [1]. The genetic potential of the majority crops is not completely
exploited, due to several biotic and abiotic stresses. Abiotic stresses such as severe drought, salinity, high temperature, and
decrease in soil oxygen pollutants, excessive UV radiation, and lack of mineral nutrients are the major global food security
constraints [2]. Drought is a global issue that affects both developing and developed countries [3]. As a result of
anthropogenic activities, the balance between incoming solar radiation and outgoing radiation, as a result the Earth’s energy
in the form of heat increases, resulting in global warming [4]. Global warming increases water evaporation, turns water into
vapor in the air, and consequently, leads to drought stress. It is predicted with a reasonable belief that at the end of twenty-
first century, the wave of heat will be frequent and more intense [5]. Due to the increase in temperature, some crucial
changes in atmospheric conditions could happen, including high temperature and drought [6]. These global climate changes
affect trophic interactions, species distribution, abundance, and ecosystem function. With the rapid growth of the world
population, drought and high temperature stresses are predicted to be increased in the next years. High temperature and
water scarcity are two important interconnected stresses, having large impact on the growth and productivity of crops [7].
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Drought is an abiotic factor that limits crop growth and adversely affects the crop from reaching its yield potential. The
severity and duration of drought determine the rate and amount of its damaging effects. All phonological growth stages are
affected by drought, especially germination and flowering stages are the most vulnerable stages. Understanding the
mechanisms driving plant responses to drought stress is the most challenging mechanism, due to variations in the traits
regulating the status of water availability in soil and the need for water at evaporation sites, responses to water status, and
genetic variation across distinct crops. Droughts interfere with water relations, nutrient absorption and assimilation,
photosynthetic activity, enzyme activity, assimilates partitioning, and ultimately cause significant damage [8, 9, 10].
Drought causes wilting, stomatal closure, and reduced cell expansion due to decreases in cell water content, turgor, and
tissue water potential. These effects cause photosynthetic arrest, resulting in dramatic modifications in normal metabolism,
which might result in growth halting or death. Under water stress, interruptions in the xylem water column or changes in
the xylem vessel reduce the hydraulic conductivity of shoots and roots. Leaf hydraulic conductivity of the plant is controlled
by aquaporins (membrane channels that facilitate the transport of water and small neutral molecules) [11]. Drought stress
response involve metabolic and hydraulic regulation at both the cellular and whole plant level, connected with finely
controlled signaling processes. Several significant metabolic and physiological changes of xero-halophytic plants in
response to drought stress have been identified [12].

Drought stress causes physiological, biochemical, and molecular reactions at the cellular and molecular levels to counteract
its damaging effects and sustain plant function. Drought stress tolerance is a complicated process controlled by several
drought responding genes. In response to drought stress, plants activate their drought response mechanisms, such as
morphological and structural changes, expression of drought-resistant genes, osmoprotection by osmotic adjustment,
antioxidant scavenging defense system, water channel proteins, stress responsive proteins, transcription factors and
signaling pathways actively participate in conferring drought tolerance in crop plants [13]. Moreover, drought upregulates
several genes, including those involved in osmolyte metabolism, secondary metabolite synthesis, and hormone synthesis,
allowing plants to respond to drought more quickly. Improving water loss by increasing diffusive resistance, creating a deep
root system for improved water uptake, and developing small leaf size and succulent leaves to reduce water loss in the form
of transpiration, are the most important strategies for drought stress tolerance plants [14, 15]. Mineral ions such as potassium
and sodium help in osmotic balance, thereby contributing to the regulation of cellular water content, whereas silicon
promotes water holding capacity through solidification of the endodermal cells. Low molecular weight solutes are very
essential to protect the metabolic system of the plant.

Among several growth hormones, auxins, gibberellic acid, abscisic acid, salicylic acid, jasmonic acid, and ethylene are the
most important modulating drought stress response. Polyamines and plant secondary metabolites have antioxidant
properties that help to mitigate the severity effects of drought. Phytohormones, one is abscisic acid, which helps in regulating
pathways that are either ABA-dependent or ABA-independent under drought stress conditions. As reported by Gouveia et
al. [16] ABA mediated signal pathway increased water use efficiency and photosynthetic regulation of plants under drought
stress. To better understand the mechanism of drought resistance of plants, based on a lot of previous work, we summarized
the status and progress of studies on the morphological structure, physiological and biochemical mechanism changes,
internal signal transduction system, molecular regulation mechanisms of plants under drought stress and their breeding
implications available in recent years.

The potential of crop plants to maintain their growth and development under drought stress is termed as drought tolerance,
yield stability is also related with drought tolerance under prevailing drought conditions. Tolerance is a very complex
process and plants have evolved numerous adaptations at the morphological, physiological, and molecular levels to confer
drought tolerance (Fig.1). Higher economic yield under drought stress is the characteristic feature of drought tolerant crops,
survival is important at seedling stages, whereas, later on just survival without economic yield has no importance for
breeders and farmers [17]. Plant growth and development, plant phenology, grain filling, plant leaf growth and anatomy,
and translocation of photo assimilated reserves are important traits to be targeted for the improvement of drought tolerance
in plants [18].

Several breeding approaches give an insight for drought tolerance successfully as reported in some major crops such as rice
[19] and wheat [20]. Collaborative approaches incorporating comparative, functional, structural genomics and
transcriptomics can enhance the traditional breeding approaches. In crop plants, genetic manipulation approaches have been
used to identify genes associated with drought tolerance and their introgression [21]. The use of molecular tools in breeding
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approaches is the most useful way of biotechnology [22]. However, there is still a significant gap between crop yields under
stress condition and optimal conditions. Various traits have been identified in several researches for plant adaptability to
drought stress environment. Genomic techniques and the physiology of the crop give new insights to plant breeders to
overcome the drought problems using new emerging technologies for crop improvement [22]. Plants cope themselves with
drought stress using various responsive mechanisms, and these mechanisms can be applied through various strategies and
techniques. Hence, this paper discusses the drought tolerance mechanisms in plants, drought effects on growth and
production, and adaptive strategies, and discusses new cutting-edge breeding techniques to cope with drought stress, where
food security is the major Global concern.
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Fig. 1 dissecting mechanisms of drought tolerance in plants

2. STRUCTURAL AND PHYSIOLOGICAL ASPECTS OF DROUGHT TOLERANCE

Drought tolerance in crops varied according to the developmental stage of the plant, crop type as well as the duration. Plants
show different kinds of response mechanisms (drought avoidance, drought escape, drought tolerance, and drought recovery)
during drought stress [23]. Drought tolerance and drought avoidance are a critical plant responses during shortage of water.
Drought tolerance is the ability of a plant to resist dehydration through various physiological activities, such as osmotic
adjustment via osmoprotectants [24]. Drought avoidance is the continuity of physiological mechanisms, for example,
stomata regulation, root system development, and other processes under water stress. Drought escape is the capacity of
plants to adjust their life cycle (short life cycle to avoid drought stress). Drought recovery is the ability of a plant to restart
growth and reproduction after exposure to severe drought stress [25]. Structural and physiological responses of plants to
escape, avoid, recover, or tolerate drought stress have been listed below.

2.1 Leaf shape and structure

Reduction in transpiration rate is essential for plants under water scarcity condition, dropping and reduction in leaf size
reduce transpiration, respectively [23]. Under the deficit of water, the leaves become wilt, the margin become yellow in
color, suppress the shoot and leaf growth, affecting the crop’s growth and productivity [26]. Plants reduce the rate of
transpiration to respond to drought stress by developing a waxy and thick leaf cuticle layer [27]. Plant leaves develop some
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xeromorphic characters and change their morphological structure to increase drought stress tolerance, such as smaller and
less number of stomata openings, thick palisade tissues, large number of trichomes, thicker and tiny leaves and developed
vascular tissues [28]. For example, expressing MtCAS31 gene improved drought tolerance in transgenic Arabidopsis by
lowering stomatal density [29].

2.2 Root structure

Plant roots are critical for sensing and responding to diverse abiotic and biotic stresses, due to direct contact with nutrients
and soil. Roots are possibly the first organ to detect drought stress, and the root system plays an important role in drought
stress response. Plant roots respond to water stress in the upper soil profile causing deeper root penetration, while too much
water in the upper layer reduces deep root penetration [30]. Longer roots are more favorable and better for drought tolerance
compared to shorter roots. A considerable decrease in the number of roots is noted in drought stress, which is observed in
Helichrysum petiolare [31]. Drought tolerant adaptive characters of plant roots including long roots, thick and denser root
system. To maintain growth and productivity under water deficit, the plant needs long roots with high density, particularly
when water is deeper [32]. Denser root system also absorbs larger amount of water than thinner roots because of the higher
number of roots that may contact with more water vapor present in the soil layer [33]. In a case, overexpression of AtHDG11
gene enhanced drought tolerance in transgenic cotton with a longer and denser root system in addition to other drought
tolerance characteristics such as reduced stomatal number and size, higher accumulation of malondialdehyde (MDA),
proline content and ROS scavenging enzymes [34].

2.3 Stomata Regulation

In response to drought stress, stomata closure is the first reaction to reduce transpiration, stomata conductance indicating
drought tolerance. Closing of stomata reduces transpiration which enhance drought tolerance capability of the plant, while
its opening increases transpiration and subsequently reduce plant drought tolerance [35, 27]. Stomata regulation is involved
in the maintenance of photosynthetic ability of plants under water stress condition [36]. Opening of stomata leads CO to
the mesophyll tissues and continues the photosynthesis process; however, closing of stomata reduces photosynthesis,
respectively [37]. As stress becomes more severe, the dehydration of mesophyll cells slows photosynthesis, mesophyli
metabolism is reduced, and water-use efficiency usually decreases. Results from many studies have shown that the relative
effect of water scarcity on stomatal conductance is significantly larger than that on photosynthesis, a decrease in the number
of stomata is another physiological response to drought stress. Moderate drought has an additive impact on the stomata
number, while the number of stomata decreases under extreme drought conditions. The lower transpiration rate, thick
cuticle, thick cell wall, and small stomatal aperture enhance drought tolerance in plants [38].

3. BIOCHEMICAL AND MOLECULAR ASPECTS OF DROUGHT TOLERANCE

Plants use a variety of biochemical mechanisms to respond to drought stress, like production of particular proteins, high
levels of metabolites, and expression of different genes. Numerous findings regarding the metabolic changes due to drought
stress are partial and a deep insight in the metabolic and biochemical mechanisms involving drought tolerance is essential
for the engineering of plants for various abiotic stresses. For the adaptation to various stress conditions, plants have
numerous mechanisms including the accumulation of solutes (like sugar and proline), enzyme activation (Peroxidase,
Superoxide dismutase, Ascorbate and catalase), and non-enzymatic (reduced glutathione substances) [39]. In addition,
phytohormones have a key roles in response to drought stresses. Drought stress conditions can also affects the production
of endogenous levels of hormones, like Abscisic acid (ABA), Jasmonic acid (JA), Ethylene, Auxins, and Cytokinins (CK)
[38]. These phytohormones have an important roles in regulating plant growth, development, and responses to drought
conditions. During stress conditions, these phytohormones trigger various signaling pathways, consequently enhancing
antioxidant enzyme production and secondary metabolites. To increase drought tolerance in plants, it is needed to study and
develop numerous phytohormones related strategies [27]. These numerous mechanisms of biochemical and molecular
response have been discussed below.

3.1 Abscisic Acid (ABA)

Abscisic acids regulates various physiological and developmental stages of plants including seed dormancy, plant
development and growth, stomata opening, embryo morphogenesis, and the synthesis of storage lipids and proteins. It is a
major phytohormone involved in the response to abiotic stresses, particularly osmatic stress [40, 27]. ABA, the plant stress
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regulator, controls different biochemical and morph-physiological processes that help the plant to adapt to different abiotic
stresses [41, 42]. Abiotic stresses such as salinity, drought, and cold increase the ABA production level in plants [43].
Abscisic acid synthesis increases during drought stress and consequently activates drought response signaling pathways in
plants [44]. It triggers various drought stress-related genes that lead to closing of stomata, improve root architecture and
structure, and increase the synthesis of drought tolerance substances and other drought-tolerant mechanisms in the plant
[45]. The accumulation of ABA controls the closure of stomata to reduce transpiration [(46]. Stomata closure reduces the
exchange of gases that decrease the rate of photosynthesis and transpiration [47]. Normally, light activate stomata opening,
while ABA and raised CO; levels stimulate incomplete or complete closing down of stomata [48]. ABA inhibits the
movement of ions in guard cells, causing the stomata to close and the rate of transpiration to slow [48, 49. 30] demonstrated
that the plant performed better under drought stress, when the ABA either activated endogenously or added exogenously
than nontreated plants. ABA dependent signaling pathways are ready to respond to drought stress upon the perception of
stimulus. ABA dependent signaling pathways respond to drought stress via various morph-physiological and biochemical
mechanisms. Under normal conditions, the amount of ABA phytohormone is low, the activity of ShRK2 protein is inhibited
by PP2C (protein phosphatase 2C) which causes dephosphorylation [38]. However, under drought stress, the ABA level
increases, which lead ABA binding to PYR/PYL/RCARSs, which in turn bind and deactivate PP2Cs [27]. SnRK2s proteins
are auto-activated, and phosphorylate a downstream targets and activate ABA signaling pathway, which triggers molecular
and physiological responses to drought stress [50, 49].

3.2 Ethylene

Ethylene is a gaseous phytohormone that involves in numerous actions, such as seed germination, plant growth and
development, flowering, fruit ripening, senescence of fundamental organs and response to different biotic and abiotic
stresses [51]. It has been studied that ethylene regulate many biological mechanisms in response to various abiotic stresses
[52]. Multiple number of Ethylene response factor (ERF), i.e., GmERF3, was induced by ABA, JA, ET, under salt and
drought stress condition. The overexpressing GmERF3 tobacco gene showed higher tolerance to drought stress due to higher
proline content and soluble sugars when compared to wild type plants [53]. Similarly, overexpression of another ERF gene,
AtERF019, delayed flowering time, senescence, and lower transpiration rate, importantly responding to drought stress.
Ethylene also interacts with other plant hormones such as ABA and jasmonic acid through ERFs to resist various biotic and
abiotic stresses [52].

3.3 Auxin

Auxin is another crucial important plant hormone that controls the growth of the plant and responds to unfavorable abiotic
conditions, such as drought [54]. Biosynthesis of auxin occur in leaf, primordial, juvenile leaves, and developing seeds [55].
Some pathways are proposed for the biosynthesis of Auxin, which include tryptophan dependent and Trp-independent
pathways [56]. The pathway is extensively self-regulated through positive and negative feedback inhibition [57]. Auxin
normally moves from the shoot tip to the root tip via the phloem, through cell-to cell transport or via auxin transport proteins.
Under drought conditions, the auxin levels in plants are increased to respond stress [58]. In a case, 31 aux/IAA genes were
found in rice induced by drought tolerance and one of these genes (OsIAAG) was identified to respond to drought stress
[59]. In another study, in transgenic potato, overexpression of AtYUC6 gene showed over production of auxin which
increases drought stress tolerance than wild type potato [49]. Auxin hormones are essential in the development of plant
roots [60]. While roots have a key roles in improving drought tolerance. For instance, primary drought stress promotes
YUC7 gene function in roots and increases the auxin level in Arabidopsis, YUC7-1D stimulates root growth and
development, and increases root architecture. As a result, plants with the YUC7-1D gene showed resistant to drought stress
and controlled drought responsive genes [61].

3.4 Cytokinin

Cytokinin (CK) is a class of plant hormone that promotes cell division, root development, delays leaf senescence, regulates
nutrient allocation, and plant response to various pathogen interactions. In addition, it also controls the drought stress
responses of the plant [62]. Some CK related genes i.e., CKX1, CKX2, CKX3 and CKX4 were overexpressed in
Arabidopsis, which decreases Cytokinin level and subsequently increase drought tolerance of plants [63]. Cytokinins
enhances drought tolerance through; protection of photosynthetic apparatus, increase of antioxidant substances, regulate
water balance, control plant growth, and regulate stress-associated hormones. Under drought stress conditions, cytokinin
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regulates the genes that involve in CO; assimilation, electron transport rate, and increased photosynthesis rate [64]. CK
works with abscisic acid to adapt the plant under drought stress conditions. It has been reported that CK has both negative
and positive effects on plant growth and development during drought stress conditions [62]. Huynh et al. [65] identified
increased level of cytokinin following overexpression of CK biosynthetic genes driven by the senescence-inducible
promoter SAG12 enhanced drought tolerance in tobacco plants. This together with the reported role of CK in the sink-
source polarization in tobacco [66] suggests that CK is involved in plant drought response.

3.5 Mitogen Activated Protein Kinase

Mitogen activated protein kinase (MAPK) participates in the signaling pathways in response to various stresses such as
pathogen, drought, cold, salinity, ozone, and wounding of plants [67]. MAPK cascades are involved in several ABA
responses including guard cell signaling, seed germination, and antioxidant defense system [68]. A transcriptomic study
revealed that MAPKS are activated by multiple abiotic stresses, like cold, drought, salt, temperature, and pH [69]. As
reported by Xu and Chua [70], in Arabidopsis, MAP kinase, MPK6 improves plant tolerance to drought stress conditions.
In Orayza sativa, [71] reported raf-like MAPKKK protein, DSM1 (drought sensitive mutantl) functioned as a potential
scavenging of ROS, and increased stress tolerance to water stress. In other study that reported by Zhang et al. (72) GhMPK2
has a role to adjust osmotic pressure and reduce water loss under water stress condition in cotton. GhMPK® has also an
important roles in H2O, production and ABA-induced catalase expression [73]. MAPKs, GhMPK16 and GhMPK7 are
participating in tolerance to various stresses and regulation of stress signaling pathways [72].

3.6 Antioxidants

Oxygen is a critical element in plants and is involved in a variety of energy-producing processes such as oxidative
phosphorylation, metabolism, and mitochondrial respiration. During different metabolic process, oxygen is converted into
damaging levels of reactive oxygen species (ROS), which must be normalized. ROS is a hydroxyl radical that is primarily
responsible for the production of hydrogen peroxide, singlet oxygen, etc. The concentration of ROS increased under stress
conditions resulting in cell death, damage to protein, irreversible organelle dysfunction results, and cytoplasmic membrane
damage [74]. Reactive oxygen species (ROS), also known as reactive oxygen intermediate (ROI), are highly reactive
chemical, formed from the incomplete reduction of atmospheric oxygen. There are four forms of ROS; hydroxyl radicle
(HO»), hydrogen peroxide (H20,), singlet oxygen (*O,) and super oxide anion radical (Oy) [55]. These ROS are harmful to
cellular components, such as nucleic acids, lipids, carbohydrates and proteins. To survive in drought stress conditions,
plants have developed numerous interrelated signaling pathways to regulate a variety of stress-responsive genes for the
production of different classes of proteins, such as protein kinases, enzymes, transcriptional factors and other functional
proteins, that leads to diverse metabolic and physiological responses and enhance tolerance to abiotic. Plants need to keep
ROS in balance, but abiotic stresses imbalance it and increase the production of ROS at cellular levels.

There are two major sources of reactive oxygen species during stress, i.e., metabolic and signaling ROS. Metabolic ROS
directly change the redox status of rate-reducing enzymes and regulate the metabolic fluxes in the cell, thereby change the
metabolic reactions to decrease the overall effects of stresses [75]. It can affect transcription and translation by altering the
function of various regulatory proteins [76]. When stress sensor response, the signaling ROS are generated. The redox status
of regulatory proteins, as well as transcription and translation, are all affected by ROS signaling, resulting in the activation
of the acclimation response, which decreases the consequences of stress by lowering metabolically produced ROS.
However, prolonged drought stress increases the production of ROS in the cell, such as cell wall, plasma membrane,
chloroplasts, mitochondria, and nucleus [77]. Overproduction of ROS is harmful to cell function and affects other
developmental processes. The oxidation of ROS may lead to cell death [23]. Hereby, enzymatic and non-enzymatic defense
mechanisms have a crucial roles in detoxification and scavenging of the ROI and increase drought stress tolerance [78].
Multiply enzymes, sugars, and amino acids present in different parts of the plant cells participated in the scavenging of ROI,
such as glutathione reductase (GR), glutathione peroxidase (GPX), ascorbic acid (AA), reduced glutathione (GSH), o
tocopherol, carotenoids, osmolyteproline and flavonoids [79].

The enzyme, SOD convert O2+— into hydrogen peroxide (H205), the CAT and PODs further break the hydrogen peroxide
into molecular oxygen and water molecules [79]. MDAR, GR, and NADH along with APX remove the H,0, via Halliwel-
Asada pathway (Uzilday et al. 2012). Rboh (Respiratory Burst Oxidase Homolog) genes code for NADPH oxidases that
are linked to the plasma membrane and play an important role in the transmission of ROS-related signaling pathways [80].
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SOD act on O,+—and convert it into H.O,, further APX, GPX, and CAT detoxify the H,O,. Glutathione S-transferase
(GST), peroxiredoxin (PRX), and GPX reduce the H,0- into organic hydroperoxidase, through ascorbate independent thiol
using glutaredoxin (GRX) or thioredoxin (TRX) [81]. Expression of OsAPX2 reduced MDA and H,0- levels and increased
the APX activity under water stress condition and consequently improves drought tolerance in transgenic plants [82].
Furthermore, overexpressing OsAPX2 plants were more resistance to drought stress than wild plants during abiotic stresses.
In transgenic rice, the overexpression of OsAPX1, another gene of APX, enhanced fertility under cold stress [83].
Metallothioneins (MTSs) are a class of low molecular weight proteins that have high cysteine accumulation and metal
binding. In transgenic rice, overexpressing OsMT 1a improves the activity of antioxidant enzymes such as CAT, APX, and
POD, and increased drought tolerance of rice. SbMT-2 gene is also involved in maintaining cellular homeostasis by
regulating ROS under drought stress [84].

3.7 Calcium signaling induces drought tolerance

Calcium (Ca?*) regulates various physiological and cellular processes in plants and a crucial signaling molecule in drought
tolerance. It has a great role in the perception and transduction of the overall signaling networks in plants that use calcium-
dependent signaling networks [85]. Various stresses and phytohormones, like drought and ABA are involved in changing
the cytoplasmic Ca®*oncentration [86]. Plant cellular Ca?* signaling are detected by three classes of calcium sensor
molecules; CBLs (calcineurin B-like protein), CDPK (calcium-dependent protein kinase), and CaM (calmodulin) [55]. Li
et al. [86] identified 41 CDPKs genes in the genome of diploid cotton (Gossypium raimondii) and reported that seven genes
(GhCDPK2, GhCDK3, GhCDPK11, GhCDPK14, GhCDPK16, GhCDPK28, and GhCDPK35) are found to be involved in
drought stress tolerance. CBLs interact with CBL interacting protein kinase (CIPKS) to transmit Ca?* signaling molecule.
The CBL-CIPK complex is combined with the plasma membrane [87]. GhCIPK6 gene was activated by ABA treatment,
overexpression of GhCIPKG6 in Arabidopsis thaliana significantly increased drought tolerance [88]. The Ca?* attach to EF
motifs, conformational change undergone in CaM that increase their catalytic activity or interaction with the downstream
target proteins. Calreticulin (CRT) and Calnexin (CNX) have a great contribution in calcium binding protectors of
Endoplasmic Reticulum and that responsible to regulate the folding of newly synthesized proteins [89]. The study identified
that changes in Ca?* ions concentration, transduced Ca?* signals via CDPKs, CBLs and CaMs were involved in drought
stress response.

4. BREEDING STRATEGIES FOR DROUGHT STRESS TOLERANCE
4.1 Mutation breeding

Mutation breeding is one of the most important tools for creating desirable genetic variation for crop improvement. An
important point in mutation breeding is the selection of individual plants with a target trait requires two steps: screening
and confirmation of mutants [90]. In mutation breeding, multiply number of seeds are exposed to different mutagen agents
such as gamma rays, chemicals, X-rays and grown for segregation and the plants with desirable traits of interest are selected
to grow for the next generation. Over-location trials are conducted for further selection and evaluation to introduce a new
variety [91]. Mutation breeding has been successfully applied to improve genetic variability in many crops such as
sugarcane, rice, wheat, barley, sorghum, legumes, cotton, and edible oil throughout the world [92]. Efforts have been done
to screen drought tolerant mutants more productive under drought stress conditions. Recently, mutation breeding has
regained popularity among geneticists due to the advent of various new emerging molecular approaches, such as targeted
induced local lesions in the genome (TILLING) and the utilization of AC/DC transposons for tagging genes, useful for
screening mutant populations and tagging genes with traits of interest [93]. Ten drought stress tolerant mutant lines of
sorghum were identified in Indonesia. In drought seasons, these lines have higher biomass production and yields
significantly higher than the original variety, Durra and the national check variety. Eight drought-tolerant pure soybean
lines were selected in Malaysia. Four mutant lines (GH-7, 1-209, M-220, and 60-MBB) were distributed for field evaluation
in Malaysia and the Philippines [94]. In West Africa, sorghum is also undergoing irradiation treatment and, in field trials,
some of the new mutants produced have demonstrated increases in yield of 30-50 %, higher protein content, and earlier
maturation compared to previous local cultivars. Some varieties indicated an improved tolerance to drought stress and the
new plants also maintained the important traits favored by farmers [94]. Adak and Kaynak [95] developed a mutant
populations of strawberries with the aim of enhancing water stress in strawberries using ethyl methane sulphonate (EMS)
chemical mutagenesis using tissue-cultured meristems of three cultivars of strawberry (Festival, Osmanli and Camarosa).
The result showed that water deficit tolerance lines could be obtained from the variations.
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4.2 Double Haploid (DH)

Double-haploid technique through gametic embryogenesis have emerged as an exciting tool for breeding techniques having
the advantages of shortening of the breeding cycle, high selection efficiency, production of completely homozygous lines
from heterozygous donor plants, and expression of recessive alleles suitable for breeding. Diploidization of haploid
genomes can be produced either by artificial genome doubling or spontaneous genome doubling. DH technique was found
to be efficient and effective for the fixation of important alleles that control important traits. In rice crop, it is utilized for
the development of new varieties from photosensitive rice genotypes [96]. Double haploids may prove to be a useful
technique for locating QTLs that control quantitative traits. More than 100 rice varieties have been developed in India,
South Korea, USA, China and Japan by DH technique [97]. Several evaluations on DH technology offer insight to plant
breeders in crop improvement, as it has a broader applicability in breeding and genetic research [98].

Screening haploid gametes under drought stress has proven to be an effective technique for increasing the frequency of
homozygous drought stress-tolerant genotypes [99]. It has been reported that 65 percent of the genes important for cell
structure and drought tolerance are expressed during the gametophytic stage, resulting in drought tolerance variation among
gametophytes. The undesirable haploid cells or gametes are removed from the population within a single generation
compared to field screening of plants where heterozygous plants continue to show segregation for drought tolerance in
every next generation. In vitro screening has been carried out for the screening of drought tolerant microspores. Ambrus et
al. [99] tested maize microspores for resistance to reactive oxygen species (ROS) induced by drought which reduces the
callus induction and regeneration potential. However, drought stress only allowed tolerant microspores to proliferate and to
be regenerated into complete plantlets.

4.3 Marker-assisted breeding (MAB)

Marker-based breeding is a kind of indirect selection in which the target trait is chosen based on markers rather than
phenotypic selection. It is the use of molecular biotechnology, namely, molecular markers in combination with linkage
maps and genomics, to improve genotypic assays in plants and animals. The success rate could be considerably increased
by increasing the number of markers connected with QTL [100]. The marker to be applied should be highly linked to the
gene of interest for efficient and accurate marker selection. Plant breeding and traditional genetics have both benefited from
the use of molecular markers. In earlier time, development of molecular markers, QTL mapping, and fine mapping of the
precise genes were considered difficult and time-consuming processes. However, with the emerging of next-generation
sequencing, it has made the development of molecular markers easier methods. The emerging of these molecular markers
has further facilitated the development of high-density genetic maps, which enabled the mapping of target genes. The
identification of different genetic variations for various super traits is also done using molecular markers. Moreover, they
allowed the detection of suitable parents for molecular breeding and used to identify the desirable offspring at the early
developmental stages [101].

MAB is an efficient and accurate method of breeding technique for introgression of any line and it allocates selection in
every breeding cycle for the introgression of the gene of interest in an accurate method. It has been applied in various crops
such as wheat, rice, cotton, oil, seeds, and forage species and represents an additional tool in breeding techniques for
enhancing yield and growth under a drought environment [93]. In rice, MAB has been employed in the mapping of QTLs
which control abiotic tolerance such as drought, salinity, and submergence [20]. Prince et al. [102] conducted SSR-based
QTL mapping on RIL population of rice derived from a cross of IR20 and Nootripathu for physiological and yield traits in
drought environment. Moreover, Three QTLs mapped on chromosome 1 (RM8085), chromosome 4 (112S), and on
chromosome 6 (RM6836) can be appropriately utilized to transfer into elite rice lines for stable yield production and growth
under drought stress conditions. Merchuk-Ovnat et al. [103] reported three QTLs for yield and biomass in RILs identified
from a cross of wild emmer wheat (Triticum turgidum ssp.) and durum (T. turgidum ssp.) and bread wheat (T. aestivum) on
chromosomes 1BL, 2BS and 7AS where wild emmer wheat used as source of drought resistance genotype. Li et al. (104)
evaluated 5000 inbred lines of maize from a 30 joint linkage association mapping populations using 365 SNPs for genome-
wide association, and these SNPs related with drought resistance traits, observed in 354 candidate genes in which Fifty-two
of these genes indicated significant differential expression in the inbred line B73 under water-stressed conditions.
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4.4 Genetic engineering for drought tolerance in plants

Genetic engineering techniques are one of the important tools to produce plants with enhanced abiotic stress tolerance.
Drought tolerance is predominantly controlled by various genes as well as numerous physiological and molecular
mechanisms that lead to upregulation of the expression of a number of genes in plants, which allow them to survive and
growth in stress conditions [105]. Genes which response to drought provide a presumed postulation of the stress signal
network for amplification and increasing the tolerance of plants to various abiotic stresses [106]. The technology of genetic
transformation enabled scientists to attain the transfer of a gene from one organism to others in a precise manner. That is
why scientist concern on the plant transformation to improve abiotic stress tolerance by operating the osmoprotectant
channel by narrowing the lipid peroxidation, ROS scavenging and others [107].

Multiply genes regulating the response of Pima cotton (G. barbadense) under stressed environments have been selected
from cDNA libraries [108]. These desired traits were transferred to upland cotton (G. hirsutism) through transgenic
techniques. The transfer of the target genes from Tellungiella halophile overexpressing TsVP, H+-PPase into cotton,
enhanced the overall growth and development of cotton plants than wild type. The transgenic line indicated better leaf
chlorophyll level, photosynthesis efficiency, water content, and cellular thermos-stability. The transferred gene allows
transgenic cotton to produce 51% more seed cotton than the wild type cotton [109]. Fan et al. [110] overexpressed a
CmWRKY1 transcription factor from Chrysanthemum morifolium in the chrysanthemum cultivar "Jinba."It showed that
CmWRKY1 regulates an ABA-mediated pathway by reducing the expression levels of various genes such as, PP2C, ABI1
and ABI2 which in turn increases the expression of genes such as, PYL2, SnRK2-2, ABF4, MYB2, RAB18 and DREB1A in
favorable manner. In another work, overexpression of MusaWRKY71 gene, a drought stress responsive WRKY TF gene
cloned from Musa species Karibale Monthan, was found to provide various abiotic stress tolerance in banana [111]. Cheng
et al. [112] transformed choline oxidase gene (CodA) obtained from Arthrobacter globiformis, which used in the synthesis
of glycine betaine, into potato cv “Superior” under an oxidative stress-inducible SWAP2 promoter to enhance drought stress
tolerant. The results indicated that transgenic potato plants showed expression of codA gene and an accumulation of glycine
betaine with a higher leaf water content compared to the nontransformed potato crop under water stress condition.
Transgenic development efforts done in various crops for imparting drought stress resistance have been summarized in
Table 1.

Table 1: Involvement of genes derived from various crops and their role in abiotic stress tolerance

Gene Source of gene Product of gene Target plant Target stress Reference

ABP9 Zea mays Transcription factor ~ Arabidopsis thaliana drought and salt [72]
tolerance

Amyb2A Triticum aestivum  Transcription factor ~ Arabidopsis thaliana drought, salt and [113]
cold tolerance

HvCBF4 Hordeum vulgare CBF transcription Rice drought and [114]

factor salinity tolerance
AtNHX1 Arabidopsis Vacuolar  Na+/H+ Groundnut drought and salt [115]
antiporter tolerance
OsCIPK23m  Oryza sativa CIPK Oryza sativa Drought [116]
BdCIPK31 Brachypodium CIPK Nicotiana tabacum Drought [72]
distachyon Salinity

GmCBL1 Glycin max CBL protein Arabidopsis thaliana Drought [117]
Salinity

VIDREB2A  Vigna radiata AP2-ERFBP Arabidopsis thaliana Drought [118]
Salinity

PtrABF Poncirus trifoliata ~ bZIP Nicotiana tabacum Drought [73]

TaNAC47 Triticum aestivum NAC protein Arabidopsis thaliana  Salt [119]
Cold Drought

ABF3 Talaromyces Transcription factor ~ Arabidopsis thaliana Drought [120]

purpureogenus
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ROB5 Bromegrass Late embryogenesis Solanum tuberosum  Drought, cold & [121]
abundant proteins Salinity
Hval Hordeum vulgare  Late embryogenesis Morus indica Drought & [122]
abundant proteins Salinity
GhPIP27 Gossypium Aquaporin (plasma Arabidopsis thaliana Drought [82]
hirsutum membrane intrinsic
protein)
OsCIPK23 Oryza sativa CIPK Oryza sativa Drought [116]
GmCBL1 Glycine max CBL protein Arabidopsis thaliana  Drought & [116]
Salinity
GHSP26 Gossypium Heat shock Gossypium hirsutum  Drought [123]
arboreum

4.5 Genome editing for drought tolerance

Improvement of abiotic stress tolerance in plants through targeted gene editing with the advent of high-throughput
technologies and its beneficiary use in agriculture are set as prime tasks by plant breeders at present. In recent years, a novel
gene editing method known as CRISPR/cas technology has come in front with intense popularity for its versatile nature. It
is a useful method for the efficient modification with deletion, addition, or replacement of small regions of DNA of interest.
Clustered regularly interspaced short palindromic repeats (CRISPR), a family of DNA sequence found in the genomes of
prokaryotic organism derived from bacteriophages which infected the prokaryote [124]. The endonuclease “Cas9” acts like
“molecular scissors” and cuts DNA double strands at the specific site as directed by a guide RNA. Here, the gene knockout
or substitution is carried out by the organism itself with desired traits, unlike the transgenic technique where a foreign gene
is introduced into the original organism to incorporate new traits [125].

CRISPR/Cas9 is an emerging gene editing technique that uses the cas9 protein in conjunction with guide RNA from a
complex to recognize target DNA sequences. The target DNA is cut by the Cas9 protein which consists of six domains
(RECL1, REC2, Bridge Helix, HNH, RuvC, and PAM) interacting. Nowadays, the CRISPR/cas9 technology has been used
extensively in several major crops like maize, soybean, wheat, and sorghum [126]. By using CRISPR/Cas9, numerous genes
in rice crop such as OsHAK1, OsERF922, OsPDS, TMS5, and Badh2 have been knocked out, and the results of the
phenotype have been identified [127]. Some reported on elite rice showed direct gene editing of the genotype using the
CRISPR/Cas9 technique. The gene OSERF922, which is an ERF transcription factor, was edited to enhance blast resistance
in variety Kuikul31 having a normal phenotype [79]. Japonica rice cultivar WPB106 was resistant to drought stress and
early maturity, although it was sensitive to salt stress. Its tolerance to salt has been improved by using Cas9-OsRR22-gRNA
expression vector which knocks out the OsRR22 gene. In another study in upland cotton, a CRISPR/Cas9-mediated pooled
SgRNA assembly was employed, providing a platform for sgRNA design for multiple target genes. The targeted genes,
which were linked to male sterility in cotton, were successfully edited using the CRISPR/Cas9 technique. A total of 112
plant growth-related genes were knocked out using CRISPR/Cas9 gene editing system ([128]. Chen etal. [129)]
successfully generated high-oleic and non-transgenic mutants in allotetraploid upland cotton by knockout of GhFAD2 gene
via gene editing techniques. It suggested that GhFAD2-1A/D is an important gene which determines the fatty acid
composition of cotton seed oil.

Paixao et al. [130] exploited a genetic trait ABREL, to enhance drought stress in Arabidopsis as the abscisic acid responsive
element binding protein 1/ABRE binding factor 2(ABRE1/ABF2) plays an important role in regulating drought stress
tolerance. Catalytically inactive Cas9 (dCas9) was associated with HAT or histone acetyltransferase (correlated with gene
expression) in this study. Application of CRISPR/dCas9"AT in Arabidopsis thaliana has shown improved drought stress
tolerance through the positive regulation of ABRE1 [130]. Osakabe et al. [131] utilized CRISPR/Cas9 in Arabidopsis to
introduce novel alleles of OST2 that play an important role in stomatal movement, using co-expression of Cas9 and GFP
for the improvement of water stress tolerance. High expression of OST2 in germ line cells with changed stress responses in
Arabidopsis has indicated inheritable stress tolerance enhancement in that plant [131]. Genome editing efforts done in
various crops for combating drought stress have been summarized in Table 2.
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Table 2: CRISPR/Cas9 gene editing in plants for improving abiotic stress tolerance.

Name of the plants Target gene Abiotic stress References
Arabidopsis thaliana ABRE1 drought tolerance [130]
Heynh. (Brassicaceae) OST2 drought tolerance [131]
Zea mays L. (Poaceae) ARGOS8 drought tolerance [132]
Heynh. (Brassicaceae) OST2/AHA1 drought tolerance [126]
Rice OsSRL1 drought tolerance [133]
Rice OsmiR535 drought tolerance [134]
Rice DST drought tolerance [135]
Tomato SINPR1 drought tolerance [136]
Arabidopsis thaliana AREB1 drought tolerance [130]
Tomato SIMAPK3 drought tolerance [79]
Arabidopsis thaliana MIR169a drought tolerance [137]
Arabidopsis thaliana UGT79B3 drought tolerance [137]

5. CONCLUSIVE REMARKS AND PROSPECTS

With the rapid growth of the population, climate change and drought stress are predicted to be increased in the next years,
once again challenging our ability to feed the world. Therefore, there is an international interest in increasing yield and plant
drought tolerance due to the severe decrease in crop production in the last few decades of drought. Drought response is a
complex process that triggers many changes from morphological to molecular level. The morph-physiological mechanisms
include changes in leaf anatomical structure, root architecture, and stomatal regulation. The biochemical processes are
changes in phytohormonal levels such as ABA, JA, Auxins, Ethylene, and Cytokinin. The phytohormone level of plants
increases upon drought stimulus and leads to the activation of morph-physiological and other biochemical pathways. These
signaling pathways may include MAPK signaling, calcium signaling, regulation of transcription factors, and increased
levels of antioxidant enzymes, to escape the effect of drought stress on plant species. On the other hand, scientists are also
trying to further improve these mechanisms via exogenous application of substances, plant breeding, and transgenic
approaches. Therefore, to be prepared for the upcoming food crisis, high yielding drought tolerant crops should be
developed via integrating these approaches.

Moreover, new emerging breeding techniques and biotechnologies such as genetic engineering, marker-assisted breeding
(MAB), double haploid production (DH), and gene editing technologies, particularly, CRISPR/Cas9 serve as techniques for
dissecting the mechanism of breeding in plants that give an exciting outcomes to engineer plants for the search of novel
drought resistance gene. In this regard, various technologies are available to determine the high yielding drought tolerant
mechanisms and subsequently improve these processes. New technologies containing gene editing (CRISPR), microarrays,
genomics, transcriptomics, metabolomics, next generation sequencing, and RT-PCR will enable scientists to understand
and improve drought tolerance in plants.
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CRISPR: clustered regularly interspaced short palindromic repeat; ABA: abscisic acid; SnRK2: sucrose non-fermenting 1-
linked protein kinase 2; PP2C: protein phosphatase 2C; O,—: superoxide anion radical; H,O2: hydrogen peroxide; *O;:
singlet oxygen; CAT: catalyse; SOD: super oxide dismutase; POD: peroxidase; SA: salicylic acid; gRNA: guide RNA; ROS:
reactive oxygen species; ROI: active reactive oxygen intermediates; HO+: hydroxyl radical

Data Availability
All data are included in the manuscript.
Conflict of Interest

The authors confirm that this article content has no conflict of interest.

Page | 25
Novelty Journals



https://www.noveltyjournals.com/
https://www.noveltyjournals.com/

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]
[14]
[15]
[16]

[17]

[18]
[19]

ISSN 2394-966X

International Journal of Novel Research in Life Sciences
Vol. 9, Issue 4, pp: (15-32), Month: July - August 2022, Available at: www.noveltyjournals.com

REFERENCES

Kumar A, Sharma A, Sharma R et al (2021c) Morph-physiological evaluation of Elymus semicostatus (Nees ex
Steud.) Melderis as potential donor for drought tolerance in Wheat (Triticum aestivum L.). Genet Resour Crop
Evol 69:411-430.

Kanojia A, Dijkwel PP (2018) Abiotic stress responses are governed by reactive oxygen species and age. Ann Plant
Rev: 295-326

Hanna SHS, Osborne-Lee IW, Cesaretti GP, Misso R, Khalil MT (2016) Ecological agro-ecosystem sustainable
development in relationship to other sectors in the economic system, and human ecological footprint and imprint.
Agric Sci Procedia 8:17-30.

IPCC (2014) Mitigation of climate change. Contribution of Working Group 11 to the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change 1454. Ambridge University Press, Cambridge

Field, Christopher B, and Vicente R Barros (2014). Climate change (eds) Impacts, adaptation and vulnerability:
Regional aspects. Cambridge University Press.

Stocker T eds (2014). Climate change 2014: the physical science basis: Working Group | contribution to the Fifth
assessment report of the Intergovernmental Panel on Climate Change. Cambridge university press.

Zandalinas Sl, Sales C, Beltran J, Gomez-Cadenas A and Arbona V (2017) Activation of secondary metabolism in
citrus plants is associated to sensitivity to combined drought and high temperatures. Front plant sci 7:1954.

Xiong R, Liu S, Considine MJ, Siddique KHM, Lam HM & Chen Y (2020) Root system architecture, physiological
and transcriptional traits of soybean (Glycine max L.) in response to water deficit: a review. Physiol Plant 172: 405—
418

Ayyaz A, Miao Y, Hannan F, Islam F, Zhang K, Xu J et al (2021) Drought tolerance in Brassica napusis
accompanied with enhanced antioxidative protection, photosynthetic and hormonal regulation at seedling stage.
Physiol Plant 172)2): 1129-1144.

Bano H, Athar HR, Zafar Z, Kalaji HM & Ashraf M (2021) Linking changes in chlorophyll a fluorescence with
drought stress susceptibility in mung bean (Vigna radiate L.Wilczek). Physiol Plant 172 (2) 1244-1252

Patel J & Mishra A (2021) Plant aquaporins alleviate drought tolerance in plants by modulating cellular
biochemistry, root-architecture, and photosynthesis. Physiol Plant 172(2):1026-1040.

Panda A, Rangani J & Parida AK (2021) Physiological and metabolic adjustments in the xero-halophyte
Haloxylonsalicornicum conferring drought tolerance. Physiolo Plant 172(2):1185-1207.

Osakabe Y, Osakabe K, Shinozaki K, Tran LS (2014) Response of plants to water stress. Front Plant Sci 5:86.
Osakabe Y, Osakabe K, Shinozaki K, Tran LS (2014) Response of plants to water stress. Front Plant Sci 5:86.
van der Vyver C & Peters S (2017) How do plants Deal with dry days? Front. Young Minds 5:58

Gouveia CSS, Gananca JFT, Slaski JJ, Lebot V & de Carvalho MAAP (2021) Abscisic acid phytohormone
estimation in tubers and shoots of Ipomoea batat as subjected to long drought stress using competitive immunological
assay. Physiol Plant 172:416-427.

Banziger M, Edmeades GO, Beck D, Bellon M (2000) Breeding for drought and nitrogen stress tolerance in maize:
from theory to practice, CIMMYT, Mexico, 2000,

Edmeades GO (2013) Progress in achieving and delivering drought tolerance in maize-an update, Ithaca, ISAAA

Muthu V, Abbai R, Nallathambi J, Rahman H, Ramasamy S, Kambale R, Muthurajan R (2020) Pyramiding QTLSs
controlling tolerance against drought, salinity, and submergence in rice through marker assisted breeding. PL0oS One
15:e0227421

Page | 26
Novelty Journals



https://www.noveltyjournals.com/
https://www.noveltyjournals.com/

[20]

[21]

[22]
[23]

[24]
[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

ISSN 2394-966X

International Journal of Novel Research in Life Sciences
Vol. 9, Issue 4, pp: (15-32), Month: July - August 2022, Available at: www.noveltyjournals.com

Al-Ashkar I, Alderfasi A, EI-Hendawy S, Al-Suhaibani N, El-Kafaf S, Seleiman MF (2019) Detecting salt tolerance
in doubled haploid wheat lines. Agronomy 9:211

Roy B, Noren S, Mandal AB, Basu AK (2011) Genetic engineering for abiotic stress tolerance in agricultural crops.
Biotechnol 10:1-22

Kordrostami M and Rahimi M (2015) Molecular markers in plants: concepts and applications. Genet 13:4024-4031

Fang Y, Xiong L (2015) General mechanisms of drought response and their application in drought resistance
improvement in plants. Cell Mol Life Sci 72:673-689

Luo LJ (2010) Breeding for water-saving and drought-resistance rice (WDR) in China. J Exp Bot 61(13):3509-3517.

Manavalan LP, Guttikonda SK, Phan Tran LS, Nguyen HT (2009) Physiological and molecular approaches to
improve drought resistance in soybean. Plant Cell Physiol 50 (7):1260-1276.

Fanizza G, Ricciardi L (2015) Influence of drought stress on shoot, leaf growth, leaf water potential, stomatal
resistance in wine grape genotypes (Vitis vinifera L)." VITIS-J Grapevine Res 29:371

Ullah A, Mushtag H, Fahad S, Shah A, Chaudhary HJ (2017a) Plant growth promoting potential of bacterial
endophytes in novel association with Olea ferruginea and Withania coagulans. Microbiology 86:119-127.

Igbal HMN, Kyazze G, Keshavarz T (2013) Advances in the valorization of Lignocellulosic materials by
biotechnology: an overview. Bio Resour 8:3157-3176

Xie C, Zhang R, Qu Y, Miao Z, Zhang Y, Shen X, Dong J (2012) Overexpression of MtCAS31 enhances drought
tolerance in transgenic Arabidopsis by reducing stomatal density. New Phytol 195(1):124-135.

ZhangF, Li S, Yang S, Wang L, Guo W (2015) Overexpression of a cotton annexin gene, GhAnn1, enhances drought
and salt stress tolerance in transgenic cotton. Plant Mol Biol 87 (1):47-67.

Caser M, D’Angiolillo F, Chitarra W, Lovisolo C, Rufoni B, Pistelli L, Scariot V (2016) Water deficit regimes
trigger changes in valuable physiological and phytochemical parameters in Helichrysum petiolare Hilliard & BL
Burtt. Ind Crop Prod 83:680-692.

Comas L, Becker S, Cruz VMV, Byrne PF, Dierig DA (2013) Root traits contributing to plant productivity under
drought. Front Plant Sci 4:442

Abdelraheem A, Esmaeili N, O’Connell M, Zhang J (2019) Progress and perspective on drought and salt stress
tolerance in cotton. Ind Crop Prod 130:118-129.

Yu LH, Wu SJ, Peng YS, Liu RN, Chen X, Zhao P, Xiang CB (2016) Arabidopsis EDT 1/HDG 11 improves drought
and salt tolerance in cotton and poplar and increases cotton yield in the feld. Plant Biotechnol J 14(1):72-84

Clauw P, Coppens F, De Beuf K, Dhondt S, Van Daele T, Maleux ID (2015) Leaf responses to mild drought stress
in natural variants of Arabidopsis. Plant Physiol 167 (3):800-816.

Martin PA, Michelazzo C, Torres-Ruiz JM, Flexas J, Fernandez JE, Sebastiani L, Diaz-Espejo A (2014) Regulation
of photosynthesis and stomatal and mesophyll conductance under water stress and recovery in olive trees: correlation
with gene expression of carbonic anhydrase and aquaporins. J Exp Bot 65(12):3143-3156.

Urban J, Ingwers M, McGuire MA, Teskey RO (2017) Stomatal conductance increases with rising temperature.
Plant Signal Behav 12(8):e1356534.

Ullah A, Sun H, Yang X, Zhang X (2018b) A novel cotton WRKY gene, GhWRKY6-like, improves salt tolerance
by activating the ABA signaling pathway and scavenging of reactive oxygen species. Physiol Plant 162(4):439-454.

Anjum SA, Tanveer M, Ashraf U, Hussain S, Shahzad B, Khan I, Wang L (2016) Effect of progressive drought
stress on growth, leaf gas exchange and antioxidant production in two maize cultivars. Environ Sci Pollut Res
23:17132-17141

Page | 27
Novelty Journals



https://www.noveltyjournals.com/
https://www.noveltyjournals.com/

[40]
[41]

[42]

[43]
[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]
[57]

[58]

[59]

[60]

ISSN 2394-966X

International Journal of Novel Research in Life Sciences
Vol. 9, Issue 4, pp: (15-32), Month: July - August 2022, Available at: www.noveltyjournals.com

Sah SK, Reddy KR, Li J (2016) Abscisic acid and abiotic stress tolerance in crop plants. Front Plant Sci 7:571.

Seo M, Koshiba T (2011) Transport of ABA from the site of biosynthesis to the site of action. J Plant Res 124:501—
507.

Kalladan R, Lasky JR, Chang TZ, Sharma S, Juenger TE, Verslues PE (2017) Natural variation identifies genes
affecting drought induced abscisic acid accumulation in Arabidopsis thaliana. PNAS 114:11536-11541.

Lata C, Prasad M (2011) Role of DREBSs in regulation of abiotic stress responses in plants. J Exp Bot 62:4731-4748.

Cutler SR, Rodriguez PL, Finkelstein RR, Abrams SR (2010) Abscisic acid: emergence of a core signaling network.
Annu Rev Plant Biol 61:651-679

Lim C, Baek W, Jung J, Kim JH, Lee S (2015) Function of ABA in stomatal defense against biotic and drought
stresses. Int J Mol Sci 16(7):15251-15270.

Munemasa S, Hauser F, Park J, Waadt R, Brandt B, Schroeder JI (2015) Mechanisms of abscisic acid-mediated
control of stomatal aperture. Curr Opin Plant Biol 28:154-162.

Mittler R, Blumwald E (2015) The roles of ROS and ABA in systemic acquired acclimation. Plant Cell 27(1):64—
70.

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

Dong T, Park Y, Hwang | (2015) Abscisic acid: biosynthesis, inactivation, homoeostasis and signaling. Essays
Biochem 58:29-48.

Mehrotra R, Bhalothia P, Bansal P, Basantani MK, Bharti V, Mehrotra S (2014) Abscisic acid and abiotic stress
tolerance different tiers of regulation. J Plant Physiol 171:486-496.

Arraes FBM, Beneventi MA, de Sa MEL, Paixao JFR, Albuquerque EVS, Marin SRR, Grossi-de-Sa MF (2015)
Implications of ethylene biosynthesis and signaling in soybean drought stress tolerance. BMC Plant Biol 15:213.

Muiller M, Munné-Bosch S (2015) Ethylene response factors: a key regulatory hub in hormone and stress signaling.
Plant Physiol 169 (1):32-41.

Zhang G, Chen M, Li L, Xu Z, Chen X, Guo J, Ma Y (2009) Overexpression of the soybean GmERF3 gene, an
AP2/ERF type transcription factor for increased tolerances to salt, drought, and diseases in transgenic tobacco. J Exp
Bot 60:3781-3796.

Kazan K (2013) Auxin and the integration of environmental signals into plant root development. Ann Bot 112:1655—
1665.

Ullah A, Manghwar H, Shaban M, Khan AH, Akbar A, Ali U, Ali E, Fahad S (2018a) Phytohormones enhanced
drought tolerance in plants: a coping strategy. Environ Sci Pollut Res 25(33):33103-3318.

Mano Y, Nemoto K (2012) the pathway of auxin biosynthesis in plants. J Exp Bot 63(8):2853-2872.

Kiefer M, Neve J, Kepinski S (2010) Defining auxin response contexts in plant development. Curr Opin Plant Biol
13:12-20.

Llanes A, Andrade A, Alemano S, Luna V (2016) Alterations of endogenous hormonal levels in plants under drought
and salinity. Am J Plant Sci 7:1357- 1371.

Jung H, Lee D-K, Choi YD, Kim JK (2015) OsIAA6, a member of the rice Aux/IAA gene family, is involved in
drought tolerance and tiller outgrowth. Plant Sci 236:304-312.

Saini S, Sharma I, Kaur N, Pati PK (2013) Auxin: a master regulator in plant root development. Plant Cell Rep
32(6):741-757.

Page | 28
Novelty Journals



https://www.noveltyjournals.com/
https://www.noveltyjournals.com/

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]
[75]

[76]
[77]

[78]

[79]

ISSN 2394-966X

International Journal of Novel Research in Life Sciences
Vol. 9, Issue 4, pp: (15-32), Month: July - August 2022, Available at: www.noveltyjournals.com

Lee M, Jung JH, Han DY, Seo PJ, Park WJ, Park CM (2012) Activation of a favin mono oxygenase gene YUCCA7
enhances drought resistance in Arabidopsis. Planta 235:923-938.

Zwack PJ, Rashotte AM (2015) Interactions between cytokinin signaling and abiotic stress  responses. J Exp Bot
66 (16):4863-4871.

Nishiyama R, Watanabe Y, Fujita Y, Le DT, Kojima M, Werner T, Sakakibara H (2011) Analysis of cytokinin
mutants and regulation of cytokinin metabolic genes reveals important regulatory roles of cytokinins in drought, salt
and abscisic acid responses, and abscisic acid biosynthesis. Plant Cell 23(6):2169-2183.

Sahebi M, Hanaf MM, Rafi MY, Mahmud TMM, Azizi P, Osman M, Miah G (2018) Improvement of drought
tolerance in rice (Oryza sativa L.): genetics, genomic tools, and the WRKY gene family. Biomed Res Int
2018:3158474.

Huynh LN, Van Toai T, Streeter J, Banowetz G (2005) Regulation of flooding tolerance of SAG12: ipt Arabidopsis
plants by cytokinin. J Exp Bot 56:1397-1407.

Cowan AK, Freeman M, Bjorkman PO, Nicander B, Sitbon F, Tillberg E (2005) Effects of senescence-induced
alteration in cytokinin metabolism on source sink relationships and ontogenic and stress induced transitions in
tobacco. Planta 221: 801-814.

Berriri S, Garcia AV, Dit Frey NF, Rozhon W, Pateyron S, Leonhardt N, Colcombet J (2012) Constitutively active
mitogen-activated protein kinase versions reveal functions of Arabidopsis MPK4 in pathogen defense signaling.
Plant Cell 24(10):4281-4293.

Zhang A, Zhang J, Ye N, Cao J, Tan M, Zhang J, Jiang M (2010) ZmMPKS5 is required for the NADPH oxidase-
mediated self-propagation of apoplastic H202 in brassinosteroid-induced antioxidant defense in leaves of maize. J
Exp Bot 61(15):4399-4411.

Zhu YN, Shi DQ, Ruan MB, Zhang LL, Meng ZH, Liu J, Yang WC (2013) Transcriptome analysis reveals crosstalk
of responsive genes to multiple abiotic stresses in cotton (Gossypium hirsutum L.). PLoS ONE 8(11):e80218.

Xu J, Chua NH (2012) Dehydration stress activates Arabidopsis MPKG6 to signal DCP1 phosphorylation. EMBO J
31(8):1975-1984.

Ning J, Li X, Hicks LM, Xiong L (2010) A Raf-like MAPKKK gene DSM1 mediates drought resistance through
reactive oxygen species scavenging in rice. Plant Physiol 152(2):876-890.

Zhang L, Xi D, Li S, Gao Z, Zhao S, Shi J, Guo X (2011) A cotton group C MAP kinase gene, GhMPKZ2, positively
regulates salt and drought tolerance in tobacco. Plant Mol Biol 77:17-31.

Luo J, Zhao LL, Gong SY, Sun X, Li P, Qin LX, Li XB (2011) A cotton mitogen-activated protein kinase (GhMPKG®6)
is involved in ABA-induced CAT1 expression and H,O, production. J Genet Genomics 38:557-565

Mittler R (2002) Oxidative stress, antioxidants and stress tolerance. Trends Plant Sci 7(9):405-410.

Miller GAD, Suzuki N, Ciftci-Yilmaz Sultan, Mittler R (2010) Reactive oxygen species homeostasis and signaling
during drought and salinity stresses. Plant Cell Environ 33 (4):453-467.

Foyer CH, Noctor G (2016) Stress-triggered redox signaling: what’s in prospect? Plant Cell Environ 39:951-964.

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

Choudhury FK, Rivero RM, Blumwald E, Mittler R (2017) Reactive oxygen species, abiotic stress and stress
combination. Plant J 90:856-867.

Wang X, Wang H, Liu S, Ferjani A, Li J, Yan J et al (2016) Genetic variation in ZmVPP1 contributes to drought
tolerance in maize seedlings. Nat Genet 48: 1233-1241

Page | 29
Novelty Journals



https://www.noveltyjournals.com/
https://www.noveltyjournals.com/

[80]

[81]

[82]

[83]

[84]

[85]
[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

ISSN 2394-966X

International Journal of Novel Research in Life Sciences
Vol. 9, Issue 4, pp: (15-32), Month: July - August 2022, Available at: www.noveltyjournals.com

Kwak JM, Mori IC, Pei ZM, Leonhardt N, Torres MA, Dangl JL, Schroeder JI (2003) NADPH oxidase AtrbohD
and AtrbohF genes function in ROS-dependent ABA signaling in Arabidopsis. EMBO 22:2623-2633.

Noctor G, Mhamdi A, Foyer CH (2014) The roles of reactive oxygen metabolism in drought: not so cut and dried.
Plant Physiol 164(4):1636-1648.

Zhang Z, Zhang Q, Wu J, Zheng X, Zheng S, Sun X, Lu T (2013) Gene knockout study reveals that cytosolic
ascorbate peroxidase 2 (OsAPX2) plays a critical role in growth and reproduction in rice under drought, salt and
cold stresses. PLoS ONE 8:e57472.

Sato Y, Masuta Y, Saito K, Murayama S, Ozawa K (2011) Enhanced chilling tolerance at the booting stage in rice
by transgenic overexpression of the ascorbate peroxidase gene, OsAPXa. Plant Cell Rep 30:399-406.

Chaturvedi AK, Patel MK, Mishra A, Tiwari V, Jha B (2014) The SbMT-2 gene from a halophyte confers abiotic
stress tolerance and modulates ROS scavenging in transgenic tobacco. PLoS ONE 9(10):e111379.

Tuteja N, Mahajan S (2007) Calcium signaling network in plants: an overview. Plant Signal Behav 2(2):79-85.

Li LB, Yu DW, Zhao FL, Pang CY, Song MZ, Wei HL, Yu SX (2015) Genome-wide analysis of the calcium-
dependent protein Kinase gene family in Gossypium raimondii. J Integr 14:29-41.

Tang RJ, Zhao FG, Garcia VJ, Kleist TJ, Yang L, Zhang HX, Luan S (2015) Tonoplast CBL-CIPK calcium signaling
network regulates magnesium homeostasis in Arabidopsis. PNAS 112(10):3134-3139.

He L, Yang X, Wang L, Zhu L, Zhou T, Deng J, Zhang X (2013) Molecular cloning and functional characterization
of a novel cotton CBL-interacting protein kinase gene (GhCIPKG®6) reveals its involvement in multiple abiotic stress
tolerance in transgenic plants. Biochem Biophys Res Commun 435:209-215.

Sarwat M, Ahmad P, Nabi G, Hu X (2013) Ca?* signals: the versatile decoders of environmental cues. Crit Rev
Biotechnol 33(1):97-109.

Forster BP, Shu QY (2012) Plant mutagenesis in crop improvement: basic terms and applications. In: Shu QY,
Forster BP, Nakagawa H (eds) Plant mutation breeding and biotechnology. CABI, Wallingford pp 9-20

Oladosu Y, Rafi MY, Abdullah N, Hussin G, Ramli A, Rahim HA, Usman M (2016) Principle and application of
plant mutagenesis in crop improvement: a review. Biotech Equi 30(1):1-16.

Munsamy A, Rutherford RS, Snyman SJ and Watt, MP (2015) 5-Azacytidine as a tool to induce soma clonal variants
with useful traits in sugarcane (Saccharum spp.). Plant biotechnol rep 7(4): 489-502.

Rauf S, Al-Khayri JM, Zaharieva M, Monneveux P, Khalil F (2016) Breeding Strategies to Enhance Drought
Tolerance in Crops. In: Al-Khayri J, Jain S, Johnson D (eds) Advances in Plant Breeding Strategies: Agronomic,
Abiotic and Biotic Stress Traits. Springer, Cham.

Hallajian MT (2016) Mutation Breeding and Drought Stress Tolerance in Plants. In: Hossain M., Wani S,
Bhattacharjee S, Burritt D, Tran LS (eds) Drought Stress Tolerance in Plants, Vol 2. Springer, Cham.

Adak N and Kaynak L (2020) Mutation breeding of strawberry for tolerance to water stress using ethyl methane
sulfonate. Acta Hortic. 1285:235-246.

Samantaray S, Jauhar Ali KL, Katara JL, Verma RL, Parameswaran C, Devanna BN, Kumar A, Dash B, Bhuyan SS
(2021) Doubled haploids in rice improvement: approaches, applications, and future prospects. Rice Improv 425

Siddique R (2015) Impact of different media and genotypes in improving anther culture response in rice (Oryza
sativa) in Bangladesh. Eur Sci J 11:6

Dwivedi SL, Britt AB, Tripathi L, Sharma S, Upadhyaya HD, Ortiz R (2015) Haploids: constraints and opportunities
in plant breeding. Biotechnol Adv 33:812-829

Ambrus H, Darko E, Szabo L et al (2006) In vitro microspore selection in maize anther culture with oxidative-stress
stimulators. Protoplasma 228 (1-3):87-94.
Page | 30
Novelty Journals



https://www.noveltyjournals.com/
https://www.noveltyjournals.com/

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

ISSN 2394-966X

International Journal of Novel Research in Life Sciences
Vol. 9, Issue 4, pp: (15-32), Month: July - August 2022, Available at: www.noveltyjournals.com

Singh M, Nara U, Kumar A et al (2021) Salinity tolerance mechanisms and their breeding implications. J Genet Eng
Biotechnol 19: 173.

Jiang GL (2013) Molecular markers and marker-assisted breeding in plants. Plant breeding from laboratories to felds,
pp 45-83

Prince SJ, Beena R, Michael GS, Senthivel S and Chandra BR (2015) Mapping consistent Rice (Oryza sativa L.)
yield QTLs under drought stress in target rain fed environments. Rice 8:25.

Merchuk-Ovnat L, Barak V, Fahima T, Ordon F, Lidzbarsky GA, Krugman T, Saranga Y (2016) Ancestral QTL
alleles from wild emmer wheat improve drought resistance and productivity in modern wheat cultivars. Front Plant
Sci 7:452.

Li W, Herrera-Estrella L, Tran LSP (2016) The Yin-Yang of cytokinin homeostasis and drought
acclimation/adaptation. Trends Plant Sci 21:548-550.

Senapati N, Stratonovitch P, Paul MJ, Semenov MA (2019) Drought tolerance during reproductive development is
important for increasing wheat yield potential under climate change in Europe. J Exp Bot 70 (9):2549-2560.

Liang W, Ma X, Wan P, Liu L (2018) Plant salt-tolerance mechanism: a review. Biochem Biophys Res Commun
495:286-291.

Saxena SC, Kaur H, Verma P, Petla BP, Andugula VR, Majee M (2013) Osmoprotectants: potential for crop
improvement under adverse conditions. In: Tuteja N, Gill SS (eds) Plant acclimation to environmental stress.
Springer, New York, pp 197-232.

Zhou B, Zhang L, Ullah A, Jin X, Yang X, Zhang X (2016) Identification of multiple stress responsive genes by
sequencing a normalized cDNA library from sea-land cotton (Gossypium barbadense L.). PLoS ONE 11:e0152927.

Levi A, Ovnat L, Paterson AH, Saranga Y (2009) Photosynthesis of cotton near-isogenic lines introgressed with
QTLs for productivity and drought related traits. Mol Breed 23:179-95.

Fan Q, Song A, Jiang J, Zhang T, Sun H, Wang Y et al (2016) CmWRKY1 Enhances the Dehydration Tolerance of
Chrysanthemum through the Regulation of ABA-Associated Genes. PLoS ONE 11(3): e0150572.

Shekhawat UKS, Ganapathi TR (2013) MusaWRKY71 Overexpression in Banana Plants Leads to Altered Abiotic
and Biotic Stress Responses. PLoS ONE 8(10): e75506.

Cheng, YJ, Deng, XP, Kwak, SS et al (2013) Enhanced tolerance of transgenic potato plants expressing choline
oxidase in chloroplasts against water stress. Bot Stud 54:30

Mao X, Jia D, Li A, Zhang H, Tian S, Zhang X, Jia J, Jing R (2011) Transgenic expression of TaMYB2A confers
enhanced tolerance to multiple abiotic stresses in Arabidopsis. Funct Integr Genomic 11:445.

Oh SJ, Chang-Woo Kwon CW, Dong-Woog Choi DW, Sang IK, Song SI, Kim JK (2007) Expression of barley
HvCBF4 enhances tolerance to abiotic stress in transgenic rice. Plant Biotechnol J. 5(5):646—656.

Asif MA, Zafar Y, Igbal J, Ighal MM, Rashid U, Ali GM, Arif A, Nazir F (2011) Enhanced expression of AtNHX1
in transgenic groundnut (Arachis hypogaea) improves salt and drought tolerance. Mol Biotechnol 49(3):250-256.

Yang W, Kong Z, Omo-Ikerodah E, Xu W, Li Q and Xue Y (2008) Calcineurin B-like interacting protein kinase
OsCIPK23 functions in pollination and drought stress responses in rice (Oryza sativa L.).J Genet
Genomics 35(9):531-543

Li ZY, Xu ZS, He GY, Yang GX, Chen M, Li LC and Ma YZ (2012) Overexpression of soybean GmCBL1 enhances
abiotic stress tolerance and promotes hypocotyl elongation in Arabidopsis. Biochem. Biophys. Res.
Commun 427(4): 731-736.

Chen H, Liu L, Wang L, Wang S, Cheng X (2016) VrDREB2A, a DREB-binding transcription factor from Vigna
radiata, increased drought and high-salt tolerance in transgenic Arabidopsis thaliana. J Plant Res 129(2):263-273

Page | 31
Novelty Journals



https://www.noveltyjournals.com/
https://www.noveltyjournals.com/

[119]

[120]

[121]

[122]

[123]

[124]

[125]
[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

ISSN 2394-966X

International Journal of Novel Research in Life Sciences
Vol. 9, Issue 4, pp: (15-32), Month: July - August 2022, Available at: www.noveltyjournals.com

Zhang J, Lin JE, Harris C, Pereira FCM, Wu F, Blakeslee JJ and Peer WA (2016) DAOL1 catalyzes temporal and
tissue specific oxidative inactivation of auxin in Arabidopsis thaliana. Proc Natl Acad Sci 113 (39):11010-11015.

Abdeen A, J Schnell and B Miki (2010) Transcriptome analysis reveals absence of unintended effects in drought-
tolerant transgenic plants overexpressing the transcription factor ABF3. BMC Genomics 11: 69-89.

Waterer D, Benning NT, Wu G, Luo X, Liu X, Gusta M, McHughen A and Gusta LV (2010) Evaluation of abiotic
stress tolerance of genetically modified potatoes (Solanum tuberosum cv. Desiree). Mol breed 25(3):527-540.

Checker VG, Chhibbar AK & Khurana P (2012) Stress inducible expression of barley Hval gene in transgenic
mulberry displays enhanced tolerance against drought, salinity and cold stress. Transgenic Res 21: 939-957.

Magbool A, Abbas W, Rao AQ, Irfan M, Zahur M, Bakhsh A, Riazuddin S and Husnain T (2010) Gossypium
arboreum GHSP26 enhances drought tolerance in Gossypium hirsutum. Biotechnol progress 26 (1):21-25.

Mushtag M, Bhat JA, Mir ZA, Sakina A, Ali S, Singh AK, Tyagi A, Salgotra RK, Dar AA and Bhat R (2018)
CRISPR/Cas approach: A new way of looking at plant-abiotic interactions. J Plant Physiol 224: 156-162.

Jiang F and Doudna JA (2017) CRISPR-Cas9 structures and mechanisms. Annu Rev Biophys 46:505-529.

Osakabe Y and Osakabe K (2017) Genome editing to improve abiotic stress responses in plants. Prog. Mol Biol
Transl Sci 149: 99-109.

Shao GN, Xie LH, Jiao GA, Wei XJ, Sheng ZH, Tang S (2017) CRISPR/ CAS9-mediated editing of the fragrant
gene Badh2 in rice. Chi J Rice Sci 31(2):216-222

Ramadan M, Alariqi M, Ma Y, Li Y, Liu Z, Zhang R et al (2021) Efficient CRISPR/Cas9 mediated pooled-sgRNAs
assembly accelerates targeting multiple genes related to male sterility in cotton. Plant Methods 17:16.

Chen Y, Fu M, Li H, Wang L, Liu R, Liu Z, Jin S (2021) High-oleic acid content, non-transgenic allotetraploid
cotton (Gossypium hirsutum L.) generated by knockout of GhFAD2 genes with CRISPR/Cas9 system. Plant Biotech
J 19(3):424-426.

Paixao JFR, Gillet FX, Ribeiro TP, Bournaud C, Lourengo-Tessutti IT, Noriega DD, de Melo BP, de Almeida-Engler
J and Grossi-de-Sa MF (2019) Improved drought stress tolerance in Arabidopsis by CRISPR/dCas9 fusion with a
Histone AcetylTransferase. Sci rep 9(1): 1-9.

Osakabe Y, Watanabe T, Sugano SS, Ueta R, Ishihara R, Shinozaki K, Osakabe K (2016) Optimization of
CRISPR/Cas9 genome editing to modify abiotic stress responses in plants. Sci Rep 6:26685.

Shi J, Gao H, Wang H, Lafitte HR, Archibald RL, Yang M, Hakimi SM, Mo H, Habben JE (2017). ARGOS8 variants
generated by CRISPR-Cas9 improve maize grain yield under field drought stress conditions. Plant Biotechnol J
15:207-216.

Liao S, Qin X, Luo L, Han Y, Wang X, Usman B, Nawaz G, Zhao N, Liu Y, Li (2019) CRISPR/Cas9-Induced
Mutagenesis of Semi-Rolled Leaf1,2 Confers Curled Leaf Phenotype and Drought Tolerance by Influencing Protein
Expression Patterns and ROS Scavenging in Rice (Oryza sativa L.). Agronomy 9:728.

Yue E, Cao H and Liu B (2020) OsmiR535, a potential genetic editing target for drought and salinity stress tolerance
in Oryza sativa. Plants 9(10):1337.

Kumar VS, Verma RK, Yadav SK, Yadav P, Watts A, Rao MV and Chinnusamy V (2020) CRISPR-Cas9 mediated
genome editing of drought and salt tolerance (OsDST) gene in indica mega rice cultivar MTU1010. Physiol Mol
Biol Plants 26(6):1099-1110.

Li S, Xu Y, Bi Y, Zhang B, Shen S, Jiang T and Zheng X (2019) Melatonin treatment inhibits gray mold and induces
disease resistance in cherry tomato fruit during postharvest. Postharvest Biol Technol 157: 110962.

Zhao Y, Zhang C, Liu W, Gao W, Liu C, Song G, Li WX, Mao L, Chen B, Xu Y and Li X (2016) An alternative
strategy for targeted gene replacement in plants using a dual-sgRNA/Cas9 design. Sci rep 6(1):1-11.

Page | 32
Novelty Journals



https://www.noveltyjournals.com/
https://www.noveltyjournals.com/

