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Abstract:- Drought, cold, excessive salt, and heat are key abiotic factors that limit food crop yields globally. Due to the multigenic nature
of stress tolerance, traditional plant breeding techniques to improve agricultural abiotic stress tolerance have had little effectiveness.
Molecular approaches have been employed in the last decade to study the mechanisms by which plants detect environmental cues and
transmit them to cellular machinery to trigger adaptive responses. This understanding is crucial for the development of rational
breeding and transgenic techniques to improve agricultural stress tolerance. Several genes involved with stress adaptation have been
identified as a result of research into the physiological and molecular processes of abiotic stress tolerance. Microarrays, for example,
have shown to be quite useful in establishing a list of stress-related genes. Some of these genes are exclusive to single stress, while others
are shared by several stressors. Surprisingly, many genes are involved in both abiotic and biotic stress responses. This demonstrates the
complexities of plant stress response and adaptability. Abiotic stress tolerance involves a whole gene cascade, beginning with stress
perception and progressing to transcriptional activation of downstream genes, which leads to stress adaption and tolerance. A lot of
these genes have been identified, but we do not yet have a full list of all interactions. A considerable number of genes with unknown
functions have also been discovered to be controlled by abiotic stressors. Understanding the function of these genes and their interactions
with other known genes to influence stress adaption is necessary. The new finding that microRNAs affect gene expression complicates
our knowledge of abiotic stress tolerance. A substantial amount of study will be required to discover microRNAs related to abiotic stress
response, as well as to comprehend their interaction with one another and the mechanism by which they regulate the abiotic stress
response. The advancement of next-generation sequencing technology has enabled deep sequencing of mMRNAs and microRNAs related
to the abiotic stress response. In the near future, a thorough knowledge of physiological and molecular processes, particularly signalling
cascades in response to abiotic stressors in tolerant plants, will aid in manipulating vulnerable crop plants and increasing agricultural
production.
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INTRODUCTION:

The detrimental influence of non-living forces on living organisms in a certain habitat is referred to as abiotic stress [1]. The non-
living variable must influence the environment beyond its typical range of fluctuation to have a significant negative impact on
population performance or the individual physiology of the creature [2]. The survival, biomass production, and yields of staple
food crops are significantly impacted by the primary abiotic stresses (drought, high salinity, cold, and heat) by up to 70%,
endangering global food security [3]. The most common abiotic stress that inhibits plant growth and productivity is dehydration
stress, which is brought primarily by drought, salinity, and temperature severity [4]. Understanding the main molecular pathways
for advanced selective breeding is extremely difficult since resistance to this stress is multigenic and quantitative in nature [5].
The tolerances to these pressures have only slightly improved using conventional plant breeding methods. To better understand
how stress signals are perceived and transmitted by the related molecular regulatory network, several high throughput sequencing
and functional genomics approaches are being used to elucidate the molecular processes underpinning abiotic stress tolerance in
plants [6]. For the creation of logical breeding and transgenic techniques to confer stress tolerance in crops, it is essential to
comprehend the processes by which plants receive environmental signals and further their transmission to cellular machinery to
trigger adaptive responses [7]. In the end, combining knowledge of the physiological, biochemical, and gene regulatory networks
will be crucial to design or choosing cultivars of stress-tolerant, high-yielding food crops. The most important factors limiting
plant geographical ranges on Earth are abiotic pressures such as high or low temperature, drought, and salt. Abiotic stresses
typically result in significant crop yield losses. Abiotic stressors have an impact on the worldwide agricultural production system
and jeopardize human food security.

Abiotic variables are responsible for 50% of crop output losses, according to global estimates [8]. The majority of them include
high temperature (40%), salinity (20%), drought (17%), low temperature (15%), and various types of stress [9]. Only 9% of the
world's land surface is suitable for agricultural production, while the remaining 91% is subject to numerous stressors. According
to current estimates, 120.8 million people in India are degraded owing to soil erosion, salinity/alkalinity, soil acidity, waterlogging,
and other edaphic concerns. Further significant productivity loss owing to rising detrimental impacts of abiotic stressors might be
envisaged in the context of global warming and climate change [10].

Chilling damage in plants is caused by the individual components' susceptibility to low temperatures. The essential component
that directly links plants that are vulnerable to chilling stress is cellular membrane integrity [11]. Plants that have more fatty acids
in their cell membranes may endure greater chilling or frost stress, thus there must be some changes in the classes of these
unsaturated fatty acids for plants to tolerate frost or chilling stress [12]. Under extremely low temperatures, different enzyme
levels and activity rise or decrease. Several changes in physicochemical states occur in plant cell membranes, which compensate
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for the effect of cold or frost by increasing cell membrane permeability and also create ionic and pH imbalance, eventually
lowering ATP [13].

The ability of plants to withstand cold temperatures varies greatly. Plants cultivated in tropical and subtropical climates (for
example, maize, cotton, soybean, rice, mango, tomato, and so on) are more susceptible to freezing. Plants growing in temperate
climates may withstand low temperatures, however, the degree of tolerance varies by species. Furthermore, the great freezing
resistance of these plants is not innate, as plants activate multiple physiological and biochemical systems to cope with freezing at
low temperatures, a process known as 'cold acclimation.' In one research, rye plants exposed to -5 C without prior cold
acclimatization could not survive, but when cold acclimatized at 2°C for 7-14 days, they were able to survive temperatures as low
as -30°C [14].

Plants exposed to extreme temperatures experience a variety of different alterations and responses. Adaptation to high
temperatures occurs at various time frames and plant organization levels. Long-term exposure of plants to excessively high
temperatures can result in serious harm and death. Different plant sections are impacted differently at such temperatures. The type
of injury is determined by the plant's development stage, vulnerability, and cellular activities occurring at the moment. Heat, on
the other hand, not only harms the plant at the cellular level but also impacts numerous complex processes and structures, finally
leading to the plant's death [15].

Salt stress is a serious issue in arid and semiarid locations globally, affecting agricultural productivity and crop yields. Salinity
affects around 20% of agricultural and 50% of irrigated land, reducing crop output and productivity [16]. Soil salinity can affect
seed germination by raising osmotic potential outside the seeds, preventing water intake, or by the toxic effects of Na*and CI-
ions on developing seeds [17].

Living beings are distinguished by two characteristics: cellular structure and a need for water. Even though the cellular origins of
life might be debated, particularly in light of evolutionary scientific advances, the need for water reigns supreme. If free water is
available, life forms can utilize any biological specialty, no matter how exceptional. Water is essential to plants because it performs
several key processes. Herbaceous plants hold 90% of their fresh weight in water, according to Kramer and Boyer (1995). Water
supports the turgor of plant cells, enabling respiration. Water also has various biophysical properties that make it a useful solvent
(for example, high-temperature vaporization and enhanced surface tension). Drought accounts for over half of worldwide crop
loss. Almost all farmed regions throughout the world are experiencing water scarcity. Drought stress or water scarcity is largely
unpredictable flooding, however, 'dry seasons' are foreseen in some locations.

Land flooding is caused mostly by over-irrigation, inadequate drainage, and high rainfall [18]. Waterlogging is today a major
problem, not just in locations where rainfall occurs, but also in areas where irrigation water is used. Flooding affects around 0.7
million acres in certain nations, and 60 thousand acres are always flooded due to inadequate drainage and water leakage through
water channels.

Metal transfer into roots is accelerated in corrosive soils. In greater quantities, heavy metals (iron, manganese, copper, and zinc)
can harm plant growth by affecting root development, reducing photosynthesis, and inhibiting various enzymes, which can lead
to cell damage. However, many plant species have developed genetic and physiological tolerance to thrive in ordinary metal-rich
soils or soils contaminated with higher levels of heavy metals [19].

MECHANISMS OF PHYSIOLOGICAL AND MOLECULAR ABIOTIC STRESS TOLERANCE:

¢ HOMEOSTASIS AND ION TRANSPORTATION:
According to one theory, the effect of salinity on plant growth restriction results from an osmotic effect from the ion
imbalance in the first phase and a direct influence of the ions themselves in the latter phase of mild to moderate stress
[20]. Salt-sensitive species are unable to regulate Na* transport at high salinities when ionic effects predominate over the
osmotic impact. Plant cells require high K* (100-200 mM) and low Na* (less than 10-20 mM) levels to sustain proper
metabolic processes [21]. Therefore, maintaining or fast re-establishing both osmotic and ionic homeostasis is required
for tolerance to salt stress [22].
To maintain internal osmotic and ionic equilibrium to survive in highly salinity settings, plants often use one or both of
the following strategies:
= Avoidance: Keep delicate plant tissues away from areas where salt ions are concentrated.
= Tolerance: to compartmentalize ions out of the cytoplasm of physiologically active cells, or to exclude ions
from roots [23].
The primary adaptive tolerance responses to salt stress are, in fact, the effective exclusion of excess Na* ions from
the cytoplasm and the build-up of Na* ions within vacuoles. Na* is normally excluded from the cytosol in exchange
for H* by transmembrane transport proteins [24]. This secondary transport pathway is energy-dependent and
propelled by the proton motive force produced by the plasma membrane H* ATPase. Likewise, vacuolar membrane
H* ATPase and H* pyrophosphatase proteins often carry out compartmentalization [25]. Numerous abiotic stress-
tolerant transgenic plants have been created to regulate transport activities by boosting the cellular amounts of
proteins (such as vacuolar antiporter proteins). It has been discovered that the Arabidopsis gene At SOS encodes a
plasma membrane Na*/H* antiporter (NHX) with a considerable resemblance in sequence to the corresponding
antiporter from bacteria and fungi [26]. Arabidopsis thaliana vacuolar H* translocating pyrophosphatase (AVP1) or
the vacuolar Na*/H* antiporter (NHX1) gene overexpression accelerated the pumping of Na* into the vacuole and
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raised both accumulation and tolerance to Na* [27]. By lowering the cytosolic Na* concentrations, more effective
sequestration of these ions to the vacuole may increase tissue tolerance to salt. Transgenic plants overexpressing
AtNHX1 have further proven the significance of Na* sequestration in salt tolerance [28].

¢ OSMOTIC MODIFICATIONS AND REGULATING VARIABLES:
Cellular dehydration results from intracellular water loss brought on by salt, dryness, and cold. Plants store a wide range
of organic substances, including a variety of sugars (mostly fructose and sucrose), sugar, alcohols, complex sugars (such
trehalose and fructans), organic acids, and amino acids (proline), to avoid this and safeguard the cellular proteins (oxalate,
malate) [29]. These metabolites can build up to high concentrations without disrupting intracellular biochemistry and are
also known as compatible solutes or osmoprotectants [30]. The prevention of water loss and facilitation of osmotic
adjustment is achieved by lowering the water potential inside the cell [31].
Through modifying enzymes that manufacture particular osmolytes, transgenic research has been conducted to create
tolerant genotypes [32]. Since the role of the targeted osmolytes is not limited to osmotic adjustment but also confers
osmoprotectant properties, the efficacy of this research on enhancing stress tolerance has varied [33]. Studies have shown
that osmolyte buildup offered protection by scavenging reactive oxygen species (ROS) and performing chaperone-like
tasks to maintain protein structures and functions [34]. Due to disruptions in endogenous pathways of basic metabolisms,
pleiotropic consequences such as necrosis and growth retardation were also seen. In contrast to PEG-stressed plants,
which depended on sugar build-up, salt-stressed plants appeared to utilize salt as an osmoticum, according to research
by Patade et al. (in press).
Many transgenic research have been conducted to overexpress the genes for osmoprotectants like glycine-betaine [35]
and proline [36]. Additionally, the engineering of compatible-solute overproduction has been focused on a variety of
sugars and sugar alcohols (mannitol, trehalose, Myo-inositol, and sorbitol), safeguarding the membrane and protein
complexes under stress [37]. An increasing corpus of research has focused in particular on the metabolism of trehalose
as a way of developing stress resistance in plants [38]. The yeast trehalose-6-phosphate synthase gene was used to
increase trehalose synthesis in transgenic tomatoes, which significantly increased their tolerance to salt, drought, and
oxidative stress [39]. Similar to this, transgenic plants bred to overexpress polyamines demonstrated enhanced tolerance
to a variety of abiotic stressors, including heavy metals, salt, drought, low and high temperature, and fungal disease
resistance [40]. Along with osmotolerance, osmolyte accumulation is essential for preserving cellular functions. For
instance, increased osmotolerance was achieved by overexpressing the P5CS gene in Medicago truncatula, and it also
helped to preserve nitrogen-fixing activity under osmotic stress [41]. Engineering mechanisms for the overproduction of
suitable solutes should be through stress-inducible and/or tissue-specific regulation to reduce potential negative
pleiotropic consequences as those outlined before [42].

e COLDACCLIMATIZATION:

Plants can withstand freezing temperatures or avoid them altogether, mostly by supercooling the water in their tissues.
A process known as cold acclimation allows some plant species to enhance their freezing tolerance (FT) in response to
low non-freezing temperatures (below 10°C) during a brief photoperiod [43]. When returning to a warm, non-acclimating
climate, the degree of FT gained by cold acclimation is quickly lost since it is not constant and might change periodically.
Osmotic stressors [44] and abscisic acid [45] therapy can both cause FT. Overwintering tissues exhibit a tendency to
dehydrate deliberately, which at least partially causes FT [46]. Furthermore, once development stops in response to
exposure to low temperatures, altered source-sink connections cause cellular alterations that lead to the build-up of
storage proteins, carbohydrates, and starch [47]. The failure of an Arabidopsis sucrose synthase mutant to adapt to the
cold served as evidence that sugar build-up is necessary for cold acclimation [48]. A role in osmoregulation is suggested
by a large number of sugars in cold-acclimated plants, whereas less abundant sugars may function as signaling molecules
or in cryoprotection [49].

Clarifying the physiological and molecular factors behind freezing tolerance has recently advanced. A vast number of
genes are thought to be impacted by low temperatures, making up to 25% of the transcriptome, and this is mirrored in
FT, a genetically complicated characteristic [50]. During the process of acclimating to cold temperatures, the expression
of certain ¢ cold-responsive -COR genes cause several physiological and biochemical changes, and the overall effect of
the gene products is reflected in the level of FT achieved [51]. Several signaling pathways are responsible for controlling
the activation of the COR genes when the LT stimulus is present [52]. The regulatory route involved in acclimating to
cold is most likely the CBF (C-repeat binding factor) cold response pathway seen in A. thaliana. This is accomplished
by quickly inducing CBF transcription factors in the presence of cold, which is followed by the production of the regulon
genes, which increase freezing resistance [53]. Three CBF genes, CBF1 (DREB1b), CBF2 (DREB1c), and CBF3
(DREB1a), were specifically activated in Arabidopsis within 15 min of low-temperature exposure [54]. These CBFs
represent members of the AP2/ERF (Apetala2/Ethylene response element binding factor) family of transcription factors
[55], which are closely linked to one another [56]. It interacts with the dehydration-responsive element (C-repeat) The
promoters of genes targeted by CBF contain DNA regulatory elements [57]. Many CBF regulon genes are activated by
the CBF proteins [58]. As a result, cold tolerance rises [59]. By building up low-molecular-weight cryoprotective
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metabolites such as raffinose, sucrose, and proline. In addition to the creation of cryoprotective polypeptides like
COR15a [60].

In the early phases of cold acclimation, membrane rigidification and Ca2* inflow are connected via cytoskeletal
remodeling, which is necessary for the formation of maximal FT [61]. Changes in cytosolic calcium brought on by low
temperatures are correlated with the expression of cold-responsive genes and the onset of FT. The fast cold-induced
release of calcium from both extracellular and vacuolar reserves is what causes Arabidopsis to experience a rise in
cytosolic calcium levels [62]. Active Ca2* transporters help cells' Ca2* homeostasis return to resting levels after the cold
stimulation. The induction of DREB genes is associated with calcium spikes and cold-regulated gene expression [63].
CBF1, a DREB1A homolog, was overexpressed, which improved freezing-stress resistance and boosted the expression
of cold-regulated genes (corl5a, cor6.6, and cord7) [64]. The cross-stress protective role of this gene family is
demonstrated by the increased drought and salt tolerance that resulted from DREB1A overexpression in transgenic plants
[65].

A fast influx of calcium into the cytosol is necessary for the typical cold activation of the CBF target genes KIN1 and
KIN2 in Arabidopsis [66]. Dehydrin accumulation, a protein that builds up in vegetative tissues during dehydration
stress, has been associated with the emergence of FT in both herbaceous and woody plants [67]. Recently, it was
discovered that wheat (Triticum aestivum) vernalization completion and the up-regulation of low temperature-associated
proteins are closely related [68].

e ANTIOXIDANT PROTECTION FOR ABIOTIC STRESS TOLERANCE:
Aerobic activities regularly create reactive oxygen species (ROS) in chloroplasts, mitochondria, and peroxisomes,
including singlet oxygen, hydrogen peroxide molecules, superoxide, and hydroxyl radicals [69]. The elevated levels of
ROS are frequently linked to exposure to biotic (such as pathogens or pests) and abiotic (such as high light, UV radiation,
temperature extremes, heavy metals, air pollutants, drought stress, salt stress, mechanical/physical stress) factors [70].
ROS are thought to be crucial to downstream defense/tolerance responses. Overproduction of ROS causes oxidative
damage, including cell death [71] and lipid peroxidation of membranes [72]. Plants have enzymes and non-enzymatic
metabolites that may be crucial in controlling ROS levels and preventing oxidative damage to cells [73].
In plant cells, lipid-soluble antioxidants like a-tocopherol and carotenoids, water-soluble reductants like glutathione and
ascorbate, and antioxidant enzymes like catalase, ascorbate peroxidase, and superoxide dismutase (SOD, EC 1.15.1.1)
work to counteract the negative effects of ROS [74]. In reaction to stress, several osmolytes build up in plant cells in
addition to their function in neutralizing free radicals and safeguarding enzymes [75]. Tolerating oxidative stress requires
the capacity to activate protective mechanisms, such as an increase in the activity of scavenging enzymes. By
overexpressing the enzymes involved in oxidative protection, detoxification techniques have been used in transgenic
enhancements for abiotic stress tolerances. For instance, overexpression of tobacco glutathione-S-transferase (GST) and
glutathione peroxidase (GPX) decreased oxidative damage in the stressed transgenic seedlings while heat or salt stress
treatment impaired the development of wild tobacco and enhanced lipid peroxidation [76]. Ascorbate peroxidase (APX)
and CuZn superoxide dismutase (SOD) overexpression also improved drought stress tolerance and recovery in transgenic
sweet potatoes. This resulted from a considerable rise in the expression of antioxidant enzymes, which also resulted in a
decrease in electrolyte leakage and malondialdehyde levels [77]. Antisense barley 2-cysteine peroxiredoxin sequence
also led to increased expression of APX and monodehydroascorbate reductase in Arabidopsis [78].
In transgenic Arabidopsis exposed to cold, overexpression of an alternate oxidase (AOX) gene decreased oxidative
damage [79]. Since Vitamin-E deficient Arabidopsis mutants were chilling sensitive, it was shown that Vitamin E was
another player in the defense system against oxidative stress. It was suggested that this was caused by an improper export
of photoassimilate [80].

e ABIOTIC STRESS-RELATED SIGNAL TRANSDUCTION: SPECIFICITY AND CROSS-TALK:

Abiotic stressors are multi-sensory complex stimuli (such as ionic imbalance and osmotic stress) that change the
expression of several genes. The chain of molecular reactions starts with the detection of stress and progresses through
signal transduction to the cytoplasm and nucleus, gene expression, and eventually metabolic adjustments that result in
stress tolerance. Calmodulins, calmodulin-like proteins, calcineurin B-like proteins, and calcium-dependent protein
kinases are the four main families of calcium-binding proteins that regulate the fast rise in cytosolic Ca2* levels in
response to the diverse environmental stress stimuli (CDPKSs) [81]. Signals after the Ca2* influx are suggested to be
mediated by members of the Ca2* dependent protein kinase (CDPK) gene family and are hypothesized to regulate
combinations of phosphorylation/dephosphorylation cascades [82]. There is evidence that members of the CDPK family
can stimulate ABA/stress-responsive gene expression. Tolerance to cold, salt, and drought stress has been linked to
altered Oryza sativa CDPK (OsCDPK) expression [83].

Plants exhibit both stress-specific and common responses that shield them from various environmental stresses [84].
Plants regulate gene expression in response to stress, which results in both common and unique changes in the transcript
levels of genes that respond to stress [85]. It has been noted that the gene expression caused by various pressures overlaps
[86]. Under conditions of salt, drought, and cold stress, plants everywhere seem to experience osmotic and oxidative
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stress [87]. However, osmotic stress is prevented by stress-specific and general tolerance mechanisms. For instance, ice
nuclei production must be avoided or stopped to sustain endurance during freezing-induced osmotic stress [88].

In contrast, osmotic adjustment preserves osmotic homeostasis in the case of salt stress. Two classes of transcription
factors are controlled by either abiotic stress alone (class 1) or both biotic and abiotic stimuli together (class Il) in
Arabidopsis. Abiotic stressors such as salinity, osmotic, cold, and jasmonic acid treatments had a preference for inducing
about 20 genes in the class | group. Athb-8 [89], CCAL, and DRE/CRT hinding factors induced by cold stress are some
of these transcription factors. Myb proteins, bZIP/HD-ZIPs, and proteins with the AP2/EREBP domain [90].
Additionally, Seki et al. (2002) used a full-length cDNA microarray that contained 7,000 distinct Arabidopsis cDNAs to
find target genes that are induced by cold, drought, and salinity as well as members of the transcription factor family that
are induced by stress, such as DREB, ERF, WRKY, MYB, bZIP, helix-loop-helix, and NAC. In addition to being
engaged in responses to drought specifically, ABA also interacts with responses to cold and salt stress [91].

» THE INTERPLAY OF BIOTIC AND ABIOTIC STRESS SIGNALING:
To combat biotic and abiotic stressors, plants have evolved several strategies. The molecular pathways linked
to stress tolerance have traditionally been investigated separately for each stress. As a result, our understanding
of the signaling pathways involved in both biotic and abiotic stress responses is still limited. Recent research
on chickpeas revealed that plant responses to the fungus Ascochyta blight were more comparable to high-
salinity stress than to drought and cold conditions [92]. This is supported by the fact that the R2ZR3MYB
transcription factor-encoding mybl (SIAIM1) gene from tomato (Solanum lycopersicum) was activated by
pathogens, plant hormones, salt, and oxidative stress [93]. Additionally, RNA interference-mediated SIAIM1
silencing enhanced sensitivity to salt and oxidative stress as well as susceptibility to the necrotrophic fungus
Botrytis cinerea. SIAIM1 was also expressed ectopically, resulting in enhanced salinity and oxidative stress
tolerance [94]. As a result, it was hypothesized that SIAIM1 controls a transmembrane ion flow, indicating an
early response to abiotic stress and pathogen infection, maybe before hypersensitive cell death and necrosis.
Misregulation of ion fluxes can affect plant tolerance to necrotrophic infection or abiotic stress [95]. According
to emerging data, hormone signaling pathways such as those mediated by jasmonic acid, abscisic acid, ethylene,
and salicylic acid are critical to the interaction of abiotic and biotic stress responses [96]. Several transcription
factors and kinases have been identified as key candidates for stress signaling pathway cross-talk in recent
investigations. Mitogen-activated protein kinases (MAPKS) are involved in the signaling of developmental,
hormonal, abiotic, and biotic stress [97]. The activation of MAPK cascade components by more than one form
of stress shows that MAPK cascades operate as a junction for several abiotic and biotic stress signaling
pathways. Furthermore, because the Arabidopsis genome is known to include roughly 20 MAPKs, 10
MAPKKSs, and 60 MAPKKKS, signals detected by the 60 MAPKKKSs must be conveyed via 10 MAPKKSs to
the 20 MAPKSs, opening up the possibility of crosstalk between various stress signals.
Spatial and temporal expression patterns based on cell biology analysis together with biochemical identification
of the signaling components are required to establish specificity or crosstalk of the signaling pathways [98].
Deeper knowledge of signaling pathways, specificity, and cross-talk should be focused on in the future years,
with the further development and inclusion of "omics" technologies and computational methodologies.
Currently, just a few routes and their components have been identified. Plants, on the other hand, confront and
respond to a plethora of stimuli (both biotic and abiotic) in nature.

ROLE OF MicroRNA AND OTHER NOVEL GENES IN PLANT STRESS TOLERANCE:
The discovery and functional connection of microRNAs (miRNAS) has resulted in a significant new study topic in the previously
unknown realm of non-coding RNAs [99]. MiRNASs are endogenous, short non-protein coding RNAs of 21-24 nucleotides that
have lately emerged as significant regulators of gene expression [100]. These control target gene expression by catalyzing
posttranslational gene silencing [101] or inhibition of translation [102]. MicroRNA targets include transcription factors and other
regulatory proteins involved in plant growth or signal transduction. Micro-RNA (miRNA) study has recently shown a link
between miRNAs and plant stress responses [103]. However, the connection between microRNAs and stress response is just now
being investigated. Abiotic stressors either up or down-regulate many miRNAs, suggesting that they are involved in stress-
responsive gene expression and stress adaption, influencing several cellular and physiological processes [104].
Sunkar and Zhu (2004) discovered new and abiotic stress-regulated miRNAs in Arabidopsis seedlings subjected to dehydration,
salt, or cold stress and revealed differential expression of several of the discovered miRNAs. Zhao et al. (2007) investigated the
transcript expression patterns of miRNAs in drought-stressed rice (Oryza sativa). Drought-induced expression of miR -169g and
miR 393 was verified using microarray expression profiling, which revealed that miR -169g was more abundant in roots than in
shoots. Sequence analysis indicated the presence of two proximal DREs (dehydration-responsive elements) upstream of MiR-
169q, indicating that CBF/DREBs regulate miR-169g transcript expression.
Sunkar et al. (2006) demonstrated the role of miRNA in oxidative stress responses by targeting cytosolic and chloroplastic
superoxide dismutases, which detoxify superoxide radicals. In response to oxidative stress, miR 398 transcript expression was
down-regulated, resulting in posttranscriptional accumulation of SOD mRNA and hence oxidative stress tolerance. Furthermore,
transgenic Arabidopsis plants overexpressing a miR 398-resistant variant of SOD accumulated more mRNA than ordinary plants,
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making them far more resistant to strong light, heavy metals, and other oxidative stressors. Arabidopsis has been found to
accumulate miR159 in response to ABA, drought stress, and gibberellic acid (GA), and the miRNA has been predicted to target
four MYB transcription factors [105]. Patade and Suprasanna (2010) have studied the transcript expression of mature miR159 in
sugarcane in response to short- and long-term salt and PEG-induced osmotic stress. There was no change in mature transcript
levels of miR159 in response to long-term (15 days) NaCl or iso-osmotic (-0.7 MPa) PEG stress. Short-term (up to 24 h) salt or
PEG stressors, on the other hand, raised the mature miRNA transcript level compared to the control. The gene's early activation
during the brief treatments suggests that it is involved in the regulation of genes involved in stress perception and/or signaling.
Zhou et al. (2008) created a computational transcriptome-based method for annotating stress-inducible miRNAs in plants. The
presence of numerous recognized stress-responsive cis-regulatory elements was discovered in the promoters of the miRNA genes,
which was surprising. Continued efforts are required to determine the whole range of miRNAs and other small RNAs involved in
stress regulatory pathways. The discovery and functional validation of stress-regulated short RNAs, including miRNAs, will aid
in the development of new techniques for stress tolerance [106].

ABIOTIC STRESS TOLERANCE ENHANCEMENT STRATEGIES:
Screening of various genetic backgrounds has been used in many ways for enhancing abiotic stress tolerance in a specific genetic
background. Resources, extensive crossing, and subsequent recurrent backcrossing; identification and selection of the primary
conditioning genes using linkage mapping and quantitative trait loci (QTL) analysis; mutant population creation and screening,
and transgenic insertion of new genes. Despite some success in transplanting tolerance features from wild relatives [107] into
crop cultivars, In general, relatively little success has been observed in introducing high abiotic tolerance into top germplasm
[108].
As previously stated, breeding for or inducing abiotic stress tolerance characteristics is virtually always constrained by the genetic
complexity of the underlying processes as well as possible interaction among genetic determinants. Additionally, additional
environmental conditions, plant development stage, inadequate or irreproducible selection procedures, and the logistical
restrictions of physiological screening of large breeding populations on a field scale may all influence the differential selection of
specific stress [109]. In this sense, identifying discrete chromosomal areas with a significant influence on a certain tolerance trait
by quantitative trait loci (QTL) mapping and marker-assisted selection remains a helpful alternative for many breeding efforts
[110]. This is especially true when the entire genome is unknown and no putative tolerance genes are identified.
Reliable and realistic screening approaches are necessary for the proper selection of the associated phenotype. However, the
uniformity and reliability of field-based screening may be compromised due to variability in stress throughout the site (e.g., boron
or salt level) as well as potential compounding environmental conditions (i.e. disease, rainfall, temperature). Furthermore, when
the starting material is genetically diverse, variability among genetic backgrounds may impair the capacity to correctly pick the
most superior or diverse tolerances. Alternatively, cellular-based mutant production and subsequent selection under-regulated in
vitro conditions provide a mechanism for rapidly screening large populations with homogenous backgrounds for unique
serendipitous tolerance alterations. Subsequent field screening verifies that the tolerance trait performs well in the presence of the
previously indicated external possibly mitigating circumstances. Unsurprisingly, this strategy has sparked considerable interest in
choosing abiotic stress tolerances in a variety of crop species [111].

TRANSGENIC METHODS FOR ENGINEERING TOLERANCE:

Many genes are connected to many pathways and processes, including stress sensing and signaling, and contribute to molecular,
biochemical, cellular, physiological, and morphological changes in response to plant stress [112]. Stress-sensitive sensitive genes
are those that reduce the impact of stress and lead to changes in the cellular environment and plant tolerance. The gene products
are divided into three categories: those that directly protect plant cells from stress, those that participate in signaling cascades and
transcriptional regulation, and those that participate in water and ion absorption and transport.

Engineering metabolic and stress-signaling pathways to develop stress-tolerant crops is one of the agricultural research's main
objectives [113]. Stress-inducible genes have been used in the genetic transformation to better understand their functional
involvement in the tolerance response and, eventually, to increase the tolerance trait in the target genotype [114]. By far the
majority of this research has been single-gene in nature. Transactions within well-known multigenic pathways, most of which are
engaged in signaling and regulatory pathways, or effector genes that code for enzymes that catalyze the production of structural
and functional components. When determining the effectiveness of a transformation experiment, one of the most important factors
to examine is whether the transgenic plants express a greater amount of the transgene (i.e. an osmoprotectant or a protein)
exclusively under stress circumstances [115]. Tolerance/stress-induced mechanisms may be energy and nucleic acid-demanding,
diverting important resources away from normal development processes, hence particular inducible promoters are employed rather
than constitutive promoters [116].

Transgenic rice plants containing choline oxidase (codA), d-pyrroline-5-carboxylate synthase (P5CS), LEA protein group 3
(HVAL1), alcohol dehydrogenase (ADH), and pyruvate decarboxylase (PDC) genes, for example, shown drought tolerance [117].
Potato and rice [118] modified with trehalose production genes (Yeo et al. 2000 and Garg et al. 2002, respectively) demonstrated
drought tolerance (in the case of potato) as well as salt, drought, and low-temperature stress tolerance (in the case of rice). Tobacco
plants that were transformed with ectoine production genes from the halophilic bacteria Halomonas elongate demonstrated
improved salt tolerance. Furthermore, transformation with sorbitol (Sheveleva et al. 1997) or mannitol (Shen et al. 1997) genes
led to higher osmolyte accumulation and tolerance to high salinity. Overexpression of genes encoding the enzymes pyrroline-5-
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carboxylate (P5C) synthetase (P5CS) and P5CR led to proline overproduction and improved abiotic stress tolerance [119]. P5CS
overexpression in transgenic tobacco increased seedling germination and growth under salt stress. Transgenic petunia plants
transformed with the Arabidopsis P5CS gene were more drought resistant than control plants [120].

Another technique for improving drought, salt, and freezing tolerance are to increase glycine betaine (GB) production in transgenic
plants by employing genes that encode for enzymes (choline monooxygenase, betaine aldehyde dehydrogenase, and choline
oxidase) in GB biosynthesis [121]. Transgenic rice plants expressing the codA (choline oxidase) gene developed normally after
recovering from an early growth inhibition caused by salt and low-temperature stress [122]. Other plants that have been genetically
modified for salt, drought, cold, and heat tolerance via GBS accumulation include: A. Brassica napus, Brassica juncea, Gossypium
hirsutum, Lycopersicon esculentum, Nicotiana tabacum, Solanum tuberosum, and Zea mays are all members of the Brassica genus
[123].

Trehalose is a non-reducing disaccharide that acts as an osmoprotectant [124]. Transgenic plants overexpressing trehalose
biosynthesis genes showed enhanced tolerance to a variety of abiotic stressors [125]. To provide tolerance to various abiotic
conditions, a stress-inducible promoter was used to overexpress Escherichia coli trehalose biosynthetic genes (otsA and otsB) as
a fusion gene (TPSP) in rice [126]. The TPSP fusion gene is useful in that both genes may be introduced into the rice genome at
the same time, resulting in enhanced catalytic efficiency for trehalose production [127].

Other osmolytes, including mannitol, fructans, ononitol, proline, glycine betaine, and ectoine, have shown promise in genetic
engineering attempts for producing resistant genotypes [128]. Overproduction of suitable solutes should be done under stress-
inducible and/or tissue-specific control to prevent burdening the plant's metabolic machinery and perhaps reducing pleiotropic
benefits. Furthermore, the production of osmolytes should be directed toward the chloroplast by inserting a signal sequence in
front of the engineered enzymes [129].

Abiotic stress, as previously stated, causes a rise in reactive oxygen species, which may be harmful to normal cellular activities.
As a result, multiple oxidative-stress-related genes have been used to create transgenic plants that are resistant to a variety of
pressures [130]. Transgenic tobacco plants overexpressing chloroplastic Cu/zZn-SOD, for example, demonstrated improved
tolerance to oxidative stress produced by salt exposure [131]. Transgenic alfalfa (Medicago sativa) plants expressing Mn-SOD
displayed less water-deficit stress damage, as measured by chlorophyll fluorescence, electrolyte leakage, and regrowth [132].
Simultaneous expression of three antioxidant enzyme genes: The presence of copper-zinc superoxide dismutase, ascorbate
peroxidase, and dehydroascorbate reductase in tobacco chloroplasts imparted increased tolerance to oxidative stressors produced
by paraquat and salt [133]. Similarly, AtNDPK2 overexpression effectively regulated oxidative stress. Sweet potato stress
produced by diverse environmental pressures is reduced by increased antioxidant enzyme activities such as peroxidase, ascorbate
peroxidase, and catalase [134]. Thus, targeting detoxification pathways as a strategy for getting plants with diverse stress-tolerance
features appears promising.

Transgenic modification of detoxification pathways by overexpression of oxidative protection genes like glutathione peroxidase,
superoxide dismutase, ascorbate peroxidases, and glutathione reductases is a current topic of research. Nicotiana PK1 gene
(regulatory protein NPK1) constitutive expression improved freeze, heat, and salinity tolerance in transgenic maize plants [135].
Shou et al. (2004a) found that constitutively expressing a tobacco MAPKKK (NPK1) in maize improved drought tolerance. The
transgenic maize plants retained considerably greater rates of photosynthesis, suggesting that NPK1 generated a mechanism that
protected photosynthesis machinery from dehydration damage.

To sustain normal metabolic activity under salt stress, tolerant plant cells must maintain high K* (100-200 mM) and low Na* (less
than 1 mM) levels. Helping plants re-establish homeostasis in harsh settings, restoring both ionic and osmotic equilibrium, is
essential for increasing resistance to salt stress. This concept remains a key effort to improve salt tolerance in plants by genetic
engineering, to achieve Na* excretion or vacuolar storage. A variety of abiotic stress-tolerant transgenic plants have been created
by raising the cellular levels of proteins that affect transport processes (such as vacuolar antiporter proteins). For example,
Arabidopsis AtSOS has been revealed to encode a plasma membrane Na* /H*antiporter (NHX) with strong sequence similarities
to bacteria and fungal antiporters [136]. In Arabidopsis, constitutive activation of the vacuolar Na*/H* antiporter (NHX1) or AVP1
(A. thaliana vacuolar H* translocating pyrophosphatase) gene accelerated the pumping of Na* into the vacuole and enhanced both
accumulation and Na* tolerance [137]. By lowering cytosolic Na* concentrations, more effective sequestration of these ions to
the vacuole might increase tissue tolerance to salt. The significance of Na* sequestration in salt tolerance has been proven further
in transgenic tomato plants overexpressing the AtNHX1 gene [138]. In addition, a vacuolar chloride channel gene, AtCLCd,
implicated in cation detoxification, has been cloned and demonstrated to confer salt tolerance in Arabidopsis. The Salt Overly
Sensitive 1 (SOS1) gene was upregulated in Arabidopsis, resulting in a higher proton motive force required for enhanced Na* /H*
antiporter activity [139].

In addition to the single gene strategy, multiple stress tolerance can be accomplished by targeting a stress-inducible signal
transduction molecule and/or transcription factor [140]. Transcription factors are vital in the development of stress tolerance,
which eventually benefits agricultural and environmental operations [141]. The plant's reaction to abiotic stress is mediated by a
wide number of transcription factors [142]. The majority of them are members of big transcription factor families such as
AP2/ERF, bZIP, NAC, MYB, MYC, Cys2His2 zinc-finger, and WRKY. As a consequence, overexpression of the functionally
conserved At-DBF2 gene resulted in Arabidopsis exhibiting a broad and high level of multiple stress tolerance [143].
Overexpression of the calcineurin gene, a Ca 2+/calmodulin-dependent protein phosphatase gene formally recognized as being
involved in salt-stress signal transduction in yeast, resulted in salt-stress-tolerant tobacco plants [144].
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Some stress-responsive genes may share transcription factors, as seen by the considerable overlap in gene expression patterns
caused by drought and cold stress [145]. Transgenic plants have been able to activate stress-induced genes by overexpressing one
or more transcription factors that identify regulatory regions of these genes. The transcription factor DREB1A uniquely interacts
with the DRE in Arabidopsis and stimulates the expression of stress tolerance genes [146]. Through robust constitutive expression
of the stress-inducible genes, CaMV 35S promoter-driven overexpression of DREB1A cDNA in transgenic Arabidopsis plants
afforded resistance to salt, cold, and drought stress [147].
The transcription factors involved in the ABA-dependent (such as NAC, AREB / ABF, and MYB) and ABA-independent (AP2 /
ERF gene) stress response pathways control a cascade of downstream genes and events that improve drought tolerance.
Transforming crops with such transcription factor genes should have a greater impact on drought tolerance development [148].
Overexpression of Arabidopsis CBF1 (CRT / DRE) cDNA in tomatoes increased tolerance to salt, cold, and drought stress;
nevertheless, the plants had a dwarf phenotype and had a lower fruit set and seed quantity [149]. Alfinl (transcriptional regulator)
overexpression in alfalfa plants resulted in salt tolerance via controlled endogenous MsPRP2 (NaCl-inducible gene) mRNA levels
[150].

TRANSGENIC APPROACHES IN THE FUTURE:
Changing the expression levels of native genes or integrating foreign genes for osmolytes, ion transporters, transcription factors,
and other signaling molecules is the current plant genetic engineering technique for producing salt-stress-tolerant transgenic
plants. The development of global transcription profiling has revealed that many more genes are concurrently up and down-
regulated in response to salt stress. This second group of genes produces proteins involved in the control of transcriptional and
translational machinery, each of which has a unique function in modulating the salt stress response. The coordinated induction
and activation of many RNA binding proteins, ribosomal genes, helicases, cyclophilins, F-box proteins, dynamin-like proteins,
translation initiation, and elongation factors appear to be involved in salt stress tolerance. The cellular functioning of these genes
should also be explored to determine their suitability for targeted transgenic techniques [151].
The assessment of genetically altered salt tolerant transgenic lines necessitates critical, rigorous, and exhaustive testing [152].
Under regulated saline and non-saline treatment circumstances, fourth or fifth-generation genotypes should be examined alongside
parental (wild-type) lines. Validation should not end in the laboratory or greenhouse, because quantitative growth measurements
are required throughout the plant's life cycle in the field.

CONCLUSIONS AND FUTURE PROSPECTS:

Significant progress has been made in our knowledge of the complicated processes driving abiotic stress tolerance in agricultural
plants during the last decade. However, we are still a long way from pinpointing the exact set of genes responsible for tolerance
to a certain abiotic stress scenario. This scenario is compounded by the fact that plants must deal with several biotic and abiotic
stimuli at the same time. Our quest to comprehend these complicated pathways is continuing, and the recent advent of new
technologies for high-throughput genotyping and phenotyping provides us with new hope. In the near future, a thorough
understanding of physiological and molecular mechanisms, particularly signaling cascades in response to abiotic stressors on
plants, will aid in manipulating vulnerable crop plants and increasing agricultural productivity.
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