


Physiological and Biochemical Mechanisms of Drought Tolerance in Plants: A Review

ABSTRACT
[bookmark: _GoBack]One major environmental factor limiting plant productivity is water scarcity. Drought stress affects plant water relations at the cellular, tissue, and organ levels, eliciting both specific and nonspecific responses, as well as causing damage and triggering adaptive mechanisms. Tolerant plants initiate multiple defense mechanisms against water deficit in order to cope with drought. i.e. biochemical and physiological processes. The main morpho-physiological mechanisms include smaller, succulent leaves to lessen transpirational loss, improved water uptake with profuse and deep root systems and its efficient use, and reduced water loss through increased diffusive resistance. Osmotic adjustment enhances the gradient for water influx and supports turgor maintenance by lowering the cell’s osmotic potential. Low-molecular-weight osmolytes, including glycine betaine, proline, other amino acids, organic acids, and polyols, play a crucial role in sustaining cellular functions under drought conditions. Other essential mechanisms of drought tolerance include the expression of stress proteins, cell membrane stability, and the enzymatic and non-enzymatic antioxidants. Enzymatic antioxidants—such as superoxide dismutase, catalase, peroxidase, ascorbate peroxidase, and glutathione reductase—play a pivotal role in the detoxification of reactive oxygen species (ROS). Non-enzymatic antioxidants such as ascorbic acid, reduced glutathione, cysteine, and carotenoids also contribute to ROS scavenging and protection of cellular structures. Phytohormones and plant growth regulators are also integral in modulating plant physiological responses to drought stress.
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Introduction 
Stress can be defined as any combination of soil and climatic conditions that constrains a plant’s capacity to grow, develop, and reproduce, thereby limiting the expression of its full genetic potential. These abiotic stresses, together with biotic stresses, largely account for the disparity observed between the theoretical yield potential and the actual production achieved in agriculturally important crops, as they exert substantial effects on both productivity and crop quality. Environmental stressors encompass a broad spectrum of factors, including elevated temperatures, drought, high salinity, anoxic or hypoxic soil conditions, ozone exposure, and heavy metal toxicity. In Mediterranean agroecosystems, specific stress factors such as drought, salt stress, and low temperatures during early spring are particularly detrimental to crop performance. Moreover, ongoing climate change is expected to exacerbate these challenges: increasing drought frequency, more unpredictable rainfall patterns, and elevated evapotranspiration rates due to rising temperatures are predicted to intensify both the onset and severity of these stressful events, posing significant challenges for future agricultural productivity. 
Tolerant plants initiate various defense mechanisms against water deficit in order to cope with the drought i.e Biochemical, molecular, and physiological processes (Farooq et al., 2009). Soil water deficit diminishes crop yield through three principal mechanisms: (i) reduced canopy absorption of photosynthetically active radiation, (ii) lowered radiation-use efficiency, and (iii) a decreased harvest index. Given the shifting conditions, it is essential to increase crops' resistance to drought. There are currently no technologically feasible ways to increase crop productivity during drought. Nonetheless, creating crop plants that can withstand drought stress may be a viable strategy that aids in satisfying the demand for food. Among other things, understanding physiological mechanisms and genetic control of the contributing traits at various plant developmental stages is necessary for developing crops with improved resistance to drought. 
Drought tolerance mechanisms:
Under drought stress, plants induce a variety of morphological, biochemical, and physiological responses in order to adapt to and survive. The capacity to develop and produce economically in the face of less than ideal water availability is known as drought tolerance. Plants' water relations are impacted by drought stress at the cellular, tissue, and organ levels, resulting in both specific and non-specific reactions, damage, and adaptation (Beck et al., 2007). Tolerant plants start water-deficit defense mechanisms to deal with the drought; these mechanisms require more research. Drought tolerance mechanisms at various levels include the following: 

1) Morpho -physiological mechanisms:
Plant drought tolerance encompasses changes occurring at multiple levels, including whole-plant architecture, tissue organisation, physiological processes, and molecular regulation. The ability of a plant to survive with a limited supply of moisture is determined by the manifestation of one or more inherent changes. Below is a description of the different morphological mechanisms that are at work during drought. 
Morphological mechanisms:
a) Escape
A shortened life cycle or growing season, which enables plants to procreate before the environment dries out, is how drought is avoided. Given that drought can result from a short life cycle, flowering time is a crucial characteristic associated with drought adaptation. The ability of the crop to withstand climatic stresses, such as drought, is determined by crop duration, which is influenced by both genotype and environment. Achieving a high seed yield requires matching plant growth duration to soil moisture availability. When the growing season is shortened and terminal drought stress is more prevalent, phonological development can be effectively synchronized with times when soil moisture is available, leading to drought escape (Araus et al., 2002). Time of flowering is a key characteristic of a crop's environmental adaptation, especially when high temperatures and terminal drought limit the growing season. Early maturity enables the crop to escape periods of environmental stress; consequently, the development of short-duration varieties has emerged as an effective strategy for reducing yield losses associated with terminal drought. By completing their life cycle before the onset of severe water deficit, such varieties are better able to maintain productivity under drought-prone conditions. However, under optimal growing environments, crop yield is often positively associated with the duration of the crop cycle. Therefore, any reduction in crop duration below the optimum threshold may impose constraints on yield potential, as the shortened growth period can limit the time available for biomass accumulation and reproductive development. 

b) Avoidance
Mechanisms for drought avoidance include stomatal control of transpiration, which minimizes water loss from plants, and a large and productive root system, which maintains water uptake. The primary drought-avoidance characteristics that influence final yield in terminal drought environments are root characteristics like biomass, length, density, and depth (Turner et al., 2001). Water can be extracted from significant depths with the aid of a thick, deep root system. Glaucousness, or the presence of a waxy bloom on leaf surfaces, is widely considered a desirable morphological trait associated with drought tolerance, as it contributes to the maintenance of higher tissue water potential under water-limited conditions. The waxy layer reduces non-stomatal water loss and may enhance the plant’s capacity to conserve moisture during periods of environmental stress. Studies in wheat have demonstrated that variation in the degree of glaucousness can lead to improvements in water-use efficiency. However, these differences in waxiness have not been found to significantly influence the harvest index or the total amount of water utilised by the crop. 
c) Phenotypic ﬂexibility
Water scarcity exerts a profound influence on plant growth, with shoots and roots representing the primary morphological components affected by drought and central to a plant’s adaptive response. Under drought stress, plants commonly reduce leaf number and area to conserve water, even at the potential cost of decreased yield. As roots constitute the sole pathway for water uptake from the soil, their size, growth rate, density, and proliferation represent critical adaptive responses to water deficit. It has long been observed that plants with small leaves predominantly inhabit xeric environments; despite their reduced growth rates and overall biomass, such plants exhibit remarkable drought resilience. An example of a xeromorphic trait that helps shield leaves from excessive heat stress is leaf pubescence. Reduced transpiration and leaf temperatures are characteristics of hairy leaves, though there is variation in their presence both within and between species (Zahedi et al., 2025). 
 Hairiness increases light reflectance and reduces water loss under high temperature and radiation stress by strengthening the boundary layer's resistance to water vapor movement away from the leaf surface. Despite the fact that drought stress causes trichomes to form on both sides of wheat leaves, this did not significantly affect the resistance of the boundary layer. In mature stems treated with drought, the water potential decreased by -0.25 MPa and the water content decreased by 4%. It has been demonstrated that developing Hylocereus undatus stems were able to sustain growth during drought conditions due to an active phloem supply of assimilates and related water reserves from mature stems (Nerd and Neumann, 2004). Additionally, girdling the phloem of developing stems quickly prevented the stems from elongating, but during drought, the secretion of nectar that contained sucrose was preserved. 
Axial hydraulic conductivity was observed to be minimal or virtually absent, and the gradient of water potential was oriented in a direction opposite to that required for effective xylem-mediated transport from mature stem tissues to the younger, actively growing stems. This indicates that the physiological conditions necessary for upward water movement through the xylem pathway were not adequately established between mature and developing stem regions. Consequently, the findings suggest that xylem transport from older to younger stem tissues was unlikely to occur under these conditions, highlighting potential limitations in internal water redistribution within the plant (Nerd and Neumann, 2004). The most important plant organ for drought adaptation is the root system. The principal source of variation appears to lie in constitutive differences in root system architecture, which enable certain genotypes to maintain a more favourable plant water status under conditions of water deficit. When drought tolerance is defined as the capacity to sustain leaf area development and growth during prolonged stress at the vegetative stage, such inherent architectural characteristics of the root system become particularly significant. A well-developed root system can enhance the plant’s ability to extract soil moisture, thereby mitigating the adverse effects of limited water availability. In the case of upland rice, its capacity to withstand drought has been widely attributed to the presence of a deep and vigorous root system, which facilitates access to water reserves located in deeper soil layers (Kavar et al., 2007). The most effective method for drawing water during the crop-growing season is determined by the distribution and structure of roots rather than their quantity. Research examining the influence of wheat shoot dwarfing gene alleles on root–shoot dry matter partitioning and drought tolerance has demonstrated that cultivars possessing the gibberellin-insensitive dwarfing genes reduced height gene 1 (Rht1) and reduced height gene 2 (Rht2) exhibit greater susceptibility to drought stress compared with tall cultivars lacking these dwarfing alleles. This increased vulnerability is associated with alterations in biomass allocation between root and shoot systems, which may limit the capacity of such cultivars to maintain adequate water uptake under conditions of moisture deficit (Farooq et al., 2009). 
The semi-dwarfing genes reduced height gene 1 (Rht1) and reduced height gene 2 (Rht2) enhance root biomass at anthesis by directing surplus assimilates, generated from restricted stem elongation, towards the thickening of existing roots. However, this enhanced assimilate availability for root development did not translate into deeper or more extensive root systems, indicating that the increase in biomass was largely confined to root thickening rather than elongation or proliferation. Additionally, variations in the adaptive response of root distribution to soil drying have been noted (Liu et al., 2004). By shortening their growth period, plants can avoid drought stress. They can also prevent the stress by maintaining a high tissue water potential, which can be achieved by either improving water uptake or minimizing plant water loss, or both. Certain plants may produce smaller leaves or shed their leaves, which would decrease their surface area. 
Phenotypic changes in leaf
· Leaf area:  
· Reducing cell division and expansion:
· Cell expansion is more sensitive.
· Reduced expansion reduces leaf area results in small leaves.
· Thin boundary layer permits the transfer of heat from leaf to air.
· Less  transpiration  and conservation of water.
· Altering leaf shape:
· Narrower leaves
· Leaves with deeper lobes
· Senescence and abscission
· leaf orientation: 
· Paraheliotropic: Away from the sun
· Diaheloitropic:  Perpendicular to sun 
· Leaf rolling and wilting
· Cuticular wax: Thick cuticle will be significant under extreme conditions (5-10%).
d) Root Characteristics:
In addition to above-ground traits, deep-rooted cultivars have demonstrated a clear yield advantage under conditions of water stress. Enhanced root development under drought serves as a complementary strategy to stomatal regulation, enabling plants to access a larger soil volume and extract greater amounts of water through a deeper and more extensive root system. Reducing leaf expansion lowers energy and carbon consumption. As a result, the root system receives a larger percentage of assimilation (Shoaib et al., 2022). 
Physiological mechanisms:
The primary mechanisms underpinning drought tolerance include osmotic adjustment, osmoprotection, antioxidation, and reactive oxygen species (ROS) scavenging systems. However, the physiological basis of genetic variation in drought responses remains incompletely understood, likely reflecting the involvement of additional, more complex mechanisms. The following sections provide an overview of several key processes contributing to drought adaptation (Haghpanah et al., 2024). 
a) Cell and tissue water conservation: 
Measuring leaf water potential in faba beans has proven valuable for evaluating the physiological effects of drought; however, it alone is insufficient for reliably distinguishing drought-sensitive genotypes from tolerant ones. This observation indicates that drought tolerance cannot be attributed solely to water potential (Riccardi et al., 2001). Conversely, other studies have suggested that assessing leaf water status in the morning, combined with measurements of leaf water content in the afternoon, may provide a more informative assessment of drought tolerance in chickpeas.
Osmotic adjustment plays a key role in maintaining cell turgor under water deficit by lowering the osmotic potential, thereby increasing the gradient for water influx into cells. Modifications of cell wall elasticity, together with osmotic adjustment, can improve tissue water status, which is essential for sustaining physiological function during prolonged periods of drought. Under conditions of severe water limitation, wild melon (Citrullus lanatus var. citroides) has demonstrated the capacity to survive by maintaining leaf water content without visible wilting.
Exposure to high light intensity in combination with drought stress in wild watermelon led to marked accumulation of citrulline, glutamate, and arginine within the leaves. This biochemical response may be linked to the upregulation of the dopamine receptor interacting protein 1 gene, a homologue of the acetylornithine deacetylase gene in Escherichia coli, which facilitates the incorporation of the glutamate carbon skeleton into the urea cycle. This metabolic pathway likely underpins the observed increases in citrulline and arginine concentrations, contributing to osmotic regulation and drought tolerance mechanisms (Yokota et al., 2002; Farooq et al., 2009).
This integration of physiological and biochemical strategies highlights the complexity of drought tolerance, indicating that effective adaptation involves not only the maintenance of water potential but also dynamic cellular osmotic and metabolic adjustments.
Osmotic adjustment, abscisic acid (ABA) signalling, and the induction of dehydrins are among the key physiological mechanisms that confer tolerance to drought stress by helping to maintain high tissue water potential (Turner et al., 2001). Osmotic adjustment operates through the accumulation of solutes within the cell, which lowers the osmotic potential and facilitates water influx, thereby supporting the maintenance of turgor. The ability to preserve turgor despite reductions in leaf water content is particularly evident in species with elastic cell walls, consistent with earlier observations on drought-adapted plants. By actively concentrating solutes in the cytoplasm, osmotic adjustment mitigates the detrimental effects of water deficit by sustaining cellular water balance. As noted by Taiz and Zeiger (2006), this mechanism constitutes a critical adaptive response in water-limited environments, enabling cells to retain turgor, protect essential physiological functions, and reduce dehydration-induced damage.

b) Cell membrane stability
Many abiotic stressors initially target biological membranes. It is widely acknowledged that a key element of plant drought tolerance is the preservation of membrane integrity and stability under water stress. A physiological metric that is frequently used to assess drought tolerance is cell membrane stability, which is inversely correlated with cell membrane damage. Furthermore, as quantitative trait loci (QTLs) associated with this trait have been identified in drought-stressed rice across multiple growth stages, osmotic adjustment can be considered a genetically governed phenomenon. When Kentucky blue grass was subjected to both heat stress and drought at the same time, cell membrane stability quickly decreased. K nutrition increased drought tolerance in a maize study, primarily because it increased cell membrane stability (Meena & Nirmaljit, 2019). 
Drought tolerance, measured as an increase in cell membrane stability under water-deficient conditions, varied among cultivars and showed a strong correlation with a decrease in relative growth rate under stress. Osmotic adjustment was found to be negatively correlated with variations in root growth capacity, stomatal regulation, and cell membrane stability. While the precise mechanisms underlying membrane disruption remain unclear, a reduction in cellular volume leads to molecular crowding and increases the viscosity of cytoplasmic components, potentially compromising membrane integrity (Farooq et al., 2009). This raises the possibility of molecular interactions leading to membrane fusion and protein denaturation. Numerous substances that can stop these harmful molecular interactions have been found for model membrane and protein systems. These include fructans, polyols, trehalose, sucrose, oligosaccharides, proline, glutamate, glycine betaine, carnitine, mannitol, and sorbitol. Arabidopsis leaf membranes exhibited remarkable resilience to water deficit, as indicated by their capacity to preserve polar lipid content and maintain compositional stability even under severe drought conditions. An additional factor contributing to ion leakage from the cell may be the heat-induced inhibition of membrane-bound enzymes that are essential for sustaining intracellular chemical gradients (Bashir et al., 2021; Farooq et al., 2009). 
2) Biochemical mechanisms:
a) Compatible solutes and osmotic adjustment:
The overproduction of diverse compatible organic solutes represents one of the most widespread strategies for stress tolerance in plants (Fang and  Xiong, 2015). Low-molecular-weight, highly soluble substances that are typically nontoxic even at high cytosolic concentrations are known as compatible solutes. Generally speaking, they shield plants from stress in a variety of ways, including osmotic adjustment, reactive oxygen species detoxification, membrane stabilization, and native protein and enzyme structures. Under osmotic stress, osmotic adjustment is a mechanism that keeps water relations stable. During this process, a range of osmotically active molecules and ions—including soluble sugars, sugar alcohols, proline, glycine betaine, organic acids, and ions such as calcium, potassium, and chloride—accumulate within cells. The accumulation of these solutes lowers the cell’s osmotic potential under water-deficit conditions, facilitating water influx and thereby supporting turgor maintenance (Bahadur et al., 2011). 
Osmotic adjustment enables organelles and cytoplasmic processes to continue functioning at near-normal rates under water deficit, thereby supporting plant growth, photosynthesis, and the efficient partitioning of assimilates to developing grains. It has been proposed as a key mechanism for delaying the onset of dehydration stress in water-limited environments. However, the relationship between osmotic adjustment and crop yield remains debated. Serraj and Sinclair (2002) reported that osmotic adjustment did not directly increase crop yield, indicating that additional research is required to clarify its agronomic significance.
As noted earlier, osmotic adjustment is largely mediated through the accumulation of compatible solutes, with proline being among the most important cytosolic osmolytes. Proline accumulation is a widespread response observed in higher plants, algae, animals, and bacteria under conditions of low water potential. Similarly, glycine betaine accumulates in leaves under water deficit, a process facilitated by enhanced biosynthesis combined with slow mitochondrial oxidation. These compatible solutes serve multiple physiological functions: stabilising macromolecules, acting as sinks for excess reductant, and storing carbon and nitrogen for use once water availability is restored.
Empirical studies support the role of these solutes in drought tolerance. For example, proline levels increased in pea cultivars subjected to drought stress, and drought-tolerant varieties of Petunia hybrida accumulated free proline, which acted as an osmoprotectant and contributed to enhanced stress tolerance (Yamada et al., 2005). Glycine betaine (N,N,N-trimethylglycine), one of the most extensively studied quaternary ammonium compounds, similarly functions as a compatible solute across plants, bacteria, and animals, providing osmotic protection and supporting cellular homeostasis under conditions of low water potential.
This evidence collectively highlights the central role of compatible solutes in osmotic adjustment and underscores their importance in mitigating the physiological impacts of drought stress.

Numerous studies show that glycinebetaine is crucial for improving plant resistance to a variety of abiotic stressors, such as drought. Tolerance to a variety of abiotic stressors was successfully increased by introducing genes that synthesize glycinebetaine into non-accumulators of the substance. Beyond its direct protective roles, including osmoprotection and the maintenance of enzyme and membrane integrity, glycine betaine may also confer indirect protection against environmental stress by participating in signal transduction pathways. Citrulline is an amino acid that is named after the watermelon's Latin name, Citrullus, from which it was extracted. Citrulline is known to be present in a number of proteins, despite not being incorporated into them during their synthesis and not being encoded by a nuclear gene. 
Yokota et al. (2002) reported substantial accumulation of citrulline in wild watermelon leaves, noting that citrulline is predominantly cytosolic and constitutes approximately 5% of the total volume of mesophyll cells. Among the compatible solutes investigated to date, citrulline has emerged as a highly effective osmoprotectant and a novel hydroxyl radical scavenger. Under drought stress, a signal transduction pathway is initiated that stimulates γ-aminobutyric acid (GABA) synthesis through the activation of Ca²⁺/calmodulin-dependent glutamate decarboxylase, driven by elevated cytosolic Ca²⁺ levels. The accumulation of γ-aminobutyric acid is the main result of glutamate decarboxylase activity being stimulated by elevated H+ and substrate levels. γ-aminobutyric acid has been shown to play a role in pH regulation, nitrogen storage, plant development and defense, as well as serving as a suitable osmolyte and an alternate glutamate utilization pathway. Proline levels were over 50% following drought stress, and by the time recovery was complete, γ-aminobutyric acid levels had dropped to 27%. In essence, plants can withstand drought stress by sustaining their antioxidant defence system to scavenge reactive oxygen species, stabilising cell membranes, and conserving cellular and tissue water, primarily through osmotic adjustment. Plant growth regulators, polyamines, γ-aminobutyric acid, free amino acids, and sugars all contribute significantly to drought tolerance through scavenging reactive oxygen species, regulating stomata to protect essential macromolecules, and maintaining the water balance within cells (Li & Liu., 2016).
b) Antioxidant defense:
Both enzymatic and non-enzymatic components make up the plant cell's antioxidant defense system. Superoxide dismutase, glutathione reductase, catalase, peroxidase, and ascorbate peroxidase are examples of enzymatic components. Ascorbic acid, reduced glutathione, and cystein are examples of non-enzymatic components. High levels of non-enzymatic constituents and antioxidant enzyme activity are crucial for environmental stress tolerance, including drought. In plants, numerous antioxidant enzymes and both lipid- and water-soluble scavenging molecules function to eliminate reactive oxygen species, with antioxidant enzymes representing the most effective defence against oxidative stress (Farooq et al., 2009). The ascorbate–glutathione cycle, involving four key enzymes, facilitates the scavenging of superoxide radicals and hydrogen peroxide, complementing the activities of catalase, various peroxidases, and peroxiredoxins. These include glutathione reductase, ascorbate peroxidase, dehydroascorbate reductase, and mono dehydro ascorbate reductase. Superoxide dismutase is a key player in enzymatic processes, catalyzing the dismutation of two superoxide molecules into O2 and H2O2, which is the initial stage of systems that scavenge reactive oxygen species (Shakeel Ahmad Anjum et al., 2011).  Lima et al. (2002) suggested that drought tolerance may, or at least partially, be linked to increased activity of antioxidant enzymes in a study using two Coffea canephora clones under rapid drought stress. Despite their ability to scavenge singlet oxygen and lipid peroxyl radicals, as well as to inhibit lipid peroxidation and superoxide formation under dehydrative conditions, carotenoids and other compounds, including abietane diterpenes, have been relatively understudied. During recovery from periods of water deficit, transcripts of certain antioxidant genes, including glutathione reductase and ascorbate peroxidase, were upregulated, suggesting a role in safeguarding cellular machinery against reactive oxygen species (ROS)-induced damage. Superoxide dismutase rapidly converts superoxide radicals, which possess a half-life of less than one second, into H₂O₂, a comparatively stable product that can subsequently be detoxified by catalase and peroxidase enzymes.

Metalloenzymes constitute a critical first line of cellular defence against superoxide radicals generated under stress conditions. Elevated activity of superoxide dismutase (SOD) is widely recognised as a key determinant of oxidative stress tolerance in plants. The mitigation of oxidative damage relies on the coordinated action of both enzymatic and non-enzymatic antioxidant systems. These include non-enzymatic molecules such as β-carotenes, ascorbic acid, α-tocopherol, and reduced glutathione, alongside enzymatic antioxidants including glutathione reductase, catalase, superoxide dismutase, peroxidase, and ascorbate peroxidase. Although β-carotenes are an essential component of the plant antioxidant network, they are particularly vulnerable to oxidative damage. In all green plants, β-carotene is localised within chloroplasts, where it is closely associated with the core complexes of photosystem I and II. Protection of these sites from reactive oxygen species (ROS) is vital for maintaining chloroplast function and overall photosynthetic efficiency. Within this context, β-carotene not only serves as an accessory pigment in light-harvesting but also functions as a potent antioxidant. It plays a pivotal role in safeguarding photochemical processes by directly quenching triplet chlorophyll and thereby inhibiting the formation of singlet oxygen, ultimately preventing oxidative damage to photosynthetic tissues. This dual role of β-carotene highlights its importance in both light capture and ROS detoxification, underpinning the capacity of plants to tolerate oxidative stress and maintain photosynthetic performance under adverse environmental conditions.

c) Plant growth regulators
At very low concentrations, substances known as phytohormones, which are produced internally, and plant growth regulators, which are applied externally, affect the physiological processes of plants. Particularly when discussing auxins, gibberellins, cytokinins, ethylene, and abscisic acid, these two terms have been used interchangeably (Taiz and Zeiger, 2006). Auxin, gibberellin, and cytokinin endogenous contents typically fall during drought, whereas ethylene and abscisic acid endogenous contents typically rise. However, phytohormones are essential for plants' ability to withstand drought. 
By disrupting cytokinin-induced root apical dominance, auxins promote the growth of new roots. Auxins play a crucial but indirect role in drought tolerance since a robust root system is essential. Endogenous auxin production is restricted by drought stress, typically when ethylene and abscisic acid contents rise. Nevertheless, the exogenous application of indole-3-yl-acetic acid (IAA) has been shown to enhance net photosynthesis and stomatal conductance in cotton. A naturally occurring auxin, indole-3-butyric acid (IBA), exhibits increased synthesis in maize under drought stress, and its production is further stimulated by abscisic acid (ABA) application (Ilyas et al., 2021). 
It was recently discovered that Arabidopsis's indole-3-butyric acid synthetase is also drought-inducible. Studies using ethylene glycol tetra-acetic acid and indole-3-acetic acid revealed that auxin and calcium are involved in the signaling processes of proline accumulation caused by drought. The development of short, tuberized, hairless roots is a sign of drought rhizogenesis, an adaptive mechanism that takes place during progressive drought stress and is observed in Brassicaceae and related families. When rehydrated, these roots can withstand an extended period of drought and grow a new, functional root system. The gibberrelic acid biosynthesis mutant ga5 showed a significant increase in drought rhizogenesis, indicating that some gibberrelic acids may also be involved in this process. 
Drought is one of the many environmental stresses that cause the production of abscisic acid, a growth inhibitor. Abscisic acid is accumulated by all plants in response to drought and numerous other stresses. All flowering plants synthesise abscisic acid (ABA), a well-established stress hormone that regulates gene expression and initiates physiological responses to drought and other environmental stresses. Evidence suggests that during drought, ABA and cytokinins function antagonistically. Under conditions of water deficit, elevated ABA levels combined with reduced cytokinin concentrations promote stomatal closure, thereby minimising water loss through transpiration. Typically, ABA levels rise as a result of enhanced synthesis in response to plant wilting. 
Numerous alterations in growth, physiology, and development result from elevated abscisic acid concentrations. Abscisic acid modulates the relative growth rates of different plant organs by promoting the development of deeper and more robust roots, restricting leaf expansion, and consequently increasing the root-to-shoot dry weight ratio. In addition, it triggers a complex signalling cascade that culminates in stomatal closure, a vital mechanism for conserving water under drought conditions (Turner et al., 2001). In rice, the capacity of detached and partially dehydrated leaves to accumulate abscisic acid (ABA) has been found to be consistently and negatively correlated with leaf weight, highlighting genetic variation in ABA accumulation. ABA plays a key role in regulating transpiration by inducing stomatal closure and is implicated in mechanisms that confer drought tolerance. Furthermore, ABA mediates the expression of multiple genes associated with water-deficit stress. A recent study by Zhang et al. (2005) demonstrated that the telomeric repeat-binding factor gene 1 (TRBF1) modulates drought responses and ABA sensitivity during seedling development. 
 Plants perceive and respond to drought stress through both abscisic acid (ABA)-dependent and ABA-independent signalling cascades, which function to transmit stress signals and regulate the expression of genes specifically induced by water deficit. These alterations brought about by abscisic acid give cells the capacity to retain their turgor in the face of dehydration. Although ethylene participates in both environmentally induced growth inhibition and stimulation, it has traditionally been considered a growth-inhibitory hormone (Taiz and Zeiger, 2006). In cereals, drought triggers adaptive responses, including the loss of leaf functionality and the premature senescence of older leaves.
 Ethylene may be used to control leaf performance over the course of its life, as well as to mediate drought-induced senescence and determine when natural senescence begins. According to recent research, ethylene responses often involve growth promotion. Plants can adapt to abiotic stresses like drought and maximize growth in order to overcome this adversity; ethylene synthesis is a part of this response. Recent research has highlighted the function of salicylic acid, one of the other endogenously produced growth-regulating factors, in promoting tolerance against a number of abiotic stresses. The function of endogenously produced salicylic acid in drought tolerance remains unclear. 
Conclusions: 
Plants respond to water deficit through various defense mechanisms including morpho- physiological, biochemical and molecular processes. Different morphological mechanisms are escape, avoidance, deep root system and phenotypic flexibility. Plants cope with the adverse effects of drought stress through a variety of physiological strategies, including the regulation of stomatal conductance, osmotic adjustment, water-use efficiency, cell membrane stability, and the maintenance of relative water content. To counteract oxidative damage, they deploy both enzymatic antioxidants—such as catalase, glutathione reductase, ascorbate peroxidase, and superoxide dismutase—and non-enzymatic antioxidants, including ascorbic acid, carotenoids, and tocopherols. Furthermore, plants synthesise and accumulate osmolytes and osmoprotectants, particularly proline and glycine betaine, which provide protection against the deleterious effects of abiotic stress. 
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