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Adaptive Strategies and Molecular Mechanisms in Plants Exposed to Abiotic Stresses


Abstract
Abiotic stresses such as drought, salinity, extreme temperatures, heavy metal toxicity, waterlogging and high-intensity radiation represent the most formidable constraints on global plant productivity, collectively responsible for crop yield losses exceeding 50% worldwide. Plants, as sessile organisms, have evolved an intricate arsenal of morphological, physiological, biochemical and molecular mechanisms to perceive, transduce and respond to adverse environmental signals. This review provides a comprehensive synthesis of current understanding of abiotic stress biology in plants, examining the nature of individual stressors and their associated cellular injuries, the overlapping and stress-specific signaling networks including reactive oxygen species (ROS) homeostasis, abscisic acid (ABA)-mediated pathways, mitogen-activated protein kinase (MAPK) cascades and calcium signaling and the transcriptional regulatory machinery, particularly DREB/CBF, MYB, WRKY and NAC transcription factor families. Physiological adaptation strategies such as osmotic adjustment, stomatal regulation and heat-shock protein induction are discussed alongside epigenetic stress memory mechanisms. Special attention is given to cross-tolerance phenomena and stress combinations as ecologically relevant scenarios. Advances in omics technologies and translational applications for engineering stress-resilient crops are also reviewed. This work underscores the urgency of integrating fundamental stress biology with applied agricultural research in the face of accelerating climate change.
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1. Introduction
Plants are rooted in their environment, a constraint that makes their survival fundamentally dependent on the capacity to tolerate dynamic and often hostile conditions. Unlike animals, plants cannot escape unfavorable stimuli; their evolutionary trajectory has been shaped by the relentless pressure to adapt in situ. Abiotic stresses defined as non-living environmental factors that adversely affect plant growth, development and reproduction collectively constitute the greatest single threat to global food security. Abiotic stresses are responsible for average crop yield losses exceeding 50% worldwide and the projected intensification of climate change threatens to compound these losses dramatically in coming decades (Kumar, 2020).
The most agriculturally significant abiotic stressors include drought (water deficit), soil salinity, extreme cold and heat, heavy metal toxicity, flooding/waterlogging and UV radiation. Each triggers characteristic physiological disturbances osmotic imbalance, ionic toxicity, oxidative damage, protein denaturation and disruption of photosynthesis and under field conditions these stressors commonly act in combination. Yet the cellular and molecular responses to these stresses are far from independent, a vast network of shared signaling intermediates, including ROS, Ca²⁺ ions, ABA and transcription factors, integrates stress perception and activates adaptive gene expression programs (Zhao et al., 2025).
Research in plant stress biology has accelerated enormously over the past two decades, driven by molecular genetics, high-throughput omics platforms, CRISPR-based functional genomics and systems biology. This review synthesizes current knowledge across the breadth of abiotic stress responses from initial signal perception to downstream adaptive mechanisms and situates this knowledge within the broader challenge of developing climate-resilient agricultural systems.
2. Types of Abiotic Stresses and Their Impact
2.1 Drought Stress
Drought is the most widespread abiotic constraint affecting plant productivity globally. At the cellular level, water deficiency reduces turgor pressure, impairing cell expansion and division and triggers stomatal closure to limit transpirational water loss simultaneously compromising CO₂ assimilation and photosynthetic efficiency. Prolonged drought induces oxidative stress through ROS accumulation, damages photosystem II and disrupts membrane integrity. Plants respond through rapid ABA biosynthesis and signaling, orchestrating stomatal closure, gene expression changes and accumulation of compatible solutes such as proline, glycine betaine and soluble sugars for osmotic adjustment (Bharath et al., 2021).
Beyond the immediate cellular responses, drought stress initiates complex morphological and physiological adaptations that determine long-term plant survival and productivity. Root architecture is profoundly remodeled under water deficit, with plants typically exhibiting increased root-to-shoot ratios, deeper root penetration and enhanced root hair density to maximize soil water acquisition (Koi et al., 2022). At the molecular level, drought-responsive transcription factors including DREB (Dehydration-Responsive Element Binding) proteins, MYB and NAC family members coordinate the activation of hundreds of stress-responsive genes governing cellular protection, metabolic reprogramming and growth regulation. The accumulation of late embryogenesis abundant (LEA) proteins and dehydrins further stabilizes macromolecular structures under severe dehydration. Importantly, the degree of yield loss under drought depends not only on stress intensity and duration but also on the developmental stage at which stress is imposed, with reproductive stages, particularly flowering and grain filling, being disproportionately sensitive to water deficit (Dietz et al., 2021).
2.2 Salinity Stress
Soil salinization, affecting an estimated 900 million hectares of agricultural land, imposes dual stress on plants: an osmotic component from reduced soil water potential and an ionic component from toxic accumulation of Na⁺ and Cl⁻. The ionic phase disrupts potassium homeostasis, inhibits enzyme activity and inhibits photosynthesis. The Salt Overly Sensitive (SOS) pathway, involving the SOS1 Na⁺/H⁺ antiporter, SOS2 kinase and SOS3 calcium sensor, mediates efflux of excess Na⁺ and underlies much of the ionic tolerance mechanism in plants (Xie et al., 2022).
The osmotic phase of salinity stress, which occurs almost immediately upon salt exposure, triggers responses similar to those observed under drought, including ABA accumulation, stomatal closure and synthesis of compatible solutes. However, the subsequent ionic phase, developing over hours to days as toxic Na+ accumulates within leaf cells, presents unique challenges that require ion-specific detoxification mechanisms. Vacuolar compartmentalization of Na+ via tonoplast-localized NHX exchangers represents another critical tolerance mechanism, effectively sequestering toxic ions away from the cytoplasm while simultaneously contributing to osmotic adjustment. Halophytes, which can tolerate NaCl concentrations exceeding 200 mM, provide valuable genetic resources for understanding extreme salt tolerance and employ additional strategies including salt glands, bladders and succulent tissue development to manage ionic loads (Flowers and Colmer, 2015). In glycophytes, prolonged ionic stress leads to premature leaf senescence, chloroplast degradation and severe reductions in both vegetative growth and reproductive output, with salinity-induced yield losses in major crops such as rice representing a growing threat to global food security (Zheng et al., 2023).
2.3 Heat Stress
Elevated temperatures above a species-specific optimum (typically ≥35°C for temperate crops) cause protein denaturation, membrane fluidity alterations, disruption of the photosynthetic apparatus and impaired reproductive development. Even brief heat at critical developmental stages severely compromise pollen viability and grain filling. The heat-shock response, mediated by heat-shock transcription factors (HSFs) and heat-shock proteins (HSPs) acting as molecular chaperones, facilitates protein refolding and prevents aggregation (Singh et al., 2024).
Heat stress exerts particularly devastating effects on reproductive development, with exposure during meiosis, anthesis and early grain filling being especially damaging in cereal crops. Pollen tube growth, fertilization and early embryo development are all highly temperature-sensitive processes, and even transient heat episodes during these windows can dramatically reduce seed set and harvest index (Liu et al., 2023; Zebro et al., 2023). At the biochemical level, elevated temperatures destabilize the oxygen-evolving complex of photosystem II, reduce Rubisco activation state and accelerate photorespiration, collectively suppressing net carbon assimilation. The thermotolerance of plants is further modulated by prior exposure to sublethal heat through a process termed thermomemory, in which epigenetic modifications and sustained HSP expression prime improved tolerance to subsequent challenges. With climate projections indicating both rising mean temperatures and increased frequency of extreme heat events, understanding and engineering heat tolerance through genetic modification, marker-assisted selection and agronomic management strategies has become an urgent priority for maintaining global agricultural productivity (Zhang et al., 2025).
2.4 Cold and Freezing Stress
Chilling (0-15°C) and freezing (<0°C) impair membrane fluidity, reduce enzyme kinetics, disrupt photosynthesis and in freezing conditions cause ice crystal formation that physically damages cellular compartments. Cold acclimation, triggered by non-freezing low temperatures, induces Cold-Regulated (COR) genes through CBF/DREB1 transcription factors, leading to accumulation of cryoprotective proteins, compatible solutes and membrane lipid remodeling (Song et al., 2021).
At the membrane level, cold-induced rigidification reduces the fluidity and functionality of lipid bilayers, impairing the activity of membrane-bound proteins including those involved in photosynthetic electron transport and ion transport. Plants capable of cold acclimation counteract this by increasing the proportion of unsaturated fatty acids in membrane phospholipids, a process regulated by fatty acid desaturases whose transcription is induced by low temperature signaling. The CBF/DREB1-dependent cold acclimation pathway, while central to freezing tolerance in model species such as Arabidopsis thaliana, shows variable conservation across crop species and CBF-independent pathways involving transcription factors such as HOS1, ICE1 and EIN3 are increasingly recognized as important modulators of cold responses (Robison et al., 2019). In addition to molecular mechanisms, plants exhibit visible structural adaptations including compact rosette growth, anthocyanin accumulation and altered leaf orientation that minimize heat loss and provide photoprotection under cold conditions. The agricultural relevance of cold stress is substantial, as late spring frosts, early autumn freezes and chilling injury during transport and storage represent major sources of economic loss across fruit, vegetable and cereal production systems worldwide (Unan et al., 2022).
2.5 Heavy Metal Stress
Contamination of soils with Cd, Pb, As and Hg poses increasing agricultural challenges. Heavy metals displace essential metal cofactors from proteins, inhibit enzyme activity, generate ROS and cause DNA damage. Plants detoxify heavy metals through chelation by phytochelatins and metallothioneins, vacuolar compartmentalization and root-level exclusion (Faizan et al., 2024).
The uptake and toxicity of heavy metals in plants are influenced by multiple factors including soil pH, organic matter content, redox potential and the presence of competing ions. Cadmium, one of the most phytotoxic non-essential metals, enters plant cells primarily through transporters for essential divalent cations such as Fe2+, Zn2+ and Ca2+ and once inside the cell, disrupts sulfur metabolism. It inhibits antioxidant enzymes including catalase and peroxidase, and triggers programmed cell death (Haider et al., 2021). Arsenic, predominantly present as arsenate in aerobic soils, competes with phosphate for uptake via high-affinity phosphate transporters, subsequently interfering with ATP synthesis and phosphorylation reactions (Finegan and Chen, 2012). The phenomenon of phytoremediation, which exploits the ability of hyperaccumulator species such as Thlaspi caerulescens (Cd/Zn), Pteris vittata (As) and Noccaea species to accumulate extraordinary concentrations of metals in above-ground biomass, offers a cost-effective, environmentally sustainable strategy for cleaning contaminated soils. Moreover, it provides insight into the molecular mechanisms underpinning exceptional metal tolerance and transport capacity.
2.6 Flooding and Waterlogging
Excess water causes hypoxic or anoxic conditions in the root zone, impairing aerobic respiration and inducing fermentation with accumulation of toxic metabolites. Tolerant plants form aerenchyma tissue for oxygen transport (Jia et al., 2021), induce anaerobic fermentation enzymes (ADH, PDC) and coordinate responses through ERF-VII transcription factors (Loreti and Perata, 2023).
The transition from aerobic respiration to anaerobic fermentation under flooding is metabolically expensive, as ATP yields from glycolysis and fermentation are far lower than those from oxidative phosphorylation, rapidly depleting cellular energy reserves. Ethanol and lactate, the primary fermentation end products, can reach phytotoxic concentrations if not effectively exported or metabolized, contributing to cellular acidosis and membrane dysfunction. In flooding-tolerant species such as rice and many wetland plants, the constitutive or inducible formation of lysigenous aerenchyma in roots and stems creates an interconnected gas-space network that facilitates the passive diffusion of oxygen from aerial tissues to the oxygen-depleted root zone, a process termed internal aeration (Yamauchi and Nakazono, 2021). The SUB1A locus in rice, encoding an ERF-VII transcription factor that promotes a quiescence strategy under complete submergence by suppressing carbohydrate consumption and elongation growth, has been successfully introgressed into high-yielding varieties through marker-assisted breeding, demonstrating the power of understanding molecular flood tolerance mechanisms for practical crop improvement (Bharti et al., 2024; Khalil et al., 2023). As the global frequency and severity of flooding events escalate with changing precipitation patterns and sea-level rise, developing crops with enhanced submergence and waterlogging tolerance through both conventional and biotechnological approaches will be essential for sustaining agricultural production in flood-prone regions (Oladosu et al., 2020).
3. Molecular Signaling Networks Under Abiotic Stress
3.1 Reactive Oxygen Species (ROS) Signaling
The generation of reactive oxygen species, superoxide (O₂•⁻), hydrogen peroxide (H₂O₂) and hydroxyl radicals (•OH) is a universal hallmark of responses to virtually all abiotic stressors. While excess ROS causes oxidative damage to proteins, lipids and nucleic acids, they also function as essential second messengers activating stress-responsive gene expression programs. Plants maintain ROS homeostasis through enzymatic antioxidants (SOD, CAT, APX, GR) and non-enzymatic antioxidants (ascorbic acid, glutathione, tocopherols, carotenoids). The RBOHD/RBOHF NADPH oxidases play a pivotal role in the controlled, apoplastic production of ROS for signaling, including the systemic propagation of stress signals through ROS waves (Rivas et al., 2023).
3.2 Abscisic Acid (ABA) Signaling
ABA is the central hormonal regulator of plant responses to osmotic stresses. The core ABA signaling module comprise of PYR/PYL/RCAR receptors, PP2C phosphatases and SnRK2 kinases operates as a molecular switch: ABA binding relieves PP2C-mediated suppression of SnRK2 kinases, allowing phosphorylation and activation of downstream targets including SLAC1 anion channels (stomatal closure) and ABF/AREB transcription factors (stress gene expression) (Lin et al., 2021).
3.3 Calcium Signaling
Transient increases in cytosolic free Ca²⁺ are among the earliest responses to essentially all abiotic stress stimuli. Stress-induced Ca²⁺ signatures, distinct in amplitude, duration and spatial pattern  are decoded by calmodulin (CaM), CML proteins, calcineurin B-like proteins (CBL) and calcium-dependent protein kinases (CDPKs/CPKs), translating Ca²⁺ signals into downstream phosphorylation cascades and gene expression changes (Ghosh et al., 2023).
3.4 MAPK Cascades
MAPK cascades are organized as three-tiered- MAP3K followed by MAP2K and MAPK modules, are conserved stress signaling relays (Figure 1). MAPKs such as MPK3, MPK4 and MPK6 are rapidly activated by drought, salt, cold and pathogen signals (Kumar et al., 2020). These cascades converge on transcription factors including WRKY proteins and ERFs, modulating stress gene expression, stomatal aperture and cross-talk with ABA and ROS networks (Li et al., 2022).
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Figure 1. MAPK cascade-mediated stress signaling in plants
4. Transcriptional Regulation of Stress Responses
The orchestration of stress-adaptive gene expression is mediated by a complex hierarchy of transcription factors. DREB/CBF proteins (AP2/ERF family) bind to DRE/CRT cis-elements controlling drought- and cold-responsive genes; overexpression of DREB1A has enhanced drought and cold tolerance in multiple crops. WRKY transcription factors respond to drought, salinity and heavy metals and integrate stress and defense pathways. NAC transcription factors (SNAC1, RD26) regulate drought-responsive senescence and osmotic adjustment. MYB proteins regulate flavonoid biosynthesis, proline accumulation and stomatal development. bZIP/ABF/AREB factors activate ABA-responsive gene expression through ABRE elements, while HSF transcription factors orchestrate the heat-shock protein response (Yang et al., 2019).
5. Physiological and Biochemical Adaptive Mechanisms
5.1 Osmotic Adjustment and Compatible Solutes
Compatible solutes - small, uncharged organic molecules - are accumulated for osmotic adjustment without interfering with normal metabolic functions. Proline, synthesized from glutamate via P5CS, functions as an osmolyte, antioxidant, metal chelator and molecular chaperone. Glycine betaine, synthesized from choline via BADH, is particularly important in cereals under salt and drought stress. Trehalose plays dual roles as an osmoprotectant and a metabolic signaling molecule. Polyols (sorbitol, mannitol) contribute to osmotic adjustment in diverse species (Pamuru et al., 2021).
5.2 Heat Shock Proteins (HSPs)
HSPs , classified as HSP100, HSP90, HSP70, HSP60 and small HSPs - are rapidly induced by heat and other proteotoxic stresses. Their primary function is preventing irreversible protein aggregation and facilitating refolding of partially unfolded proteins (proteostasis maintenance). Small HSPs, which are particularly diverse in plants, form large oligomeric complexes that sequester misfolded client proteins and work in concert with ubiquitin-proteasome and autophagy pathways for degradation of irreversibly damaged proteins (Reinle et al., 2021).
5.3 Antioxidant Defense Systems
The ascorbate-glutathione (Foyer-Halliwell-Asada) cycle operates in chloroplasts and other compartments, regenerating reduced ascorbate and glutathione through the sequential activities of APX, MDHAR, DHAR and GR enzymes. The coordinated upregulation of SOD, CAT and POX isoforms under stress is universal across plant species; the balance among these enzymes critically determines net cellular ROS levels and determines whether ROS acts as a damaging agent or a beneficial signal (Rajput et al., 2021).
5.4 Stomatal Regulation
ABA-induced stomatal closure involves PYR/PYL ABA receptor activation followed by SnRK2 kinase activation, phosphorylation of SLAC1 anion channels, membrane depolarization, outward K⁺ channel activation, turgor loss and stomatal closure. H₂O₂ and nitric oxide (NO) act as downstream second messengers in guard cells. The regulation of stomatal density through epidermal patterning- influenced by elevated CO₂ and drought signals- provides a longer-term adaptive response to water deficit environments (Xia et al., 2025).
6. Epigenetic Regulation and Stress Memory
Epigenetic mechanisms- including DNA methylation, histone modifications, chromatin remodeling and non-coding RNA pathways- modulate gene expression under abiotic stress, sometimes in heritable patterns contributing to stress memory. Drought and cold induce specific histone modifications (e.g., H3K4me3 at stress-responsive loci) facilitating faster transcriptional reactivation upon repeated stress (somatic stress memory). MicroRNAs (miRNAs) and 24-nt siRNAs regulate transcript abundance and chromatin states at stress-responsive genes. Stress priming whereby sub-lethal prior stress results in faster and stronger responses upon subsequent stress- has both transcriptional and epigenetic bases, representing a target for agronomic exploitation through chemical or seed priming strategies (Aswathi et al., 2025).
7. Stress Combinations and Cross-Tolerance
Under field conditions, multiple abiotic stresses commonly co-occur or follow sequentially. The response to stress combinations cannot be inferred simply from individual stress responses- complex synergistic and antagonistic interactions emerge at signaling, transcriptional and physiological levels. Drought combined with heat, for instance, elicits a transcriptional response distinctly different from either stress alone, activating a unique subset of combination-specific genes. Cross-tolerance, whereby exposure to one stress confers protection against a different stress, arises through shared signaling intermediates - particularly ROS, ABA, Ca²⁺ and MAPK cascades. Understanding cross-tolerance is of practical agricultural relevance, as varieties selected for tolerance to one stress may show enhanced performance under multiple stressors (Ramegowda et al., 2025).
8. Omics Approaches in Abiotic Stress Research
High-throughput omics technologies have catalyzed a paradigm shift in stress biology. Transcriptomics (RNA-seq) has revealed global stress-responsive gene expression landscapes in model and crop species, with thousands of differentially expressed genes regulated under each stress condition. Proteomics (iTRAQ, TMT-based quantitative proteomics, phosphoproteomics) has identified stress-regulated protein networks and post-translational modifications inaccessible from transcript data. Metabolomics (GC-MS, LC-MS, NMR) has provided comprehensive inventories of compatible solute accumulation, antioxidant metabolism and signaling lipid dynamics. GWAS and QTL mapping have linked genetic variants to stress-tolerance phenotypes, providing targets for marker-assisted selection. Multi-omics integration through co-expression network analysis, pathway enrichment and metabolic modeling is beginning to yield predictive understanding of stress responses as emergent network properties (Sarfraz et al., 2025).
9. Engineering Stress-Resilient Crops
The translation of mechanistic insights into improved crop varieties is a central challenge with profound food security implications. Classical breeding exploiting natural genetic variation has achieved incremental improvements in stress tolerance in rice and wheat through marker-assisted selection. Transgenic approaches have demonstrated proof-of-concept through overexpression of transcription factors (DREB1A, OsNAC9, SNAC1), compatible solute biosynthesis enzymes (P5CS, BADH), antioxidant enzymes and ion transporters (HKT1, SOS1) (Erpen et al., 2017). While field performance of transgenic lines has been variable, stress-inducible and tissue-specific promoter strategies have improved outcomes considerably.
CRISPR/Cas9 and related base and prime editing technologies offer unprecedented precision for modifying stress-tolerance loci, with demonstrated success in engineering drought tolerance through modification of ABA signaling components and stomatal development regulators. The less stringent regulatory landscape for gene-edited crops in many jurisdictions enhances the potential for rapid deployment. Speed breeding platforms and high-throughput phenotyping technologies are accelerating development cycles for stress-tolerant varieties to meet the urgency imposed by climate change (Tyagi et al., 2024).
10. Conclusion
Abiotic stress biology sits at the intersection of fundamental plant science and urgent agricultural need. Plants have evolved remarkably sophisticated, multi-layered strategies to perceive, signal and respond to the full spectrum of environmental adversity- from the rapid, ABA-mediated closure of stomata within minutes of water deficit detection, to the transcriptional reprogramming of thousands of genes through DREB, WRKY, NAC and bZIP transcription factor networks, to the epigenetic encoding of stress memory across developmental time. The central signaling roles of ROS, Ca²⁺ and ABA together with their extensive cross-talk and convergence on shared regulatory nodes- confer both specificity and integration upon stress response networks and underlie the cross-tolerance phenomena documented across stressor categories.
As the climate crisis intensifies through increased drought frequency, heat waves, soil salinization and erratic precipitation, the need to develop crop varieties with robust abiotic stress tolerance is more pressing than ever. The integration of mechanistic insights from model plant genetics with the power of genomics-assisted breeding, precision gene editing and microbiome-informed agronomy represents the most promising path toward food system resilience. Achieving this goal demands sustained investment in both fundamental and applied stress biology research, alongside interdisciplinary collaboration spanning genetics, biochemistry, agronomy, ecology and data science. 
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