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Highlights
●●	 Abiotic stresses reduce crop yield and quality.
●●	 Plants adapt to abiotic stresses through morpho-physiological and molecular mechanisms.
●●	 Water stress lowers amylose but boosts stress-related proteins in plants.

Abstract
Global population pressures have necessitated increased focus on protecting and developing resilient plant species that 
can maintain productivity despite environmental challenges.  Environmental degradation, driven by climate change and 
anthropogenic activities, poses significant threats to global food security through various forms of physical stress.  Major 
environmental constraints affecting agricultural yields worldwide include salinity, water scarcity, nutritional imbalances 
(encompassing mineral toxicity and deficiencies), and extreme temperatures.  Crop yield is influenced by multiple abiotic 
factors, including agronomic conditions, climatic variables, and soil nutrient availability.  Plants develop various survival 
mechanisms at molecular, cellular, and physiological  levels in response to stress.  Abiotic stress, whether occurring 
individually or in combination, significantly impacts crop growth and productivity.  For instance, drought stress reduces 
leaf area, plant height, and overall crop development.  Cold stress inhibits plant development and crop efficiency, leading 
to diminished productivity.  Salinity stress not only induces water stress in plants but also negatively affects cytosolic 
metabolism, cell development, membrane function, and increases reactive oxygen species (ROS) production.  Elevated CO2 
concentrations may enhance global precipitation patterns, potentially resulting in increased rainfall that can adversely affect 
crop development.  Plants under excessive water stress exhibit reduced amylose content but increased crude protein levels.  
This affects both quality and quantity of crop production by inhibiting seed germination and causing growth impairment 
through combined effects of elevated osmotic potential and ion toxicity.  Plants have evolved various escape-avoidance 
and tolerance mechanisms in response to abiotic stress, including physiological adaptations and integrated cellular or 
molecular responses.  This review paper examines the impact of abiotic stress on morpho-physiological, biochemical, and 
molecular activities across various crops.  Additionally, it analyzes crop interactions with abiotic stress regarding response 
and adaptation mechanisms, providing a fundamental framework for species selection and development of stress-tolerant 
varieties in the future.
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1. Introduction
Abiotic stress significantly impacts crop growth and yield (Wu 
et al. 2023).  These environmental factors negatively affect 
various aspects of crops, including productivity, lifecycle, 
survival, health, and adaptability (Ahmad et  al. 2023b).  

Abiotic stress encompasses any adverse environmental 
condition that inhibits proper  plant growth.  Plants are 
exposed to multiple environmental variations in nature.  
Their sessile growth habit makes it challenging to cope with 
abiotic factors, forcing dependence on internal mechanisms 
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to withstand external environmental changes.  Plants 
struggle to develop in fluctuating environments; abiotic 
stress can cause morphological damage due to severe 
or persistent unfavorable conditions.  Currently, human 
activities have caused serious environmental degradation 
alongside climate change, threatening global food security 
through environmental physical stress.  Major environmental 
constraints affecting agricultural yield worldwide include salt 
stress, water deficiency, nutritional imbalances (including 
mineral toxicity and deficiencies), and temperature extremes 
(Fahad et al. 2017).

Abiotic stresses, including heavy metals, drought, cold, 
salt, and heat, significantly impair crop growth and yield 
(Tuteja and Gill 2016).  Plant exposure to various abiotic 
stresses disrupts plant metabolism and morpho-physiological 
mechanisms, resulting in reduced crop productivity (Ben 
Rejeb et al. 2014).  Research indicates that drought-induced 
stress manifests at all plant growth stages, affecting plants 
from molecular to morphological levels (Fahad et al. 2017).  
Studies show that drought impacts three critical plant stages: 
the pre-anthesis phase, before flowering; the terminal phase, 
after flowering; and vegetative development (Shavrukov et al. 
2017).  These interrelated abiotic stresses cause morpho-
physiological, biological, and molecular changes in plants, 
significantly impacting growth and yield (Naya et al. 2007).  
Temperature critically influences plant growth, development, 
and yield (Fahad et al. 2017).  During drought stress, high 
temperatures disrupt water flow from xylem to adjacent 
elongating cells, inhibiting cell elongation.  This stress reduces 
leaf area, plant height, and crop development through 
decreased cell elongation, impaired mitosis, and limited 
expansion (Browse and Xin 2001).  Temperature decline 
significantly affects plant geographic distribution and survival.  
Cold stress diminishes plant development and crop efficiency, 
causing yield losses (Pearce 2001).  It inhibits growth and 
productivity by dehydrating cells and tissues and causing 
cellular water crystallization.  Low temperatures increase 
electrolyte leakage and water stress due to impaired hydro-
active stomata closure, reduced membrane conductivity, and 
increased water viscosity (Farooq et al. 2009).  Additionally, 
it reduces plant metabolism, increases oxidative stress, and 
dissipates energy through free radical release (Devasirvatham 
and Tan 2018).  Cold stress damages plants by modifying 
membrane structure and initiating cellular damage processes, 
including plasmolysis, protoplasmic streaming, and electrolyte 
leakage (Ahmad et  al. 2023a).  Changes in respiration 
rate harm cellular metabolism, and depending on stress 
intensity, abnormal anaerobic respiration produces aberrant 
metabolites.  This cellular damage and altered metabolism 
result in reduced plant development, irregular fruit ripening, 
internal discoloration (vascular browning), increased decay 
susceptibility, and potential plant mortality (Takahashi et al. 
2013).  Temperature fluctuations, both high and low, can 
intensify drought stress through increased water loss via 
transpiration or evaporation.  Heat stress occurs when crops 
experience prolonged exposure to temperatures beyond their 
optimal development range.  High temperatures accelerate 
sexual development, limiting photosynthetic contribution to 
fruit or seed production.  Elevated soil temperatures may 

prevent plant emergence.  Beyond affecting plant growth, 
development, and seed germination, high temperatures 
can induce permanent drought stress with potentially 
lethal consequences (Ashkavand et al. 2018).

Water is essential for life, and plants depend on it for 
nutrition and movement.  A deficiency in water results in 
drought stress, which significantly reduces plant vitality 
(Akbari et al. 2007).  Salinity represents a major abiotic stress 
factor contributing to water stress in plants.  This condition 
impedes the ability of roots to uptake water from the soil, as 
high salinity causes decreased soil water potential.  Salinity 
typically occurs in semi-arid and arid regions where plants 
experience year-round higher rates of transpiration and 
evaporation compared to precipitation volume.  Primary 
soil salinity results from natural salt accumulation in the 
subsurface, while secondary soil salinity stems from human-
induced conditions such as environmental contamination.  
Secondary soil salinity can develop from irrigation with saline 
water, excessive fertilizer application, or alterations in soil 
composition (Flora et al. 2008).  Elevated salt concentrations 
can induce ionic toxicity and osmotic stress.  Research 
indicates that under normal conditions, plant cells maintain 
higher osmotic stress  levels compared to soil, utilizing this 
elevated osmotic pressure to extract water and essential 
nutrients from the soil and store them in root cells.  However, 
during salt stress, the soil’s osmotic pressure exceeds that of 
plant cells.  This occurs due to soil salt content, which limits 
the plant's ability to absorb water and minerals (Ca2+ and K+).  
Furthermore, the movement of Cl– and Na+ ions within plant 
cells damages cell membranes and cytosolic metabolism.  
Salinity negatively impacts cytosolic metabolism, cell 
development, membrane function, and increases reactive 
oxygen species (ROS) generation, affecting crop production 
quality and quantity.  These effects include inhibited seed 
germination, growth impairment, and developmental damage 
due to combined effects of increased osmotic potential and 
specific ion toxicity (Flora et al. 2008).

Heavy metals, classified as non-biodegradable inorganic 
chemicals, possess an atomic mass exceeding 20 and a 
density greater than 5 g cm–3.  These metals exhibit toxicity 
to cells and genes, potentially inducing gene mutations 
through their influence on and contamination of soil, drinking 
water, food chains, irrigation systems, and surrounding 
environments (Schutzendubel and Polle 2002).  Essential 
micronutrients (Mg, Zn, Cu, Fe, Mo, Mn, and Ni) present in 
soil are necessary for proper plant growth.  Non-essential 
elements (Hg, Cd, As, Ag, Cr, Co, Sb, Pb, and Se) found 
in soil are not required for plant growth (Hall 2002).  Plants 
can absorb heavy metals through both above- and below-
ground surfaces.  While plants require trace amounts of 
these elements for metabolism, growth, and development, 
their concentration increases throughout the crop cycle.  
Excessive levels of these elements can inhibit or diminish 
plant growth.  Heavy metals at toxic levels disrupt various 
metabolic processes, leading to abnormal plant function.  For 
example, they can alter or disturb protein structure by forming 
bonds with sulfhydryl groups (Hossain et al. 2015), potentially 
affecting functional groups of crucial biological components 
(Bray 2000).
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Plants develop various tolerance and escape-avoidance 
mechanisms in response to abiotic stress, incorporating 
both integrated cellular or molecular responses and physical 
adaptation (Xiong et al. 2002).  Important crops including 
maize (Zea mays L.), tomatoes (Solanum lycopersicum L.), 
soybeans (Glycine max L.), cotton (Gossypium hirsutum L.) 
and rice (Oryza sativa L.), demonstrate limited environmental 
adaptation when facing abiotic stress (Wang et al. 2017; 
Lu et al. 2018; Verma et al. 2018).  Plants have developed 
sophisticated strategies utilizing plant transcription factors to 
counter abiotic stress effects (Magwanga et  al. 2018; 
Raza et  al. 2023).  Plant coping mechanisms integrate 
physiological, molecular, and biochemical systems for 
stress detection, signal transduction pathways, endogenous 
hormones, and gene identification  to prevent or minimize 
cellular oxidative damage (Ahmad et al. 2023a; Wu et al. 
2023).  Abiotic stress resistance encompasses tolerance 
and escape-avoidance mechanisms.  Osmotic modification, 
which facilitates active solute accumulation in the cytoplasm 
to maintain cellular water balance, can mitigate abiotic 
stress effects (Ben Rejeb et al. 2014).  The plant tolerance 
mechanism relies on efficient and rapid perception of abiotic 
factors, beginning with the innate basal defense system.  This 
system triggers various signaling cascades and expression 
of genes responsible for inducing abiotic stress  tolerance 
(Meena et al. 2017).

Plants demonstrate specific defense mechanisms that 
vary according to the nature of abiotic stimuli they encounter.  
These mechanisms encompass molecular remodeling, 
differential gene expression, and the production or secretion 
of biochemical substances (Onaga and Wydra 2016).  
Abiotic environmental stressors activate various tolerance 
mechanisms in plants, primarily biochemical and molecular 
responses (Wani 2018).  Plants develop cellular strategies, 
termed biochemical tolerance processes, to minimize the 
impact of abiotic stress.  This adaptive strategy includes 
developing insulating layers or physical barriers, secreting 
organic compounds or secondary metabolites, restructuring 
membrane components, and implementing internal 
mechanisms that sequester toxic compounds such as Al3+ 
into vacuoles or enhance antioxidant capacity (Bechtold and 
Field 2018).

The molecular mechanism of tolerance relies on genetic 
defense systems that plants develop against abiotic stress.  
Genetic mechanisms express multiple tolerance genes that 
encode transcriptional regulation and protein synthesis, 
supporting stress maintenance and reduction.  Various 
transcription factors coordinate or enhance specific genes, 
thereby initiating distinct signaling pathways and promoting 
the development of stress-mitigating agents that regulate or 
reduce abiotic stress impacts (Cramer et al. 2011).  Multiple 
abiotic stresses affect crops, with global warming and variable 
environmental conditions representing significant worldwide 
concerns.  Crop productivity is affected by abiotic stresses 
including temperature extremes (both cold and heat), 
water availability fluctuations (scarcity and excess),  and 
mineral or metal variations (excess metal (toxicity) or metal 
deficiency).  Plants employ various mechanisms, including 
morpho-physiological, biochemical, and molecular processes, 

to manage abiotic stress  effects.  This review aims to 
address these adverse effects by examining these morpho-
physiological and molecular processes in plants under abiotic 
stress.

2. Abiotic stress effects on crop
Abiotic factors reduce crop productivity through unavoidable 
environmental conditions.  The effects of abiotic factors 
such as drought, salinity, cold, heat, and metal stress 
are challenging to quantify precisely.  Based on plant 
dynamics and complexity, responses to abiotic stress can 
be categorized as elastic (reversible) or plastic (irreversible) 
(Farooq et al. 2009) (Fig. 1).

2.1. Drought stress
Water scarcity results in diminished plant growth and yield 
(Fig. 2).  Plants respond to drought stress by closing stomata 
to preserve water, which consequently restricts CO2 uptake 
and photosynthesis.  Drought effects manifest across all 
phenological developmental stages, from morphological 
to molecular levels, primarily affecting yield.  Drought 
conditions disrupt numerous physiological mechanisms in 
plants (Cattivelli et al. 2008).  While productivity reduction 
depends on severity and duration, drought stress post-
anthesis particularly impacts plant productivity regardless 
of these factors (Samarah 2005).  Drought stress inhibits 
flower production and grain filling, affecting grain quantity 
and quality.  While micro and macronutrients including 
nitrogen (N), potassium (K), and phosphorous (P) are vital 
for plant growth, drought stress substantially decreases P 
and increases N, with inconclusive effects on K (Farooq 
et al. 2009).  Limited water availability impedes nutrient 
accessibility in the root zone, absorption at root hairs, and 
transport through xylem and phloem vessels, thus disrupting 
cellular nutrient metabolism (Ahmad et al. 2023c).  Water 
facilitates mineral and nutrient transport, but reduced 
water availability decreases transpiration rates, leading to 
diminished nutrient uptake and utilization.  Drought stress 
affects photosystems I and II and photosynthetic pigments 
including chlorophyll a, b and carotenoids (Yadav et al. 2020).  
It also impacts ribulose phosphatase, a Calvin cycle enzyme, 
resulting in decreased starch synthesis.  Dehydration reduces 
cell size, increasing cellular content concentration.  This 
process enhances protein–protein interaction aggregation 
and denaturation.  Additionally, elevated solute concentrations 
may become toxic, adversely affecting enzyme function, 
including photosynthetic apparatus  components, and 
increasing cytoplasmic viscosity (Parida and Das 2005).

2.2. Salinity stress
Plants face two primary challenges under salinity conditions: 
osmotic and ionic stresses (Ahmad I et al. 2022) (Fig. 3).  
Evidence indicates that salinity induces oxidative stress in 
plants.  The adverse effects of salinity alter various plant 
physiological and metabolic processes.  Common symptoms 
include increased leaf density and succulence, decreased 
leaf area, enhanced root and shoot necrosis, cell death, and 
reduced internode lengths.  Prolonged exposure to salinity 
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stress promotes cell senescence and restricts growth.  While 
growth inhibition represents the primary damage leading 
to additional symptoms, severe salt shock may also trigger 

programmed cell death (Grattan and Grieve 1998).  Salt stress 
stimulates abscisic acid production, inducing stomatal closure 
during transit to protect cells.  The combination of oxidative 
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Fig. 1  Effects of abiotic stress on crops and their coping mechanisms.  ROS, reactive oxygen species.
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Fig. 2  Drought stress negatively impacts photosystem I and II, the photosynthesis system, and ribulose phosphatase, 
leading to decreased starch production.  Furthermore, drought stress decreases phosphorous (P) levels while increasing 
nitrogen (N), with no impact on potash (K).  In crops, reduced water availability in the root zone impairs nutrient uptake through 
root hairs, disrupting nutrient metabolism in cells and tissues.  Cell dehydration causes cell shrinkage, consequently disturbing 
plant cellular content.
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stress, stomatal closure, and photosynthetic suppression 
reduces photosynthetic efficiency.  Osmotic stress can inhibit 
cell growth, either directly or indirectly, through its effects 
on abscisic acid metabolism and translocation.  The high 
concentration of Na+ near the root zone prevents K+ uptake 
at the plant’s root surface.  Due to the biochemical similarity 
between K+ and Na+ ions, Na+ strongly inhibits K+ absorption 
by roots.  Since K+ serves as the predominant cellular cation 
and maintains cell turgor, membrane potential, and enzyme 
activity, potassium deficiency inevitably inhibits growth.  When 
Na+ enters the cytoplasm, many enzymes cease functioning 
or lose their operational capacity.  This inhibition depends 
on K+ concentration, with an elevated Na+/K+ ratio being 
most detrimental.  Salinity-induced nutritional disturbances 
affect nutrient transport, availability, and partitioning, thereby 
limiting plant development.  High salt levels can create 
nutrient imbalances or deficiencies as Na+ and Cl− compete 
with nutrients such as K+, Ca2+, and NO3

−.  The specific ion 
toxicity of Na+ and Cl–, combined with ionic imbalances in 
saline conditions, impacts plant growth through biophysical 
components and/or metabolic processes.  Rice demonstrates 
greater salt tolerance during germination and vegetative 
stages compared to seedling and reproductive stages.  High-
yielding rice cultivars experienced approximately 12% yield 
reduction at salt levels exceeding 3  dS m–1, increasing 
to approximately 50% at 6 dS m–1 (Reshma et al. 2021).  
According to Negrão et  al. (2017), salt-stressed plants 
showed decreased leaf area, grains per panicle, leaf dry 

matter, tiller number, and pollen viability, alongside delayed 
seed germination, seed set, and sterile spikelets.  Salt-
exposed rice plants exhibit poor nutrient uptake, reduced 
water potential, and increased Cl– and Na+ uptake.  Salinity 
stress also affects anthocyanin and proline levels, peroxidase 
activity, and concentrations of Na+, Ca2+, K+, chlorophyll, and 
hydrogen peroxide (H2O2) (Ghomi et al. 2013).  Salt stress 
significantly reduced amylose content in a salt-tolerant rice 
genotype but not in a semi-tolerant genotype, even under 
low electrical conductivity (EC 4 mS cm–1) and high alkalinity 
(pH 9.5).  Conversely, high electrical conductivity (EC 
8 dS m–1) and high alkalinity (pH 9.8) significantly reduced 
starch content in both genotypes, but not in the susceptible 
genotype (Barrero-Sicilia et al. 2017).  Additionally, high 
salinity (EC 4 and 8 mS cm–1) and high alkalinity (pH 9.8) 
altered gel consistency in the salt-susceptible genotype 
(Barrero-Sicilia et al. 2017).

2.3. Cold stress
Cold stress affects crops by causing surface lesions and 
reducing structural integrity, while also altering cell membrane 
composition and various metabolic processes (Flowers 
2004) (Fig. 4).  Environmental changes have led to increased 
severity, frequency, and duration of extreme temperatures.  
Temperature reduction disrupts plant physiological activities, 
with cold-sensitive plants exhibiting slower growth, reduced 
varietal options, and decreased yield potential.  Plants 
respond to abiotic stresses through integrated metabolic, 
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Fig. 3  Salt stress manifests primarily through osmotic and ionic stress mechanisms.  This stress reduces leaf area, 
induces necrosis, decreases internode length, and in severe cases, leads to cell death.  The stress triggers abscisic acid (ABA) 
production, which facilitates stomatal closure and cellular protection.  The combination of oxidative stress and stomatal closure 
diminishes photosynthetic capacity.  Osmotic stress inhibits cellular growth by disrupting ABA translocation, caused by elevated 
Na+ concentrations in the root zone, while simultaneously impeding K+ uptake.  K+ plays essential roles in maintaining cell turgor, 
membrane potential and enzymatic activity.
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physiological and molecular adaptations, employing specific 
coping mechanisms.  These mechanisms initially provide 
protective adaptations, followed by cold acclimatization 
that enhances cold stress  tolerance (Nishida and Murata 
1996).  While transcription factors enhance stress-related 
gene expression, the transcriptional network extends beyond 
cold response pathways (Nishida and Murata 1996).  Lipids, 
essential components of plasma and endo-membranes, serve 
crucial roles in membrane structure and cold stress mitigation 
(Chen and Thelen 2013).  Cold stress reduces growth rate, 
affects cell membrane composition and structure, decreases 
protoplasmic streaming and electrolyte leakage, and modifies 
cellular metabolism (Takahashi et al. 2013).  Additional cold 
stress responses include alterations in water and nutrient 
balance, modifications to protein and nucleic acid production, 
changes in enzyme binding and conformation, and 
photosynthetic disruptions, particularly regarding photosystem 
II down-regulation and damage (Miquel et al. 1993).  Cells 
detect low temperatures through structural changes in protein 
and lipid membranes, maintaining metabolite equilibrium.  
The plasma membrane’s fluid state provides structural and 
functional advantages for metabolic and physical processes.  
During temperature changes, the plasma membrane 
transitions from a fluid state at higher temperatures to a 
rigid gel state at lower temperatures (Janská et al. 2010).  
The physical alterations in membrane conformation at low 
temperatures primarily result from increased unsaturated 
lipid content, which enhances membrane stability and fluidity, 
enabling cellular mechanical adaptation to cold conditions 
(Wahid and Shabbir 2005).

2.4. Extreme or high temperature
High temperatures lead to modifications in biochemistry, 
physiology and morphology that disrupt plant growth and 
development (Moore et al. 2021).  Research indicates that 

high temperatures represent one of the most damaging 
abiotic stresses, reducing grain biochemical components and 
productivity.  High temperatures decrease overall biomass 
production by reducing photosynthesis and photorespiration 
(Smertenko et al. 1997).

High-temperature stress inhibits protein synthesis, 
causes severe protein damage, damages membranes, and 
inactivates essential enzymes.  This stress significantly 
affects cell division processes (Dong et al. 2014).  These 
adverse effects can severely impair plant growth and promote 
oxidative damage.  Temperature increases become more 
detrimental when water supply is limited or suboptimal.  
Heat stress typically increases daytime transpiration rates, 
ultimately affecting various physiological processes in crops.  
Additionally, brief exposure to high temperatures during seed 
filling can result in accelerated filling, leading to reduced yield 
and quality.  Post-anthesis elevated temperatures affect grain 
quality and appearance while reducing grain yield (Rang 
et al. 2011).  Similarly, elevated temperatures reduce pollen 
viability and increase spikelet sterility, diminishing grain 
yield and quality (Ahmed et al. 2015).  Extreme temperature 
stress during development reduces grain morphological 
characteristics, chalkiness (in rice), and biochemical 
characteristics, including amylose and protein content (Crafts-
Brandner and Salvucci 2002).  Elevated heat stress primarily 
affects the thylakoid stroma’s light-dependent chemical 
processes, carbon metabolism, enhanced photosynthesis II
thermo-tolerance adjustment for photon flux density, and 
photosynthesis II leaf temperature (Camejo et al. 2005).  
Photosynthesis II exhibits high temperature sensitivity and 
undergoes significant activity changes, including partial 
termination, under high heat stress (De Ronde et al. 2004).  
High temperatures severely damage the oxygen-evolving 
complex, potentially causing irregular electron flow to the 
photosynthesis II acceptor site (De Las Rivas and Barber 
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Fig. 4  Cold stress causes reduced plant growth, decreased protoplasmic streaming, increased electrolyte leakage and 
cell membrane damage, resulting in reduced yield.  Gene expression and lipids, as key components of plasma and endo-
membranes, are important for improving lipid structure and mitigating the negative effects of cold stress.
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1997).  Temperature-induced denaturation similarly affects 
proteins D1 and D2 (Vu et  al. 2001).  High heat stress 
substantially impacts the activity of vital enzymes including 
invertase, starch and sucrose synthesis, ADP-Glc PPase 
(adenosine di-pphosphate-glucose pyro-phosphorylase), and 
SPS (sucrose phosphate synthase) (Crafts-Brandner and 
Salvucci 2002).  Higher temperatures inhibit starch production 
by decreasing sugar and starch metabolism, reducing grain 
filling and the quantity of filled grains per panicle (Hussain et al. 
2017).

2.5. Carbon dioxide (CO2) concentration
The reduced activation status of the CO2 binding enzyme 
RuBisco decreases net photosynthesis in numerous plant 
species (Fig. 5).  While RuBisco demonstrates improved 
catalytic activity at higher temperatures, its limited ability 
to bind carbon dioxide and oxygen restricts increases in 
net photosynthetic rate (Miquel et al. 1993).  Despite these 
negative effects of high temperatures on photosynthesis, 
elevated atmospheric carbon dioxide concentrations are 
expected to increase the optimal temperature requirements 
for photosynthesis (Walter 2018).  Research indicates 
that when CO2 levels reach 685 parts per mill ion by 
2050, accompanied by a 3–6°C increase in global mean 
temperature above pre-industrial levels, environmental 
carbon-dioxide (eCO2) becomes a significant factor affecting 
plant development (Fahad et  al. 2017).  Crop models 
suggest that eCO2 levels may increase global precipitation, 
though significant regional variations in both space and 
time are possible.  The irregular occurrence and intensity 

of rainfall may result in waterlogging and drought patches 
(Hussain et al. 2017).  Multiple studies indicate that optimal 
levels of eCO2 can mitigate drought stress effects.

2.6. Excessive water or submergence or flooding
Submerged rice experiences deterioration in both quality and 
quantity, particularly during maturity and seed production 
phases.  Submergence negatively affects grain yield, 
shoot biomass, harvest index, and yield components, while 
significantly delaying flowering and maturity (Ferrero et al. 
2020).  The primary factors contributing to decreased grain 
yield under submergence conditions are reductions in grain 
weight, filling capacity, and number per panicle (Rascio and 
Navari-Izzo 2011).  Submergence during the vegetative 
stage impacts critical grain quality parameters.  Stressed rough 
rice exhibits higher percentages of hull, brown rice, and bran 
compared to non-stressed samples.  Additional observations 
include increased chalky grains, hulling breakage, reduced 
amylose percentage, and elevated crude protein content.  
In submerged rice, researchers observed a negative 
correlation between starch accumulation and ADP-glucose 
pyrophosphorylase (AGPase) activity.  AGPase catalyzes 
the initial committed step in starch production.  In wheat and 
other plant species’ leaves, ADP-glucose pyrophosphorylase 
activation occurs through posttranslational redox modification 
in response to light and sugars (Uzu et al. 2009).

2.7. Metal hazards
Heavy metal contamination from natural or anthropogenic 
sources presents a frequent and hazardous form of air 

Fig. 5  Heat stress reduces protein synthesis, causes protein damage and affects enzyme activation.  These changes 
in plants lead to oxidative damage, which subsequently reduces yield through decreased pollen viability and increased spikelet 
sterility.  Furthermore, heat stress induces water loss due to elevated transpiration, which disrupts plant morpho-physiological 
activities such as root growth and weight, consequently reducing nutrient and water uptake.
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pollution.  Trace metals refer to various components present 
in soils at trace levels.  Heavy metals comprise a broadly 
defined category of elements with atomic mass exceeding 
20 (excluding alkali metals) and specific gravity greater 
than 5 (Pourrut et al. 2011).  These metals exhibit varying 
bioavailability and solubility, manifesting in diverse forms 
within soil.  Soil physicochemical properties influence heavy 
metal geochemical behavior, plant uptake patterns, and 
subsequent impacts on crop yield.  Excessive heavy metal 
accumulation in plant tissue can adversely affect various 
morphological, physiological, and biochemical processes, 
either directly or indirectly, thereby significantly impacting 
crop productivity.  Heavy metals negatively influence multiple 
physiological processes, including photosynthesis, seed 
germination, and the accumulation and remobilization of seed 
reserves during plant growth, resulting in reduced agricultural 
yield (Meers et al. 2009).  Heavy metal toxicity diminishes 
plant productivity by disrupting redox balance, generating 
reactive oxygen species, and inducing oxidative stress 
through contaminated soil and water (Verbruggen et al. 2009).  
Metal accumulation occurs through root uptake, transfer to 
plant roots and shoots, and desorption from soil particles (Liao 
et al. 2006).  Transpiration facilitates heavy metal transport 
through the xylem to aerial plant components (Maroco et al. 
2000).  After entering the central cylinder, metals migrate to 
upper plant regions via the vascular system’s water stream, 
concentrating where water evaporation occurs (Chaves et al. 
2003).  Shoot tissues receive only a fraction of the heavy 
metals present in crops.  Hyperaccumulator plants or those 
assisted by chelates may sequester up to 95% of metals 
through their roots.

3. Abiotic stress coping mechanisms in 
crops
Plants naturally develop defense mechanisms or survival 
strategies to manage adverse effects of abiotic stress factors.  
Plant resistance to abiotic stress manifests through multiple 
mechanisms, including tolerance, stress avoidance, and 
escape.  In drought escape scenarios, plants develop efficient 
reproduction strategies before severe stress occurs.  Plants 
maximize resource utilization while soil moisture remains 
adequate through combined short life cycles with rapid 
growth and gas exchange.  This adaptation also involves 
avoiding unfavorable conditions through mechanisms such as 
stomatal closure, suppression of night-time germination, leaf 
abscission, and compact growth, specifically the reduction 
of plant parts (Wilson et al. 1980).  Protective characteristics 
include enhanced root growth, nutrient redistribution 
from older leaves, reduced water loss, and increased 
photosynthetic and transpiration rates.  These reversible 
physiological adaptations, achieved through decreased light 
absorption via leaf rolling, condensed canopy leaf areas, and 
stomatal closure, minimize morphological alterations in crops 
(Ingram and Bartels 1996).  Tolerance represents concurrent 
physiological and biochemical modifications at cellular and 
molecular levels.  Key adaptations include enhanced cell wall 
rigidity, reduced cell size, and osmotic adjustment (Alagoz 
et al. 2023).  Sudden fluctuations in protein and mRNA levels 

indicate intolerance conditions.  Crops undergo various 
morphological, physiological, biochemical, and molecular 
modifications to counter multiple abiotic stresses (Latef et al. 
2019).

3.1. Morphological adaptation
In wheat crops, both single and combined stressors 
significantly decreased chlorophyll levels, leaf area index, 
relative water content, total dry matter, and grain yield.  
Conversely, stress conditions increased the content of 
carotenoid, proline, soluble sugars, and electrolyte leakage 
in wheat.  Under water deficit conditions, the flowering stage 
exhibits greater sensitivity compared to the heading and 
kernel stages (Sherin et al. 2022).

Photosynthesis relies on chlorophyll pigments including 
chlorophyll a, b and carotenoids (Dehnavi et al. 2017; Latef 
et al. 2020).  Various biotic and abiotic stressors adversely 
affect plant photosynthesis.  Diminished photosynthetic 
pigments may result from reduced leaf surface area, which 
is essential for photosynthesis and light absorption (Ahmed 
et al. 2013).  The chlorophyll pigment content in plants helps 
neutralize singlet oxygen radicals and indicates resilience to 
different types of abiotic stress (Liang et al. 2013).  Tiryaki 
(2016) demonstrated that plants under combined salinity 
and drought stress show significant decreases in chlorophyll 
pigments, stomatal density, and transpiration rate.

Plants accumulate osmolytes to protect their internal 
processes from environmental changes, utilizing osmotic 
control to manage abiotic stresses (Dehnavi et al. 2017).  
Most crops synthesize low-molecular-weight organic solutes 
such as proline, cyclic polyols (inositol and derivatives of 
mono and di methylated inositol), glutamate, betaine (alanine 
or glycine), and linear polyols (mannitol, glycerol, or sorbitol) 
to counter salinity stress (Kumar and Sharma 2020).  Proline 
and soluble sugars facilitate free radical elimination from 
cells and mitigate stress impacts on physiological processes 
by increasing cellular osmotic concentration (Seo et  al. 
2020).  Wheat leaves demonstrated increased total soluble 
sugars and proline under salt and drought stress conditions 
(Shelden et al. 2013).  Research indicates that extended 
root growth enhances plant resistance to drought and salinity 
stressors (Dos Santos et al. 2007).  Salinity stress reduces 
fresh and dry root weight and restricts overall root growth  in 
barley genotypes (Taleisnik et al. 2009).  Dry soils show 
increased root biomass compared to regularly watered soils 
(Chamekh et al. 2014).  Leaves, the primary photosynthetic 
organs, determine radiation interception.  Restricted leaf 
growth represents one of the earliest observable effects of 
salt stress (Morales et al. 1998).  Durum wheat genotypes 
exhibit decreased leaf area under salinity stress (Zheng 
et al. 2008).  High salt concentrations significantly reduce 
both leaf area index (LAI) (El-Hendawy et al. 2005) and 
net assimilation rate (NAR) (Zaman et al. 2016).  During 
tillering, wheat demonstrates correlation between initial LAI 
increase and increased leaf number and photosynthetic area.  
Leaf aging from stem base upward explains post-peak LAI 
decline.  Premature leaf aging may cause NAR decrease.  
Reduced LAI and NAR potentially cause crop growth rate 
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(CGR) decline under water stress.  Decreased CGR leads 
to lower dry matter accumulation and relative growth rate 
(RGR) during water deficit (Maiti and Satya 2014).  Beena 
et al. (2018) reported significant NAR decrease, while other 
studies showed notable LAI reductions under drought stress 
(Hirabayashi et al. 2015).

Under extreme conditions, roots expand throughout 
the soil to access surrounding water and obtain sufficient 
moisture for survival.  Root biomass increases when abiotic 
stress conditions promote root elongation and enhanced 
water absorption capacity.  Plants with adequate translocation 
and transpiration mechanisms develop longer shoots 
compared to water-deficit plants struggling with nutritional 
and water deficiencies.  The wheat shoot’s tillers and internal 
mass influence its dry weight.  Irrigated plants maintain tissue 
water content due to sufficient fresh water availability, while 
water-stressed plants experience reduced internal mass.

Morphological adaptations include genes that influence 
panicle coverage by foliage to maintain lower spikelet 
temperatures and higher spikelet fertility (Maroco et  al. 
2000).  Plants that flower early in the morning can avoid 
elevated temperatures later in the day (Yadav and Sharma 
2016).  Abiotic stress induces morphological changes 
including biomass reduction, yield decrease, prolonged 
flowering  period, reduced pollen viability, and altered 
photosynthetic capacity.  These morphological modifications 
encompass anatomical changes such as thickened cell 
walls, increased chloroplast exposure to intercellular spaces, 
expanded mesophyll cell surface area, and distributed 
stomatal arrangement across leaf surfaces.

3.2. Physiological adaptation
Plants exhibit physiological adaptations to cope with abiotic 
stressors at cellular, molecular, and whole-plant levels.  
Relative turgidity represents the ratio between a leaf’s actual 
water content at full turgor and its maximum water-holding 
capacity.  Relative water content incorporates low water 
potential as a valuable plant water status indicator, along with 
osmotic adjustment’s impact on maintaining cell hydration.  
Low water potential serves as an additional indicator of 
plant water status within relative water content, considering 
osmotic adjustment’s role in cell hydration maintenance.  
Transpiration rate and water content are critical factors in leaf 
development.  Plants undergo rapid transpiration as water 
moves from roots to leaves.  This process leads to decreased 
water potential in drought-stressed plants and increased leaf 
water content in irrigated plants, a response unlikely in water-
deficient plants (Cattivelli et al. 2008).  This phenomenon 
reflects the actual damage experienced by stressed plants.  
Relative stress damage provides a metric for quantifying plant 
injury under stress conditions.  Under stress, plants initiate 
environmental tolerance mechanisms and activate specific 
resistance genes.  Abiotic stress tolerance appears to result 
from integrated physiological and biochemical changes at 
molecular and cellular levels, including osmotic adjustment, 
cell wall reinforcement, or cell size reduction.  Stress 
tolerance manifests through rapid modifications in mRNA and 
protein levels (Tangpremsri et al. 1995).

Water use efficiency becomes crucial for crop productivity
under limited water conditions.  Agronomically, it represents 
the ratio of total dry matter (DM) harvested to water consumed.
In essence, water use efficiency measures the relationship 
between transpired water and fixed carbon rates, or between 
agricultural production and water utilization.  It is quantified 
through biomass produced per unit of transpiration.  Achieving 
higher crop yields requires enhanced biomass production 
from limited water resources under stress conditions.  During 
water deficits, plants may experience concurrent salinity and 
drought stress, necessitating appropriate water management 
strategies (El Hafid et al. 1998).

Plants develop various mechanisms to endure drought 
stress (Ahmad I et al. 2022).  Furthermore, water-stressed 
crops exhibit stomatal closure, reducing CO2 availability to 
leaves and increasing electron availability for active oxygen 
species  formation (Turner et  al. 2001).  Environmental 
conditions that enhance transpiration elevate leaf sap pH, 
promote abscisic acid accumulation, and reduce stomatal 
activity (Bota et  al. 2004).  Severe drought conditions 
impair photosynthesis through decreased Rubisco activity 
(Bota et  al. 2004).  Evidence indicates that chloroplast 
CO2 availability and photosystem II modifications during 
drought conditions regulate photosynthetic electron transport 
chain activity.

Osmotic adjustment (OA), characterized by increased 
intercellular solute concentration in response to water 
stress, maintains turgor at reduced water potential.  
Despite genotypic variations, researchers recognize 
osmotic adjustment as a fundamental mechanism for plant 
drought adaptation, enhancing tissue metabolic activity 
and regeneration capacity.  Osmotic adjustment has been 
documented in drought-tolerant crops including wheat, 
sorghum, and oilseed brassicas.  High ionic concentrations 
can significantly inhibit cytosolic enzymes in plant cells (Singh 
et al. 2017).  During osmotic adjustment, vacuoles appear 
to restrict ion accumulation, maintaining separation between 
ions and the cytoplasm and subcellular organelles (Yadav 
et al. 2019).  This ion compartmentalization necessitates the 
accumulation of alternative solutes, such as sugar alcohols 
and proline, in the cytoplasm to maintain cellular water 
potential equilibrium (Shaheen et al. 2016).

In wheat, plants naturally respond to water deficit by wilting, 
reducing leaf area, and leaf abscission to minimize water loss 
through transpiration.  Significant water deficit inhibits plant 
cell elongation by impeding water movement from the xylem 
to elongating cells.  During drought conditions, reduced cell 
elongation, expansion, and mitosis result in decreased plant 
height, leaf area, and crop development.  Water conservation 
disrupts plant metabolism, induces stomatal closure, and 
compromises cell structure (Jagadish et al. 2007).

Extreme temperature stress disrupts cellular homeostasis 
in corn plants, inhibiting growth and development, potentially 
leading to mortality.  High temperatures affect various stages 
of maize development differently.  In soybeans, drought 
stress impacts germination rate and seedling vigor.  Root 
length increases during water scarcity, while hypocotyl length, 
germination, and root and stem biomass decrease.  Water 
deficiency negatively affects cell division and differentiation 
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processes essent ia l  for  growth.   Drought  reduces 
turgor pressure, resulting in decreased cell elongation 
(Mukamuhirwa et al. 2019).  Drought and high temperatures 
can severely impact plant development, causing reduced 
photosynthesis, diminished pollen production, irreversible 
growth damage, altered peduncle elongation, fewer panicles 
per plant, impaired pollen grain development, and increased 
spikelet sterility (Yang et al. 2019).  Low temperatures delay 
heading, decrease spikelet fertility, inhibit seedling growth, 
reduce panicle development, cause poor panicle exertion, 
and diminish grain quality.  Temperature and water stress 
affect both grain production and development while altering 
rice quality and chemical composition (Ahmad H et al. 2022).

Rice grain chalkiness increases under drought stress 
during the grain-filling period (Nithya et al. 2021).  Research 
has shown that imposing drought stress for 30 days from 
anthesis onset resulted in decreased harvest index and grain 
yield across 25 rice genotypes, along with reduced grain 
test weight and pollen fertility in most genotypes (Cal et al. 
2019).  While leaf rolling is considered a protective response 
to drought stress, its occurrence correlates more strongly with 
morphological characteristics than water deficiency (Prince 
et al. 2015).  Water shortage did not affect transpiration; 
however, certain genotypes such as Dangar exhibited 
increased leaf rolling (Rejeth et al. 2020).  Drought stress 
affects root system architecture and  influences genotype-
dependent yield (Kumar et al. 2016).  Plants have developed 
various adaptive responses to drought stress, including 
reduced leaf size, osmotic adjustment, decreased shoot 
water loss through enhanced cuticle deposition, and deeper 
root systems, which primarily maintain high internal water 
status (Sinha et al. 2022).  Root architecture, water uptake, 
and osmotic adjustment have been identified as critical traits 
for drought tolerance screening.

An enhanced membrane stability index (MSI) reduces 
ROS damage to cell membranes, representing one of 
the physiological mechanisms enabling rice to tolerate 
heat stress (Xiong et al. 2014).  Enhanced pollen viability 
ensures increased fertilization success, maintaining higher 
photosynthetic rates to offset yield losses from excessive 
transpiration under heat stress (Irato and Santovito 2021).  
Increased transpiration rates facilitate transpirational 
cooling to prevent ROS accumulation (Farooq et al. 2009).  
Physiological adaptations protect essential biological 
substances required for cellular homeostasis and membrane 
integrity.  Heat shock proteins (HSPs) play a crucial role in 
cellular tolerance by maintaining protein tertiary structure.  
Additionally, both enzymatic and non-enzymatic antioxidants, 
including carotenoids, phenolic compounds, ascorbic acid, 
glutathione peroxidase (GPX), peroxidase (POD), catalase 
(CAT), and superoxide dismutase (SOD), are essential for 
mitigating ROS effects (Krasensky and Jonak 2012).

3.3. Biochemical adaptation
Under abiotic stress, crops undergo various cellular, 
molecular and biochemical changes.  Photosynthetic 
processes, adenosine triphosphate (ATP), and nicotinamide 
adenine dinucleotide (NAD) are essential for chlorophyll and 

carotenoid pigment production.  Since chlorophyll cannot 
directly absorb sunlight, it must acquire it from carotenoid, 
an auxiliary pigment.  Photosystems I and II utilize the light’s 
energy to generate NADPH and ATP, two forms of chemical 
energy used by plants.  Research indicates that plants utilize 
fixed CO2 and photosystem products to synthesize glucose.  
Consequently, wheat with higher carotenoid content in its 
chloroplasts likely synthesizes more chlorophyll and absorbs 
more sunlight (Ashraf and Foolad 2007).  Additionally, 
starch plays a vital role in plant adaptation to abiotic stress, 
including high temperatures, salt and drought.  Under severe 
conditions that inhibit photosynthesis, plants typically utilize 
starch as an energy source.  Plants can mitigate stress 
impacts by releasing appropriate solutes, derived sugars, 
osmoprotectants, and other metabolites to promote plant 
development (Panda and Sarkar 2014).

Arginine and proline are essential amino acids for 
regulating osmotic pressure under abiotic stress.  Proline, 
functioning as an osmoprotectant, can enhance cell division 
while inhibiting it when present in excess.  This proline 
accumulation pattern results from the expression of the 
pyrroline-5-carboxylate synthase gene.  Additional evidence 
supporting proline's protective role comes from transgenic 
crops, where proline overproduction enhances tolerance 
to osmotic stress.  Multiple amino acids contribute to 
osmotic stress response.  Studies demonstrate that arginine 
effectively enhances stress tolerance in leaves.  Under 
hyperosmotic stress, the enzyme associated with arginine 
production becomes activated.  Moreover, under osmotic 
stress, sunflower and wheat plants demonstrate increased 
expression of asparagine synthase genes.  Glutamate 
synthase overexpression in rice enhances its osmotic 
stress tolerance.  These observations suggest that alterations 
in osmotic pressure-induced amino acid levels may result 
from modified gene expression encoding metabolic enzymes 
(Ahmad H et al. 2022).  Additionally, survival rates under 
submerged conditions correlated positively with higher 
accumulation of starch and non-structural carbohydrates (Luo 
and Tang 2023).

In cotton, exogenous hormones, particularly mepiquate 
chloride (MC) and melatonin (MT), have been identified as 
the most effective abiotic stress signaling regulators (Wang 
et al. 2020; Song et al. 2023).  Research demonstrates that 
MC enhances cotton production by reducing leaf area, plant 
height, and shoot and fruit branch length through decreased 
gibberellin (GA) production (Wu et al. 2023).  Cotton plants 
treated with MC exhibited enhanced leaf weights, increased 
leaf thickness, elevated chlorophyll content, and improved net 
photosynthetic activity (Meng et al. 2023).  It reduced ribulose 
1,5-bisphosphate carboxylase/oxygenase (RuBisCO), 
modified the source–sink relationship, enhanced stomatal 
conductivity, and increased photoassimilate production 
in leaves (Kołodziejczyk et al. 2021).  During middle and 
late leaf development stages, it increases active cytokinin 
(CK)  levels, reduces GA synthesis, delays abscisic acid and 
ethylene peak times, and postpones leaf senescence onset.  
Studies indicate that MC application extends the functional 
period of cotton leaves (Khan et al. 2023).  Salicylic acid (SA) 
and jasmonic acid (JA) improve plant tolerance to drought, 
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salinity and heat stresses.  Previous research indicates that 
MT possesses strong antioxidant properties and can enhance 
crop resilience to abiotic stress through signal modulation 
(Zhang et al. 2021).

In plants, MT plays crucial roles in fruit r ipening, 
photosynthetic activity, root and flower growth, leaf 
senescence, and mitigation of stress-induced oxidative 
damage (Posmyk 2016).  MT enhances CAT, SOD, 
glutathione peroxidase (GSH-PX), glutathione reductase 
(GSSG-R), and ascorbate peroxidase (APX), enabling 
cotton  to tolerate cold conditions through free radical 
scavenging (Li et al. 2018a).  MT metabolites are distinct from 
most antioxidant enzymes in their ability to scavenge excess 
ROS and reactive nitrogen species (RNS) (Li et al. 2018b).  
MT enhances antioxidant activity during cold stress by 
optimizing redox state and gene expression (Qari et al. 2022).  
Additionally, MT improves cold resistance by enhancing 
antioxidant activity, starch degradation, and electron 
transport (Li et al. 2016).  Studies have revealed multiple MT 
functions that contribute to stress tolerance across various 
crops (Wang et al. 2013).  For example, during cadmium 
stress (Cd), MT treatment significantly reduced electrolyte 
leakage in tomatoes, while showing minimal effects under 
normal conditions (Wei et al. 2015).  Appropriate MT levels 
enhance stress tolerance, total protein content, and cell fluid 
concentration in kiwifruit leaves, while promoting protein 
accumulation in Malus hupehensis (Galau et al. 1987).  Under 
salt stress conditions, exogenous MT enhances soybean 
growth and protein content (Diamant et al. 2001).

3.4. Molecular adaptation
Late embryogenesis abundant (LEA) proteins, a class of 
high molecular weight proteins, are widely distributed during 
early embryogenesis and accumulate in response to water 
stress during seed dehydration.  Multiple classes of LEA 
proteins have been documented.  Among these groups, 
group 3 proteins are thought to assist in concentrated ion 
sequestration during cell dehydration.  Group 1 LEA proteins 
demonstrate enhanced water-binding capacity, while group 
5 LEA proteins are believed to regulate ions during water 
loss (Vierling 1991).  Additionally, various detoxifying genes 
support defense against abiotic stress.  Plants achieve 
stress protection through ROS scavenging and specific 
solute accumulation.  This mechanism preserves protein 
structure and function.  Studies indicate that genes activating 
ascorbate peroxidase, ascorbate peroxidase, and glutathione 
reductase influence multiple abiotic stressors (Piveta et al. 
2020).  A well-regulated biological response to heat or other 
abiotic stress involves increased transcription of specific 
gene groups across species.  Heat shock transcription 
factor (HSF) operates as a monomeric, non-DNA binding 
form in unstressed cells.  Under stress conditions, it forms a 
trimeric complex that binds heat shock gene promoters.  The 
activation of genes encoding HSPs represents one of the 
most prominent responses in organisms exposed to elevated 
molecular temperatures (El-Esawi and Alayafi 2019).

Rice demonstrates differential overexpression of HSPs 
and heat shock factors (HSFs); HSF2a shows upregulation 

under heat stress, HSF7A exhibits upregulation during 
drought stress, and HSP74.8, HSP80.2, and HSP24.1 display 
upregulation under combined stress  conditions (Radha 
et al. 2023).  Furthermore, the expression of eight genes 
conferring abiotic stress tolerance (OsRD29A, OsSNAC1, 
OsSNAC2, OsLEA3, OsDREB2A, OsDREB2B, OsRAB16A, 
and OsRAB16C) and four genes encoding ROS-scavenging 
enzymes (OsSOD-Cu/Zn, OsCATB, OsCATA, and OsAPX2) 
demonstrates significant upregulation in transformed rice 
lines compared to wild-type expression (Juven-Gershon et al. 
2008).  Rice grain production increases with overexpression 
of the rice Rab7 gene, enhancing resistance to drought and 
heat stress.  Genomics and QTL-based approaches have 
facilitated the identification of genes and loci responsible 
for rice's abiotic stress resistance.  These newly discovered 
molecular mechanisms enable rice to develop physiologically 
under suboptimal conditions while maintaining grain 
yield and reproductive development (Hu et  al. 2006).  
Promoters function as specific regulatory sequences that 
bind transcription factors and RNA polymerase to initiate 
transcription (Shinozaki and Yamaguchi-Shinozaki 2007).  
The trans-regulatory elements involved in plant defense and 
stress-responsive gene regulation include zinc-finger families, 
basic-leucine zipper (bZIP), dehydration-responsive element-
binding (DREB) or C-repeat binding factor (CBF), and 
MYB, which bind to the cis-element of corresponding gene 
promoters (Shinozaki and Yamaguchi-Shinozaki 2007).

Crops respond to abiotic stress through the activation 
of multiple genetic systems, including the ABA pathway, 
cold stress pathway, and SOS pathway.  Under osmotic 
stress conditions, two pathways activate in plants: the ABA-
independent pathways and the ABA-dependent pathways.  
ABA-response element (ABRE) binding protein and activated 
in plants.   ABRE binding factors (AREB/ABFs) constitute 
transcription factors crucial to the ABA-dependent pathway.  
The transcription factors DREB2, a cis-element, and 
dehydration-response element/C-repeat (DRE/CRT) play 
essential roles in ABA-independent gene production during 
osmotic stress.  AREB2/ABF4, ABF3, and AREB1/ABF2 
expression increases progressively under drought and salt 
stress in vegetative tissues.  Over-expression studies indicate 
these three ABRE binding protein and AREB/ABFs function 
as significant ABA regulatory signals during drought stress 
(Shi et al. 2000).

CBF/DREB1 homologs, identified across multiple species, 
bind to CRT/DRE cis-elements (A/GCCGAC) in the COR 
gene promoter region to regulate the expression of COR 
genes belonging to the ERF/AP2 (ethylene-responsive factor/
APETALA2) transcription factor family.  The CRT/DRE cis-
acting elements regulate the expression of the RD29A gene, 
which contributes to abiotic stress response and tolerance 
(Gupta and Huang 2014).

SOS1, SOS2, and SOS3 are three essential enzymes 
involved in the SOS signaling pathway.  The Na+/H+ anti-
porter plasma membrane, which is crucial for regulating Na+ 
efflux at the cellular level, is encoded by the SOS1 protein.  
Furthermore, its overexpression facilitates Na+ long-distance 
transport from root to shoot and enhances plant salt tolerance 
(Tester and Davenport 2003).  The SOS2 gene, which 
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encodes serine/threonine kinase and contains a well-defined 
catalytic N-terminal domain and regulatory C-terminal region, 
is activated by Ca2+ signals that are elevated during salt 
stress.  The SOS3 protein represents the third component 
in the SOS stress signaling system.  It is a myristylated 
Ca2+ binding protein containing an N-terminus myristylation 
site.  This site serves a critical function in salt tolerance by 
regulating vacuole activities, pH homeostasis, and membrane 
vesicle trafficking related to salinity tolerance.  Consequently, 
when Na+  concentration increases, there is a significant 
elevation in intracellular Ca2+ levels, which promotes its 
interaction with the SOS3 protein.  Ca2+, in conjunction with 
SOS proteins, regulates intracellular Na+ homeostasis.  
Subsequently, the SOS3 protein interactions lead to the 
release of SOS2 protein’s self-inhibition.  The SOS2-SOS3 
complex descends to the plasma membrane, where SOS1 
responds.  Phosphorylated SOS1 mitigates Na+ toxicity by 
enhancing Na+ efflux (El Mahi et al. 2019).

4. Conclusion
Environmental disturbances, whether arising from natural 
fluctuations or human interference, significantly impact 
crop productivity.  The severity of abiotic stresses on crops 
ranges from subtle to catastrophic.  Exposure to abiotic 
stress can disrupt plant metabolism, resulting in alterations 
to physiological processes, biochemical reactions, molecular 
modifications, and plant growth, ultimately affecting productivity.  
Crops have evolved various mechanisms to withstand the 
adverse effects of abiotic stresses, including enhanced relative 
stress injury, cell electrolyte leakage, decreased relative water 
content, elevated ROS production, reduced photosynthetic 
pigment, diminished root and shoot length, decreased yield, 
signal transduction pathways, endogenous hormones, and 
gene identification.  Research demonstrates that crops 
employ multiple coping mechanisms integrating physiological, 
morphological, biochemical, and molecular modifications to 
mitigate the impacts of abiotic stresses.
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