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Abstract Nutrient–stress crosstalk: linking metabolism with stress tolerance

Introduction

Metabolic roles of key nutrients in plant stress tolerance

References

Abiotic stresses such as drought, salinity, heat, and nutrient deficiency 

significantly limit crop productivity. Essential mineral nutrients play crucial 

regulatory roles in helping plants adapt to these stresses by driving metabolic 

reprogramming. Macronutrients like nitrogen and phosphorus support energy 

metabolism and the production of protective compounds, while potassium 

regulates osmotic balance and reduces oxidative stress. Micronutrients such as 

iron and zinc are vital for photosynthesis, electron transport, and antioxidant 

defense. The interaction between nutrient signaling and stress-response 

pathways is key to plant resilience, and integrated multi-omics approaches are 

needed to develop nutrient-efficient, stress-tolerant crops.
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Phosphorus, potassium, iron, and zinc play critical roles in regulating 

plant metabolism under abiotic stress. Phosphorus supports energy 

production, membrane stability, and stress signaling by sustaining 

ATP synthesis and central metabolic pathways. Potassium regulates 

osmoregulation, stomatal conductance, enzyme activity, and ionic 

balance, thereby protecting plants from drought- and salinity-induced 

damage while enhancing antioxidant defense. Iron is essential for 

electron transport and redox balance, maintaining photosynthetic 

efficiency and activating iron-dependent antioxidant enzymes that 

limit oxidative stress. Zinc functions as a key enzyme cofactor that 

stabilizes membranes, regulates hormone signaling, and enhances 

ROS scavenging through antioxidant enzymes and metallothioneins. 

Together, these nutrients maintain metabolic stability, cellular 

homeostasis, and antioxidant capacity, enabling plants to tolerate 
diverse abiotic stresses.

Nutrient–stress crosstalk describes how nutrient availability

interacts with metabolic and signaling pathways to enhance

plant tolerance to abiotic stresses. Nutrients function within

integrated networks involving energy metabolism, hormonal

signaling, osmotic regulation, ion homeostasis, and redox

control. During drought, potassium maintains turgor and

photosynthesis, while nitrogen supports osmolyte synthesis to

protect cellular functions. Under salinity, potassium preserves

ionic balance, phosphorus sustains ATP for ion transport, and

micronutrients such as iron, zinc, manganese, and copper

activate antioxidant defenses to reduce oxidative damage. In

heat stress, zinc stabilizes proteins, iron maintains electron

transport, and calcium mediates stress signaling through heat

shock proteins. Overall, nutrient-driven metabolic

adjustments promote cellular stability, efficient energy use,

and redox homeostasis, forming a coordinated defense

system that strengthens plant resilience to environmental
stress.
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Nutrients are fundamental to plant growth and function, acting not

only as structural components but also as regulators of cellular

signaling and metabolic balance. The concept of nutrient–stress

crosstalk explains how macro- and micronutrients influence gene

expression, redox homeostasis, osmolyte production, hormonal

signaling, and secondary metabolism, enabling plants to adapt to

diverse abiotic stresses. Adequate nutrient availability mitigates

stress-induced damage by enhancing antioxidant defenses,

maintaining membrane and ionic stability, supporting photosynthesis,

and promoting metabolic adjustment. Key nutrients such as nitrogen,

phosphorus, potassium, calcium, magnesium, iron, zinc, and boron

play critical roles in energy metabolism, ROS detoxification,

stomatal regulation, and stress signaling. Understanding these

nutrient-driven metabolic processes is essential for developing stress-

resilient crops and sustainable nutrient management strategies under
increasing climate and soil constraints.

Conclusion and Future perspectives

Nutrients act as dynamic regulators of plant metabolism, redox 

balance, ion homeostasis, and hormonal signaling, playing a central 

role in enhancing tolerance to abiotic stresses. By controlling key 

processes such as energy production, antioxidant defense, osmotic 

regulation, and stress-related gene expression, nutrients help maintain 

cellular stability under adverse conditions. Future research should 

adopt integrative, multi-omics and systems-level approaches, 

combined with advanced phenotyping, machine learning, and modern 

breeding tools, to better understand nutrient–stress interactions and 

develop nutrient-efficient, stress-resilient crop varieties for sustainable 

agriculture.

Figure. Comparative overview of nutrient-

mediated defense mechanisms under drought, 

salinity, and heat stress.


