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Introduction 

In contemporary agricultural systems, climate change represents a 

major challenge for both scientific research and farming practices. A 

projected climate change impact study, using crop simulation 

models across various regions in India, indicates significant 

reductions in crop yields under future climate scenarios. 

Specifically, rainfed rice yields are estimated to decrease by 20 % in 

2050 and 47 % in 2080, if no adaptation measures are adopted. For 

irrigated rice, yields are projected to decline by 3.5 % in 2050 and               

5 % in 2080. Wheat yields are expected to decline by 19.3 % in 2050 

and 40 % in 2080, with considerable spatial and temporal 

variations. Similarly, kharif maize yields are projected to decrease 

by 18 % in 2050 and 23 % in 2080 (1). These yield losses are 

accompanied by declines in nutritional quality, reflecting 

disruptions in mineral nutrient acquisition and allocation. A 

significant factor contributing to these adverse impacts is the 

abiotic stress induced by climate change. Abiotic stresses such as 

drought, salinity, alkalinity, waterlogging, extreme temperatures, 

acidity and metal toxicity have gained considerable attention due 

to their profound effects on plant growth, nutrient uptake and 

overall productivity (Fig. 1). Under these stress conditions, the ability 

of plants to acquire essential mineral nutrients becomes severely 

compromised (2).  

 Plants have evolved complex regulatory mechanisms to 

cope with environmental challenges. Stress-responsive genes 

activate to produce protective proteins and metabolites. 

Phytohormones like abscisic acid play a crucial role in stress 

signalling, triggering stomatal closure during drought (3). Osmolyte 

accumulation maintains cellular osmotic balance under stress (4). 

Antioxidant systems combat oxidative damage, while plants 

modify their root architecture and leaf morphology to enhance 

resource acquisition (5). These responses involve signalling 

cascades and transcriptional reprogramming, allowing plants to 

adapt to adverse conditions. Mineral nutrient acquisition is crucial 

for plant growth, yet abiotic stress disrupts nutrient uptake and 

transport. Stresses impair root development, alter membrane 
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Abstract  

Mineral nutrient acquisition is central to plant growth, productivity and resilience, particularly under abiotic stresses such as drought, 

salinity, alkalinity, waterlogging, extreme temperatures, acidity and metal toxicity. Among essential mineral nutrients, nitrogen (N), 

phosphorus (P), potassium (K) and micronutrients such as zinc (Zn) and iron (Fe) are most severely affected under stress conditions, with 
nutrient uptake reductions often ranging from 20–60 % depending on stress intensity and crop species. These environmental stresses 

interfere with nutrient availability, transport and assimilation by modifying root morphology, membrane transport activity and gene 

expression patterns. This review summarises existing knowledge on the response of plants to such challenges, including physiological 

adjustments, transcriptional regulation of nutrient transporters, hormonal signalling and symbiotic interactions. Special attention is given 
to the roles of aquaporins, ion channels and nutrient-specific transporters, including nitrate transporters (NRTs), phosphate transporters 

(PHTs), high-affinity potassium transporters (HKTs) and zinc/iron transporters (ZIP) family members, in maintaining nutrient homeostasis. 

Recent studies indicate that improved regulation of these transport systems can enhance nutrient use efficiency by 15–40 % under 

adverse environments. The review also examines emerging approaches involving microbial biostimulants, including plant growth-
promoting rhizobacteria and fungal bioinoculants, as well as chemical elicitors such as salicylic acid, that enhance nutrient uptake under 

stress conditions. Insights into these integrated responses provide avenues for improving nutrient use efficiency and strengthening crop 

resilience in marginal environments. 
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permeability and affect nutrient transporter genes, leading to 

nutrient imbalance (6, 7). Drought and salinity reduce nutrient 

transporter expression, while extreme temperatures impair 

nutrient translocation (8, 9). As a result, stressed plants frequently 

develop nutrient deficiencies that further increase vulnerability to 

climate-related impacts. A summary of abiotic stress effects on crop 

yields is presented in Table 1. 

 Although substantial progress has been made in 

understanding mineral nutrient acquisition under abiotic stress, 

responses often vary considerably across crop species, stress types 

and experimental conditions. Studies report both enhancement 

and suppression of nutrient transporter activity under similar 

stress environments, indicating context-dependent regulatory 

mechanisms rather than uniform stress responses. Comparative 

evaluation across species and stress scenarios, along with 

identification of conflicting evidence and unresolved questions, is 

therefore essential to advance a cohesive understanding of 

nutrient acquisition under abiotic stress. This review synthesises 

existing evidence to highlight conserved strategies, species-

specific responses and key knowledge gaps that require further 

investigation. 

Impact of abiotic stress on nutrient acquisition 

Drought 

Water is fundamental to plant physiological processes and 

governs the mobility of mineral nutrients in soil-plant systems. The 

movement of mineral nutrients in soil plays a significant role in 

their absorption by plants. For plants to take up nutrients, ions 

must move toward absorbing roots, or roots must reach areas 

with available nutrients. Two key theories, soil solution theory and 

contact exchange theory, explain nutrient availability to plants             

(21, 22). Under drought conditions, anionic nutrients such as 

Nitrate (NO3
-), Dihydrogen phosphate (H2PO4

-), Hydrogen 

phosphate (HPO4
2-) and Sulfate (SO4

2-) become less available due 

to reduced mass flow and diffusion (23). Nutrient absorption 

occurs through active and passive mechanisms (24). During 

drought, plants close stomata to reduce water loss, limiting CO2 

uptake and photosynthetic efficiency (25). This adaptive response 

indirectly constrains water flow and limits nutrient uptake via 

reduced transpiration streams (26). Reduced transpiration 

diminishes nutrient uptake through passive absorption. Drought 

stress induces expression of genes involved in nutrient transport, 

including aquaporins, which facilitate water and nutrient transport 

 

Fig. 1.  A general representation on effect of abiotic stress on a plants nutrient uptake. 

Crop Effect on yield Reference 
Water stress 

Mungbean Decrease in 62.84 % seed yield plant-1 as compared to no water stress. (10) 

Rice Decrease in 20.11 % grain yield hill-1 compared to no stress. (11) 

Alyssum homolocarpum Decrease in 84.24 % seed yield pot-1. (12) 

Arachis hypogaea 
Moderate and severe water stress resulted in 7.35 % and 48.43 % decrease in yield compared to well-

watered conditions. (13) 

Salinity 

Rice 
Decrease in 37.72 % grain yield pot-1 under 6 dSm-1 over no stress. (14) 

Decrease in 15.9 % grain yield pot-1 with 34.2 mM NaCl compared to the control. (15) 

Capsicum annuum A decrease in 10.43 % yield of plant-1 under 105 mM NaCl compared to the control. (16) 

Strawberry 75mM NaCl resulted in 34 % decrease in the yield of the strawberry over 0 mM NaCl. (17) 

Heat stress 

Spring wheat Heat stress resulted in 10.43 % reduction in yield compared to the normal condition. (18) 

Maize 14.6–16.4 % yield reduction under heat stress compared to normal conditions. (19) 

Chilling stress 

Rice 
Chilling treatment of 12 °C for 2 days resulted in 8.3 % decrease in grain yield plant-1 compared to 21 °C 

for 8 days treatment. (20) 

Table 1. Impact of abiotic stresses on crop yield 
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across cell membranes (27). Aquaporins are classified into plasma 

membrane intrinsic proteins (PIPs), tonoplast intrinsic proteins 

(TIPs), nodulin-26 intrinsic proteins (NIPs), small basic intrinsic 

proteins (SIPs) and X intrinsic proteins (XIPs), with PIPs and TIPs 

showing significant expression under drought stress (27). NH4+ 

enhances drought tolerance in rice by increasing aquaporin 

expression (28). Defective in urea uptake 3 (DUR3) and some 

aquaporins function as urea transporters (29), providing 

advantages when soil NO3
- is reduced. However, some nutrient 

transporters, including nitrate transporters (NRTs) and phosphate 

transporters (PHTs), may be downregulated under drought 

conditions (30). Notably, reports on nutrient transporter regulation 

under drought stress are often contradictory. While several studies 

document downregulation of nitrate and phosphate transporters 

under prolonged or severe drought, others report transient 

upregulation during early stress phases or under moderate stress 

intensity. For instance, in Brassica juncea L., early induction of 

BjNRT1 family members followed by later repression of NRT2 

transporters suggests a temporal shift in nitrogen acquisition 

strategy. Similar stress stage-dependent responses have been 

reported in rice and wheat, indicating that transporter regulation is 

influenced by stress duration, severity, tissue specificity and 

developmental stage. These contrasting findings highlight the need 

for time-resolved and tissue-specific analyses of nutrient 

transporter dynamics under drought stress. The NRT family 

includes NO3
- transporters, classified as high-affinity (NRT2) and low

-affinity (NRT1) transporters. Under drought stress, most genes 

encoding nitrate transporters and enzymes involved in NO3
- 

assimilation and remobilisation are downregulated (30). In Brassica 

juncea, BjNRT1;1 and BjNRT1;5 expression were upregulated in 

response to abiotic stresses within the first hour, suggesting an early 

nitrogen (N) accumulation response. However, after 24 hr, N 

transporters, including BjNRT2;1, were downregulated (30). Water 

and potassium (K+) share a close relationship under drought stress, 

as both are transported through channels and transporters 

regulated by similar mechanisms. In Oryza sativa L., water scarcity 

affects PIP aquaporins and K+ channels/transporters, such as 

OsAKT1, OsHAK1 and OsHKT1, which influence hydraulic 

conductance (31). 

Salinity 

Salinity refers to the accumulation of major dissolved inorganic 

solutes in water and soil, including ions such as sodium (Na+), 

magnesium (Mg2-), calcium (Ca2+), potassium (K+), chloride (Cl-), 

sulphate (SO₄2-), bicarbonate (HCO₃-), nitrate (NO₃-), carbonate 

(CO₃2-) (32). Soil salinity influences crop productivity, nutrient 

availability, uptake by plants and soil microorganism activity (33). 

Salinity stress affects plants through osmotic stress, reducing 

water availability (34) and ionic stress, which disrupts cellular ionic 

balance (35). This ionic imbalance leads to nutrient deficiencies 

and ion toxicities, thereby disrupting multiple physiological 

processes (36). Salinity induces nutrient imbalances by allowing 

Na+ and Cl- to compete with essential nutrients such as K+, Ca2+ and 

NO₃- for uptake sites, resulting in extreme ionic ratios including 

Na+/Ca2+, Na+/K+, Ca2+/Mg2+ and Cl-/NO₃- (37, 38). Salinity stress 

affects nutrient uptake by impacting nutrient mobility or raising 

cellular nutrient demands (33). Potassium, crucial for water uptake 

regulation, is particularly affected by high salinity. High Na+ in soil 

may reduce K+ uptake through competitive inhibition, leading to 

downregulation of nutrient transporters. The high-affinity 

potassium transporter (HKT) family is often suppressed under 

saline conditions (34). However, research has demonstrated that  

40 % increase in K+ concentration in cassava tubers when exposed 

to 40 mM NaCl was noticed (39). Comparative evidence across crop 

species reveals both conserved and divergent nutrient acquisition 

strategies under salinity stress. While Na+ induced suppression of K+ 

uptake is widely reported in cereals such as rice and wheat, certain 

species, including cassava and halophytes, exhibit enhanced K+ 

accumulation or selective transporter activation under moderate 

salinity. These differences suggest that nutrient transporter 

regulation under salinity is highly species-specific and may reflect 

evolutionary adaptation to saline environments. However, the 

molecular basis underlying these contrasting responses remains 

poorly understood, particularly in non-model and oilseed crops. 

Many abiotic stresses do not act independently but converge on 

shared physiological and molecular pathways. Drought and 

salinity, for instance, both impose osmotic stress and activate 

overlapping signalling networks involving abscisic acid, calcium 

and reactive oxygen species. These shared signals often regulate 

common sets of transporters, including aquaporins, nitrate 

transporters and potassium channels, leading to similar nutrient 

acquisition constraints under different stress conditions. 

Recognising this overlap is essential for interpreting nutrient 

responses under field conditions, where multiple stresses 

frequently occur simultaneously. 

Extreme temperatures 

Extreme temperatures are significant abiotic stress factors limiting 

plant growth, development and distribution (40). With climate 

change, extreme temperatures increasingly disrupt agricultural 

production, leading to reduced crop yields in many regions                    

(41, 42). Understanding the effect of temperature on nutrient and 

water transport is crucial for agricultural productivity. Extreme 

temperatures affect root architecture, influencing elongation, 

branching patterns and development. Root architecture 

determines nutrient acquisition, as root configuration regulates 

nutrient uptake efficiency (5). Root system size and branching 

determine soil exploration and nutrient absorption (43). Plants 

adapt their root architecture to nutrient availability, increasing 

branching in nutrient-rich areas. However, the relationship 

between root architecture and nutrient acquisition is complex. 

While several studies report improved nutrient uptake associated 

with specific root traits, others indicate limited or context-

dependent effects (43). Nutrient uptake depends on root structure 

and soil nutrient availability (44). Root elongation rates vary with 

soil temperature, showing optimal growth within specific ranges. 

Soybean root elongation increases up to 30 °C but reduces with 

soil resistance (45). White oak root growth relates to soil 

temperature, while cold temperatures reduce root development 

in alpine plants (46, 47). Low temperatures induce smaller angles 

between primary and lateral roots (48). In maize, oligosaccharides 

mitigate cold stress effects on root elongation (49). Strigolactones 

promote root elongation under temperature stress in tall fescue 

(50). Low temperatures influence soil nitrogen forms, inactivating 

nitrifying bacteria and increasing the NH4
+/NO3

- ratio (51). Low 

temperatures reduce NH4
+ uptake via HATS (52, 53). In                       

Lens culinaris, heat stress at 37 °C decreased zinc (Zn) and iron (Fe) 

concentrations (54). Low temperatures impair micronutrient 

uptake by reducing transporter expression, as shown in 

Arabidopsis thaliana L. through downregulation of AtNRAMP1 

involved in manganese uptake (55). 
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Toxicity stress 

Toxic stress arising from acidic soils and metal contamination poses 

a significant challenge to mineral nutrient acquisition by disrupting 

root function and nutrient homeostasis. Acidic conditions affect root 

development and disrupt nutrient homeostasis. In soybeans, low pH 

inhibits root elongation and alters essential mineral nutrient 

distribution across tissues. The concentrations of phosphorus (P), 

molybdenum (Mo), nitrogen (N), potassium (K) and magnesium (Mg) 

diminish, while calcium (Ca), sulfur (S) and iron (Fe) increase. These 

changes are accompanied by downregulation of mineral nutrient 

transport genes, indicating that acidity stress impedes nutrient 

uptake at biochemical and transcriptional levels (6). Aluminium (Al) 

toxicity, prevalent in acid soils, leads to reduced P and Mg 

concentrations in red clover, while K, Zn and Mn levels increase. The 

degree of nutrient imbalance correlates with Al resistance, as 

tolerant cultivars maintain stable nutrient profiles compared to 

sensitive genotypes, suggesting nutrient regulation as a potential Al 

tolerance mechanism (7). Heavy metals, including cadmium (Cd) 

and zinc (Zn), disrupt nutrient uptake and transport. In Scots pine 

seedlings, Zn toxicity impairs Fe translocation and induces Mn 

deficiency in roots (56). Cd exposure prevents key nutrient 

absorption and induces growth retardation and oxidative stress in 

most crops (9). These processes involve disruption of ion channels, 

competitive inhibition in transport sites and impairment of nutrient 

carriers (57). Fluoride and arsenic toxicity also affect nutrient 

acquisition. Fluoride replaces vital enzyme cofactors, including Ca2+ 

and Mg2+, causing membrane malfunction and restricted nutrient 

transport. Arsenic interferes with phosphate ions due to structural 

similarity, blocking phosphorus absorption and reducing seedling 

growth and biomass retention (58). A summary of nutrient 

acquisition as affected by abiotic stress is presented in Table 2.  

Adaptive mechanisms 

Root architecture modification 

Plants modify root architecture in response to abiotic stresses 

through coordinated interactions among phytohormones, soil 

microbes and environmental signals to optimise resource 

acquisition. Understanding these mechanisms is crucial for 

developing strategies to improve crop resilience under changing 

climatic conditions (59). Modification of root length represents a key 

adaptive mechanism that enhances nutrient acquisition under 

stress through interactions among genetic factors, environmental 

cues and hormonal regulation. Plant hormones, particularly auxin 

and cytokinin, regulate root growth under stress (60). Strigolactones 

(SLs) contribute to root architecture modification under nutrient-

deficient conditions by promoting root development and facilitating 

symbiosis with arbuscular mycorrhizal fungi (61). The interplay 

between these hormones and other phytohormones helps plants 

adapt to various abiotic stresses (61). Root cortical senescence (RCS) 

in Triticeae enhances plant growth under suboptimal nutrient 

conditions by reducing nutrient requirements, decreasing cortical 

respiration and increasing carbon reserves (62). Plants further adapt 

to abiotic stress by increasing root surface area through enhanced 

lateral branching, allowing exploration of new soil zones for nutrient 

acquisition (63). 

Membrane transporters and channels 

Membrane transporters and channels are crucial in plant responses 

to abiotic stress, particularly in mineral nutrient acquisition. These 

proteins maintain cellular homeostasis by regulating nutrient and 

water uptake across cellular membranes (64). Plants regulate 

transporter protein expression in response to abiotic stresses, 

including nutrient shortage, drought, salinity and low temperature. 

Macronutrient deficiency primarily activates plasma membrane 

transporters, whereas micronutrient deficiency often induces 

tonoplast transporter activity and is associated with reduced 

aquaporin expression (64). In stress-tolerant genotypes, low 

temperatures, salinity and drought are associated with increased 

expression of nutrient transporters and aquaporins (65). Plant ion 

transport regulation involves complex signalling pathways, 

including abscisic acid (ABA) and calcium (Ca2+) signalling cascades. 

These pathways regulate protein kinases and phosphatases that 

guide ion transport activity in response to environmental stimuli (66). 

The calcineurin B-like (CBL) and CBL-interacting protein kinase 

(CIPK) signalling pathway is significant in fine-tuning plant responses 

to abiotic stresses by regulating ion channels and transporters (67). 

Understanding these transport systems and their signalling 

networks is crucial for developing strategies to improve crop 

tolerance to abiotic stresses and enhance sustainable agricultural 

production under unfavourable conditions (68). 

Hormonal crosstalk 

Hormonal crosstalk is vital in plant responses to abiotic stress and 

nutrient acquisition. Phytohormones interact in complex 

pathways to regulate growth, development and stress tolerance. 

Strigolactones (SLs), carotenoid-derived molecules, interact with 

auxin, abscisic acid, cytokinin and gibberellins to regulate stress 

adaptation. Under nutrient deficiency, plants increase SL 

production, modifying root architecture and enhancing symbiosis 

with arbuscular mycorrhizal fungi, improving nutrient uptake (61). 

External SL analogue GR24 may enhance abiotic stress tolerance. 

Nitrogen application mitigates salinity stress by stabilising 

membranes, improving plant water relations, enhancing leaf gas 

Nutrient Abiotic stress Acquisition constraint Adaptive uptake response 

Nitrogen(N) Drought, Salinity Reduced mass flow and root activity Upregulation of NRTs and enhanced N remobilisation 

Phosphorus (P) Drought, Acidity Reduced diffusion and P fixation Altered root architecture, increased PHT expression 

Potassium (K) Salinity, Drought Ionic competition (Na+ vs K+) Selective K+ uptake via HKTs 

Calcium (Ca) Salinity Reduced Ca2+ availability in the 
rhizosphere 

Enhanced Ca2+ transport and signalling 

Magnesium (Mg) Drought Limited soil solution mobility Improved root foraging efficiency 

Zinc (Zn) Drought, Salinity Reduced solubility and diffusion Increased ZIP transporter expression 

Iron (Fe) Alkalinity, Flooding Reduced Fe3+ solubility Activation of chelation and reduction strategies 

Manganese (Mn) Flooding Redox imbalance affecting availability Redox-regulated transporter activity 

Boron (B) Drought Reduced transpiration-driven uptake Aquaporin-mediated transport 

Copper (Cu) Metal stress Competitive inhibition Regulated ZIP/COPT transporters 

Table 2. Effect of abiotic stresses on nutrient acquisition and uptake in plants 
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exchange and reducing oxidative damage, thereby contributing to 

salt tolerance. Crosstalk between nitric oxide (NO) and salicylic acid 

(SA), involving signalling molecules and regulatory factors, 

modulates plant function during stress (69). Arbuscular mycorrhizal 

fungi (AMF) form symbiotic relationships with roots, enhancing 

phosphorus, water and mineral uptake (70). AMF colonisation also 

modulates antioxidant defence, osmotic adjustment and hormonal 

regulation, promoting plant performance under stress (70). 

ROS and antioxidant systems 

Reactive oxygen species (ROS) act as both toxic byproducts and 

signalling molecules in plants, including in abiotic stress responses 

(71). Under normal conditions, a balance exists between ROS 

generation and elimination. However, abiotic stresses can disrupt 

this balance, causing excessive ROS production and cellular 

damage (72). The antioxidant defence system comprises 

enzymatic and non-enzymatic components that scavenge ROS 

and mitigate their harmful effects (73). Key enzymatic antioxidants 

include superoxide dismutase (SOD), catalase (CAT), ascorbate 

peroxidase (APX) and glutathione reductase (GR), while non-

enzymatic antioxidants include ascorbic acid, glutathione and 

carotenoids (72). The Ascorbate-Glutathione (AsA-GSH) pathway 

aids in ROS detoxification and interacts with other defence 

mechanisms to help plants resist abiotic stress damage (73). 

Increased ascorbate levels have been shown to alleviate various 

abiotic stresses in crop plants (74). In addition, cerium oxide 

nanoparticles have been reported to enhance plant growth and 

mitigate abiotic stress through modulation of stress signalling 

cascades and ROS scavenging (75). These findings suggest that 

increasing plant antioxidant capacity may improve mineral 

nutrient uptake by promoting plant health and stress tolerance. 

Nutrient-specific adaptation strategies 

Nitrogen 

Plants have evolved sophisticated regulatory systems to cope with 

abiotic stress while maintaining nitrogen uptake, which is essential 

for growth and productivity. One mechanism involves fungal 

symbiosis, wherein endophytic fungi (EFs) enhance stress 

tolerance and nutrient uptake by modulating plant hormones, 

stimulating osmolyte synthesis and activating stress-related 

enzymes (76). Additionally, nitrate transporters, such as MdNRT1.1 

in apple plants, are essential for nitrate uptake, although research 

indicates that overexpression may result in trade-offs, including 

reduced tolerance to abiotic stresses like drought and salinity (77). 

When analysing these transporters, it is necessary to consider 

autophagy in plants, especially regarding root development under 

N deficiency. Autophagy-related genes such as MdATG10 in apple 

plants promote root growth and nitrogen assimilation, mitigating 

nitrogen starvation (78). Ethylene has been identified as a 

modulator of root plasticity, critical for plants to adapt to 

environmental stress and enhance nitrogen uptake under adverse 

conditions (79). Brassinosteroids (BRs) regulate key stress-

response pathways and have been shown to enhance nitrogen 

uptake and utilisation under abiotic stress conditions (80). In 

leguminous plants, symbiotic relationships with N-fixing bacteria 

are vital under salinity stress, facilitating N fixation, maintaining ion 

homeostasis and reducing oxidative stress (81). These adaptive 

strategies underscore plants' resilience, enabling them to optimise 

nitrogen uptake under challenging environmental conditions. 

 

Phosphorus 

Plants employ coordinated mechanisms of organic acid 

exudation, acid phosphatase activity and PHT transporter gene 

expression to enhance P acquisition under abiotic stress. These 

mechanisms mobilise P in the rhizosphere and facilitate uptake 

and translocation within the plant. Organic acid exudation, mainly 

citrate and malate, enhances inorganic P solubility in the 

rhizosphere for plant uptake (82). Under P deficiency, plants like 

white lupin increase the expression of genes involved in organic 

acid metabolism and exudation from proteoid roots (83). In 

elephantgrass, P deficiency induces pentanedioic acid exudation, 

which has high P-mobilising activity (84). Acid phosphatase activity 

helps plants utilise organic P from soil. Lupin roots secrete acid 

phosphatase, detected up to 2.5 mm from the root surface, leading 

to organic P depletion in the rhizosphere (85). The expression of 

acid phosphatase genes, such as LePS2, is induced under P 

starvation conditions (86). PHT transporter genes, particularly 

members of the PHT1 family, are crucial for high-affinity phosphate 

uptake and translocation. Under P deficiency and salinity stress, 

PHT gene expression is upregulated in roots (87). PHT1 family genes 

are important for high-affinity P uptake and activate rapidly to P 

availability changes (88). Silicon application enhances P uptake by 

upregulating PHT1 gene expression and stimulating organic acid 

exudation (82). 

Potassium 

The maintenance of the K+/Na+ ratio is crucial for plant salt tolerance 
under abiotic stress conditions. HKT and AKT transporters play key 

roles in potassium acquisition and sodium exclusion under such 

stresses. HKT transporters are involved in Na+ and K+ transport, with 

members showing varying selectivity. TsHKT1;2 from Thellungiella 

salsuginea exhibits strong K+ transporter activity and selectivity for K+ 

over Na+, contributing to salt tolerance (88). In barley, HvHKT1;5 is 

associated with higher K+ and lower Na+ concentrations in shoots 

under salt stress, improving Na+ exclusion (89). Rice HKT transporters 

show diverse permeation modes, including Na+-K+ symport and Na+ 

uniport, depending on external ion concentrations (90). AKT1, a 

Shaker-like potassium channel, is regulated by AtKC1 in Arabidopsis. 

AtKC1 negatively regulates AKT1-mediated K+ uptake in roots under 

low K+ stress conditions (91). The HAK/KUP/KT transporter family 

also plays crucial roles in high-affinity K+ uptake and redistribution 

under abiotic stress conditions (92). Maintenance of an optimal K+/

Na+ ratio depends on coordinated interactions among multiple 

transporter systems. HKT transporters contribute to Na+ exclusion 

and K+ uptake, while AKT and HAK/KUP/KT transporters focus on K+ 

acquisition. These transporters' diverse functions highlight their 

importance in plant adaptation to abiotic stresses and crop 

improvement. 

Iron 

Iron acquisition strategies in plants can be classified into two main 

types: Strategy I and Strategy II. Strategy II, found in graminaceous 

monocotyledonous plants, involves the production of 

phytosiderophores called mugineic acids. These plants effectively 

regulate iron acquisition through biosynthesis, secretion, 

solubilization and uptake of mugineic acids (93). Strategy I, used by 

dicotyledonous and nongraminaceous monocotyledonous plants, 

relies on different mechanisms for iron uptake. Siderophores, 

including those produced by plants and microorganisms, play a 

crucial role in iron acquisition under abiotic stress conditions. 
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These low molecular mass organic compounds chelate ferric iron 

[Fe(III)] from various terrestrial and aquatic habitats, making it 

available for microbial and plant cells (94). Siderophores are 

particularly important in environments where iron availability is 

limited, such as calcareous soils with high pH and high 

concentrations of bicarbonate, Ca2+ and Mg2+ (93). By chelating 

ferric iron [Fe(III)], siderophores enhance iron bioavailability in high

-pH and nutrient-deficient soils, as demonstrated by studies 

documenting improved iron nutrition through microbial 

siderophore activity under calcareous conditions (95). 

 

Conclusion 

The acquisition and management of mineral nutrients by plants is 

essential for growth, development and stress tolerance. Plants have 

developed sophisticated systems for detecting soil nutrient 

availability and modifying root growth patterns to optimise nutrient 

acquisition. Transporters in root cell membranes facilitate specific 

nutrient uptake and are tightly regulated by plant nutrient status. 

Nutrients are distributed via xylem and phloem transport systems, 

with signalling networks coordinating allocation. Under stress 

conditions like drought and salinity, plants employ adaptations to 

maintain nutrient homeostasis. The interplay between hormonal 

signalling pathways regulates plant growth and nutrient uptake. 

Recent advances in imaging and molecular techniques have 

enhanced nutrient acquisition research. High-throughput 

phenotyping enables the assessment of nutrient-related traits, while 

imaging methods visualise nutrient distribution. Integrated 

molecular-omics approaches provide detailed insights into nutrient 

sensing, signalling and utilisation pathways. By leveraging current 

mechanistic understanding and emerging technologies, it is possible 

to develop resilient crop varieties that support long-term food 

security. Continued interdisciplinary research will be critical for 

advancing knowledge and promoting sustainable agricultural 

practices under changing environmental conditions. 
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