


Review Article
The emerging role of phytohormone crosstalk in orchestrating plant stress tolerance
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To integrate many environmental inputs into precisely calibrated physiological responses, plants rely on a highly interconnected hormonal network. Recent mechanistic evidence shows that these signalling modules function as an integrated system shaped by extensive crosstalk, even though individual phytohormones like abscisic acid, auxin, jasmonates, salicylic acid, cytokinins, ethylene, gibberellins, and brassinosteroids have historically been studied as distinct pathways. Starting with shared sensing mechanisms, secondary messengers, transcriptional regulators, and biosynthetic interdependencies that provide recurring integration nodes, this review summarises current knowledge of phytohormone crosstalk from a network-centric perspective. In addition to mediating context-dependent immune outputs against biotrophic, necrotrophic, and viral pathogens, we investigate how these molecular intersections coordinate plant responses to drought, salinity, severe temperatures, and flooding. The dynamic rewiring of SA–JA–ET immunological networks, ABA-centred abiotic stress responses, and growth–stress trade-offs, mediated by GA, BR, and DELLA hubs, is also highlighted. The paper also emphasises how infections depress host immunity by exploiting hormonal interplay. Lastly, we go over translational approaches to creating climate-resilient crops via precision nanodelivery of hormone modulators, programmable synthetic circuits, and CRISPR-mediated mutation of signalling hubs. This synthesis presents a cohesive framework for understanding how phytohormone crosstalk determines plant stress resilience and how manipulating it offers new prospects for crop improvement, integrating multi-omics evidence and recent mechanistic discoveries.
1. Introduction
Plants rely on a highly synchronised signalling network to transform external inputs into adaptive changes in growth, metabolism, and defence in response to a continuously changing environment. Phytohormones, which are small-molecule regulators like abscisic acid (ABA), jasmonates (JA), salicylic acid (SA), auxin, gibberellins (GA), cytokinins (CK), ethylene (ET), brassinosteroids (BR), and others, are at the centre of this network. Historically, each of these regulators has been studied as an independent pathway that regulates specific physiological outputs (Khan et al., 2020). Growing evidence, however, indicates that hormone action during stress is not the consequence of isolated, linear pathways; instead, hormones operate within a highly interconnected web of context-dependent modulation, signal integration, and reciprocal regulation known as "hormonal crosstalk." Through this crosstalk, plants can mount responses that are specific to the type, severity, and developmental stage of stress, as well as resolve complex trade-offs (such as growth vs defence). Therefore, when explaining stress tolerance, current reviews and experimental research prioritise network-level viewpoints over single-hormone narratives (Aloo et al., 2023).
Hormone crosstalk operates at multiple hierarchical levels. More significantly, crosstalk is mediated by shared signalling components, including receptor complexes, post-translational modifiers, second messengers (Ca2+, ROS, nitric oxide), and conserved transcriptional regulators that act as integration hubs. Crosstalk can also result from shared biosynthetic precursors or co-regulation of biosynthesis and catabolism (Zhu et al., 2024). For instance, DELLA proteins connect GA sensing to numerous other pathways and coordinate growth restraint under stress. In contrast, transcription factors such as MYC2 and its family serve as nodal points that integrate JA with ABA and other signals (Xiong et al., 2023). In the last ten years, developments in structural biology, proteomics, and genetic dissection have clarified these mechanistic intersections, showing how competitive promoter occupancy, targeted degradation (such as through the ubiquitin-proteasome system), and physical protein–protein interactions produce emergent behaviours in hormone networks. The reason why the same hormone pair can be antagonistic in one situation (e.g., JA–SA in pathogen responses) and synergistic in another (e.g., ABA–JA in stomatal regulation) depends on these mechanistic discoveries (Luo et al., 2023).
Hormone crosstalk influences how plants respond to a wide range of biotic and abiotic stressors. ABA's crucial function in water conservation and in activating the osmoprotectant pathway during drought and salinity is regulated by interactions with ethylene, cytokinins, and brassinosteroids, thereby maintaining a balance between growth and survival. Cross-regulatory nodes and hormones like auxin and GA, which modify cellular vulnerability and tissue-level outcomes, further shape the conventional antagonism between SA- and JA-mediated branches during pathogen infection (Tal et al., 2020). Crucially, conserved transcriptional modules, repressor complexes, and post-translational switches are examples of molecular crosstalk motifs that are frequently seen across systems. This makes it easier to translate mechanistic knowledge from model animals to crops. As a result, hormone signalling is increasingly framed in contemporary plant stress biology as an integrated system whose dynamic timing, amplitude, and spatial patterning determine tolerance outcomes rather than the absolute quantity of any one hormone (Yang et al., 2019).
As a result, this synthesis review takes a mechanistic, network-centric stance. In order to create climate-resilient crops, we will: (i) summarise the molecular architecture of major hormone pathways and identify recurrent integration nodes; (ii) analyse examples of hormone crosstalk that are essential to drought, salinity, temperature extremes, and pathogen resistance; (iii) link hormonal networks to other regulatory layers such as ROS, epigenetics, and the microbiome; and (iv) assess opportunities for engineering hormone crosstalk (gene editing, synthetic circuits, and targeted delivery). The review attempts to elucidate how hormone crosstalk is instantiated at the molecular level and how this information can be used to modulate plant stress resilience by combining recent omics data, mechanistic research, and translational examples.
2.  Mechanistic Basis of Phytohormone Crosstalk
2.1. Signal Perception and Early Signal Integration
Phytohormone crosstalk begins at the level of signal perception, where hormone-specific receptors detect environmental stimuli and convert them into biochemical signals. Although each hormone has its own receptor system, these receptors often converge on standard signalling hubs, allowing coordinated control of stress responses (Bhatt et al., 2020). For instance, the PYRABACTIN RESISTANCE (PYR) and PYR-LIKE (PYL) receptor families sense abscisic acid (ABA), a key regulator of drought and salinity tolerance. SnRK2 kinases, which control downstream transcription factors involved in stomatal closure and osmotic adjustment, are activated by these soluble proteins that bind ABA and then block PP2C phosphatases (Fidler et al., 2020). On the other hand, the TRANSPORT INHIBITOR RESPONSE 1 (TIR1)/AFB family of F-box proteins, which are a component of the SCF ubiquitin ligase complex, perceive auxin. After auxin binds to TIR1, the receptor promotes the ubiquitination and degradation of AUX/IAA repressors, unleashing ARF transcription factors that activate genes linked to growth. Similarly, the co-receptor pair COI1–JAZ detects jasmonic acid (JA). COI1 is an F-box protein, while JAZ proteins are repressors that become ubiquitinated following JA binding, enabling the activation of stress-responsive MYC transcription factors (Fidler et al., 2020).
Although these receptors operate in different biochemical contexts, they share a common logic: each hormone relieves repression by destabilising negative regulators. This common theme creates natural points of integration. For instance, the JA receptor COI1–JAZ pathway interacts with the ABA–PYR/PYL–PP2C pathway through shared transcription factors, such as MYC2, which can either promote or antagonise ABA responses. Early signal perception, therefore, sets the stage for crosstalk not by merging receptors, but by channelling their outputs into shared regulatory nodes that integrate environmental inputs into a coordinated outcome (Aleman et al., 2016).
2.2. Signalling Cascades and Shared Secondary Messengers
Plants use secondary messengers to amplify and propagate signals after hormone sensing. Overlapping pools of these messengers, particularly calcium ions (Ca2+), reactive oxygen species (ROS), nitric oxide (NO), and phosphorylation cascades, are used by many phytohormone pathways to create places where signals converge (Köster et al., 2022).
One of the most common integrators is calcium. By activating ion channels in the plasma membrane or the tonoplast, hormones, including ABA, ethylene, and salicylic acid (SA), can cause abrupt changes in cytosolic Ca2+. Sensor proteins such as calmodulins and calcium-dependent protein kinases (CDPKs), many of which are conserved across hormone pathways, decode these Ca2+ signals. A single CDPK can both modulate defence pathways dependent on SA or JA and phosphorylate sites implicated in ABA-induced stomatal closure. A biochemical "conversation" across hormone pathways is produced by this overlapping employment of Ca2+ sensors (Köster et al., 2022).
Another important integrator is reactive oxygen species. While JA and SA intensify oxidative bursts during defence responses, ABA activates NADPH oxidases to generate ROS in guard cells under stress. ROS provide a quick, centralised way to link hormone signals because they easily diffuse and trigger common MAP kinase (MAPK) cascades. For instance, JA and ethylene both activate MAPKs, such as MPK3 and MPK6, during wounding, but they also participate in ABA-mediated signalling during drought stress. Through a single signalling system, this shared activation enables plants to modify defence gene expression, inhibit growth, and alter metabolism. These secondary messengers work together to create a molecular "currency" that is used by several hormone pathways, ensuring that signals produced during stress are coordinated rather than contradictory (Sharma et al., 2020).
2.3. Transcriptional Rewiring and Shared Regulatory Proteins
Transcription factors that serve as intersections between hormone pathways facilitate crosstalk at the transcriptional level. It is now known that several transcription factors that were once categorised under a single hormone pathway control genes responsive to different hormones, forming multilayered regulatory networks.
The transcription factors NAC and WRKY, which are involved in ABA-, JA-, and SA-mediated responses, are a notable example. While both ABA and ethylene increase several NAC proteins under drought and flooding stress, WRKY33, first identified as a regulator of pathogen defence, can also affect JA biosynthesis by controlling LOX genes. Similarly, depending on the cellular context, MYC2, typically considered a JA master regulator, can directly activate or repress ABA-responsive genes to control ABA signalling (Li et al., 2025).
Based on adaptation requirements, the plant can prioritise one hormone response over another thanks to these common transcription factors. For example, because ABA-responsive transcription factors suppress the expression of auxin biosynthesis genes and auxin transporters, ABA tends to predominate over growth-promoting auxin during severe drought. On the other hand, SA and JA can mutually repress one another at the transcriptional level during biotic stress, forming a regulatory hierarchy that stops incompatible defence mechanisms from operating concurrently. Transcriptional crosstalk thus allows continuous rewiring of gene expression networks to precisely customise stress responses (Gao et al., 2024).
2.4. Metabolic and Biosynthetic Cross-Regulation of Hormones
Additionally, phytohormones interact at the metabolic level, where the production or breakdown of one hormone affects other hormone pools. Enzymes that function at metabolic pathway branches or regulatory proteins that govern the expression of genes involved in hormone biosynthesis frequently mediate this (Gao et al., 2024).
For instance, both the ABA and JA biosynthesis pathways rely on precursors produced from plastids. Gibberellins (GA), cytokinins, and ABA can be produced concurrently by manipulating the methylerythritol phosphate (MEP) pathway, which produces isoprenoid precursors. The MEP route is composed of plastid-localised enzymes that convert pyruvate and glyceraldehyde-3-phosphate into isopentenyl diphosphate, a precursor for several terpenoid hormones. To increase its own synthesis during drought stress, ABA upregulates MEP pathway enzymes. However, this can decrease the flux available for GA biosynthesis, which naturally tilts the plant towards growth inhibition (Shan et al., 2025).
JA and SA frequently exhibit opposing metabolic regulation, in which SA-producing enzymes, such as ICS1, are suppressed when JA production is induced, and vice versa. By triggering the most suitable defence pathway, SA for biotrophic infections and JA for necrotrophs or herbivory, the plant gains from this antagonistic relationship. To ensure that hormone levels reflect the physiological requirements of the plant under stress, these metabolic linkages demonstrate that hormone crosstalk extends beyond signalling to include coordination of the biosynthetic machinery itself (Shan et al., 2025).
3. Hormonal Interactions in Abiotic Stress Responses 
Abiotic stressors such as drought, salinity, heat, and cold cause plants to reconfigure their physiology by coordinating multiple hormonal pathways. To ensure the section is easy to read. It does not rely on prior knowledge, brief, unambiguous explanations of the genes, proteins, and molecular actors involved in each important hormone interaction are provided below.
3.1. ABA–Auxin crosstalk in drought and osmotic stress
The primary hormone that controls plant responses to water scarcity is abscisic acid (ABA), whose biosynthesis increases rapidly during drought and is partially catalysed by 9-cis-epoxycarotenoid dioxygenase (NCED) enzymes, which cleave carotenoid precursors to produce ABA. Soluble receptor proteins of the PYR/PYL/RCAR family (PYR, PYL, or RCAR) bind ABA and inhibit clade-A protein phosphatases type 2C (PP2Cs). When PP2Cs are inhibited, members of the SNF1-related protein kinase 2 (SnRK2) family are released and activated. These kinases phosphorylate downstream effectors, such as ABA-responsive transcription factors, to cause stomatal closure and osmoprotectant production (Bai et al., 2019). Tryptophan-dependent processes involving TAA and YUCCA family enzymes produce auxin, the central growth hormone; TAA converts tryptophan to indole-3-pyruvate, and YUCCA flavin monooxygenases convert that intermediate to indole-3-acetic acid, or IAA (Marzi et al., 2024).
Membrane transporters regulate the distribution of auxin across tissues: AUX1/LAX proteins mediate auxin inflow (import), whereas PIN-FORMED (PIN) proteins mediate auxin efflux (export). ABA signalling modifies local auxin maxima during drought by downregulating PIN and AUX1 expression and/or activity, thereby decreasing lateral root initiation and promoting primary root extension to reach deeper water. On the other hand, ABA-responsive transcription factors from the NAC and bZIP families can transcriptionally repress auxin biosynthesis genes, including YUCCA family members, thereby reinforcing growth suppression when ABA is elevated (Zhang et al., 2023). Auxin signalling via the SCF^TIR1/AFB ubiquitin ligase complex (where TIR1/AFB are F-box proteins that perceive auxin and target AUX/IAA repressors for degradation) can modify expression of some PYR/PYL receptors, changing ABA sensitivity. This reciprocal regulation also extends to receptor levels. In order to create coordinated root architecture and stomatal responses under osmotic stress, the ABA–auxin axis combines a biosynthetic module (NCED, YUCCA/TAA), transporter module (PIN, AUX1), receptor-degradation modules (PYR/PYL–PP2C–SnRK2 and SCF^TIR1–AUX/IAA), and shared transcriptional regulators (Zhang et al., 2023).
3.2. ABA–Ethylene interactions in flooding and salinity
Ethylene is a gaseous hormone whose signalling starts at membrane receptors located in the endoplasmic reticulum, such as ETR1 and EIN4. When ethylene is absent, these receptors activate a Raf-like kinase, CTR1, which suppresses downstream ethylene responses; when ethylene binds, CTR1 is inactivated, allowing the accumulation of the master transcription factors EIN3 and EIL1. Ethylene-responsive genes are then transcriptionally driven by EIN3. When there is flooding, ethylene builds up and can induce adventitious roots and aerenchyma, air pockets in roots that enhance gas exchange (Kim et al., 2021). The ethylene-dependent repression of ABA biosynthesis is a key aspect of ABA–ethylene crosstalk: EIN3 either directly or indirectly downregulates NCED genes, reducing ABA accumulation and enabling cell expansion and adventitious root formation necessary for survival in hypoxic soils. The interaction is more complex under salinity stress. In many plants, salt stress triggers the Salt Overly Sensitive (SOS) pathway. As part of the salt-stress response, SOS1, a plasma-membrane Na+/H+ antiporter that extrudes sodium from the cytosol, is controlled both transcriptionally and post-translationally. By enhancing ABA-induced activation of the SOS pathway components, ethylene signalling can improve ion homeostasis. Mechanistically, depending on tissue and timing, ethylene (via EIN3) and ABA (via SnRK2s and downstream transcription factors) can converge on ion-transporter gene promoters or modulate their trafficking, resulting in either antagonistic outcomes (e.g., growth versus quiescence under submergence) or synergistic outcomes (ion exclusion under salinity) (Karim et al., 2025).
3.3. JA–SA–ABA crosstalk in temperature stress and stress prioritisation
Salicylic acid (SA) and jasmonic acid (JA) are important mediators of stress responses; SA is essential for resistance to biotrophic diseases, whereas JA primarily protects against herbivores and necrotrophic pathogens. A series of enzymes called lipoxygenases (LOX), allene oxide synthase (AOS), and allene oxide cyclase (AOC) turn linolenic acid into 12-oxo-phytodienoic acid (OPDA), which is then transformed into JA and its bioactive compound JA-Ile. The SCF^COI1 complex, which recognises JA-Ile and targets JAZ repressor proteins for ubiquitination and proteasomal degradation, is responsible for JA perception. When JAZ is removed, MYC transcription factors, such as MYC2, can activate genes that respond to JA. NPR1, a redox-sensitive regulator that governs SA-dependent transcription, is crucial to SA signalling; under increased SA, Pathogenesis-related genes are induced by NPR1 monomers that translocate to the nucleus and interact with TGA transcription factors (Feng et al., 2025). Both JA and SA networks are affected by temperature extremes, although in distinct ways. ICE1 (Inducer of CBF Expression 1), a bHLH transcription factor that activates CBF (C-repeat binding factor) genes essential to cold acclimation, is stabilised by cold stress, which also increases JA biosynthesis enzymes (LOX/AOS/AOC). JA can enhance cold tolerance by stabilising ICE1. While SA frequently opposes JA by destabilising JAZ proteins or suppressing JA biosynthesis genes, ABA works in tandem with JA under cold conditions by activating osmoprotectants and reactive oxygen-scavenging enzymes, shifting the balance between stress protection and immune activation. Mechanistically, crosstalk happens at several nodes: master regulators (MYC2, NPR1), biosynthetic enzymes (LOX/AOS), receptor/co-receptor complexes (COI1–JAZ), and redox or phosphorylation-dependent changes that alter DNA-binding activity and protein stability (Feng et al., 2025).
3.4. BR–GA–ABA interactions in growth–stress trade-offs
Under stress, the growth-promoting hormones gibberellins (GAs) and brassinosteroids (BRs) must be reduced to conserve resources. The plasma-membrane leucine-rich repeat receptor kinase BRI1 (BRASSINOSTEROID-INSENSITIVE 1) detects BRs, phosphorylates downstream kinases, and eventually controls the activity of transcription factors belonging to the BES1/BZR1 family that encourage cell division and growth. GAs promote the degradation of DELLA proteins, which are members of the GRAS transcriptional regulator family. GID1 (GA INSENSITIVE DWARF 1) is the GA receptor; when GA binds to GID1, SCFSLY/GID2 E3 ubiquitin ligases recognise DELLA repressors, which are then degraded by proteases to release growth programs (Basit et al., 2021).
Growth suppression is reinforced when ABA signalling through SnRK2 kinases under stress triggers phosphorylation events that block BR signalling components, such as BZR1, and can boost DELLA stability. Because they physically interact with BZR1, PIFs (PHYTOCHROME-INTERACTING FACTORS), and other TFs to reduce growth while allowing stress-protective gene expression, DELLA proteins serve as integration hubs. Exogenous BR administration occasionally enhances stress tolerance while also promoting aspects of growth, as BR signalling can increase antioxidant enzyme production and membrane stabilisation, offering a partial protective benefit. Receptor perception (BRI1, GID1), repressor turnover (DELLAs), transcriptional effectors (BES1/BZR1), and kinase signalling (SnRK2) determine whether the plant invests in growth or survival processes, forming a dynamic BR–GA–ABA triangle (Lu et al., 2025).
4. Hormonal Crosstalk in Biotic Stress Responses
4.1. SA–JA Antagonism in Defence Against Pathogens
Key phytohormones in plant immunity, salicylic acid (SA) and jasmonic acid (JA), often act in antagonistic ways to tailor defence responses to different pathogen types. Through a mechanism regulated by the master regulator NPR1 (Nonexpressor of Pathogenesis-Related Genes 1), SA mainly contributes to resistance to biotrophic pathogens, those that feed on living plant tissue. When a pathogen attacks, SA shifts the cellular redox state, triggering the monomerisation of NPR1 and its nuclear import. NPR1 then joins forces with TGA transcription factors to activate pathogenesis-related (PR) genes and systemic acquired resistance (SAR). However, JA is particularly crucial against necrotrophic diseases and herbivores; the SCF^COI1–JAZ complex recognises its bioactive form, JA-Ile, where COI1, a component of an E3 ubiquitin ligase, binds JA-Ile, resulting in the ubiquitination and proteasomal destruction of JAZ repressors. JA-responsive defence genes are driven by transcription factors such as MYC2 due to this degradation (Yang et al., 2019).
There are physiological advantages to the antagonistic relationship between SA and JA. For instance, during infection by biotrophic pathogens, increased SA signalling via NPR1 can decrease JA signalling by interfering with MYC2 activity, so reducing the allocation of resources to defences that would be less effective. To take advantage of this antagonistic relationship, infections have evolved. Several bacterial pathogens produce coronatine, a structural mimic of JA-Ile, which hijacks the COI1–JAZ receptor complex to reduce SA-mediated defence and hyperactivate JA responses. This interaction demonstrates how hormonal crosstalk serves as a battlefield during host-pathogen co-evolution in addition to fine-tuning plant defences (Zhang et al., 2025).
4.2. Synergistic JA–Ethylene Signalling in Necrotrophic Defence
JA and ethylene (ET) commonly work together to increase resistance against necrotrophic pathogens—those that destroy host tissue while SA and JA frequently work against one another. Membrane-associated receptors like ETR1 detect ethylene and, when they bind it, start a signal cascade that stabilises the transcription factor EIN3 (ETHYLENE INSENSITIVE 3). To promote genes such as PDF1.2 (Plant Defensin 1.2), which contribute to antimicrobial action, EIN3 collaborates with JA-activated transcription factors, such as MYC2 and ERF1 (Ethylene Response Factor 1) (Van der Does et al., 2013).
A robust and suitable defence is made possible by this cooperative action. While ethylene signalling stabilises EIN3 in necrotrophic infection, JA causes JAZ degradation and MYC2 activation. MYC2, EIN3, and ERF1 work together to trigger a group of defence genes that are more potent against infections that degrade tissue. Thus, the combined JA–ET module is a tactic for implementing a quick, long-lasting defence program, especially appropriate for necrotrophs. This concept is supported by genetic and transcriptomic investigations, which show that interventions in either pathway decrease resistance (Van der Does et al., 2013).
4.3. Modulation of SA–ET/JA by Other Hormones: ABA, BR, and Cytokinin
Through crosstalk, several hormones influence biotic stress responses beyond the canonical SA–JA–ET trio. Abscisic acid (ABA), typically associated with abiotic stress, also has context-dependent effects on immunological signalling. In certain instances, ABA suppresses SA biosynthesis genes and stabilises repressor proteins, such as WRKY40, to adversely control SA-mediated defences. In environments where growth or conservation is more important, these interactions enable plants to downregulate costly defence mechanisms (Tian et al., 2025).
Additionally, brassinosteroids (BRs) have complex functions in immunity. When BRs are detected by the receptor kinase BRI1 (BRASSINOSTEROID INSENSITIVE 1), they trigger the downstream transcription factors BES1 and BZR1, which have an impact on defence and growth genes. According to recent research, BR signalling can prioritise growth in non-threatening circumstances by suppressing specific immune responses by blocking SA-responsive WRKY transcription factors. However, under specific pathogen attacks, BRs positively contribute by increasing the expression of defence-associated genes, suggesting that their function is highly dependent on the pathogen type, timing, and the plant's physiological state (Zhao et al., 2024).
To further influence immunity, cytokinin (CK) signalling interacts with the SA pathway. Histidine kinase receptors, such as AHK2/3/4, detect CKs and initiate a multistep phosphorelay involving type B response regulators (RRs). By upregulating SA biosynthesis genes, these RRs can increase SA accumulation and fortify defence activation. Therefore, when circumstances permit, cytokinins may function as a growth-defence switch by enhancing SA-mediated immunity, combining immunological capacity with developmental state (Guo et al., 2024).
4.4. Hormonal Rewiring by Pathogens: Hijacking the Crosstalk
To facilitate infection, pathogenic bacteria frequently exploit plant hormonal signalling. As previously stated, coronatine, a potent JA-Ile mimic, is produced by numerous bacterial pathogens in order to influence the COI1–JAZ–MYC2 module. By doing this, they dampen SA-dependent defences that would otherwise prevent their proliferation by activating JA signalling pathways. Furthermore, several fungal diseases affect BZR1/BES1 transcription factors, which can decrease the SA pathway and lower host resistance by modulating BR signalling.
Viruses also manipulate hormonal crosstalk. For instance, some viral infections raise ABA levels, which suppress SA-mediated defences and facilitate viral propagation. Others modify genes involved in cytokinin biosynthesis or signalling to promote conditions conducive to motility or replication. These tactics demonstrate that phytohormone crosstalk is a weakness that viruses can exploit, in addition to serving as a mechanism for plants to coordinate defence.
5. Engineering Hormone Crosstalk for Climate-Resilient Crops
Targeting network hubs, creating programmable hormone-responsive circuits, and employing precision delivery techniques that prevent long-term growth penalties are all necessary for engineering hormonal crosstalk to increase crop resilience. Each of these methods, nanodelivery, synthetic biology, and gene editing, offers complementary benefits for logically adjusting growth-stress trade-offs in crops.
5.1. Gene-editing targets 
Core regulatory genes that serve as crosstalk hubs can be precisely modified using CRISPR/Cas systems. Gibberellin-dependent growth restraint can be modulated by editing DELLA genes or their regulatory regions to promote stress tolerance without completely suppressing growth; similarly, context-dependent rebalancing of defence versus growth can be achieved by fine-tuning MYC2, a central jasmonate TF, or NPR1, a master SA regulator. Other high-value targets include BR transcriptional regulators BZR1/BES1 and auxin response factors (ARFs), which connect developmental programs to various hormone inputs. Numerous recent reviews and applied research show that CRISPR techniques, such as multiplex editing, promoter engineering, and allele substitution, are already being utilised to modify stress-relevant network nodes in a number of crop species, offering proof-of-concept for rewiring hormone networks.
5.2. Synthetic biology approaches 
Programmable hormone circuits that only activate when and where necessary can be created through synthetic biology. By enabling tissue-specific or stress-inducible production of protective genes, synthetic promoters constructed from verified hormone-responsive cis-elements lower constitutive fitness costs. Artificial crosstalk architectures with predictable logic (AND/OR gating) and low pleiotropy can be constructed by layering inducible hormone circuits, such as drought-responsive modules that temporarily upregulate ABA-pathway effectors. These creations are now tractable in model and crop systems, allowing modular reassembly of hormone-sensing and response modules, as recent work on standardised plant bioparts and synthetic promoter toolkits demonstrates.
5.3. Nanotechnology and smart delivery of hormonal modulators
Nanocarriers offer a temporal, non-transgenic way to control hormone signalling in plants. Hormone analogues, small RNAs, peptides, or CRISPR ribonucleoproteins can be encapsulated and delivered to particular tissues using biodegradable polymeric nanoparticles, lipid emulsions, and engineered vesicles. This improves stability and uptake while enabling stimuli-responsive release (e.g., moisture- or pH-triggered). Smart nanodelivery is a viable method to temporarily rewire hormone crosstalk during stress episodes without altering the genome, as evidenced by recent developments such as autonomous nanoparticle uptake mediated by plant transporters and targeted delivery systems that enhance payload entry and duration of effect.

Conclusion
The foundation of plant stress tolerance is phytohormone crosstalk, which enables plants to integrate multiple environmental stimuli through interconnected signalling networks rather than isolated pathways. Plants balance defence, growth, and survival through the interplay of ABA, SA, JA, ET, auxin, GA, BR, and CK. Each stress scenario causes a unique reconfiguration of common receptors, transcription factors, secondary messengers, and biosynthetic nodes. The modular yet highly dynamic character of these interactions is demonstrated by examples like ABA–auxin coordination in drought, SA–JA antagonism in immunity, JA–ethylene synergy against necrotrophs, and BR–GA–ABA control of growth-stress trade-offs.
Understanding these networks at the systems level provides practical ways to improve crops. Promising methods to improve stress tolerance without sacrificing overall plant fitness include targeted genome editing of regulatory hubs, synthetic hormone-responsive circuits, and intelligent nanodelivery systems. The production of climate-resilient crop varieties to address upcoming agricultural challenges will be enabled by the rational engineering of hormone networks, which will become more viable as multi-omics technologies continue to identify additional crosstalk nodes.
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Fig 1: Overview of phytohormone crosstalk in plant stress responses. The image illustrates the integration of abiotic (drought, salinity, osmotic stress, flooding, temperature stress) and biotic (bacteria, fungi, insects, weeds) stresses on plant physiological and molecular responses. Central regulatory nodes include various phytohormones (e.g., GA, ABA, CK, MEL, JA, ET, AUX), key signalling pathways (e.g., ROS, MAPK), and transcription factors (e.g., NPR1, MYC, DELLA, ARF, PIF3, JAZ, WRKY, ERF). The diagram also highlights downstream processes and outcomes, such as PR gene regulation, programmed cell death (PCD), growth and development, and cell death mechanisms, which collectively support plant adaptation and stress amelioration.
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