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Abstract: 

Plants are constantly challenged by a variety of phytopathogens, including fungi, bacteria, and viruses, 

which can significantly impact crop productivity. To counter these biotic stresses, plants have evolved a 

complex innate immune system that involves both preformed barriers and inducible defence mechanisms. 

Brassinolide (BL), a bioactive brassinosteroid (BR), has emerged as a key regulator in enhancing plant 

immunity. Recent advances in plant physiology and molecular biology have shown that BL modulates 

defence responses by inducing the expression of pathogenesis-related genes, promoting the biosynthesis of 

antimicrobial compounds, and strengthening structural barriers, such as cell walls. Additionally, BL 

interacts synergistically or antagonistically with other phytohormones such as salicylic acid, jasmonic acid, 

and ethylene to fine-tune the immune response depending on the type of invading pathogen. BL also boosts 

transient H2O2 accumulation and the activities of POD, APX, GST, and GPX (antioxidant system). This 

review consolidates current knowledge on BL-mediated defence signalling pathways and explores its 

potential application in integrated disease management strategies to reduce chemical pesticide usage and 

promote sustainable agriculture. 
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1. Introduction 

Plant diseases caused by various pathogens, including fungi, bacteria, viruses, and nematodes, pose 

significant threats to global food security, leading to substantial yield losses estimated at 10-40% each year 

worldwide(Venbrux et al., 2023). With a growing global population and changing climate patterns, 

improving plant disease resistance has become essential for sustainable agriculture. Traditional disease 

management methods, such as chemical pesticides, often raise environmental and health concerns, 

emphasising the need for alternative strategies. 

BR were first discovered in the 1970s when Mitchell and colleagues isolated BL from pollen of Brassica 

napus (Grove et al., 1979). These steroidal plant hormones have since been recognised as essential 

regulators of various physiological processes, including cell elongation, vascular differentiation, 

photomorphogenesis, and stress responses( Li & He, 2020). Among the over 70 BR compounds identified 

till date, BL is the most bioactive form. 

Plants have evolved sophisticated innate immune systems to defend against pathogens. Unlike mammals, 

plants lack adaptive immunity and depend entirely on innate defences. Plant innate immunity functions 

through a two layered system: pattern-triggered immunity (PTI) and effector-triggered immunity (ETI)( Yu 

et al., 2021). PTI is activated when pattern recognition receptors (PRRs) detect pathogen associated 

molecular patterns (PAMPs), while ETI is initiated when plant resistance proteins recognise pathogen 

effectors (Yu et al., 2024; Yu et al., 2021). This detection triggers various defence responses, including the 



Volume 12 Issue 1                                              @ 2026 IJIRCT | ISSN: 2454-5988 
 

IJIRCT2601010 International Journal of Innovative Research and Creative Technology (www.ijirct.org) 2 

 

production of reactive oxygen species (ROS), activation of mitogen-activated protein kinase (MAPK) 

cascades, the buildup of callose, and the expression of pathogenesis-related (PR) genes (Kumar et al., 2018). 

These hormones are known to influence plants during stress, such as pathogen infection. They promote 

growth, alter protein synthesis, and modulate the expression of stress-related genes, as well as activate 

antioxidant enzymes and compounds. All these responses help reduce the effects of stress, maintaining or 

boosting plant performance. Stress responses both biotic and abiotic are mediated by BL-induced genes, 

including those that detoxify ROS and defence genes activated under abiotic stress.  

While the role of BL in plant growth and development has been extensively studied, their involvement in 

regulating plant immunity has gained significant attention only in the past two decades. Early studies 

indicated that exogenous application of BL could induce disease resistance in various plant species. This has 

led to extensive research into the mechanisms underlying BL-mediated immunity and the potential 

applications in crop protection. 

 

1.1.  Structure of Brassinolide: -  

Figure 1: Structure of Brassinolide (Fujioka & Yokota, 2003) 

 

Currently, over 40 BR have been identified to occur naturally. Their structural variation stems from 

different substituents in the A/B-rings and the side chain, which are produced by oxidation and reduction 

reactions during biosynthesis. BR with either an α-hydroxyl, β-hydroxyl or ketone at position C3 in the A-

ring are precursors of BR carrying 2α,3α-vicinal hydroxyls; those with 2α,3β-, 2β,3α-, or 2β, 3β-vicinal 

hydroxyls may be metabolites of 2α,3α-vicinal hydroxyls. With respect to the substituent in the B-ring, BR 

are classed as either 6-deoxo, 6-oxo (ketone) or 6-oxo-7-oxa (lactone). In the side chain, BR have a-oriented 

vicinal hydroxyls at positions C22 and C23 (in the side chain stereochemistry of steroids, groups in front of 

the plane are defined as a-oriented T). Cathasterone, with a single hydroxyl at C22, is a precursor of BR 

with a 22,23-vicinal diol. ((Yokota, 1997)  

 

Table 1: Brassinosteroids isolated for the first time in plants 

No

.  

Common Name  Chemical Name  Plant  Reference   

1 BL 

 

(22R,23R,24S)-2α,3α,22,23-

tetrahydroxy-24-methyl-B-

homo-7-oxa-5α-cholestan-6-

one) 

Brassica napus 

L.  

Grove et al., 

1979 

2 Castasterone  

 

(22R,23R,24S)-2α,3α,22,23-

tetrahydroxy-24-methyal-5α-

cholestan-6-one 

Castanea 

crenata Sieb. 

et Zucc. 

Yokota et 

al., 1982 

3 28- (22R,23R,24S) -2α,3α,22,23-tetr Brassica Abe et al., 
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2.  BRASSINOLIDE: BIOSYNTHESIS AND SIGNALLING  

2.1. Biosynthetic Pathway  

BL are synthesised in ER membranes, as the enzymes involved in BL synthesis are localised in the ER 

membranes(Symons et al., 2008; Wang et al., 2023). The precursor for the biosynthetic pathway is 

campesterol (CR), which is first converted into campestenol (CN). The biosynthesis is generally divided 

into CN-dependent and CN-independent pathways. CN-dependent pathways include early and late C-6 

oxidation pathways (Fujioka & Sakurai, 1997), while CN-independent pathways include C-22 and C-23 

hydroxylation pathways (Fujioka & Yokota, 2003). In the early C-6 pathway, CN is oxidised to form 6-

oxocampestanol (6-oxoCN), and then, through a series of catalytic reactions, castasterone (CS) is formed. In 

the late C-6 oxidation pathway, CN is first hydroxylated to form 6-deoxocathasterone (6-deoxoCT), the 

non-oxidised form of CT, then undergoes a catalytic reaction, similar to the early C6 oxidation pathway, and 

forms CS in the final step, which is finally converted into BL. The enzymes involved in CR catalysis to 

form BL are DWF4 (Dwarf 4), CPD (Constitutive photomorphogenesis and dwarfism), DET2 (De-etiolated 

2), ROT3/CYP90D1 (Rotundifolia 3/Cytochrome P450 90D1), and CYP85A1/2 (Cytochrome P450 

85A1/Cytochrome P450 85A2 (Kour et al., 2021; Fujioka & Yokota, 2003; Fujioka & Sakurai, 1997). 

2.2. BL Perception and Signalling Mechanism 

BRASSINOSTEROID INSENSITIVE1 (BRI1), a leucine-rich repeat receptor kinase, plays a key role in BL 

signal transduction. In the absence of BL, BRI1 is inactive due to its interaction with inhibitory proteins like 

BRI1 KINASE INHIBITOR1 (BKI1) or BOTRYTIS-INDUCED KINASE1 (BIK1). BRASSINOSTEROID 

INSENSITIVE2 (BIN2) is a negative regulator of the BRs signalling pathway. BIN2 phosphorylates two 

critical transcription factors, BRASSINAZOLE-RESISTANT1 (BZR1) and BRI1-EMS SUPPRESSOR1 

(BES1), which are essential for the regulation of BL-responsive gene expression ( Wang et al., 2002). This 

phosphorylation inhibits the BL signalling cascade. However, in the presence of BL BRI1 phosphorylates 

BKI1 and dissociates from BKI1. BRI1 then interacts with its co-receptor, BRI1-ASSOCIATED 

RECEPTOR KINASE1 (BAK1), also known as SOMATIC EMBRYOGENESIS RECEPTOR-LIKE 

KINASE 3 (SERK3), resulting in trans-phosphorylation between BRI1 and the other SERK family members 

(SERK1, SERK2, and BKK1), activating the receptor complex (She et al., 2011). Plasma membrane-

associated copine proteins, specifically BONZAI (BON), ensure efficient BRI1-SERK complex formation 

and transphosphorylation(Jing et al., 2024). Now, the activated BRI1-SERK receptor complex directly 

phosphorylates BL SIGNALING KINASES (BSKs) and CONSTITUTIVE DIFFERENTIAL GROWTH1 

(CDG1), which, in turn, activates BRI1 SUPPRESSOR1 (BSU1) phosphatase. BSU1 dephosphorylates and 

inactivates BIN2. Thus, in the presence of BL, BIN2 is deactivated, and BZR1 and BES1 are 

dephosphorylated. Then, BZR1 and BES1 are released, translocated into the nucleus, and allow the 

expression of BL-target genes essential for growth and development (Kim et al., 2009; Wang et al., 2002). 

Hormone homeostasis is critical for normal plant growth and development (Wang et al., 2023; Zhang et al., 

Homocastasterone  ahydroxy-24-ethyl-5α-cholestan-

6-one 

campestris var. 

pekinensis  

1983 

4 28- 

Homobarssinolide  

(22R,23R)-2α,3α,22,23-

tetrahydroxy-24-ethyl-B-homo-

7-oxa-5α-cholestan-6-one 

Brassica 

campestris var. 

pekinensis L. 

Ikekawa et 

al., 1984 

5 24- 

Epicastasterone  

(22R,23R,24R)-2α,3α,22,23-

tetrahydroxy-24-methyl-5α-

cholestan-6-one 

Hydrodictyon 

reticulatum 

(L.) Lager. 

Yokota et 

al., 1987 

6 24- 

Epibrassinolide  

(22R,23R,24R)-2α,3α,22,23-

tetrahydroxy-24-ethyl-B-homo-

7-oxa-5α-cholestan-6-one 

Vicia faba L. IKEKAWA 

et al., 1988 

7 Typha sterol 

 

(3α,5α,22R,23R,24S) -3,22,23-tr

ihydroxyergostan-6-one 

Arabidopsis 

thaliana 

(shoot) 

Fujioka et 

al., 1996 

8 6-

deoxotyphasterol 

(3β,5α,22R,23R,24S)-3,22,23-

trihydroxy-24-methyl-5α-

cholest-7-en-6-one 

Arabidopsis 

thaliana 

(shoot) 

Fujioka et 

al., 1996 
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2023; He et al., 2005). BZR1 and BES1 regulate multiple BL-biosynthesis genes through a negative 

feedback loop that adjusts BL synthesis based on the levels of active BRs (He et al., 2005). Thus, BZR1 has 

dual biological functions. When the BL signal is activated, the BZR1 is unphosphorylated and accumulates 

in the nucleus, activating the gene expression for growth while inhibiting the expression of biosynthesis 

genes (Zhao & Li, 2012) 

3. BRASSINOLIDE ROLE IN ABIOTIC STRESS  

 BL, an essential BR, significantly boosts plant resilience to abiotic stresses by regulating physiological, 

biochemical, and molecular processes. Its use has demonstrated promising improvements in stress tolerance 

in key crops such as wheat, rice, maize, and horticultural plants.  

Figure 2. Role of BL against different biotic and abiotic stresses in plants 

 

3.1. BL Response to Cold Stresses 

 

Table 2.  BL response to various kinds of cold stresses 

S. No.     Stress    Crops                          Effect Reference  

1 Temperature   

stress 

Brassica BL significantly reduces the negative 

effect and protects the cell membrane 

by increasing proline contents and 

antioxidant enzyme activity to enhance 

stress resistance 

Kumar & 

Manish, 

2013 

2 Chilling 

stress  

Cucumber  BL is involved in ethylene 

biosynthesis to regulate the plant 

defence system, to resist abiotic 

(chilling) stress 

Wei et al., 

2015 
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3 Freezing 

stress 

Arabidopsis BL is a basic helix-loop-helix 

transcriptional factor that regulates 

cold stress resistance genes 

Eremina et 

al., 2016 

4 Chilling 

stress  

Pepper  BL regulates thousands of genes in 

response to chilling stress 

Li et al., 

2016 

5 Chilling 

stress  

Pepper  BL regulates thousands of genes in 

response to chilling stress 

Li et al., 

2016 

 

3.2. BL Response to Temperature Stresses  

Table 3. BL response to various kinds of high-temperature stresses 

S. 

No. 

Stress Crop Effect Reference  

1 Heat stress Tomato BL increase basic thermos tolerance of 

germinating pollen 

Singh & 

Shono, 

2005 

2 Thermo-

tolerance 

 

Tomato 

 

BL significantly increase photosynthesis, 

chlorophyll, pollen germination % and 

bursting % yield and related parameters 

under heat stress 

Mazorra et 

al., 2011 

3 High 

temperature 

Brassica Decreased lipid peroxidation, increased 

proline contents, and protected cell 

membrane by BL 

Kumar & 

Manish, 

2013 

4 Heat stress Rice BL increase pollen fertility, germination rate 

and reduces the effect of heat stress 

Fahad et 

al., 2016 

5 Heat 

drought 

 

Wheat 

 

BL increase photosynthetic capacity 

significantly by increasing RCA subunit and 

Rubisco activity under drought and heat 

stress 

Zhao et 

al., 2017 

 

3.3. BL Response to Salt and Saline Stresses  

Table 4. BL response to various kinds of salt and saline stresses 

S, No. Stress Plant Effect Reference 

1 Salinity   Mung 

bean 

 

Increase plant growth parameters, 

membrane stability index, relative water 

contents, NR, CA activities, EC, H2O2 and 

chlorophyll SPAD by BL treatment under 

stress conditions 

Hayat et al., 

2010 

2 NaCl Cucumber BL reduce NaCl stress effect and increases 

germination, ACS and ACO gene 

expression (ethylene biosynthesis), and 

ACO activity 

Wang et al., 

2011 

3 Saline Pigeon 

pea 

BL increase NR activity, amino acid, 

protein contents, nutrient contents, and 

Dalio et al., 

2013 
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increases defence system 

4 Salinity Potato BL significantly enhance in vitro potato 

adventitious root growth, root length, root 

number, biomass, root activity, 

maintaining K+/Na+ homeostasis and 

antioxidant capacity 

Hu et al., 

2016 

5 Salinity Brassica 

juncea 

 

BL protect plants from salinity stress and 

enhances nitrogen, proline and ABA 

metabolism 

Gupta et al., 

2017 

 

3.4.  BL Response to Heavy Metal Stresses 

Table 5. BL response to various kinds of heavy metal stresses 

S. No.  Stress  Crop  Effect  Reference  

1 Cadmium  Tomato  BL play a protective role against 

Cadmium stress by increasing plant 

defense system and activating enzymes 

Hasan et 

al., 2011 

2 Nikal  Wheat  BL enhance wheat seedling growth and 

related parameters, photosynthesis, 

chlorophyll, antioxidant enzymes capacity 

and activates enzymes 

Yusuf et 

al., 2011  

3 Iron 

deficiency 

Cucumber  BL regulate cucumber growth, stimulates 

ferric reductase activity (FRO), FRO1 and 

IRT1 (Fe transporters) gene expression 

and reduces Fe translocation from roots to 

shoots, reducing Fe deficiency effect 

Wang et 

al., 2012 

4 Heavy 

metal  

Maize  BL have a stimulating effect on seed 

germination and seedling growth. It 

reduces heavy metal-induced electrolyte 

leakage from maize cells 

Lukatkin 

et al., 

2013 

5 Lead  Fenugreek BL improve plant growth, biomass, 

photosynthetic pigment, and reduces Pb 

toxic effect 

Swamy et 

al., 2014 

 

4. BL MEDIATED BIOTIC STRESS MANAGEMENT  

BL plays a pivotal role in enhancing plant immunity against a wide spectrum of biotic stressors, including 

fungi, bacteria, viruses, and insect pests. It acts as a hormonal priming agent, activating defence pathways 

and modulating gene expression to strengthen plant resilience. Recent reviews highlight BL’s capacity to 

induce systemic resistance, regulate hormonal crosstalk, and promote structural and biochemical defences. 

4.1 BL Response to Biotic Stresses 

Table 5. BL Response to various kinds of Biotic Stresses 

S. 

No.  

Pathogen  Crop   Effect  Reference  

1 Fusarium 

oxysporum 

(fungi) 

Cucumis 

sativus 

BL induced systemic resistance via 

ROS and defence gene expression 

Xia et al., 

2011 

2 Fusarium 

culmorum 

(Fungi) 

Barely  BL reduced symptoms and 

enhanced antioxidant defence 

Ali et al., 

2013 

3 TMV (Tobacco 

mosaic virus) 

Nicotiana 

benthamiana 

 

BL receptor (NbBRI1) promotes 

defence, but overactivation of 

BES1 reduces resistance 

Deng et al., 

2016 

4 Meloidogyne Tomato BL signalling mutants were more Kyndt et al., 
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incognita (Root-

knot nematode) 

susceptible 2017 

5 Rice black-

streaked dwarf 

virus (RBSDV) 

Rice  BL-deficient mutants were more 

resistant 

He et al., 

2020 

 

5. BRASSINOLIDE IN PLANT GROWTH AND DEVELOPMENT  

 

 
 

Figure 3. Role of BL in growth and development of plants. 

 

BL are steroid hormones that play various roles in the growth and development of plants ( Zhang et al., 

2023; Zhao & Li, 2012; He et al., 2005). BL regulate various developmental and physiological processes in 

plants, such as expansion, cell division, stem cell maintenance, vascular development, elongation of 

different cell types, and floral transition (Wang et al., 2020; Lv et al., 2018; Singh & Savaldi-Goldstein, 

2015; Fàbregas & Caño‐Delgado, 2014). Moreover, they play diverse roles in hypocotyl elongation (Oh et 

al., 2014), root growth (Planas-Riverola et al., 2019; Hacham et al., 2011), shoot growth (Bajguz et al., 

2020), stomata patterning (Khan et al., 2013; Kim et al., 2012), pollen tube growth, seed germination, and 

pollen germination and development (Vogler et al., 2014), treachery element differentiation (Yamamoto et 

al., 2001), xylem formation (Lee et al., 2019; Saito et al., 2018), xylem differentiation, photomorphogenesis 

and plant reproduction (Ahammed et al., 2020; Nolan et al., 2020), and senescence (Yin et al., 2002). BL 

can activate the cell cycle during seed germination (Zadvornova et al., 2005), regulate cell cycle progression 

(González-García et al., 2011), control leaf cells’ proliferation (Nakaya et al., 2002), and induce excessive 

growth in hydroponically grown plants (Arteca & Arteca, 2001). BL also regulate the abiotic and biotic 

stress responses and stomata development (Ackerman & Goldstein, 2020; Lin, 2020; Riverola et al., 2019). 

Moreover, BL plays a vital role in regulating male and female fertility in crops (Makarevitch et al., 2012; 

Hartwig et al., 2011). BL plays a role in etiolation and promotes the elongation of stigma (Li & He, 2020), 

plant architecture, thermos tolerance, proton transport, tiller number, leaf angle, and leaf size (Zhu et al., 

2015; Jaillais & Vert, 2012). In addition, the exogenous application of BL or alteration in their biosynthesis 

and signalling could improve crop yields (Jaiswal et al., 2020; Divi & Krishna, 2009). 

Priming of lucerne seeds with BL considerably increased length, vigour, and fresh and dry shoot and root 

weights (Zhang et al., 2007). The application of BL promoted the ripening of grape berry (Xu et al., 2015). 

Role of BL in 
plant and 
growth 

regulations  

Fruit growth 
and 

development 

Flowering, 
Male and 
Female 
fertlity 

Pollen 
Development 

Photomroph
ogensis and 
senescence 

Cell wall 
regernation 

and cell 
devision 

Root and 
Shoot 
growth 
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Treatment with BL was observed to substantially increase sucrose synthase (sucrolytic) and soluble sugar 

content in berries(Zhu et al., 2015). Treatment with BL helped in reducing the decay of jujube fruits, likely 

due to its ability to postpone senescence and induce disease resistance (Zhu et al., 2010). Additionally, in 

potato tubers, the BL have been shown to promote apical meristem growth (Meudt et al., 1983), accelerating 

the cell division rate in isolated protoplasts of Petunia hybrida (Oh, 2003). In Pharbitisnil, CS and BL 

treatments inhibit flowering in combination with the inductive photoperiod, implying that BL works in 

tandem with environmental cues to ensure the proper reproductive transition (Li & He, 2020; Kęsy et al., 

2003). 

BL can participate in physiological processes in response to stress by tuning plant growth and improving 

plant performance by interacting with plant growth regulators or other plant hormones (Trevisan et al., 

2020; Ahammed et al., 2015). The disruption of BL signalling affects several developmental processes, 

including seed development (Jiang et al., 2013), pollen development (Ye et al., 2010), and flowering time 

(Domagalska et al., 2010). Plants with BL deficiency are dwarf (Li et al., 1996) and exhibit altered stomatal 

development (Gudesblat et al., 2012; Kim et al., 2012), reduced male fertility, shortened hypocotyls, 

petioles and internodes, downward curled leaves, and delayed flowering (Ye et al., 2010). Moreover, BL 

deficient plants also have a compact plant structure because of the reduced lamina inclination. However, BL 

deficiency can reduce grain size, seed fertility and tiller number (Tong & Chu, 2018), improper stomatal 

distribution, and reduce seed germination (Zhu et al., 2013). BR-insensitive and -deficient mutants are often 

referred to as late flowering due to their retarded growth (Zhao & Li, 2012; Clouse, 2008). In contrast, 

plants over accumulating BRs display elongation of petioles and hypocotyls and increased height (Rozhon 

et al., 2019). 

 

6. REGULATION OF DIFFERENT STRESS-RELATED GENES BY BL 

Several studies have reported that BL regulate the expression of many genes in response to different stresses 

in various crops. Earlier studies have shown that BL play a positive role in drought tolerance in Brassica 

napus, Arabidopsis thaliana, and wheat (Triticum aestivum L.). (Kagale et al., 2007). For example, 

overexpression of A. thaliana BR biosynthetic AtDWARF4 gene in B. napus increased drought resistance 

(Sahni et al., 2016). In barley, the leaf disease at the tillering phase caused by Helminthosporium teres Sacc 

was reduced using 24 EBL (Hussain et al., 2020). The application of BL has the potential to induce 

tolerance against various plant diseases caused by the Tobacco mosaic virus (TMV) in tobacco 

and Xanthomonas oryzae and Maganoprothe grisea in rice (Hussain et al., 2020; Nakashita et al., 2003). 

The use of BL has the potential to enhance defence against plant virus response by inducing several 

resistance genes and activating various vital antioxidant enzymes. BL signalling is required for BL-induced 

resistance to plant viruses. In response to Cucumber mosaic virus (CMV) infection, BL signalling can 

induce the expression of several resistance genes (Zhang et al., 2015). Furthermore, in response to chilling 

stress in tomato, the BL regulate the NBR1-dependent selective autophagy in a BZR1-dependent manner 

(Chi et al., 2020). The exogenous application of EBR and 28-homobrassinolide (HBL) has been shown to 

mitigate the harmful effects of heavy metals on plants (Zhou et al., 2018; Soares et al., 2016). Moreover, 

Exogenous application of BL was observed to increase pepper tolerance against low-temperature stress 

(Huang et al., 2016). 

Table 6: Regulation of different stress-related genes by BL. 

S. 

No.  

Gene  Function of gene  Crop  Stress  Reference  

1. DREB Involved in regulating 

various cold stress-

responsive genes 

Rice 

 

Cold stress Kagale et 

al., 2007; 

Xiao et al., 

2009 

2. Proline-5-

caryboxylate 

synthetase 1 

(P5CS1) 

Involved in the proline 

biosynthesis 

Arabidopsis 

 thaliana 

Salt stress Zeng et al., 

2010 

3. Respiratory Involved in ROS Tomato Heat Zhou et al., 
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7. CROSSTALK BETWEEN BL AND OTHER HORMONES  

BL are a group of polyhydroxylated phytosterols that play essential roles in regulating plant growth and 

development as well as stress adaptation. It is worth noting that BL do not function alone, but rather they 

crosstalk with other endogenous signalling molecules, including the phytohormones Auxin, Cytokinins, 

Gibberellins, Abscisic acid, Ethylene, Jasmonates, Salicylic acid and Strigolactones, forming elaborate 

signalling networks to modulate plant growth and development. 

7.1.  Crosstalk between BL and Auxin 

Auxin is a growth-promoting phytohormone that plays essential roles throughout the life cycle of a plant 

(Zhang et al., 2022). The interaction between BL and auxin in plant growth and stress adaptations is 

complex, involving synergistic or antagonistic regulatory mechanisms (Hirano et al., 2017; Chaiwanon & 

Wang, 2015). BL can regulate the biosynthesis, polar transport or signalling pathway of auxin (Bao et al., 

2004; Nakamura et al., 2003). Under mild nitrogen (N) deficiency, increased BL signalling induces 

expression of auxin biosynthesis genes, including TRYPTOPHAN AMINOTRANSFERASE OF ARA 

BIDOPSIS 1 (TAA1) and YUCCA5/7/8 (YUC5/7/8) via BZR1, further promoting the higher accumulation 

of auxin in the apical meristem of lateral roots (LRs) to modulate LR elongation (Jia et al., 2021). 

Interestingly, BL have dual effects on auxin in the same tissue; they can increase auxin levels by 

upregulating the expression of auxin biosynthesis genes, such as YUC9, and simultaneously inhibit auxin 

signal output in the root apical meristem(Ackerman-Lavert et al., 2021).  

BL modulate late auxin accumulation in a site-specific manner. For example, BL signalling in the epidermis 

of root meristem zone elevates the expression levels of several auxin biosynthesis genes, such as YUC3, 

YUC9 and TAA1, causing higher auxin accumulation. Conversely, BL signalling in the stele of meristem 

zone represses the expression of auxin biosynthesis genes (Vragović et al., 2015). Exogenous application of 

BL promotes the expression of RHO-RELATED PROTEIN FROM PLANTS 2 (ROP2), leading to the 

accumulation of PIN-FORMED 2 (PIN2) that mediates polar auxin transport ( Li et al., 2005). 

7.2.  Crosstalk between BL and Cytokinin 

Cytokinin (CKs) play essential roles in almost every aspect of plant growth and development, including cell 

division and differentiation, organogenesis, leaf senescence, nutrient uptake and stress responses (Lin et al., 

2021; Kieber & Schaller, 2018). Exogenous application of 24-epibrassinolide (EBL) increases the 

accumulation of CKs by inhibiting the transcription levels of CYTOKININ OXIDASE 3 (CKX3) gene, 

which is responsible for CK degradation (Yuldashev et al., 2012). PROTEIN PHOSPHATASE WITH 

KELCH-LIKE DOMAINS 1 (PPKL1), which is considered a regulatory component of the BL signalling, 

competes with OsARR21 for the interaction with OsAHP2, hence inhibiting the OsAHP2-to-OsARR21 

phosphorelay and attenuating the CK responses (Liu et al., 2022). Additional interactions between BL and 

CKs have not been well elucidated, possibly due to the high redundancy of CK signalling components. 

7.3.  Crosstalk between BL and Gibberellic acid  

Gibberellic acid (GAs) plays a fundamental role in a wide range of developmental processes, such as seed 

germination, stem elongation, pollen maturation and leaf and flower development. (Achard & Genschik, 

2009). BL and GAs synergistically function in a series of physiological processes such as seed germination, 

apical hook development and resistance to zinc toxicity (Ren et al., 2023; Xiong et al., 2022; Zhao et al., 

2021). Under normal growth conditions, BL enhance the expression of GAs biosynthesis genes such as 

GIBBERELLIN 20-OXIDASE 1 (GA20ox1) and GA3ox2 via BES1/BZR1, resulting in higher 

accumulation of GAs (Tong et al., 2014; Unterholzner et al., 2015).  

burst 

oxidase 

homolog 1 

(RBOH1) 

generation  tolerance 2014 

4. bes1-D BRI1 EMS 

SUPRESSOR 1 

Arabidopsis 

thaliana 

Cucumber 

mosaic 

virus (CMV) 

Zhang et 

al., 2015 

5. WRKY Involved in regulating 

various stress-

responsive genes 

Arabidopsis 

thaliana 

Drought 

stress 

Chen et al., 

2017 
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In rice, however, BL reduce GAs levels by increasing its metabolism via GA2ox3 activation and reducing 

its biosynthesis via GA20ox3 repression, in response to the root oomycete Pythium graminicola 

(Vleesschauwer et al., 2012). Additionally, BL negatively regulate GA biosynthesis by inhibiting the 

expression of SlGA20ox1 in tomato ovaries (BarroTrastoy et al., 2020). BL regulated transcription factors, 

CESTA (AtCES) in Arabidopsis and SlCES in Solanum lycopersicum, can also induce GA catabolism 

(Albertos et al., 2022; Shuai et al., 2022). 

7.4.  Crosstalk between BL and Abscisic acid  

Abscisic acid (ABA) is widely considered a plant stress hormone as it plays a pivotal role in orchestrating 

growth and adaptation to stress conditions (Yang et al., 2022). Under normal conditions, BL 

antagonistically interact with ABA. Exogenous BL treatment can reduce ABA levels by downregulating the 

transcription of ABA biosynthesis genes (Ha et al., 2018). For instance, BZR1 binds to the promoter of 

ABA-DEFICIENT 2 (ABA2) to hamper its expression and downregulate ABA accumulation (Moon et al., 

2021). By contrast, BIN2 phosphorylates and activates SnRK2s, including SnRK2.2 and SnRK2.3, to 

promote ABA responses (Cai et al., 2014). Moreover, BIN2 phosphorylates and stabilises ABA-responsive 

factor ABA INSENSITIVE 5 (ABI5) to amplify ABA signalling (Hu & Yu, 2014). 

7.5.  Crosstalk between BL and Ethylene  

Ethylene (ET) is a simple gaseous hormone that not only modulates many vital cellular processes, including 

seed germination, fruit ripening and senescence, but also enhances plant tolerance to heavy metals, drought 

and flood (Fatma et al., 2022). BL influence ethylene biosynthesis in a concentration-dependent manner (Lv 

et al., 2018). Exogenous application of high levels of BL can induce higher formation of ET by increasing 

the stability and activity of 1-AMINOCYCLOPROPANE 1-CARBOXYLATE (ACC) SYNTHASES 

(ACSs) and ACC OXIDASES (ACOs), both of which are the key enzymes in the ethylene biosynthetic 

pathway (Wei et al., 2015; Wang et al., 2011; Hansen et al., 2009). Similarly, overexpression of the BL 

receptor SlBRI1 can also enhance the transcript abundance of SlACSs and SlACOs in S. lycopersicum, 

promoting ET production (Nie et al., 2017). Consistently, ACS expression is repressed in the BR-deficient 

mutant det2, resulting in lower accumulation of ET ( Li & He, 2016). However, exogenous treatment with a 

low concentration of BL attenuates the biosynthesis of ET (Ma et al., 2021; Lv et al., 2018). BL-activated 

BZR1 directly binds to the promoter of ACSs and ACOs to inhibit their transcription, resulting in decreased 

ET production (Guo et al., 2019; Lv et al., 2018). 

 ET also influences BL signalling by modulating the expression of key enzymes in the BL biosynthetic 

pathway. Exogenous application of ACC, the precursor of ET, upregulates the transcription of the BL 

biosynthesis gene CPD, resulting in an accumulation of BL and enhanced BL signalling (De Grauwe et al., 

2005).  

7.6.  Crosstalk between BL and Jasmonic acid  

Jasmonic acid (JAs) are a class of key lipid-derived phytohormones, regulating various developmental 

processes including apical hook formation, root growth and seedling photomorphogenesis, as well as 

defence responses such as pathogen resistance, insect defence and mechanical wounding (Hu et al., 2023; 

Zhang et al., 2023). A mutually antagonistic interaction occurs between BL and JAs by repressing one 

another’s biosynthesis and signal transduction. BL-activated BES1 inhibits the JA signalling pathway by 

interacting with JA-induced transcription factors MYB34, MYB51 and MYB122 (Liao et al., 2020). A rice 

GSK3-like kinase, OsGSK2, a key suppressor of BL signalling, activates JA responses by phosphorylating 

and degrading OsJAZ4, a key negative regulator of JA signalling (He et al., 2020). However, BL interact 

synergistically with JAs in response to virus infection. After rice stripe virus (RSV) infection, accumulated 

OsGSK2 directly interacts with MYC2 to trigger its degradation, reducing the JA mediated RSV resistance 

response (Hu et al., 2020). 

In rice, exogenous application of MeJA, a derivative of JAs, significantly decreases the transcript abundance 

of BL-related genes, including D11, OsDWARF4, D2, OsCPDs, OsBRI1 and OsBAK1 in an OsCOI1-

dependent manner (He et al., 2017). 

7.7.  Crosstalk between BL and Strigolactone  

Strigolactone (SLs) are a group of terpenoid phytohormones responsible for a wide range of developmental 

processes, especially the branching of shoots, and responses to stresses (Korek & Marzec, 2023). BL and 

SLs function antagonistically to govern many physiological processes. BES1/BZR1 mediates the interplay 

between BL and SLs via direct protein–protein interactions. For example, OsBZR1 directly interacts with 
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D53 to synergistically inhibit FC1 expression, thereby facilitating tillering in rice (Fang et al., 2020). MAX2 

directly interacts with BES1 and triggers its degradation, downregulating BL signalling. This process is 

promoted by GR24, a synthetic analogue of SLs (Wang et al., 2013). 

 

7.8.  Crosstalk between BL and Salicylic acid  

Salicylic acid (SA) is a major plant hormone responsible for activating immune responses against pathogens 

and for mediating systemic acquired resistance (Park et al., 2007; Shigenaga et al., 2017). Accumulating 

evidence indicates that BL antagonise SA action in defence responses. BL decrease SA concentrations by 

reducing transcript levels of SA biosynthesis genes, such as ISOCHORISMATE SYNTHASE 1 (OsICS1) 

and PHENYLALANINE AMMONIA LYASE (OsPAL) (Pan et al., 2018). BL interfere with SA signalling 

by downregulating the expression of the master SA regulators OsNPR1 and OsWRKY45 in rice 

(Vleesschauwer et al., 2012). Recent study suggested that BL cooperatively regulate the protein stability of 

key SA signalling components such as TGA4. BIN2 phosphorylates and destabilises TGA4, interfering with 

the formation of active complexes of NPR1 and TGA4, thereby decreasing SA responses (Kim et al., 2022). 

Table 7- Crosstalk Interactions of BL with Other Hormones 

S. 

No.  

Type of hormone 

that interacts with 

BL 

Interaction type  Functional outcome  Reference  

1. Auxin  synergistic or 

antagonistic regulatory 

mechanisms  

plant growth, 

development, and 

environmental 

adaptation.  

Bao et al., 2004; 

Nakamura et al., 

2003  

2. Cytokinin  synergistic, 

antagonistic, or context-

dependent  

plant growth, organ 

development, meristem 

activity, and stress 

responses. 

Kieber & 

Schaller, 2018; 

Lin et al., 2021 

3. Gibberellic acid  synergistic, context-

dependent 

positive regulators of cell 

elongation and expansion 

Ren et al., 2023; 

Xiong et al., 

2022; N. Zhao et 

al., 2021 

4. Abscisic acid  antagonistic growth regulation and 

stress response  

Yang et al., 2022 

5.  Ethylene  context-dependent  Plant growth, 

development, 

senescence, and stress 

responses 

Fatma et al., 2022 

6 Jasmonic acid  antagonistic growth–defense balance, 

development, and stress 

responses. 

Hu et al., 2023; 

Zhang et al., 2023 

7 Strigolactone  antagonistic, but it can 

also be context-

dependent, based   

shoot branching, root 

architecture, 

developmental plasticity, 

and stress responses 

Korek & Marzec, 

2023 

8 Salicylic acid  antagonistic defence against 

biotrophic pathogens, 

stress tolerance. 

Park et al., 2007; 

Shigenaga et al., 

2017.  
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CONCLUSION  
BL, an essential member of the BR class of plant hormones, plays a complex and integrated role in boosting 

plant resilience under various abiotic and biotic stresses. Its capacity to adjust physiological, biochemical, 

and molecular responses gives plants a strong defence system to reduce stress-related damage. Applying BL 

externally has been demonstrated to improve photosynthesis, enhance antioxidant enzyme activities, 

increase osmolyte levels, and activate stress-responsive genes, thereby supporting overall plant health and 

yield in stressful conditions. Additionally, BL works synergistically with other hormones and signalling 

pathways, strengthening its key role in stress signal networks. As climate change and environmental stresses 

threaten global agriculture, using BL strategically in crop management offers a promising route for 

sustainable farming. Future studies should aim to understand its specific signalling mechanisms, optimal 

doses, and how different plant varieties respond, to maximise its effectiveness across various agricultural 

systems. 
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