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Abstract
Phytohormones are the key regulators of plant growth, development, and responses to environmental stressors. Among these, 
jasmonates (JAs) are particularly crucial, derived mainly from α-linolenic acid (α-LA). JAs govern various physiological 
processes like seed germination, root elongation, and apical hook formation, while also influencing secondary metabolite 
production and defense mechanisms. Interacting with enzymes, genes, and other growth regulators, JAs modulate intricate 
signaling pathways, activating metabolic responses in both normal and stressed conditions. Transcription factors such as 
MYB, WRKY, basic Helix-Loop-Helix (bHLH), and APETALA2/JA-responsive ethylene response factor (AP2/ERF) are 
central components to JA signaling pathways, impacting the synthesis of bioactive compounds of therapeutic potential. 
Additionally, JAs act as chemical elicitors, promoting secondary metabolite production in vitro, leveraging advancements 
in plant cell and tissue culture techniques. In this regard, the present review offers a comprehensive discussion on diverse 
roles of JAs in plant physiology and biochemistry, including its biosynthesis, and suggests strategies for large-scale bioactive 
compound production via plant cell and tissue culture methods.
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Introduction

Plants boast a rich repertoire of low molecular weight 
chemical compounds, spanning both primary and second-
ary metabolites. While primary metabolites are pivotal for 
plant growth and development, secondary metabolites play 
a vital role in mediating interactions between plants and 
their environment, empowering them to adapt and fend off 
threats (Afrin et al. 2015; Erb et al. 2020; Chen et al. 2022a, 
b). Synthesized across various plant tissues including roots, 
stems, and leaves, these bioactive compounds harbor thera-
peutic properties and have been harnessed for medicinal 
purposes since ancient times (Bhardwaj et al. 2021; Twaij 

and Hasan 2022; Kumar et al. 2023). However, the reliance 
on natural plant sources for obtaining these bioactive com-
pounds has raised concerns about the potential depletion of 
plant species due to overharvesting. Hence, exploring alter-
native approaches to produce these bioactive metabolites is 
imperative to meet the burgeoning market demand (Asig-
baase et al. 2023). Chemical synthesis offers a viable avenue 
for generating significant quantities of bioactive compounds, 
reducing dependence on plant-derived extraction methods 
(Kumar et al. 2023). Nonetheless, the production of phy-
tochemicals in plants is constrained and heavily depend-
ent on the growth and developmental stage of the plant. In 
response, a diverse array of tissue culture techniques has 
been extensively employed to stimulate phytochemical 
biosynthesis. In recent years, among these methodologies, 
elicitation has emerged as a promising approach. Elicitation 
treatments effectively augment both biomass as well as the 
biosynthesis of bioactive molecules (Kandoudi and Németh-
Zámboriné 2022; Jeyasri et al. 2023; Selwal et al. 2024). Jas-
monic acid (JA) emerges as a potent elicitor, instrumental in 
the production and enhancement of secondary metabolites in 
numerous plant species. The literature review demonstrates 
that JA induces the production of bioactive metabolites in 
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various plants through tissue culture techniques, including 
callus culture, suspension culture, adventitious root culture, 
and hairy root culture of medicinal plants (Partap et al. 2020; 
Rattan et al. 2023; Selwal et al. 2024).

Jasmonates (JAs) encompass a group of compounds 
including cyclic precursors and derivatives like methyl jas-
monate (MeJA) and jasmonyl isoleucine (JA-Ile). Initially 
derived from the extraction of Jasminum grandiflorum oil 
in 1962, these compounds, also known as oxylipins, origi-
nate from cyclopentanones and are categorized within the 
family of oxidized lipids (Demole et al. 1962; Wasternack 
and Feussner 2018). JAs, being lipid-derived biomolecules 
originating from α-linolenic acid (α-LA), are integral com-
ponents of the oxidized lipids family. Oxylipins, as a class 
of signaling molecules, exert significant influence over vari-
ous biological processes. They are synthesized through two 
primary pathways: the auto-oxidation of polyunsaturated 
fatty acids and the enzymatic activity of lipoxygenase and 
α-dioxygenase enzymes. Within plants, JAs play crucial 
roles in diverse physiological activities such as stamen and 
trichome development, stomatal regulation, leaf expansion, 
apical hook formation, and glucose transport (Wasternack 
2007; Yoshida et al. 2009; Ghorbel et al. 2021; Sood 2023).

The signaling cascade in plants is influenced by numer-
ous plant growth regulators, transcription factors (TFs), and 
enzymes (Checker et al. 2018). These components are funda-
mental to biological processes, and their interaction is piv-
otal for plant growth and development. Additionally, various 
TFs, such as MYB, WRKY, bHLH, and AP2/ERF, play a 
significant role in modulating hormonal signaling pathways, 
thereby promoting the accumulation of pharmacologically 
active bioactive compounds in diverse medicinally important 
plant species (Zheng et al. 2023). Recent notable studies 
have focused on the role of JAs in various aspects of plant 
growth, defense, and the production of specialized bioac-
tive compounds (Yan and Xie 2015; Nguyen et al. 2022a, b; 
Jeyasri et al. 2023). This comprehensive review article pro-
vides a detailed literature review of the mechanisms under-
lying the action of JAs in plant growth and development, 
as well as their cross-talk with other plant growth regula-
tors. Furthermore, the review delves into their involvement 
in promoting the biosynthesis of secondary metabolites in 
plant species that are medicinally important.

Biosynthesis of JA

Enzymes responsible for the biosynthesis of Jasmonates (JAs) 
are ubiquitously present in the plant kingdom. JAs are derived 
from polyunsaturated fatty acids and synthesized through the 
octadecanoid pathway (Kupper et al. 2009; Kombrink and 
Wasternack 2010). The biosynthesis of JA commences with 
an 18-carbon fatty acid called α-linolenic acid (α-LA) (Lalotra 

et al. 2020). Previous research has indicated that the activa-
tion of phospholipase enzymes aids in the release of α-LA 
from the plasma membrane, correlating with an increase in JA 
levels in injured tissues (Canonne et al. 2011). Additionally, 
the acyl hydroxylase enzyme contributes to acids from plant 
lipids. The JA biosynthesis proceeds in two distinct stages; 
the formation of an intermediate compound called oxophyto-
dienoic acid (OPDA) takes place in chloroplast, followed by 
the subsequent synthesis of JA and their derivatives in peroxi-
somes. All enzymes required for OPDA synthesis are localized 
in the chloroplast. The process begins with the release of α-LA 
from galactolipids in chloroplast membranes, facilitated by 
phospholipase A1 (PLA1). Subsequently, α-LA is oxygenated 
to form 13S-hydroperoxy-octadecatrienoic acid (13-HPOT) 
by chloroplast membrane-bound 13-lipoxygenase (13-LOX) 
enzyme (Wasternack and Strnad 2018). Further, it is followed 
by enzymatic conversion of 13-HPOT into an intermediary 
compound known as 13-HPOT allene oxide by allene oxide 
synthase (AOS), and then transformed into OPDA by allene 
oxide cyclase (AOC). The latter half of JA biosynthesis occurs 
in peroxisomes. Transport of plastid-synthesized OPDA into 
peroxisomes is facilitated by a protein called JASSY, reported 
by Guan et al. (2019). JASSY contains a steroid acute regula-
tory protein-related lipid transfer (START) domain. In plants 
with JASSY mutations, OPDA synthesis remains normal, but 
its export from the chloroplasts is impaired. The membrane-
localized COMATOSE (CTS), an ATP-dependent Binding 
Cassette protein (ABC), assists in the entry of OPDA across 
the peroxisomal membrane (Theodoulou et  al. 2005). In 
the peroxisome, OPDA undergoes reduction by OPDA reduc-
tase (OPR3) to become 3-oxo-2-[Z]-(pentenyl)-cyclopentane-
1-octanoic acid (OPC-8:0). After this within peroxisomes, 
OPC-8:0 is further reduced to JA by OPR3 through 3 cycles 
of β-oxidation (Andersson et al. 2006; Lu et al. 2014; Sohn 
et al. 2022). Subsequently, JA is transferred to the cytoplasm 
where it combines with isoleucine (Ile) to create JA-Ile, which 
is regarded as the most potent JA conjugate. This process is 
facilitated by jasmonate resistance-1 (JAR1), an enzyme 
responsible for synthesizing JA-Ile. Ultimately, JA-Ile is con-
veyed into the nucleus via the jasmonate transporter1 (JAT1), 
where it engages in the afterward phases of the JA signaling 
cascade (Li et al. 2017). Once synthesized, JA is distributed 
throughout the plant, including the vascular bundles phloem 
and xylem, facilitated by the protein transporter glucosinolate 
transporter-1 (GTR1) (Matsui et al. 2017) (Fig. 1).

Regulation of JA Biosynthesis

External stimuli trigger the release of α-LA from plastid 
membranes, serving as a crucial substrate in JA biosynthe-
sis. The regulatory mechanisms governing JA biosynthesis 
revolve around three key concepts: (i) the necessity for α-LA 
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release prompted by external factors, (ii) feedback regulation 
of JA production genes by JA genes, and (iii) tissue-specific-
ity (Wasternack 2007; Schaller and Stintzi 2009; Wasternack 
and Hause 2013). Furthermore, additional regulatory factors 
include (i) coordinated activity between the Allene Oxide 
Synthase (AOS) and hydroperoxide lyase (HPL) branches, 
(ii) negative regulation by Jasmonate ZIM-domain pro-
teins (JAZs), (iii) post-translational modifications such as 
those involving OPR3, (iv) heteromerization, exemplified 
by Arabidopsis Allene Oxide Cyclases (AOCs) (Otto et al. 
2016), (v) Calcium ion  (Ca2+) signaling, and involvement 
of the mitogen-activated protein kinase (MAPK) pathway 
(Wasternack and Hause 2013). Expression of JA biosyn-
thesis genes is up-regulated in response to various environ-
mental stresses, with notable examples including injuries to 

plant tissue (Wasternack 2007; Schaller and Stintzi 2009). 
Regulation via  Ca2+ modulation of 13-lipoxygenase (13-
LOX) activity has also been identified.

Physiological and Developmental Role of JA 
in Plants

The JA molecule exhibits synergistic as well as antagonis-
tic interactions with endogenous phytohormones to modu-
late plant growth, development, and resistance mechanisms 
in response to external stimuli. In recent years, numerous 
research has been conducted to find the effect of JA on 
plant growth and regulation. JA is involved in several plant 
physiological processes, including seed germination, growth 

Fig. 1  Biosynthesis of jasmonic acid (JA) in plants. This synthe-
sis occurs in the chloroplast, and peroxisome. JA is produced by the 
octadecanoid pathway and the process initiates with the liberation of 
α-linoleic acid (α-LA) from galactolipids in the membranes of chlo-
roplasts, aided by phospholipase A1 (PLA1) enzyme. The 13-lipoxy-
genase (13-LOX) enzyme present in the chloroplast is responsible for 
catalyzing the conversion of α-LA to 13S-hydroperoxy-octadecatrie-
noic acid (13-HPOT)). This 13-HPOT is then further transformed 
to 13-HPOT allene oxide and oxophytodienoic acid (OPDA) by the 
catalytic activities of allene oxide synthase (AOS), and allene oxide 
cyclase (AOC), enzymes respectively. The entry of OPDA into the 

peroxisome is aided by JASSY and in COMATOSE (CTS) in chloro-
plast and peroxisomal membrane, respectively. In peroxisome, OPDA 
is reduced by OPDA reductase (OPR3) to convert 3-oxo-2-[Z]-
(pentenyl)-cyclopentane-1-octanoic acid (OPC-8:0) and finally OPC-
8:0 reduced by OPR3 through 3 cycles of β-oxidation to JA. Jas-
monate resistance1 (JAR1) transports and catalyzes the conversion of 
JA and Isoleucine into JA-Ile. The transportation of the JA-Ile com-
plex across the nuclear membrane is facilitated by a jasmonate trans-
porter1 (JAT1) transfer protein, which in turn controls the expression 
of JA-responsive genes (Concept adapted from Sohn et al. 2022)
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inhibition, regulation of stomatal closure, and reproductive 
maturation (Sohn et al. 2022; Sood 2023) (Fig. 2).

Effect of JA on Root Physiology

In plants, JAs inhibits the growth of seedlings, roots, and 
stems. The genes MYC2/3/4 are primarily expressed in the 
tip of the primary root, where they play a role in suppressing 
primary root development in response to JA. Mosblech et al. 
(2011) propose that inositol pentakis-phosphate (InsP5) 
enhances the interaction between Coronatine-Insensitive-1 
(COI1) and JAZ9, thereby mitigating JA’s effect on root 
growth. Coronatine-O-methyloxime acts as a competitive 
antagonist of JA, effectively counteracting the adverse 
effects of coronatine on primary root growth by inhibit-
ing the interaction between COI1 and JAZs (Monte et al. 

2019). Under conditions of salinity stress, mutants of rice 
with impaired JA production exhibit less pronounced inhi-
bition of root growth compared to the wild type (Hazman 
et al. 2015). In unripened fruits, JA accelerates chlorophyll 
breakdown while suppressing anthocyanin production (Hor-
bowicz et al. 2011). Moreover, even at lower concentrations, 
JA and methyl Jasmonate (MeJA) have been found to inhibit 
kinetin-induced soybean callus induction and meristematic 
culture of potatoes (Kamińska 2021). In Arabidopsis wild-
type seedlings, low micromolar doses of JA inhibit primary 
root growth while promoting lateral root production simul-
taneously (Raya-González et al. 2012). JA influences the 
production of lateral and adventitious roots differently. In 
Arabidopsis, JA induces lateral root formation by upregu-
lating the expression of JA-responsive ethylene response 
factor 109 (ERF109) (Cai et al. 2014; Sun et al. 2009). 
Conversely, JA suppresses the development of adventitious 

Fig. 2  Jasmonic acid and 
isoleucine (JA-Ile) complex, 
and its signaling on growth, 
physiology, and development 
of the plant. JA-Ile complex 
involves many TFs including 
COI-JAZ-MYC2, and AP2/
ERF signaling cascade plays a 
vital role in the regulation of 
flowering, root growth, closing 
and opening of stomata, petal 
expansion, leaf and chlorophyll 
breakdown, apical hook forma-
tion and gravitropism response 
in plants (Concept adapted from 
Sohn et al. 2022)
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roots in Arabidopsis through the COI1 and MYC2/3/4 sign-
aling pathways (Gutierrez et al. 2012). However, in petu-
nia, JA stimulates the production of adventitious roots (AR) 
(Lischweski et al. 2015), indicating species-specific regula-
tion of AR production by JA. Recently, Sharma et al. (2022a, 
b, c) demonstrated that the JA signaling pathway interacts 
with light, glucose, and auxin to regulate the branching 
angle of lateral root development in Arabidopsis.

Regulation of Stomatal Closing

Stomata in plants play a vital role in regulating gas exchange, 
transpiration rates, and defending against pathogens. JAs 
also contribute to the regulation of stomatal closure in 
plants. MeJA acting through the COI1 pathway stimulates 
an  H+-ATPase in the cell membrane. This process leads to 
membrane depolarization, causing the influx of calcium 
ions  (Ca2+) and the efflux of hydrogen ions  (H+) (Yin et al. 
2016). The interaction of MeJA with COI1 triggers the 
stimulation of reactive oxygen species (ROS), activating 
chloride  (Cl−) channels and promoting outward potassium 
 (K+) channels. Collectively, these events cause guard cells 
to lose turgor pressure, resulting in stomatal closure (Yan 
et al. 2015). Additionally, Yin et al. (2016) demonstrated that 
the combined action of JA with abscisic acid (ABA) facili-
tates stomatal closure in Arabidopsis via the protein kinase 
OPEN STOMATA1. Moreover, under drought conditions, 
plants undergo a shift in the production of JA intermediates, 
favoring OPDA over JA. It has been observed that OPDA 
exhibits greater efficacy compared to JA, particularly in its 
synergistic interaction with ABA to promote stomatal clo-
sure in Arabidopsis. Recently, Zhao et al. (2022) observed 
that MYC2 plays a pivotal role in regulating stomatal clo-
sure in tomato plants under drought stress. This regulatory 
mechanism is mediated through the inhibition of two genes, 
namely SlPP2C1 and SlRR26, by MYC2.

Effect of JA on Flowering

In plants, JAs play a vital role in regulating flowering and 
senescence. COI1 and JAZ interaction inhibits flowering 
(Zhai et al. 2015). The COI1 defective and JAZ1Δ3A trans-
genic plants show premature blooming. Moreover, flowering 
in plants is regulated by TARGET OF EAT TFs (TOE1 and 
TOE2), which are AP2/ERF domain TFs. Indeed, their inter-
action with the JAZ protein inhibits flowering by transcrip-
tional suppression of the FLOWERING LOCUS T (FT) gene. 
The repression of the early blooming phenotype of coi1 is 
achieved through the upregulation of TOE1 and TOE2 (Zhai 
et al. 2015). Decreased expression of HDA19 by anti-sense 
RNA technology and mutant phenotype of HDA19 leads 

to delayed blooming in long-day circumstances (Gorham 
et al. 2018; Ning et al. 2019). The late blooming phenotype 
in Chrysanthemum morifolium is observed when there is 
an upregulation of a chrysanthemum jasmonate zim domain 
(CmJAZ1-LIKE) gene that lacks the JAZ domain (Guan et al. 
2021).

Retardation of Petal Expansion in Model 
Plant

JA regulates the growth of petals by modulating the COI1 
pathway. Indeed, COI1 defective exhibits larger petals at 
anthesis than natural plants (Reeves et al. 2012). JA sup-
presses MYB21 and MYB24 proteins during reproductive 
organ development, limiting petal growth and indicating that 
these proteins are necessary for petal growth. Additionally, 
AOS and COI1 plants have higher levels of MYB21 expres-
sion in their petals, resulting in persistent petal elongation 
which leads to enlarged petals. In addition, opr3 plants 
exhibit an elevated bHLH TF BIGPETALp expression. 
This TF promotes post-mitotic cell development leading to 
enlarged petals (Brioudes et al. 2009).

Effect on Leaf Senescence/Chlorophyll 
Breakdown

JA triggers leaf senescence via a COI1-dependent pathway 
(Qi et al. 2015b). Moreover, Yu et al. (2016) proved that 
JAZ7 inhibits leaf senescence in dark-grown seedlings. 
Numerous NAC (NAM, ATAF, and CUC) TFs (for example 
NAC019/055/072) act downstream of MYC2/3/4 to facilitate 
chlorophyll breakdown (Melotto et al. 2006). Subgroup IIId 
bHLH TF suppresses leaf senescence by binding antago-
nistically to their target promoters and reducing MYC2/3/4 
action. An interaction of protein YABBY1 and YABBY3 
with JAZs to stimulate chlorophyll breakdown (Boter et al. 
2015). However, many findings reported that during leaf 
senescence, JA and oxylipin derivatives are generated due 
to the breakdown of membranes and molecules (Seltmann 
et al. 2010; Zhu et al. 2015). In recent years, it was shown 
that miR319 affects the expression of transcription factors 
known as TEOSINTE BRANCHED/CYCLOIDEA/PCF 
(TCP) (Schommer et al. 2008). The TFs SlWRKY37 is 
tangled in both JA signaling and the modulator of tomato 
leaf senescence under dark-induced conditions (Wang et al. 
2022). JA-induced leaf senescence is suppressed by silenc-
ing SlMYC2 through repression of chlorophyll breakdown 
and induction of photosynthetic carbon fixation, suggesting a 
beneficial impact of SlMYC2 in JA-induced leaf senescence 
(Ding et al. 2022).
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Retardation of Apical Hook Development 
in Arabidopsis

The COI1-JAZ-MYC2/3/4 pathway functions as an inhibi-
tor of apical hook development in dark-grown Arabidopsis 
(Song et al. 2014). JA triggers the activation of MYC2/3/4, 
TFs that cooperate with and block the transcriptional 
action of Ethylene-insensitive3/ETHYLENE-INSENSI-
TIVE3-like1 (EIN3/EIL1). This results in the down-reg-
ulation of the HOOKLESS1 gene, which controls apical 
hook development, as well as the suppression of apical 
hook curvature (Song et  al. 2014; Zhang et  al. 2014). 
Furthermore, MYC2 promotes EIN3 BINDING F-BOX 
PROTEIN1 expression, which results in EIN3 breakdown 
(Zhang et al. 2014). Recently, Zhang et al. (2023) dem-
onstrated JA exerts inhibitory effects on brassinosteroids 
(BRs) to modulate the process of apical hook growth in 
Arabidopsis.

Gravitropism Response in Plant

Gravitropism has an impact on root and shoot develop-
ment. In the root tip, JA influences lateral auxin relocation 
after gravity stimulation. It also inhibits the root gravit-
ropic feedback in a COI1-mediated pathway (Sun et al. 
2011). Tryptophan conjugates of JA and IAA impede the 
negative tropic root proliferation in a COI1-independent 
pathway (Staswick et  al. 2009). JA concentrations are 
higher in the leaf portion and lesser in the root portion dur-
ing the gravitropism action in rice (Staswick et al. 2009). 
LAZY1 gene was discovered to be responsible for gravit-
ropism in rice (Yoshihara 2007). Gravitropism is delayed 

by JA administration, and the JA-deficient hebiba has a 
reduced gravitropism response. This indicates that JA is 
essential for proper gravitropic response in plants.

Cross‑Talks Between JA and Other 
Phytohormone Signaling Cascades

The interaction of JA and other endogenous phytohormones 
is fundamental for many plant and environmental responses. 
JA does not operate in isolation, but rather as an integral 
component of an intricate signaling network that encom-
passes other plant hormone signaling cascades (Checker 
et al. 2018; Rao et al. 2023a, b; Hewedy et al. 2023). The 
cross-talk among JA and other phytohormones is represented 
in Table 1.

JA‑Auxin Cross‑Talk

Interactions between JAs and auxin (AUX) play a pivotal 
role in regulating various physiological processes in plants, 
including seed germination, root growth, flowering, seedling 
formation, tendril curling, cell proliferation, and senescence 
(Saniewski et al. 2002; Xu et al. 2020). Indole-3-acetic acid 
(IAA) is the primary form of auxin in plants. Critical com-
ponents such as COI1, MYC2, and JAZ are essential for 
mediating the cross-talk between JA and IAA. The applica-
tion of exogenous auxin triggers the activation of the Trans-
port Inhibitor Response 1 (TIR1), auxin response factors 
(ARF), IAA-TIR-AUX/IAA-ARF signaling cascade, lead-
ing to increased JA synthesis. Conversely, JA promotes the 
expression of the auxin synthase gene (ASA1) and enhances 
auxin biosynthesis. Significantly, TF MYC2 suppresses the 
expressions of PLETHORAs (PTL1 and PTL2) and opposes 

Table 1  Summary of the crosstalk among phytohormones and their functions of plant growth regulation, development, defense against patho-
gens, and biotic or abiotic stress responses

Phytohor-
mone cross-
talk

Function and response Components involved

JA-IAA Growth, development, and leaf senescence JAZ, MYC2, TIR1, AUX, IAA, PTL1, PTL2, ARF6, ARF8, 
ASA1, COI1, MYB21, MYB24, IAA29, WRKY57

JA–GA Plant defense and photomorphogenesis JAZ, GID1, DELLAs, MYC2, PIF3, DAD1, LOX
JA–ET Environmental stress response and plant resistance against 

pathogens
CTR1, COI1, ERF1, AP2, ORA59, JAZ, MYC2, EIN2, EIN3, 

EIL1, VSP2, PDF1.2
JA-ABA Defense against drought, heat, cold, salt stress, and closure of 

stomata
JAZ, MYC2, AOC1, PYLs, VSP2, MED25, PTL1, PTL2, 

WRKY72, PeOST1
JA-SA Defense against pathogens and biotic stress response MAPK, COI1, MYC2, PDF 1.2, GRX, NPR1, ICS1, WRKY70, 

NAC, PDF 1.2., GRX480, PR, VSP2
JA-CK Growth and development, and Xylem differentiation COI1, JAZ, MYC2, ERF115, AHP6
JA-BR BR response and defense response COI1, OsDI1, DWARF1, BAK1, BRI1, MED25, VSP2, BES1, 

BZR1, COI1, MYC2
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the auxin-TIR-AUX/IAA-ARF signaling pathway to con-
trol root growth. Additionally, ERF109 modulates lateral 
root growth in Arabidopsis by facilitating JA-IAA cross-
talk. During JA signaling, the interaction between COI1 
and JAZ forms a network, consequently, the degradation of 
JAZ leads to the activation of auxin response factors 6 and 
8 (ARF6 and ARF8), which in turn affect the growth and 
development of floral organs. ARF6 and ARF8 promote the 
growth of floral organs by regulating the transcription fac-
tors MYB21 and MYB24, which are responsive to JA (Jang 
et al. 2017; Yang et al. 2019). Furthermore, both JA and 
IAA are implicated in leaf senescence. While auxin acts as 
a suppressor of leaf senescence, JA induces this process, 
leading to characteristic signs such as reduced chlorophyll 
concentration, increased leaf yellowness, and enhanced cell 
mortality (Hu et al. 2017). Additionally, IAA29-IAA inhibi-
tors positively regulate senescence, whereas JAZ4, JAZ8, 
and WRKY57 have negative effects on this process (Jiang 
et al. 2014) (Fig. 3A).

JA‑Gibberellic Acid Cross‑Talk

Gibberellic acid (GA) represents a vital group of phytohor-
mones that exert a significant influence on various physi-
ological processes in plants, including plant growth, matu-
ration, stem elongation, root development, flowering, and 
seed set (Hernández-García et al. 2021; Liu et al. 2021). 
The interaction between GA and JA manifests both syner-
gistic and antagonistic responses depending on the specific 
activities they engage in. Together, these hormones col-
laborate to promote stamen growth. Extensive prior studies 
have demonstrated the antagonistic roles of GA and JA in 
coordinating plant growth under both normal and stressful 
conditions. This phenomenon is corroborated by the direct 
interplay between DELLA proteins, which inhibit GA sign-
aling, and JAZ proteins, which impede JA signaling. GA 
displays an affinity for the GA INSENSITIVE DWARF1 
(GID1) receptor, enhancing the interaction between GID1 
and DELLA proteins. Subsequently, this triggers a ubiqui-
tin–proteasome-driven cascade leading to the degradation of 
DELLA proteins (Sun 2011). Under normal conditions, GA 
synthesis prompts the breakdown of DELLA proteins. How-
ever, during chilling stress, GA signaling diminishes, hin-
dering plant development while increasing DELLA protein 
concentration. The accumulated DELLA proteins then bind 
to JAZ proteins leading to inhibition of delayed in anther 
dehiscence1 (DAD1) and LOX, which inhibits JA-associated 
genes along with MYC2 and MYC29, resulting in suppres-
sion of flowering. In rice, OsJAZ9 positively regulates GA 
but negatively regulates JA. Furthermore, GA stimulates 
PHYTOCHROME INTERACTING FACTOR3/4 (PIF3/
PIF4) to control photomorphogenic response in plants.

Additionally, DELLA proteins inhibit germination, 
with RGA-LIKE2 (RGL2) being the most crucial member 
in Arabidopsis among the five known DELLA proteins. 
RGL2 plays a significant regulatory role during seed for-
mation (Piskurewicz and Lopez-Molina 2009). Exogenously 
administered OPDA primarily stimulates ABA production 
by upregulating RGL2 and ABA1 expression, leading to 
the inhibition of seed germination. GA promotes embryo 
development by alleviating DELLA inhibition on LEAFY 
COTYLEDON 1, resulting in an increase in auxin concen-
tration beneficial for embryo growth (Hu et al. 2018a, b). 
Recently, Wang et al. (2023) reported that GA suppresses 
cellular competence in response to JA under potassium defi-
ciency stress, thereby regulating root growth in tomatoes. 
Due to its antagonist interaction with GA, it can be inferred 
that JA serves as a pivotal hormone regulating plant growth 
and development, particularly in adverse environmental con-
ditions (Fig. 3B).

JA‑Ethylene Cross‑Talk

According to Zhang et al. (2021, 2022), more JA functions 
have recently been identified that can improve plant regen-
eration. Various studies suggest that JA and Ethylene (ET) 
can potentially exhibit either antagonistic or synergistic 
effects in regulating plant stressful responses (Zhu and Lee 
2015). TFs like MYC2, EIN3-like 1 (EIL1), and ET INSEN-
SITIVE3 (EIN3), have been participated during JA-ET inter-
action (Zhang et al. 2014). When plants get infected with 
necrotrophic fungus and pathogen JA-ET signaling is trig-
gered to modulate the stressful effect on plants. Addition-
ally, JA increases the breakdown of JAZ, therefore MYC2 
is triggered to control octadecanoid-responsive Arabidopsis 
59/Ethylene responsive fector1 (ORA59/ERF1) expression 
and VEGETATIVE STORAGE PROTEIN 2 (VSP2), a wound-
response gene to respond to the herbivorous pathogen (Yang 
et al. 2019). In addition, JAZ suppresses the EIL2/EIN3 in 
the ET signaling and promotes the transcription of ORA59/
ERF1, which targets the promoter of PLANT DEFENSIN 
1.2. (PDF1.2.) and promotes its expression, protecting 
against necrotrophic fungus (Pieterse et al. 2012). These 
findings suggest an antagonism relationship between JA and 
ET singling which controls plant defense against pathogens. 
Increased JA causes JAZs to be degraded, which reduces the 
association between HDA6 and EIN3/EIL1 and increases 
the transcription action of associated genes. Surprisingly, 
JA shortage is often characterized by male sterility in plants. 
Liu et al. (2022) discovered repression of the pollen tube 
development by exogenous JA and MeJA at 1.0 mM treat-
ment. Recently it was observed that JA-ET signaling controls 
leaf senescence in tomatoes. SlERF.F5 (Ethylene signaling), 
by its interaction with SlMYC2 (JA signaling), integrates 
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signals from JA and ET, and as a result, controls senescence 
in tomato leaves Chen et al. (2022a, b) (Fig. 3C).

JA‑Abscisic Acid Crosstalk

Plants frequently respond to numerous biological challenges 
by interacting with the abscisic acid (ABA) and JA sign-
aling pathways. The interaction of JA-ABA controls plant 
growth, resistance against many pathogens, and response to 
stressful environments (Hu et al. 2013; Wang et al. 2020a). 
For instance, under harmful abiotic stress conditions, MYC2 
and AOC1 primarily regulate the modulation of ABA-JA 
signaling pathways (Browse et al. 2009). In lower tempera-
ture conditions, Zostera japonica leaf raised the levels of 
ABA-JA (Li et al. 2018). Surprisingly, in salinity stress, the 
concentration of ABA raised along with the concentration of 
JA (Wang et al. 2001). Upon binding of ABA to PYRABAC-
TIN RESISTANCE1-Like proteins (PYLs) receptors, type 
2C protein phosphatases (PP2Cs) form a stable complex 
with receptors, which are typically associated and inhibited 
by PP2Cs. The downstream TFs are then phosphorylated 
by the activated SNF1-related protein kinase 2 (SnRK2s) to 
initiate ABA signaling.

In general, ABA-JA works synergistically as well as 
antagonistically in various physiological activities. In recent 
Aleman et al. (2016) demonstrated that ABA receptor PYL6 
RCAR9 and MYC2 TFs interact with each other to modulate 
cellular activities in plants. In contrast, MYC2 has inhibitory 
effects on the expressions of PTL1 and PTL2, along with 
suppressing the development of roots. Recently, Rao et al. 
(2023a, b) postulate that PeOST1 cooperates with MeJA to 
close stomata as part of a systemic defensive mechanism 
mediated by the JAZ factor. Wang et al. (2020a, b) have 
published an intriguing finding that JA plays a significant 
role in enhancing drought tolerance in wheat plants. This 
effect is observed to occur upstream of the action of ABA. 
Contrarily, JAs function in a downstream manner relative to 
ABA signaling, hence augmenting plant resilience against 
cold-induced stress (Wang et al. 2016). Hou et al. (2019), 
elucidated that WRKY72 functions as a repressor of AOS1 
activity, leading to the suppression of JA biosynthesis. Peian 
et al. (2021) observed that the application of exogenous 
ABA led to a suppression of endogenous jasmonic acid 
levels in strawberry plants infected with Botrytis cinerea. 
This suppression of jasmonic acid resulted in increased 
susceptibility to pathogen assault, which was attributed to 
the overexpression of two pathogenesis-related (PR) pro-
teins. In an alternative scenario, the JA-ABA cross-talk hin-
ders the process of rice seed formation by regulating the 
SAPK10-bZIP72-AOC biosynthetic mechanism. This regu-
lation involves the phosphorylation of basic leucine zipper 
(bZIP72), which subsequently enhances the transcription of 
AOC (Wang et al. 2020a, b).

Recently, Pluskota et al. (2019), demonstrated that the 
expression levels of SINP24 and the gene responsible for 
encoding its possible upstream regulator TERF1 (ethylene 
response factor) exhibit a boost in response to MeJA in 
the process of germination in tomato seeds. Moreover, the 
application of exogenous JA resulted in an upregulation of 
genes associated with ABA synthesis. Concurrently, there 
was a notable increase in the expression levels of genes that 
encode WRKY TFs, MYC2, and bZIPs. This suggests that 
the combined action of ABA and JA may contribute to the 
up-regulation of transcription factors in the defense response 
of rice (Li et al. 2022). Hence, it can be observed that there 
exists both synergistic and antagonistic interaction between 
JA and ABA. However, the available literature on the antag-
onistic crosstalk is limited, indicating the necessity for future 
exploration in this domain (Fig. 3D).

JA‑Cytokinin Cross‑Talk

Cytokinins (CKs) regulate various factors associated with 
the growth and maturation of plants to interact with other 
endogenous hormones. Zeatin is the most prevalent type of 

Fig. 3  The cross-talks between different signaling pathways of the 
jasmonic acid (JA) and other phytohormones in plant growth, devel-
opment, and stress responses are mediated by the JASMONATE 
ZIM DOMAIN PROTEIN (JAZ). A The intricate interplay between 
the JA and auxin (AUX) signaling pathways, JA and AUX signaling 
pathways work together to control floral development and leaf senes-
cence by altering the levels of JA, on the other hand, JA and auxin 
counteract each other to inhibit root growth through the JAZ-MYC2 
pathway. B The complex cross-talk between the JA and gibberel-
lic acid (GA) involves the many transcription factors (TFs) and pro-
teins such as JAZ-MYC2-DELLA-PIF signaling molecules to mod-
ulate JA biosynthesis and photomorphogenesis response in plants. 
Furthermore, several TFs including MYC3, MYC4, MYB21, and 
MYB24 can interact with DELLAs, suggesting a potential synergis-
tic effect between JA-GA signaling. (C) JA and ethylene (ET) cross-
talk co-ordinately controls defense against necrotrophic or hemibio-
trophic fungi and pathogens by interacting with JAZ-MYC2, EIN3/
EIL1, octadecanoid-responsive Arabidopsis 59/Ethylene responsive 
fector1 (ORA59/ERF1) pathways. D Cross-talk of JA and abscisic 
acid (ABA) involves PYRABACTIN RESISTANCE1-Like protein 
(PYL6) and COI1-JAZ-MYC2 components to regulate the equilib-
rium between plant development and growth. E The JA and cytokinin 
(CK) signaling pathway in plants regulates xylem differentiation and 
several physiological responses, including the involvement of MYC2 
and ERF115 TFs. F The complicated crosstalk between JA and sali-
cylic acid (SA) signaling pathways. Cross-talk involves JAZ-COI1, 
NONEXPRESSOR OF PR GENES1 (NPR1), WRKY70, PLANT 
DEFENSIN 1.2. (PDF 1.2.) and pathogenesis-related (PR) genes and 
TFs to modulate defense and resistance response against pathogens. 
G The interaction between JA and Brassinosteroids (BR) includes BR 
receptor1 (BRI1), BR-related kinase (BAK1), (BR signaling), and 
COI1-JAZ-MYC2 (JA signaling) TFs to regulate plant development 
and defense resistance (Concept adapted from Yang et al. 2019)
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CK in higher plants. The expression of CK gene response is 
influenced by JA and JA-associated stress-responsive genes 
(Argueso et al. 2009). JA suppresses callus proliferation trig-
gered by CK in soybeans (Ueda and Kato 1982). As JA also 
suppresses the expression of genes involved in chlorophyll 
formation, it has an opposing effect on CK (Liu et al. 2016). 
The specific procambium response to CK administration is 
suppressed and xylem differentiation is positively regulated 
in Arabidopsis roots by JA, as shown by (Jang and Choi 
2018). It is noteworthy that the MYC2 mutant did not exhibit 
any additional xylem development and Arabidopsis histi-
dine phosphotransfer protein 6 (AHP6) expression, encod-
ing a CK signaling repressor when exposed to external JA. 
Indicating that the JA-responsive MYC2 transcription fac-
tor facilitates this process by enhancing AHP6 expression. 
When it comes to xylem differentiation in Arabidopsis roots, 
CK plays a negative regulatory role. However, previous stud-
ies have shown evidence that JA-CK interactions exhibit an 
antagonistic relationship between the plant’s stimulation 
to circadian stresses (Nitschke et al. 2016). In addition, 
JA stimulates ERF115, a transcription factor that activates 
CK signaling by upregulating type-A response regulator 
(ARR5 and ARR7), and CK biosynthesis by promoting the 
expression of ISOPENTENYL TRANSFERASE 3 (IPT3), 
encoding one of the rate-limiting enzymes in CK formation. 
By altering CK equilibrium via ERF115 activity, JA sup-
presses AR production (Lakehal et al. 2020). Furthermore, 
an investigation conducted by Liu et al. (2022) revealed that 
the application of exogenous MeJA and CK could potentially 
exert antagonistic effects on the regulation of lignin accu-
mulation in tea plants. This regulatory mechanism appears 
to be mediated via the expression of the CsHCT gene in tea 
(Liu et al. 2023). The upregulation of JA production genes 
induced by CK-enhanced signaling results in a decrease in 
growth in the maize Hsf1 leaf through the inhibition of cell 
growth (Uyehara et al. 2019) (Fig. 3E).

JA‑Salicylic acid Cross‑Talk

The interaction between the salicylic acid (SA) and JA 
signaling pathways was first documented in the context of 
the wound-induced reaction in tomato plants (Harms et al. 
1998). Following the sensing of stress, JA quickly modulates 
the plant’s gene defense mechanisms (Genva et al. 2019). SA 
plays a vital role in enhancing plant immunity against bio-
trophic and hemi-biotrophic fungi (Fu et al. 2012). The regu-
lation of numerous NAC TF, including ANAC019/055/072, 
by JA signaling, serves to inhibit the production of SA. In 
short, when MYC2 and the promoters of several NACs come 
into direct contact, their transcription is turned on. Accord-
ing to Zheng et al. (2012), NAC TFs have been found to 
suppress the expression of a gene tangled in the production 

known as ISOCHORISMATE SYNTHASE 1 (ICS1). How-
ever, NAC TFs have been observed to enhance the transcrip-
tional activity of a gene responsible for SA methylation, 
namely BENZOIC ACID/SA CARBOXYL METHYLTRANS-
FERASE 1 (BSMT1). Furthermore, in JA and SA cross-talk 
a broad range of mediators participates. The components of 
the system consist of MAPK, redox regulators, specifically 
glutathione (GRX), thioredoxin (TRX), MYC2, TGACG-
BINDING FACTORs (TGAs), and PDF 1.2. (Gatz 2013) 
and WRKY70 (Shim et al. 2013). The GRXs genes could 
inhibit the expression of TGA-dependent JA response genes, 
including ORA59, confirming the existence of an SA-JA 
antagonistic relationship (Zander et al. 2010, 2012). Mito-
gen-activated protein kinase 4 (MPK4) regulates GRX480 
(SA signaling cascade) in a positive manner and regulates 
MYC2 (JA signaling cascade) in a negative manner (Wast-
ernack and Hause 2013). When exposed to external SA, 
the NONEXPRESSOR OF PR GENES1 (NPR1) becomes 
active, leading to the activation of WRKY70. This activa-
tion stimulates the production of PR1 and triggers a defense 
response. Upon stimulation of SA, the TRX enzyme facili-
tates the conversion of NPR1 polymers into monomers. The 
monomers, including GRX480, are conveyed to the nucleus 
where they selectively adhere to TGAs, and in turn, directly 
control the production of PR1.

SA has been identified as a key factor involved in the 
physiological response of plants to salt stress, light, and 
chilling stress (Gornik et al. 2014). Furthermore, it has been 
observed that the application of MeJA and Methyl Salicy-
late (MeSA) exhibits a beneficial effect in mitigating the 
occurrence of chilling damage in pomegranate (Sayyari et al. 
2011). Both SA and JA have been found to play a role in 
plant adaptation to drought (Ilyas et al. 2017). Furthermore, 
previous research has shown that the administration of exog-
enous SA and JA resulted in a decrease in sodium  (Na+) 
concentrations within soybean cells subjected to a variety of 
salinity stress. Additionally, it was observed that JA exhib-
ited a greater impact on reducing  Na+ levels compared to 
SA. In the context of Nicotiana attenuata plants, researchers 
have provided evidence to support the notion that MPK4 has 
two distinct functions in plant signal transduction. Indeed, 
in the context of light-induced conditions, this kinase func-
tions as a suppressor within the SA signaling network, while 
assuming an activating role within the JA signaling cascade 
(Tuteja and Gill 2013). Hence, the involvement of MYC2 
and MPK4 may be observed in the intercommunication 
between the JA-SA cross-talk. The MPK4 protein has been 
found to have a positive regulatory effect on GRX480 and a 
negative regulatory effect on MYC2. This negative regula-
tion is crucial for the activation of JA-sensitive genes, spe-
cifically PDF1.2. and THI2.1. SA and JA are recognized as 
crucial defense hormones that play significant roles in both 
basal and induced resistance mechanisms against a diverse 
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range of pests (Nguyen et al. 2022a, b; Qiong et al. 2022). 
The interaction of JA and SA regulates the plant’s ability 
to withstand diseases caused by necrotrophic or hemi-bio-
trophic pests. SA triggers the activation of defense-related 
genes at the earliest stage in diseased plants. Several necro-
trophic pests could inhibit plant resistance by modulating 
the SA signaling pathway, which in turn opposes the JA 
route. An instance of this phenomenon can be observed in 
the case of Botrytis cinerea, a necrotrophic fungus known 
for its ability to infect tomatoes. It has been found that B. 
cinerea can effectively inhibit the JA signaling pathway by 
generating an elicitor that activates the SA pathway (Hu 
et al. 2018a, b; Qiong et al. 2022). Conversely, JA increases 
the expression of defense-related genes at a later stage, par-
ticularly during the necrotrophic phase of necrotrophic or 
hemi-biotrophic diseases. Zhang et al. (2022), reported that 
hydrogen peroxide  (H2O2) plays a crucial role in both the JA 
and SA-mediated systemic cascade that are involved in the 
defense response against cotton bollworm feeding on tomato 
seedlings. The levels of both SA and JA were shown to be 
elevated in several poplar genotypes when exposed to the 
biotrophic rust fungus Melampsora larici-populina. Poplar 
trees that have been genetically modified to express elevated 
quantities of SA also exhibited heightened concentrations 
of JA and antimicrobial flavonoids. Furthermore, these 
modified poplar trees show enhanced protection against rust 
(Ullah et al. 2022). Recently, Zamora et al. (2021) indicated 
that ABA,  CO2, and light exert significant regulatory control 
over the fast-signaling process in guard cells. On the other 
hand, it is possible that JA and SA exhibit restricted partici-
pation in the broader stomatal reaction to external stimuli in 
Arabidopsis and Tomato (Fig. 3F).

JA‑Brassinosteroids Cross‑Talk

JA has been shown to hinder plant growth, whereas brassi-
nosteroids (BR) have been found to stimulate above-surface 
plant growth. The synergistic interaction of the JA-BR 
cross-talk is important for regulating the delicate equilib-
rium between plant development and defensive mechanisms 
(Yang et al. 2019). For instance, high levels of BR trigger 
BR signaling pathways involving BR receptor (BRI1), BR-
related kinase (BAK1), and BR-related TFs. This leads to 
the activation of numerous genes such as PhyB Activa-
tion-tagged Suppressor1 (BES1) and BRASSINAZOLE-
RESISTANT 1 family proteins (BZR1), which play a role 
in regulating BR signaling. The lower quantity of BR stimu-
lates the production of OsDI1 and OsDWARF during both 
the initial and final phases of BR synthesis thus, in turn, 
triggering the activation of the defensive response (Yang 
et al. 2019). Additionally, the DWARF4 gene encodes an 
essential enzyme involved in the production of BR. A partial 

loss-of-function mutation in DWARF4 resulted in the resto-
ration of JA sensitivity in the coi1 mutant context, while also 
causing a greater susceptibility to JA in the wild-type envi-
ronment. Moreover, the expression of DWARF4 was sup-
pressed by JA in a COI1-dependent manner, and the inhibi-
tory effects of JA on root growth were mitigated by external 
BR administration. (Ren et al. 2009). JA triggers the forma-
tion of a complex between JAZ and COI, whereas MYC2 
facilitates the upregulation of VSP2 expression through the 
involvement of mediator transcriptional regulation complex 
2 (MED2), thereby providing resistance against herbivorous 
insects. Both JA and BR biosynthesis are suppressed when 
there is a surplus of either compound in the tissue (Choud-
hary et al. 2012). Recently, Zhang et al. (2023) suggested 
that JA has a dual role in regulating BR biosynthesis and 
signaling during apical hook formation. JAs not only sup-
press the expression of the BR biosynthetic gene DWF4 but 
also play a crucial role in attenuating BR signaling. This 
attenuation occurs through the inhibition of the transcrip-
tional activation of BZR1 by MYC2. Hence, the interaction 
between the production of JA and BR may have a role in 
regulating the equilibrium between plant development and 
protection mechanisms (Fig. 3G).

JA‑Based Elicitation Strategies of Secondary 
Metabolites in Medicinal Plants

In addition to aiding in plant growth and development, 
JAs derivatives are a significant elicitor for the increase of 
bioactive metabolites. Among the different types of JAs, 
MeJA is a highly reported and widely employed phyto-
hormone elicitor (Nadir and Alwan 2022; Jeyasri et al. 
2023; Albayrak et al. 2024; Selwal et al. 2024). The var-
ied effects of elicitors on physiological processes in plant 
systems include transcription, protein translation, envi-
ronment adjustment, secondary metabolites production, 
and gene expression patterns. The growth and enhanced 
production of bioactive compounds in plants during elic-
itation is influenced by various parameters, such as the 
dosage of the elicitor, duration of treatment, nature of 
the elicitor, and growth phase of the plant (Dhiman et al. 
2018; Halder et al. 2019). The multitude of biochemical 
and physiological reactions that transpire within a cellular 
entity as a reaction to a stimulus or elicitor. The cellular 
receptor located on the plasma membrane is responsible 
for detecting the elicitor, subsequently initiating a cascade 
of intracellular events. These events involve the reversible 
phosphorylation and dephosphorylation of proteins found 
in both the plasma membrane and cytosol. Additionally, 
there is an observed elevation in the concentration of cyto-
solic calcium, as well as the efflux of  Cl− and  K+ ions. Fur-
thermore, there is an influx of  H+, leading to extracellular 



 Journal of Plant Growth Regulation

alkalinization and cytoplasmic acidification (Anjum et al. 
2019; Guru et al. 2022). These modifications elicit many 
signaling cascades, including the MAPK pathway activat-
ing G proteins, tyrosine kinases, phospholipase (PL) medi-
ating  ca+2 signaling, and activating pathways facilitated by 
diacylglycerol (DAG), or cyclic adenosine monophosphate 
(cAMP), resulting in the induction of NADPH (Nicotina-
mide adenine dinucleotide phosphate hydrogen) oxidase, 
an enzyme responsible for generating ROS and reactive 
nitrogen species (RNS) (Nabi et  al. 2021; Guru et  al. 
2022). In addition, this mechanism triggers the activation 
of TFs such as MYC2, BHLH, and WRKY, the activation 
of early defense genes, the synthesis of JAs, and the sub-
sequent activation of defensive response genes. Ultimately, 
this leads to the enhancement of the activation of genes/
transcription factors responsible for secondary metabolites 
and increases the accumulation of secondary metabolites. 
Many past studies, suggested that MeJA affects the accu-
mulation of secondary metabolites in various tissue culture 
techniques, including micro-propagated plants, adventi-
tious root culture, callus culture, cell suspension culture, 
and hairy root culture (Fig. 4).

Effect of JA in Micropropagation

In Rauvolfia serpentina, it has been observed that the 
application of 1.5 mg/L and 2 mg/L of MeJA under in vitro 
cultivated roots results in elevated levels of reserpine 
(0.456%) and ajmalicine (0.261%) content, respectively 
(Dey et al. 2020). In Bacopa monnieri, 1 mg/L JA dose 
increases the total Bacosides content in shoot culture 
(Sharma et al. 2013; Jauhari et al. 2019). A synergistic 
combination of 25 μM of salicylic acid and MeJA increase 
Bacoside A3, Bacopaside II, Jujubogenin (an isomer of 
bacopasaponin C), and bacopasaponin C content in shoot 
culture of B. monnieri (Largia et al. 2015). In Podophyl-
lum hexandrum Sharma et al. (2022a, b, c) reported a 
higher podophyllotoxin (POTX) content (0.33% w/w) 
when in vitro root treated with 1 mM MeJA elicitor. The 
addition of 1.5 mg/L MeJA enhances reserpine content 
(0.45% reserpine) in Rauvolfia serpentina in comparison 
to the control (0.40% reserpine) under tissue culture-raised 
plants (Dey et al. 2020). A concentration of 50 μM MeJA 
leads to a maximum accumulation of apigenin content in 
Salvia tebesana (Shoja et al. 2022). In Maytenus ilicifolia 
root culture Santos et al. (2022) demonstrated that MeJA 
triggered an upsurge in the amounts of the alkaloids ilic-
ifoliunine A and aquifoliunine E-I after 7 and 28 days, 
respectively. In Dioscorea membranacea a dose of 100 μM 
JA exhibited the maximum amount of dioscorealide B 
under in vitro shoot culture (Jirakiattikul et al. 2020).

Effect of JA in Callus Culture

In Arnebia euchroma, Hao et  al. (2014) reported that 
3.67 μM MeJA enhances naphthoquinone and shikonin con-
tent in callus culture. The application of MeJA at a con-
centration of 0.03 mM resulted in a significantly increased 
rutin content of (5.606 mg/gm) compared to the control 
(1.569 mg/gm) in Abutilon hirtum callus culture (Nadir and 
Alwan 2022). Yazdanian et al. (2022) reported the maximum 
anthocyanin content (8.99 µ mol  g−1 fresh weight) (FW) was 
observed with a dose of 25 µM of MeJA in Allium jesdi-
anum. Suryawanshi et al. (2022) described that in the callus 
culture, of Mucuna imbricataa concentration of 1 mM MeJA 
resulted in the maximum content of L-DOPA (4.3 ± 0.4%).

Effect of JA in Cell Suspension Culture

The utilization of elicitation has demonstrated its efficacy 
as a strategic approach to enhance the synthesis of specific 
metabolites across several cell culture systems. Recently, 
Rattan et al. (2023), shown that the application of a 100 μM 
dose of MeJA elicitation leads to increased levels of salidro-
side (1.85 mg/g DW) and rosavin (0.67 mg/g DW) in the cell 
culture of Rhodiola imbricata. A concentration of 100 μM 
JA induces salidroside (5.25 mg/g DW) accumulation in 
R. imbricata cell suspension culture (Kapoor et al. 2019). 
Krishnan et al. (2019) reported that MS media fortified 
with 100 μM concentration of MeJA increased the Asiatic 

Fig. 4  Schematic representation of the mode of the action of cells to 
elicitation. R receptor, PL phospholipase, MAPKs mitogen-activated 
protein kinases, ROS reactive oxygen species, RNS reactive nitrogen 
species, TFs transcription factors, H2O2 Hydrogen peroxide, cAMP 
cyclic adenosine monophosphate, DAG diacylglycerol, GPCR G pro-
tein-coupled receptor, bHLH Basic helix loop helix
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acid content by 1.9-fold in the cell suspension culture of 
Centella asiatica. A synergistic effect of SA and MeJA has 
been found to have a considerable positive impact on the 
accumulation of ginkgolid, and bilobalide in Ginkgo biloba 
(Sukito and Tachibana 2016). Numerous research studies 
have documented that the administration of MeJA leads to 
an increased accumulation of POTX in Podophyllum hexan-
drum (Hazra et al. 2017; Bhattacharyya et al. 2012). Accord-
ing to Wang et al. (2014), the application of a 5 μM dosage 
of MeJA in Arnebia euchroma resulted in an increase in shi-
konofuran derivatives and rosmarinic acid concentration in 
cell culture. Recently, Bisht et al. (2023) reported that a dose 
of 100 μM MeJA in Berberis lyceum, leads to an elevated 
level of callus biomass and production of phytochemicals. 
In Taraxacum officinale, a notable enhancement in the tarax-
asterol level was found when MeJA was given at a dose of 
0.2 mM (Sharma et al. 2016). In Coriandrum sativum, the 
supplementation of 150 μM MeJA resulted in an increase in 
the production of essential oil in embryogenic cultures (Ali 
et al. 2019). The highest accumulation of verbascoside was 
observed after the process of elicitation at a concentration of 
50 µM, resulting in a yield of 4.97 g/L−1 in Buddleja cordata 
(Arano-Varela et al. 2020).

Effect of JA in Adventitious and Hairy Root 
Culture

In Centella asiatica, MeJA enhances triterpenoid accumu-
lation in diploid and tetraploid hairy root cultures (Nguyen 
et al. 2019). Similarly, a significant amount of asiaticoside 
was produced when 0.1 mM MeJA was used in the grow-
ing medium for 21 days (7.12 mg/gm DW) (Kim et al. 2007). 
Furthermore, Baek et al. (2022) demonstrated that hairy root 
cultures of C. asiatica subjected to treatment with 400 μM 
MeJA exhibited the most substantial concentration of trit-
erpenoids (60.25 mg/g DW). In a recent study conducted by 
Zhao and Tang (2020), it has been shown that the application 
of MeJA results in a substantially increased level of val-
trate content (3.63 times) compared to the control cultures 
in Valeriana jatamansi. The application of 0.6 mg/L MeJA 
in Ajuga bracteosa resulted in a significantly greater dry 
biomass accumulation of (8.88 g/L DW) after 32 days of log 
phase (Saeed et al. 2017). After being treated with 100 μM 
MeJA, Swertia chirayita showed a 1.80-fold rise in swerchi-
rin content and a sixfold increase in 1,2,5,6-tetrahydroxyx-
anthone content compared to the control (Mahendran et al. 
2022). At 7 days post-elicitation, valerenic acid production 
was increased sixfold in Valeriana officinalis when treated 
with MeJA 100 μM compared to untreated culture (Tork-
amani et al. 2014). In Withania somnifera a combination of 
0.5 mM β-cyclodextrin(β-CD) + 100 µM MeJA results in a 
6.84-fold increase in withaferin A content, whereas 5.0 mM 

β-CD + 100 µM MeJA results in a 12.46-fold increase with-
aferin A content as compare to non-treated culture (Kar-
ami et al. 2023). In Scutellaria bornmuelleri, the addition 
of 100 µM MeJA enhances monoterpene content (Gharari 
et al. 2023). The application of MeJA results in a substantial 
increase in the content of rosmarinic acid, with levels reach-
ing 55.44 µg  g−1DW after 6 h of exposure to the elicitor. 
This represents an approximately 11.84-fold increase com-
pared to the control culture in Mentha spicata (Yousefian 
et al. 2020). A 13-fold rise in zerumbone concentration was 
observed after collaborative elicitation with 400 µM MeJA 
and 400 µM SA, whereas a 4.3-fold rise in α-humulene 
concentration was observed after treatment with 400 µM 
MeJA and 600 µM SA in Zingiber zerumbet adventitious 
root culture (Alwakil et al. 2022). In Talinum paniculatum 
adventitious root culture an elicitation of 0.2 mM MeJA for 
a duration of 15 days leads to a 1.5-fold rise in saponin con-
tent (Faizal et al. 2019). The effect of JA and MeJA elicitors 
is used for the enhancement of specialized metabolites in 
medicinal plants. The concentration of elicitor and enhanced 
metabolites are listed in Table 2.

Effect of JA on Antioxidant Activity in Tissue 
Culture

In the case of Ajuga bracteosa, the application of MeJA at 
doses of 0.6 mg/L and 1.2 mg/L resulted in elevated levels of 
total phenolic compounds (TPC) in the root cultures during 
the log phase (3.6 mg gallic acid equivalents/g DW) (GAE) 
and stationary phase (3.7 mg GAE/g DW), respectively 
(Saeed et al. 2017). Likewise, the concentration of 100 μM 
MeJA has been seen to result in an elevation in both total 
phenolic and flavonoid content in Rhodiola imbricata cell 
culture. In Paris polyphylla, a concentration of 50 μM MeJA 
leads to an increased level of total phenol, flavonoids, and 
tannin content under in vitro conditions (Rawat et al. 2023). 
In Nardostachys jatamansi, a 6 μM concentration of MeJA 
enhances total phenolic, flavonoid, and tannin and increases 
overall antioxidant activity in callus culture (Rawat et al. 
2020). The phenolic content was negatively impacted by 
an increase in MeJA concentration. In Ruta graveolens the 
maximum value of 44.33 mg GAE  g−1 FW was achieved on 
the fifth day after elicitation with MJ, resulting in a 4.4-fold 
enhancement compared to the control (Joshi et al. 2023). 
The addition of 1 μM MeJA and exposure to blue light leads 
to a substantial increase in the content of phenolic content 
in Glycyrrhiza glabra under in vitro conditions (Emami 
et al. 2023). In the shoot culture of Ocimum sanctum a sup-
plementation of 100 μM, MeJA enhances total phenols and 
flavonoid content (Autaijamsripon et al. 2023). It is impor-
tant to acknowledge that the application of 20 mg/L MeJA 
resulted in the maximum flavonoid concentration in Moringa 
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Oleifera callus culture (Abed et al. 2023). A synergistic 
combination of Cu (25 µM) and MeJA (5 µM) enhances 
antioxidant activity and total phenolic compound in Ocimum 
basilicum under in vitro conditions (Górski et al. 2023). In 
Allium jesdianum and Hibicus sabdariff a maximum amount 
of total phenolics, flavonoids, and flavonols was found under 
treatment of 50 µM and 100 µM MeJA doses, respectively 
(Yazdanian et al. 2022; Jirakiattikul et al. 2021). Treatment 
with 100 µM MeJA increased total phenolic and flavonoid 
content in Prunella vulgaris hairy root culture (Ru et al. 
2022). In the cell suspension culture of the vetia peruviana 
application to 3 μM MeJA increased phenolic compounds, 
antioxidant activity, and flavonoid content by 1.49, 1.66, 
and 2.55-fold, respectively, as compared to untreated cul-
tures (Pablo Arias et al. 2018). The callus cultures that were 
treated to a concentration of 150 µM JA for a duration of 
20 days exhibited the highest levels of phenolic and flavo-
noids content in comparison to the non-treated culture of 
Givotia moluccana (Woch et al. 2023).

Molecular Regulation of JA Action

Over the past decade, researchers have integrated elicitation 
investigations with gene expression analyses using molecu-
lar biology techniques to validate the molecular machinery 
behind elicitation treatment. In the hairy roots of Salvia prze-
walskii, the application of 400 μM MeJA resulted in a sig-
nificant enhancement in the production of salvianolic acid B 
and rosmarinic acid, with an increase of 8.14-fold and 1.78-
fold, respectively. This improvement was mostly attributed 

to the regulation of gene expression, specifically copalyl 
diphosphate synthase (CPS), cytochrome P450-dependent 
monooxygenase (CYP76AH1), and entkaurene synthase like 
(KSL) genes (Li et al. 2020). The co-stimulation of MeJA 
with putrescine in the shoot culture of Catharanthus roseus 
led to the increased expression of genes responsible for 
alkaloid production and signal transduction (Khataee et al. 
2019). Zhou et al. (2021) also discovered another MeJA-
associated TF gene, namely SmMYB1, in S. miltiorrhiza. 
This gene enhances the expression of CYP98A14 by specifi-
cally binds to cis-element located in the promoter region. 
Additionally, SmMYB1 exhibits a positive correlation with 
SmMYC2, thereby enhancing the accumulation of anthocya-
nin production and phenolic compounds. The application of 
MeJA induces an upregulation in the expression of pivotal 
genes involved in the rosmarinic acid, namely phenylala-
nine ammonia-lyase (PAL), 4-coumarate CoA ligase (4CL), 
and rosmarinic acid synthase (RAS), in two Salvia species 
(Kianersi et al. 2023).

TFs are attractive candidates for metabolic engineer-
ing because they have the capacity to control the tran-
scription of numerous genes involved in biosynthetic 
pathways. Elicitation leads to the stimulation of TFs 
that control transcription and translation by specifically 
binding to cis-acting regions in the promoters of target 
genes. This ultimately leads to the buildup of bioactive 
compounds generated by JAs. Conversely, several TFs 
including WRKY, bZIP, bHLH, COI1, AP2/ERF, and 
MYB2/3 participate in the MeJA signaling pathway and 
regulate bioactive metabolites production and accumula-
tion in plants. Additionally, MeJA regulates the activity 

Table 2  Secondary metabolites enhancement in the in vitro cultures of medicinal plants in response to JA/MeJA elicitor treatment

Plant species Type of culture Enhanced metabolites JA/MeJA con-
centration

References

Ocimum sanctum Shoot culture Eugenol 100 μM Autaijamsripon et al. (2023)
Ganoderma applanatum Suspension culture Triterpene 150 μM Sułkowska-Ziaja et al. (2023)
Mentha piperata Cell suspension cultures Rosmarinic acid 100 μM Krzyzanowska et al. (2012)
Gymnema sylvestre Cell suspension cultures Gymnemic acid 150 μM Chodisetti et al. (2015)
Catharanthus roseus Hairy root culture Vinblastine 50 μM Vu et al. (2022)
Echinacea purpurea Cell suspension culture Chicoric acid 7.5 mg/L Ravazzolo et al. (2022)
Prunella vulgaris Hairy root culture Rosmarinic acid 100 μM Ru et al. (2022)
Hyoscyamus muticus Cell suspension culture Atropine 100 μM Abdelazeez et al. (2022)
Dioscorea membranacea Shoot culture Dioscorealide B 100 μM Jirakiattikul et al. (2020)
Rhodiola imbricata Cell suspension culture Salidroside and rosavin 100 μM Rattan et al. (2023)
Sinopodophyllum hexandrum In vitro culture Podophyllotoxin 1.0 mM Sharma et al. (2022a, b, c)
Taxus species Hairy root culture Triterpenoid and steroids 100 µM Sykłowska-Baranek et al. (2022)
Senna obtusifolia Hairy root culture Betulinic acid 100 μM Kowalczyk et al. (2021)
Calendula officinalis Hairy root culture Oleanolic acid 100 μM Alsoufi et al. (2019)
Vernonia anthelmintica Cell suspension culture Rhamnetin 0.8 mM Rajan et al. (2020)
Isatis tinctoria Hairy root culture Flavonoids 179.54 μM Gai et al. (2019)
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of WRKY TFs, which are essential for the biosynthesis 
of secondary metabolites in therapeutically valuable plant 
species. The WRKY TFs are responsible for regulating the 
accumulations of medicinally important bioactive com-
pounds, such as taxol in Taxus chinensis and artemisinin 
in Artemisia annua.

In the cell suspension culture of R. imbricata, Rattan 
et al. (2023) showed that the synergistic effect of SA and 
MeJA resulted in an increased expression of the phenyle-
thanoids, and phenylpropanoids pathways genes led to the 
higher accumulation of salidroside and rosavin metabolites. 
In a hairy root culture investigation, Yousefian et al. (2020) 
reported that the application of MeJA increased the accumu-
lation of phenolic compounds as well as the relative expres-
sion levels of MsPAL, MsC4H, Ms4CL, and MsHPPR gene 
in Mentha spicata. A significant upregulation in the compar-
ative transcript expression of superoxide dismutase (SOD), 
catalase (CAT), peroxidase (POD), and ascorbate peroxi-
dase (APX) was seen in callus cultures of Givotia moluc-
cana when treated with a dose range of 100–200 µM JA 
(Woch et al. 2023). Recently Fang et al. (2023), reported that 
TFs SbWRKY75 exert direct control over the expression 
of the flavonoid biosynthetic gene SbCLL-7. Additionally, 
SbWRKY41 was shown to directly regulate the expression 
of two other flavonoid biosynthetic genes, namely SbF6H 
and SbUGT , hence controlling the production of baicalin in 
Scutellaria baicalensis. The application of MeJA in Taxus 
baccata was seen to enhance the transcription of specific 
genes 10-deacetylbaccatin III-10-β-O-acetyltransferase 
(DBAT), baccatin III-13-O-(3-amino3-phenyl propyl) trans-
ferase (BAPT), and taxadiene synthase (TS) associated with 
the taxol biosynthesis pathway, resulting in a higher level of 
taxol biosynthesis (Zhoulideh et al. 2022).

Caretto et al. (2011) reported that a concentration of 
22 µM MeJA resulted in a threefold augmentation in arte-
misinin synthesis after around 30 min, while a concentration 
of 200 µM miconazole led to a 2.5-fold increase in arte-
misinin production after 24 h, but had detrimental effects on 
the survival of the cells. The application of MeJA resulted 
in an increase in the expression of CYP71AV1, whereas the 
application of miconazole led to an increase in the expres-
sion of cytochrome P450 reductase (CPR) and artemisinic 
aldehyde Δ11(13) reductase (DBR2) genes in the suspen-
sion culture of A. annua. There is evidence indicating that 
plants employ regulatory mechanisms TFs to manage signal-
ing cascades, which can counteract the detrimental effects 
of biotic and abiotic stress. In the last few years recom-
mended research done on transgenic plants has uncovered 
the crucial involvement of TFs and gene expression. These 
pathways play a vital role in safeguarding plants against 

various stresses and promoting the synthesis of secondary 
metabolites. In addition, Table 3 provides a brief overview 
of the effect of elicitor treatment in response to gene expres-
sion and secondary metabolite accumulation in medicinally 
valuable plants.

Conclusion and Prospects

In recent years, numerous research studies have highlighted 
the multifaceted role of JA as a phytohormone, functioning 
as a defense signal while impacting various facets of plant 
growth, development, and defense systems (Ghorbel et al. 
2021; Hewedy et al. 2023; Rao et al. 2023a, b). Advances in 
understanding JA’s signaling and metabolic pathways, pri-
marily through studies in model plants such as Arabidopsis 
and rice, provide crucial insights applicable to a broader 
spectrum of plant species. Key genes like JAZ, AOS1, AOC, 
LOX2, and COI1, alongside TFs like MYC2 and bHLH, 
orchestrate the central JA signaling pathway, exerting both 
stimulating and inhibitory effects to regulate plant responses 
to environmental cues (Checker et al. 2018; Sohn et al. 2022; 
Rao et al. 2023a, b; Sood 2023). Medicinal plants, with their 
potential to produce pharmacologically important bioac-
tive compounds, offer promising avenues for future natural 
medication development and various industrial applications. 
Elicitation strategies emerge as effective means to enhance 
the production of therapeutically valuable metabolites, 
necessitating further exploration of JA-mediated elicitation 
mechanisms across diverse plant systems amidst changing 
environmental conditions (Ueda et al. 2021; Kandoudi and 
Németh-Zámboriné 2022; Jeyasri et al. 2023; Selwal et al. 
2024) (Fig. 5).

The burgeoning field of eliciting secondary metabo-
lites from plant cell cultures holds promise for enhancing 
metabolite output and represents an area for further inves-
tigation. Literature suggests that the external application of 
JAs and MeJA regulates and impacts morphological char-
acteristics, physiological processes, metabolic pathways, as 
well as yield and quality components of crops under varying 
environmental conditions (Jeyasri et al. 2023; Sood 2023). 
However, comprehensive future research is essential to 
fully uncover JA’s potential role and its utility as a man-
agement tool for enhancing crop development, productiv-
ity, and resilience. Moreover, a more thorough investigation 
into the complex interplay between JA and other phytohor-
mones across diverse growth and physiological scenarios 
is necessary for a holistic comprehension of plant hormone 
dynamics.
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