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Jasmonates, including jasmonic acid (JA) and its derivatives, are lipid-based signaling molecules critical for
plant growth, development, and defense. Among these, jasmonoyl-L-isoleucine (JA-Ile) has been identified

as a bioactive plant hormone that mediates various physiological responses. JA-Ile functions in planta as

a ‘'molecular glue’ in protein—protein associations to induce the defense-related gene expression for plant—

pathogen and plant—insect communications, and it affects many aspects of plant development and stress
responses. This review explores the historical journey of jasmonate research, emphasizing the discovery of
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JA-lle, its biosynthesis, function as a molecular glue, and the ligand—receptor co-evolutional aspect. The

elucidation of the SCFCOI1-JAZ receptor complex and the crystallization of this co-receptor system
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1. Introduction

Plant hormones orchestrate intricate networks, regulating
growth, development, and stress responses.' Plants are fasci-
nating organisms because they rely on endogenous small
molecules and plant hormones as key regulators for most of
their physiological functions. This reliance means that
a significant portion of plant physiology can, in principle, be
controlled using organic small molecules, making plants
attractive subjects of study for organic chemists.

Jasmonates, which are relatively recent members of the plant
hormone family, are oxylipins which are oxidized derivatives of
poly-unsaturated fatty acids (PUFAs) (Fig. 1).>* Oxylipins have
garnered significant attention in recent years for their roles as
signaling molecules.* Prostaglandins (PGE, in Fig. 1), a well-
known class of biologically active oxylipins, are found not only
in mammals but also across a diverse range of organisms,
including insects and marine species. Similarly, molecules
known as phytoprostanes (16-B;-PhytoP in Fig. 1) have been
identified in plants.® Notably, plants primarily utilize oxylipins
called jasmonates, including jasmonoyl--isoleucine (JA-Ile in
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Fig. 1), as plant hormones. Jasmonates, have attracted attention
for their roles in both plant defense and development.® In
particular, JA-Ile induces defense responses against herbivorous
insects and pathogenic infections and affect the growth and
fertility of plants. The jasmonate family includes jasmonic acid
(7-iso-JA in Fig. 1 and Table 1) and its conjugated derivatives like
JA-Ile. Among these, JA-Ile has emerged as a biologically active
molecule essential for jasmonate signaling in vascular plants.
Herbivorous insects and pathogens pose a significant threat
to global food production, contributing to an estimated 20% loss
in the yields of major crops worldwide.” While chemical pesti-
cides have been widely employed to combat these threats, their
use raises several concerns, including environmental impact and
the development of resistance. However, plants have developed
sophisticated defense mechanisms against herbivorous insects
and pathogens, with JA-Ile serving as a key player in these
responses.® Manipulating jasmonate signaling could enhance
resistance to herbivorous insects and pathogens and improve
stress tolerance. The potential of jasmonates for biotechnological
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applications is vast, ranging from genetic engineering of plant
hormone biology to the development of jasmonate-based agro-
chemicals. Harnessing the natural defense mechanisms of plants
for crop protection in agroecosystems offers a promising and
sustainable approach to enhancing food production.

In this review, we focus on the chemistry and biochemistry of
jasmonates. The biological aspects of jasmonates have been
comprehensively covered in excellent review articles published
in the past, which are recommended for further ref. 6 and 8-11.

2. Jasmonates as plant oxylipin
hormones

2.1 How JA-lle was identified as a plant hormone:
a historical perspective

The following section describes how JA-Ile was discovered and
recognized as a plant hormone. This long journey exemplifies
how a combination of natural product chemistry, genetic
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Fig. 1 Bioactive oxylipins in plants and mammals that are biosynthesised from C16/C18/C20 PUFA.

Table 1 Summary of jasmonates with their biological activities and related references (*Jasmonate responses: herbivore/pathogen defense;
growth; fertility; senescence; environmental stress; secondary metabolite production)
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research, and some serendipity, is essential for a natural
product to achieve a status of biological significance.

The first jasmonates were isolated in the early 1960s as
volatile compounds (Fig. 2A). As the old saying goes, “no
perfume without jasmine”. The determination of the pivotal
fragrance component was of great value, with about 80% of the
fragrance compositions on the market contained the precious
jasmine essential oil component until the mid-20th century.”
Methyl jasmonate (Me]JA, Fig. 2A) was isolated from jasminum
grandiflorum, highlighting its role as an odorant.”® JA was
identified as a cyclopentanone derivative, derived from PUFA
precursors, such as a-linolenic acid (Fig. 1), through the octa-
decanoid pathway.'* Subsequent studies demonstrated its
growth-regulatory effects and senescence induction, paving the
way for detailed biochemical investigations.'®*” This period
also saw the isolation of JA from various plant species, under-
scoring its ubiquity in the plant kingdom."®

Around 1990, it became clear that the JA and other jasmo-
nates accumulate in plants in response to pathogen infection
and wounding, and that genes whose expression was induced
by pathogenic infection or wounding were also up-regulated by
JA treatment (Table 1).* Additionally, JA is recognized as
a signal in fertility, senescence, and environmental stress
responses, such as heat tolerance or cold stress. All these

View Article Online

Review

aspects have been comprehensively described in the first
historical overview in ref. 19. JA also plays a critical role in floral
organ development and fertility. These findings attracted the
attention of plant scientists and led to the identification of JA as
wounding and pathogenic infection-induced potential defense
“hormone” of plant. Another important step was the discovery
of coronatine (COR) (Fig. 2A and Table 1), a bacterial phyto-
toxin, inducing highly potent jasmonate responses.”*** Thus,
COR was considered as “super jasmonate”,” which might be
caused by the fixed structure of the second ring of coronatine
compared with JA-Ile.

Further progress came from genetic studies (Fig. 2B). The
Jjarl mutant of Arabidopsis thaliana, identified through screens
for JA-insensitive phenotypes, exhibits defects in root inhibition
and reduced accumulation of defense-related proteins
(Fig. 2B).>*** Jasmonic acid amido synthetase (JAR1) belongs to
the Gretchen Hagen 3 (GH3) family enzyme which conjugates
substrates with amino acids. GH3 acyl acid amido synthetases
catalyze the conjugation of phytohormones with amino acids,
playing key roles in maintaining plant hormone homeostasis of
JA, auxins, and salicylic acid.*® Considering the structural
similarity of JA and COR (Fig. 2A), plant scientists hypothesized
that JA would be conjugated with isoleucine to form JA-Ile as
a genuine bioactive form." Cloning of JARI (AtGH3.11)
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Fig. 2

(A) A series of chemical and biological studies gradually revealing that JA-Ile is the actual bioactive form of this plant hormone. (B)

Arabidopsis mutants lacking the gene for JA signalling and biosynthesis playing key roles in jasmonate biosynthesis. (C) JA-Ile, as a molecular glue

connecting COI1 and JAZ proteins.
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confirmed its role in JA-Ile biosynthesis, highlighting the
functional specificity of this conjugate.”” This conjugation
enhances the signaling capability of JA, transforming it into
a biologically active JA-Ile hormone.”® The specificity of this
reaction was confirmed through mutant analyses, particularly
in jarl mutants. This was followed by the discovery that JAR?
(AtGH3.11) and the partially redundant GH3.10 play similar
roles in JA-Ile synthesis.” These findings confirmed a pivotal
link between JA and the bioactive form JA-Ile.

The identification of active plant hormone marked a signifi-
cant breakthrough, as it enabled the search for a JA-Ile receptor.
The JA-Ile receptor was identified in 2007. Following the pio-
neering achievement of the discovery of coi1 (Fig. 2B),****
a mutant insensitive to COR, it was revealed that JA-Ile binds to
the COI1-JAZ co-receptor, which consists of the F-box protein
COI1 and the transcriptional repressor JAZ, functioning as
a molecular glue to link these two proteins (Fig. 2C).**** The
COI1-JAZ co-receptor will be discussed in detail in a later
section. This breakthrough made it possible to evaluate the
structure-activity relationships of jasmonates, including JA-Ile,
through in vitro assays based on their interaction with the
receptor, marking a significant advancement in the field.

The remaining question concerns the relationship between
stereochemistry and the bioactivity of JA-lle (Fig. 2A). JA-lle
naturally exists as a 95 : 5 mixture of (3R, 7R)-JA-Ile and (3R, 75)-
JA-Tle. However, most studies have utilized a mixture of JA-Ile
synthesized from racemic JA, which comprises four isomers:
(3S/R, 7R/S)-JA-lle and (3R/S, 7S/R)-JA-Ile. The successful prepa-
ration of pure stereoisomers revealed that the (3R, 75)-JA-Ile is the
naturally occurring bioactive form of the plant hormone.** It is
also expected that JA-Ile can be inactivated through the epime-
rization of its active 7S form to the 7R form;** however, no
enzymes or mechanisms responsible for this process have been
identified. Finally, the crystallization of COI1-JAZ complexed with
JA-Ile/COR (PDB ID: 30GL and 30GM) provided definitive proof
of JA-lle as the ligand for this receptor (Fig. 2C).** Structural
studies revealed that enantiomeric specificity for (3R, 75)-JA-Ile is
critical for receptor binding and biological activity.

Through this extensive history, which includes the isolation
of JA, the discovery of its bioactivity in plants, the identification
of JA/COR-insensitive mutants, the characterization of their
coding proteins, and the identification of naturally occurring
bioactive isomer, the crystal structure of COI1-JAZ complexed
with JA-Ile, (3R, 7S)-JA-Ile (Fig. 2A) is confirmed as the genuine
bioactive form of the plant hormone. Hereafter, (3R, 75)-JA-1le
will simply be referred to as JA-Ile. The role of JA-Ile in plants
extends to abiotic and biotic stress responses, enhancing
resilience against environmental challenges.® In addition, JA-Ile
mediates the production of secondary metabolites in plants.***”
JA-1le is not only a key plant hormone in plant science research
but also an exceptionally intriguing compound for natural
product chemists due to its remarkable biological activities.

2.2 New family members of jasmonates

Beside JA, JA-lle is a predominant oxylipin plant hormone;
however, it has become increasingly evident that other oxylipins

This journal is © The Royal Society of Chemistry 2025
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also function as plant hormones or endogenous bioactive
compounds. Of particular interest is the inclusion of JA-Ile
metabolites and biosynthetic precursors among these bioac-
tive oxylipins. One such example is (+)-cis-12-oxo-phytodienoic
acid (cis-OPDA, Fig. 3 and Table 1), a biosynthetic precursor of
JA-Ile. Cis-OPDA is thought to play a dual role in plant biology as
both a JA biosynthetic precursor and an independent signaling
molecule.*®** Emerging evidence highlights cis-OPDA-specific
bioactivities independent of JA-Ile. Studies with mutants lack-
ing JA biosynthesis reveal JA-Ile-independent unique roles of cis-
OPDA in resilience against environmental stresses, including
drought tolerance, thermotolerance, and stomatal closure.***
The electrophilic nature of cis-OPDA allows covalent linking
with cysteine residues in target proteins, influencing redox
homeostasis and gene activation. Notably, cis-OPDA directly
binds to plastidic cyclophilin 20-3 (CYP20-3), stabilizing
enzymes involved in cysteine synthesis and modulating thiol-
based redox signaling pathways.*>*” These functions under-
score the versatility of cis-OPDA as a signaling molecule.
However, the detailed mode of action of cis-OPDA awaits the
identification of its in vivo targets. Very recent results suggest
that downstream metabolites of cis-OPDA, such as tetranor-cis-
OPDA (tn-cis-OPDA) and 4,5-didehydro-JA (4,5-ddh-JA), also
function as JA-Ile-independent signaling molecules and could
be genuine bioactive forms of cis-OPDA (Fig. 3 and Table 1).***°
Additionally, other biosynthetic precursors of JA-Ile, such as
dinor-cis/iso-12-oxo-phytodienoic acid (dn-cis-OPDA and dn-iso-
OPDA, Fig. 3 and Table 1), function as plant hormones in
bryophytes, instead of JA-Ile.**** Bryophytes, particularly
Marchantia polymorpha, are regarded as models for under-
standing the origins of land plants.”> A unique and fascinating
example on the molecular co-evolution of plant hormone and
their receptor was reported on M. polymorpha. In addition to dn-
cis/iso-OPDA, A’-dn-iso-OPDA, which is biosynthesized from
C20-PUFA, was found as a novel plant hormone of M. poly-
morpha (Fig. 3 and Table 1).>*** The set of these diverse
‘ancestral’ jasmonates is required for the full activation of
jasmonate response in M. polymorpha. As a JA-Ile metabolite, 12-
hydroxy-jasmonoyl-t-isoleucine (12-OH-JA-Ile, Fig. 3 and Table
1) has recently been identified as an “attenuated plant
hormone” that activates only a subset of JA-Ile-mediated bio-
logical activities.?®® The details of 12-OH-JA-Ile and ‘ancestral’
jasmonate in M. polymorpha are summarized in the following
sections.

3. Receptor and signal transduction
of plant oxylipin
3.1 Plant hormones JA-Ile and auxin as molecular glues

Although it is not widely known, the first small molecule
discovered to function as a molecular glue was the plant
hormone auxin.***® Auxin (indole-3-acetic acid) was discovered
through research initiated by Charles Darwin and is the most
important plant hormone controlling growth, phototropism,
and gravitropism.®* Auxin binds to the F-box protein Transport
Inhibitor Response 1 (TIR1), a subunit of the E3 ubiquitin

Nat. Prod. Rep., 2025, 42, 175-1194 | 1179
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Fig. 3 Biosynthetic precursors and metabolites of JA-Ile, functioning as endogenous bioactive signaling molecules.

ligase, and its homologs, but the substrate remained unclear. In
2005, it was revealed that auxin induces protein-protein inter-
actions (PPI) between TIR1 and its substrate, the transcriptional
repressor Aux/IAA,°>* and the crystal structure of the TIR1-Aux/
IAA co-receptor complex with the ligand auxin was reported.
Remarkably, this small molecule, with a molecular weight of
just 175, was shown to be sandwiched between TIR1 and IAA to
act as a molecular glue. Between 2007 and 2010, it was discov-
ered that JA-Ile (MW 323) functions as a molecular glue by
inducing PPI between the F-box protein COI1 and the tran-
scriptional repressor JAZ. TIR1 and COI1 are highly homolo-
gous F-box proteins that share an evolutionary ancestor® and
ubiquitinate their substrate transcriptional repressors, result-
ing in their degradation via the 26S proteasome mechanism to
trigger the expression of genes involved in signal transduction
pathways. The molecular glue was made famous through the
historical achievement by Handa and co-workers in 2010 (ref.
65) that elucidated the teratogenic mechanism of thalidomide.
Thalidomide functions as a molecular glue, inducing PPIs
between CRBN, a subunit of the E3 ubiquitin ligase, and
substrates such as SALL4, leading to the degradation of
substrate proteins and causing teratogenic effects. However,
reports describing auxin and JA-Ile acting as molecular glues
were published earlier than this renowned study. In particular,
a decisive statement can be found in a paper published in 2007:
“Thus, we conclude that auxin promotes SCF-TIR1-substrate
binding by acting as a ‘molecular glue’ rather than an allo-
steric switch.”®® Currently, small molecules recognized as plant
hormones include auxin, gibberellin, ethylene, abscisic acid,
cytokinin, JA-Ile, brassinosteroids, strigolactones, salicylic acid,
and peptide hormones.* Among these, the ones that clearly act

180 | Nat. Prod. Rep., 2025, 42, 1175-1194

as molecular glues are auxin and jasmonates, including JA-
Ile.3>333%626366 On the other hand, molecules like gibberellin
and abscisic acid function as allosteric drugs that induce
conformational changes in receptors, enabling PPIs with target
proteins.*”

The whole picture of mode of action of JA-Ile is illustrated in
Fig. 4.° The SCF®°"-JAZ complex mediates jasmonate percep-
tion. COI1, an F-box protein, forms part of the Skp1-Cullin-F-
box (SCF) ubiquitin ligase complex. JAZ proteins act as tran-
scriptional repressors, binding to MYC transcription factors
and preventing their activation. JA-Ile promotes PPI between
COI1 and JAZ, leading to JAZ ubiquitination and degradation.
Upon JAZ degradation, MED25 binds to the vacated MYC2
binding site, leading to the reassembly of the transcriptional
machinery (Fig. 4). This releases MYC2 and other transcription
factors, initiating jasmonate-responsive gene expression
(Fig. 4). These insights paralleled similar advances in under-
standing auxin and gibberellin receptor mechanisms, estab-
lishing a conserved paradigm in hormone perception.®”*®

3.2 Crystal structure of COI1-JAZ complexed with JA-Ile

The crystal structures of the COI1/JA-Ile/JAZ1 complex and the
COI1/COR/JAZ1 complex reported in 2010 represent a landmark
achievement in the field of jasmonate bioscience.*® As of 2025,
these remain the only reported crystal structures of the COI1-
JAZ co-receptor complex. This groundbreaking discovery
definitively confirms that JA-Ile and COR function as molecular
“glues,” facilitating PPI between COI1 and JAZ. While COR has
long been considered a biological mimic of JA-Ile, these crystal
structures conclusively shown that it also acts as a structural
mimic, forming an almost identical network of hydrogen bonds

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Mode of action of JA-Ile that involves promoting the protein—protein interaction between COIl and JAZ, which triggers JAZ degradation
via the 26S proteasome pathway.

and hydrophobic interactions within the COI1-JAZ co-receptor keto and carboxyl groups exposed on the surface of COIl,
complex (Fig. 5A and B). In this complex, JA-Ile and COR are enabling the formation of hydrogen bonds with JAZ (Fig. 5C). In
anchored within the ligand-binding pocket of COI1, with their addition to interacting with COI1 in the same way as JA-Ile, COR

\

Fig.5 (A and B) Binding poses of JA-lle (PDB ID: 30GL) and COR (PDB ID: 30GM) within the COI1 ligand-binding pocket. (C) Interface between
COI1 and JAZ. (D) Mechanisms by which the COI1-JAZ co-receptor perceives JA-lle or COR.
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is sandwiched between the side chains of two aromatic amino
acid residues (Phe and Tyr) within the ligand-binding pocket of
COI1, allowing it to bind to the COI1-JAZ co-receptor with
higher affinity than JA-Ile.** Along with JA-Ile and COR, the
inositol pentakisphosphate (InsP5) molecule binds strongly to
COI1, suggesting that it forms a hydrogen-bonding network
with COI1-JAZ and JA-Ile/COR.*>* Similarly, the auxin receptor
TIR1 binds tightly to inositol hexakisphosphate (InsPg) at
a comparable site,* indicating a shared ligand-binding mech-
anism between TIR1 and COI1.

However, recent studies reveal that JA-Ile and COR form
complexes with the COI1-JAZ co-receptor through distinct
mechanisms (Fig. 5D).”%”* JA-Ile acts like a glue, directly
inducing PPI between COI1 and JAZ in a one-step recognition
mechanism. In contrast, COR employs a two-step recognition
mechanism: first, it forms a stable complex with COI1 and then
recruits JAZ. This difference in binding modes stems from
variations in the ligands' affinities for COI1. COR binds more
strongly to COI1 due to -7 stacking interactions between its

View Article Online
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fused 5,6-ring structure and Phe89 and Tyr444 within the COI1
ligand-binding pocket, allowing it to form a stable COI1-COR
complex. These insights into the relationship between ligand
structure, binding mode, and affinity could provide valuable for
the future design of synthetic molecular glues.

3.3 Genetic redundancy of COI and JAZ leads to diverse JA-
Ile responses

Genes encoding COI1 and JAZ often exhibit genetic redundancy,
aresult of gene duplication during evolution.” This redundancy
underscores the critical role of the COI1-JAZ co-receptor in plant
survival because a genome of an organism encodes multiple
copies of genes that are important for their survival. Most plants
possess multiple COI1-JAZ co-receptor subtypes, enabling JA-Ile
to trigger a wide array of biological responses, including
herbivore defense, environmental stress responses, senescence,
growth and reproduction, and secondary metabolite produc-
tion. This functional versatility arises because each biological
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(A) COI-JAZ co-receptors in Arabidopsis thaliana and Oryza sativa. (B) Structure and functions of the JAZ repressor protein. JAZ is an

intrinsically disordered protein that interacts with both COI1 and transcription factors (TFs) such as MYC. It suppresses various TFs to inhibit JA-

Ile-mediated responses in plants.
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response is independently or redundantly regulated by specific
receptor subtypes (Fig. 6A). On the other hand, JA-Ile can bind to
all ten functional COI1-JAZ co-receptor pairs, simultaneously
activating numerous JA-Ile-induced biological responses.
However, this activation often comes at a cost, frequently
described as a growth-defense trade-off, where defense
responses inhibit plant growth, leading to dwarfing. Thus,
plants face the constant dilemma of “to grow, or to defend”
(prioritizing growth or defense). Resolving this dilemma is one
of the most critical challenges in jasmonate bioscience. The
number of COI and JAZ genes encoded in plant genomes varies
among plant species. For example, Arabidopsis has a single COI1
gene, while rice (Oryza sativa) has three (OsCOI1a, OsCOI1b, and
0sCOI2) (Fig. 6A).” In rice, these genes function redundantly,
although OsCOI2 plays a dominant role in JA-Ile-mediated
responses.””*

As for JAZ genes, the Arabidopsis genome encodes 13 JAZ
copies, including 10 functional JAZ copies, while rice has 15.7>7°
These JAZ genes also exhibit function redundancy, which
explains why knocking out a single JAZ gene often fails to
produce noticeable phenotypic changes. Significant phenotypic
changes are typically only observed in multiple knockout
mutants, such as Arabidopsis jaz quintuple (jazQ) mutant, in
which five of 13 JAZ genes are knocked out.”” JAZ proteins,
classified as intrinsically disordered proteins,” act as repressors
of various transcription factors (TFs). Their most critical struc-
tural feature is the Jas motif near the C-terminus, which is
essential for interactions with COI1 and MYC2 TFs, which are
key TFs in jasmonate signaling (Fig. 6B).” The short degron
sequence ((V/L)P(Q/I)AR(R/K)) within the Jas motif is crucial for
COI1 interaction in the presence of JA-Ile (Fig. 6B), facilitating
JAZ degradation via the 26S proteasome pathway.*® The Jas
motif can adopt different conformations depending on whether
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it interacts with MYC TF or COI1, enabling the switch between
the repressive and active states of MYC TF (Fig. 6B).” In the
absence of JA-Ile, JAZ proteins bind to MYCs (MYC2/3/4/5),
repressing their ability to activate the transcription of
jasmonate-responsive genes. However, COI1 forms a ternary
complex with JAZ and JA-Ile in the presence of JA-Ile, leading to
JAZ polyubiquitination and subsequent degradation via the 26S
proteasome.** The degradation exposes the MYC interaction
sites for coactivators such as MED25,* linking the transcrip-
tional machinery to jasmonate-responsive promoters (Fig. 4).*
Notably, three Arabidopsis JAZ proteins—JAZ7, JAZ8, and
JAZ13—are classified as noncanonical JAZs due to their lack of
the canonical degron sequence.**® As a result, noncanonical
JAZs cannot interact with COIl1 in the presence of JA-Ile,
contributing to their stability even wunder jasmonate-
stimulated conditions.

By interacting with diverse JA-Ile-responsive TFs, each JAZ
subtype contributes to the regulation of various JA-Ile-triggered
biological responses (Fig. 6B). For example, two major pathways
are activated in defense responses: the MYC2 TF branch and the
ERF/ORA TFs branch (Fig. 7A).** The MYC2 branch activates
defense against herbivores by inducing the expression of
herbivory-related genes such as Vegetative Storage Protein 1/2
(VSP1/2).% In contrast, the ERF/ORA branch is activated during
necrotrophic pathogen attacks, inducing the expression of
defense-related genes such as Plant Defensin 1.2 (PDF1.2)
through APETALA2/Ethylene Response Factor (AP2/ERF) family
TFs like ERF1 and ORA59.

JA-Ile signaling also plays a critical role in regulating
secondary metabolite production in plants. The involvement of
jasmonates in secondary metabolite production was first
demonstrated by the pioneering research led by Zenk.** They
showed that MeJA enhances secondary metabolite production

\/?:NrCO;H
T
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l
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(A) An example of the JAZ-regulated signaling pathway in Arabidopsis. (B) JA-lle playing a key role in regulating secondary metabolite
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in 36 types of plant cultured cells. Subsequent studies revealed
that JA-Ile triggers the biosynthesis of various plant secondary
metabolites, including glucosinolates and alkaloids, which
contribute to feeding avoidance and defense against herbivore
attack (Fig. 7B).*® Recent research has begun to uncover the
molecular mechanisms underlying this process.’” In Arabi-
dopsis, MYC TFs collaborate with MYB TFs to regulate glucosi-
nolate biosynthesis.*” In tomato (Solanum lycopersicum), the
production of a-tomatine, a steroidal alkaloid, is controlled by
an AP2/ERF family TF JRE4, which acts in concert with MYC
TFS.SS’S‘)

4. Synthetic molecules regulating
plant oxylipin signaling

Recent advancements in the rational design of synthetic mole-
cules have significantly contributed to our understanding of
jasmonate biology, including antagonists, subtype-selective
agonists, and novel compounds that modulate JA-Ile
signaling.®* This section highlights several groundbreaking
studies that highlight progress in this field.

4.1 Coronalon: the first synthetic mimic of JA-Ile

The first synthetic mimic of JA-Ile was reported in 2004.°° Based
on the structure of COR, Boland and co-workers developed
a simple synthetic mimic called coronalon, a 6-ethyl indanoyl-
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isoleucine conjugate (Fig. 8A), which was designed to replicate
the activity of JA-Ile in plant defense signaling. Their research
demonstrates that coronalon effectively induces the accumula-
tion of defense-related secondary metabolites, modulates
stress-related gene expression, and inhibits root growth at low
micromolar concentrations. These findings suggest that coro-
nalon could serve as a valuable tool for exploring various
aspects of plant stress physiology as an effective and easily
synthesized alternative to JA-Ile and COR. In a subsequent
study, Boland and co-workers developed various bioactive 6-
substituted-In-L-Ile analogs (Fig. 8A).°*** This advancement
paved the way for generating ligands with diverse biological
activities that mimic JA-Ile. Collectively, these studies under-
score the significance of synthetic JA-Ile/COR analogs in
advancing jasmonate bioscience.

4.2 Designed antagonist and agonist/antagonist from library
screening

In 2010, the crystal structure of the JA-Ile/COR and COI1-JAZ co-
receptor complex was reported,* enabling the rational design of
synthetic ligands based on their binding modes. This approach
led to a major breakthrough in 2014, when the group led by
Solano laid the groundwork for chemically modulating JA-Ile
signaling by developing the first potent antagonist of the
COI1-JAZ co-receptor.®* As discussed in the previous sections,
COR binds to the ligand-binding pocket of COI1, exposing its
ketone and carboxylate functionalities for hydrogen bonding

JAZ

JiLa

Stereoisomer
of COR

Fig.8 Chemical tools for studying JA-Ile signaling in plants. (A) Coronalone, the first JA-lle mimic. (B) COR-MO, a COI1-JAZ antagonist. (C): CFA
and CMA. (D): JAZ-subtype selective agonists targeting COI1-JAZ. (E) JA-Ile macrolactone (JILa), which enhances nicotine production in wild

tobacco.
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with JAZ. Monte et al. modified the ketone moiety of COR into
a methyl oxime to block JAZ recruitment.”* The designed
antagonist, named COR-MO (Fig. 8B and Table 1), effectively
blocks JA responses, demonstrating its potential as a tool for
studying JA signaling. This work highlights the possibility of
selectively disrupting JA-Ile signaling pathways to manipulate
plant physiology without genetic modification.

Watson and co-workers developed a scalable, gram-scale
synthetic route for coronafacic acid (CFA) (Fig. 8C) and its
analogs, enabling extensive structure-activity relationship
studies.” They synthesized a library of over 120 conjugates of
CFA/analogs and amino acids. Biological assessments of these
compounds against various weeds, combined with computational
analyses, identified key structural features essential for potent
activity. While conjugating alternative amino acids to the CFA
core reduced biological activity, the critical structure was deter-
mined to be the CMA moiety (Fig. 8C), with modifications around
the CFA core having minimal impact on biological activity.

Chini et al. introduced small-molecule antagonists that
simultaneously target JA-Ile and auxin signaling pathways.*®
These dual antagonists were identified through a chemical
screening of over 20 000 compounds. Using biochemical assays
and phenotypic analyses in vascular and nonvascular plants,
they demonstrated that the antagonists effectively suppressed
JA and auxin responses. This dual functionality offers a novel
approach for studying the interplay between hormone pathways
and manipulating plant development. The identification of
Jarin-1, an inhibitor of JAR1, is another example of the discovery
of synthetic molecules that regulate JA signaling through large-
scale chemical screening.” However, large-scale chemical
screenings have failed to identify COI1-JAZ agonists, high-
lighting the challenges in developing such compounds and the
inherent difficulty of screening for “molecular glue.”

4.3 Uncoupling of growth-defense tradeoff using synthetic
molecules

Ueda and co-workers expanded the concept of synthetic modu-
lation by designing the first JAZ subtype-selective COI1-JAZ
agonists.”® This work represents a unique example of the
rational design of synthetic “molecular glue” with receptor-
subtype selectivity. Recognizing the diversity among JAZ
proteins which regulate various aspects of plant responses, the
study aimed to achieve precision in targeting specific JAZ
subtypes. Through chemical synthesis and structural analysis,
they developed a synthetic molecular glue capable of selectively
triggering COI1-JAZ9/10 co-receptor formation. This unique
agonistic molecular glue, named NOPh (Fig. 8D), modulated
specific JA-Ile responses, triggering defense responses against
pathogenic infection without causing growth inhibition. Unlike
JA-Ile and COR which bind to all 10 COI1-JAZ co-receptors in
plants and activate defense responses and growth inhibition,*
NOPh provided a way to escape the growth-defense tradeoff in JA-
Ile signaling. This study demonstrated the potential for fine-
tuned manipulation of plant signaling pathways to enhance
specific traits, such as pathogen resistance. In a subsequent
study, Ueda and co-workers constructed a chemical library

This journal is © The Royal Society of Chemistry 2025
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composed of 16 stable stereoisomers of COR to identify a subtype-
specific agonist of the COI1-JAZ co-receptor.'® One stereoisomer
exhibited high specificity for JAZ9 (Fig. 8D), enabling precise
modulation of JA responses. This discovery enhances our
understanding of the structural basis of JA-Ile perception and
provides a toolkit for selectively activating desired responses.
Such innovations represent a significant step toward precision
agriculture, enabling targeted interventions to optimize plant
performance under varying environmental conditions. However,
this requires chemical stability of the molecule in the field and
easy supply through large-scale synthesis.

In 2017, Boland's group also addressed the growth-defense
tradeoff by the developing JA-Ile-macrolactones (JILa, Fig. 8E),
a class of synthetic cyclized 12-OH-JA-Ile compounds.'*>'** JILa
was found to uncouple the typical antagonistic relationship
between growth and defense responses in wild tobacco (Nico-
tiana attenuata).” The application of JILa allowed plants to
activate robust defense mechanisms against herbivores while
maintaining growth rates. This effect was partly attributed to
enhanced accumulation of the alkaloid nicotine in wild
tobacco. However, the mechanism of action of JIla that confers
this unique biological activity remains largely unknown.

These findings challenge the long-held paradigm that
enhanced defense responses suppress growth, opening new
avenues for developing crops capable of achieving high yields
while remaining resilient to biotic stress.

The studies reviewed here collectively highlight the potential
of synthetic chemistry and chemical design in advancing our
understanding and application of plant hormone signaling
pathways.'**'** The rational design of synthetic molecules to
modulate jasmonate perception represents a transformative
approach in plant biology. From antagonists that block JA
signaling to subtype-selective agonists that fine-tune specific
responses, these innovations offer powerful tools for basic
research and agricultural applications. They open new avenues
for the precise modulation of JA-Ile responses, allowing
researchers to dissect the complex roles of JA-Ile in plant
physiology and engineer crops with tailored traits.

5. Biosynthesis and metabolism of
plant oxylipin hormone

5.1 Canonical biosynthetic pathway of plant oxylipin
hormone

JA biosynthesis is triggered by various stimuli, including
mechanical wounding, herbivory, pathogen attacks, and devel-
opmental processes such as flower and seed maturation.® These
signals activate the expression of genes encoding JA biosynthetic
enzymes, leading to increased JA production. By the late 1990s,
researchers had identified genes encoding key JA biosynthetic
enzymes, elucidating the octadecanoid pathway.*'”* These
discoveries enabled genetic manipulation studies, offering
insights into the roles of individual enzymes and their contri-
butions to the biosynthetic pathway. The identification of key
enzymes and the elucidation of regulatory mechanisms have
significantly advanced modern jasmonate research.
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JA biosynthesis begins with a-linolenic acid, which is
released from chloroplast membranes by phospholipase Al
(Fig. 9). This substrate undergoes oxygenation by 13-lip-
oxygenase (13-LOX) to form 13-hydroperoxy-octadecatrienoic
acid (13-HPOT) (Fig. 9). LOX enzymes specifically oxygenate
fatty acids at the C-13 position, initiating downstream reactions.
Subsequent steps involve allene oxide synthase (AOS)'° and
allene oxide cyclase (AOC),"*” producing the critical interme-
diate cis-OPDA (Fig. 9). The crystallization of AOS, a cytochrome
P450 (CYP) enzyme, provided detailed insights into its catalytic
mechanism. The stereochemical specificity of AOC in gener-
ating enantiomerically pure (+)-cis-OPDA underscores its
essential role in maintaining JA bioactivity.®'*>'%®

The early stages of JA biosynthesis occur in chloroplasts,
where LOX, AOS, and AOC are localized (Fig. 9). Subsequent
steps take place in peroxisomes, ensuring efficient intermediate
transport while maintaining cellular organization. Transporter
proteins such as JASSY and COMATOSE facilitate the transfer of
cis-OPDA to peroxisomes (Fig. 9),'*''* where OPDA reductase 3
(OPR3)"* reduces it to 3-oxo-2-(2-pentenyl)-cyclopentane-1-
octanoic acid (OPC-8:0) (Fig. 9). OPC-8:0 undergoes three
rounds of B-oxidation to yield JA (Fig. 9). In the cytosol, JA is
primarily conjugated with isoleucine by the enzyme JAR1,>"*%*>
forming JA-Ile, the active signaling molecule recognized by the
COI1-JAZ receptor complex in nucleus. Recently, AtGH3.10 was
identified as another homolog of JA-conjugating GH3 enzyme
contributing to JA-Ile biosynthesis (Fig. 9).>° JA can also conju-
gate with other amino acids, such as valine, leucine, and
methionine etc., producing minor conjugates with varying bio-
logical activities across different plant species (Table 1)."**

Comparisons with animal systems reveal striking parallels
between plant oxylipins (including jasmonates) and eicosanoids,
lipid-based signaling molecules in animals."™* Both pathways
involve lipoxygenase enzymes and are activated by stress, high-
lighting convergent evolution in stress signaling mechanisms.

5.2 Non-canonical biosynthetic pathway of plant oxylipin
hormone

In addition to the canonical octadecanoid pathway, two alter-
native biosynthetic pathways have been identified. One non-
canonical pathway, thought to represent an ancient biosyn-
thetic route, involves intermediates such as dinor-cis-OPDA (dn-
cis-OPDA), tetranor-cis-OPDA (tn-cis-OPDA), and 4,5-didehydro-JA
(4,5-ddh-JA) (Fig. 9), indicating evolutionary divergence in JA
biosynthesis across plant lineages.” Another alternative
pathway originates from hexadecatrienoic acid (16 : 3 fatty acid)
rather than a-linolenic acid, producing dinor-OPDA as an inter-
mediate (Fig. 9)."'®"” These alternative pathways contribute to
the diversification of jasmonate signaling molecules.

5.3 Catabolic turnover of plant oxylipin hormone
attenuating jasmonate signaling in plants

Jasmonates undergo extensive catabolic conversions to main-
tain homeostasis and functional diversity. Constitutive activa-
tion of JA signaling can negatively impact plant survival, making
mechanisms to attenuate JA signaling critical.”” The primary
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pathway for attenuating JA signaling involves CYP-mediated
hydroxylation of JA-Ile at the C-12 position. CYP94B1/B3 cata-
lyzes the production of 12-OH-JA-Ile (Fig. 10), while CYP94C1
facilitates its further oxidation to 12-COOH-JA-Ile (Fig. 10 and
Table 1)."%*2! 12-OH-JA-Ile, a weakened JA-Ile derivative, binds
to a subset of COI1-JAZ co-receptor pairs and exhibits reduced
signaling activity.>®>” In contrast, 12-COOH-JA-Ile is fully
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inactive, with no COI1-JAZ affinity or bioactivity. Additionally,
JA-Ile signaling can be attenuated by IAR3/ILL6 amide hydro-
lases, which hydrolyze JA-Ile to JA (Fig. 10).***'** The 2-oxo-
glutarate-dependent dioxygenases (20GDs) JOX/JAOs also
contribute by directly hydroxylating JA (Fig. 10), reducing JA-Ile
accumulation.”®*** The resulting 12-OH-JA is further catabo-
lized into 12-hydroxy jasmonoyl sulfate and 12-hydroxy jasmo-
noyl glucoside for complete inactivation (Table 1).**¢*2% 11-
hydroxy-JA (11-OH-JA) is another oxidative catabolite'*
observed in many plant species and accumulates at higher
levels than 12-OH-JA in A. thaliana.'*® Thus, 11-OH-JA, alongside
12-OH-JA, are considered major shunt products in the JA cata-
bolic pathway, although their biosynthesis and biological roles
remain poorly understood. Additionally, JA can be methylated
by jasmonic acid methyltransferase (JMT) to form MeJA (Fig. 10
and Table 1), a volatile compound involved in interplant
signaling and herbivore defense.'*’

Recently, a novel 20DG named Jasmonate Induced Dioxi-
genase 1 (JID1) attenuated JA-Ile accumulation by catabolizing
the JA biosynthetic intermediate cis-OPDA into modified OPDA
(mo-OPDA).***** However, a subsequent study identified mo-
OPDA as an artifact,'* leaving aspects of JID1's function elusive.

The jasmonate pathway exemplifies a sophisticated system
of plant adaptation, integrating environmental and develop-
mental signals. Its finely tuned biosynthesis and catabolism

This journal is © The Royal Society of Chemistry 2025

ensure dynamic responses, underscoring the complexity and
adaptability of plant hormonal networks.

6. Molecular evolution of oxylipin
plant hormone
6.1 Plant evolution and oxylipin hormone

Plants first colonized land approximately 450 million years
ago.”® Recent advancements in genomic science have enabled
the evolutionary analysis of plant hormone signaling and
biosynthetic mechanisms. The evolution of plant hormone
signaling pathways is deeply intertwined with the adaptation of
land plants to terrestrial environments, where they developed
defense mechanisms against new biotic and abiotic stresses.
Jasmonate hormones and their signaling pathways, which
mediate defense responses to herbivores and plant pathogens,
are thought to have evolved as advantageous mechanisms for
plant survival on land. The perception of JA-Ile through its
receptor, COI1, has evolved significantly across plant lineages,
from algae to land plants (Fig. 11). This section focuses on the
evolutionary aspects of JA perception and biosynthesis.

6.2 Ligand-receptor co-evolution in plant oxylipin hormone

Jasmonate biosynthesis follows the octadecanoid pathway.*"***

The first evidence of jasmonate biosynthesis in terrestrial plants

Nat. Prod. Rep., 2025, 42, 1175-1194 | 1187


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5np00006h

Open Access Article. Published on 25 April 2025. Downloaded on 3/17/2026 4:07:17 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Natural Product Reports

View Article Online

Review

Shargetivead Co-evolution
algae :
Receptor Ligand
Hornworts 4 4 SINSSCo0oH
e
’ o}
o iverworts :
cht coltV |JAzea
COOH
X
Mosses v o
= 1 dn-OPDAs
e Lycophytes I
4 ©__COOH
Ferns cortAr |uaz HN\fo
JA-lle
N
o
Angiosperms v v
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appears in charophytes, the closest relatives of land plants.
Some charophytes possess partial JA biosynthesis genes, while
more complex terrestrial algae, such as Klebsormidium nitens,
contain a nearly complete pathway for producing cis/iso-OPDA,
precursors of JA.®* This suggests that cis/iso-OPDA played an
ancestral role in terrestrial adaptation before the evolution of
JA-Ile as the primary signaling molecule in vascular plants.
Liverworts and mosses lack OPR3 and JAR1, which are essential
enzymes for JA-Ile synthesis. Almost no accumulation of JA-Ile
occurs in M. polymorpha, a bryophyte considered to be
a model of an “ancestral” land plant,* supporting the hypoth-
esis that different jasmonates evolved as functionally equivalent
hormones in diverse plant lineages.

COI1, an F-box protein, functions as a JA receptor in land
plants. M. polymorpha represents the first lineage where a func-
tional COI1-JAZ signaling module appears.®> In Marchantia, the
MpCOI1-MpJAZ pathway regulates defense responses against
herbivores and pathogens. Genetic mutants with impaired JA
biosynthesis or MpCOI1 exhibit increased susceptibility to
herbivores and pathogenic infection, aligning with findings in
Arabidopsis. However, instead of binding JA-Ile, the bioactive
ligand for MpCOI1 in M. polymorpha is dn-cis/iso-OPDA, inter-
mediates of a non-canonical JA biosynthetic pathway.*® A muta-
tion from valine (V) to alanine (A) in the ligand-binding pocket of
MpCOI1 provides additional space, enabling changes in ligand
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specificity.*® Additionally, a mutation in the ligand-binding site
of MpJAZ (from JAZER to JAZ) further alters the co-receptor's
properties. MpJAZ in M. polymorpha has E200 and Q203 in the C-
terminal loop region of the JAZ degron (JAZ"Q). COI1"/JAZ could
not perceive dn-OPDA or JA-Ile, whereas COI1*/JAZE? could. This
suggests that E200 and Q203 in JAZ®? are necessary for dn-OPDA
recognition. However, additional residues outside the loop
region may also be involved in ligand perception (Fig. 11)."*
These mutations facilitate the co-evolution of hormone metab-
olites and receptor specificities, driving the transition of the
hormone molecule from dn-OPDAs in bryophytes to JA-Ile in
vascular plants. This represents a unique example of “ligand-
receptor co-evolution,” in which an evolutionary shift in the
hormone molecule and the COI1-JAZ co-receptor occur simulta-
neously, highlighting a critical step in the diversification of
jasmonate signaling pathways (Fig. 11).

6.3 Shifts in the biosynthetic pathway causes evolution of
the hormone structure

A recent study reveals that JA signaling remains activated in
a Marchantia mutant (Mpfad5) with impaired dn-OPDA
biosynthesis from C16/C18-PUFAs."*® This finding led to the
discovery of an alternative hormone, A*-dn-OPDA (A*-dn-cis/iso-
OPDA),** biosynthesized from eicosapentaenoic acid (EPA),
a C20-unsaturated fatty acid. These A*-dn-OPDAs also function

This journal is © The Royal Society of Chemistry 2025
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as ligands for the MpCOI1-MpJAZ co-receptor. Notably, dn-iso-
OPDA and A*'-dn-iso-OPDA isomers possessing a tetra-
substituted olefin are more abundant and exhibit stronger
affinity for MpCOI1-MpJAZ than their cis-counterparts.®® Addi-
tionally, unique olefin isomerization occurs from A®-dn-cis-
OPDA to A*-dn-iso-OPDA in Marchantia, suggesting that the cis-
isomer serves as a biosynthetic precursor of the genuine
bioactive hormone, the iso-isomer.*

It is estimated that a similar correlation exists between dn-
OPDAs. In bryophytes, including M. polymorpha, dn-iso-OPDA
accumulates in greater amounts than dn-cis-OPDA and
exhibits a higher affinity for MpCOI1-MpJAZ. These findings
suggest that the isomerization between the two dn-OPDAs may
generate the bioactive hormone dn-iso-OPDA in M. polymorpha.
Notably, both dn-iso-OPDA in M. polymorpha and JA-Ile in A.
thaliana are biosynthesized from a common precursor, cis-
OPDA. The biosynthesis of dn-iso-OPDA requires olefin isom-
erization; however, this isomerization does not occur in
vascular plants including A. thaliana. Based on these findings,
we hypothesize that a “shift in the biosynthetic pathway” may
have occurred during plant evolution, involving the loss of the
isomerization enzyme and the emergence of reduction enzymes
(OPR1/2/3) essential for JA-Ile biosynthesis. Consequently, this
evolutionary shift in the biosynthetic pathway may have driven
structural change of plant hormones (Fig. 12).

With the evolution of vascular plants, the JA-Ile signaling
pathway became more prominent, supported by enzymes like
OPR3 and JAR1. Selaginella moellendorffii is a lycophyte that
produces dn-OPDA and JA-Ile and represents a transitional state
in JA perception evolution.* Ferns and seed plants have further
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diversified JA perception, leading to more specialized hormone-
receptor interactions that regulate JA responses.” These anal-
yses suggest a unique trait of ligand-receptor co-evolution,
specifically indicating a shift in ligand specificity during
evolution.

6.4 Evolutional complexity in OPDA-amino acid conjugates

The emergence of cis-OPDA-amino acid conjugates such as cis-
OPDA-Ile, cis-OPDA-Glu, cis-OPDA-Phe, etc. in Arabidopsis and
other vascular plants provides additional layers of evolutional
complexity."*>**® These conjugates lack affinity for the COI1-
JAZ co-receptor and are biologically inactive. They are bio-
synthesized through the conjugation of cis-OPDA with amino
acids, mediated by members of the AtGH3 enzyme family, and
are subsequently hydrolyzed by amidohydrolases of the
Indole-3-Acetyl-Leucine Resistant 1 (ILR1)-like family. This
suggests that cis-OPDA-amino acid conjugates may serve as
intermediates for cis-OPDA catabolism or as temporary
storage forms during stress responses (Fig. 13A and Table
1)."*7 A similar conjugation mechanism between dn-OPDAs
and amino acids was found in M. polymorpha.'** dn-iso-
OPDA-amino acid conjugates (dn-iso-OPDA-AAs) were detec-
ted in wounded Marchantia. This conjugation reaction cata-
lyzed by GRETCHEN-HAGEN 3A (MpGH3A) results in the
inactivation of JA responses mediated by dn-iso-OPDA
(Fig. 13B).

The evolution of jasmonate perception, biosynthesis, and
storage reflects a dynamic interplay between biochemical
innovation and ecological adaptation. While many signaling

COOH COOH
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Fig. 12 Shift in biosynthetic pathways, causing the structural "evolution” of plant hormones.
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components are conserved, key evolutionary shifts have sha-
ped the specificity and function of jasmonate hormones.
From ancestral dn-cis/iso-OPDA signaling in charophytes to
the emergence of JA-Ile as the dominant ligand in vascular
plants, modifications in COI1 and associated regulatory
components have shaped the functional landscape of JA
responses.

7. Principal conclusions

Jasmonates, once primarily recognized for their role in plant
defense, have now emerged as multifaceted signaling molecules
that orchestrate a wide range of plant responses-spanning
herbivore and pathogen resistance to growth, development,
stress tolerance, senescence, fertility, and secondary metabo-
lism. The identification of JA-Ile as the principal plant oxylipin
hormone represents a landmark in plant biology. JA-Ile func-
tions as a “molecular glue” bridging the F-box receptor protein
COI1 and diverse JAZ repressors. Through this single ligand-
receptor interaction, plants can finely balance growth and
defense, although this often comes at the cost of sacrificing one
trait for the other.

The discovery of JA-Ile and its receptor has also opened up
opportunities to design synthetic molecules that activate or
block particular branches of the jasmonate pathway,
including antagonists and agonists. Notably, the development
of JA-Ile receptor subtype-selective agonists has uncovered
ways to uncouple the trade-off between growth and defense,
hinting at the potential for more targeted agricultural inter-
Such “precision agriculture” approaches might
enable growers to boost plant resilience against stress while
preserving yield.

ventions.

190 | Nat. Prod. Rep., 2025, 42, 1175-1194

Beyond higher plants, evolutionary studies in basal land
plants like M. polymorpha have shed light on how “ancestral
jasmonates”, such as dn-OPDAs, served as active signals prior to
the emergence of JA-Ile as the dominant ligand in vascular
plants. These findings illustrate a co-evolution of plant
hormones and their receptors, in which shifts in biosynthetic
pathways and receptor-binding sites progressively shaped the
specificity and complexity of jasmonate signaling. Ongoing
research into jasmonate metabolism, especially the interplay of
catabolic and storage pathways, will further clarify how plants
turn jasmonate signals on and off to suit their ever-changing
environment.

Despite remarkable progress, several questions remain on
the precise mechanisms of JA-Ile transport, its turnover, and
interactions with other signaling molecules, warranting further
investigation. Emerging tools in synthetic biology and omics
approaches promise to address these challenges, providing new
insights into jasmonate biology. These insights promise new
strategies to harness jasmonate biology, ranging from breeding
and engineering efforts to the development of eco-friendly
agrochemicals to sustainably enhance crop productivity and
stress resilience. Continued exploration of mechanisms and
applications will undoubtedly yield transformative insights into
chemical manipulation of plant defense and enhance food
production.

8. Data availability

No primary research results, software or code have been
included, and no new data were generated or analysed as part of
this review. Crystallographic data used in this article (Fig. 2 and
5) has been deposited at the PBD under 30GL and 30GM and
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