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As sessile organisms, plants must tolerate various environmental stresses. Plant hormones play vital roles in plant
responses to biotic and abiotic stresses. Among these hormones, jasmonic acid (JA) and its precursors and derivatives
(jasmonates, JAs) play important roles in the mediation of plant responses and defenses to biotic and abiotic stresses and
have received extensive research attention.
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| 1. Introduction

Plants live in the ever-changing natural environment and encounter many factors that are not suitable for growth or even
survival . These factors are generally divided into biotic and abiotic stressors. The main biotic stressors include
pathogenic bacterial diseases, insects, and herbivores, while drought, saline or alkaline conditions, and extreme
temperature are considered abiotic stressors 28], As sessile organisms, plants have evolved sophisticated response
mechanisms to resist, mitigate, or recover from these stressors. In this respect, the fundamental and important biological
guestion is how plants perceive stress signals and respond to various adverse environmental conditions. Over the past
two decades, plant hormones, which are vital regulators involved in sensing and transmitting various environmental
signals and subsequent defense responses, have received intense research attention. Currently, nine major classes of
natural plant hormones have been described that underlie numerous reactions to environmental signals, including auxin,
cytokinin, gibberellin (GA), abscisic acid (ABA), ethylene (ET), brassinosteroid (BR), jasmonic acid (JA), salicylic acid
(SA), and strigolactone ¥, Among these hormones, JA is ubiquitous in higher plant species and therefore has attracted
great attention in the field of plant stress response and defense mechanisms &,

JA and its derivatives, including its methyl ester (MeJA) and its isoleucine conjugate (JA-lle), are collectively called
jasmonates (JAs) 8. Aromatic MeJA was first isolated from the essential oil of Jasminum grandiflorum L. 1. Free JA was
examined and isolated from the culture filtrate of Lasiodiplodia theobromae, and was found to inhibit plant growth [,
providing the first report of the physiological function of JA. JAs play a variety of regulatory roles in plant growth and
development, for example, axis elongation during embryogenesis, flower development, leaf senescence, root formation,
and stomatal opening @19 |n addition to growth and development, many studies have shown that JAs improve plant
stress tolerance via JA signaling pathways under various adverse environmental conditions.

Some molecular models of plant—environment interactions include microbe-associated molecular patterns (MAMPS),
herbivore-associated molecular patterns (HAMPs), and damage-associated molecular patterns (DAMPS), which are
mainly derived from attacking organisms, cell damage, and abiotic stresses (e.g., salt, drought, heavy metals, cold, etc.)
(Figure 1) 1112 |n general, these molecular patterns are associated with JA signaling pathways. The receptor-active
conjugated complex JA-lle is a core component of JA signaling pathways L3I[4II15] As inducing signals, environmental
stimuli are recognized by cell surface receptors, triggering de novo synthesis of JA-lle from plastid lipids, which ultimately
results in downstream transcription factor interactions and promotion of growth, development, and specific protective
mechanisms in plants 2. In this reaction, JA-lle acts to facilitate the interaction between jasmonate zinc-finger
inflorescence meristem (JAZ) and coronatine insensitive 1 (COI1) protein within the Skplp—cullin—F-box protein (SCF)
complex, and promotes degradation of JAZ proteins (JAZx, JAZy, and JAZz), resulting in the activation of JAZ-interacting
transcription factors (TFs: TFa, TFb, TFc) (Figure 1). These TFs regulate the expression of numerous genes in response
to both biotic (e.g., herbivores and fungi) and abiotic (e.g., salt, drought, heavy metals, and cold) stresses and promote
specific protection mechanisms (Figure 1) 18IA7M8IL9  Therefore, JAs are functionally significant and have attracted
extensive research interest in the field of plant—environment interactions.
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Figure 1. Input signals and output responses of the core jasmonoyl-L-isoleucine (JA-lle) signaling pathway. Associations
of the modular design of JA-lle signaling with a variety of inductive cues (top) and physiological output responses (bottom)
are shown as a schematic diagram. Inductive signals include biotic stresses (microbe and herbivore) and damage related
to molecular patterns (MAMPs, microbe-associated; HAMPSs, herbivore-associated; and DAMPs, damage-associated)
arising from damaged plant cells, attacking organisms, and abiotic stresses. Pattern recognition receptors on the cell
surface recognize the signals and resynthesize JA-lle from plastid lipids. The degradation of multiple JAZ proteins
(exemplified by JAZx-z) is promoted by the activation of the E3 ubiquitin ligase SCFCC'! and the 26S proteasome.
Subsequently, JAZ-interacting transcription factors (exemplified by TFa—c), which govern diverse physiological output
responses involved in growth, development, and tolerance to biotic and abiotic stresses, are upregulated due to the
degradation of JAZ. The conserved core pathway may be repurposed to connect other input signals and transcription
factors. Abbreviations: JA-lle, jasmonoyl-L-isoleucine; MAMPs, microbe-associated molecular patterns; HAMPs,
herbivore-associated molecular patterns; DAMPs, damage-associated molecular patterns; JAZ, jasmonate ZIM domain;
SCF, [kinetochore protein 1 (SKP1)-CULLIN1 (CUL1)-F-box]; COI1, coronatine insensitivel; TF, transcription factor.
Modified from (12,

| 2. Biosynthesis and Metabolism of JAs
2.1. JA Biosynthesis

Several reviews of the JA biosynthesis pathway have been published previously. These reviews provide important
information on the biosynthesis reactions, genes, and enzymes in this pathway, including explanations of the mechanisms
determining enzymatic crystal structure and substrate specificity, and ultimately describe the regulation of JA biosynthesis
(20121][22)[23] ' Recently, several membrane transporters, including JASSY, comatose (CTS), and jasmonate transporter 1
(JAT1), were reported to function in the JA biosynthesis pathway. In Figure 2, we provide an updated summary of the JA
synthesis process, including the reaction steps and names of enzymes and substrates.
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Figure 2. Biosynthesis of JA/JA-lle initiated by the release of a-linolenic acid from galactolipid. De novo synthesis of JA
occurs in the plastids, peroxisomes, and cytoplasm, and JA-lle is then transported to the nucleus for gene expression.
Major genes are indicated in red and enzyme names are highlighted in orange. Abbreviations for compounds: a-LeA, a-
linolenic acid; 13-HPOT, (13S)-hydroperoxyoctadecatrienoic acid; cis- (+)-OPDA, cis- (+)-12-oxophytodienoic acid; OPC-
8, 3-0x0-2- (2-pentenyl)-cyclopentane-1-octanoic acid; (+)-7-is0-JA, jasmonic acid; (+)-7-iso-JA-lle, jasmonic acid
isoleucine conjugate. Abbreviations for enzymes/proteins: PLAL, phospholipase Al; 13-LOX, 13-lipoxygenase; AOS,
allene oxide synthase; AOC, allene oxide cyclase; OPR3, OPDA reductase3; ACX, acyl-CoA oxidase; MFP, multifunctional
protein; KAT, 3-ketoacyl-CoA thiolase; JAR1, JA-amino acid synthetase; JASSY, a chloroplast outer membrane protein;
CTS, an ABC transporter of the peroxisomal membrane; JAT1, jasmonate transporter 1 (Redrawn based on [24]),

The substrate for the biosynthesis of JA is a-linolenic acid (18:3) (a-LeA), which is released from the snl1 position of
galactolipids on chloroplast membranes through the action of phospholipase Al (PLA;) 3. Next, the substrate is
converted to (9S,13S)-12-oxo-phytodienoic acid (OPDA) through the actions of 13-lipoxygenase (LOX), allene oxide
synthase (AOS), and allene oxide cyclase (AOC), respectively. All enzymes and products involved in this pathway are
located in plastids (chloroplasts). Subsequently, OPDA is transferred from the chloroplast to the peroxisome and
transformed into 3-oxo-2- (cis-2'-pentenyl)-cyclopentane-1-octanoic acid (OPC-8:0) by OPDA reductase 3 (OPR3) [6l126]
[Z7]. The mechanism of OPDA transport from chloroplasts to the peroxisome remains unclear. Guan et al. identified a
protein located on the chloroplast outer envelope membranes that is responsible for exporting OPDA and named it JASSY
(28] For the recipient, CTS—an ABC transporter on the peroxisomal membrane—is the main mediator of OPDA import into
peroxisomes 29, Subsequently, OPC-8 is transformed into (+)-7-iso-JA through three B-oxidation reactions by three
different enzymes: acyl-CoA oxidase (ACX), multifunctional protein (MEP), and L-3-ketoacyl CoA thiolase (KAT) (Figure
2.) [BIRY, Next, (+)-7-is0-JA is transported to the cytoplasm, where it is conjugated with isoleucine (lle) to form (+)-7-iso-
JA-lle—which is considered the most bioactive JA compound—under the action of JAR1 (a JA-lle synthesizing enzyme).
Finally, JA-lle is transported into the nucleus by the ABC transporter JAT1, where it participates in the subsequent steps of
the JA signaling pathway 12 (Figure 2).

2.2. JA Metabolism

After biosynthesis of JA and JA-lle, JA derivatives including active, inactive, and partially active compounds are derived
mainly from JA and JA-lle through at least 12 metabolic pathways. These metabolic pathways include conjugation with
amino acids, decarboxylation, sulfation, hydroxylation, carboxylation, o-glycosylation, methylation, esterification, and
lactone formation. Consequently, diverse JA derivatives are formed (Figure 3) [24131],
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Figure 3. Major jasmonates arising from the metabolic conversion of JA. JA can be methylated to form JA-Me (MeJA) or
JA glucosyl ester, decarboxylated to cis-jasmone, or hydroxylated to 12-OH-JA. 12-OH-JA can be sulfated and O-
glucosylated, and conjugated with amino acids, preferring isoleucine, which results in JA-lle. JA-lle is methylated to JA-
Me-lle. Moreover, 12-hydroxylation of JA-lle, carboxylation of 12-OH-JA-lle, O-glucosylation of JA-lle, and JA-Ille glucosyl
ester formation are also possible. Known enzymes involved in these transformations are highlighted in red. Biologically
active compounds are in purple and inactive compounds are indicated with dotted outlines in purple. Partially active
compounds are shown in yellow, and unknown compounds in gray. Abbreviations: JA, jasmonic acid; JA-lle, jasmonyl
isoleucine; JMT, JA methyltransferase; JAR1, jasmonoyl isoleucine synthetase; CYP94B3, JA-lle-12-hydroxylase;
CYP94C1, 12-OH-JA-lle carboxylase; the amidohydrolases IAR3 and ILL6; JMT, JA methyltransferase; ST2A, 12-OH-JA

sulfotransferase (Redrawn based on [24)),
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