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Jasmonates: Biosynthesis, perception and signal transduction
Abstract

Jasmonates are physiologically important molecules involved in a wide range
of plant responses from growth, flowering, senescence to defence against
abiotic and biotic stress. They are rapidly synthesised from a-linolenic acid
(C18:3 A%'121%) by a process of oxidation, cyclisation and acyl chain shortening
involving co-operation between the chloroplast and peroxisome. The active
form of JA is the isoleucine conjugate, JA-lle, which is synthesised in the
cytoplasm. Other active metabolites of JA include the airborne signalling
molecules, methyl jasmonate (Me-JA) and cis-jasmone (CJ) which act as
inter-plant signalling molecules activating defensive genes encoding proteins
and secondary compounds such anthocyanins and alkaloids. One of the key
defensive metabolites in many plants is a protease inhibitor that inactivates
the protein digestive capabilities of insects, thereby, reducing their growth.
The receptor for JA-lle is a ubiquitin ligase termed SCFCoi1 that targets the
repressor protein Jasmonate Zim domain (JAZ) for degradation in the 26S
proteasome. Removal of JAZ allows other transcription factors to activate the
JA response. The levels of JA-lle are controlled through catabolism by
hydroxylating enzymes of the cytochrome P450 family. The JAZ proteins act
as metabolic hubs and play key roles in crosstalk with other phytohormone
signalling pathways in co-ordinating genome wide responses. Specific
subsets of JAZ proteins are involved in regulating different response
outcomes such as growth inhibition versus biotic stress responses.
Understanding the molecular circuits that control plant responses to pests and
pathogens is a necessary pre-requisite to engineering plants with enhanced
resilience to biotic challenges for improved agricultural yields.

Introduction
Background

Jasmonates (JAs) are lipid derived phytohormones involved in plant responses to
abiotic and biotic stress as well as playing key roles in a wide range of plant
developmental processes (1). The biosynthetic pathway for JA was the initial focus
of research in this area and the key enzymes have been characterised and cloned
over the past 25 years. Recently, much of the attention has been involved in the
identification and subsequent characterisation of the receptor complex and its
regulatory elements (2). This brief review will cover the key findings of the research
on 1). Biosynthesis of JAs 2). The JA receptor and its regulation by transcription
factors and 3). how JA interacts with other signalling pathways. The review will
conclude with the future potential of exploiting the JA response for improved crop
protection against pests and pathogens.

Oxylipin pathways

It should be pointed out that while JA signalling is the focus of the current review it is
only one of several pathways that utilise oxygenated fatty acids in plant responses to
pests and pathogens (3, 4) A vast array of oxygenated lipid-based
signalling/antimicrobial molecules have been characterised in plants and several
metabolic pathways have been elucidated. These include the dioxygenation of a-



linolenic acid by an a-dioxygenase to produce 2-hydroperoxylinolenic acid (5) and
the formation of 9- and 13-hydroperoxylinolenic acid (HPL) by isozymes of
lipoxygenase (4).The enzyme hydroperoxide lyase (6) cleaves both 9- and 13-HPLs
to generate products such as nonenal, hexenal and traumatic acid. Peroxygenases
act on 9- and 13-HPLs to form epoxy alcohols and polyhydroxy fatty acids (3) and
divinyl ether synthase inserts an ether linkage into the acyl chain (7).The products
generated by these enzymes are antimicrobial (8) or else influence plant-
herbivore/microbe interactions (9, 10). However, here we will focus on the metabolic
pathway involved in the biosynthesis of JAs.

1. Biosynthesis of Jasmonates.

Chloroplast-based reactions (Fig 1a and 1b).

Jasmonic acid is derived from the «-3 fatty acid, o-linolenic acid (ALA, C18:34%.12.15)
which is a major component of leaf lipids, predominantly located in the galactolipids,
monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG) of the
chloroplast. The starter substrate for this pathway is unclear and ALA esterified to
the galactolipid may be oxygenated (6) by a 13-lipoxygenase (13-LOX; Fig 1a) a
non-haem iron sulphur protein. It is also possible that the ALA is first hydrolysed by a
lipase from the parent lipid and then converted to 13-hydroperoxylinolenic acid (18:3-
OOH; Fig1a) (11).

Fig 1d

HO (0] .
@ Peroxisome
ol o)

p \‘ N p— Jasmonic acid-CoA

4 H — S——

(0] = © : < Goon CO-S-CoA
T
Q 0 T :

Acetyl-CoA

CytoplaSm Jasmonic acid
JA-Tle i
Chloroplast B e o
s p alpha-linolenic acid CO-S-CoA

g
e
&
w

OOH 13-LOX ¢ /ﬁ,\;y,,cm Round 2
18:3 18:3-O0OH OH NW - oxidation
— — COOH s
X
G:RRETOXS 16:3 —>Y—16:3 + 18:3-O0H 13-hydroperoxyfinolenic acid CO-S-CoA
A0S Y
Galactose Galactose  Galactose 0 ¢ T AcetylCoA  Round 1
B-oxidation
18:3 OH AN A CO0H —
13-LOX 12,13-epoxylinolenic acid
16:3 LPASE 163 ° 18:3 —=18:3-O0H o CO-S-CoA
. . ¢ s (0] OPDR
Galactose Galactose
— — —
COOH
Fig 1b S
12-ox0-phytodienoic acid (12-OPDA) 12-OPDA Fig 1c



Fig. 1. Biosynthesis of Jasmonic acid.

a). The precursor for jasmonic acid (JA) is alpha-linolenic acid (18:3, ALA). It can be metabolised
either directly on the galactolipid by a 13-lipoxygenase (13-LOX) or else it can be liberated by lipase
hydrolysis and then the unesterified fatty acid is converted by 13-LOX to the hydroperoxy derivative
(18:3-O0H). Roughanic acid (16:3) is also converted to dinor-oxo-phytodienoic acid (dnOPDA) either
directly on the galctolipid and/or as the unesterified fatty acid (not illustrated) b). ALA is acted upon by
a 13-LOX to generate the 13-hydroperoxylinolenic acid. A transient epoxy intermediate is then formed
by the allene oxide synthesis (AOS) and this then undergoes cyclisation by the enzyme allene oxide
cyclase (AOC) to generate 12-oxo-phytodienoic acid(12-OPDA) c). 12-OPDA is exported to the
peroxisome where it undergoes a reduction of the cyclopentenone ring and then a series of -
oxidation reactions to generate jasmonic acid (JA). d). JA is conjugated with isoleucine in the
cytoplasm.

An analogous set of reactions can also operate on the trienoic acid 16:3 (A”-1%13) to
generate a variant of jasmonic acid, termed dinor-JA (dnOPDA). Recently, extra-
plastidic ALA has been shown to enhance the JA defensive response raising further
questions about the origins of the acyl substrate and suggesting the involvement of
endoplasmic reticulum-based phospholipids such as phosphatidylcholine and/or
phosphatidylethanolamine (12).

The next enzyme in the pathway is the allene oxide synthase (AOS), a cytochrome
P450 enzyme of the CYP74A family that converts 18:3-OOH to 12,13-epoxylinolenic
acid a transient intermediate that is then rapidly cyclised to cis (+)-12-oxo-
phytodienoic acid (OPDA) by allene oxide cyclase (AOC)(4)(Fig. 1b). In Arabidopsis
a single gene encodes the AOS enzyme while there are four genes for the cyclase
(AOC1-4) that appears to control different functions. The data suggest a putative
regulatory mechanism of temporal and spatial fine-tuning in JA formation by
differential expression and via possible heteromerisation of the four AOCs (13). Both
OPDA and (7S, 11S)-10-oxo dinor phytodienoic acid (dn-OPDA) have been
identified acylated at both sn-1 and sn-2 positions of galactolipids. In Arabidopsis,
the levels of these cyclo-oxylipin galactolipids increase following wounding. In
MGDG, OPDA was first detected at the sn-1 position and 16:3 at the sn-2. Two
additional MGDG derivatives, termed arabidopsides A and B and two DGDG-derived
(arabidopsides C and D have been identified (see review (3).

Detailed analysis of the galactolipid profiles of Arabidopsis following wounding reveal
that there are some 167 molecular species present and a summary of the major
classes are given in Table 1. The results reveal that 63% of the galactolipids are of
prokaryotic origin, i.e. synthesised within the chloroplast while the remaining
proportion (37%) is eukaryotic and imported into the organelle. The level of
oxidation of the acyl chains raises rapidly following wounding and after 30 min
account for almost 30% of the acyl chains in these lipids. Lipoxygenase catalysed
oxidation of 16:3 gives rise to dnOPDA while 18:3 forms OPDA which is metabolised
to JA. Of the oxidised galactolipids identified following wounding the major molecular
species were OPDA/dnOPDA (194 nmol g'') with either OPDA/16:3 or 18:3/dnOPDA
(72 noml g'') while OPDA/OPDA was 47 nmol g' (Table 1). Since the levels of
unesterified fatty acids and oxylipins derived from them are low the data suggest that
the OPDA and dnOPDA are synthesised in situ on the galactolipids.



Prokaryotic | Carbons:double | Example Molecular | Amount
bonds species nmol g™ fw
30min™’
34:6 18:3/16:3 738
34:5 18:3/16:2 215
34:4 18:3/16:1 221
34:3 18:3/16:0 87
34:2 18:2/16:0 47
Eukaryotic | 36:6 18:3/18:3 512
36:5 18:3/18:2 174
36:4 18:3/18:1 62
36:3 18:0/18:3 12
36:2 18:0/18:2 3

Table 1. Molecular species of non-oxidised galactolipids present in Arabidopsis 30
min post-wounding (data re-worked from [14]

The pools of galactoplipid are classified as either prokaryotic (i.e. containing a C16 acyl chain in the
molecule at the sn-2 position) or as eukaryotic which only contain C18 chain length acyl groups. As
an example in C34:5, C16 + C18 = C34. The number of double bonds (5) could be derived from either
combination of 18:3/16:2 or 18:2/16:3.

It has been suggested that arabidopsides may serve a dual function as
antipathogenic substances and as storage compounds that allow the slow release of
free jasmonates (14). The presence of both OPDA and dOPDA in galactolipids to
quite high levels (7-8% of total leaf lipid content) in Arabidopsis appear to play roles
in race specific resistance against bacterial pathogens (15). 12-oxo-PDA triggers a
distinct set of genes and plays a role in wound-induced gene expression in
Arabidopsis (16). However the widespread occurrence of glycolipid bound
precursors for JA biosynthesis is questionable and may be restricted to a number of
species (17) as they are not detected in other well studied species such as tomato
and potato. Interestingly, JA shows little direct antimicrobial activity against a range
of common disease-forming fungi and bacteria whereas OPDA is a potent
antimicrobial compound which contains an o,B-unsaturated carbonyl group (18).
Studies on the structural basis for this have been made and the C8 chain arm
combined with a cyclopentene ring was shown to be the most effective molecule in
antimicrobial tests (18). OPDA is exported from the chloroplast to the peroxisome
and may involve specific transporter proteins (19).

Peroxisomal reactions (Fig 1c)

The cyclopentenone ring of OPDA is reduced by the OPDA reductase (OPDR) to the
cyclopentanone (Fig 1c). In nature only (9S, 13S)-OPDA [cis-(+)-OPDA] occurs
which is one of the four possible diastereomers. This stereospecific structure at the
ring is established by AOC and is kept in the subsequent reactions. The final product
is one of four possible diastereomers, the (3R,7S)-JA [(+)-7-iso-JA] which is



assumed to equilibrate to the more stable (3R,7R)-JA [(-)-JA].The other two
diastereomers, the (3S,7S)-JA and the (3S,7R)-JA do not occur in nature (4).

OPDA is known to activate gene transcription independently of being converted to
JA and hence acts as a signalling molecule in its own right (16). Four OPR genes
have been identified in Arabidopsis with differing activities towards dia-stereocisomers
of OPDA. OPR1 utilizes 9R, 13R-OPDA >>9S,13R-OPD but not the 13S-configured
isomers, whereas OPR 2 effectively reduces all 4 isomers including the natural
9S,13S —OPDA (cis-[+]-OPDA). Recent studies with the Arabidopsis mutant OPR3
revealed an independent pathway that uses 4,5-didehydrojasmonate for p-oxidation
and JA synthesis (20). Recent studies with OPR mutants in maize provides strong
evidence for their involvement in development and immunity to pathogens and
insects and — and may also regulate seed germination in Arabidopsis (21).

The cyclopentanone undergoes three rounds of (-oxidation to shorten the carboxy-
terminal carbon chain by six carbons to generate JA (Fig 1c). The acetyl-CoA
generated can be used for energy production through the Krebs cycle or else serve
as a precursor for many metabolic pathways including fatty acid and terpenoid
synthesis. JA (or its active forms-see below) are transported around the plant and
have been detected in the phloem and xylem of vascular bundles. The transporter
protein has been tentatively identified as GTR1 (22).

Cytoplasmic based reactions (Fig 1d)

Work on the Arabidopsis JA-insensitive mutant jar1-1 revealed that the active form of
jasmonic acid was an amino acid conjugate, principally JA-isoleucine (JA-lle)
synthesised in the cytoplasm (Fig 1d) (23). Expression of wild-type JART in
transgenic jar1-1 plants restored sensitivity to JA and elevated JA-lle to the same
level as in the wild type. Gas chromatography-mass spectrometry (GC-MS) analysis
of products generated in vitro by recombinant JAR1 demonstrated that this enzyme
forms JA-amido conjugates with several amino acids, including valine, leucine and
phenylalanine but at much lower levels than with isoleucine. Wounding studies with
Arabidopsis revealed that JA-lle rapidly accumulates (with 5 mins) in leaves distal to
the wound site and precedes the onset of early transcriptional responses and was
associated with JAZ (Jasmonate Zim domain) protein degradation (see details under
JA receptor). Wound-induced systemic production of JA-lle required the (OPDA)
reductase 3 (OPR3) in undamaged responding leaves but not in wounded leaves
and was largely dependent on the JA-conjugating enzyme JAR1.

Catabolism of JA-lle

Two major pathways have been proposed to inactivate JA-lle (24) a) The hydrolysis
of the isoleucine moiety from JA-lle catalysed by amidohydrolase (AMH) (Fig. 2).
The JA generated can be either hydroxylated to 12-hydroxy-JA, glycosylated,
methylated to form methyl jasmonate (Me-JA) or decarboxylated to synthesise cis-
jasmone (CJ) or b) JA-lle undergoes sequential oxidation of the omega-end of the
pentenyl side-chain. These reactions are catalysed by specific members of the
cytochrome P450 (CYP) subfamily, CYP94 (25, 26). In the first step JA-lle is
hydroxylated to 12-hydroxy JA-lle. This then can then either undergo further



oxidation to produce the 12-carboxy-JA-lle (27) or else can be glycosylated to
generate 12-O—glycosyl-JA-lle (28) (Fig. 2).
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Fig. 2. Catabolism of Jasmonate-isoleucine.

Jasmonate-isoleucine (JA-lle) can be metabolised through several different routes. It can be
hydrolysed into its constituent molecules JA and isoleucine by an amidohydrolase. In addition,

hydroxylation by a P450 enzyme yields 12-hydroxy-JA-lle which can be further oxidised by the same
class of enzyme to generate the carboxy-derivative. Furthermore, JA-lle can be glycosylated and this

could be the transported form of the phytohormone around the plant.



Conversion to air borne signalling molecules
Methyl jasmonate

Methyl jasmonate (Me-JA) is an ester formed from the donation of a methyl group
from S-adenosyl-L-methionine (SAM) to JA catalysed by the enzyme SAM:JA
carboxyl methyltransferase. Unlike JA, Me-JA is volatile and has been detected
emanating from plant leaves during herbivore attack. This molecule can be detected
by plants in the vicinity that have not yet been predated and hence it acts as an
advanced air borne warning signal (4). One of the common markers for JA pathway
activation in tomato and potato is the production of the protease inhibitor, PIN II
(29). This acts as an anti-feedant by interfering with the digestion of proteins in the
gut of the insect. In turn, the insect gets a lower nutrient value out of the ingested
food and hence takes a longer time to complete its life cycle. The consequence of
this delay is that inclement weather may intervene and hence reduce the survival of
the herbivore. In addition, Me-JA is just one component of a complex mixture of
volatiles released during herbivory that can also act as signal cues for the attraction
of predators to the herbivore such as parasitic wasps (30).

Transcript analysis following Me-JA treatment is also known to stimulate the
production of a range of compounds collectively called phytoalexins, that include
terpenoids, glycosteroids and alkaloids, many of which are antimicrobial (31). In
maize, Me-JA stimulates carotenoid biosynthesis (32), while in the medicinal plant,
Scrophularia striata, it accelerates sucrose degradation and directs the metabolic
fluxes towards flavonoids and phenylethanoid glycoside synthesis through a change
in enzyme activity at the entry point of the phenylpropanoid pathway (33). MeJA also
alters the rate of amino acid biosynthesis and manipulates cell growth accordingly
(33).

cis-Jasmone

cis-Jasmone (CJ) can be synthesised via two routes in plants. In pathway A, 7-iso-
JA (3R, 7R) is converted to 3,7-didehydrojasmonate (3,7 DH-JA) which then
undergoes decarboxylation to generate CJ. In pathway B, 3,7 DH-JA can also be
synthesised via iso-OPDA (34)(Fig 3).
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Fig. 3. Biosynthesis of cis-dJasmone.

Two pathways are proposed for the biosynthesis of cis-jasmone. In pathway A, cis-OPDA undergoes
-oxidation to 7-iso-JA and is then converted to 3,7-didehydro-JA (3,7-DH-JA). In pathway B, the cis-
OPDA is first converted to iso-OPDA and then metabolised to the 3,7-DH-JA. In both scenarios the
3,7-DH-JA undergoes decarboxylation to generate cis-jasmone (CJ).

CJ is an important ingredient in the perfume industry and is released from the
flowers of many plants such as jasmine, neroli (Citrus bigaradia), jonquil (Narcissus
Jonquilla L.), bergamot (Citrus bergamia), and members of the Pittosporum family. In
terms of plant defense, CJ is considered to act in a manner similar to JA being
released from wounded leaves and acting as an insect repellent and/or an attractant
for insect predators (e.g. aphid parasitoids (35). For example, application of CJ to
wheat was shown to be particularly effective against cereal aphids and also had
deterrent effects on phytophagous thrips species and wheat stem sawflies (30). In
tomato plants, CJ foliar application resulted in an increase production of volatile
organic compounds (VOCs) including green leaf volatiles and terpenes with a
corresponding increase in the transcript levels for the genes encoding them. In
addition, the behaviour of a common tomato pest, Spodoptera exigua, was also
influenced in terms of oviposition and egg laying by CJ (36). Increase VOCs were
also reported in potato with (E)-2-hexenal, (E,E)-4,8,12-trimethyl-1,3,7,11-
tridecatetraene, (E)-beta-farnesene, (E)-4,8-dimethyl-1,3,7-nonatriene, methyl
salicylate, CJ and methyl benzoate being the main VOCs contributing to aphid
behavioural responses (37). In some plants related to chrysanthemum, jasmone can
also be converted to jasmolone, a pyrethrin with insecticidal properties, through
hydroxylation by cytochrome P450 (38).



2. Jasmonate receptor

In recent years much effort has been devoted to understanding the structure,
function and regulation of the JA receptor (39). In common with many cell cycle
regulatory receptors and indeed with another plant phytohormone, auxin, the JA
receptor is in fact a complex made up of several different domains referred to as the
SCF (Skp, Cullin, F-box) complex (Fig. 4).

jasmonate-isoleucine

Fig 4. Structure of the SCFCOI1 complex and its inhibitor coronatine.

The SCF complex is composed of several protein domains. It includes the main structural scaffold
protein, CUL1 and Skp which is an adaptor protein that binds the F-box domain termed COI 1. RBX 1
contains a zinc finger domain to which the ubiquitinating enzyme, E2, binds. The protein destined for
degradation (JAZ) binds to the COI 1 following bind of the JA-lle conjugate and this initiates
ubiquitination (Ubq) by E2. Coronatine is a toxin produced by Pseudomonas syringae and is an
analogue of JA-lle used to study JA responses in plants.

The Skp domain (S), is an adaptor protein that is essential for the recognition and
binding of F-box proteins. The Cullin domain (C) forms the major structural scaffold
of the SCF complex and are a family of hydrophobic scaffold proteins which provide
support for ubiquitin ligases. Ubiquitin is a small regulatory protein (8.6 KDa) that is
covalently attached to targeted proteins destined for degradation in the 26S
proteasome. The Cullin domain is also a link between the Skp domain and the Rbx1
domain. Rbx1 domain contains a small, zinc-binding Really Interesting New Gene
(RING) finger domain, to which the ubiquitin-conjugating enzyme binds. This binding
event allows the transferral of ubiquitin to a lysine residue on the target protein.
Different combinations of Cullin and FBPs can generate hundreds of types of
ubiquitin ligases that target different substrates. The F-box domain (FBD) is variable
and contributes to the substrate specificity of the SCF complex by first aggregating to
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target proteins independently of the complex. Each FBD may recognize several
different substrates in a manner that is dependent on post-translational modifications
such as phosphorylation or glycosylation. FBD then binds to Skp domain of the SCF
complex using an F-box motif, bringing the target protein into proximity with the
functional ubiquitin-conjugating enzyme. In the specific case of JA signalling the F-
box protein is called Coi1(coronatine insensitive). Coronatine is a bacterial toxin and
structural analogue of JA.

JA-lle must bind to the the Coi1 of the SCF complex for signal transduction to occur
(40).
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Fig. 5. The Jasmonate-isoleucine receptor and its activation.

In the non-responsive mode (i.e. low levels of the hormone JA-lle) the genes are repressed by the
binding of JAZ proteins to the transcription factor MYC2. Following the synthesis of JA-lle, the
receptor, SCFCoi1, binds this ligand and activates the removal of JAZ for ubiquitination (Ubq) which is
then targeted to the 26S proteasome for hydrolysis. Removal of JAZ results in the activation of JA-lle
responsive genes. TPL is a co-repressor that modulates MYC2 and NINJA is an adaptor protein.

Extensive molecular modelling of the interaction between Coi1 and different
jasmonate compounds such as JA, MeJA, OPDA, (+)-7-iso-JA and coronatine,
revealed that only (+)-7-iso-JA and coronatine could fit well within the Coi1 surface
pocket (41). Both MeJA and JA are too small to fit within the pocket and OPDA could
not form a stable interaction with the surface pocket (40). Sensing of JA-lle by Coi1
rapidly triggers genome-wide transcriptional changes that are largely regulated by
the basic helix-loop-helix transcription factor (TF) MYC2 (42). When JA-lle levels are
low, MYC2 is repressed by the transcriptional repressors, JASMONATE ZIM (zinc-
finger protein expressed in the inflorescence meristem) domain proteins (JAZ
proteins) (Fig. 4). JAZ proteins comprise a large family of transcriptional repressors
that modulate JA responses and belong to a larger family of TIFY proteins (so called
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because of the highly conserved TIF[F/Y] XG motif residing in the ZIM domain of all
family members. The number of JAZ genes varies across the Plant Kingdom so for
example in lower plants, such as the bryophyte, Marchantia polymorpha, there is one
JAZ gene whereas there are more than 20 in many higher plants. The Arabidopsis
genome encodes 13 JAZ proteins that are classified into 5 phylogenic groups.
Recent work has revealed that additional proteins are involved in signal transduction
and include an additional co-repressor, TPL and an adaptor protein termed NINJA
(novel interactor of JAZ)(43). Following binding of JA-lle to SCFCoi1, JAZ proteins
are targeted for ubiquitination (Ubq) (Fig. 5). The JAZ-Ubq proteins are then
hydrolysed by the 26S proteasome. The degradation of the JAZ protein allows the
MYC2 transcription factor to facilitate the JA response through gene expression (44).

In tomato, 655 MYC2-targeted JA-responsive genes have been identified and these
genes are highly enriched in Gene Ontology categories related to TFs and the early
response to JA, indicating that MYC2 functions at a high hierarchical level to regulate
JA-mediated gene transcription (42). In Arabidopsis JAZ genes have been shown to
be important in regulating plant growth which is often compromised following
pathogen/pest attack. Indeed a higher-order mutant (termed jazD) defective in 10
JAZ genes (JAZ1-7, -9, -10, and -13) exhibited robust resistance to insect herbivores
and fungal pathogens, but was accompanied by slow vegetative growth and poor
reproductive performance(45). JAZ proteins promote growth and reproductive
success at least in part by preventing catastrophic metabolic effects of an
unrestrained immune response. In studies using Arabidopsis challenged with the
generalist insect herbivore Spodoptera exigua it was shown that most members of
the JAZ gene family were highly expressed with transcript levels increasing within 5
min of tissue damage, coincident with a large (approximately 25-fold) rise in JA and
JA-lle levels (46). JAZs, MYC2, and genes encoding several JA biosynthetic
enzymes are primary response genes whose expression is derepressed upon COIl1-
dependent turnover of a labile repressor protein(s). Recent work on the jaz4-1
mutant of Arabidopsis has shown that it is hyper-susceptible to Pseudomonas
syringae while Arabidopsis lines overexpressing a JAZ4 protein have enhanced
resistance to this bacterium (47). For a recent review focusing in-depth on the JA
signal transduction pathway and its regulatory elements the reader is referred to
(48).

3. Cross talk: JA interactions with other signalling pathways

Plant responses to developmental and environmental cues are under the control of
multiple phytohormones. These include, amongst others, auxins, gibberellins,
abscisic acid, ethylene, cytokinins, brassinosteroids, salicylic acid, strigolactones,
polyamines and jasmonic acid. It is evident, therefore, that a co-ordinated plant
response to any given signal must, of necessity, involve multiple signalling pathways
and hence extensive cross talk between these pathways must exist (49). For
example, plants under biotic attack will divert resources away from growth and into
the synthesis of defensive compounds (50). Similarly, plants under abiotic stress will
prioritise their response to that cue, e.g. there is a functional convergence of oxylipin
and abscisic acid pathways in the control of stomatal closure in response to drought
in Arabidopsis, tomato and rapeseed (51). This is regulated at the level of OPDA,
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with plants producing higher OPDA levels exhibiting enhanced drought tolerance and
reduced stomatal aperture that acts in conjunction with ABA to bring about the
response (51). Similarly, JA-amino acid conjugate levels can be controlled by
enzymes that catabolise auxin-amino acid conjugates and represents an example of
a metabolic-level crosstalk between the auxin and JA signaling pathways (52). In
Arabidopsis, OPR3 functions to down-regulate primary root growth under
phosphorus limitation and interacts with ethylene and gibberellin signalling pathways
to co-ordinate this response (53). Interestingly, JA also conjugates to the ethylene
precursor, 1-aminocyclopropane-1-carboxylic acid (ACC) and this suggests co-
regulation of JA and ethylene signalling pathways.

It appears that JAZ proteins constitute a major hub for crosstalk with diverse stress
and developmental signalling pathways that may serve to optimise plant survival in
changing environments (48). These nodes of signal interaction modulate jasmonate
signaling outputs by mechanisms tied to changes in JAZ abundance or accessibility
(48). JAZ protein families have been associated with activation of particular
pathways in response to biotic stress (e.g. herbivory), developmental responses (e.g.
growth inhibition) and abiotic stress (e.g. drought) (Fig. 6). Thus, fluctuating levels of
JA-lle sensed by combinatorial assemblies of COI1-JAZ coreceptors may serve not
only to alter the transcriptional state of genes bound by JAZ—transcription factor
complexes but are also likely to mediate crosstalk between pathways by propagating
changes in a broader protein—protein interaction network (48).
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and salinity. These signals are recognised by receptors at the cell surface to trigger de novo synthesis

of JA-lle from plastid lipids. JA-lle promotes degradation of multiple JAZ proteins (exemplified by
JAZx—z) via the action of the E3 ubiquitin ligase SCFCO!" and the 26S proteasome. Degradation of
JAZ relieves repression on the JAZ-interacting transcription factors (exemplified by TFa—c) that
govern various physiological output responses involved in growth, development, and tolerance to

biotic and abiotic stresses. Many JAZ proteins functionally interact with multiple transcription factors.
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4. Future

Clearly great progress has been made on establishing the role of JAs in plant biology
in recent years and some surprising functions have been revealed through the use of
mutants that could not have been logically anticipated. The current focus of attention
is on deciphering the roles of the JAZ hubs in co-ordinating plant responses to JAs
and to establish how these hubs interact with other plant hormone signalling
pathways to co-ordinate plant responses. While the focus has been on JA-lle, the
receptors for other bioactive JAs such as Me-JA and CJ are lagging behind. Do they
use closely related SCFCoi receptors to that used by JA-lle? In a world with over 7
billion people the challenge will remain as to how we can produce sufficient food to
sustain population growth. With estimates of 20-30% of food production lost annually
to pests and pathogens our ability to combat this problem will become more
pressing. Hence our ability to fundamentally understand the control of plant
responses to these biotic challenges whilst simultaneously maintaining yields is of
paramount importance.

Summary points

e Understanding the defensive capabilities of plants towards pests and
pathogens is necessary if we are going to develop crops in the future with
enhanced resilience and improved yield performance.

e The role of jasmonates has been well established as a major contributor to
plant biotic defense. The biosynthetic pathways are largely established and
the genes cloned. One of the key receptors for jasmonate is the SCFCoi1, a
ubiquitin ligase complex that leads to the degradation of JAZ repressor
proteins that in turn leads to gene activation.

e Understanding how these JAZ protein hubs interact with other phytohormones
in controlling plant responses, often conflicting, such as metabolic investment
in growth versus the synthesis of defensive compounds is at the forefront of
current research activity.
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