Jasmonates in Plant Growth and Stress
Responses

Claus Wasternack

Abstract Jasmonates are lipid-derived compounds which are signals in plant stress
responses and development. They are synthesized in chloroplasts and peroxisomes.
An endogenous rise occurs upon environmental stimuli or in distinct stages of
development such as that of anthers and trichomes or in root growth. Hydroxylation,
carboxylation, glucosylation, sulfation, methylation, or conjugation of jasmonic
acid (JA) leads to numerous metabolites. Many of them are at least partially biologi-
cally inactive. The most bioactive JA is the (+)-7-iso-JA—isoleucine conjugate.
Its perception takes place by the SCF-JAZ-co-receptor complex. At elevated
levels of JAs, negative regulators such as JAZ, or JAV are subjected to proteasomal
degradation, thereby allowing positively acting transcription factors of the MYC or
MYB family to switch on JA-induced gene expression. In case of JAM negative
regulation takes place by anatagonism to MYC2. JA and COI1 are dominant signals
in gene expression after wounding or in response to necrotrophic pathogens. Cross-
talk to salicylic acid, ethylene, auxin, and other hormones occurs. Growth is inhib-
ited by JA, thereby counteracting the growth stimulation by gibberellic acid.
Senescence, trichome formation, arbuscular mycorrhiza, and formation of many
secondary metabolites are induced by jasmonates. Effects in cold acclimation; in
intercropping; during response to herbivores, nematodes, or necrotrophic pathogens;
in pre- and post-harvest; in crop quality control; and in biosynthesis of secondary
compounds led to biotechnological and agricultural applications.
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Abbreviations

ABA Abscisic acid

AM Arbuscular mycorrhiza

AOC Allene oxide cyclase

AOS Allene oxide synthase

BR Brassinosteroids

COI1 CORONATINE INSENSITIVEI
ET Ethylene

GA Gibberellic acid

DADI1 DEFECTIVE IN ANTHER DEHISCECE1
13-HPOT  13-hydroperoxy octadecatrienoic acid

ISR Induced systemic resistance
JA Jasmonic acid

JA-Ile JA—isoleucine conjugate
JAMe JA methyl ester

IMT JA methyltransferase

JAR1 JA resistant]

JAZ JASMONATE ZIM DOMAIN
o-LeA o-Linolenic acid (18:3)

LOX Lipoxygenase

MYC bHLHzip transcription factor
OPDA 12-Oxophytodienoic acid
OPR OPDA reductase

PLALI Phospholipase Al

RNS Root nodule symbiosis

SA Salicylic acid

ST Sulfotransferase

TF Transcription factor

SCF Skp1/Cullin/F-box
Introduction

Jasmonic acid (JA) and its derivatives, commonly named jasmonates (JAs), are
involved in developmental processes such as growth, lateral and adventitious root
formation, seed germination, leaf senescence, glandular trichome formation as well
as development of embryos and pollen (Fig. 1). Plants with their sessile lifestyle
need constant adaptation to altering environmental cues, such as light, water deficit,
salt, cold, and nutrient deficiency, in which JA-mediated responses play a crucial
role. Furthermore, JAs are involved in biotic interactions such as responses to
herbivores, pathogens, nematodes, or mutualistic symbiotic microorganisms, such
as mycorrhizal fungi (Fig. 1). In these numerous interactions during plant stress
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Fig. 1 Jasmonates in plant development (right) and plant responses to biotic and abiotic stress
(left). Pictures for stress responses are given by a hypersensitive response upon pathogen attack, by
herbivory on Arabidopsis, and by arbuscular mycorrhiza. The role of jasmonates in development
is illustrated by a cross section of anthers of Arabidopsis showing pollen release, by immunocyto-
chemical detection of allene oxide cyclase in cross section of tomato ovules, by trichomes, by
senescing barley leaf segments upon treatment with jasmonate, by seedling growth and root elon-
gation of a tomato seedling showing allene oxide cyclase promoter activity via GUS staining, and
by root growth showing immunocytochemical detection of the allene oxide cyclase protein in the
root tip. Jasmonates are also involved in growth inhibition, lateral root formation, adventitious root
formation, attack by nematodes, light signaling, and freezing tolerance (with permission)

root growth

mycorrhiza
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responses and development via JAs, various signal transduction pathways are
involved. These pathways exhibit cross-talk to other plant hormones such as ethylene
(ET), auxin, gibberellic acid (GA), salicylic acid (SA), brassinosteroids (BR), or
abscisic acid (ABA).

The key components of JA biosynthesis, JA perception, and JA signaling have
been identified. Several of these proteins were crystallized which allowed first
mechanistic explanations. Since JA is perceived as its isoleucine conjugate (JA-Ile,
cf. section “Perception of JA-Ile and Cross-Talk to Other Hormones”), I will use
here the term JA/JA-Ile. The present chapter will give an overview on JA/JA-Ile
biosynthesis, JA/JA-Ile metabolism, JA/JA-Ile perception, JA/JA-Ile signal trans-
duction and cross-talk to other plant hormones, and JA/JA-Ile functions in biotic
and abiotic interactions as well as in plant growth and development and will discuss
some biotechnological and horticultural applications of JA/JA—Ile. All these aspects
have been continuously discussed in excellent reviews (Ballaré 2011; Browse
2009a, b; Kazan and Manners 2008, 2011, 2012; Kombrink 2012; Pauwels and
Goossens 2011; Pieterse et al. 2012; Wasternack and Hause 2013; Wasternack
and Kombrink 2010). Therefore, emphasis will be given on recently published data.
The great amount of published data on JAs can be cited here only partially due to
space limitation.

JA Biosynthesis

The JA and its derivatives are members of the class of oxylipins. Whereas JAs are
generated by [3-lipoxygenases (13-LOXs), other oxylipins are products of
9-lipoxygenases (9-LOXs, e.g., LOX1 and LOXS5 of Arabidopsis thaliana) and
a-dioxygenases (x-DOX) which form chemically unstable 2(R)-hydroperoxides.
a-DOX is involved in defense against aphids (Avila et al. 2013), whereas AtLOX1
together with Ata-DOXI is involved in the local and systemic response to
Pseudomonas syringae pv. tomato (Vicente et al. 2012). AtLOX1 is also involved in
an ABA-independent stomata closure and an immune defense response including
SA and the MAP kinases MPK3 and MPK6 (Montillet et al. 2013).

The substrate of JA biosynthesis (Fig. 2) is derived from galactolipids of chloro-
plast membranes. a-Linolenic acid (18:3) (a-LeA) is released from the sn-1 position
of galactolipids by a phospholipasel (PLA1). Initially, the PLA1 DEFECTIVE IN
ANTHER DEHISCENCEI (DAD1) was shown to be involved in JA formation
(Ishiguro et al. 2001). A DAD1-activating factor (DAF) was identified upstream of
DADI as putative RING-finger E3 ligase which positively regulates DAD expres-
sion (Peng et al. 2013). DAD1 occurs preferentially in flowers and is controlled by
the homeobox protein AGAMOUS. Involvement of DAD1 and DONGLE, another
PLA1, in JA biosynthesis of leaves was excluded by wild-type-like phenotypes of
DADI- and DONGLE-RNAI lines in respect to leaf wounding and localization of
the DONGLE protein in lipid bodies (Ellinger et al. 2010). Among the 16 lipase
mutants of Arabidopsis, only that of PLA1y1 (At1g066800) showed reduced JA
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Fig.2 Biosynthesis of jasmonic acid (JA) and its conjugate JA—isoleucine (JA-Ile) is initiated by the
release of a-linolenic acid (a-LeA) from galactolipids of chloroplast membranes. A 13-lipoxygenase
(13-LOX), an allene oxide synthase (AOS), and an allene oxide cyclase (AOC) catalyze formation of
the cyclopentenone cis-(+)-12-oxophytodienoic acid (cis-(+)-OPDA). OPDA is released from the
chloroplast and transported into peroxisomes, where reduction to the cyclopentanone ring by an
OPDA reductase3 (OPR3) and shortening of the carboxylic acid side chain by the fatty acid 3-oxida-
tion machinery take place. (+)-7-iso-JA is released into the cytosol, where conversion to JA—Ile and
other metabolites takes place. Mutants of Arabidopsis are indicated in red, that of tomato in green.
acxl acyl-CoA oxidasel, coil coronatine insensitivel, dadl delayed anther dehiscencel, /3-HPOT
(13S)-hydroperoxy octadecatrienoic acid, jail jasmonic acid insensitivel, JAR/ JA amino acid syn-
thetasel, myc2 bHLHzip transcription factor MYC2, OPC-8 3-oxo-2-(2-pentenyl)-cyclopentane-
1-octanoic acid, PLA; phospholipase A, (with permission)

levels upon wounding. The question, however, on activity of other PLA1s in other
stress-induced JA formation is still open (Ellinger et al. 2010).

Free a-LeA is oxygenated in the C-13 position by 13-LOXs which occur among
the six LOXs of A. thaliana as a family with four members (LOX2, LOX3, LOX4,
LOX6) (Bannenberg et al. 2009). LOX2 is preferentially involved in early wound-
induced JA formation (Glauser et al. 2009; Schommer et al. 2008) and JA formation
during natural and dark-induced senescence (Seltmann et al. 2010). LOX2 is con-
trolled by Ca** and a voltage-dependent vacuolar cation channel (Beyhl et al. 2009).
This channel is under the control of members of the transcription factor (TF) family
TEOSINTE BRANCHED/CYCLOIDEA/PROLIFERATING CELL FACTOR
(TCP). Some of them such as TCP4 are targets of miR319 leading to control of JA
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biosynthesis via LOX2 (Schommer et al. 2008). This and other examples indicate a
developmental control of LOX2 (Danisman et al. 2012). Besides, LOX2 and also
LOX3, LOX4, and LOX6 contribute to JA formation (Caldelari et al. 2011; Chauvin
et al. 2013). The LOX6 promoter is preferentially active in developing xylem cells
of young tissues, whereas LOX3 and LOX4 are active in mature vascular tissues
(Chauvin et al. 2013; Vellosillo et al. 2007), where other genes of JA biosynthesis
such as allene oxide synthase (AOS) and allene oxide cyclase4 (AOC4) are expressed
(Kubigsteltig et al. 1999; Stenzel et al. 2012). During fertility and anther develop-
ment, JA formation including LOX3 and LOX4 activity is required, but LOX2 is
not involved (Caldelari et al. 2011). LOX6 location attributes to the rapid increase
in JA and JA-Ile after wounding in local and distal leaves (Chauvin et al. 2013).
Only LOXG6 is required for JA/JA-Ile formation in roots and is involved in responses
to abiotic and biotic factors (Grebner et al. 2013). There are increasing examples
that distinct isoforms catalyzing identical reactions in JA biosynthesis are involved
in different JA/JA—Ile-mediated responses. Examples are the families of LOXs,
AOCs, OPDA reductases (OPRs), and acyl-CoA oxidases (ACXs). In contrast to
the four 13-LOXs of A. thaliana, LOX1 and LOXS5 are 9-LOXs and are involved in
defense reactions. Interestingly, in Fusarium oxysporum known to form many dif-
ferent jasmonates (Miersch et al. 1999), a nonheme iron 13S-LOX with multifunc-
tional activity towards dihydroxy, keto, and epoxy alcohol derivatives has been
identified (Brodhun et al. 2013). F. oxysporum infection activates expression of
defense genes such as THIONINS (Vignutelli et al. 1998). The 135-LOX detected in
F. oxysporum suggests that fungal oxylipins including JA might modulate plant
defense reactions upon F. oxysporum infection.

In JA biosynthesis the 13-LOX product 13-hydroperoxy octadecatrienoic acid
(13-HPOT) is converted by the chloroplast-located AOS, the first specific step in the
JA-specific branch of the LOX pathway. Other branches lead to leaf aldehydes and
leaf alcohols as well as divinyl ether-, epoxyhydroxy-, keto-, and hydroxy-
polyunsaturated fatty acids (Feussner and Wasternack 2002). AOS is a CYP450
enzyme (CYP74A) which does not require molecular oxygen nor NAD(P)
H-dependent cytochrome P450 reductase as cofactor. Gene families of AOS, its
substrate specificity and tissue-specific expression as well as the enzyme mecha-
nism have been reviewed (Kombrink 2012; Schaller and Stintzi 2009; Wasternack
and Kombrink 2010). Recently, a divinyl ether synthase could be converted into an
AOS by asingle point mutation indicating the close relationship of CYP74 enzymes
(Toporkova et al. 2013). The AOSs of fungi seem to be evolved independently of
CYP74, as suggested by the identification of a dioxygenase-cytochrome P450
fusion protein, a novel AOS with catalytic similarities to CYP74 and CYPSAL.
This novel AOS has an analogous reaction mechanism to CYP74A enzymes
(Hoffmann et al. 2013). A new type of CYP74 enzymes, CYP74C3 could be recently
characterized with 95-hydroperoxylinoleic acid as substrate (Brash et al. 2013).
This enzyme forms besides the regularly generated E-isomer also a Z-isomer. Like
the LOXs carrying positional specificity for carbon-9 or carbon-13, AOSs show at
least preference for C-9 or C-13. An exception is the AOS1 of rice which shows
dual specificity (Yoeun et al. 2013). The AOS of A. thaliana has been crystallized
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(Lee et al. 2008). The highly unstable epoxide formed by AOS is converted by a
chloroplast-located AOC. In the AOC-catalyzed step, cis-(+)-12-oxophytodienoic
acid (OPDA) (95,13S5)-OPDA) is formed which contains the enantiomeric structure
of the naturally occurring (+)-7-iso-JA. Even not proved experimentally so far, the
exclusive occurrence of (95,135)-OPDA suggests that AOS and AOC act in a close
vicinity avoiding the formation of a racemic mixture of cis-(+)-OPDA and cis-(-)-
OPDA or spontaneous chemical decomposition leading to a-ketol and y-ketol.
The AOC2 of A. thaliana and both AOCs from Physcomitrella patens have been
crystallized which allowed mechanistic explanation on the binding pocket (Hofmann
et al. 2006; Neumann et al. 2012). The AOC of A. thaliana is encoded by a family
of four members with different but overlapping expression pattern in organs and
tissues (Stenzel et al. 2012). As suggested by the redundant expression in leaves and
flower organs, interactions of all four AOCs occur by homo- and heteromerization
which represents an additional regulatory level (Stenzel et al. 2012). The close asso-
ciation of LOX, AOS, and AOC within chloroplast membranes (Farmaki et al. 2007)
may attribute to the formation of OPDA esterified within chloroplast membranes.
This diverse group of abundantly accumulating compounds, called arabidopsides
due to their exclusive occurrence in Arabidopsis, may be a storage form of OPDA
(for review cf. Gobel and Feussner 2009; Ibrahim et al. 2011). In rice two photo-
morphogenic mutants (hebiba, coleoptile photomorphogenesis 2 (cpm?2) have been
recently found to be defective in AOC genes. These genes encode functional AOCs
which are active in defense against Magnaporthe oryzae (Riemann et al. 2013).

The second part of JA biosynthesis takes place in peroxisomes. cis-(+)-OPDA is
assumed to be transported by the peroxisomal ATP-binding cassette (ABC) trans-
porter protein COMATOSE (CTS1) and/or an ion trapping mechanism (cf. reviews
of Hu et al. 2012; Wasternack and Kombrink 2010). In peroxisomes OPDA and/or
its subsequently generated metabolites are activated by 4CL-like acyl-CoA synthe-
tases (Hu et al. 2012; Kienow et al. 2008; Koo et al. 2006).The cyclopentenone ring
of activated OPDA is reduced by an OPR. Among the six OPRs of A. thaliana, only
OPR3 is involved in JA biosynthesis as shown by substrate specificity tests and
crystallization of OPR1 and OPR3 (Breithaupt et al. 2001, 2006; Schaller and
Stintzi 2009). In contrast, OPR1 seems to be involved in the synthesis of phytopros-
tanes, a group OPDA-like structures which are preferentially formed by nonenzy-
matic reactions (Mueller et al. 2008). Moreover, most of the OPRs except OPR3 are
involved in detoxification by reduction of «,p-unsaturated aldehydes, ketones,
maleimides, or acrolein. The OPRs of A. thaliana, rice, maize, and soybean occur in
gene families of up to ten members. Their involvement in stress responses and
development and even sex determination has been shown (Li et al. 2011).

The following reactions in JA biosynthesis include 4CL-like acyl-CoA synthe-
tases, shortening of the carboxylic acid side chain by the fatty acid B-oxidation
machinery with acyl-CoA oxidase (ACX), the multifunctional protein (MFP), and
3-ketoacyl-CoA thiolase (KAT) (Kombrink 2012; Wasternack and Kombrink 2010).
JA generated in peroxisomes is released into the cytosol, where it is metabolized.

The membrane-derived compounds JA and JA-Ile are involved in many
responses to biotic and abiotic stress via distinct or overlapping signaling cascades
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(cf. sections “Perception of JA-Ile and Cross-Talk to Other Hormones,” “JA/JA-Ile
in Biotic Interactions of Plants,” “JA/JA-Ile in Abiotic Stress Response of Plants,”
and “JA/JA-Ile in Plant Growth and Development”). Another group of membrane-
derived compounds are reactive electrophile species (RES), generated by lipid
peroxidation. Whereas JA/JA-Ile- and CORONATINE INSENSITIVE1 (COIl)-
mediated processes are involved in wounding, responses to necrotrophic pathogens,
and developmentally regulated processes, RES are linked to the SA pathway that
involves class I DNA-binding proteins (TGAs) (cf. section “Perception of JA-Ile
and Cross-Talk to Other Hormones”). There are numerous RES-mediated detoxifi-
cation processes suggesting a “REScue” by cellular damage including photo-inhibition
(reviewed in Farmer and Mueller 2013).

JA Metabolism

The most important reaction in metabolism of JA is its conjugation to amino acids
catalyzed by JASMONATE RESISTANT1 (JARI) (Fig. 3). JARI is member of the
GRETCHEN HAGEN3 (GH3) gene family mainly involved in auxin conjugation
(Staswick and Tiryaki 2004). The important role of JAR1 became obvious upon
identification of (+)-7-iso-JA-Ile as the most bioactive compound among more than
40 JA compounds (Fonseca et al. 2009). JAR1 is a jasmonoyl amino acid conjugate
synthase forming an acyl-adenylate/thioester intermediate by use of (+)-7-iso-JA as
the substrate. JARI1/AtGH3.11 has been crystallized (Westfall et al. 2012). Most
structure—activity relationships, recorded for numerous JA-dependent responses
during the last two decades (for review cf. Wasternack 2007), can be explained now.
In many plants JA and JA—Ile accumulate in a ratio of about 10:1. For a long time,
the initial product of JA biosynthesis, (+)-7-iso-JA, was assumed to epimerize to the
more stable (-)-JA. (—)-JA was taken as an indicator of endogenous rise of JAs upon
any environmental stimuli. Now, an assay for quantification of (+)-7-iso-JA-Ile is
available (Suza et al. 2010). Usually, however, levels of JA and JA-Ile are recorded
without detection of the individual enantiomers. In JARI-RNAI lines of tomato,
up to 25-50 % residual JA-Ile was found upon wounding, suggesting the existence
of other JA conjugating enzymes than JARI (Suza et al. 2010). Auxin homeostasis
is sustained by amido-hydrolases such as TAA-LEUCINE RESISTANT (ILR)-
LIKE GENE 6 (ILL6) and TAA-ALANINE RESISTANT 3 (IAR3) which cleave
auxin amino acid conjugates. Recently, IAR3 and ILL6 were identified as JA-Ile
and 12-OH-JA-Ile amido-hydrolases (Widemann et al. 2013). These enzymes attri-
bute to homeostasis of the active signaling compound JA-Ile as well as formation of
12-OH-JA. Their activities represent a new and unexpected route of 12-OH-JA for-
mation. A similar activity with JA-Ile occurs in N. attenuata. Here, a homologue of
IAR3 has been cloned and shown to act as a JA—Ile amido-hydrolase (Woldemariam
et al. 2012).

Besides amino acid conjugates of JA and their metabolites, twelve other JA
derivatives have been identified in plant tissues, preferentially upon wounding
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Fig. 3 Metabolism of jasmonic acid (JA) and JA—-isoleucine conjugate (JA-Ile). Enzymes which
have been cloned are indicated. JARI JA amino acid synthetase, JMT JA methyltransferase, ST2A
12-OH-JA sulfotransferase 2A, CYB94B3 JA-Ile hydroxylase, CYP94C1 12-OH-JA-Ile oxidase.
Degradation of 12-hydroxy-JA-Ile and JA-Ile to 12-hydroxy-JA and JA, respectively, takes place
by IAR3 and ILL6, two auxin amido-hydrolases (with permission and modified after Wasternack
and Hause 2013)

(Wasternack and Hause 2013). Among them are JA methyl ester (JAMe), JA
glucosyl ester, cis-jasmone, 12-O-glucosyl-JA, 12-HSO,-JA, 12-hydroxy-JA,
12-hydroxy-JA-Ile, 12-COOH-JA-Ile, 12-O-glucosyl-JA-Ile, JA-Ile-glucosyl
ester, and JA-Ile methyl ester. Similar derivatives can be assumed for OPDA, but
such compounds were not identified so far.

Except JARI, several enzymes active in JA metabolism have been cloned for
A. thaliana, tomato, and tobacco. Among them are JA methyltransferases (JMT)
(Seo et al. 2001): 12-OH-JA sulfotransferases (AtST2a) (Gidda et al. 2003), a JA-
Ile hydroxylase (CYP94B3) (Heitz et al. 2012; Kitaoka et al. 2011; Koo et al. 2011),
and a 12-OH-JA-Ile oxidase (CYP94C1) (Heitz et al. 2012). Some JAs accumulate
abundantly and constitutively in distinct developmental stages and organs. Among
them are 12-OH-JA, 12-HSO,-JA, and 12-O-glucosyl-JA which can reach levels
three orders of magnitude higher than that of OPDA, JA, or JA-Ile (Miersch et al.
2008). Many metabolites of JA and JA—Ile such as 12-HSO,-JA, 12-O-glucosyl-JA,
12-hydroxy-JA, 12-hydroxy-JA-Ile, 12COOH-JA-Ile, JAMe, cis-jasmone, and
12-O-glucosyl-JA-Ile accumulate transiently upon wounding or other environmen-
tal stimuli (Glauser et al. 2008, 2009; Heitz et al. 2012; Koo et al. 2011; Miersch
et al. 2008). Hydroxylation or other metabolic conversions can be an at least partial
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deactivation of bioactivity of JA and JA-Ile (Heitz et al. 2012; Koo et al. 2011;
Miersch et al. 2008). In case of the volatile cis-jasmone, the decarboxylated JA,
bioactivity has been shown by expression data. A subset of genes is expressed by
cis-jasmone which is different from that induced by JA or JA-Ile (Matthes et al.
2010). Pyrethrins such as cinerolone, jasmonolone, and pyrethrolone are thought to
be synthesized from 7-OH-JA (Ramirez et al. 2013). Also 12-O-glucosyl-JA has
been shown to be active. A distinct enantiomer of the jasmonoyl moiety of this
compound was identified as leaf-closing factor of Albizia and Samanea (Nakamura
etal. 2011).

Perception of JA-Ile and Cross-Talk to Other Hormones

One of the most exciting results of the last couple of years in plant biology was the
genetic and biochemical proof on hormone perception via the ubiquitin—proteasome
system. Similar modules were identified for perception of JA—Ile, auxin, GA, and
ET (Chini et al. 2009; Kelley and Estelle 2012). In case of auxin and JA/JA-Ile,
similarities are exceptional (Perez and Goossens 2013). A Skp1/Cullin/F-box (SCF)
complex functioning as an E3 ubiquitin ligase binds the hormone to the complex.
Subsequently, negative regulators of transcription can be recognized by the F-box
protein of the complex and are ubiquitinated and thereby subjected to proteasomal
degradation (Fig. 4). This allows positively acting TFs to become active. In case of
JA-Ile the SCF complex contains the F-box protein COII which was identified via
the JA/JA-Ile insensitive mutant of A. thaliana coil (Xie et al. 1998). Coronatine is
a bacterial toxin of Pseudomonas syringae acting as a molecular mimic of JA-Ile
(Zheng et al. 2012), but does not occur in plants. The structural similarity between
coronatine and (+)-7-iso-JA-Ile led to identification of the latter compound as the
most bioactive JA (Fonseca et al. 2009) and finally as the ligand of the JA—Ile receptor
(Sheard et al. 2010; Yan et al. 2009). The SCF°"-JAZ-co-receptor complex has
been crystallized and mechanism of binding of (+)-7-iso-JA—Ile together with inisi-
tol-5-bisphosphate, a co-activator, was shown (Mosblech et al. 2011; Sheard et al.
2010). Targets of the SCF°! complex are JASMONATE ZIM (ZINC-FINGER
PROTEIN EXPRESSED IN INFLORESCENCE MERISTEM) (JAZ) proteins, a
new protein family with twelve members in Arabidopsis (Chini et al. 2007; Thines
et al. 2007; Yan et al. 2007). At low JA-Ile levels, TFs such as MYC2 which binds
to the G-box of a promoter of a JA-inducible gene are repressed by JAZ proteins
(Fig. 4). At higher JA-Ile levels, however, the SCF°!! complex binds a JAZ protein
via JA-Ile binding resulting in ubiquitinylation and degradation of the JAZ protein
and derepression of the transcriptional activators. This basic scenario of JA-Ile
perception via the SCF-JAZ-co-receptor complex and the subsequent activation
of JA/JA-Ile-induced gene expression became more complex upon identification of
the corepressor TOPLESS (TPL) and the adaptor protein “Novel Interactor of JAZ”
(NINJA) (Pauwels et al. 2010). NINJA interacts with JAZ and TPL. Repression of
gene expression takes place by binding of JAZ to TFs such as the basic



Jasmonates in Plant Growth and Stress Responses 231

SCF complex

resting state

; JA-lle fJA-ne
O
o'.' )
a®e

HDA1Q|

| | JA-responsive genes

JA-responsive genes |

Fig. 4 JA/JA-Ile perception by the SCFCC!'-JAZ-co-receptor complex leads to JA/JA-Tle-induced
gene expression. There is a low JA/JA-Ile level without environmental stimuli. MYC2 which
bounds to a G-box of a JA/JA-Ile-responsive gene is repressed by negative regulators such as
JAZs, mediated by corepressors NINJA and TOPLESS (TPL) which act via the
HISTONDEACETYLASE6 (HDA6) and HDAI19. In addition to JAZ proteins, JAMs
(JASMONATE-ASSOCIATED MYC2-LIKEIL, JAM2, JAM3) (Nakata et al. 2013) and JAV1
(JASMONATE-ASSOCIATED VQ MOTIF GENE 1) act as repressors. In case JAV the interact-
ing ubiquitin E 3 ligase is unknown (Hu et al. 2013a), whereas JAMs compete with MYC2 in
binding to the G-box. Dimerization is experimentally shown only for JAZ proteins so far. Upon
increase of JA/JA-Ile levels by any stress, JAZs, and JAV1 proteins are subjected to ubiquitinyl-
ation and subsequent degradation by the 26S proteasome. Therefore, MYC2 can switch on tran-
scription of JA/JA-Ile-responsive genes including early genes such as JAZs and MYC2. MED25,
the subunit 25 of the Mediator complex, mediates transcription (cf. section “Perception of JA-Ile
and Cross-Talk to Other Hormones”). Ub, ubiquitin; E2, Rbx, Cullin, ASK1, and the F-box protein
COII are components of the SCF complex (with permission)

helix-loop-helix (PHLH) TF MYC2 and corepressor activity of TPL mediated by
histone deacetylases 6 and 19. In the derepressed state JA/JA—Ile-responsive gene
expression is mediated by subunit 25 of the Mediator complex (MED 25) (Cevik
et al. 2012; Chen et al. 2012). TFs such as MYC2 and the JAZ proteins are JA/JA—
Ile inducible. Therefore, a futile cycle may occur which will attribute to a fine tun-
ing of JA/JA-Ile-induced gene expression at different levels.

The interaction between MYC2 and JAZ takes place via the JAZINTERACTING
DOMAIN (JID) of MYC?2 and the Jas domain of JAZ. Jas is absolutely required for
repressor function of JAZ (Browse 2009a; Thines et al. 2007). The ZIM domain of
JAZ mediates interaction to NINJA but is also responsible via its TIFY domain for
homo- and heterodimerization of JAZs (Chung and Howe 2009). The NINJA-TPL
interaction takes place via the ET-RESPONSIVE ELEMENT BINDING FACTOR-
ASSOCIATED AMPHIPHILIC REPRESSION (EAR) motif of NINJA. Some JAZ
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proteins contain such an EAR motif which allows direct binding of TPL without
NINJA. These versatile interaction domains occur also in homologous components
of ABA and auxin signaling (Pauwels et al. 2010). Consequently, NINJA and TPL
are integrators of different signaling pathways. The SCFCCU-JAZ-co-receptor
complex and its interactors exhibit several exciting regulatory components:

1. The Jas domain of JAZ interacts with COII in the presence of JA—Ile and is
strongly increased by IPs (Mosblech et al. 2011; Sheard et al. 2010). Stability
of COI1 depends on its integration in the SCF complex (Yan et al. 2013).

2. Alternative splice variants of JAZ attribute to multiple JAZ functions and
negative feedback control of JA/JA-Ile signaling (Moreno et al. 2013).

3. Enhanced stability of JAZ proteins such as that of JAZ8 being unable to strongly
interact with COIl may attribute to JAZ activity (Shyu et al. 2012).

4. Homo- and heterodimerization of JAZ proteins is another regulatory level
(Chung and Howe 2009).

5. JASMONATE-ASSOCIATED VQ MOTIF GENE 1 (JAVI) has been identified
recently as another negative regulator of JA/JA—Ile-mediated plant defense with
similarities to JAZ (Hu et al. 2013a; Zhu and Zhu 2013). The interacting ubiq-
uitin E 3 ligase, however, is unknown for JAV1. In contrast to JAZ proteins,
JAV 1 is a repressor against necrotrophic pathogens and herbivorous insects, but
not active in plant growth and development.

6. AJASMONATE-ASSOCIATED MYC2-LIKEI1 TF, called JAM1, was identi-
fied as an ABA-inducible bHLH-type transcriptional repressor of JA responses
against herbivores and in JA-dependent growth and development (Nakata et al.
2013). JAM1 competes with MYC2 to target sequences of MYC2 thereby
attributing to a fine tuning in JA/JA-Ile-induced gene expression. Together with
JAM?2 and JAM3, many JA/JA-Ile responses are negatively regulated by JAM 1
(Sasaki-Sekimoto et al. 2013). This includes also expression of genes involved
in JA biosynthesis and metabolism. The degree of repression by JAZs or/and
JAMs is unknown so far.

7. MYC?2 activity is sustained by a phosphorylation-coupled proteolysis leading
to a distinct amount of “fresh” M'YC2 which is able to activate transcription in
a positive manner (Zhai et al. 2013). This nuclear located regulatory loop has
similarity to SA signaling via the NPR1 protein, the NONEXPRESSOR OF PR
GENEI active in SA-induced transcription as co-activator of defense gene
expression (cf. Pieterse et al. 2012).

8. Among the bHLH TFs, the subgroup IIId has been identified as novel target of
JAZ proteins and as transcriptional repressors in root growth inhibition and
anthocyanin formation (Song et al. 2013a). These repressors act redundantly to
JAZs indicating a fine tuning in JA/JA-Ile signaling by increased number of
signaling components.

9. ILL6, a member of GH3 gene family coding for amido-hydrolases, has been
identified as a new negatively acting regulatory component in JA/JA-Ile
responses by comparing expression profiles of individual wild-type plants
(Bhosale et al. 2013). ILL6 is involved in cleavage of JA-Ile and 12-OH-JA-Ile,
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thereby attributing to JA-Ile homeostasis as well as generation of 12-OH-JA
without direct hydroxylation of JA (Widemann et al. 2013).

10. A screen with a JAZ10 reporter system revealed mutants of NINJA which
showed constitutive activation of JA responses in roots and hypocotyls indicating
organ-specific activation of JA signaling (Acosta et al. 2013).

This plethora of components and regulatory principles in JA signaling is used by
downstream components as well as in the cross-talk to other hormones. Targets of
JAZs in JA signaling are TFs of the bHLH-type MYC and the R2R3-type MYB fam-
ily. MYC2 was the first TF for which an interaction with a JAZ protein was shown
(Chini et al. 2007). MYC2 is a key player in JA/JA-Ile-induced gene expression and
is involved in synthesis of auxin, tryptophan, glucosinolates (GS), ET, and JA as
well as in responses to herbivores, oxidative stress, pathogens, and ABA-dependent
drought stress (Dombrecht et al. 2007; Kazan and Manners 2008). The central role
of MYC?2 is documented by (1) the regulation of its cross-talk with SA, ABA, GA,
and auxin signaling pathways; (2) the link between JA/JA-Ile and other signaling
pathways such as light, phytochrome and circadian clock; (3) the regulation of
lateral and adventitious root formation, flowering, and shade avoidance syndrome;
(iv) the innate immunity in roots; (5) induced systemic resistance (ISR) by beneficial
soil microbes; as well as (6) the antagonistic coordination of responses to herbivores
and pathogens. Some of the MYC2-dependent JA-regulated processes have been
verified by proteome analysis of wild-type and myc2 mutant plants (Guo et al.
2012). All these aspects reflect the central role of MYC2 and have been reviewed
recently (Kazan and Manners 2013). Besides the master regulator MYC2, other
targets of JAZs are MYC3, MYC4, MYB21, and MYB24. All MYC TFs have a JID
domain and a conserved ACT-like domain at the C-terminus being involved in
homo- and heterodimerization of MYCs (Cheng et al. 2011; Fernandez-Calvo et al.
2011, Pauwels and Goossens 2011). MYC2, MYC3, and MYC4 are partially redun-
dant (Fernandez-Calvo et al. 2011). The myc2,3,4 triple mutant plants are free of GS
and show altered insect performance and feeding behavior (Schweizer et al. 2013).
MYC2 binds directly to promoters of GS biosynthesis genes. All three MYCs interact
with GS-related MYB TFs indicating the complex scenario in JA/JA-Ile-induced
gene expression (Schweizer et al. 2013). The bHLH TFs involved in anthocyanin
formation and trichome initiation contain also a JID domain and are targets of JAZ1
and JAZ8 (Qi et al. 2011). JAZ targets active in development were identified in a
transcriptome analysis of developing stamen of JA-treated opr3 plants (Mandaokar
et al. 2006). Among them are MYB21 and MYB24 which interact with JAZ1 and
JAZS via the N-terminal R2R3 domain (Song et al. 2011). Both TFs are specifically
involved in fertility but less in other JA/JA-Ile-dependent processes such as root
growth or anthocyanin formation.

The cross-talk between JA/JA-Ile and auxin was shown in several processes.
Prominent examples are (1) the MYC2-mediated suppression of PLETHORA, a
central regulator in auxin-mediated root meristem and root stem cell niche develop-
ment (Chen et al. 2011); (2) the regulatory activity of JA/JA-Ile in expression of
ANTHRANILATE SYNTHASEI (ASAT), which encodes the initial enzyme in auxin
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biosynthesis (Sun et al. 2009); and (3) COI1- and JA/JA-Ile-dependent regulation
of YUCCAS and YUCCAY, two important genes in auxin biosynthesis (Hentrich
et al. 2013).

The cross-talk between JA/JA-Ile and ET is synergistic and takes place by MYC2
activated upon herbivore attack and by ETHYLENE RESPONSE FACTORI
(ERF1). ERFI is activated upon infection by necrotrophic pathogens and JA/JA-Ile-
dependent degradation of JAZs, the repressors of MYC2 and TFs in ET signaling
such as ETHYLENE INSENSITIVE3/EIN-LIKE1 (EIN3/EIL1) and
OCTADECANOID-RESPONSIVE ARABIDOPSIS AP2/ERF domain protein
(ORAS59) (Pieterse et al. 2012). The final output of JA/JA-Ile-ET cross-talk is an
antagonistic activity between the MYC2 branch and the ERF1 branch and is of
benefit for plants due to the naturally occurring simultaneous attack by herbivores
and necrotrophic pathogens (Pieterse et al. 2012; Verhage et al. 2011).

Cross-talk between JA/JA-Ile and GA signaling takes place synergistically dur-
ing stamen development and antagonistically in the balance between growth and
defense (Kazan and Manners 2012; Wasternack and Hause 2013). During stamen
development, the repressors in GA signaling, the DELLA proteins, repress DAD]
and LOX expression in the absence of GA leading to JA/JA-Ile deficiency, to down-
regulation of MYB21 and MYB24 by JAZ, and finally to male sterility (Cheng et al.
2009; Song et al. 2011). The opposite scenario takes place by GA-induced SCFC™-
mediated DELLA degradation. JA/JA-Ile and GA act antagonistic in growth and
defense which is of benefit for the plant, since plant defense is costly and occurs at
the expense of plant growth (Hou et al. 2013; Kazan and Manners 2012). Plant
growth can occur at sufficient GA level which represses DELLAs and attenuates
DELLA binding to JAZ followed by JAZ binding to MYC2. Consequently,
JA-dependent defense response is suppressed during growth (Kazan and Manners
2012; Wager and Browse 2012; Wasternack and Hause 2013). There is a balance of
the modules of the SCF complexes for JA and GA. It has to be kept in mind, how-
ever, that these complexes are part of the COP9 signalosome (CSN) multiprotein
complex which regulates both SCF activities (Stratmann and Gusmaroli 2012).
In addition to the GA—JA/JA-Ile cross-talk, the balance between disease resistance
and growth is regulated by ABA, SA, and auxin (Denancé et al. 2013). Here, patho-
gens evade hormone-mediated defense responses with a negative effect on fitness
leading to less growth and development.

Cross-talk between BR and JA/-JA-Ile is antagonistic in respect to growth as
shown by mutants (Huang et al. 2010) and is synergistic in case of anthocyanin
biosynthesis, where BR acts upstream of JA/JA-Ile (Peng et al. 2011; Song et al.
2011). Another cross-talk of BR and JA/JA-Ile occurs in defense to herbivores
(Yang et al. 2013). Surprisingly, BR receptor impairment downregulates herbivore-
induced accumulation of JA-Ile and diterpene glycosides without effects on JA lev-
els and trypsin proteinase inhibitor levels (Yang et al. 2013). An important gene in
BR biosynthesis is DWF4 (DWARF4) which encodes a steroid C22 a-hydroxylase
(CYP90B1). Its expression is auxin inducible and is repressed by JA/JA-Ile.
Consequently, the balance between growth and defense is sustained by JA/JA-Ile
via BR (Kim et al. 2013).
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The cross-talk between ABA and JA/JA-Ile was clearly detected for the wound
response. Here, the rise of ABA and JA/JA-Ile and JA/JA-Ile-induced formation of
PYL4 and PYLS5, which are ABA receptors, have been shown (Kazan and Manners
2008; Lackman et al. 2011). Many components of the cross-talk between JA/JA-Ile
and SA have been identified, and synergistic and antagonistic interactions were
shown (Boatwright and Pajerowska-Mukhtar 2013; Gimenez-Ibanez and Solano
2013; Pieterse et al. 2012). JA/JA-Ile is the key player in responses to necrotrophic
pathogens and herbivores, whereas SA is the central signaling compound in
responses to biotrophic pathogens (Pieterse et al. 2012). Key components of both
pathways such as glutaredoxins, thioredoxins, TFs such as WRKY70 for the SA
pathway, and MYC2 as well as COI1 for the JA pathway are involved in the cross-
talk. Final steps in this cross-talk are nuclear modulation of both signaling pathways
(Gimenez-Ibanez and Solano 2013; Pieterse et al. 2012). The well-known suppres-
sion of JA-responsive gene expression takes place downstream of JA formation
(Leon-Reyes et al. 2010) and of the SCF°"'-JAZ-co-receptor function. The sup-
pression includes the TF ORAS9 (Van der Does et al. 2013). Another interesting
cross-talk was shown by coronatine-mediated increase in P. syringae virulence
(Zheng et al. 2012). Here, ARABIDOPSIS NAM, ATAF1,2, CUC2 (NAC) TFs
(ANAC:s) are involved. Coronatine activates the three homologous TFs, ANACO19,
ANACO055, and ANAC072, in an MY C2-dependent manner, leading to inhibition of
initial steps in SA synthesis. A similar scenario for these ANAC TFs was found dur-
ing senescence (cf. section “JA/JA-Ile in Plant Growth and Development”). In par-
allel, coronatine allowed bacterial propagation locally and systemically upon
induction of stomata reopening (Xin and He 2013) or inhibition of stomatal closure
(Lee et al. 2013). These data reflect the multiple virulence activities of coronatine
(Zheng et al. 2012). The properties of coronatine as a multifunctional suppressor of
defense include also COI1- and SA-independent signaling (Geng et al. 2012). The
JA/JA-Ile - SA cross-talk is a conserved mechanism and is transmitted to the next
generation (Luna et al. 2012). Obviously, these pathways allow in nature the flexi-
bility of plants to adapt to simultaneously and/or subsequently occurring changes in
the environment (Thaler et al. 2012). It is interesting to note that nuclear targeted
effectors of pathogenic fungi, nematodes, and beneficial microbes are similar in
their action and reprogramming of hormonal pathways such that of SA and JA/JA-
Ile (Gimenez-Ibanez and Solano 2013).

JA/JA-Ile signaling versus OPDA signaling is an intriguing question rose by the
fact that the SCF®"'-JAZ-co-receptor complex accept exclusively (+)-7-iso-JA-Tle
(Fonseca et al. 2009) but not OPDA (Thines et al. 2007). The mechanistic proof was
given upon crystallization of the complex (Sheard et al. 2010). There are, however,
OPDA-specific reactions such as tendril coiling (Blechert et al. 1999), gene expres-
sion (Mueller et al. 2008; Taki et al. 2005), embryo development in tomato (Goetz
et al. 2012), inhibition of seed germination (Dave et al. 2011), activation of PHOI
genes which are involved in phosphate accumulation (Ribot et al. 2008),
PHYTOCHROME A signaling (Robson et al. 2010), hypocotyl growth inhibition
(Briix et al. 2008), or insect-induced closure of the Venus flytrap (Escalante-Pérez
et al. 2011) (reviewed in Wasternack and Hause 2013, Wasternack et al. 2012).
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In P. patens which does not contain JA (Stumpe et al. 2010), OPDA is involved in
responses to B. cinerea infection by reinforcement of the cell wall and programmed
cell death (Ponce de Leon et al. 2012). Even JA is absent in P. patens, the moss
can respond to applied JA suggesting perception via the SCFO!'-JAZ-co-receptor
complex or a perception mechanism not yet identified.

Some of the OPDA-specific effects might be mediated by RES since OPDA con-
tains an o,p-unsaturated carbonyl group (Farmer and Mueller 2013). An interesting
new example of OPDA-specific signaling was given recently by data on OPDA-
binding to cyclophilin 20-3 which is involved in stress responses (Park et al. 2013).
As a consequence of OPDA-binding to this cyclophilin, a hetero-oligomeric cysteine
synthase complex is formed in the chloroplast leading to activation of sulfur assimi-
lation and cellular redox homeostasis (Park et al. 2013).

JA/JA-Ile-Regulated Metabolism of Secondary Compounds

Besides JA-induced proteins of barley (Weidhase et al. 1987) and wound-induced
PROTEINASE INHIBITOR (PIN) formation in tomato (Farmer and Ryan 1990),
the elicitor-induced alkaloid synthesis of plant cell cultures was among the first
JA-induced gene expression programs which were analyzed (Gundlach et al. 1992).
Meanwhile, JA/JA-Ile-induced synthesis of secondary compounds has been shown
for many plant species and diverse secondary compounds. This led to biotechno-
logical and agricultural applications (reviewed in Wasternack 2013).
OCTADECANOID DERIVATIVE RESPONSIVE CATHARANTHUS AP2
DOMAIN2 and 3 (ORCA2 and ORCA3) were the first TFs involved in synthesis of
secondary metabolites, here terpenoid indole alkaloids (TIA) in Catharanthus
roseus (van der Fits and Memelink 2000). Transcriptional control of secondary
metabolite biosynthesis has been shown in detail and includes the SCF°!'-complex,
JAZ proteins, MYC2, ORCAs and/or ERFs, MYBs, and WRKY's which are active
in distinct pathways. For nicotine biosynthesis requirement of functional SCF!-
JAZ-co-receptor complex, MYC2, and AP2/ERFs has been shown (De Boer et al.
2011; Shoji and Hashimoto 2011). AP2/ERFs are encoded by the NIC locus in
tobacco, comprise 239 members (Rushton et al. 2008), and are close homologues of
ORCA3 of C. roseus. Obviously, these TFs evolved as a regulatory module in two
species and two pathways in parallel due to evolutionary advantage.

The abovementioned “machinery” of SCF®!, JAZ, MYC2, ORCA2, and
ORCAZ3 is also active in vinblastine biosynthesis of C. roseus (Zhang et al. 2011),
whereas artemisinin biosynthesis is controlled by ERFI1, ERF2, MYC2, and
WRKY1 (Ma et al. 2009). The trichome-specific TF of Artemisia annua ORA, a
member of the AP2/ERF TF family, is a key player in artemisinin biosynthesis
(Lu et al. 2013). Interestingly, artemisinin biosynthesis genes are coordinately
activated with genes involved in the formation of trichomes, the storage organ of
artemisinin (Maes et al. 2011).

Many genes encoding enzymes of glucosinolate/camalexin biosynthesis are
JA/JA-Tle regulated via SCF!, JAZ, MYC2, MYC3, MYC4, and an MAP
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kinase—WRKY cascade (De Geyter et al. 2012; Schweizer et al. 2013). Members
of the NAC TF family such as ANAC42 are also involved. In summary, the TFs
active in alkaloid biosynthesis belong to the families of bHLH, MYC, ERF, and
WRKY TFs, and most of them are JA/JA-Ile inducible. These aspects have been
reviewed recently (Yamada and Sato 2013).

Anthocyanin is the most prominent secondary compound formed upon JA/JA-Ile
treatment or any environmental stimuli leading to endogenous rise of JA/JA-Ile.
Any stress of plant tissues is frequently visible by red cell layers indicating antho-
cyanin formation. Involvement of JA/JA—Ile biosynthesis and signaling has been
repeatedly shown by lack of anthocyanin formation in mutants of A. thaliana or
tomato affected in JA biosynthesis or signaling. Prominent examples are coil
and opr3 for A. thaliana and jail, spr2, and acxl for tomato (Browse 2009b)
(Table 1). Important TFs active in anthocyanin synthesis are PRODUCTION OF
ANTHOCYANIN PIGMENTI1 (PAP1), ENHANCER OF GLABRA3 (EGL3),
GLABRA3 (GL3), MYB75, and TRANSPARENT TESTAS (TT8). All of them are
targets of JAZ proteins (Qi et al. 2011). Like artemisinin, anthocyanin formation
and trichome formation are coordinately regulated as shown by identification of the
tomato homologue of COI1, JAI1 (Li et al. 2004). In jail mutant plants no anthocy-
anin formation and trichome formation takes place.

JA/JA-Ile in Biotic Interactions of Plants

Due to their sessile lifestyle, plants have to respond to any attack by herbivores, leaf
or root pathogens, nematodes, and sucking insects. Biotic interactions can be, how-
ever, also beneficial for plants as in case of mutualistic interactions, such as arbus-
cular mycorrhiza (AM), growth-promoting rhizobacteria leading to ISR, or root
nodule symbiosis (RNS). Even plant—plant interactions occurring by near growth of
different plant species can be beneficial for both partners. Leaf volatiles or root
exudates can attribute to such interaction. The benefit for the plants is obvious by the
so-called intercropping, the mixed growth of two or more plant species (cf. section
“Applied Aspects on Jasmonates™). In all these interactions JA is a signal.
Response to herbivory and mechanical wounding is one of the most prominent
and early observed JA responses. There was the observation by C. A. Ryan (Pullman,
USA) that a sagebrush plant led to less attack by herbivores of a neighboring tomato
plant (Farmer and Ryan 1990). Volatile JAMe was identified as the compound emit-
ted by sagebrush leaves which induced in the neighboring tomato leaves formation
of PIN2, a deterrent protein for the gut of herbivores. Worldwide is a dramatic loss
in agriculture by herbivores, mechanical wounding, or sucking/piercing insects.
This led to intensive research. Plant responses to herbivores are induced by oral
secretion of the herbivore which contain inducers of wound-induced gene expres-
sion such as volicitin (cf. rev. of Wasternack and Hause 2002). There are two defense
mechanisms: (1) direct defense by formation of toxic compounds such as nicotine
in tobacco or other deterrent secondary metabolites, by synthesis of many defense
proteins such as PINs or polyphenol oxidase (PPO) which have deterrent role in the
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Fig. S Mechanical wounding and herbivory leads to direct and indirect defense. Upon elicitation
by oral secretions of herbivores or mechanical damage of leaves, defense proteins such as protein-
ase inhibitors (PINs) or polyphenol oxidase (PPO) as well as toxic compounds such as nicotine in
case of tobacco are formed. All of them affect digestion of the leaf tissues in the herbivorous gut
due to deterrent properties of these proteins or compounds. Indirect defense upon herbivory is initi-
ated by emission of leaf volatiles which attract parasitoids and carnivores or alter oviposition of
herbivores. Additionally, volatiles can induce defense reactions in neighboring plants. Extra floral
nectar (EFN) formation can also attribute to defense (with permission)

digestion of the herbivorous gut, and (2) indirect defense by emission of volatiles
such as leaf alcohols or aldehydes or terpenoids (Fig. 5). These volatiles attract
carnivores, parasitoids, or predators and alter the oviposition of herbivores. There is
a specific volatile blend which differs among various insect communities. Under
field conditions, the volatile emission can reduces the number of herbivores up to
90 % (Kessler et al. 2004). The scenario, however, is more complex than previously
recognized, e.g., oral secretions of herbivores contain bacteria which downregulate
plant defense reactions (Chung et al. 2013). Another issue is the reallocation of
resources within a plant by herbivore attack. JA/JA-Ile-mediated defense is costly,
e.g., herbivore attack on leaves reduces sugar and starch levels in roots and reduces
regrowth from the rootstock (Machado et al. 2013). Besides wounding by mechanical
damage or herbivores, touch of aboveground plant parts increases endogenous
JA/JA-Ile levels and leads to growth inhibition (Tretner et al. 2008). This is even
different to soft mechanical stress which generates ROS (reactive oxygen species) in
a JA-independent manner leading to resistance to B. cinerea (Benikhlef et al. 2013).

Due to the overwhelming literature on wound responses and herbivory available
already in reviews, we refer here to some of them to avoid overlap (Ballaré 2011;
Bonaventure et al. 2011; Dicke and Baldwin 2010; Erb et al. 2012; Fiirstenberg-
Higg et al. 2013; Meldau et al. 2012; Reymond 2013; Santino et al. 2013).
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Arbuscular mycorrhiza (AM) is a mutualistic interaction of about 80 % of land
plants with fungi of the phylum Glomeromycota (Schiissler et al. 2001). AM leads
to supply of mineral nutrients and water as well as improved tolerance to some abi-
otic and biotic stressors (Cameron et al. 2013; Hause and Schaarschmidt 2009).
Some of participating proteins have been identified mainly by RNAi approaches.
Among them are components of membrane biosynthesis, transport, sucrose cleav-
age, and carotenoid biosynthesis (Recorbet et al. 2013). Several data accord with a
role of JA/JA-Ile in the establishment and maintenance of AM: (1) AM roots of
M. truncatula have increased JA levels and increased expression of JA biosynthesis
genes (Hause et al. 2002; Isayenkov et al. 2005), (2) transgenic tomato lines with
enhanced JA levels exhibit increased mycorrhization (Tejeda-Sartorius et al. 2008),
(3) AOC-RNAI lines of M. truncatula carrying reduced JA biosynthesis have
significantly less mycorrhization (Isayenkov et al. 2005), and (4) repeated wound-
ing of M. truncatula leaves elevates JA levels and increases AM (Landgraf et al.
2012) (cf. also review of Wasternack and Hause 2013). The establishment of AM
leads to systemic protection against many attackers similar to systemic acquired
resistance (SAR) following pathogen attack and ISR after colonization by non-
pathogenic rhizobacteria (Cameron et al. 2013). Therefore, the term “mycorrhiza-
induced resistance” (MIR) was proposed. Four phases have been proposed, where
in the last phase a systemic priming of JA- and ET-dependent defense reactions
occur (Cameron et al. 2013).

ISR is induced by nonpathogenic microbes and, as mentioned above, by mycor-
rhizal fungi. JA/JA-Ile is the central regulator in generation of ISR (Van der Ent
et al. 2009). There is a close interconnection between ISR and MIR due to putative
priming of JA-dependent defenses caused by ISR-related rhizobacteria in the
mycorrhizosphere (Cameron et al. 2013).

RNS has been controversially discussed in respect to putative role of JA/JA-Ile
(cf. rev. of Wasternack and Hause 2013). Whereas in limited light supply JA/JA-Ile
seems to be a positive regulator (Shigeyama et al. 2012; Suzuki et al. 2011), no
increased JA level during nodulation under normal growth conditions was found
(Landgraf et al. 2012). Autoregulation, a systemic effect in RNS, is a complex
scenario, for which involvement of shoot-derived JA/JA-Ile has been proposed
(Hause and Schaarschmidt 2009; Kinkema and Gresshoff 2008). RNS and AM have
some common signaling components. Ca?* and calmodulin-dependent protein
kinases are the central signaling hubs, whereas specificity for AM and RNS is given
by transcriptional regulators (Singh and Parniske 2012). These common sequences
in AM and RNS seems to be inhibited by shoot-derived JA/JA-Ile during autoregu-
lation (Hause and Schaarschmidt 2009).

JA/JA-Ile in Abiotic Stress Response of Plants

Involvement of JA/JA-Ile has been shown for plant responses to salt, drought, and
osmotic and chilling stresses and has been reviewed recently (Santino et al. 2013). For
several of these signaling pathways, JA/JA-Ile-specific signaling modules such as
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SCFO!, JAZ, and MYC2 or expression of JA/JA-Ile biosynthesis genes has been
identified. An example is the response to cold stress being positively regulated by JA/
JA-Ile (Hu et al. 2013b). Key players in cold stress response are JA/JA-Ile inducible,
and the INDUCER OF CBF EXPRESSIONI1 (ICE) is a target of JAZ1 and JAZA.

JA/JA-Ile in Plant Growth and Development

The involvement of jasmonates in plant growth and development has been unequivo-
cally shown by mutants affected in JA/JA-Ile biosynthesis and JA/JA-Ile signaling.
These mutants preferentially identified for A. thaliana and tomato showed an altered
phenotype in root growth inhibition and flower development. These aspects have been
reviewed (Browse 2009a, b). For comparison, a brief summary of several mutants is
shown in Table 1. These mutants can be subdivided into mutants of JA biosynthesis,
mutants with reduced sensitivity to JA/JA-Ile, mutants with constitutive JA response,
and mutants with increased JA response. Among JA biosynthesis mutants, fad3-
2fad7-2fad8, spr2, aos, and dde2-2 are prominent examples for JA/JA—Ile and OPDA
deficiency. In contrast, opr3 and acx! plants are JA deficient but still able to accumu-
late OPDA upon wounding. Constitutive JA/JA-Ile responses occur in cevl plants,
where the subunit 3 of the cellulose synthase complex of A. thaliana is altered (Ellis
et al. 2002). Recently, a set of mutants with increased JA responses was identified.
Here, JAM1, JAM?2, and JAM3 were identified as bHLH TF/JA-associated MYC2-
like negative regulators of MYC2 signaling (Nakataetal. 2013) (cf. section “Perception
of JA-Ile and Cross-Talk to Other Hormones”) . Another negative regulator is
encoded by the JAVI gene. In javl mutant plants defense responses to necrotrophic
pathogens and herbivores are increased without influencing growth and development
(Hu et al. 2013a). This indicates repressor function of JAV1 at least partially like the
JAZ proteins (cf. section “Perception of JA-Ile and Cross-Talk to Other Hormones™).
Male sterility is among the most prominent phenotypes described for JA-insensitive
(coil, jail) or JA-deficient plants (opr3, dde2-2, fad3-2 fad7-2 fads).

Flower Development: The altered phenotype of mutants affected in JA/JA—Ile biosyn-
thesis and signaling led to detailed analyses of flower development (Browse 2009a;
Song et al. 2013b; Wilson et al. 2011). Among the male sterile A. thaliana plants,
insufficient filament elongation (opr3), nonviable pollen, and delayed anther dehis-
cence (dadl) have been described. Stamen transcriptome analysis in JA-treated opr3
plants led to the identification of several MYB-type TFs (Mandaokar et al. 2006) (cf.
section “Perception of JA-Ile and Cross-Talk to Other Hormones”). Among them,
MYB21, MYB24, and MYB57 were identified as JAZ targets being essential for sta-
men development (Song et al. 2011). Cross-talk to auxin in anther development was
clearly shown by control of JA biosynthesis genes such as DADI, LOX2, AOS, or
OPR3 by AUXIN RESPONSE FACTORG6 (ARF6) and ARFS (Nagpal et al. 2005;
Reeves et al. 2012) and accumulation of JA in auxin receptor quadruple mutant (tir/,
afbl-3) (Cecchetti et al. 2013) (cf. review of Song et al. 2013b). There is also a cross-
talk between JA/JA-Ile and GA as briefly described in section “Perception of JA-Ile
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and Cross-Talk to Other Hormones”. Here, DELLAs suppress expression of JA
biosynthesis genes, thereby reducing JA/JA-Ile levels which are required for MYB21/
MYB24/MYB57 expression, the essential TFs in stamen development (Song et al.
2011, 2013b). Another indication for the role of JA/JA-Ile in flower development is
given by binding of the TF AGAMOUS to the promoter of DADI, encoding the
PLALI involved in JA formation in flowers (Ishiguro et al. 2001) (cf. section “JA
Biosynthesis™), and by controlling of the bHLH TF BIGPETALp by JA/JA—Ile. This
TF is involved in petal growth (Brioudes et al. 2009).

Seed Germination: Although GA, ABA, and ET are key players in seed germina-
tion, also JA/JA-Ile is active in an inhibitory manner (cf. review of Linkies and
Leubner-Metzger 2012). Seed germination data for many mutants affected in JA
biosynthesis and JA signaling revealed involvement of COI1. The mechanism of the
suggested involvement of the SCF°!'-JAZ-co-receptor complex is, however, not
clear. The compound which inhibits seed germination is OPDA and not JA/JA-Ile,
as checked with mutants of enzymatic steps downstream of OPDA formation (Dave
et al. 2011; Dave and Graham 2012; Goetz et al. 2012). OPDA cannot be perceived
viathe SCFO-JAZ co-receptor complex (Thines et al. 2007) (cf. section “Perception
of JA-Ile and Cross-Talk to Other Hormones”).

Growth and Light: Plant growth is influenced by light in developmental programs
such as photomorphogenesis, skotomorphogenesis, and shade avoidance syndrome
(SAS) which have been studied intensively (Chory 2010; Lau and Deng 2010).
Involvement of JA/JA-Ile, however, was analyzed only recently. Requirement for
MYC2 activity, decreased defense against herbivores or necrotrophic pathogens
upon silencing of JA/JA—Ile signaling components, and involvement of the JA/JA—
Ile-linked MED25 (cf. section “Perception of JA-Ile and Cross-Talk to Other
Hormones™) in phytochrome B-mediated SAS are few examples. The different
aspects of JA/JA-Ile in light signaling have been reviewed (Lau and Deng 2010;
Ballaré 2011; Ballaré et al. 2012; Kazan and Manners 2011; Wasternack and Hause
2013) and are not repeated here to avoid overlap.

Growth inhibition is an early observed physiological effect of JAs (Dathe et al.
1981). An explanation could be given by wound-induced inhibition of mitosis
(Zhang and Turner 2008). The endogenous rise in JA after wounding of leaves
occurs in all dicotyledonous plants tested so far. Even repeated touching of leaves
leads to increase in JA which is sufficient to inhibit growth (Chehab et al. 2012;
Tretner et al. 2008). Recently performed analysis of effects of JA showed COIl-
dependent arrest in endo-reduplication cycle, in mitotic cycle during the G1 phase,
and in downregulation of key determinants of DNA replication (Noir et al. 2013).
The final output of these JA/JA-Ile effects is reduced expansion, growth, size, and
number of cells which leads to reduced leaf size.

Root growth inhibition is a regularly performed assay for action of jasmonates
and was used for screening of mutants in JA biosynthesis and JA/JA-Ile signaling,
e.g., jarl, a JA-insensitive mutant (cf. Table 1), has been identified via root growth
inhibition (Staswick et al. 1992). Root growth inhibition is COIl dependent.
Involvement of JA/JA-Ile is also indicated by the stunted root growth phenotype of
cevl plants which have constitutively elevated JA/OPDA levels (Ellis et al. 2002).
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NINJA, the corepressor of JA/JA-Ile signaling acting together with JAZ proteins
(cf. section “Perception of JA-Ile and Cross-Talk to Other Hormones”), is indispen-
sible in repressing JA/JA-Ile signaling in roots and keeps normal root growth
(Acosta et al. 2013). The complex nature of root growth is now studied by system
biology approaches (Band et al. 2012a) which showed hierarchic interaction of GA,
auxin, CK, and JA. Due to the abovementioned cross-talk among these hormones
during JA/JA-Ile perception and signaling (cf. section “Perception of JA-Ile and
Cross-Talk to Other Hormones™), the outcome of root growth inhibition is given by
altered cell division, membrane traffic, cell wall loosening and synthesis, as well as
altered turgor and growth rate. All of them affect hormonal and mechanic signaling
(Band et al. 2012b). Auxin, the key player in root growth, is influenced by (1) JA/
JA-Tle-induced ASAI expression, required for auxin biosynthesis (Sun et al. 2009);
(2) JA-induced redistribution of PIN-FORMED?2, an auxin transporter (Sun et al.
2011); and (3) JA/JA-Ile-induced MYC2-dependent repression of PLETHORA,
required for stem cell niche activity (Chen et al. 2011). Furthermore, in rice the
outcome of root growth inhibition is determined by root cell elongation which is
regulated by a ternary complex of JAZ proteins, bHLH TFs, and a nuclear factor
active in rice salt stress (Toda et al. 2013).

Lateral root formation is influenced by JA/JA-Ile via the abovementioned cross-
talk with auxin. Genes involved in JA/JA-Ile formation such as AtfAOC3 and
AtAOC4 have high promoter activity in emerging lateral roots (Stenzel et al. 2012),
and the JA/JA-Ile-insensitive coil-16 plants have less lateral roots (Zhang and
Turner 2008). But also a JA/JA-Ile-independent signaling seems to be involved,
since 9-LOX products derived from LOX1 and LOXS negatively regulate lateral
root formation (Vellosillo et al. 2007).

Adventitious root formation is a multifactorial process with involvement of
auxin, cytokinin, and JA/JA-Ile (Da Costa et al. 2013). Key player is auxin that acts
as an inducer by regulating JA/JA-Ile homeostasis (Gutierrez et al. 2012). Auxin
regulates ARF6 and ARFS in a positive manner. Downstream of auxin, adventitious
root formation is negatively regulated by JA/JA-Ile in a COIl- and MYC2-
dependent manner. Consequently, coil-16, myc2, myc3, myc4, and jarl mutant
plants have more adventitious roots than the wild type (Gutierrez et al. 2012).

Gravitropism is a morphogenic response caused by auxin redistribution and
intra- and intercellular communication. Besides the mechanistic framework of
cross-talk in auxin and JA/JA-Ile signaling, gradients of auxin, JA/JA-Ile, and
auxin responsiveness have been detected during gravitropic response. This supports
the traditionally used Cholodny—Went hypothesis for explanation of asymmetric
growth (Gutjahr et al. 2005).

Trichomes, preferentially glandular trichomes, are “factories” for production of
secondary metabolites such as terpenoids, flavonoids, alkaloids, and defense pro-
teins (Tian et al. 2012; Tissier 2012). Therefore, glandular trichomes are involved in
resistance to insects as shown by the odorless-2 tomato mutant (Kang et al. 2010).
Identification of jail, the tomato homologue of AtCOIl, clearly showed require-
ment for intact JA/JA-Ile-signaling in trichome formation (Li et al. 2004). Trichome
density and JA/JA-Ile-inducible defense compounds such as monoterpenes,
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sesquiterpenes, and PINs are involved in resistance to herbivores (Tian et al. 2012).
Trichome initiation is dependent on TFs such as MYB75, GL3, and EGL3 which
are targets of JAZ proteins (Qi et al. 2011) (cf. section “Perception of JA-Ile and
Cross-Talk to Other Hormones”).<> Among trichome-specific enzymes involved in
synthesis of secondary metabolites such as pyrethrins of Pyrethrum are two LOXs
which convert a-LeA to 13-HPOT (Ramirez et al. 2013). The pyrethrins cinerolone,
jasmolone, and pyrethrolone are assumed to be synthesized from the JA derivative
7-OH-JA (cf. section “Metabolism”).

Tuber formation was assumed to be dependent on 12-OH-JA. In the late 1980s,
12-OH-JA was named tuberonic acid (TA) due to its tuber-inducing activity
(reviewed by Wasternack and Hause 2002). Later on, involvement of StLOXI1 in
tuber formation (Kolomiets et al. 2001) and accumulation of JA and TA in stolons
under low tuber-inducing temperature were shown (Nam et al. 2008). These data on
TA, however, are only correlative. The effect could be indirect. Meanwhile, a con-
clusive scenario of tuber formation has been established. In this scenario, the potato
orthologues of CONSTANS and FLOWERING LOCUS T are involved (Rodriguez-
Falcon et al. 2006).The gene encoding the homeobox TF BELS is expressed in a
phytochrome B-dependent manner, and its mRNA is transported under short-day
conditions and at low temperature from leaves to the stolon tip via the phloem
(Hannapel 2010; Lin et al. 2013). Finally, the GA-20 oxidasel promoter binds
StBELS and another TF, POTHI, leading to increased GA levels (Banerjee et al.
2006; Lin et al. 2013). Interestingly, the phloem transport of StBELI mRNA is
accompanied with a phloem transport of mRNAs of Aux/[AA-encoding genes
which leads to suppression of root growth (Hannapel 2013). Possibly, the role of TA
is indirect by altering cell expansion.

Senescence: Senescence is a complex developmentally and environmentally regu-
lated process. Nutrient availability, biotic and abiotic stress, and light/dark condi-
tions influence senescence. Among senescence-related hormones, JA is known for a
long time as a senescence-promoting factor (Ueda and Kato 1980). Aspects on senes-
cence were reviewed recently (Guo and Gan 2012; Zhang and Zhou 2013). Transcript
profiling in different stages of senescence led to a leaf senescence database
(Buchanan-Wollaston et al. 2005; Liu et al. 2011) and identification of JA-linked TFs
such as WRKY53 (Miao and Zentgraf 2007), WRKY54, and WRKY70 (Besseau
et al. 2012) and TFs of the NAC family (Balazadeh et al. 2010). For the latter, e.g.,
ANACO019, ANACO55, and ANACO072, a regulatory network was shown recently
indicating similarities and divergence among activities of TFs in stress responses (cf.
section “Perception of JA-Ile and Cross-Talk to Other Hormones™) and senescence
downstream of MYC and MYB TFs (Hickman et al. 2013). The NAC TF OREI
(ANACO092) is a positive and central regulator of senescence (Matallana-Ramirez
et al. 2013). Other components of JA/JA—Ile-mediated senescence are (1) the COIl-
dependent downregulation of RUBISCO activase (Shan et al. 2011), (2) the JA/JA-
Ile-induced chlorophyll degradation (Tsuchiya et al. 1999), (3) the cross-talk to ET
(Wang et al. 2013) or CK (van Doorn et al. 2013), and (4) the recruitment of JA/
JA-Ile signaling in the absence of functional plastoglobule kinases accompanied
with conditional de-greening (Lundquist et al. 2013).
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Fig. 6 Scheme on applied aspects of jasmonates in horticulture, pharmacy, and biotechnology.
The accumulated knowledge on role of jasmonates in formation of secondary compounds; in
defense reactions against pathogens, nematodes, or herbivores; in senescence, pre- and post-
harvest, crop quality; or in arbuscular mycorrhiza led to their increased application (with
permission)

Applied Aspects on Jasmonates

Upon two decades of JA research on JA-biosynthesis and JA-mediated signal trans-
duction pathways in plant stress responses and development, an increasing interest
is obvious to use this knowledge for horticultural applications. There are several
examples summarized in Fig. 6, showing how JA/JA-Ile-mediated processes can be
used in agriculture for improved plant growth, harvest, biotechnological production
of secondary metabolites, or improvement of plant immunity. Applied aspects on
jasmonates have been reviewed recently (Wasternack 2014). Therefore, only few
examples will be briefly discussed here.

Freezing Tolerance: JA/JA-Ile is clearly a positive regulator of freezing tolerance
(Hu et al. 2013b). Inhibition of JA/JA—Ile biosynthesis and signaling leads to hypersen-
sitivity to freezing. The key players in cold stress, CBFI/DREBI, are JA/JA-Ile
inducible, and ICE (INDUCER OF CBF EXPRESSIONTI) is a target of JAZI
and JAZA4.

Defense Against Root Nematodes: Roots are attacked by root-knot and cyst nema-
todes which are endoparasites. These parasites use plant nutrients for their own
lifestyle (Gheysen and Mitchum 2011). Worldwide there is about 5 % crop loss by
root-knot nematodes of the genus Melogyne which attack about 200 mono- and
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dicotyledonous species. Nematodes inject after invasion effector proteins into
the host leading to a dramatic reprogramming of gene expression. Besides auxin,
ET, and BR, JA is involved in systemically induced defense reactions against root
nematodes (Nahar et al. 2013). Knowledge on participating signaling components
will improve putative application. Here, simultaneously active shoot-feeding insects
have to be taken into account. There is a compensatory plant growth response by
herbivores which affects nematode invasion (Wondafrash et al. 2013).

Intercropping: Mixed growth of two or more crops, called intercropping, is of
increasing interest due to obvious disadvantages of plant growth in monocultures.
More than 28 million hectare in China is used already by intercropping. An interest-
ing example is the maize/peanut intercropping which improves iron content of
plants on calcareous soil (Xiong et al. 2013). In both plants, stress-related proteins
are downregulated in a JA-dependent manner, initiated by interactions via the rhi-
zosphere. A JA/JA-Ile-mediated advantage in intercropping systems is also given
by volatile organic compounds (VOCs) which strongly interfere with insect interac-
tions (Poveda and Kessler 2012).

A pesticide-free management of agroecosystems is envisaged by growing the
right plants together. Maize plants growing together with legumes are much less
attacked by the adult stem borer moth due to VOC emission, whereas grasses grow-
ing at the boarder of a maize field can attract gravid females away from maize plants
(Hassanali et al. 2008). There are increasing examples, how plant—plant communi-
cations can be used for agricultural improvement. In the rhizosphere, root exudates
attribute to communication, whereas in the atmosphere volatile compounds such as
VOCs including JAMe are active.

Pre- and Post-harvest Effects and Crop Quality: Infection by Botrytis and green
mold is the reason for the most frequently appearing loss in post-harvest (Rohwer
and Erwin 2008). The role of JA/JA-Ile in infection by necrotrophic pathogens like
B. cinerea is well understood. Consequently, application of JA and JA/JA-Ile-mediated
volatile production are frequently used to establish resistance by pre- and post-
harvest treatments. Crop quality can be improved by JAMe treatment. Here, (1)
accumulation of “healthy” compounds such as resveratrol in case of Vitis vinifera
leaves (Ahuja et al. 2012), (2) JA-induced accumulation of anthocyanins and anti-
oxidant compounds in fruits and vegetables (Wang and Zheng 2005), or (3) JA/
JA-Ile-induced GS formation in cruciferous vegetables (Grubb and Abel 2006) can
be of interest. The latter aspect can be reached by JA treatment under field condi-
tions without loss in post-harvest quality (Ku et al. 2013). Compounds of pharma-
ceutical interest such as alkaloids, taxol, or saponins are “produced” in plant cell
cultures or via transgenic approaches due to their induction by JA/JA-Ile. During
post-harvest of crops, herbivore resistance can be enhanced by using plant-circadian
clock function for fitness (Goodspeed et al. 2013).

Jasmonates in Cancer Therapy: Jasmonates are unique for plants and do not occur
in human tissues. There is, however, an anticancer activity of several JA compounds
at least in several human cell lines (cf. review of Cohen and Flescher 2009).
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JAs exert cytotoxic effects on cancer cells by direct cell death induction via
interference with energy production, mitochondrial perturbation, and ROS production
and/or via cell cycle arrest, redifferentiation, and anti-inflammatory properties
(Raviv et al. 2013). Most strategies for use of JAs in anticancer therapy are based on
improved chemical synthesis, increase in pharmacokinetic stability, and develop-
ment of new JA compounds. There are, however, already natural sources of plants
which are used for a long time for preparation of pharmaceutical drugs with antican-
cer activity. Among them are extracts of mistletoe (Viscum album). A putative
explanation was found recently. Mistletoe plants have a JA content of about four
orders of magnitude higher levels than most other plants, such as A. thaliana,
tomato, or tobacco, even if these plants were wounded (Miersch and Wasternack,
unpublished). Natural sources such as algae extracts or treatment with JAMe have been
repeatedly described to exert anticancer activity in prostate cancer (Farooqi et al. 2012).

Soil Microbe Communities: There is a remarkable growth promotion of Arabidopsis
by soil microbes which includes a facilitation of iron uptake, downregulation of
genes involved in nitrogen uptake, redox signaling, and SA-mediated signaling,
whereas genes involved in JA signaling, photosynthesis, and cell wall synthesis were
upregulated (Carvalhais et al. 2013). There are about 10! microbes with up to 30,000
prokaryotic species per gram roots in the rhizosphere near the roots (Berendsen et al.
2012). Among them are pathogenic, beneficial, and commensal microbes. Pathogen
infection leads to damage by root growth inhibition caused by toxic compounds
of bacterial origin. Colonization by beneficial microbes, however, can result in
growth promotion or ISR. Soil-borne beneficial microbes such as Pseudomonas spp.
rhizobacteria can establish protection against abiotic stress, may prime the plant
immune system, and can change the root architecture (Zamioudis et al. 2013).

Simultaneously Applied Stresses: Most analyses of stress responses include single
stress scenarios. In nature, however, several biotic and abiotic stresses occur simulta-
neously and/or subsequently. Consequently, for any application in agriculture, data
collection has to be envisaged by simultaneously performed, multiple stresses. In an
initial transcriptome-based comparison of single and double stresses, about 60 % of
transcripts upon double stress could not be predicted by single stress data (Rasmussen
et al. 2013). Another transcriptome data set on simultaneously performed biotic and
abiotic stress showed regulation of specific genes, which are involved in several
stress responses, but also an overriding property of abiotic stress on the response to
biotic stress (Atkinson et al. 2013). Transcriptome and metabolome analyses of a
multifactorial stress experiment including heat, drought, and virus infection revealed
specific genes for single, double, and triple stress conditions including altered biotic
stress responses by abiotic stress application (Prasch and Sonnewald 2013). This bal-
ance between abiotic and biotic stress responses was inversed in case of photo-
protection versus defense. Arabidopsis mutants affected in key components of the
chloroplast photoprotection system showed elevated oxylipin levels (JA/JA-Ile,
OPDA) and increased defense against herbivores and pathogens (Demmig-Adams
etal. 2013). Obviously, any balance between abiotic and biotic stresses is not optimal
in plants and is of great impact on any agricultural application.
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Conclusions

After two decades of JA research based on analytical, genetic, molecular, and cell
biological approaches, principles in biosynthesis, perception, signaling, and action
of JA/JA-Ile have been elucidated. Signaling modules and similarities to other hor-
mones as well as the network of cross-talk among all of them are milestones in this
new knowledge. Transcriptomic, proteomic, lipidomic, and metabolomic analyses
led to a vast amount of data which will be extended on new conditions and will lead
to system biology approaches. Complex analyses will be performed on:

1. JA/JA-Ile action in stress responses and development under natural conditions
2. Simultaneous and/or subsequent action of two or more stresses in relation to JA/
JA-Ile signaling
. JA/JA-Ile-dependent balance of growth and development
. JA/JA-Ile-based communication of plants via the rhizosphere and the atmosphere
5. JA/JA-Ile-mediated plant productivity in terms of secondary and macromolecular
compounds

oW

These global questions will be underpinned by mechanistic studies in JA/JA-Ile-
signaling leading to identification of:

1. New regulatory components around the well-established SCFC"-JAZ-co-
receptor complex
2. Translational and posttranslational control mechanisms including protein phos-
phorylation and protein stability
. Epigenetic regulation of biosynthesis and signaling of JA/JA-Ile
4. Stress-specific and developmentally specific regulators active in JA/JA-Ile
signaling

(O8]

It will be fascinating to see the concerted progress in plant hormone research
including JA/JA-Ile.

Acknowledgements The author’s work was supported by the Deutsche Forschungsgemeinschaft
(SFB 363 project C5 and SFB 648 project C2) and the Region HANA for Biotechnological and
Agricultural Research, Czech Republic (grant no. ED0007/01/01). The author thanks Prof. Dr. B.
Hause (IPB, Halle/Saale, Germany) for the helpful discussions and critical reading of the manu-
script. I thank Wiley for copyright transfer of Fig. 1 (initially published in Wasternack 2006; Plant
Hormone Signaling, Eds. Hedden, P. and Thomas, S. G.); Oxford University Press for Figs. 2, 3,
and 4 (initially published in Wasternack and Hause 2013); Elsevier for Fig. 5 (initially published
in Wasternack and Hause 2002); and Elsevier for Fig. 6 (initially published in Wasternack 2014).

References

Acosta IF, Gasperini D, Chételat A, Stolz S, Santuari L, Farmer EE (2013) Role of NINJA in root
jasmonate signaling. Proc Natl Acad Sci U S A 110:15473-15478

Ahuja I, Kissen R, Bones AM (2012) Phytoalexins in defense against pathogens. Trends Plant Sci
17:73-90



250 C. Wasternack

Atkinson NJ, Lilley CJ, Urwin PE (2013) Identification of genes involved in the response of
Arabidopsis to simultaneous biotic and abiotic stresses. Plant Physiol 162:2028-2041

Avila CA, Arevalo-Soliz LM, Lorence A, Goggin FL (2013) Expression of a-DIOXYGENASE I in
tomato and Arabidopsis contributes to plant defenses against aphids. Mol Plant Microbe
Interact 26:977-986

Balazadeh S, Siddiqui H, Allu AD, Matallana-Ramirez LP, Caldana C, Mehrnia M, Zanor M-I,
Kohler B, Mueller-Roeber B (2010) A gene regulatory network controlled by the NAC tran-
scription factor ANACO092/AtNAC2/ORE] during salt-promoted senescence. Plant J
62:250-264

Ballaré CL (2011) Jasmonate-induced defenses: a tale of intelligence, collaborators and rascals.
Trends Plant Sci 16:249-257

Ballaré CL, Mazza CA, Austin AT, Pierik R (2012) Canopy light and plant health. Plant Physiol
160:145-155

Band LR, Fozard JA, Godin C, Jensen OE, Pridmore T, Bennett MJ, King JR (2012a) Multiscale
systems analysis of root growth and development: modeling beyond the network and cellular
scales. Plant Cell 24:3892-3906

Band LR, Ubeda-Tomds S, Dyson RJ, Middleton AM, Hodgman TC, Owen MR, Jensen OE,
Bennett MJ, King JR (2012b) Growth-induced hormone dilution can explain the dynamics of
plant root cell elongation. Proc Natl Acad Sci U S A 109:7577-7582

Banerjee AK, Chatterjee M, Yu Y, Suh S-G, Miller WA, Hannapel DJ (2006) Dynamics of a mobile
RNA of potato involved in a long-distance signaling pathway. Plant Cell 18:3443-3457

Bannenberg G, Martinez M, Hamberg M, Castresana C (2009) Diversity of the enzymatic activity
in the lipoxygenase gene family of Arabidopsis thaliana. Lipids 44:85-95

Benikhlef L, L'Haridon F, Abou-Mansour E, Serrano M, Binda M, Costa A, Lehmann S, Metraux
J-P (2013) Perception of soft mechanical stress in Arabidopsis leaves activates disease resis-
tance. BMC Plant Biol 13:133. doi:10.1184/1471-2229-13-133

Berendsen RL, Pieterse CMJ, Bakker PAHM (2012) The rhizosphere microbiome and plant health.
Trends Plant Sci 17:478-486

Besseau S, LiJ, Palva ET (2012) WRKY 54 and WRKY70 co-operate as negative regulators of leaf
senescence in Arabidopsis thaliana. J Exp Bot 63:2667-2679

Beyhl D, Hortensteiner S, Martinoia E, Farmer EE, Fromm J, Marten I, Hedrich R (2009) The fou2
mutation in the major vacuolar cation channel TPC1 confers tolerance to inhibitory luminal
calcium. Plant J 58:715-723

Bhosale R, Jewell JB, Hollunder J, Koo AJK, Vuylsteke M, Michoel T, Hilson P, Goossens A,
Howe GA, Browse J, Maere S (2013) Predicting gene function from uncontrolled expression
variation among individual wild-type Arabidopsis plants. Plant Cell 25:2865-2877

Blechert S, Bockelmann C, Fiillein M, von Schrader T, Stelmach B, Niesel U, Weiler E (1999)
Structure-activity analyses reveal the existence of two separate groups of active octadecanoids
in elicitation of the tendril-coiling response of Bryonia dioica Jacq. Planta 207:470—479

Boatwright JL, Pajerowska-Mukhtar K (2013) Salicylic acid: an old hormone up to new tricks.
Mol Plant Pathol 14:623-634

Bonaventure G, VanDoorn A, Baldwin IT (2011) Herbivore-associated elicitors: FAC signaling
and metabolism. Trends Plant Sci 16:294-299

Brash AR, Boeglin WE, Stec DF, Voehler M, Schneider C, Cha JK (2013) Isolation and character-
ization of two geometric allene oxide isomers synthesized from 9S-hydroperoxylinoleic acid
by cytochrome P450 CYP74C3: stereochemical assignment of natural fatty acid allene oxides.
J Biol Chem 288:20797-20806

Breithaupt C, Strassner J, Breitinger U, Huber R, Macheroux P, Schaller A, Clausen T (2001)
X-Ray structure of 12-oxophytodienoate reductase 1 provides structural insight into substrate
binding and specificity within the family of OYE. Structure 9:419-429

Breithaupt C, Kurzbauer R, Lilie H, Schaller A, Strassner J, Huber R, Macheroux P, Clausen T
(2006) Crystal structure of 12-oxophytodienoate reductase 3 from tomato: self-inhibition by
dimerization. Proc Natl Acad Sci U S A 103:14337-14342


http://dx.doi.org/Perception of JA-Ile and Cross-Talk to Other Hormones

Jasmonates in Plant Growth and Stress Responses 251

Brioudes F, Joly C, Szécsi J, Varaud E, Leroux J, Bellvert F, Bertrand C, Bendahmane M (2009)
Jasmonate controls late development stages of petal growth in Arabidopsis thaliana. Plant J
60:1070-1080

Brodhun F, Cristobal-Sarramian A, Zabel S, Newie J, Hamberg M, Feussner I (2013) An Iron
13S-lipoxygenase with an a-linolenic acid specific hydroperoxidase activity from Fusarium
oxysporum. PLoS ONE 8:¢64919

Browse J (2009a) Jasmonate passes muster: a receptor and targets for the defense hormone. Annu
Rev Plant Biol 60:183-205

Browse J (2009b) The power of mutants for investigating jasmonate biosynthesis and signaling.
Phytochemistry 70:1539-1546

Briix A, Liu T-Y, Krebs M, Stierhof Y-D, Lohmann JU, Miersch O, Wasternack C, Schumacher K
(2008) Reduced V-ATPase activity in the trans-golgi network causes oxylipin-dependent hypo-
cotyl growth inhibition in Arabidopsis. Plant Cell 20:1088-1100

Buchanan-Wollaston V, Page T, Harrison E, Breeze E, Lim PO, Nam HG, Lin J-F, Wu S-H,
Swidzinski J, Ishizaki K, Leaver CJ (2005) Comparative transcriptome analysis reveals signifi-
cant differences in gene expression and signalling pathways between developmental and
dark/starvation-induced senescence in Arabidopsis. Plant J 42:567-585

Caldelari D, Wang G, Farmer E, Dong X (2011) Arabidopsis lox3 lox4 double mutants are male
sterile and defective in global proliferative arrest. Plant Mol Biol 75:25-33

Cameron DD, Neal AL, van Wees SCM, Ton J (2013) Mycorrhiza-induced resistance: more than
the sum of its parts? Trends Plant Sci 18:539-545

Carvalhais LC, Muzzi F, Tan C-H, Hsien-Choo J, Schenk PM (2013) Plant growth in Arabidopsis
is assisted by compost soil-derived microbial communities. Front Plant Sci 4:235

Cecchetti V, Altamura MM, Brunetti P, Petrocelli V, Falasca G, Ljung K, Costantino P, Cardarelli
M (2013) Auxin controls Arabidopsis anther dehiscence by regulating endothecium lignification
and jasmonic acid biosynthesis. Plant J 74:411-422

Cevik V, Kidd BN, Zhang P, Hill C, Kiddle S, Denby KJ, Holub EB, Cahill DM, Manners JM,
Schenk PM, Beynon J, Kazan K (2012) MEDIATOR?2S5 acts as an integrative hub for the
regulation of jasmonate-responsive gene expression in Arabidopsis. Plant Physiol
160:541-555

Chauvin A, Caldelari D, Wolfender J-L, Farmer EE (2013) Four 13-lipoxygenases contribute to
rapid jasmonate synthesis in wounded Arabidopsis thaliana leaves: a role for lipoxygenase 6
in responses to long-distance wound signals. New Phytol 197:566-575

Chehab EW, Yao C, Henderson Z, Kim S, Braam J (2012) Arabidopsis touch-induced morphogen-
esis is jasmonate mediated and protects against pests. Curr Biol 22:701-706

Chen Q, Sun J, Zhai Q, Zhou W, Qi L, Xu L, Wang B, Chen R, Jiang H, Qi J, Li X, Palme K, Li C
(2011) The basic helix-loop-helix transcription factor MYC2 directly represses PLETHORA
expression during jasmonate-mediated modulation of the root stem cell niche in Arabidopsis.
Plant Cell 23:3335-3352

Chen R, Jiang H, Li L, Zhai Q, Qi L, Zhou W, Liu X, Li H, Zheng W, Sun J, Li C (2012) The
Arabidopsis mediator subunit MED25 differentially regulates jasmonate and abscisic acid sig-
naling through interacting with the MYC2 and ABIS transcription factors. Plant Cell
24:2898-2916

Cheng H, Song S, Xiao L, Soo HM, Cheng Z, Xie D, Peng J (2009) Gibberellin acts through jas-
monate to control the expression of MYB21, MYB24, and MYB57 to promote stamen filament
growth in Arabidopsis. PLoS Genet 5:¢1000440

Cheng Z, Sun L, Qi T, Zhang B, Peng W, Liu Y, Xie D (2011) The bHLH transcription factor
MYC3 interacts with the jasmonate ZIM-domain proteins to mediate jasmonate response in
Arabidopsis. Mol Plant 4:279-288

Chini A, Fonseca S, Fernandez G, Adie B, Chico JM, Lorenzo O, Garcia-Casado G, Lopez-
Vidriero I, Lozano FM, Ponce MR, Micol JL, Solano R (2007) The JAZ family of repressors is
the missing link in jasmonate signalling. Nature 448:666—-671

Chini A, Boter M, Solano R (2009) Plant oxylipins: COI1/JAZs/MY C2 as the core jasmonic acid-
signalling module. FEBS J 276:4682-4692



252 C. Wasternack

Chory J (2010) Light signal transduction: an infinite spectrum of possibilities. Plant J
61:982-991

Chung HS, Howe GA (2009) A critical role for the TIFY motif in repression of jasmonate signaling
by a stabilized splice variant of the JASMONATE ZIM-domain protein JAZ10 in Arabidopsis.
Plant Cell 21:131-145

Chung SH, Rosa C, Scully ED, Peiffer M, Tooker JF, Hoover K, Luthe DS, Felton GW (2013)
Herbivore exploits orally secreted bacteria to suppress plant defenses. Proc Natl Acad Sci U S
A 110:15728-15733

Cohen S, Flescher E (2009) Methyl jasmonate: a plant stress hormone as an anti-cancer drug.
Phytochemistry 70:1600-1609

Da Costa CT, De Almeida MR, Ruedell CM, Schwambach J, Maraschin FDS, Fett-Neto AG
(2013) When stress and development go hand in hand: main hormonal controls of adventitious
rooting in cuttings. Front Plant Sci 4:133

Danisman S, van der Wal F, Dhondt S, Waites R, de Folter S, Bimbo A, van Dijk AD, Muino JM,
Cutri L, Dornelas MC, Angenent GC, Immink RGH (2012) Arabidopsis class I and class II
TCP transcription factors regulate jasmonic acid metabolism and leaf development antagonisti-
cally. Plant Physiol 159:1511-1523

Dathe W, Ronsch H, Preiss A, Schade W, Sembdner G, Schreiber K (1981) Endogenous plant
hormones of the broad bean, Vicia faba L. (—)-Jasmonic acid, a plant growth inhibitor in
pericarp. Planta 155:530-535

Dave A, Graham IA (2012) Oxylipin signalling: a distinct role for the jasmonic acid precursor
cis-(+)-12-oxo-phytodienoic acid (cis-OPDA). Front Plant Sci 3:42

Dave A, Hernandez ML, He Z, Andriotis VME, Vaistij FE, Larson TR, Graham IA (2011) 12-Oxo-
phytodienoic acid accumulation during seed development represses seed germination in
Arabidopsis. Plant Cell 23:583-599

De Boer K, Tilleman S, Pauwels L, Vanden Bossche R, De Sutter V, Vanderhaeghen R, Hilson P,
Hamill JD, Goossens A (2011) APETALA2/ETHYLENE RESPONSE FACTOR and basic
helix—loop-helix tobacco transcription factors cooperatively mediate jasmonate-elicited nico-
tine biosynthesis. Plant J 66:1053-1065

De Geyter N, Gholami A, Goormachtig S, Goossens A (2012) Transcriptional machineries in
jasmonate-elicited plant secondary metabolism. Trends Plant Sci 17:349-359

Demmig-Adams B, Cohu CM, Amiard V, van Zadelhoff G, Veldink GA, Muller O, Adams WW
(2013) Emerging trade-offs — impact of photoprotectants (PsbS, xanthophylls, and vitamin E)
on oxylipins as regulators of development and defense. New Phytol 197:720-729

Denancé N, Sanchez-Vallet A, Goffner D, Molina A (2013) Disease resistance or growth: the role
of plant hormones in balancing immune responses and fitness costs. Front Plant Sci 4:155

Dicke M, Baldwin IT (2010) The evolutionary context for herbivore-induced plant volatiles:
beyond the 'cry for help'. Trends Plant Sci 15:167-175

Domagalska MA, Leyser O (2011) Signal integration in the control of shoot branching. Nat Rev
Mol Cell Biol 12:211-221

Dombrecht B, Xue GP, Sprague SJ, Kirkegaard JA, Ross JJ, Reid JB, Fitt GP, Sewelam N, Schenk
PM, Manners JM, Kazan K (2007) MYC2 differentially modulates diverse jasmonate-
dependent functions in Arabidopsis. Plant Cell 19:2225-2245

Ellinger D, Stingl N, Kubigsteltig II, Bals T, Juenger M, Pollmann S, Berger S, Schuenemann D,
Mueller MJ (2010) DONGLE and DEFECTIVE IN ANTHER DEHISCENCET! lipases are not
essential for wound- and pathogen-induced jasmonate biosynthesis: redundant lipases
contribute to jasmonate formation. Plant Physiol 153:114-127

Ellis C, Karafyllidis I, Wasternack C, Turner JG (2002) The Arabidopsis mutant cev/ links cell
wall signaling to jasmonate and ethylene responses. Plant Cell 14:1557-1566

Erb M, Meldau S, Howe GA (2012) Role of phytohormones in insect-specific plant reactions.
Trends Plant Sci 17:250-259

Escalante-Pérez M, Krol E, Stange A, Geiger D, Al-Rasheid KAS, Hause B, Neher E, Hedrich R
(2011) A special pair of phytohormones controls excitability, slow closure, and external stom-
ach formation in the Venus flytrap. Proc Natl Acad Sci U S A 108:15492-15497



Jasmonates in Plant Growth and Stress Responses 253

Farmaki T, Sanmartin M, Jimenez P, Paneque M, Sanz C, Vancanneyt G, Leon J, Sanchez-Serrano
JJ (2007) Differential distribution of the lipoxygenase pathway enzymes within potato
chloroplasts. J Exp Bot 58:555-568

Farmer EE, Mueller MJ (2013) ROS-mediated lipid peroxidation and RES-activated signaling.
Annu Rev Plant Biol 64:429-450

Farmer EE, Ryan CA (1990) Interplant communication: airborne methyl jasmonate induces
synthesis of proteinase inhibitors in plant leaves. Proc Natl Acad Sci U S A 87:7713-7716

Farooqi AA, Butt G, Razzaq Z (2012) Algae extracts and methyl jasmonate anti-cancer activities
in prostate cancer: choreographers of 'the dance macabre'. Cancer Cell Int 12:50

Fernandez-Calvo P, Chini A, Ferndandez-Barbero G, Chico J-M, Gimenez-Ibanez S, Geerinck J,
Eeckhout D, Schweizer F, Godoy M, Franco-Zorrilla JM, Pauwels L, Witters E, Puga MI,
Paz-Ares J, Goossens A, Reymond P, De Jaeger G, Solano R (2011) The Arabidopsis bHLH
transcription factors MYC3 and MYC4 are targets of JAZ repressors and act additively with
MYC2 in the activation of jasmonate responses. Plant Cell 23:701-715

Feussner I, Wasternack C (2002) The lipoxygenase pathway. Annu Rev Plant Biol 53:275-297

Fonseca S, Chini A, Hamberg M, Adie B, Porzel A, Kramell R, Miersch O, Wasternack C, Solano
R (2009) (+)-7-iso-jasmonoyl-L-isoleucine is the endogenous bioactive jasmonate. Nat Chem
Biol 5:344-350

Fiirstenberg-Hédgg J, Zagrobelny M, Bak S (2013) Plant defense against insect herbivores. Int J
Mol Sci 14:10242-10297

Geng X, Cheng J, Gangadharan A, Mackey D (2012) The coronatine toxin of Pseudomonas syringae
is a multifunctional suppressor of Arabidopsis defense. Plant Cell 24:4763-4774

Gheysen G, Mitchum MG (2011) How nematodes manipulate plant development pathways for
infection. Curr Opin Plant Biol 14:415-421

Gidda S, Miersch O, Levitin A, Schmidt J, Wasternack C, Varin L (2003) Biochemical and molecu-
lar characterization of a hydroxyjasmonate sulfotransferase from Arabidopsis thaliana. J Biol
Chem 278:17895-17900

Gimenez-Ibanez S, Solano R (2013) Nuclear jasmonate and salicylate signaling and crosstalk in
defense against pathogens. Front Plant Sci 4:363

Glauser G, Grata E, Dubugnon L, Rudaz S, Farmer EE, Wolfender J-L (2008) Spatial and temporal
dynamics of jasmonate synthesis and accumulation in Arabidopsis in response to wounding.
J Biol Chem 283:16400-16407

Glauser G, Dubugnon L, Mousavi SAR, Rudaz S, Wolfender J-L, Farmer EE (2009) Velocity
estimates for signal propagation leading to systemic jasmonic acid accumulation in wounded
Arabidopsis. J Biol Chem 284:34506-34513

Gobel C, Feussner 1 (2009) Methods for the analysis of oxylipins in plants. Phytochemistry
70:1485-1503

Goetz S, Hellwege A, Stenzel I, Kutter C, Hauptmann V, Forner S, McCaig B, Hause G, Miersch
O, Wasternack C, Hause B (2012) Role of cis-12-oxo-phytodienoic acid in tomato embryo
development. Plant Physiol 158:1715-1727

Goodspeed D, Liu John D, Chehab EW, Sheng Z, Francisco M, Kliebenstein Daniel J, Braam J
(2013) Postharvest circadian entrainment enhances crop pest resistance and phytochemical
cycling. Curr Biol 23:1235-1241

Grebner W, Stingl NE, Oenel A, Mueller MJ, Berger S (2013) Lipoxygenase6-dependent oxylipin
synthesis in roots is required for abiotic and biotic stress resistance of Arabidopsis. Plant
Physiol 161:2159-2170

Grubb CD, Abel S (2006) Glucosinolate metabolism and its control. Trends Plant Sci 11:89—-100

Gundlach H, Miiller M, Kutchan T, Zenk M (1992) Jasmonic acid is a signal transducer in elicitor-
induced plant cell cultures. Proc Natl Acad Sci U S A 89:2389-2393

Guo Y, Gan S-S (2012) Convergence and divergence in gene expression profiles induced by leaf
senescence and 27 senescence-promoting hormonal, pathological and environmental stress
treatments. Plant Cell Environ 35:644-655

Guo J, Pang Q, Wang L, Yu P, Li N, Yan X (2012) Proteomic identification of MY C2-dependent
jasmonate-regulated proteins in Arabidopsis thaliana. Proteome Sci 10:57



254 C. Wasternack

Gutierrez L, Mongelard G, Flokova K, Pacurar DI, Novak O, Staswick P, Kowalczyk M, Pacurar
M, Demailly H, Geiss G, Bellini C (2012) Auxin controls Arabidopsis adventitious root initia-
tion by regulating jasmonic acid homeostasis. Plant Cell 24:2515-2527

Gutjahr C, Riemann M, Miiller A, Diichting P, Weiler E, Nick P (2005) Cholodny—Went revisited:
a role for jasmonate in gravitropism of rice coleoptiles. Planta 222:575-585

Hannapel DJ (2010) A model system of development regulated by the long-distance transport of
mRNA. Journal of Integrative. Plant Biol 52:40-52

Hannapel D (2013) A perspective on photoperiodic phloem-mobile signals that control develop-
ment. Front Plant Sci 4:295

Hassanali A, Herren H, Khan ZR, Pickett JA, Woodcock CM (2008) Integrated pest management:
the push—pull approach for controlling insect pests and weeds of cereals, and its potential for
other agricultural systems including animal husbandry. Philos Trans R Soc Lond B Biol Sci
363:611-621

Hause B, Schaarschmidt S (2009) The role of jasmonates in mutualistic symbioses between plants
and soil-born microorganisms. Phytochemistry 70:1589-1599

Hause B, Maier W, Miersch O, Kramell R, Strack D (2002) Induction of jasmonate biosynthesis in
arbuscular mycorrhizal barley roots. Plant Physiol 130:1213-1220

Heitz T, Widemann E, Lugan R, Miesch L, Ullmann P, Désaubry L, Holder E, Grausem B, Kandel
S, Miesch M, Werck-Reichhart D, Pinot F (2012) Cytochromes P450 CYP94C1 and CYP94B3
catalyze two successive oxidation steps of plant hormone jasmonoyl-isoleucine for catabolic
turnover. J Biol Chem 287:6296-6306

Hentrich M, Béttcher C, Diichting P, Cheng Y, Zhao Y, Berkowitz O, Masle J, Medina J, Pollmann
S (2013) The jasmonic acid signaling pathway is linked to auxin homeostasis through the
modulation of YUCCAS8 and YUCCAY gene expression. Plant J 74:626-637

Hickman R, Hill C, Penfold CA, Breeze E, Bowden L, Moore JD, Zhang P, Jackson A, Cooke E,
Bewicke-Copley F, Mead A, Beynon J, Wild DL, Denby KIJ, Ott S, Buchanan-Wollaston V
(2013) A local regulatory network around three NAC transcription factors in stress responses
and senescence in Arabidopsis leaves. Plant J 75:26-39

Hilpert B, Bohlmann H, op den Camp R, Przybyla D, Miersch O, Buchala A, Apel K (2001)
Isolation and characterization of signal transduction mutants of Arabidopsis thaliana that
constitutively activate the octadecanoid pathway and form necrotic microlesions. Plant J
26:435-446

Hoffmann I, Jernerén F, Oliw EH (2013) Expression of fusion proteins of Aspergillus terreus
reveals a novel allene oxide synthase. J Biol Chem 288:11459-11469

Hofmann E, Zerbe P, Schaller F (2006) The crystal structure of Arabidopsis thaliana allene oxide
cyclase: insights into the oxylipin cyclization reaction. Plant Cell 18:3201-3217

Hou X, Ding L, Yu H (2013) Crosstalk between GA and JA signaling mediates plant growth and
defense. Plant Cell Rep 32:1067-1074

Hu J, Baker A, Bartel B, Linka N, Mullen RT, Reumann S, Zolman BK (2012) Plant peroxisomes:
biogenesis and function. Plant Cell 24:2279-2303

Hu P, Zhou W, Cheng Z, Fan M, Wang L, Xie D (2013a) JAV1 controls jasmonate-regulated plant
defense. Mol Cell 50:504-515

HuY, Jiang L, Wang F, Yu D (2013b) Jasmonate regulates the INDUCER OF CBF EXPRESSION-
C-REPEAT BINDING FACTOR/DRE BINDING FACTORI cascade and freezing tolerance
in Arabidopsis. Plant Cell 25:2907-2924

Huang Y, Han C, Peng W, Peng Z, Xiong X, Zhu Q, Gao B, Xie D, Ren C (2010) Brassinosteroid
negatively regulates jasmonate inhibition of root growth in Arabidopsis. Plant Signal Behav
5:140-142

Ibrahim A, Schiitz A-L, Galano J-M, Herrfurth C, Feussner K, Durand T, Brodhun F, Feussner I
(2011) The alphabet of galactolipids in Arabidopsis thaliana. Front Plant Sci 2:95

Isayenkov S, Mrosk C, Stenzel I, Strack D, Hause B (2005) Suppression of allene oxide cyclase in
hairy roots of Medicago truncatula reduces jasmonate levels and the degree of mycorrhization
with Glomus intraradices. Plant Physiol 139:1401-1410



Jasmonates in Plant Growth and Stress Responses 255

Ishiguro S, Kwai-Oda A, Ueda J, Nishida I, Okada K (2001) The DEFECTIVE IN ANTHER
DEHISCENCE] gene encodes a novel phospholipase A1 catalyzing the initial step of jasmonic
acid biosynthesis, which synchronizes pollen maturation. Plant Cell 13:2191-2209

Kang J-H, Liu G, Shi F, Jones AD, Beaudry RM, Howe GA (2010) The tomato odorless-2 mutant
is defective in trichome-based production of diverse specialized metabolites and broad-
spectrum resistance to insect herbivores. Plant Physiol 154:262-272

Kazan K, Manners JM (2008) Jasmonate signaling: toward an integrated view. Plant Physiol
146:1459-1468

Kazan K, Manners JM (2011) The interplay between light and jasmonate signalling during defence
and development. J Exp Bot 62:4087-4100

Kazan K, Manners JM (2012) JAZ repressors and the orchestration of phytohormone crosstalk.
Trends Plant Sci 17:22-31

Kazan K, Manners JM (2013) MYC2: the master in action. Mol Plant 6:686-703

Kelley DR, Estelle M (2012) Ubiquitin-mediated control of plant hormone signaling. Plant Physiol
160:47-55

Kessler A, Halitschke R, Baldwin I (2004) Silencing the jasmonate cascade: induced plant defenses
and insect populations. Science 305:665—-668

Kienow L, Schneider K, Bartsch M, Stuible H-P, Weng H, Miersch O, Wasternack C, Kombrink E
(2008) Jasmonates meet fatty acids: functional analysis of a new acyl-coenzyme A synthetase
family from Arabidopsis thaliana. J Exp Bot 59:403—419

Kim B, Fujioka S, Kwon M, Jeon J, Choe S (2013) Arabidopsis brassinosteroid-overproducing
gulliver3-D/dwarf4-D mutants exhibit altered responses to jasmonic acid and pathogen. Plant
Cell Report 32:1139-1149

Kinkema M, Gresshoff PM (2008) Investigation of downstream signals of the soybean autoregula-
tion of nodulation receptor kinase GmNARK. Mol Plant Microbe Interact 21:1337-1348

Kitaoka N, Matsubara T, Sato M, Takahashi K, Wakuta S, Kawaide H, Matsui H, Nabeta K,
Matsuura H (2011) Arabidopsis CYP94B3 encodes jasmonyl-l-isoleucine 12-hydroxylase, a
key enzyme in the oxidative catabolism of jasmonate. Plant Cell Physiol 52:1757-1765

Kolomiets M, Hannapel D, Chen H, Tymeson M, Gladon R (2001) Lipoxygenase is involved in
the control of potato tuber development. Plant Cell 13:613-626

Kombrink E (2012) Chemical and genetic exploration of jasmonate biosynthesis and signaling
paths. Planta 236:1351-1366

Koo AJK, Chung HS, Kobayashi Y, Howe GA (2006) Identification of a peroxisomal acyl-
activating enzyme involved in the biosynthesis of jasmonic acid in Arabidopsis. J Biol Chem
281:33511-33520

Koo AJK, Cooke TF, Howe GA (2011) Cytochrome P450 CYP94B3 mediates catabolism and inactiva-
tion of the plant hormone jasmonoyl-L-isoleucine. Proc Natl Acad Sci U S A 108:9298-9303

Ku K, Choi J-H, Kushad M, Jeffery E, Juvik J (2013) Pre-harvest methyl jasmonate treatment
enhances cauliflower chemoprotective attributes without a loss in postharvest quality. Plant
Foods Hum Nutr 68:113-117

Kubigsteltig II, Weiler EW (2003) Arabidopsis mutants affected in the transcriptional control of
allene oxide synthase, the enzyme catalyzing the entrance step in octadecanoid biosynthesis.
Planta 217:748-757

Kubigsteltig I, Laudert D, Weiler E (1999) Structure and regulation of the Arabidopsis thaliana
allene oxide synthase gene. Planta 208:463—471

Lackman P, Gonzalez-Guzman M, Tilleman S, Carqueijeiro I, Pérez AC, Moses T, Seo M, Kanno
Y, Hikkinen ST, Van Montagu MCE, Thevelein JM, Maaheimo H, Oksman-Caldentey K-M,
Rodriguez PL, Rischer H, Goossens A (2011) Jasmonate signaling involves the abscisic acid
receptor PYL4 to regulate metabolic reprogramming in Arabidopsis and tobacco. Proc Natl
Acad Sci U S A 108:5891-5896

Landgraf R, Schaarschmidt S, Hause B (2012) Repeated leaf wounding alters the colonization of
Medicago truncatula roots by beneficial and pathogenic microorganisms. Plant Cell Environ
35:1344-1357



256 C. Wasternack

Lau OS, Deng XW (2010) Plant hormone signaling lightens up: integrators of light and hormones.
Curr Opin Plant Biol 13:571-577

Lee D-S, Nioche P, Hamberg M, Raman CS (2008) Structural insights into the evolutionary paths
of oxylipin biosynthetic enzymes. Nature 455:363-368

Lee S, Ishiga Y, Clermont K, Kirankumar S, Mysore KS (2013) Coronatine inhibits stomatal
closure and delays hypersensitive response cell death induced by nonhost bacterial pathogens.
Peer] 1:e34

Leon-Reyes A, Van der Does D, De Lange E, Delker C, Wasternack C, Van Wees S, Ritsema T,
Pieterse C (2010) Salicylate-mediated suppression of jasmonate-responsive gene expression in
Arabidopsis is targeted downstream of the jasmonate biosynthesis pathway. Planta
232:1423-1432

Li C, Liu G, Xu C, Lee G, Bauer P, Ling H, Ganal M, Howe GA (2003) The tomato suppressor of
prosystemin-mediated responses2 gene encodes a fatty acid desaturase required for the biosyn-
thesis of jasmonic acid and the production of a systemic wound signal for defense gene expres-
sion. Plant Cell 15:646-661

Li L, McCaig B, Wingerd B, Wang B, Whaton M, Pichersky E, Howe G (2004) The tomato homo-
log of CORONATINE-INSENSITIVEI is required for the maternal control of seed maturation,
jasmonate-signaled defense responses, and glandular trichome development. Plant Cell
16:126-143

Li C, Schilmiller AL, Liu G, Lee GI, Jayanty S, Sageman C, Vrebalov J, Giovannoni JJ, Yagi K,
Kobayashi Y, Howe GA (2005) Role of beta oxidation in jasmonate biosynthesis and systemic
wound signaling in tomato. Plant Cell 17:971-986

Li W, Zhou F, Liu B, Feng D, He Y, Qi K, Wang H, Wang J (2011) Comparative characterization,
expression pattern and function analysis of 12-oxo-phytodienoic acid reductase gene family in
rice. Plant Cell Rep 30:981-995

Lin T, Sharma P, Gonzalez DH, Viola IL, Hannapel DJ (2013) The impact of the long-distance
transport of a BEL1-like messenger RNA on development. Plant Physiol 161:760-772

Linkies A, Leubner-Metzger G (2012) Beyond gibberellins and abscisic acid: how ethylene and
jasmonates control seed germination. Plant Cell Rep 31:253-270

Liu X, Li Z, Jiang Z, Zhao Y, Peng J, Jin J, Guo H, Luo J (2011) LSD: a leaf senescence database.
Nucleic Acids Res 39:D1103-D1107

Lorenzo O, Chico JM, Sanchez-Serrano JJ, Solano R (2004) JASMONATE-INSENSITIVE]
encodes a MYC transcription factor essential to discriminate between different jasmonate-
regulated defense responses in Arabidopsis. Plant Cell 16:1938-1950

Lu X, Zhang L, Zhang F, Jiang W, Shen Q, Zhang L, Lv Z, Wang G, Tang K (2013) AaORA, a
trichome-specific AP2/ERF transcription factor of Artemisia annua, is a positive regulator in
the artemisinin biosynthetic pathway and in disease resistance to Botrytis cinerea. New Phytol
198:1191-1202

Luna E, Bruce TJA, Roberts MR, Flors V, Ton J (2012) Next-generation systemic acquired resis-
tance. Plant Physiol 158:844-853

Lundquist PK, Poliakov A, Giacomelli L, Friso G, Appel M, McQuinn RP, Krasnoff SB, Rowland
E, Ponnala L, Sun Q, van Wijk KJ (2013) Loss of plastoglobule kinases ABC1K1 and ABC1K3
causes conditional degreening, modified prenyl-lipids, and recruitment of the jasmonic acid
pathway. Plant Cell 25:1818-1839

Ma D, Pu G, Lei C, Ma L, Wang H, Guo Y, Chen J, Du Z, Wang H, Li G, Ye H, Liu B (2009)
Isolation and characterization of AaWRKY'1, an Artemisia annua transcription factor that
regulates the amorpha-4,11-diene synthase gene, a key gene of artemisinin biosynthesis. Plant
Cell Physiol 50:2146-2161

Machado RAR, Ferrieri AP, Robert CAM, Glauser G, Kallenbach M, Baldwin IT, Erb M (2013)
Leaf-herbivore attack reduces carbon reserves and regrowth from the roots via jasmonate and
auxin signaling. New Phytol 200:1234-1246

Maes L, Van Nieuwerburgh FCW, Zhang Y, Reed DW, Pollier J, Vande Casteele SRF, Inzé D,
Covello PS, Deforce DLD, Goossens A (2011) Dissection of the phytohormonal regulation of
trichome formation and biosynthesis of the antimalarial compound artemisinin in Artemisia
annua plants. New Phytol 189:176-189



Jasmonates in Plant Growth and Stress Responses 257

Mandaokar A, Thines B, Shin B, Markus Lange B, Choi G, Koo YJ, Yoo YJ, Choi YD, Choi G,
Browse J (2006) Transcriptional regulators of stamen development in Arabidopsis identified by
transcriptional profiling. Plant J 46:984—1008

Matallana-Ramirez LP, Rauf M, Farage-Barhom S, Dortay H, Xue G-P, Droge-Laser W, Lers A,
Balazadeh S, Mueller-Roeber B (2013) NAC transcription factor ORE1 and senescence-Induced
BIFUNCTIONAL NUCLEASEI1 (BFNI) constitute a regulatory cascade in Arabidopsis. Mol
Plant 6:1432-1452

Matthes M, Bruce T, Ton J, Verrier P, Pickett J, Napier J (2010) The transcriptome of cis-jasmone-
induced resistance in Arabidopsis thaliana and its role in indirect defence. Planta 232:1163—-1180

McConn M, Browse J (1996) The critical requirement for linolenic acid is pollen development, not
photosynthesis, in an Arabidopsis mutant. Plant Cell 8:403-416

Meldau S, Erb M, Baldwin IT (2012) Defence on demand: mechanisms behind optimal defence
patterns. Ann Bot 110:1503-1514

Miao Y, Zentgraf U (2007) The antagonist function of Arabidopsis WRKY53 and ESR/ESP in leaf
senescence is modulated by the jasmonic and salicylic acid equilibrium. Plant Cell
19:819-830

Miersch O, Bohlmann H, Wasternack C (1999) Jasmonates and related compounds from Fusarium
oxysporum. Phytochemistry 50:517-523

Miersch O, Neumerkel J, Dippe M, Stenzel I, Wasternack C (2008) Hydroxylated jasmonates are
commonly occurring metabolites of jasmonic acid and contribute to a partial switch-off in
jasmonate signaling. New Phytol 177:114-127

Montillet J-L, Leonhardt N, Mondy S, Tranchimand S, Rumeau D, Boudsocq M, Garcia AV, Douki
T, Bigeard J, Lauriere C, Chevalier A, Castresana C, Hirt H (2013) An abscisic acid-independent
oxylipin pathway controls stomatal closure and immune defense in Arabidopsis. PLoS Biol
11:¢1001513

Moreno JE, Shyu C, Campos ML, Patel LC, Chung HS, Yao J, He SY, Howe GA (2013) Negative
feedback control of jasmonate signaling by an alternative splice variant of JAZ10. Plant Physiol
162:1006-1017

Mosblech A, Thurow C, Gatz C, Feussner I, Heilmann I (2011) Jasmonic acid perception by
COI1 involves inositol polyphosphates in Arabidopsis thaliana. Plant J 65:949-957

Mueller S, Hilbert B, Dueckershoff K, Roitsch T, Krischke M, Mueller MJ, Berger S (2008)
General detoxification and stress responses are mediated by oxidized lipids through TGA
transcription factors in Arabidopsis. Plant Cell 20:768-785

Nagpal P, Ellis CM, Weber H, Ploense SE, Barkawi LS, Guilfoyle TJ, Hagen G, Alonso JM, Cohen
JD, Farmer EE, Ecker JR, Reed JW (2005) Auxin response factors ARF6 and ARF8 promote
jasmonic acid production and flower maturation. Development 132:4107-4118

Nahar K, Kyndt T, Hause B, Hofte M, Gheysen G (2013) Brassinosteroids suppress rice defense
against root-knot nematodes through antagonism with the jasmonate pathway. Mol Plant
Microbe Interact 26:106—115

Nakamura Y, Mithofer A, Kombrink E, Boland W, Hamamoto S, Uozumi N, Tohma K, Ueda M
(2011) 12-Hydroxyjasmonic acid glucoside is a COIl-JAZ-independent activator of leaf-
closing movement in Samanea saman. Plant Physiol 155:1226-1236

Nakata M, Mitsuda N, Herde M, Koo AJK, Moreno JE, Suzuki K, Howe GA, Ohme-Takagi M
(2013) AbHLH-type transcription factor, ABA-INDUCIBLE BHLH-TYPE TRANSCRIPTION
FACTOR/JA-ASSOCIATED MYC2-LIKE], acts as a repressor to negatively regulate jasmonate
signaling in Arabidopsis. Plant Cell 25:1641-1656

Nam K-H, Kong F, Matsuura H, Takahashi K, Nabeta K, Yoshihara T (2008) Temperature regu-
lates tuber-inducing lipoxygenase-derived metabolites in potato (Solanum tuberosum). J Plant
Physiol 165:233-238

Neumann P, Brodhun F, Sauer K, Herrfurth C, Hamberg M, Brinkmann J, Scholz J, Dickmanns A,
Feussner I, Ficner R (2012) Crystal structures of Physcomitrella patens AOC1 and AOC2:
insights into the enzyme mechanism and differences in substrate specificity. Plant Physiol
160:1251-1266



258 C. Wasternack

Noir S, Bomer M, Takahashi N, Ishida T, Tsui T-L, Balbi V, Shanahan H, Sugimoto K, Devoto A
(2013) Jasmonate controls leaf growth by repressing cell proliferation and the onset of endo-
reduplication while maintaining a potential stand-by mode. Plant Physiol 161:1930-1951

Park J-H, Halitschke R, Kim B, Baldwin IT, Feldmann K, Feyereisen R (2002) A knock-out muta-
tion in allene oxide synthase results in male sterility and defective wound signal transduction
in Arabidopsis due to a block in jasmonic acid biosynthesis. Plant J 31:1-12

Park S-W, Li W, Viehhauser A, He B, Kim S, Nilsson AK, Andersson MX, Kittle JD, Ambavaram
MMR, Luan S, Esker AR, Tholl D, Cimini D, Ellerstrom M, Coaker G, Mitchell TK, Pereira A,
Dietz K-J, Lawrence CB (2013) Cyclophilin 20-3 relays a 12-oxo-phytodienoic acid signal
during stress responsive regulation of cellular redox homeostasis. Proc Natl Acad Sci U S A
110:9559-9564

Pauwels L, Goossens A (2011) The JAZ proteins: a crucial interface in the jasmonate signaling
cascade. Plant Cell 23:3089-3100

Pauwels L, Barbero GF, Geerinck J, Tilleman S, Grunewald W, Perez AC, Chico JM, Bossche RV,
Sewell J, Gil E, Garcia-Casado G, Witters E, Inze D, Long JA, De Jaeger G, Solano R,
Goossens A (2010) NINJA connects the co-repressor TOPLESS to jasmonate signalling.
Nature 464:788-791

Peng Z, Han C, Yuan L, Zhang K, Huang H, Ren C (2011) Brassinosteroid enhances jasmonate-
induced anthocyanin accumulation in Arabidopsis seedlings. J Integr Plant Biol 53:632-640

Peng Y-J, Shih C-F, Yang J-Y, Tan C-M, Hsu W-H, Huang Y-P, Liao P-C, Yang C-H (2013) A
RING-type E3 ligase controls anther dehiscence by activating the jasmonate biosynthetic path-
way gene DEFECTIVE IN ANTHER DEHISCENCE]I in Arabidopsis. Plant J 74:310-327

Perez AC, Goossens A (2013) Jasmonate signalling: a copycat of auxin signalling? Plant Cell
Environ 36:2071-2084

Petersen M, Brodersen P, Naested H, Mundy J (2000) Arabidopsis MAP kinase 4 negatively regu-
lates systemic acquired resistance. Cell 103:1111-1120

Pieterse CMJ, van der Does D, Zamioudis C, Leon-Reyes A, van Wees SCM (2012) Hormonal
modulation of plant immunity. Annu Rev Cell Dev Biol 28:489-521

Ponce de Leon I, Schmelz EA, Gaggero C, Castro A, Alvarez A, Montesano M (2012)
Physcomitrella patens activates reinforcement of the cell wall, programmed cell death and
accumulation of evolutionary conserved defence signals, such as salicylic acid and 12-oxo-
phytodienoic acid, but not jasmonic acid, upon Botrytis cinerea infection. Mol Plant Pathol
13:960-974

Poveda K, Kessler A (2012) New synthesis: plant volatiles as functional cues in intercropping
systems. J Chem Ecol 38:1341

Prasch CM, Sonnewald U (2013) Simultaneous application of heat, drought, and virus to Arabidopsis
plants reveals significant shifts in signaling networks. Plant Physiol 162:1849-1866

Qi T, Song S, Ren Q, Wu D, Huang H, Chen Y, Fan M, Peng W, Ren C, Xie D (2011) The
jasmonate-ZIM-domain proteins interact with the WD-Repeat/bHLH/MYB complexes to reg-
ulate jasmonate-mediated anthocyanin accumulation and trichome initiation in Arabidopsis
thaliana. Plant Cell 23:1795-1814

Ramirez A, Yang T, Bouwmeester H, Jongsma M (2013) A trichome-specific linoleate lipoxygen-
ase expressed during pyrethrin biosynthesis in Pyrethrum. Lipids 48:1005-1015

Rasmussen S, Barah P, Suarez-Rodriguez MC, Bressendorff S, Friis P, Costantino P, Bones AM,
Nielsen HB, Mundy J (2013) Transcriptome responses to combinations of stresses in
Arabidopsis. Plant Physiol 161:1783-1794

Raviv Z, Cohen S, Reischer-Pelech D (2013) The anti-cancer activities of jasmonates. Cancer
Chemother Pharmacol 71:275-285

Recorbet G, Abdallah C, Renaut J, Wipf D, Dumas-Gaudot E (2013) Protein actors sustaining
arbuscular mycorrhizal symbiosis: underground artists break the silence. New Phytol 199:26-40

Reeves PH, Ellis CM, Ploense SE, Wu M-F, Yadav V, Tholl D, Chételat A, Haupt I, Kennerley BJ,
Hodgens C, Farmer EE, Nagpal P, Reed JW (2012) A regulatory network for coordinated
flower maturation. PLoS Genet 8:¢1002506



Jasmonates in Plant Growth and Stress Responses 259

Reymond P (2013) Perception, signaling and molecular basis of oviposition-mediated plant
responses. Planta 238:247-258

Ribot C, Zimmerli C, Farmer EE, Reymond P, Poirier Y (2008) Induction of the Arabidopsis
PHOI;HI0 gene by 12-oxo-phytodienoic acid but not jasmonic acid via a CORONATINE
INSENSITIVE-dependent pathway. Plant Physiol 147:696-706

Richmond T, Bleecker A (1999) A defect in -oxidation causes abnormal inflorescence development
in Arabidopsis. Plant Cell 11:1911-1923

Riemann M, Haga K, Shimizu T, Okada K, Ando S, Mochizuki S, Nishizawa Y, Yamanouchi U,
Nick P, Yano M, Minami E, Takano M, Yamane H, lino M (2013) Identification of rice Allene
Oxide Cyclase mutants and the function of jasmonate for defence against Magnaporthe oryzae.
Plant J 74:226-238

Robson F, Okamoto H, Patrick E, Harris S-R, Wasternack C, Brearley C, Turner JG (2010)
Jasmonate and phytochrome A signaling in Arabidopsis wound and shade responses are inte-
grated through JAZ1 stability. Plant Cell 22:1143-1160

Rodriguez-Falcéon M, Bou J, Prat S (2006) Seasonal control of tuberization in potato: conserved
elements with the flowering response. Annu Rev Plant Biol 57:151-180

Rohwer C, Erwin J (2008) Horticultural applications of jasmonates: a review. J of Hortic Sci
Biotechnol 83:283-304

Rushton PJ, Bokowiec MT, Han S, Zhang H, Brannock JF, Chen X, Laudeman TW, Timko MP
(2008) Tobacco transcription factors: novel insights into transcriptional regulation in the
Solanaceae. Plant Physiol 147:280-295

Santino A, Taurino M, De Domenico S, Bonsegna S, Poltronieri P, Pastor V, Flors V (2013)
Jasmonate signaling in plant development and defense response to multiple (a)biotic stresses.
Plant Cell Report 32:1085-1098

Sasaki-Sekimoto Y, Jikumaru Y, Obayashi T, Saito H, Masuda S, Kamiya Y, Ohta H, Shirasu K
(2013) Basic helix-loop-helix transcription factors JASMONATE-ASSOCIATED MYC2-
LIKE1 (JAMI1), JAM2, and JAM3 are negative regulators of jasmonate responses in
Arabidopsis. Plant Physiol 163:291-304

Schaller A, Stintzi A (2009) Enzymes in jasmonate biosynthesis - Structure, function, regulation.
Phytochemistry 70:1532-1538

Schommer C, Palatnik JF, Aggarwal P, Chételat A, Cubas P, Farmer EE, Nath U, Weigel D (2008)
Control of jasmonate biosynthesis and senescence by miR319 targets. PLoS Biol 6:¢230

Schiissler A, Schwarzott D, Walker C (2001) A new fungal phylum, the Glomeromycota: phylog-
eny and evolution. Mycology Research 105:1413-1421

Schweizer F, Ferndndez-Calvo P, Zander M, Diez-Diaz M, Fonseca S, Glauser G, Lewsey MG,
Ecker JR, Solano R, Reymond P (2013) Arabidopsis Basic Helix-Loop-Helix transcription fac-
tors MYC2, MYC3, and MYC4 regulate glucosinolate biosynthesis, insect performance, and
feeding behavior. Plant Cell 25:3117-3132

Seltmann MA, Stingl NE, Lautenschlaeger JK, Krischke M, Mueller MJ, Berger S (2010)
Differential impact of lipoxygenase 2 and jasmonates on natural and stress-induced senescence
in Arabidopsis. Plant Physiol 152:1940-1950

Seo H, Song J, Cheong J-J, Lee D-S, Hwang I, Lee D-S, Choi G (2001) Jasmonic acid carboxyl
methyltransferase: a key enzyme for jasmonate-regulated plant responses. Proc Natl Acad Sci
U S A 98:4788-4793

Shan X, Wang J, Chua L, Jiang D, Peng W, Xie D (2011) The role of Arabidopsis rubisco activase
in jasmonate-induced leaf senescence. Plant Physiol 155:751-764

Sheard LB, Tan X, Mao H, Withers J, Ben-Nissan G, Hinds TR, Kobayashi Y, Hsu F-F, Sharon M,
Browse J, He SY, Rizo J, Howe GA, Zheng N (2010) Jasmonate perception by inositol-
phosphate-potentiated COI1-JAZ co-receptor. Nature 468:400-405

Shigeyama T, Tominaga A, Arima S, Sakai T, Inada S, Jikumaru Y, Kamiya Y, Uchiumi T, Abe M,
Hashiguchi M, Akashi R, Hirsch AM, Suzuki A (2012) Additional cause for reduced JA-Ile in
the root of a Lotus japonicus phyB mutant. Plant Signal Behav 7:746-748

Shoji T, Hashimoto T (2011) Tobacco MY C2 regulates jasmonate-inducible nicotine biosynthesis
genes directly and by way of the NIC2-locus ERF genes. Plant and Cell Physiology
52:1117-1130



260 C. Wasternack

Shyu C, Figueroa P, DePew CL, Cooke TF, Sheard LB, Moreno JE, Katsir L, Zheng N, Browse J,
Howe GA (2012) JAZS8 lacks a canonical degron and has an EAR motif that mediates transcrip-
tional repression of jasmonate responses in Arabidopsis. Plant Cell 24:536-550

Singh S, Parniske M (2012) Activation of calcium- and calmodulin-dependent protein kinase
(CCaMK), the central regulator of plant root endosymbiosis. Curr Opin Plant Biol
15:444-453

Song S, Qi T, Huang H, Ren Q, Wu D, Chang C, Peng W, Liu Y, Peng J, Xie D (2011) The
jasmonate-ZIM domain proteins interact with the R2R3-MYB transcription factors MYB21
and MYB24 to affect jasmonate-regulated stamen development in Arabidopsis. Plant Cell
23:1000-1013

Song S, Qi T, Fan M, Zhang X, Gao H, Huang H, Wu D, Guo H, Xie D (2013a) The bHLH sub-
group IIId factors negatively regulate jasmonate-mediated plant defense and development.
PLoS Genet 9:e1003653

Song S, Qi T, Huang H, Xie D (2013b) Regulation of stamen development by coordinated actions
of jasmonate, auxin, and gibberellin in Arabidopsis. Mol Plant 6:1065-1073

Staswick PE, Tiryaki I (2004) The oxylipin signal jasmonic acid is activated by an enzyme that
conjugates it to isoleucine in Arabidopsis. Plant Cell 16:2117-2127

Staswick P, Su W, Howell S (1992) Methyl jasmonate inhibition of root growth and induction of a
leaf protein are decreased in an Arabidopsis thaliana mutant. Proc Natl Acad Sci U S A
89:6837-6840

Stenzel I, Otto M, Delker C, Kirmse N, Schmidt D, Miersch O, Hause B, Wasternack C (2012)
ALLENE OXIDE CYCLASE (AOC) gene family members of Arabidopsis thaliana: tissue- and
organ-specific promoter activities and in vivo heteromerization. J Exp Bot 63:6125-6138

Stintzi A, Browse J (2000) The Arabidopsis male-sterile mutant, opr3, lacks the 12-oxophytodienoic
acid reductase required for jasmonate synthesis. Proc Natl Acad Sci U S A 97:10625-10630

Stratmann JW, Gusmaroli G (2012) Many jobs for one good cop — The COP9 signalosome guards
development and defense. Plant Sci 185-186:50—-64

Stumpe M, Gébel C, Faltin B, Beike AK, Hause B, Himmelsbach K, Bode J, Kramell R, Wasternack
C, Frank W, Reski R, Feussner I (2010) The moss Physcomitrella patens contains cyclopente-
nones but no jasmonates: mutations in allene oxide cyclase lead to reduced fertility and altered
sporophyte morphology. New Phytol 188:740-749

Sun J, Xu Y, Ye S, Jiang H, Chen Q, Liu F, Zhou W, Chen R, Li X, Tietz O, Wu X, Cohen JD,
Palme K, Li C (2009) Arabidopsis ASAI is important for jasmonate-mediated regulation of
auxin biosynthesis and transport during lateral root formation. Plant Cell 21:1495-1511

Sun J, Chen Q, Qi L, Jiang H, Li S, Xu Y, Liu F, Zhou W, Pan J, Li X, Palme K, Li C (2011)
Jasmonate modulates endocytosis and plasma membrane accumulation of the Arabidopsis
PIN2 protein. New Phytol 191:360-375

Suza W, Rowe M, Hamberg M, Staswick P (2010) A tomato enzyme synthesizes (+)-7-iso-
jasmonoyl-L-isoleucine in wounded leaves. Planta 231:717-728

Suzuki A, Suriyagoda L, Shigeyama T, Tominaga A, Sasaki M, Hiratsuka Y, Yoshinaga A, Arima
S, Agarie S, Sakai T, Inada S, Jikumaru Y, Kamiya Y, Uchiumi T, Abe M, Hashiguchi M,
Akashi R, Sato S, Kaneko T, Tabata S, Hirsch AM (2011) Lotus japonicus nodulation is
photomorphogenetically controlled by sensing the red/far red (R/FR) ratio through jasmonic
acid (JA) signaling. Proc Natl Acad Sci U S A 108:16837-16842

Taki N, Sasaki-Sekimoto Y, Obayashi T, Kikuta A, Kobayashi K, Ainai T, Yagi K, Sakurai N,
Suzuki H, Masuda T, Takamiya K-I, Shibata D, Kobayashi Y, Ohta H (2005) 12-oxo-
phytodienoic acid triggers expression of a distinct set of genes and plays a role in wound-
induced gene expression in Arabidopsis. Plant Physiol 139:1268-1283

Tejeda-Sartorius M, Martinez de la Vega O, Delano-Frier JP (2008) Jasmonic acid influences
mycorrhizal colonization in tomato plants by modifying the expression of genes involved in
carbohydrate partitioning. Physiol Plant 133:339-353

Thaler JS, Humphrey PT, Whiteman NK (2012) Evolution of jasmonate and salicylate signal
crosstalk. Trends Plant Sci 17:260-270



Jasmonates in Plant Growth and Stress Responses 261

Theodoulou FL, Job K, Slocombe SP, Footitt S, Holdsworth M, Baker A, Larson TR, Graham IA
(2005) Jasmonic acid levels are reduced in COMATOSE ATP-binding cassette transporter
mutants. Implications for transport of jasmonate precursors into peroxisomes. Plant Physiol
137:835-840

Thines B, Katsir L, Melotto M, Niu Y, Mandaokar A, Liu G, Nomura K, He SY, Howe GA, Browse
J(2007) JAZ repressor proteins are targets of the SCF°!! complex during jasmonate signalling.
Nature 448:661-665

Tian D, Tooker J, Peiffer M, Chung S, Felton G (2012) Role of trichomes in defense against her-
bivores: comparison of herbivore response to woolly and hairless trichome mutants in tomato
(Solanum lycopersicum). Planta 236:1053-1066

Tissier A (2012) Glandular trichomes: what comes after expressed sequence tags? Plant J
70:51-68

Toda Y, Tanaka M, Ogawa D, Kurata K, Kurotani K-I, Habu Y, Ando T, Sugimoto K, Mitsuda N,
Katoh E, Abe K, Miyao A, Hirochika H, Hattori T, Takeda S (2013) RICE SALT SENSITIVE3
forms a ternary complex with JAZ and class-C bHLH factors and regulates jasmonate-induced
gene expression and root cell elongation. Plant Cell 25:1709-1725

Toporkova Y'Y, Ermilova VS, Gorina SS, Mukhtarova LS, Osipova EV, Gogolev YV, Grechkin AN
(2013) Structure—function relationship in the CYP74 family: conversion of divinyl ether syn-
thases into allene oxide synthases by site-directed mutagenesis. FEBS Lett 587:2552-2558

Tretner C, Huth U, Hause B (2008) Mechanostimulation of Medicago truncatula leads to enhanced
levels of jasmonic acid. J Exp Bot 59:2847-2856

Tsuchiya T, Ohta H, Okawa K, Owamatsu A, Shimada H, Masuda T, Takamiya K-I (1999) Cloning
of chlorophyllase, the key enzyme in chlorophyll degradation: finding of a lipase motif and the
induction by methyl jasmonate. Proc Natl Acad Sci U S A 96:15262-15367

Ueda J, Kato J (1980) Isolation and identification of a senescence-promoting substance from
wormwood (Artemisia absinthium L.). Plant Physiol 66:246-249

Van der Does D, Leon-Reyes A, Koornneef A, Van Verk MC, Rodenburg N, Pauwels L, Goossens
A, Korbes AP, Memelink J, Ritsema T, Van Wees SCM, Pieterse CMJ (2013) Salicylic acid
suppresses jasmonic acid signaling downstream of SCF!'-JAZ by targeting GCC promoter
motifs via transcription factor ORAS9. Plant Cell 25:744-761

Van der Ent S, Van Wees SCM, Pieterse CMJ (2009) Jasmonate signaling in plant interactions with
resistance-inducing beneficial microbes. Phytochemistry 70:1581-1588

van der Fits L, Memelink J (2000) ORCA3, a jasmonate-responsive transcriptional regulator of
plant primary and secondary metabolism. Science 289:295-297

van Doorn WG, Celikel FG, Pak C, Harkema H (2013) Delay of Iris flower senescence by cytoki-
nins and jasmonates. Physiol Plant 148:105-120

Vellosillo T, Martinez M, Lopez MA, Vicente J, Cascon T, Dolan L, Hamberg M, Castresana C (2007)
Oxylipins produced by the 9-lipoxygenase pathway in Arabidopsis regulate lateral root develop-
ment and defense responses through a specific signaling cascade. Plant Cell 19:831-846

Verhage A, Vlaardingerbroek I, Raaijmakers C, Van Dam N, Dicke M, Van Wees SC, Pieterse CMJ
(2011) Rewiring of the jasmonate signaling pathway in Arabidopsis during insect herbivory.
Front Plant Sci 2:47

Vicente J, Cascon T, Vicedo B, Garcia-Agustin P, Hamberg M, Castresana C (2012) Role of
9-lipoxygenase and a-dioxygenase oxylipin pathways as modulators of local and systemic
defense. Mol Plant 5:914-928

Vignutelli A, Wasternack C, Apel K, Bohlmann H (1998) Systemic and local induction of an
Arabidopsis thionin gene by wounding and pathogens. Plant J 14:285-295

von Malek B, van der Graaff E, Schneitz K, Keller B (2002) The Arabidopsis male-sterile mutant
dde2-2 is defective in the ALLENE OXIDE SYNTHASE gene encoding one of the key enzymes
of the jasmonic acid biosynthesis pathway. Planta 216:187-192

Wager A, Browse J (2012) Social Network: JAZ protein interactions expand our knowledge of
jasmonate signaling. Front Plant Sci 3:41

Wang SY, Zheng W (2005) Preharvest application of methyl jasmonate increases fruit quality and
antioxidant capacity in raspberries. Int J Food Sci Technol 40:187-195



262 C. Wasternack

Wang H, Liu G, Li C, Powell ALT, Reid MS, Zhang Z, Jiang C-Z (2013) Defence responses
regulated by jasmonate and delayed senescence caused by ethylene receptor mutation contribute
to the tolerance of petunia to Botrytis cinerea. Mol Plant Pathol 14:453-469

Wasternack C (2006) Oxylipins: biosynthesis, signal transduction and action. In: Hedden P,
Thomas S (eds) Plant Hormone Signaling. Blackwell Publishing, Harpenden, pp 185-228

Wasternack C (2007) Jasmonates: an update on biosynthesis, signal transduction and action in
plant stress response, growth and development. Ann Bot 100:681-697

Wasternack C (2014) Action of jasmonates in plant stress responses and development—applied
aspects. Biotechnology Advances 32:31-39

Wasternack C, Hause B (2002) Jasmonates and octadecanoids - signals in plant stress response and
development. In: Moldave K (ed) Progress in Nucleic Acid Research Molecular Biology.
Academic Press, New York, pp 165-221

Wasternack C, Hause B (2013) Jasmonates: biosynthesis, perception, signal transduction and
action in plant stress response, growth and development. An update to the 2007 review in
Annals of Botany. Ann Bot 111:1021-1058

Wasternack C, Kombrink E (2010) Jasmonates: structural requirements for lipid-derived signals
active in plant stress responses and development. ACS Chem Biol 5:63-77

Wasternack C, Goetz S, Hellwege A, Forner S, Strnad M, Hause B (2012) Another JA/COII1-
independent role of OPDA detected in tomato embryo development. Plant Signal Behav
7:1349-1353

Weidhase R, Kramell H-M, LehmannJ, Liebisch H-W, Lerbs W, Parthier B (1987) Methyljasmonate-
induced changes in the polypeptide pattern of senescing barley leaf segments. Plant Sci
51:177-186

Westfall CS, Zubieta C, Herrmann J, Kapp U, Nanao MH, Jez JM (2012) Structural basis for
prereceptor modulation of plant hormones by GH3 proteins. Science 336:1708-1711

Widemann E, Miesch L, Lugan R, Holder E, Heinrich C, Aubert Y, Miesch M, Pinot F, Heitz T
(2013) The amido-hydrolases IAR3 and ILL6 contribute to jasmonoyl-isoleucine hormone
turnover and generate 12-hydroxy-jasmonic acid upon wounding in Arabidopsis leaves.
Journal of Biological Chemistry 288:616-626

Wilson ZA, Song J, Taylor B, Yang C (2011) The final split: the regulation of anther dehiscence.
J Exp Bot 62:1633-1649

Woldemariam MG, Onkokesung N, Baldwin IT, Galis I (2012) Jasmonoyl-l-isoleucine hydrolase 1
(JIH1) regulates jasmonoyl-l-isoleucine levels and attenuates plant defenses against herbivores.
Plant J 72:758-767

Wondafrash M, Van Dam NM, Tytgat TOG (2013) Plant systemic induced responses mediate
interactions between root parasitic nematodes and aboveground herbivorous insects. Front
Plant Sci 4:87

Woo H, Chung HS, Park J-H, Oh S, Ahn T, Hong S, Jang S, Nam H (2001) ORE9, an F-box protein
that regulates leaf senescence in Arabidopsis. Plant Cell 13:1779-1790

Xie D-X, Feys B, James S, Nieto-Rostro M, Turner J (1998) COI1: an Arabidopsis gene required
for jasmonate-regulated defense and fertility. Science 280:1091-1094

Xin X-F, He SY (2013) Pseudomonas syringae pv. tomato DC3000: a model pathogen for probing
disease susceptibility and hormone signaling in plants. Annu Rev Phytopathol 51:473-498

Xiong H, Shen H, Zhang L, Zhang Y, Guo X, Wang P, Duan P, Ji C, Zhong L, Zhang F, Zuo Y
(2013) Comparative proteomic analysis for assessment of the ecological significance of maize
and peanut intercropping. J Proteomics 78:447-460

Xu C, Liu B, Lechner E, Genschik P, Crosby W, Ma D, Peng W, Huang D, Xie D (2002) The
SCF-coil ubiquitin-ligase complexes are required for jasmonate response in Arabidopsis. Plant
Cell 14:1919-1935

Yamada Y, Sato F (2013) Transcription factors in alkaloid biosynthesis. In: Kwang WJ (ed)
International review of cell and molecular biology. Academic Press, San Diego, pp 339-382

Yan Y, Stolz S, Chetelat A, Reymond P, Pagni M, Dubugnon L, Farmer EE (2007) A downstream
mediator in the growth repression limb of the jasmonate pathway. Plant Cell 19:2470-2483



Jasmonates in Plant Growth and Stress Responses 263

Yan J, Zhang C, Gu M, Bai Z, Zhang W, Qi T, Cheng Z, Peng W, Luo H, Nan F, Wang Z, Xie D
(2009) The Arabidopsis CORONATINE INSENSITIVE] protein is a jasmonate receptor. Plant
Cell 21:2220-2236

Yan J, Li H, Li S, Yao R, Deng H, Xie Q, Xie D (2013) The Arabidopsis F-box protein
CORONATINE INSENSITIVEL is stabilized by SCF°!" and degraded via the 26S proteasome
pathway. Plant Cell 25:486-498

Yang D-H, Baldwin IT, Wu J (2013) Silencing brassinosteroid receptor BRI1 impairs herbivory-
elicited accumulation of jasmonic acid-isoleucine and diterpene glycosides, but not jasmonic
acid and trypsin proteinase inhibitors in Nicotiana attenuata. J Integr Plant Biol 55:514-526

Yoeun S, Rakwal R, Han O (2013) Dual positional substrate specificity of rice allene oxide
synthase-1: insight into mechanism of inhibition by type II ligand imidazole. BMB Rep
46:151-156

Zamioudis C, Mastranesti P, Dhonukshe P, Blilou I, Pieterse CMJ (2013) Unraveling root devel-
opmental programs initiated by beneficial Pseudomonas spp. bacteria. Plant Physiol
162:304-318

Zhai Q, Yan L, Tan D, Chen R, Sun J, Gao L, Dong M-Q, Wang Y, Li C (2013) Phosphorylation-
coupled proteolysis of the transcription factor MYC2 is important for jasmonate-signaled plant
immunity. PLoS Genet 9:e1003422

Zhang Y, Turner JG (2008) Wound-induced endogenous jasmonates stunt plant growth by inhibit-
ing mitosis. PLoS ONE 3:e3699

Zhang H, Zhou C (2013) Signal transduction in leaf senescence. Plant Mol Biol 82:539-545

Zhang H, Hedhili S, Montiel G, Zhang Y, Chatel G, Pré M, Gantet P, Memelink J (2011) The basic
helix-loop-helix transcription factor CrMY C2 controls the jasmonate-responsive expression of
the ORCA genes that regulate alkaloid biosynthesis in Catharanthus roseus. Plant J 67:61-71

Zheng X-Y, Spivey Natalie W, Zeng W, Liu P-P, Fu Zheng Q, Klessig Daniel F, He Sheng Y,
Dong X (2012) Coronatine promotes Pseudomonas syringae virulence in plants by activating a
signaling cascade that inhibits salicylic acid accumulation. Cell Host Microbe 11:587-596

Zhu X, Zhu J-K (2013) Double repression in jasmonate-mediated plant defense. Mol Cell
50:459-460



	Jasmonates in Plant Growth and Stress Responses
	Introduction
	 JA Biosynthesis
	 JA Metabolism
	 Perception of JA–Ile and Cross-Talk to Other Hormones
	 JA/JA–Ile-Regulated Metabolism of Secondary Compounds
	 JA/JA–Ile in Biotic Interactions of Plants
	 JA/JA–Ile in Abiotic Stress Response of Plants
	 JA/JA–Ile in Plant Growth and Development
	 Applied Aspects on Jasmonates
	 Conclusions
	References


