
Plant hormones control a diverse array of plant
responses affecting growth and development, as well as
defense against microorganisms and insects, and
protection from abiotic stresses (Hildmann et al., 1992;
McConn et al., 1997; Reymond and Farmer, 1998;
Overmyer et al., 2000; Steudle, 2000). This complex
process requires a communication system that can operate
over relatively long distances among different plant
organs as well as different organelles within a single cell.
In such a system, cells of different tissues and organs are

not only capable of detecting signals they receive from
other parts of the plant, but also of responding and
transmitting those signals in their own characteristic way
(Klumpp and Krieglstein, 2002). In higher organisms like
plants, such diverse communication is performed by a
group of chemical messengers called hormones (Salisbury
and Ross, 1992; Gray and Estelle, 1998).

A plant hormone is generally described as a naturally
occurring organic compound that is active at very low
concentrations (e.g., <1 mM, often 1 uM). A hormone is

Turk J Agric For
28 (2004) 291-299
© TÜB‹TAK

291

Hormone Signaling Pathways in Plants: The Role of Jasmonic Acid
in Plant Cell Signaling

‹skender T‹RYAK‹
Department of Agronomy, Kahramanmarafl Sütçü ‹mam University, 46060  Kahramanmarafl - TURKEY

Received: 15.09.2003

Abstract: Plant growth and metabolism are affected by various biotic and abiotic stimuli including microorganisms and insects attack
as well as light and environmental stresses.    Such a diverse plant response requires a communication system that uses a group of
chemical messengers called hormones.  Hormones promote, inhibit, or qualitatively modify plant growth and development.  This
complex process requires a signal transduction that defines a specific information pathway within a cell that translates an intra- or
extracellular signal into a specific cellular response.  The characterization of mutants in the hormone response pathway provides not
only an excellent opportunity to understand hormone action in plant physiology and development, but also helps to dissect the
molecular genetics of hormone signaling pathways and to isolate the corresponding genes.  This paper will introduce plant hormone
signaling and mutants involved in signaling pathways in general, and will review recent progress in the molecular genetics of jasmonic
acid signaling.
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Bitkilerde Hormon Sinyal Ak›fl A¤lar›: Bitki Hücre Sinyalizasyonunda Jasmonic Asitlerin Rolü

Özet: Bitki büyüme ve metabolizmas›, mikroorganizmalar, böcekler, ›fl›k ve benzeri çevre etmenlerini içine alan çok farkl› biyotik ve
abiyotik etmenler taraf›ndan etkilenmektedir.  Bu çok farkl› bitki tepkileri hormon olarak adland›r›lan bir grup kimyasal haberci
taraf›ndan gerçeklefltirilir.  Hormonlar bitki büyüme ve geliflmesini teflvik edici, önleyici, veya modifiye edici etkilere sahiptirler.  Bitki
büyüme ve geliflmesinde böylesine kompleks etkilerin oluflumu “sinyal ak›fl a¤›” olarak isimlendirilen bir sistemin varl›¤›na ihtiyaç
duymaktad›r.  Sinyal ak›fl a¤lar›, hücre içerisinde hücre içi ve/veya hücre d›fl›ndan gelen spesifik bir sinyali hücresel bir cevaba
dönüfltüren özel bilgi a¤lar›d›r.   Hormon tepkilerine karfl› mutasyona u¤ram›fl mutant bitkilerin karekterizasyonu, hormonlar›n bitki
fizyolojisi ve geliflmesinde nas›l çal›flt›klar›n› anlamak için büyük önem tafl›maktad›rlar.  Ayn› zamanda bu mutant bitkiler, kompleks
hormon sinyal ak›fl a¤lar›n›n moleküler geneti¤ini küçük parçalara ay›rmak suretiyle anlamaya ve bu sinyal ak›fl a¤lar›nda görev alan
genlerin tespit edilerek klonlanmas› çal›flmalar›na da büyük katk›lar sa¤lamaktad›rlar.  Bu makale bitkilerde hormon sinyalizasyonu
ve bu sinyal ak›fl a¤lar›yla ilgili mutantlar› genel olarak tan›t›p, jasmonic asit sinyal ak›fl›n›n moleküler geneti¤i ile ilgili meydana gelen
son geliflmelere de¤inilecektir.

Anahtar Sözcükler: Bitki hormonlar›, jasmonat sinyal ak›fl a¤lar›, elisitörler, hormone reseptörler, hormon mutantlar 
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often formed in certain parts of the plant and then
translocated to other sites where it evokes specific
biochemical, physiological, and/or morphological
responses (Salisbury and Ross, 1992; Davies, 1995).
These organic compounds promote, inhibit, or
qualitatively modify plant growth and development in the
tissues where they are produced as well as in distant
tissues to which they are translocated. Therefore, the
synthesis and action of plant hormones are not
necessarily localized to a specific tissue, as with animal
hormones, but occur in a wide range of tissues (Davies,
1995). In addition, plants respond to biotic and abiotic
external stimuli such as pathogen and insect attack,
drought, and salt stress using hormone signal
transduction pathways that cause changes in the hormone
metabolism and distribution within the plant. 

The commonly recognized classes of plant hormones
are auxin (IAA), gibberellin (GA), cytokinin (CK), abscisic
acid (ABA), and ethylene (ACC). More recently recognized
molecules involved in plant signaling include
brassinosteroids (BR), jasmonic acid (JA), and salicylic
acid (SA). 

Hormone Signal Transduction Pathway

The induction of plant responses to any exogenous or
endogenous stimuli requires a perception by the plant via
different types of signal molecules collectively known as
elicitors (Keen, 1975). Elicitors can be classified in 3
groups: (i) chemical signals such as hormones and
phytotoxins, (ii) physical signals such as blue and red
light, and (iii) biotic signals such as fungal elicitors
(Aducci, 1997). The chemical nature of these elicitors
may vary from large molecules such as polypeptides,
carbohydrates, glycoproteins, and fatty acids, to low
molecular weight compounds such as hormones (Ebel and
Cosio, 1994). 

Another group of signal molecules that induce plant
response to pathogens are those that can trigger defense
responses at a distance from the inoculation site. Among
the long-distance mobile signals, salicylic acid, jasmonic
acid, and systemin are the most studied. Exogenous
application of these compounds induces defense
responses at a distance, and with SA there is an induction
of protection against some challenge pathogens
(Pennazio et al., 1987; Enyedi et al., 1992; Malamy and
Klessig, 1992).

Signal transduction defines a specific information
pathway within a cell that translates an intra- or
extracellular signal into a specific cellular response
(McCourt, 1999). If the initial signal is a hormone, such
as SA, GA, or ethylene, the first step in signaling involves
the interaction of that hormone with a specific cellular
recognition protein called a receptor (Figure 1). The
initial phase of signal transduction requires high-affinity
binding of the hormone to the receptor(s), which causes
the receptor to undergo a conformational change that
initiates a sequence of downstream events called signal
transduction (Figure 1). After the signal is activated, the
receptor may alter gene expression directly by acting as a
transcription factor without transducing the activated
signal to the pathway as in mammalian glucocorticoid
receptors (Bohen et al., 1995) (Figure 1). Alternatively,
the receptor may pass the signal to the nucleus through a
series of intermediary steps acting as a molecular switch
(Stone and Walker, 1995; Palme et al., 1997) (Figure 1).
In the pathway, the signaling components are generally
modified by phosphorylation or by the activation of low
molecular weight GTP-binding proteins (Stone and
Walker, 1995; Palme et al., 1997; Engelberth et al.,
2004). For instance, activation of nuclear factor-KB (NF-
KB) requires phosphorylation of a family of inhibitory
proteins, IKBs via ubiquitination-dependent proteolysis,
SCF E3RsasIKBs/TrCP, which frees NF-KB to translocate to
the nucleus where it regulates gene transcription in
mammals (Karin and Ben-Neriah, 2000). Similarly, SCFTIR

in auxin response suggests that similar phosphorylation-
based signaling pathways might be involved (Del Pozo
and Estelle, 2000). On the other hand, phosphorylation
on a hydroxyl group of serine (Ser), threonine (Thr), or
tyrosine (Tyr) residues is predominantly used in animals
(Klumpp and Krieglstein, 2002). In contrast to animal
signal induced phosphorylation, a nitrogen atom of a
histidine (His) residue and an acyl group of an aspartate
(Asp) residue are predominantly used for phosphorylation
in bacteria (Klumpp and Krieglstein, 2002).

Of the plant-specific signaling molecules including
hormones, elicitors, and secondary metabolites, plants
share some signaling agents with animals such as nitric
oxide, reactive oxygen species, and other regulators
function in both kingdoms. For instance, Glu, which was
previously known as an animal signaling agent, is now
regarded as a likely plant signaling compound (Dennison
and Spalding, 2000), and genes encoding putative Glu
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receptor subunits have been identified in the Arabidopsis
genome (Lacombe et al., 2001). This finding suggested
that other low molecular weight compounds such as
extracellular ATP (eATP) could be signaling agents in
plants (Demidchik et al., 2003; Tang et al., 2003).

Since a signaling cascade can be a complex process,
transduction pathways also require sensitivity and
specificity that are coordinated and integrated with the
related signaling components (Moller and Chua, 1999).
Depending on the components of the pathway, the
stimulation of the receptor must activate (positive) or
inactivate (negative) relay components of the pathway
through some type of cascading mechanism. In this case,
the receptor acts as a molecular switch. These changes in
signaling proteins not only permit a rapid response to the
hormone signal but also allow recycling of components of
the signaling system so that they can receive further

signals (McCourt, 1999). As a result, signal transduction
not only modulates the enzyme activity in target cells, but
also alters the rates of synthesis of existing proteins or
triggers the synthesis of new ones.

Although some details of hormone signaling are
known described above, there are still several intricacies
that need to be revealed. For instance, do different
hormone pathways use similar, or even the same
signaling molecules? Do different cells, tissues, or even
species of plants use the same steps in a particular
hormone signaling pathway? How does cross talk among
different hormone signaling pathways occur? The
application of genetic analysis to hormone mutants helps
us to answer these questions. The characterization of
mutants in hormone responses provides an excellent
opportunity to understand hormone action in plant
physiology and development. Mutants can be used to
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Figure 1. The phases of the hormone signaling pathway in plants. Three steps including signal
perception, signal transduction, and plant response(s) are shown. An alternative
pathway in which the receptor could alter gene expression directly by acting as a
transcription factor without transducing the activated signal to the pathway is also
shown.



study hormone biosynthesis, to dissect the molecular
genetics of hormone signaling pathways, and to isolate
the corresponding genes. The recent availability of the
whole Arabidopsis genome sequence has made this easier
and faster. Therefore, this paper also introduces
hormone mutants involved in hormone signaling for a
comprehensive understanding of hormone signaling
pathways in plants.

Hormone Mutants Involved in Hormone Signaling
Pathways

Plant hormone mutants can be classified into 2 main
groups; (i) those that influence hormone levels by altering
biosynthesis, generally termed biosynthesis mutants
including (a) auxotrophs and (b) over accumulation
mutants, and (ii) those that influence the response to
hormones, generally termed response mutants including
(a) insensitive and (b) hypersensitive mutants (Reid,
1993). Most auxotrophic mutants show a reduction in
hormone level, and exogenous hormone application
restores the mutant phenotype to its wild type. However,
not all auxotrophs necessarily exhibit a reduction in the
hormone biosynthesis. In some cases biosynthesis
mutants may also overproduce hormones (Normanly et
al., 1993; Ross et al., 1993; Hirayama et al., 1999;
Woeste et al., 1999; Woeste and Kieber, 2000; Gibson et
al., 2001). On the other hand, response mutants appear
to be insensitive to their own endogenous hormone levels
or resistant to toxic or growth inhibiting levels of
exogenous hormone. The main difference between a
hormone response (insensitive or hypersensitive) mutant
and a hormone biosynthesis (deficient) mutant is that the
response mutant phenotype cannot be restored to the
wild type by exogenous hormone application. 

Another useful type of mutant in the investigation of
complex hormone signaling is a secondary mutation that
suppresses the effect of one of the mutations described
above. Suppressors demonstrating their own phenotypes
and partially suppressing an earlier gene mutation are
useful not only for identifying new gene functions but
also for identifying new mutations in previously
characterized genes. Genes encoding components of a
particular signaling pathway may have other functions
that may be missed by direct screening but that can be
identified genetically among suppressor mutations of
signaling mutants (McCourt, 1999). Recent studies have

shown that this technique can identify novel genes
functioning in the hormone signaling pathway in plants
(Reed et al., 1998; Steber et al., 1998; Peng et al.,
1999; Hsieh et al., 2000). For instance, a screen for
suppressors of the auxin resistant mutant axr1 in
Arabidopsis thaliana has identified a second site
suppressor locus called SAR1 (Suppressor of Auxin
Resistance 1). Genetic analysis of this mutant indicated
that sar1 partially suppresses every aspect of axr1 and
functions in the same or overlapping signaling pathway in
auxin signaling (Cernac et al., 1997; Tiryaki and
Staswick, unpublished results). 

To identify mutations in genes related to a specific
hormone signaling pathway, the simplest and most used
method is to assay a mutagenized plant population for an
altered response to a specific hormone that is supplied
exogenously. This should reveal a clear and reproducible
phenotypic difference between wild type and mutant.
However, in screens where seeds and seedlings are
exposed to higher concentrations of hormone than those
a plant experiences under normal growth conditions,
mutations that confer insensitivity to such conditions may
not always be specific to the hormone dependent pathway
of interest. For instance, the iba1 (indole-3-butyric acid
resistant 1) mutant of Nicotiana plumbaginifolia was
recovered in a screen for resistance to a very low
concentration of auxin, but was later found to be
resistant to ABA and paclobutrazol, an inhibitor of
gibberellic acid (GA) biosynthesis (Bitoun et al., 1990). In
addition, not all hormone mutant genes determined in
hormone screenings are necessarily directly involved in
hormone signal transduction pathways. It is possible that
mutations identified in a screen mark genes whose
functions are necessary for a signaling event to occur, but
which are not directly involved in the regulation of the
signal transduction pathway. For instance, it has been
suggested that early germination and the wilty phenotype
of iba1 mutant are due to a change in the ABA/GA ratio;
auxin may have a secondary effect on iba1 phenotype
(Bitoun et al., 1990). A similar result was also reported
in Arabidopsis (Koornneef and Veen, 1980). 

Mutants in hormone signaling genes can modulate (i)
the level of receptors, (ii) the affinity of the receptor
protein for the hormone, or (iii) the magnitude of the
response. Insensitivity to a particular hormone may be
attributed to a receptor that is uncoupled from the
activating ligand, such as ETR1 (Gamble et al., 1998;
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Imamura et al., 1998), to the effect of genes encoding
biosynthetic enzymes that alter intracellular hormone
levels, or to the effect of other genes whose actions in an
unexpected activation of the hormone signal transduction
chain such as in iba1 mutant (Bitoun et al., 1990). On the
other hand, mutants that affect multiple hormones can
shed light on the complex mechanisms through which
hormone signaling is integrated in the plant. 

It needs to be mentioned that, in addition to the
forward genetics approaches mentioned above, (i.e.
beginning with a mutant phenotype and ending with the
genetic sequence that causes the altered phenotype), the
recent availability of the whole Arabidopsis genome
sequence may provide an opportunity to use reverse
genetics, such as insertional mutagenesis to resolve
complex signaling pathways in plants. Reverse genetics
begins with a mutant gene sequence and tries to identify
the resulting change in the phenotype. Gene knockouts,
or null mutations, provide a direct route to determining
the function of a gene product in situ. New studies have
shown that this approach can successfully identify novel
mutants in plants (Sanders et al., 2000; Ellis and Turner,
2001; Stintzi et al., 2001; Alonso et al., 2003a; Alonso
et al., 2003b). This approach usually involves the use of
either transposable elements or T-DNA as a mutagen. The
foreign DNA not only disrupts expression of the gene into
which is inserted, but also acts as a marker for
subsequent identification of the mutation because of its
known sequence (Krysan et al., 1999). An important
aspect of this insertional mutation is that it permits the
identification of genes that would have been missed in
traditional mutagenesis screens (Sundaresan et al., 1995)
because the success of traditional mutagenesis strictly
depends on the selection methods applied to detect
desired mutants (Harten, 1998). For instance, if a gene
is functionally redundant, a reduction or loss of function
of the gene may result in no obvious or only subtle
phenotypic changes that cannot be identified in screens
for mutant phenotypes but may be detected by
expression pattern in enhancer-trap or gene-trap screens
(Sundaresan et al., 1995; McCourt, 1999). In most
traditional screens, since seeds and seedlings are exposed
to higher concentrations of hormone than those plants
experience, gene mutations that are homozygous lethal
are usually missed, but can be maintained in the
heterozygous plant populations with insertional
mutagenesis (Krysan et al., 1999).

Since jasmonate signaling has been one of the most
extensively studied signaling pathways during the last
decade, it was used an example to show how hormone
mutants can be used to reveal complex hormone signaling
in plants. Recent developments regarding the molecular
genetics of jasmonate signaling are also discussed.

Molecular Genetics of Jasmonate Signaling 

Jasmonate signaling plays a critical role in plant
reproductive development (McConn and Browse, 1996;
Sanders et al., 2000; Stintzi and Browse, 2000), in
protecting plants from pathogens and insects (Farmer
and Ryan, 1990; Penninckx et al., 1996; McConn et al.,
1997; Staswick et al., 1998; Engelberth et al., 2004;
Huang et al., 2004), and in limiting damage from abiotic
agents (Overmyer et al., 2000; Rao et al., 2000; Traw
and Bergelson, 2003; Huang et al., 2004). In
Arabidopsis, 3 mutants defective in JA response (i.e. jar1,
coi1, and jin1) (Staswick et al., 1992; Feys et al., 1994;
Berger et al., 1996), and 1 triple mutant defective in JA
biosynthesis (fad3-2/fad7-2/fad8) (McConn and Browse,
1996) were isolated in order to better understand how
JA works in plants. More recently, additional mutants
related to JA response have been characterized; the
Arabidopsis T-DNA mutants dde1 (for delayed dehiscence
1), dad1 (anther dehiscence1), opr3 (for oxo-
phytodienoic acid reductase 3), which is shown to be
allelic to dde1, and cev1 (for the constitutive expression
of vegetative storage protein 1) (Sanders et al., 2000;
Ellis and Turner, 2001; Ishiguro et al., 2001; Stintzi et
al., 2001). One mutant in the tomato, def1 (defenseless
1), is deficient in jasmonate biosynthesis and fails to
accumulate proteinase inhibitors (PI) (Howe et al.,
1996). 

Molecular and genetic analysis of JA biosynthesis or
perception mutants revealed that JA is required for male
fertility (McConn and Browse, 1996; Stintzi and Browse,
2000). For instance, coi1, fad3-2/fad7-2/fad8, and
opr3/dde1 mutants are male sterile. Fertility is restored
by the application of jasmonic acid in all these mutants,
except for coi1. JA would not be expected to complement
coi1, which is a signaling rather than a biosynthetic
mutant. Therefore, development of the stamen and
pollen does require jasmonic acid (Sanders et al., 2000;
Stintzi and Browse, 2000). Further results with dde1 and
dad1 also showed that jasmonic acid is required for
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development of the filament, development of pollen
grains, and dehiscence of the anthers (Sanders et al.,
2000). However, male sterility is not a general phenotype
of JA mutants because jar1, jin1, and def1 are male
fertile (Staswick et al., 1998). There are 2 possible
explanations for this discrepancy. First, the part of the
signaling network that is affected in jar1, jin1, and def1
is not necessary for proper flower fertility. Second, jar1
and jin1 show a less pronounced phenotype than coi1 in
several respects, i.e. root growth and gene expression,
suggesting that these mutants are weak alleles that allow
some JA perception and signaling that is sufficient for
proper reproduction. More recent evidence showed that
JAR1 does not encode a signal transduction component,
but rather an enzyme that biochemically modifies JA,
suggesting that although required for some aspects of JA
response, this modification is apparently not necessary
for pollen fertility (Staswick et al. 2002). More detailed
molecular characterization of def1, jin1, and other
mutants is needed to assess the role of JA in plants. 

Defects in JA response or disruptions of the JA
biosynthetic pathway result in susceptibility of plants to
various pathogens and insects (Farmer and Ryan, 1990;
Howe et al., 1996; Penninckx et al., 1996; McConn et al.,
1997; Staswick et al., 1998; Engelberth et al., 2004).
For example, jar-1 has been shown to be susceptible to
the fungal pathogen Pythium irregulare (Staswick et al.,
1998) and coi1 is susceptible to Alternaria brassicicola
and Pythium mastophorum (Drechs.), but is resistant to
Pseudomonas syringeae (Feys et al., 1994). The triple
mutant (fad3-2/fad7-2/fad8) that contains negligible
levels of JA is also susceptible to the same fungal root
pathogens as jar1, and coi1 shows susceptibility
(Staswick et al., 1998; Vijayan et al., 1998). The fad3-
2/fad7-2/fad8 mutant is also more susceptible to attack
by larvae of a saprophagous fungal gnat, Bradysia
impatiens (Stintzi et al., 2001). Unlike the response of
the triple mutant, fad3-2/fad7-2/fad8 and coi1, the opr3
plants show the same resistance as wild types in the face
of attack by Bradysia larvae as well as the fungal
pathogen A. brassicicola (Stintzi et al., 2001).
Collectively, these results indicate that the regulation of
resistance or susceptibility of the plant by JA-dependent
signaling pathways is determined by the type of pathogen
as well as the type of pathogenicity. 

The result in opr3, which carries a mutation that
blocks JA biosynthesis beyond the JA biosynthetic

precursor OPDA (12-oxo-phytodienoic acid), in response
to Bradysia larvae and the fungal pathogen A. brassicicola
is particularly important because it shows that resistance
to insect and fungal attack can be observed in the absence
of JA (Stintzi et al., 2001). This suggests that JA and
MeJA may not be required for all jasmonate responses,
and that OPDA can signal defense against Bradysia larvae,
as well as the fungal pathogen A. brassicicola in
Arabidopsis (Stintzi et al., 2001). Other intermediates of
JA biosynthesis, dinor oxo-phytodienoic acid (dnOPDA),
which is synthesized from hexadecatrienoic acid (16:3),
and JA conjugates such as JA-amino acid and JA-glucosyl,
may also be important signaling molecules of JA
pathways (Staswick et al., 2002). Furthermore,
emerging evidence has shown that the biochemical
modification of JA may also be an important part of
jasmonate signaling (Staswick et al., 2002). Identifying
new mutant plants that disrupt the JA biosynthesis at
each intermediate of the pathway such as allene oxide
cyclase (AOC), allene oxide synthase (AOS), and
lipoxygenase (LOX), or further biochemical tests related
to JA modification will help to reveal the complex
interaction between jasmonate family members and their
role in response to different stimuli. 

The initial characterization of the JA response
mutants jar1, coi1, and jin1 suggested that these loci
might affect jasmonate signal trunsduction (Staswick et
al., 1992; Feys et al., 1994; Berger et al., 1996). This
has been confirmed for coi1 by subsequent cloning and
biochemical characterization. COI1 encodes an F-box
protein that is related to the auxin response factor TIR1,
a component of the ubiquitin-like E3 complex called SCF
that is involved in plant auxin response (Xie et al., 1998).
The SCF complex including cullin, SKP1, RBX1 and an F-
box protein is involved in the transfer of ubiquitin from
ubiquitin ligase to target proteins in the ubiquitin
conjugation pathway. In this pathway, the ubiquitination
specificity is determined by unique F-box proteins that
contain an F-box motif (~45 amino acids) and sequences
required for target protein recognition. Recognition
elements can include leucine-rich repeats (LRRs), WD40
repeats, or protein-protein interaction motifs (Del Pozo
and Estelle, 2000). In the case of auxin signaling the F-
box protein is TIR1 (a complex known as SCFTIR1 ), which
is closely related to the jasmonate response factor
encoded by COI1 (Xie et al., 1998). This suggests that
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jasmonate signaling also involves an SCF-mediated
ubiquitination pathway (Gray et al., 1999). Indeed, new
emerging evidence shows that imminoprecipitates of
epitope-tagged COI1 from transgenic Arabidopsis plants
co-precipitate with cullin and SKP1 proteins to form an
E3 ubiquitin ligase, confirming that COI1 forms an
SCFCOI1 complex in vivo (Turner et al., 2002).
Furthermore, we and others also demonstrated that this
pathway is dependent on a component of the RUB-
activating enzyme, AXR1, which is shared with the auxin
proteasome signaling pathway (Staswick et al., 2002;
Tiryaki and Staswick, 2002; Xu et al., 2002; Feng et al.,
2003).

Our current understanding of JA signaling and its
interaction with other signaling pathways such as auxin,
imperfect as it is, reveals an enormous complexity.
However, biochemical approaches and screens for new
mutants via insertional mutagenesis such as T-DNA and
transposable elements will provide new opportunities to
discover multiple control sites and to dissect the
complexity of the pathway.

Conclusion

Intensive studies with hormone mutants have
indicated that plant hormone signaling pathways are not
linear but rather a network interacting with each other to
make a coordinated plant response(s) during growth and
development. In addition to forward genetics approaches,
the recent availability of the whole Arabidopsis genome
sequence now provides another opportunity to use
reverse genetics to dissect these complex signaling
pathways. Gene knockouts, or null mutations, may
therefore provide a direct route to determining the
function of a gene product in situ. Current challenges
would be to define those networks and understand how
plants use this pathway(s) to respond to biotic and abiotic
stresses. 

Acknowledgments

The author is grateful to Dr. Paul E. Staswick, Dr.
Martha L Rowe, and Dr. Gülgün Yıldız Tiryaki for their
assistance in the preparation of this review.

‹. T‹RYAK‹

297

References

Aducci, P. 1997. Signal transduction in plants, In: Molecular and Cell
Biology Updates (Eds.: A. Azzi and L. Packer). Birkhauser, Basel
Boston Berlin.

Alonso, J.M., A.N. Stepanova, R. Solano, E. Wisman, S. Ferrari, F.M.
Ausubel and J.R. Ecker. 2003a. Five components of the ethylene-
response pathway identified in a screen for weak ethylene-
insensitive mutants in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A.
100: 2992-7.

Alonso, J.M., A.N. Stepanova, T.J. Leisse, C.J. Kim, H. Chen, P. Shinn,
D.K. Stevenson, J. Zimmerman, P. Barajas, R. Cheuk, C.
Gadrinab, C. Heller, A. Jeske, E. Koesema, C.C. Meyers, H.
Parker, L. Prednis, Y. Ansari, N. Choy, H. Deen, M. Geralt, N.
Hazari, E. Hom, M. Karnes, C. Mulholland, R. Ndubaku, I.
Schmidt, P. Guzman, L. Aguilar-Henonin, M. Schmid, D. Weigel,
D.E. Carter, T. Marchand, E. Risseeuw, D. Brogden, A. Zeko,
W.L. Crosby, C.C. Berry and J.R. Ecker. 2003b. Genome-wide
insertional mutagenesis of Arabidopsis thaliana. Science 301:
653-7.

Berger, S., E. Bell and J.E. Mullet. 1996. Two methyl jasmonate-
insensitive mutants show altered expression of AtVsp in response
to methyl jasmonate and wounding. Plant Physiol. 111: 525-531.

Bitoun, R., P. Rousselin and M. Caboche. 1990. A pleiotropic mutation
results in cross resistance to auxin, abscisic acid, and
paclobutrazol. Mol Gen Genet 220: 234-239.

Bohen, S.P., A. Kralli and K.R. Yamamoto. 1995. Hold ‘em and fold
‘em: chaperones and signal transduction. Science 268: 1303-
1304.

Cernac, A., C. Lincoln, D. Lammer and M. Estelle. 1997. The SAR1 gene
of Arabidopsis acts downstream of the AXR1 gene in auxin
response. Development 124: 1583-1591.

Davies, P.J. 1995. The Plant Hormones: their nature, occurrence and
functions. In: The plant hormones: physiology, biochemistry and
molecular biology, 2 ed. (Ed. P. J. Devies), Kluwer Acad. Pub. pp.
1-12.

Del Pozo, J.C. and M. Estelle. 2000. F-box proteins and protein
degradation: an emerging theme in cellular regulation. Plant. Mol.
Biol. 44: 123-128.

Demidchik, V., C. Nichols, M. Oliynyk, A. Dark, B.J. Glover and J.M.
Davies. 2003. Is ATP a signaling agent in plants? Plant Physiol.
133: 456-61.

Dennison, K.L. and E.P. Spalding. 2000. Glutamate-gated calcium fluxes
in Arabidopsis. Plant Physiol.124: 1511-4.

Ebel, J. and E.G. Cosio. 1994. Elicitors of plant defense responses. Int
Rev Cytol 148: 1-33.

Ellis, C. and J.G. Turner. 2001. The Arabidopsis mutant cev1 has
constitutively active jasmonate and ethylene signal pathways and
enhanced resistance to pathogens. Plant Cell 13: 1025-1033.



Hormone Signaling Pathways in Plants: The Role of Jasmonic Acid in Plant Cell Signaling

298

Engelberth, J., H.T. Alborn, E.A. Schmelz and J.H. Tumlinson. 2004.
Airborne signals prime plants against insect herbivore attack.
Proc. Natl. Acad. Sci. U.S.A. 101: 1781-5.

Enyedi, A.J., N. Yalpani, P. Silverman and I. Raskin. 1992. Signal
molecules in systemic plant resistance to pathogens and pests. Cell
70: 879-886.

Farmer, E.E. and C.A. Ryan. 1990. Interplant communication: airborne
methyl jasmonate induces synthesis of proteinase inhibitors in
plant leaves. Proc. Natl. Acad. Sci. U.S.A. 87: 7713-6.

Feng, S., L. Ma, X. Wang, D. Xie, S.P. Dinesh-Kumar, N. Wei and X.W.
Deng. 2003. The COP9 signalosome interacts physically with SCF
COI1 and modulates jasmonate responses. Plant Cell 15: 1083-
94.

Feys, B.J.F., C.E. Benedetti, C.N. Penfold and J.G. Turner. 1994.
Arabidopsis mutants selected for resistance to the phytotoxin
coronatine are male sterile, insensitive to methyl jasmonate, and
resistance to a bacterial pathogen. Plant Cell 6: 751-759.

Gamble, R.L., M.L. Coonfield and G.E. Schaller. 1998. Histidine kinase
activity of the ETR1 ethylene receptor from Arabidopsis. Proc.
Natl. Acad. Sci. U.S.A. 95: 7825-7829.

Gibson, S.I., R.J. Laby and D. Kim. 2001. The sugar-insensitive1 (sis1)
mutant of Arabidopsis is allelic to ctr1. Biochem Biophys Res
Commun 280: 196-203.

Gray, W.M. and M. Estelle. 1998. Biochemical genetics of plant growth.
Curr. Opin. Biotech. 9: 196-201.

Gray, W.M., J.C. Del Pozo, L. Walker, L. Hobbie, E. Risseeuw, T. Banks,
W.L. Crosby, M. Yang, H. Ma and M. Estelle. 1999. Identification
of an SCF ubiquitin-ligase complex required for auxin response in
Arabidopsis thaliana. Genes Dev. 13: 1678-91.

Harten, A.M.V. 1998. Mutation breeding; theory and practical
applications Cambridge Univ Press, Cambridge.

Hildmann, T., M. Ebneth, H. Pena-Cortes, J.J. Sanchez-Serrano, L.
Willmitzer and S. Prat. 1992. General roles of abscisic and
jasmonic acids in gene activation as a result of mechanical
wounding. Plant Cell 4: 1157-70.

Hirayama, T., J.J. Kieber, N. Hirayama, M. Kogan, P. Guzman, S.
Nourizadeh, J.M. Alonso, W.P. Dailey, A. Dancis and J.R. Ecker.
1999. Responsive-to-antagonist1, a Menkes/Wilson disease-
related copper transporter, is required for ethylene signaling in
Arabidopsis. Cell 97: 383-93.

Howe, G.A., J. Lightner, J. Brose and C.A. Ryan. 1996. An octadecanoid
pathway mutant (JL5) of tomato is compromised in signaling for
defense against insect attack. Plant Cell 8: 2067-2077.

Hsieh, H., H. Okamoto, M. Wang, L. Ang, M. Matsui, H. Goodman and
X.W. Deng. 2000. FIN219, an auxin-regulated gene, defines a
link between phytochrome A and the downstream regulator COP1
in light control of Arabidopsis development. Genes Dev. 14:
1958-1970.

Huang, X., K. Stettmaier, C. Michel, P. Hutzler, M.J. Mueller and J.
Durner. 2004. Nitric oxide is induced by wounding and influences
jasmonic acid signaling in Arabidopsis thaliana. Planta ISSN:
0032-0935 (Paper) 1432-2048 (Online):DOI: 10.1007/s00425-
003-1172-7.

Imamura, A., N. Hanaki, H. Umeda, A. Nakamura, T. Suzuki, C. Ueguchi
and T. Mizuno. 1998. Response regulators implicated in His-to-
Asp phosphotransfer signaling in Arabidopsis. Proc. Natl. Acad.
Sci. U.S.A. 95: 2691-2696.

Ishiguro, S., A. Kawai-Oda, J. Ueda, I. Nishida and K. Okada. 2001. The
defective in anther dehiscence gene encodes a novel phospholipase
A1 catalyzing the initial step of jasmonic acid biosynthesis, which
synchronizes pollen maturation, anther dehiscence, and flower
opening in Arabidopsis. Plant Cell 13: 2191-209.

Karin, M. and Y. Ben-Neriah. 2000. Phosphorylation meets
ubiquitination: the control of NF-[kappa]B activity. Annu. Rev.
Immunol. 18: 621-663.

Keen, N.T. 1975. Specific elicitors of plant phtoalexin production:
determinant of race specificity in pathogens? Science 187: 74-75.

Klumpp, S. and J. Krieglstein. 2002. Phosphorylation and
dephosphorylation of histidine residues in proteins. Eur. J.
Biochem. 269: 1067-71.

Koornneef, M. and V.D. Veen. 1980. Induction and analysis of
gibberellin-sensitive mutants of Arabidopsis thaliana (l.) Heynh.
Theor. Appl. Genet. 58: 257-263.

Krysan, P.J., J.C. Young and M.R. Sussman. 1999. T-DNA as an
insertional mutagen in Arabidopsis. Plant Cell 11: 2283-2290.

Malamy, J. and D.K. Klessig. 1992. Salicylic acid and disease resistance.
Plant J. 2: 643-654.

McConn, M. and J. Browse. 1996. The critical requirement for linolenic
acid is pollen development, not photosynthesis, in an Arabidopsis
mutant. Plant Cell 8: 403-406.

McConn, M., R.A. Creelman, E. Bell, J.E. Mullet and J. Browse. 1997.
Jasmonate is essential for insect defense in Arabidopsis. Proc.
Natl. Acad. Sci. U.S.A. 94: 5473-5477.

McCourt, P. 1999. Genetic analysis of hormone signaling. Annu. Rev.
Plant Physiol. Plant Mol. Biol. 50: 219-243.

Moller, S.G. and N.H. Chua. 1999. Interactions and intersections of
plant signaling pathways. J. Mol. Biol. 293: 219-234.

Normanly, J., J.D. Cohen and G.R. Fink. 1993. Arabidopsis thaliana
auxotrophs reveal a tryptophan-independent biosynthetic
pathway for indole-3-acetic acid. Proc. Natl. Acad. Sci. U.S.A. 90:
10355-9.

Overmyer, K., H. Tuominen, R. Kettunen, C. Betz, C. Langebartels, H.
Sandermann, Jr. and J. Kangasjarvi. 2000. Ozone-sensitive
Arabidopsis rcd1 mutant reveals opposite roles for ethylene and
jasmonate signaling pathways in regulating superoxide-dependent
cell death. Plant Cell 12: 1849-62.



‹. T‹RYAK‹

299

Palme, K., F. Bischoff, F. Cvrckova and V. Zarsky. 1997. Small G-
proteins in Arabidopsis thaliana. Biochem. Soc. Trans. 25: 1001-
1005.

Peng, J., D.E. Richards, T. Moritz, A. Cano-Delgado and N.P. Harberd.
1999. Extragenic suppressors of the Arabidopsis gai mutation
alter the dose-response relationship of diverse gibberellin
responses. Plant Physiol. 119: 1199-1208.

Pennazio, S., D. Colaricio, P. Rogero and R. Lenzi. 1987. Effect of
salicylate stress on the hypersensitive response of asparagus bean
to tobacco necrosis virus. Physiol Mol Plant Pathol. 30: 347-357.

Penninckx, I.A., K. Eggermont, F.R. Terras, B.P. Thomma, G.W. De
Samblanx, A. Buchala, J.P. Metraux, J.M. Manners and W.F.
Broekaert. 1996. Pathogen-induced systemic activation of a plant
defensin gene in Arabidopsis follows a salicylic acid-independent
pathway. Plant Cell 8: 2309-23.

Rao, M.V., J.R. Koch and K.R. Davis. 2000. Ozone: a tool for probing
programmed cell death in plants. Plant Mol. Biol. 44: 345-58.

Reed, J.W., R.P. Elumalai and J. Chory. 1998. Suppressors of an
Arabidopsis thaliana phyB mutation identify genes that control
light signaling and hypocotyl elongation. Genetics 148: 1295-
1310.

Reid, J.B. 1993. Plant hormone mutants. J. Plant Growth Regul.
12:207-226.

Reymond, P. and E.E. Farmer. 1998. Jasmonate and salicylate as global
signals for defense gene expression. Curr. Opin. Plant. Biol. 1:
404-411.

Ross, J.J., J.B. Reid and S.M. Swain. 1993. Control of stem elongation
by giberellin A1: Evidence from genetic studies including slender
mutant, sln. Aust. J. Plant Physiol. 20: 585-599.

Salisbury, F.B. and C.W. Ross. 1992. Plant physiology Wadsworth,
Balmont, CA.

Sanders, P.M., P.Y. Lee, C. Biesgen, J.D. Boone, T.P. Beals, E.W. Weiler
and R.B. Goldberg. 2000. The Arabidopsis delayed dehiscence1
gene encodes an enzyme in the jasmonic acid synthesis pathway.
Plant Cell 12: 1041-61.

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

Staswick, P.E., G.Y. Yuen and C.C. Lehman. 1998. Jasmonate signaling
mutants of Arabidopsis are susceptible to the soil fungus Pythium
irregulare. Plant J. 15: 747-54.

Staswick, P.E., I. Tiryaki and M.L. Rowe. 2002. Jasmonate response
locus JAR1 and several related Arabidopsis genes encode enzymes
of the firefly luciferase superfamily that show activity on
jasmonic, salicylic, and indole-3-acetic acids in an assay for
adenylation. Plant Cell 14: 1405-15.

Steber, C.M., S.E. Cooney and P. McCourt. 1998. Isolation of the GA-
response mutant sly1 as a suppressor of ABI1-1 in Arabidopsis
thaliana. Genetics 149: 509-21.

Steudle, E. 2000. Water uptake by roots: effects of water deficit. J.
Exp. Bot. 51: 1531-1542.

Stintzi, A. and J. Browse. 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.

Stintzi, A., H. Weber, P. Reymond, J. Browse and E.E. Farmer. 2001.
Plant defense in the absence of jasmonic acid: the role of
cyclopentenones. Proc. Natl. Acad. Sci. U.S.A. 98: 12837-12842.

Stone, J.M. and J.C. Walker. 1995. Plant protein kinase families and
signal transduction. Plant Physiol. 108: 451-7.

Sundaresan, V., P. Springer, T. Volpe, S. Haward, J.D. Jones, C. Dean,
H. Ma and R. Martienssen. 1995. Patterns of gene action in plant
development revealed by enhancer trap and gene trap
transposable elements. Genes Dev. 9: 1797-810.

Tang, W., S.R. Brady, Y. Sun, G.K. Muday and S.J. Roux. 2003.
Extracellular ATP inhibits root gravitropism at concentrations that
inhibit polar auxin transport. Plant Physiol. 131: 147-54.

Tiryaki, I. and P.E. Staswick. 2002. An Arabidopsis mutant defective in
jasmonate response is allelic to the auxin-signaling mutant axr1.
Plant Physiol. 130: 887-94.

Traw, M.B. and J. Bergelson. 2003. Interactive effects of jasmonic acid,
salicylic acid, and gibberellin on induction of trichomes in
Arabidopsis. Plant Physiol. 133: 1367-75.

Turner, J.G., C. Ellis and A. Devoto. 2002. The jasmonate signal
pathway. Plant Cell 14: S153-64.

Vijayan, P., J. Shockey, C.A. Levesque, R.J. Cook and J. Browse. 1998.
A role for jasmonate in plant defense of Arabidopsis. Proc. Natl.
Acad. Sci. U.S.A. 95: 7209-7214.

Woeste, K.E. and J.J. Kieber. 2000. A strong loss-of-function mutation
in RAN1 results in constitutive activation of the ethylene response
pathway as well as a rosette-lethal phenotype. Plant Cell 12: 443-
55.

Woeste, K.E., C. Ye and J.J. Kieber. 1999. Two Arabidopsis mutants
that overproduce ethylene are affected in the posttranscriptional
regulation of 1-aminocyclopropane-1-carboxylic acid synthase.
Plant Physiol. 119: 521-30.

Xie, D.-X., B.F. Feys, M. Nieto-Rostro and J.G. Turner. 1998. COI1: An
Arabidopsis gene required for jasmonate-regulated defense and
fertility. Science 280:1091-1094.

Xu, L., F. Liu, E. Lechner, P. Genschik, W.L. Crosby, H. Ma, W. Peng, D.
Huang and D. Xie. 2002. The SCF(COI1) ubiquitin-ligase
complexes are required for jasmonate response in Arabidopsis.
Plant Cell 14: 1919-1935.


