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Ozone is the main photochemical oxidant that causes leaf 
damage in many plant species, and can thereby significantly 
decrease the productivity of crops and forests. When ozone is incor‑
porated into plants, it produces reactive oxygen species (ROS), such 
as superoxide radicals and hydrogen peroxide. These ROS induce 
the synthesis of several plant hormones, such as ethylene, salicylic 
acid, and jasmonic acid. These phytohormones are required for 
plant growth, development, and defense responses, and regulate the 
extent of leaf injury in ozone‑fumigated plants. Recently, responses 
to ozone have been studied using genetically modified plants 
and mutants with altered hormone levels or signaling pathways. 
These researches have clarified the roles of phytohormones and the 
complexity of their signaling pathways. The present paper reviews 
the biosynthesis of the phytohormones ethylene, salicylic acid, and 
jasmonic acid, their roles in plant responses to ozone, and multiple 
interactions between these phytohormones in ozone‑exposed 
plants.

Introduction

As the Earth’s population and industrial productivity increase, 
air pollution is becoming one of the most serious environmental 
problems. Tropospheric concentrations of ozone, which is a major 
photochemical oxidant, have increased markedly since the turn of 
the last century,1 causing extensive damage to natural and cultivated 
plants.2 Ambient ozone concentrations in Europe, Japan and the 
United States usually vary between 20 and 60 ppb during seasons 
with high light intensity, but acute ozone peaks exceeding 200 ppb 
are occasionally observed around large cities.

Exposure to ozone can result in foliar lesions such as chlorosis 
and necrosis, but the appearance and severity of this leaf damage 

differs among plant species and varieties. For example, exposure of 
two tobacco (Nicotiana tabacum) cultivars, ‘Bel‑B’ and ‘Bel‑W3’, to 
acute ozone levels produced marked leaf damage only in ‘Bel‑W3’.3,4 
Natural genetic variation in ozone tolerance has also been reported 
in Arabidopsis accessions between the ozone‑tolerant Col‑0 ecotype 
and the ozone‑sensitive accession Ws‑2.5

After entering the leaf through stomata, ozone dissolves in the 
apoplast, where it generates superoxide (O2

‑) and hydrogen peroxide 
(H2O2), which then lead to the production of additional reactive 
oxygen species (ROS) in oxidative bursts, most probably through 
the action of apoplastic NADPH oxidase.6 To remove and detoxify 
excess ROS, plants have evolved both enzymatic and nonenzy‑
matic antioxidant defenses such as the production of ascorbic acid, 
glutathione, a‑tocopherol, and catalases.7 Of these, glutathione is 
regarded as a central component of the antioxidant defense in higher 
plants.8 Glutathione has a higher affinity for oxidants than other 
antioxidant molecules, such as ascorbic acid.9

Acute ozone exposure results in the activation of a programmed 
cell death (PCD) response that resembles the hypersensitive response 
observed in plant‑pathogen interactions.10‑12 Ozone‑induced PCD 
is characterized by an oxidative burst and by the coincident induc‑
tion of pathogenesis‑related (PR) proteins and antioxidant defense 
genes such as GST1 and various ascorbate peroxidase genes.5,13 The 
participation of several phytohormones in response to acute ozone 
exposure, downstream of ROS production, has been well established. 
Indeed, exposure to acute levels of ozone activates signal‑transduc‑
tion pathways for phytohormones such as ethylene, salicylic acid 
(SA), and jasmonic acid (JA), leading to downstream responses such 
as antimicrobial defenses.14,15 Recent studies have demonstrated 
that these signaling pathways do not act independently, and that 
the degree of lesion formation induced by ozone is influenced by 
cross‑talk between these signaling pathways.13,16‑24 In the present 
paper, I review the role of phytohormones and their interactions in 
the processes responsible for ozone‑induced cell death.

Review

The role of phytohormone signaling in ozone‑induced cell death  
in plants
Masanori Tamaoki

Environmental Biology Division; National Institute for Environmental Studies; Tsukuba; Ibaraki, Japan

Abbreviations: ACC, 1‑aminocyclopropane‑1‑carboxylic acid; ACO, ACC oxidase; ACS, ACC synthase; AOC, allene oxide cyclase; AOS, 
allene oxide synthase; GST, glutathione‑S‑transferase; ICS, isochorismate synthase; JA, jasmonic acid; LOX, lipoxygenase; MAPK, mito‑
gen‑activated protein kinase; MeJA, methyl jasmonate; OPR, 12‑oxo‑phytodienoic acid reductase; PAL, phenylalanine ammonia‑lyase; PCD, 
programmed cell death; PR, pathogenesis‑related; ROS, reactive oxygen species; SA, salicylic acid

Key words: cross‑talk, ethylene, jasmonic acid, ozone, phytohormones, programmed cell death, salicylic acid, signaling pathways

Correspondence to: Masanori Tamaoki; Environmental Biology Division; National 
Institute for Environmental Studies; 16‑2 Onogawa; Tsukuba, Ibaraki 305‑8506 
Japan; Tel.: 81.298.50.2466; Fax: 81.298.50.2490; Email; mtamaoki@nies.go.jp

Submitted: 02/26/08; Accepted: 01/08/08

Previously published online as a Plant Signaling & Behavior E‑publication: 
www.landesbioscience.com/journals/psb/article/5538

[Plant Signaling & Behavior 3:3, 166‑174; March 2008]; ©2008 Landes Bioscience



Ozone, hormone signaling and plant cell death

www.landesbioscience.com Plant Signaling & Behavior 167

Early Responses in Ozone‑Exposed Plants

Plants have evolved systems capable of sensing and responding 
to environmental changes, including increases in ozone levels. It 
has been clearly established that ozone is a highly toxic molecule 
responsible for the generation of foliar lesions, but the initial site of 
ozone reactions in plants is not yet completely understood. Based on 
measurements of ozone flux into leaves, it has been suggested that 
ozone does not penetrate deeply into intercellular spaces, but rather 
degrades the cell wall and plasma membrane.25 This raises the ques‑
tion of how ozone generates physiological responses in plants. The 
plant cell wall contains many phenolic compounds and the plasma 
membrane contains a high proportion of unsaturated lipids. It is thus 
likely that the first set of molecules that will react with ozone will 
be encountered within the cell wall regions just outside the plasma 
membrane and that highly toxic ROS will form in the tissues.26

These ozone‑derived ROS could trigger a wide array of signal 
cascades, such as alterations in the physical and chemical properties of 
the plasma membrane, changes in calcium influx, and the induction 
of protein kinases. Thus, the initial recognition of ozone by the plant 
might result from the response of cell walls and plasma membranes 
to the generation of ROS. After this sensing step has occurred, signals 
generated at the receptors or sensors would be converted into cellular 
responses by means of various signal‑transduction pathways. The 
earliest signaling events, such as protein phosphorylation or dephos‑
phorylation and calcium influx, can occur within a few minutes. 
These changes are followed by the production of several signaling 
compounds, including ROS, ethylene, SA, and JA.16,27‑32 Changes 
in global gene expression in response to these primary and secondary 
signals eventually alter the metabolism and physiology of plants, and 
this leads to their response to the new environment that stimulated 
the change.

Mitogen‑activated protein kinase (MAPK) cascades are major 
pathways downstream of sensors and receptors that transduce 
extracellular stimuli into intracellular responses in eukaryotes.33‑37 
Recent studies have demonstrated that WIPK and SIPK, two 
tobacco (Nicotiana tabacum) MAPKs, as well as their functional 
orthologs in other plant species, including MPK3 and MPK6 in 
Arabidopsis thaliana, are activated in plants under ozone stress.38,39 
Ozone‑induced activation of SIPK, MPK6 and MPK3 occurs within 
10 to 30 minutes, representing one of the earliest responses in plants 
under stress, and potentially allows these MAPKs to influence a 
variety of other early, intermediate, and late stress responses such 
as the accumulation of phytohormones. In addition, constitutive 
MAPK activation has been shown to lead to hypersensitivity response 
(HR)‑like cell death, suggesting that MAPK signaling is a part of the 
ROS‑induced PCD pathway.40 This also indicates that MAPK acti‑
vation might be needed for the early phases of cell death caused by 
ozone. However, whether the activation of AtMPK3 and AtMPK6 
causes or results from the increased cell death is unclear; for example, 
no direct evidence has been obtained for the relationship between the 
magnitude of cell death in the Arabidopsis rcd1 mutant, with high 
ozone sensitivity,18 and activation of AtMPK6, AtMPK3, or both 
in this mutant.12 Furthermore, the ozone‑sensitive jar1 Arabidopsis 
mutant has MAPK activity similar to that of the ozone‑tolerant 
Col‑0.39 Samuel and Ellis41 described the complicated functioning 
of SIPK in ozone tolerance. Ozone sensitivity in transgenic tobacco 
plants that show inhibition or constitutive activation of SIPK activity 

is higher than that in wild‑type plants. As well as AtMPK3/WIPK 
and AtMPK6/SIPK, MPK4 also has an important role in the plant 
defense system against ozone. Transgenic tobacco with repressed 
expression of NtMPK4, a tobacco homolog of Arabidopsis MPK4 
(AtMPK4), showed enhanced sensitivity to ozone.42 Conversely, 
transgenic tobacco plants with higher activity of NtMPK4 as a result 
of overproduction of SIPKK or the constitutively active SIPKKEE 
type showed enhanced resistance to ozone. NtMPK4’s role in ozone 
tolerance is thought to be caused by its regulation of stomatal 
closure in an abscisic acid (ABA)‑independent manner, because 
NtMPK4‑silenced plants showed high stomatal conductance and 
reduced stomatal closure on exposure to ozone.

Another early event triggered by ozone exposure is elevation 
of the concentration of free cytosolic calcium ion. Calcium func‑
tions as a second messenger in a wide range of signal‑transduction 
networks in plants, linking the perception of a range of stimuli and 
stresses to downstream cellular responses.43 Clayton et al.44 showed 
that when plants were exposed to acute levels of ozone, a short‑lived 
spike‑like elevation of free cytosolic calcium was observed within 5 
min, followed by a second, more gradual, elevation of calcium 15 
min after the ozone exposure. The second peak was smaller than the 
first one, but persisted for more than 30 min. The second of the two 
cytosolic calcium peaks was eliminated by pretreatment of the plants 
with lanthanum chloride, but the first peak was still detected. In the 
presence of lanthanum chloride, the induction of a gene for the anti‑
oxidant defense enzyme glutathione‑S‑transferase (GST) in response 
to ozone decreased, suggesting that the second peak is necessary to 
induce GST expression.44 The biphasic calcium response to ozone 
exposure has been observed in the aboveground portion of plants, 
and depended on the rate of increase in ozone level.45 Experiments 
utilizing inhibitors of antioxidant metabolism and mutants with 
impaired glutathione synthesis demonstrated that the level of the 
first calcium peak in the aboveground plant parts depended on the 
redox status of the plant, including the levels of compounds such 
as glutathione and ascorbic acid.45 In addition, Miles et al.46 have 
demonstrated in tobacco suspension‑cultured cells that an influx 
of extracellular calcium ions plays an essential role in the activation 
of SIPK in response to treatment with ROS. This indicates that 
calcium influx caused by ozone might trigger part of the observed 
ROS‑induced PCD through the activation of MAPKs. Furthermore, 
ozone‑induced changes in levels of free cytosolic calcium may lead to 
phosphorylation of one of the subunits of NADPH‑oxidase known 
to generate ROS.47 This fact suggests that calcium influx in response 
to ozone exposure could trigger NADPH oxidase‑dependent ROS 
production. However, the detailed mechanisms by which ROS 
alter free calcium levels are not yet known. Recently, Kadono et al.3 
showed that pretreatment of Ca2+ chelators inhibit ozone‑induced 
cell death in tobacco (BelW3) suspension culture. Therefore, calcium 
signaling initiated by ozone‑dependent Ca2+ influx possibly links the 
primary and secondary oxidative bursts that is achieved by activation 
of NADPH‑oxidase.

Salicylic Acid Acts as a Main Molecule in the Induction of PCD 
by Ozone

SA is a major phenylpropanoid compound whose biosynthesis is 
triggered by various biotic and abiotic stresses. Accumulation of SA 
has also been observed in ozone‑exposed plants.48 It had originally 
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been thought that SA was synthesized only from phenylalanine 
via t‑cinnamic acid and benzoic acid in tobacco, potato (Solanum 
tuberosum) and Arabidopsis.49‑53 Phenylalanine ammonia‑lyase 
(PAL), which catalyzes the transformation of phenylalanine into 
t‑cinnamic acid, is a rate‑limiting enzyme in the production of 
phenylpropanoid compounds in tobacco (Fig. 1).54,55 SA accumu‑
lation decreases in pathogen‑challenged or elicitor‑treated plants 
when endogenous PAL expression is suppressed by means of genetic 
manipulation or treatment with the PAL inhibitor 2‑aminoin‑
dan‑2‑phosphonic acid.51,52,56 These results suggest that PAL is an 
important enzyme in the pathway of SA synthesis.

However, Wildermuth et al.57 found another SA biosynthesis 
pathway that starts from chorismate and proceeds via isochoris‑
mate in pathogen‑infected Arabidopsis (Fig. 1). This pathway has 
also been reported in Pseudomonas aeruginosa, and isochorismate 
synthase (ICS) is the rate‑limiting enzyme for this pathway.58 Thus, 
two different SA synthesis pathways have been identified in plants. 
An unresolved issue is which pathway is used for SA synthesis when 
plants are exposed to ozone. In tobacco plants, 14C‑labeled benzoic 
acid (a precursor of SA in the phenylalanine pathway) is metabo‑
lized to SA in ozone‑exposed tobacco leaves, but the activity and 
mRNA level of ICS did not increase.24 In contrast, ICS activity 
increased in ozone‑exposed Arabidopsis. Moreover, an Arabidopsis 
mutant, salicylic acid induction‑deficient 2 (sid2),59 which completely 
lacks ICS1 activity showed low levels of SA accumulation during 
ozone exposure.24 These results suggest that SA is synthesized in 
response to ozone exposure via benzoic acid from phenylalanine in 
tobacco leaves but via isochorismate in Arabidopsis (Fig. 1). A gene 
encoding ICS (AJ006065) has been isolated and ICS has been puri‑
fied from cell cultures of Catharanthus roseus.60 Putative ICS genes 
have also been found in rice (AP008215), tobacco (AY740529), 

tomato (DQ149918) and hot pepper (AY743431), but whether the 
isochorismate pathway is used for SA biosynthesis in these plants 
has not been reported. Therefore, Arabidopsis is currently the only 
plant in which SA is known to be synthesized via the isochorismate 
pathway.

Although it is unclear why different SA biosynthesis pathways 
are induced by ozone in different plant species, understanding the 
causes may provide interesting evidence for the evolution of species 
ranging from bacteria to plants because the ICS pathway is also 
used in SA biosynthesis in some bacteria. In P. aeruginosa, PchA, 
which is functionally identical to ICS, limits the production of SA, 
suggesting that ICS is the rate‑limiting enzyme for SA biosynthesis in 
bacteria.58 In ozone‑exposed Arabidopsis, SA accumulation accom‑
panies an increase in ICS1 expression and ICS activity.61 Therefore, 
it is likely that ICS is the rate‑limiting enzyme for SA biosynthesis 
in Arabidopsis too. A recent study showed that the ICS pathway 
in Arabidopsis seems to be negatively regulated by SA signaling, 
because the level of ICS1 expression and the activity of ICS during 
ozone exposure were both elevated significantly in two mutants (npr1 
and eds5) that are deficient in SA signaling and in transgenic plants 
(NahG) that are deficient in SA accumulation.61 Moreover, SA treat‑
ments suppressed the enhancement of ICS1 expression by ozone.61 
This result could support the presence of negative feedback regula‑
tion of SA biosynthesis by the final product, SA.

As described above, SA accumulates in ozone‑exposed plants, 
and high levels of SA correlate with the formation of leaf lesions. 
Expression of NahG, a bacterial salicylate hydroxylase gene, in the 
tobacco cultivar ‘Xanthi’ resulted in an inability to accumulate 
SA62 and reduced lesion formation in response to ozone exposure.63 
Similarly, the ozone‑sensitive Arabidopsis ecotype Cvi‑0 and the rcd1 
mutant (which hyperaccumulates SA in response to ozone exposure) 
became markedly more tolerant of ozone when transformed with 
NahG or crossed with the npr1 mutant, which lacks SA signaling.12,64 
Furthermore, when exogenous SA was added to superoxide‑treated 
Col‑0, it significantly enhanced the induction of cell death.65 These 
results indicate that ozone‑induced production of SA acts as a signal 
that amplifies downstream signals that lead to cell death in a process 
similar to what occurs in pathogen‑infected plants.

On the other hand, other studies have shown that SA induces a 
defense response in plants exposed to ozone. A NahG‑transformed 
line of the ozone‑tolerant Arabidopsis Col‑0 ecotype showed 
remarkably greater ozone sensitivity than Col‑0.64,66 As in the 
case of ethylene (discussed in more detail in the next section), 
ozone‑inducible SA seems to have a dual function that depends on 
its production level. The ozone‑sensitive Arabidopsis ecotype Cvi‑0 
accumulates more than three times as much SA as the ozone‑tolerant 
Col‑0 ecotype.64 In Col‑0 plants, the induction of genes responsible 
for the production of antioxidants (e.g., cytosolic ascorbate peroxi‑
dase, chloroplastic glutathione reductase, chloroplastic glutathione 
peroxidase, and cytosolic GST) in response to ozone treatment 
were repressed in NahG‑transformed plants.64 These results suggest 
that although optimal concentrations of SA are required to induce 
antioxidant defense responses and maintain a optimal cellular redox 
state, high levels of SA may activate the PCD pathway and cause 
ozone sensitivity.

Figure 1. Proposed pathways for salicylic acid biosynthesis and signaling 
in ozone‑exposed plants. There are two pathways for salicylic acid (SA) 
biosynthesis in plants. Arabidopsis mutant sid2, that have a defect in ICS, 
does not accumulate salicylic acid (SA) in response to ozone, implying that 
SA is synthesized from isochorismate pathway (down from Chorismate) 
in Arabidopsis. However, another evidences support synthesis of SA from 
phenylalanine (PAL) pathway (right from Chorismate) in plants except for 
Arabidopsis. Final product (SA) of this pathway inhibits ICS expression 
and/or ICS activity. NPR; nonexpressor of PR‑1.
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Ethylene Promotes the Development of Leaf Injury 
in Response to Ozone

Ethylene is involved in regulating plant responses to both biotic 
and abiotic stresses, in addition to its functions in plant growth 
and development.67‑69 Increased ethylene biosynthesis occurs in 
plants under a wide variety of stresses. The two key steps in ethylene 
biosynthesis are the conversion of S‑adenosyl‑L‑methionine to 
1‑aminocyclopropane‑1‑carboxylic acid (ACC) and the oxidative 
cleavage of ACC to form ethylene (Fig. 2).67,70,71 The enzymes 
catalyzing these two reactions are ACC synthase (ACS) and ACC 
oxidase (ACO), respectively. Both enzymes are encoded by small 
gene families. In general, the basal activity level of ACS is very low 
in tissues that do not produce a significant amount of ethylene. 
Stress‑induced ethylene production is associated with a rapid increase 
in cellular ACS activity. In contrast, ACO activity is constitutively 
present in most vegetative tissues. Therefore, ACS is the rate‑limiting 
enzyme and governs the major regulatory step in stress‑induced 
ethylene production.69‑71 In ozone‑exposed plants, LE‑ACS1A, 
LE‑ACS2, and LE‑ACS6 are induced in tomato, and expression of 
ST‑ACS4 and ST‑ACS5 is increased in potato.72,73 The Arabidopsis 
genome encodes nine ACS genes, of which eight are functional 
(ACS2, ACS4‑9, and ACS11) and one is nonfunctional (ACS1).74 
Among these genes, only the expression of ACS6 is induced by 
ozone.75 This suggests that ACS6 is a key gene that triggers ethylene 
evolution in ozone‑exposed Arabidopsis. Indeed, some studies have 
shown a correlation between the induction of ACS6 and an increase 
in ethylene levels.5,18 Recently, Liu and Zhang76 showed that phos‑
phorylation of ACS2 and ACS6 by MPK6 leads to the accumulation 
of ACS (Fig. 2), and thus leads to elevated levels of cellular ACS 
activity, indicating that ozone‑induced ethylene evolution might 
be regulated not only by the transcription level of ACS6, but also 
post‑transcriptionally through the MAPK signaling pathway.

Ozone‑induced ethylene evolution was first identified by Craker,77 
and Tingey et al.78 subsequently showed a correlation between the 
extent of leaf injury and the rate of ozone‑induced ethylene produc‑
tion in various plant species. Ozone‑sensitive ‘Bel‑W3’ tobacco 
produces a higher level of ethylene than ozone‑tolerant ‘Bel‑B’ when 
these plants are exposed to ozone.79 Moreover, treatment with inhibi‑
tors for ethylene biosynthesis attenuates injury to plant leaves under 
ozone exposure.80 These results indicate that ethylene is involved in 
promotion of the development of ozone‑induced leaf damage. Two 
hypotheses have been proposed for the mechanism of the damage‑pro‑
moting effect of ozone‑induced ethylene: the first assumes that the 
effect is due to the production of highly toxic substances such as free 
radicals and aldehydes through direct chemical reactions between 
ethylene and ozone,81,82 and the other proposes that ethylene serves 
as a signal molecule through its binding to one or more receptors.83 
Some experiments using pretreatment with an inhibitor of ethylene 
reception were carried out to assess which hypothesis is correct. 
After treatment with inhibitors of ethylene reception, ozone‑induced 
ethylene emission still occurred, but leaf damage caused by ozone 
decreased.5,18,83 This suggests that the ethylene signaling pathway 
must be activated for ozone to cause leaf damage.

Although ozone‑inducible ethylene production clearly appears 
to promote the development of leaf injury, details of how ethylene 
functions in the development of leaf damage caused by ozone have 

not yet been clarified. Recently, Tanaka et al.84 showed that ethylene 
delays stomatal closure by inhibiting the ABA signaling pathway. 
ABA is involved in responses to several abiotic stresses and is a 
well‑known regulator of stomatal closure. Thus, it is hypothesized 
that the delayed stomatal closure caused by ozone‑induced ethylene 
production may result in a higher influx of ozone into leaves, and 
that this might trigger the promotion of the development of leaf 
damage. This hypothesis seems to have been confirmed by experi‑
ments with the rcd1 Arabidopsis mutant. This mutant showed higher 
ozone sensitivity associated with higher production of ethylene,18 
and higher stomatal conductance than in wild‑type plants during 
ozone exposure.85 However, questions still remain, because the ROS, 
which is generated with xanthine‑xanthine oxidase superoxide‑gener‑
ating system independent of the stomata, triggered a higher level of 
ROS‑dependent promotion of the development of leaf lesions only 
in the rcd1 mutant,18 indicating that the sensitivity of rcd1 to ozone 
could not result only from a higher influx of ozone caused by inhi‑
bition of ABA signaling by ethylene. Further experiments are thus 
necessary to understand whether ozone‑induced ethylene produc‑
tion inhibits stomatal closure through its effects on ABA signaling, 
because previous studies showed mutually antagonistic interactions 
between ethylene and ABA signaling.84,86,87

Many studies, including some that have used Arabidopsis mutants 
that overproduce ethylene or transgenic plants that exhibit reduced 
ozone‑induced ethylene production, have shown that ozone‑induced 
ethylene promotes the development of leaf injury.5,20,88 On the other 
hand, a few reports show that ethylene suppresses leaf damage caused 
by ozone. For example, pretreatment with ethylene increases ozone 
tolerance in pea (Pisum sativum) and mung bean (Vigna radiata).89 
A dual role for ethylene in ozone tolerance has also been observed 
in different genotypes of silver birch (Betula pendula Roth). An 
ozone‑tolerant silver birch clone produced little ethylene in response 
to ozone treatment, and ethylene production was temporally 
occurred,90 whereas an ozone‑sensitive clone generated a prolonged 

Figure 2. Proposed pathways for ethylene biosynthesis and signaling in 
ozone‑exposed plants. Activity of ACC synthase (ACS), the key enzyme of 
this pathway, is regulated with MPK6 in Arabidopsis or SIPK in tobacco, 
which activity is controlled with cytosolic free Ca2+. Ethylene binds to ethyl‑
ene receptors (e.g., ETR), and ethylene signal is transmitted via EIN2.
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high level of ethylene. Therefore, ethylene can serve as a mediator of 
either survival or cell death, depending on its level of synthesis and 
the temporal pattern of its synthesis. In addition, ethylene signaling 
in the ozone‑tolerant Arabidopsis ecotype Col‑0 might result in 
ozone tolerance through the induction of many defense genes. 
Indeed, transcriptome analysis using Arabidopsis macroarray showed 
that the induction of many defense‑related genes was suppressed 
in the ein2 Arabidopsis mutant.22 A recent study showed that low 
levels and temporal of ethylene evolution over time are necessary 
to promote the glutathione biosynthesis pathway that produces this 
ROS scavenger (Yoshida S, Tsukuba University, unpublished data). 
These results indicate that a low level of rapid but transient ethylene 
production is required for the acquisition of ozone tolerance in plants 
through the induction of many defense genes.

Jasmonic Acid Suppresses the Development of Lesions

Jasmonic acid is a derivative of the octadecanoid lipid pathway, 
in which it is derived from linolenic acid, and is a plant signaling 
compound involved in the regulation of many stress responses and 
of development.91 JA production is induced by a wide range of biotic 
and abiotic stresses, such as wounding, water deficits, and pathogen 
attack.91‑96 JA is synthesized from linolenic acid through oxygenation 
by lipoxygenase (LOX), then converted into 12‑oxo‑phytodienoic 
acid by allene oxide synthase (AOS) and allene oxide cyclase 
(AOC) (Fig. 2). JA is also synthesized from 12‑oxo‑phytodienoic 
acid through reduction by 12‑oxo‑phytodienoic acid reductase 
(OPR) and three b‑oxidation steps. Jasmonic acid carboxyl meth‑
yltransferase generates methyl jasmonate (MeJA). MeJA induces a 
set of genes for JA biosynthesis, including LOX2, AOS, AOC and 
OPR3, suggesting that MeJA is a key compound in the JA‑signaling 
pathway, in which MeJA controls its own production by means of 
a positive feedback mechanism.97 Induction of JA biosynthesis by 
ozone was expected on the basis of the finding that the expression 

of WIN3.7 (wound‑inducible trypsin inhibitor 3.7), which is induced 
by JA treatment, was increased by ozone exposure.98 This research 
group also showed that JA accumulated in ozone‑exposed poplar.99 
In addition, induction of LOX, AOS, and OPR (all involved in JA 
biosynthesis) was identified in ozone‑treated plants.100‑103 Based 
on these results, it is not surprising that JA or MeJA, as well as 
many other compounds derived from fatty acids, act as signaling 
molecules. The responses to these compounds have been designated 
as phyto‑oxylipin cascades, which also induce defense responses 
against pathogens or other environmental stresses.104 Indeed, several 
recent studies have demonstrated that fatty acids in chloroplasts are 
involved in PCD in response to stressors, including ozone.105‑107

The ozone sensitivity of JA‑deficient mutants shows that JA 
might be involved in the repression of ROS‑dependent lesion devel‑
opment in ozone‑exposed leaves. The JA‑insensitive Arabidopsis 
mutants methyl‑jasmonate resistant1 (jar1),108 coronatine insensitive1 
(coi1),109 and ozone‑sensitive and jasmonate‑insensitive 1 (oji1),21 
and the JA‑biosynthesis defective fad3/7/8 triple mutant and the 
12‑oxophytodienoate reductase 3 (opr3) mutant are all highly sensi‑
tive to ozone.18,102,110 The involvement of JA is further supported 
by studies that showed pretreatment with MeJA conferring ozone 
tolerance in tobacco and Arabidopsis.63,102 Inhibition of leaf 
damage by JA could be achieved partly through the regulation 
of ethylene receptors, because MeJA has been shown to induce a 
genes that encode an ethylene receptor (ERS2).111 The increased de 
novo synthesis of receptors has been proposed to decrease ethylene 
sensitivity.112 In this way, JA might inhibit the development of 
ethylene‑dependent lesions caused by ozone. Another hypothesis for 
the protection against ozone‑induced leaf damage by JA involves the 
coordinated activation of metabolic pathways for the production of 
antioxidants. Sasaki‑Sekimoto et al.110 showed that the expression 
of genes involved in the metabolic pathways for the production of 
ascorbic acid (VTC1, VTC2, DHAR and MDHAR) and glutathione 
(GSH1 and GSH2) was induced by MeJA treatment. These authors 
also showed that JA induces the accumulation of ascorbic acid and 
glutathione, suggesting that the coordinated activation of metabolic 
pathways mediated by JA could provide resistance to ozone damage.

Crosstalk Among Ethylene, SA and JA in Ozone‑Exposed Plants

Thus far, I have described the roles of SA, ethylene, and JA in 
ozone‑exposed plants as though these substances act independently, 
but in reality, they act in mutually antagonistic or coordinated ways 
during ozone exposure. A JA‑insensitive Arabidopsis mutant, jar1, 
accumulated a higher level of SA and showed a higher level of PR1 
expression than wild‑type plants.102 In addition, the ozone‑sensitive 
Arabidopsis ecotype Cvi‑0 is known to produce large amounts of 
SA in response to ozone treatment, and this plant shows low JA 
sensitivity. These results suggest that SA accumulation in response 
to ozone is negatively regulated by JA signaling. JA signaling also 
negatively regulates ethylene biosynthesis. The ozone‑sensitive and 
jasmonate‑semi‑insensitive (oji1) Arabidopsis mutant showed ozone 
sensitivity, reduced JA sensitivity, and a high level of ethylene 
production.21 Treatment of this mutant with JA reduced ethylene 
production and decreased ozone sensitivity. Moreover, the higher level 
of ozone‑induced ethylene production that occurs in the ozone‑sen‑
sitive Arabidopsis mutant rcd1 is also decreased by treatment with 
JA.18 These results indicate that JA signaling also negatively regulates 

Figure 3. Proposed pathways for jasmonic acid biosynthesis and signaling in 
ozone‑exposed plants. Jasmonic acid (JA) biosynthesis in ozone‑exposed plants 
is initiated from peroxodation of membrane lipids. Synthesized JA is further 
metabolized into methyl JA (MeJA) or JA‑isoleucine (JA‑Ile). These JA derived 
conjugates contribute protection from ozone‑induced leaf damage through 
induction of defense related and/or antioxidant biosynthesis genes.
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ethylene biosynthesis, and that JA could attenuate the ozone sensi‑
tivity that results from a high level of ethylene production.

The interaction between SA and ethylene has also been studied 
in ozone‑exposed plants. An increase in ozone‑inducible ethylene 
production was observed in plants pretreated with SA,20 and ethylene 
production in response to ozone decreased in a NahG transformed 
Arabidopsis that does not accumulate SA. These findings suggest 
that ethylene biosynthesis in response to ozone is regulated by SA 
signaling. However, another research group obtained contradictory 
results. Transgenic tobacco with inhibited ethylene biosynthesis 
generated lower levels of SA than the wild‑type in response to 
ozone,24 suggesting that SA biosynthesis in response to ozone was 
regulated by ethylene signaling. This discrepancy might be explained 
by the level of production of ozone‑induced ethylene in the plants. 
As described above, ozone‑induced ethylene can play different roles, 
depending on its production level and the timing of production. 
A low and transient production of ethylene induces the expression 
of defense genes, resulting in the acquisition of ozone tolerance, 
whereas a high and prolonged production of ethylene promotes 
the development of leaf lesions in response to ozone. For example, 
the ozone‑tolerant Arabidopsis ecotype Col‑0 generates a low level 
of ethylene in response to ozone.5 In this case, ethylene decreases 
ozone‑induced leaf damage through the induction of defense‑related 
genes that are also induced by SA signaling.22 In other words, 
ethylene and SA signaling act cooperatively in this plant. Decreasing 
SA production or signaling in this plant decreases the induction 
of defense‑related genes, which suggests that ethylene signaling is 
also decreased. Therefore, SA signaling seems to regulate ethylene 
signaling in this plant.

In contrast, the ozone‑sensitive Arabidopsis mutant rcd1 accu‑
mulates high levels of both ethylene and SA.12,18 Coaccumulation 
of ethylene and SA was also observed in two Arabidopsis ethylene 
over‑producer mutants, eto1 and eto3.20 Although these are exam‑
ples of Arabidopsis mutants, other plants also produce high levels 
of ethylene, such as tobacco cultivar ‘Bel‑W3’.4 In this tobacco, 
a marked increase in SA levels and increased activity of benzoic 
acid 2‑hydroxylase, which catalyses SA biosynthesis, were also 
observed.113 It is well known that ethylene and SA together promote 
continuous ROS production and cell death in response to ozone.19 
In these cases, decreasing SA production might be accompanied 
by decreasing ethylene biosynthesis. Thus, it seems that ethylene 
signaling regulates SA production in these plants. To understand 
the interaction between ethylene and SA in ozone‑exposed plants, 
it is important to clarify whether or not the plants used in each 
experiment produce a high level of ethylene. Currently, it seems that 
ozone‑induced ethylene depends on SA and vice versa.

As described previously, the development of ozone‑induced lesions 
in leaves seems to be under hormonal control, with different phyto‑
hormones and their interactions regulating ROS production and 
the competence of the cell to perceive and react to ROS signals.19 
Regulation of ROS‑dependent cell death in the oxidative cell death 
cycle has been proposed on the basis of work with plants undergoing 
HR,114 and this hypothesis was subsequently modified on the basis 
of ozone‑induced oxidative cell death.18,19 In this model, ROS, SA, 
ethylene and cell death function in a self‑amplifying feed‑forward 
loop in the regulation of cell death. JA is involved in the contain‑
ment of lesion development. According to this model, the levels of 

SA, ethylene, and JA production depend on the magnitude of ROS 
generation, and ozone‑induced cell death is then regulated by the 
functions of these phytohormones. Cell death leads to additional 
ROS production, resulting in further production of phytohormones. 
This model is very simple, but it can explain a number of the observa‑
tions of responses induced by ozone. However, both SA and ethylene 
can also protect plants from oxidative stresses, as described above. 
Thus, this model can explain the amplification of ozone‑induced 
lesion development by phytohormones, but cannot account for the 
protective function of optimal levels of SA and ethylene, which are 
known to induce defense responses.

Interactions Among Phytohormones in Ozone‑Exposed Plants

The knowledge covered in this review article support the notion 
that ozone‑induced cell death is the result of cross‑talk between 
various signaling pathways. Based on these observations, I have 
developed a hypothetical model that illustrates the complexity of the 
multiple interacting signaling pathways that determine the magni‑
tude of the ozone‑induced defense responses and cell death (Fig. 
4). This model is based on the model of hormonal interactions that 
regulate ROS‑dependent cell death that was proposed by Overmyer 
et al.18,19 On entering the leaf tissue through stomata, ozone reacts 
primarily with phenolic and olefinic compounds in plant cell walls 
and with unsaturated lipids in plasma membranes, generating ROS. 
These ozone‑derived ROS mimic an oxidative burst in plant cells, 
and the perception of this change triggers a wide array of signaling 
cascades similar to those induced by plant pathogens. Furthermore, 
ozone‑induced changes in levels of free calcium may phosphorylate 
one of the subunits of NADPH‑oxidase known to generate ROS, 
or it may directly affect to the NADPH oxidase activity because 
this enzyme has an N‑terminal sequence with two calcium‑binding 
EF‑hand motifs.47,115 The generated ROS activate MAPKs (such as 

Figure 4. A hypothetical model for the interactions among the salicylic 
acid, ethylene, and jasmonic acid signaling pathways that modulate the 
ozone‑induced propagation of leaf lesions or resistance to these lesions. 
ROS, reactive oxygen species; MAPK, mitogen‑activated protein kinase; 
ACS, 1‑aminocyclopropane‑1‑carboxylic acid synthase; ET, ethylene; SA, 
salicylic acid; JA, jasmonic acid; PCD, programmed cell death.
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SIPK, MPK6 and MPK3) within 10 to 30 minutes. Among these 
MAPKs, MPK6 contributes to ethylene production through its effect 
on the accumulation of ACS6 and, thus, on elevated levels of cellular 
ACS activity. The production of SA and JA is also induced by ROS. 
Further, PCD occurs where contact with ozone has occurred. After 
the production of phytohormones, the fate of ozone‑exposed cells 
then depends on the levels of ethylene and SA accumulation.

Cells in which lesions have developed produce high levels of 
SA and ethylene, generating additional ROS through activation 
of NADPH‑oxidase. SA and ethylene biosynthesis and signaling 
enhance each other, but inhibit the JA signaling that could provide 
ozone tolerance via the activation of the cell’s defense responses. 
Consequently, ROS generation increases exponentially as a result 
of the oxidative cell death cycle, and visible leaf lesions appear as 
the damage spreads. On the other hand, if optimal SA and ethylene 
levels exist, ozone‑exposed cells resist ROS. Optimal levels of SA and 
ethylene production induce the expression of defense‑related genes 
that are involved in antioxidant and detoxification processes. The 
JA signaling pathway, which induces a series of genes responsible for 
biosynthesis of ascorbic acid and glutathione, is also active in these 
cells. Therefore, SA, ethylene, and JA signals interact to determine 
the promotion or inhibition of PCD in response to ozone exposure.
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