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ABSTRACT Exposure of Arabidopsis thaliana to ozone
results in the expression of a number of defense-related genes
that are also induced during a hypersensitive response. A
potential common link between the activation of defense gene
expression during a hypersensitive response and by ozone
treatment is the production of active oxygen species and the
accumulation of hydrogen peroxide. Here we report that
salicylic acid accumulation, which can be induced by hydrogen
peroxide and is required for the expression of both a hyper-
sensitive response and systemic acquired resistance, is also
required for the induction of some, but not all, ozone-induced
mRNAs examined. In addition, we show that ozone exposure
triggers induced resistance of A. thaliana to infection with
virulent phytopathogenic Pseudomonas syringae strains. Infec-
tion of transgenic plants expressing salicylate hydroxylase,
which prevents the accumulation of salicylic acid, or nprl
mutant plants, which are defective in the expression of sys-
temic acquired resistance at a step downstream of salicylic
acid, demonstrated that the signaling pathway activated dur-
ing ozone-induced resistance overlaps with the systemic ac-
quired resistance activation pathway and is salicylic acid
dependent. Interestingly, plants expressing salicylate hydrox-
ylase exhibited increased sensitivity to ozone exposure. These
results demonstrate that ozone activates at least two distinct
signaling pathways, including a salicylic acid dependent path-
way previously shown to be associated with the activation of
pathogen defense reactions, and that this latter pathway also
induces a protective response to ozone.

Plants are constantly faced with a complex and changing
pattern of environmental signals that must be efficiently
integrated to produce a pattern of gene expression that will be
most effective at providing an appropriate response for the
current conditions. A relatively recent abiotic stress that can
have profound deleterious effects on both plant and animals is
the accumulation of ozone in the troposphere. Ozone is a
major air pollutant found in many industrialized areas
throughout the world and has been documented to have
harmful effects on human and animal respiration (1) as well as
causing extensive damage in natural and cultivated plant
populations (2). Recent predictions suggest that tropospheric
ozone concentrations and the associated damage to plant
populations are likely to increase (3). Plants are quite sensitive
to ozone exposure; indeed, ozone pollution has been impli-
cated as causing more damage to vegetation in the United
States than any other pollutant (4-6). The effects of ozone
exposure of plants can vary greatly, depending on the plant
species or cultivar examined, the ozone concentration, and the
length of exposure (7-10). Plants experiencing acute short-
term exposure to high ozone concentrations [>150 parts per

billion (ppb)] usually develop visible damage. In contrast,
chronic exposure to lower ozone concentrations generally
causes a reduction in growth without visible damage. The types
of injury observed in plants subjected to ozone include bleach-
ing or chlorosis of mesophyll cells and the development of
necrotic lesions (4, 6, 11, 12). More recent studies have focused
on the effects of ozone exposure on patterns of gene expression
(13-21). We have previously established that Arabidopsis
thaliana provides a useful model system for investigating the
activation of gene expression by ozone (19, 20). Our studies
have demonstrated that there is a significant overlap in the
pattern of gene expression observed in ozone-treated A.
thaliana plants and that observed during a hypersensitive
response (HR). These results have recently been confirmed
(21). The mechanisms responsible for these ozone effects on
gene regulation are not known, and to date, there have not
been any reports of the isolation of genes that are specifically
and uniquely regulated only by ozone.

Given the fact that ozone enters the mesophyll via stomata
where it immediately interacts with water and other cellular
components to generate reactive oxygen species such as su-
peroxide anions, hydroxyl radicals, and hydrogen peroxide (2,
22-24), it is possible that ozone-induced gene expression is
mediated by the production of these active oxygen species.
Active oxygen species and lipid peroxidation products result-
ing from the interaction of active oxygen species with mem-
branes have been implicated as signaling molecules involved in
stress-related secondary messenger pathways (reviewed in ref.
25). For example, hydrogen peroxide has been suggested to be
an important regulator of disease resistance mechanisms as-
sociated with HR and systemic acquired resistance (SAR) (26,
27). In addition to hydrogen peroxide, salicylic acid (SA), a
phenolic compound with regulatory properties in both plants
and animals, has also been shown to be required for the
induction of HR and SAR (28-30). Recent studies (31, 32)
indicate that this SA accumulation may be regulated by
hydrogen peroxide levels. Based on these results, it would be
predicted that if ozone activates changes in gene expression by
generating active oxygen species that trigger these defense
pathways, this induction should depend in part on the accu-
mulation of SA.

In this report, we address the question of whether or not
ozone exposure of A. thaliana activates an effective defense
response and whether ozone-induced gene activation requires
SA. Our results show that ozone-mediated induction of several
defense genes is correlated with the rapid accumulation of SA.
Further experiments using transgenic plants expressing salic-
ylate hydroxylase, which prevents the accumulation of signif-
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icant levels of SA, and the nprl mutant, which is unable to
develop SAR, indicate that the accumulation of a subset of
ozone-induced transcripts requires SA and a functional SAR
signal transduction pathway. In addition, it appears that A.
thaliana has inducible defense mechanisms that provide some
protection against ozone exposure and that the induction of
this defense requires a SA-dependent signaling pathway.

MATERIALS AND METHODS
Growth of Plants and Ozone Treatments. A. thaliana,

accession Col-0 (Columbia) was originally obtained from
Frederick Ausubel (Massachusetts General Hospital), the
NahG transgenic line expressing salicylate hydroxylase (28)
was obtained from John Ryals (CIBA-Geigy), and the nprl
mutant line (33) was obtained from Xinnian Dong (Duke
University). Both the NahG and nprl mutant lines are in a
Col-0 background. Plants were grown in growth chambers
using a 12 h photoperiod under fluorescent lights as described
(19). Three- to 4-week old plants were transferred to ozone
fumigation chambers (Northeastern Forest Experiment Sta-
tion, Forest Service, U.S. Department of Agriculture, Dela-
ware, OH) where they were exposed to 300 ppb ozone for 6 h
daily (900-1500) as described (19). Entire plant rosettes were
harvested at the indicated times, quick-frozen with liquid
nitrogen, and stored at -80°C until processed for SA or nucleic
acid isolations.

Bacterial Strains and Plant Inoculations. Pseudomonas
syringae pv. maculicola (Psm) KD4326 and Psm KD4326
containing avrB (Psm 4326/avrB) were grown in King's B
medium containing the appropriate antibiotics as described
(34). Leaves of control and ozone-treated plants were inocu-
lated with the virulent Psm 4326 or with the avirulent Psm
4326/avrB using either syringe infiltration or an immersion
method (34, 35). In planta bacterial multiplication rates were
determined by plating serial dilutions of extracts prepared
from leaf disks or whole leaves isolated from inoculated plants
on selective King's B medium as previously described (34).

Quantitative Measurements of SA. Pooled rosette leaves
from three to five plants receiving the same treatment (0.5 g
fresh weight) were analyzed for total (free and conjugated
forms) and free SA using published procedures (36). Triplicate
samples were assayed in all experiments. The data shown have
been corrected for extraction efficiencies based on the recov-
ery of an added standard before analysis; extraction efficien-
cies varied from 71% to 100% in the experiments shown.
RNA Isolation and Analysis. Total RNA was isolated using

a standard phenol-SDS/LiCl precipitation procedure and
subjected to RNA blot hybridization analysis as described (19).
Phenylalanine ammonia-lyase (PAL) and pathogenesis-related
protein 1 (PR1) probes were prepared by random-primer
labeling of purified cloned fragments of a genomic PAL clone
(19) or a PRI cDNA (37). A gene-specific glutathione S-
transferase 1 (GSTI) probe was generated from the 3' un-
translated region of a cDNA clone provided by Frederick
Ausubel (personal communication) by PCR amplification in
the presence of 32P-labeled dCTP using the primers GST1-A
(5'-GGTTCTTTAAGTGAATCTCAAAC-3') and GST1-B
(5'-CAAGACTCATTATCGAAGATTAC-3'). Hybridization
signals were quantitated using a PhosphorImager (Molecular
Dynamics) and IMAGE QUANT software. The data shown have
been corrected for loading differences using the counts ob-
tained with a control rRNA probe.

RESULTS
Induction of SA Accumulation by Ozone. Treatment of A.

thaliana plants with 300 ppb ozone caused a rapid and transient
accumulation of SA within the first several hours of exposure
(Fig. 1). Increases in free SA were observed within the first 3
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FIG. 1. Ozone-induced accumulation of SA in A. thaliana. Plants
were exposed to ambient air (open symbols) or 300 ppb ozone (closed
symbols) for 6 h. Triplicate samples from different plants were assayed
for both total and free SA levels. The data shown are from two
independent experiments (0, *; A, *) and represent the mean ± SE.

h after the start of the ozone treatment. Maximum levels 3.5-
to 4.5-fold higher than controls were observed 6 h after
treatment, after which free SA levels declined to near control
values by 24 h. Total SA, which includes both the free and
conjugated forms, increased throughout the 24 h following the
6-h ozone treatment with the initial induction kinetics being
similar to that observed for the accumulation of free SA. At 24
h after ozone exposure, total SA levels were 3.8- to 4.7-fold
higher than the corresponding ambient air treated controls.
The induction kinetics for free SA accumulation observed in
these experiments was very similar to that previously described
for ozone induction of PAL and GSTJ mRNAs (19).
Ozone Induction of Defense-Related Transcripts Is Modu-

lated by SA. Previous studies (27, 29, 40, 46) have shown that
the induction of several defense-related genes during disease
resistance responses is associated with the accumulation of SA.
The requirement for SA accumulation in the activation ofSAR
is well documented, and there are some indications that SA is
important for HR as well (29, 38). To test whether ozone-
induced SA is important for the concomitant accumulation of
defense-related transcripts, RNA blot hybridization studies
were done to compare the accumulation of three defense-
related transcripts, namely PAL, GST1, and PR1, in transgenic
plants expressing salicylate hydroxylase via the constitutive
expression of a bacterial nahG gene (Fig. 2). Expression of
salicylate hydroxylase in this line is known to greatly reduce the
accumulation of SA and to prevent the expression of SAR and
HR in response to pathogen attack (28, 39).
PAL mRNA levels were transiently induced by ozone in both

wild-type and NahG plants, with a maximum 4- to 5-fold
induction observed 3 h after the initiation of ozone treatment.
In ozone-treated wild-type plants, PAL mRNA levels de-
creased to control levels by 6 h, whereas in ozone-treated
NahG plants PAL mRNA levels remained about 3.5-fold
higher than untreated controls, then decreased to control
levels by 12 h after treatment. GST1 transcript levels were also
transiently induced in ozone-treated plants. In wild-type
plants, GSTJ mRNA accumulated to 12-fold higher levels than
controls within 3 h, and remained at a level 8-fold higher for
6 h before returning to near control levels by 12 h. In contrast,
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not a statistically significant difference in the ozone-induced
accumulation of PAL and GST1 transcripts in nprl and
wild-type plants, GST1 mRNA levels tended to be about 25%
lower in nprl plants whereas PAL mRNA levels were usually
elevated in nprl compared to the wild-type controls. In
contrast, the 8- to 10-fold accumulation of PRI mRNA ob-
served in ozone-treated wild-type plants was completely abol-
ished by the nprl mutation (Fig. 3).
Ozone Induces Resistance to Bacterial Infection. To deter-

mine whether ozone-induced SA accumulation and defense
gene expression also triggered an effective defense response,
we examined the effects of ozone exposure on the ability of
virulent and avirulent Psm strains to cause disease symptoms
and multiply in planta. In wild-type plants inoculated with the
virulent strain Psm 4326, ozone-treatment resulted in a sig-
nificant reduction in the severity of disease symptoms. Ozone-
treated plants developed fewer and less chlorotic lesions
compared to plants maintained in ambient air. The reduction
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FIG. 2. PAL, GST1, and PRI mRNA levels in wild-type Col-0 and
NahG A. thaliana leaves exposed to ambient air or 300 ppb ozone.
Plants were exposed to ozone for 6 h and leaves collected at the
indicated times. Total RNA was prepared and subjected to RNA blot
hybridization analysis. The amount of hybridizing radioactivity was
quantified using a PhosphorImager; the data shown have been cor-
rected for loading differences by using the counts obtained with a
control rRNA probe (19). The data shown represent the mean ± SE
of two to four independent experiments in which filters were hybrid-
ized together with a specific probe.

ozone-treated NahG plants exhibited a significantly reduced
accumulation of GST1 mRNA; the maximum level of induc-
tion was only 4-fold higher than that observed in control plants.
Ozone-induced accumulation of PR1 transcripts was also
affected in NahG plants. PR1 mRNA accumulation in ozone-
treated wild-type plants was delayed relative to that observed
forPAL and GST1, with no significant induction detected until
12 h after the initiation of a 6 h ozone exposure, at which time
PR1 transcript levels were 16-fold higher than controls. In stark
contrast, PR] mRNA levels in ozone treated NahG plants were
identical to that observed in untreated controls. Analyses of
SA levels showed that ozone did not induce SA accumulation
in NahG plants and that the overall levels of SA were 2- to
3-fold lower compared to untreated wild-type plants (data not
shown).
Given that ozone-induced accumulation of some defense-

related transcripts was altered in NahG plants that do not
accumulate SA, we determined whether the expression of
these transcripts was altered in a SAR-deficient mutant, nprl,
which does not accumulate PR gene transcripts in response to
SA or 2,6-dichloroisonicotinic acid (33). Although there was
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FIG. 3. PAL, GSTI, and PRI mRNA levels in wild-type Col-0 and
nprl mutant A. thaliana leaves exposed to ambient air or 300 ppb
ozone. Plants were exposed to ozone for 6 h and leaves were collected
at the indicated times. Total RNA was prepared and subjected to RNA
blot hybridization analysis. The amount of hybridizing radioactivity
was quantified using a Phosphorlmager; the data shown have been
corrected for loading differences using the counts obtained with a

control rRNA probe (19). The data shown represent the mean ± SE
of two to four independent experiments in which filters were hybrid-
ized together with a specific probe.
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in symptoms in ozone-treated plants was correlated with
reduced in planta growth of Psm 4326 (Fig. 4). The growth of
Psm 4326 in ozone-treated plants varied from 10- to 1000-fold
and was intermediate between the growth of the virulent and
avirulent strains in untreated controls. In some experiments,
the growth of the avirulent Psm 4326 containing avrB was also
reduced in ozone-treated plants compared to the untreated
controls (Figs. 4B and 5). Wild-type plants inoculated with Psm
4326/avrB exhibited a typical HR and did not develop any
disease symptoms when maintained in either ambient air or
ozone.
To determine whether the induced resistance caused by

ozone treatment was dependent on SA accumulation and the
activation of the SAR pathway, we tested whether or not NahG
and nprl plants exposed to ozone exhibited resistance to Psm
infection (Fig. 5). In wild-type Col-0 plants left in ambient air,
Psm 4326 multiplied -3 to 4 logs over 3 days and caused severe
chlorotic lesions, whereas in ozone-treated plants symptom
development was reduced and this virulent strain only multi-
plied between 1 and 2 logs. Psm 4326 multiplied 3 to 4 logs in
NahG and nprl plants whether or not the plants were main-
tained in ambient air or ozone, and in all cases the plants
developed more severe disease symptoms than that observed
in wild-type plants inoculated with Psm 4326 and maintained
in ambient air. NahG plants inoculated with avirulent Psm
4326/avrB developed spreading chlorotic lesions, although the
overall level of symptom development was not as severe as that
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FIG. 4. Growth of virulent and avirulent Psm strains in wild-type
A. thaliana leaves exposed to ambient air (open symbols) or 300 ppb
ozone (closed symbols) for 6 h. Leaves of Col-0 plants were inoculated
with either the virulent Psm 4326 (0, *) or the avirulent derivative
containing avrB (A, *) by infiltration with 106 cfu ml-' (A) or by
immersion in 2 x 108 cfu mI-1 (B). At the indicated times, 0.6-cm
diameter disks were isolated from infiltrated leaves or whole leaves
were isolated from immersion-inoculated plants. Disks or leaves from
three different plants receiving the same treatment were pooled and
homogenized in 10mM MgCl2, and serial dilutions of the homogenates
were plated on King's B medium containing 50 jig ml-' rifampin.
Similar results were obtained in two additional independent experi-
ments. cfu, Colony-forming unit.
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FIG. 5. Growth of virulent and avirulent Psm strains in NahG,
nprl, and wild-type A. thaliana leaves exposed to ambient air or 300
ppb ozone for 6 h. Leaves were inoculated by infiltration with 106
colony-forming units per ml-' Psm 4326 or the avirulent derivative
containing avrB. Three disks were isolated from independent plants
receiving the same treatment at To and 3 days after inoculation. The
number of viable bacteria were determined in homogenates of pooled
samples via dilution plating on King's B medium containing 50 ,g
ml- 1 rifampin. The data shown represent the mean ± SE fold increase
observed 3 days after inoculation in two to four independent exper-
iments.

observed in plants inoculated withPsm 4326. This is consistent
with previous studies (28) indicating that NahG plants express
an attenuated HR. NahG plants inoculated with Psm 4326/
avrB usually developed more severe disease symptoms when
exposed to ozone, and there was no indication of an ozone-
induced resistance response. In contrast, nprl plants inocu-
lated with Psm 4326/avrB did not develop disease symptoms
and expressed HR when exposed to either ambient air or
ozone. The inplanta growth ofPsm 4326/avrB was significantly
higher in NahG and nprl plants compared to that observed in
wild-type Col-0; however, there were no significant differences
in bacterial growth between NahG and nprl plants maintained
in ambient air or ozone.

DISCUSSION
The precise mechanisms that mediate the activation of de-
fense-related genes by ozone and other environmental stresses
that impose oxidative stress on plants have not been previously
defined. Studies have shown that there is a significant overlap
in the patterns of gene expression observed in ozone-treated
plants and plants exhibiting a disease resistance response,
suggesting that there may be some commonalty between the
signal transduction pathways for disease resistance and ozone
(16, 17, 19, 20). An initial study has shown that tobacco plants
treated with either ozone or UV light accumulated SA and
exhibited increased resistance to infection with tobacco mosaic
virus (40). Since SA has recently been shown to be a critical
factor in the induction of SAR and may also modulate HR, it
is possible that SA is a common link between these various
stress-activated pathways. To directly address how much over-
lap exists between the regulation of ozone-induced responses
and disease resistance, and whether SA is a component of the
signal transduction pathway triggered by ozone, we have used
the established model system, A. thaliana. Numerous studies
have been published that define the response ofA. thaliana to
pathogen infection (reviewed in refs. 41-43) and several recent
studies have documented thatA. thaliana is also an appropriate
model for ozone studies (19-21, 44).
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We have now shown that ozone treatment of A. thaliana
causes induced resistance to a bacterial pathogen concomitant
with the induction of defense-related genes that are also
activated during HR and/or SAR. The induction of disease
resistance and defense transcript accumulation was correlated
with the accumulation of SA. Ozone treatment caused a rapid
accumulation of both free and glycosylated forms of SA,
although the induction of free SA was transient, reaching
maximum levels -6 h after the initiation of a 6-h ozone
treatment. Interestingly, the kinetics of the accumulation of
the defense-related PAL and GST1 mRNAs were similar to
that of free SA. The -4-fold induction of free SA levels to
0.7-1.0 ,ug/g fresh weight inA. thaliana leaves by ozone is very
similar to that observed in ozone-treated tobacco leaves (40).
This level of induction is also comparable to that observed in
A. thaliana leaves expressing a HR after infection with turnip
crinkle virus (45) and tobacco leaves infected with tobacco
mosaic virus (46, 47). The correlation between the accumu-
lation of SA with the activation of defense gene expression and
increased resistance to bacterial infection suggests that ozone
can trigger the signal transduction pathways that are activated
during SAR and HR.
To further define the role of SA in mediating ozone-induced

responses, we took advantage of the availability of two A.
thaliana lines that are altered in the expression of SAR. One
line, developed by Ryals and coworkers (28), is a transgenic
line that expresses salicylate hydroxylase (NahG), which con-
verts SA into catechol, thus preventing the accumulation of
SA. This line has been shown to be unable to mount a
successful SAR response and is also attenuated with respect to
HR (28, 39). Our results clearly show that NahG plants are also
affected in their response to ozone. NahG plants are deficient
in ozone-induced disease resistance and do not exhibit the
induction of PR1 transcripts observed in ozone-treated wild-
type plants. These results indicate that ozone does indeed
activate an SAR-like response that depends on SA accumu-
lation. Interestingly, ozone-induced PAL mRNA accumulation
was unaffected in NahG plants, demonstrating that the ozone-
induced accumulation of PAL transcripts does not depend on
SA accumulation. Previous studies have shown that PAL
expression can be induced by hydrogen peroxide and it has
been suggested that this induction is mediated by jasmonic acid
(refs. 48 and 49 and references therein). A possible role of
jasmonic acid in ozone-induced PAL expression is consistent
with our results. Since SA seems to inhibit the expression of
jasmonic acid induced gene expression (50), it would be
expected that PAL transcript levels might be higher in NahG
plants due to the extremely low levels of SA present in these
plants. We observed that PAL transcript levels were indeed
higher in both control and ozone-treated NahG plants com-
pared to wild-type controls.

In definite contrast to PAL mRNA induction, PR] mRNA
induction by ozone was abolished, and GST1 mRNA accumu-
lation was clearly attenuated in NahG plants. These results
demonstrate that induction ofPR1 mRNA is totally dependent
on SA accumulation and is consistent with results from PR1
induction in pathogen-infected A. thaliana (28, 37). The fact
that ozone-induced GST1 transcript accumulation was only
partially reduced in NahG plants indicates that GST1 levels are
controlled by at least two independent regulatory pathways,
one of which is dependent on SA accumulation. The presence
of a SA-dependent pathway for GST1 induction is consistent
with the observation that GST1 can be induced by exogenous
application of SA (G. Yu, X. Dong, and F. Ausubel, personal
communication).

Further comparisons of disease resistance and defense-
related transcript accumulation were done using the SAR-
deficient nprl mutant (33). nprl plants do not accumulate PR
proteins in response to SA or 2,6-dichloroisonicotinic acid,
suggesting that NPR1 functions in the SAR signal transduction

pathway at a step downstream of SA. Consistent with this
interpretation, we found that ozone-induced PAL transcript
accumulation, which was normal in NahG plants, was also
unaffected in nprl plants. However, in contrast to the results
observed in NahG plants, ozone-induced GST1 mRNA accu-
mulation was only slightly reduced compared to that observed
in wild-type plants. This suggest that the SA-dependent com-
ponent of GST1 regulation does not require NPR1. As was the
case for NahG plants, PR] mRNA levels remained very low in
ozone-treated nprl plants, which was correlated with the loss
of ozone-induced resistance to Psm infection. The fact that
ozone-induced disease resistance was disrupted by the nprl
mutation, and that this mutation does not appear to interfere
with the expression of HR (33), indicates that the ozone-
induced resistance is mediated primarily by the SAR pathway.
NahG plants were also found to be more susceptible to

treatment with 300 ppb ozone compared to untransformed
control plants. Ozone-treated NahG plants developed necrotic
lesions and became slightly chlorotic, whereas such lesions
were never observed in untransformed controls. This in-
creased susceptibility was somewhat variable in younger plants
but was consistently observed in plants after the onset of
flowering (data not shown). This observation indicates that
ozone actually activates a protective antioxidant response that
depends in part on SA accumulation. nprl mutant plants were
not obviously more susceptible to ozone treatment, suggesting
that the antioxidant response does not require NPR1. The
basis of this protective response is likely to be related to the
induction of various antioxidant enzymes (19, 21).
The overlap in the induction of defense-related responses by

ozone and pathogens is most likely due to the fact that both
stresses initiate the production of active oxygen species. The
initial interaction of avirulent pathogens with plants results in
an "oxidative burst," which is thought to trigger subsequent
signaling events that ultimately result in disease resistance (26,
49, 51, 52). The interaction of ozone with plants also results in
the production of active oxygen species that could mimic an
oxidative burst and thus activate the HR and SAR pathways (2,
24, 25). This raises the possibility that the necrotic lesions often
observed in ozone-treated plants are not simply due to toxic
effects of ozone, but may be a consequence of ozone activating
the programmed cell death component of HR (53, 54). Other
studies have shown that UV-irradiation also activates stress-
related gene expression patterns that overlap with those in
ozone-exposed plants. This UV response may also involve the
accumulation of SA (40, 55), suggesting that a number of
distinct stresses may be detected through their ability to
generate active oxygen species. Thus, further mechanistic
information obtained from additional genetic and molecular
studies of the effects of ozone on A. thaliana are likely to have
a direct bearing on the activation of defense genes in response
to a number of other biotic and abiotic stresses.
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