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Phytohormones regulate plant responses to a wide range of biotic and abiotic stresses. How a limited number of hormones
differentially mediate individual stress responses is not understood. We have used one such response, the compatible
interaction of tomato (Lycopersicon esculentum) and Xanthomonas campestris pv vesicatoria (Xcv), to examine the interactions of
jasmonic acid (JA), ethylene, and salicylic acid (SA). The role of JA was assessed using an antisense allene oxide cyclase
transgenic line and the defl mutant to suppress Xcv-induced biosynthesis of jasmonates. Xcv growth was limited in these
lines as was subsequent disease symptom development. No increase in JA was detected before the onset of terminal necrosis.
The lack of a detectable increase in JA may indicate that an oxylipin other than JA regulates basal resistance and symptom
proliferation. Alternatively, there may be an increase in sensitivity to JA or related compounds following infection. Hormone
measurements showed that the oxylipin signal must precede subsequent increases in ethylene and SA accumulation. Tomato
thus actively regulates the Xcv-induced disease response via the sequential action of at least three hormones, promoting
expansive cell death of its own tissue. This sequential action of jasmonate, ethylene, and SA in disease symptom

development is different from the hormone interactions observed in many other plant-pathogen interactions.

Plants use phytohormones to respond to a wide
range of environmental stimuli in a highly specific
manner. Yet all of the hormones that mediate these
responses are pleiotropic, with involvement in mul-
tiple developmental and stress responses. For exam-
ple, the gaseous hormone ethylene is a critical
component of responses to mechanical damage, her-
bivory, and pathogen attack in addition to normal
developmental processes such as fruit ripening and
senescence (Abeles et al., 1992). Because many hor-
mones are involved in responses to multiple
stresses, each of which leads to a specific down-
stream response, there must be mechanisms in place
to integrate these signals in an orderly manner.
Thus, complex networks of hormonal interactions,
both agonistic (O’Donnell et al., 1996) and antago-
nistic (Pieterse and Van Loon, 1999) must be rapidly
integrated into a single response appropriate for an
external stimulus.

We have investigated a specific plant-pathogen in-
teraction as a model to identify mechanisms of phy-
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tohormone interactions. Plant responses to patho-
gens involve complex signaling pathways regulating
numerous cellular reactions that contribute to the
overall response. These responses are classified as
either resistant or susceptible depending on the
speed and extent of the visible reaction and the abil-
ity of the host to limit pathogen growth. Inhibited
pathogen growth, resistance, is often accompanied
by a hypersensitive response (HR), involving local-
ized and restricted necrosis of the cells immediately
surrounding the site of infection (Morel and Dangl,
1997). In contrast, the macroscopic symptoms of sus-
ceptible responses typically are not spatially limited.
A number of common cellular reactions accompany
both compatible and incompatible interactions, in-
cluding changes in gene expression, synthesis of an-
timicrobial metabolites, and reinforcement of cell
walls (Hammond-Kosack and Jones, 1996).

Many host reactions to pathogen infection are in-
fluenced by the phytohormones, ethylene, salicylic
acid (SA), and the oxylipin jasmonates such as jas-
monic acid (JA; Dong, 1998; Penninckx et al., 1998;
Schenk et al., 2000). The roles of these hormones are
dependent upon the particular host-pathogen inter-
action (Knoester et al., 1998; Hoffman et al., 1999). On
the basis of the interactions that have been studied, a
general rule of hormonal action has been proposed in
which resistant responses to biotrophs require SA,
whereas responses to necrotrophs require JA and
ethylene (Feys and Parker, 2000). Roles for ethylene,
SA, and JA have also been proposed in regulation of
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susceptible responses (Bent et al., 1992; Lund et al.,
1998; Greenberg et al.,, 2000; Pilloff et al., 2002).
Again, the hormone requirements are dependent
upon the particular interaction. In some instances,
these hormones are involved in determining the level
of host basal resistance (Delaney et al., 1994; Glaze-
brook et al., 1996). In other cases, their actions are
only involved in production of disease symptoms
and do not affect growth of the pathogen. Separation
of bacterial growth from the macroscopic disease
symptoms demonstrates that pathogen-induced dis-
ease is an active host response.

As mentioned above, several lines of evidence sup-
port a model consisting of parallel SA- and JA/
ethylene-mediated defense responses, with extensive
negative feedback between them. For example, the
JA/ethylene-inducible gene PDF1.2 is more highly
expressed in the SA-deficient sid2 mutant in response
to infection with a fungal pathogen (Dewdney et al.,
2000). Conversely, a JA-related mutant constitutively
expresses the SA-regulated PRI gene (Petersen et al.,
2000). Recent global expression profiling studies
largely support this view. Glazebrook et al. (2003)
showed that JA and ethylene cooperatively interact
whereas SA acts in opposition to them. However,
expression of at least some genes is induced by either
JA or SA, indicating that these hormones are capable
of cooperative interactions as well (Schenk et al.,
2000; Glazebrook et al., 2003). It must be noted that,
due to the abundance of well-defined mutants, most
such studies have been conducted in Arabidopsis.
Therefore, it will be important to determine whether
this complex signaling network is generally applica-
ble to different combinations of plant and pathogen
interactions.

JA is one of a group of related oxylipins that have
been shown to be involved in pathogen responses
(Pieterse et al., 1998; Vijayan et al., 1998; Howe and
Schilmiller, 2002). JA is a cyclopentanone that is syn-
thesized from linolenic acid (for review, see Waster-
nack and Hause, 2002). Following successive action
of lipoxygenase, allene oxide synthase, and allene
oxide cyclase (AOC), the cyclopentenone 12-
oxophytodienoic acid (OPDA) is produced. OPDA is
then converted to JA via OPDA reductase and a
series of B-oxidation steps. Growing evidence indi-
cates that the cyclopentenones including OPDA are
biologically active in pathogen responses (Blechert et
al., 1995; Stintzi et al., 2001). There are also indica-
tions that responses are mediated by the specific set
of oxylipins present, the oxylipin signature. Thus,
what are commonly referred to as JA effects in the
literature are likely the consequence of multiple bio-
logically active octadecanoid-derived molecules
commonly referred to as jasmonates (Wasternack
and Hause, 2002).

Hosts that permit substantial pathogen growth but
do not exhibit typical disease symptoms are said to
be tolerant. We have previously demonstrated toler-
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ance to Xanthomonas campestris pv. vesicatoria (Xcv) in
tomato (Lycopersicon esculentum) lines insensitive to
ethylene (Never ripe) or inhibited in ethylene synthe-
sis (ACC deaminase [ACD]; Lund et al., 1998). Tol-
erance was also observed in a tomato NahG line that
fails to accumulate SA after Xcv infection (O’'Donnell
et al., 2001). In tomato, there are two stages of disease
symptom development. There is a primary response
consisting of localized lesions that is unaltered in the
mutants followed by a secondary phase of chlorosis
and necrosis that spreads out from the primary in-
fection sites. It is the latter phase that is dependent
upon both ethylene and SA and is abolished in the
mutants. Xcv-induced disease in tomato, therefore,
requires the cooperative action of ethylene and SA.
Given the agonistic and antagonistic interactions that
can occur among JA, SA, and ethylene, we were also
interested in examining the potential role of jas-
monates in this defense response. Here, we demon-
strate that the susceptible response is dependent
upon the cooperative and sequential actions of three
hormones, jasmonate, ethylene, and SA.

RESULTS

A Role for Jasmonates in the Host-Dependent
Regulation of Xcv-Induced Disease

Jasmonates have been shown to have a major role
in host defense against certain pathogens, especially
in Arabidopsis (Penninckx et al., 1998; Vijayan et al.,
1998; Van Wees et al., 2000). Because the roles of
phytohormones in host defense can be dissimilar in
different plants, we were particularly interested in
examining the role of jasmonates in a susceptible
tomato response. We used defl, a mutant with a
defective octadecanoid synthesis pathway (Howe et
al., 1996), and a line expressing an antisense construct
of the JA biosynthetic enzyme, AS-AOC (Stenzel et
al., 2003), to determine the role of jasmonates in the
tomato:Xcv compatible response. The precise nature
of the defl mutation has not been determined, al-
though it does not accumulate jasmonates in re-
sponse to wounding. The AS-AOC line is blocked in
synthesis of JA at the step before synthesis of OPDA.
Disease symptom development was assessed in the
two lines and compared with their isogenic wild-type
parents following infection with the virulent Xcv
strain 93-1. Figure 1 shows disease symptoms result-
ing from Xcv infection in the four lines 10 d post
inoculation. The defl exhibited an attenuated suscep-
tible response with no visible secondary disease
symptoms. The AS-AOC line also showed little of the
chlorosis or secondary necrosis that was evident in
the wild-type lines. This reduction in symptom de-
velopment observed in defl and AS-AOC was con-
firmed by ion leakage, a quantitative measurement of
cell death (Fig. 1B). Because these lines were previ-
ously shown to have reduced levels of stress-induced
JA (Howe et al., 1996; Stenzel et al., 2003), this result
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Figure 1. Reduced disease in Xcv infected AS-AOC and defT. Six-
week-old tomato plants were infected with the virulent Xcv strain
93-1, and the progression of disease symptoms was followed visu-
ally. A, Comparisons of disease symptom progression 10 d post
inoculation in def1 versus its isogenic parent (Castlemart Il [CMIIT)
and AS-AOC versus its isogenic parent (Lukullus [LK]). B, Xcv-
induced cell death was quantified by ion leakage measurements.

indicates that jasmonates influence host-regulated
production of disease symptoms following Xcv
infection.

Jasmonates Regulate a Host Pathway That Determines
Bacterial Virulence

In the ACD and NahG tomato lines, inhibited in
ethylene and SA accumulation respectively, infection
with Xcov results in a tolerant response in which
disease development is attenuated but there is no
measurable effect on bacterial growth (O’Donnell et
al., 2001). Host basal resistance to Xcv, the ability to
control pathogen growth, is thus independent of eth-
ylene and SA. Rather, the action of both hormones is
limited to development of secondary disease symp-
toms. In contrast, jasmonates do affect basal resis-
tance. Figure 2A shows the relative rates of bacterial
growth in each of the lines compared with their
wild-type controls. Both defl and AS-AOC exhibited
reduced levels of bacterial growth. The reduction in
symptoms observed in these two lines could be re-
lated to this difference in bacterial titers, or it may
indicate an active role for jasmonates in promoting
cell death. Interestingly, when plants were infected
with Pseudomonas syringae pv tomato DC3000 (Pst),
which produces the phytotoxin coronatine, a toxin
with close structural resemblance to OPDA (Weiler et
al., 1994), no difference in bacterial growth or disease
symptom development was observed among defl,
AS-AOC, and their wild-type controls (data not
shown).

Because loss of jasmonate signaling reduced bacte-
rial growth, we were further interested in evaluating
loss of hormone signaling on an R gene-mediated
incompatible interaction. Therefore, JA, SA, and eth-
ylene mutants were infected with the avirulent Xco
strain, 87-7 (Bonas et al., 1993). In each case, bacterial
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growth was unaltered in the mutants relative to their
isogenic parents, indicating no significant role for
these three hormones in resistance to Xcv, as defined
by bacterial growth (Fig. 2B). However, there were
significant differences in the lesion sizes associated
with the HR in each of the transgenic lines. Hyper-
sensitive cell death was quantified by measuring ion
leakage in each line. The AS-AOC and ACD lines
exhibited smaller lesions and less cell death than a
wild-type control, whereas NahG lesions were larger,
developed more rapidly, and exhibited more cell
death than the control (Fig. 2C). Thus JA, ethylene,
and SA, although not affecting R gene-mediated re-
sistance as defined by bacterial growth, do influence
the extent of host cell death.

Jasmonate Action Lies Upstream of Ethylene and
SA in the Compatible Interaction

To determine whether and when jasmonate signal-
ing interacts with ethylene and SA in a compatible
interaction, the levels of ethylene and SA in Xcv-
infected defl, AS-AOC, and their wild-type parents
were determined (Fig. 3). AS-AOC and defl were
found to act similarly, with both lines producing less
ethylene and less SA than their wild-type controls.
These results are consistent with jasmonate action
preceding synthesis of both ethylene and SA.
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Figure 2. Growth of virulent and avirulent Xcv strains on AS-AOC,
defl, NahG, and ACD. Bacterial growth was measured in mutant and
transgenic lines and compared directly with their isogenic parents.
AS-AOC, def1, ACD, and NahG were compared with their isogenic
wild-type parents, tomato cvs LK, CMII, UC82B, and MM, respec-
tively. Growth was determined for the virulent 93-1 (A) and the
avirulent 87-7 (B) Xcv strains sampled at the indicated times. Infec-
tions were performed by dip inoculation in a suspension of 107 cfu
mL~" of 93-1 and 10% cfu mL~" of 87-7. Each time point represents
two discs from separate leaves on each of three plants (* sg, n = 6).
Values are the average = st. C, lon leakage measurements measuring
the extent of tissue death associated with lesions formed during the
incompatible interaction with avirulent Xcv.
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Figure 3. The effects of altered jasmonates on ethylene and SA
accumulation following infection by Xcv. The tomato lines, AS-AOC
(A) and defl (B), along with their isogenic parents (LK and CMII,
respectively) were infected with virulent Xcv. The levels of ethylene
(top) and free SA (bottom) were determined at the indicated time
points. Determinations were performed at least five times, and results
from a representative experiment are shown. Each point represents
the average = st of three ethylene measurements.

Xcv-infected ACD or Never ripe tomato lines do not
accumulate SA, and the addition of exogenous SA to
these lines restores disease development in the in-
fected but not mock-inoculated plants (O’'Donnell et
al., 2001). Blocking ethylene action thus inhibits the
ability of the host to promote disease by subsequent
accumulation of free SA. If jasmonate action precedes
subsequent action of ethylene and SA, then SA ap-
plication to infected defl and AS-AOC plants may
restore symptom development. When SA was added
to defl and AS-AOC plants, uninfected plants devel-
oped disease-like lesions, even at concentrations be-
low 2 mm (data not shown). These concentrations
have been previously shown to be nontoxic to unin-
fected wild-type, NahG, and ACD lines (O’'Donnell et
al., 2001). Inhibition of JA synthesis, therefore, en-
hanced sensitivity to exogenous SA. To determine
whether stimulation of the SA-signaling pathway
would restore disease symptoms, the SA agonist
benzo(1,2,3) thiadiazole-7-carbothioic acid S-methyl
ester (BTH) was used instead. BTH has been shown
to act like SA in terms of symptom restoration in
Arabidopsis (Lawton et al., 1996). As can be seen in
Figure 4, SA and BTH act similarly in tomato, restor-
ing disease symptoms in the infected but not mock-
inoculated ACD leaves. When BTH was applied to
infected defl and AS-AOC, the disease phenotype
was restored, consistent with a model in which SA
acts downstream of jasmonates and is essential for
development of the disease symptoms. Symptom de-
velopment in tomato, therefore, requires the sequen-
tial action of at least three host signals.

Early Jasmonate Signaling Is Not Associated with a
Measurable Increase in JA

The genetic data above indicate a role for JA sig-
naling at an early stage of the disease process—
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growth of Xcv in the host. Therefore, we were inter-
ested in determining to what level the JA
biosynthetic pathway is stimulated and whether al-
tered JA is associated with the change in Xcv viru-
lence observed in defl and AS-AOC. JA levels were
also determined in ACD, NahG, and their respective
controls. Figure 5A shows the rate of JA accumula-
tion following Xcv infection in each line. Surpris-
ingly, although defl and AS-AOC affect the host re-
sponse at a very early stage, JA accumulation was
only detected late in the response in the wild-type
controls. No increase in JA was detected in the defI,
AS-AOC, ACD, or NahG lines, even at the late time
points. JA only accumulated in tissues of the isogenic
wild-type parents with extensive secondary disease
necrosis containing high levels of free SA. This JA is
associated with dying tissue and cannot be responsi-
ble for limiting bacterial growth. That JA is a conse-
quence and not the cause of the necrosis was con-
firmed by feeding experiments in which infected
AS-AOC, ACD, and NahG lines were supplied with
exogenous JA. Unlike the BTH add-back experi-
ments, the added JA had no effect on symptom de-
velopment in these lines (data not shown).

Figure 4. Disease development in leaves treated with the SA agonist
BTH or following prior challenge with virulent Xcv. A, Comparison of
the effects of SA and BTH addition to the disease-attenuated ACD
line. Mock-inoculated (left) and Xcv-infected (right) ACD plants were
injected with SA (0.2 mm) and BTH (2.0 mm) 8 d after infection.
Photographed 4 d after injection. B, Mock-inoculated (left) and in-
fected (right) plants sprayed with BTH 8 d following infection. Pho-
tographs were taken 4 d later.
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Figure 5. Accumulation of JA following Xcv infection. Levels of JA in
AS-AOC, defl, ACD, and NahG compared with their wild-type
controls. Plants were infected with virulent Xcv and samples were
collected for 14 d.

It is possible that there is a rapid and transient
increase in JA synthesis early in the compatible re-
sponse. An increase might also occur specifically in a
limited number of cells and therefore be difficult to
measure in a large background of non-responding
cells. To test whether the failure to measure JA early
in the response was due to rapid and transient syn-
thesis, tissues were harvested 4, 8, 12, and 24 h post
inoculation, and the JA levels were measured. Again,
no increase was detected. To test whether the failure
to detect JA was due to localized synthesis, occurring
only in those cells immediately surrounding the site
of infection, a highly concentrated suspension of Xcv
(10® colony forming units [cfu] mL™") was vacuum
infiltrated into the leaves of AS-AOC and its isogenic
parent (LK). As a comparison, NahG and its isogenic
parent (tomato cv Moneymaker [MM]) were chosen
because SA acts at a much later stage of disease
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development and NahG exhibits tolerance to Xcv in
contrast to the resistance observed in AS-AOC. Tis-
sues were harvested, and JA levels were determined.
Again, no significant increase in JA was detected
before the onset of the secondary disease symptoms.
We also quantitated OPDA, a precursor of JA that has
been shown to be active in pathogen interactions
(Stintzi et al., 2001). In three independent experi-
ments, we observed increases in OPDA of between 2-
and 4-fold between 2 and 4 d after infection of wild-
type plants. However, in a fourth experiment, no
increase in OPDA was observed, despite normal dis-
ease symptom development. Thus, we cannot con-
clude that the increases in OPDA accumulation are
biologically significant. Nonetheless, the preponder-
ance of evidence is consistent with a jasmonate signal
preceding that of SA. Blocking accumulation of octa-
decanoids synthesized via the allene oxide synthase/
AOC pathway removes a plant-derived virulence
factor that is essential for bacterial growth and sub-
sequent disease development.

DISCUSSION

Although much work has been focused on under-
standing the responses of plants to avirulent patho-
gens, relatively little is known about how plants
mount defense responses to virulent pathogens. The
complex response mounted by tomato following in-
fection by virulent Xcv clearly indicates an active
defense system involving coordination of multiple
hormone-signaling pathways. How these pathways
are integrated into a single response has been the
focus of this work.

Roles for ethylene and SA in tomato defense
against Xcv have been established (O’Donnell et al.,
2001). Loss of synthesis or perception for either hor-
mone results in a tolerant response with significantly
less tissue damage at the site of infection. Ethylene
action precedes and is necessary for subsequent SA
action. Accumulation of SA is correlated with and
predictive of the extent of expanding necrosis. Here,
we have assessed the role of jasmonates in that same
compatible tomato-Xcv interaction using an antisense
AOC transgenic line and defl. The former line is
blocked in production of OPDA and subsequent jas-
monates, whereas the latter mutant does not exhibit
stress-induced accumulation of jasmonates. Jas-
monate action was shown to be essential for full
symptom development. Infected AS-AOC and defl
phenotypically resemble infected ACD and NahG
lines in that they had greatly reduced symptoms
relative to wild-type controls. Inhibiting the jas-
monate pathway results in reduced ethylene and SA
accumulation, indicating that the plant response ini-
tiated by Xcv requires synthesis and cooperative in-
teractions of JA, ethylene, and SA to induce symptom
development.

Because the jasmonate-altered lines do not show
the Xcv-induced increases in ethylene and SA, the
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action of jasmonate must precede ethylene (Fig. 6).
The SA agonist BTH rescued development of disease
symptoms in AS-AOC and defl. Further evidence of
an early role for jasmonate is the reduction of bacte-
rial growth in AS-AOC and defl. All of the data are
consistent with a sequential mode of action with
respect to these three hormones. However, because
the response to Xcv occurs over days, it is likely that
the response is not limited to these three signaling
pathways. Notably, increased JA was not associated
with this early response. Although suppression of
bacterial growth is manifested before d 4, we were
unable to detect JA increases in Xcv-infected wild-
type tomato until very late in the response after
ethylene synthesis had occurred. This late-appearing
JA, associated with necrosis, may be due to loss of
membrane integrity during cell death. Further, al-
though JA does accumulate late and is associated
with terminal necrosis, exogenous JA application did
not restore symptom development in any of the mu-
tant or transgenic lines. Due to lack of availability, we
were not able to fully evaluate the effects of OPDA
application on symptom restoration.

There are several potential ways in which jas-
monates could mediate the early response to Xcov.
First, JA may not be the active jasmonate mediating
the response. We observed increased OPDA accumu-
lation following infection, but the increase was incon-
sistent. It is possible that another unmeasured oxy-
lipin may be mediating this pathogen response.
Recent findings of other groups indicate that OPDA
is biologically active (for review, see Blee, 2002). For
example, Stintzi et al. (2001) showed that OPDA is
sufficient to mount defense responses. Rather than JA
alone, it has been proposed that the “oxylipin signa-
ture” is the overall determinant of a stress response
(Kramell et al., 2000; Gobel et al., 2002; Howe and
Schilmiller, 2002). Alternatively, sensitivity to jas-
monates may be heightened following Xcv infection.
Alterations in hormone sensitivity following patho-
gen infection are not unprecedented (Ciardi et al.,
2001). In Arabidopsis, the jasmonate-signaling mu-

JA Primary C.H, SA Secondary
Xcev - —_— v 1 : " 3
Response Response
AS-AOC ACD
defl Nr NahG
Resistance Tolerance Tolerance

Figure 6. Model for hormonal interactions in the primary and sec-
ondary responses of tomato leaves to virulent Xcv infection. Reduced
synthesis of jasmonates interferes with the primary response, leading
to resistance. Following the primary response, ethylene and SA ac-
tion determine the magnitude of secondary symptom development
but do not affect bacterial growth. The full development of disease in
an infected leaf thus requires the sequential action of jasmonates,
ethylene, and SA.
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tant, coil, exhibits hyperactivation of SA-mediated
defense responses following Pst infection (Kloek et
al., 2001). We also observed heightened sensitivity of
both the AS-AOC and defl lines to exogenously ap-
plied SA. Thus, it is possible that the JA-related mu-
tants may act by altering sensitivity to other hor-
mones. Future experiments addressing jasmonate
sensitivity following pathogen infection are certainly
needed. Presently, there are no marker genes suitable
for quantitative measurement of jasmonate sensitiv-
ity in tomato leaves. Although pin2 is associated with
JA synthesis in wounded leaves (Howe et al., 1996), it
is not induced following Xcv infection (D. Bies and
H. Klee, unpublished data).

The role of jasmonates in resistance has been ex-
amined in Arabidopsis, although the story is not
entirely clear. Pieterse et al. (1998) reported that the
JA-signaling pathway is necessary for induced sys-
temic resistance to Pst and that applied methyl jas-
monate and l-aminocyclopropane-1-carboxylate
were capable of inducing resistance. However, Kloek
et al. (2001) isolated an allele of the coronatine-
insensitive locus (coil) with enhanced resistance to
Pst. This latter result is consistent with our tomato
observations. The AS-AOC and def1 lines both exhibit
reduced bacterial virulence or elevated resistance,
whereas ACD and NahG exhibit a tolerant response
in which bacterial growth is not affected. It is possi-
ble that the lower ethylene levels as well as reduced
symptom development in AS-AOC and defl may re-
sult from reduced bacterial growth, and an indirect
relationship/interaction between JA and ethylene
that is dependent upon the level of bacterial growth
may exist. The observed resistance may be due to
suppression of the normal host-susceptible response.
Alternatively, the lack of an obvious HR in the defl
and AS-AOC may indicate that reduced bacterial
growth results from an altered environment in planta
that is less permissive to colonization by Xcv. This
concept is supported by results showing that growth
of the coronatine-deficient Pst DC3661 is greatly in-
hibited relative to the coronatine-producing DC3000
strain (Mittal and Davis, 1995). The concept of a loss
of function leading to resistance is not unprece-
dented. The Arabidopsis pmré mutant, deficient in a
pectate-lyase-like gene, was shown to be more resis-
tant to Erysiphe cichoracearum (Vogel et al., 2002). This
resistance was not associated with an HR or altered
SA, JA, or ethylene signaling.

Interestingly, while the level of R gene-mediated
resistance to avirulent Xcv, as defined by bacterial
growth, was not altered in AS-AOC, ACD, or NahgG,
each line did have altered lesion sizes. Thus jas-
monates, ethylene, and SA, although not required for
resistance, do regulate the extent of hypersensitive
cell death. The AS-AOC and ACD lines produced
smaller lesions than controls, whereas NahG dis-
played an exaggerated HR, which eventually envel-
oped the entire leaf. Ciardi et al. (2001) showed that
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increasing ethylene sensitivity leads to larger lesions
following infection with avirulent Xcv. The reduced
sizes of lesions in ACD and AS-AOC may be a con-
sequence of reduced ethylene synthesis. Whatever
the mechanisms, it is interesting that in both the
compatible and incompatible tomato responses to
Xcv, jasmonates, ethylene, and SA always play a role
in the regulation of a cell death response.

The specific relationships among jasmonates, eth-
ylene, and SA are unknown. As illustrated in Figure
6, the jasmonate pathway acts early in the response
and affects bacterial growth. Ethylene action is inter-
mediate and is not directly involved in bacterial col-
onization or the eventual death of the infected tissue
but is an essential intermediary between jasmonate
and SA. The SA accumulates late in the disease pro-
cess and is correlated with terminal necrosis. Al-
though jasmonate, ethylene, and SA action are essen-
tial to this susceptible response, there are almost
certainly other factors yet to be identified. Further, it
is highly likely that the timing of these events is
critical. The context in which each hormone acts
likely influences the outcome of the disease process.
Thus, SA induces chlorosis and necrosis only when
applied to infected tissue 8 to 12 d after inoculation
(O’Donnell et al., 2001). There may be an additional
feedback component to this pathway because loss of
jasmonate synthesis (as evident in the AS-AOC and
defl lines) significantly increases sensitivity to exog-
enously applied SA. Thus, alterations in one pathway
appear to affect responses to additional hormones.

Presently, the means by which a complex signaling
network is coordinated within a response are poorly
understood. Plants respond to both biotic and abiotic
stresses by evoking reactions designed to resist and
limit damage. The response in each case consists of
altered expression of sets of genes appropriate to the
stimulus. Some phytohormones such as ethylene are
common to many stimuli, yet the outcome is usually
unique to the stimulus. For example, ethylene is an
integral component of tomato virulent and avirulent
responses to Xcv. Yet in the virulent response, ethyl-
ene is necessary for subsequent SA, whereas in the
avirulent response, ethylene is synthesized earlier
and is not followed by SA. Similarly, loss of jas-
monate synthesis in defl reduces the virulence of Xcv
and enhances sensitivity to the toxic effects of ap-
plied SA. Yet defl is much more susceptible to her-
bivory than its wild-type parent (Howe et al., 1996).
Thus, “basal resistance” of defl to Xcv is higher but to
insects is severely compromised. It is likely that all of
these hormones act in a modular fashion and that
action can be agonistic in some circumstances and
antagonistic in others. By varying the timing and
combinations of their synthesis, appropriate out-
comes are achieved. There has been significant inves-
tigation of potential points of hormonal interaction as
a mechanism for integrating stress responses
(O’Donnell et al., 1996; Moller and Chua, 1999; Shi-
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nozaki and Yamaguchi-Shinozaki, 2000). The tomato
response to virulent Xcv is one in which one hormone
response directly influences synthesis of subsequent
hormones. Regulation of hormone levels is likely to
be a major means of controlling hormonal interac-
tions. Establishing such relationships will require in-
tegrated biochemical and genetic approaches.

Finally, it must be noted that the hormonal re-
sponse described here is different from those of many
other plant-pathogen combinations. Whereas in Ara-
bidopsis, pathogen defenses seem to use predomi-
nantly SA or JA/ethylene pathways, this tomato re-
sponse is dependent on sequential action of all three
hormones. How a plant responds to different patho-
gens is likely to depend on the strategies of both
partners, e.g. biotrophic versus necrotrophic patho-
gens or annuals such as Arabidopsis versus perenni-
als such as tomato. The response of Arabidopsis to
virulent X. campestris pv. campestris, although depen-
dent on the same hormones, is entirely different with
SA action preceding ethylene (O’Donnell et al., 2003).
Thus, the concept of model interactions must be
taken in this context.

MATERIALS AND METHODS
Plant Growth and Treatments

Tomato (Lycopersicon esculentum) cvs MM, UC82B, CMII, and LK are the
parental lines for NahG (Oldroyd and Staskawitz, 1998), ACD (Lund et al.,
1998), defl (Lightner et al., 1993), and AS-AOC (Stenzel et al., 2003), respec-
tively, and were included as controls where appropriate. Plant growth and
treatments were performed under ambient temperature and lighting in a
greenhouse. Experiments were conducted on 6-week-old plants with five
fully expanded leaves. Plants were inoculated with Xcv strain 93-1 (virulent)
or 87-7 (avirulent) by submerging in a suspension of bacteria containing
MgCl, (10 mm) and Silwet 1-77 (0.0025% [v/v]), for 15 s. Mock inoculations
were performed by dipping plants in buffered Silwet only. Each experiment
was reproduced at least five times with similar results.

Formulated BTH was ectopically applied by spraying plants 8 d post
treatment, in accordance with manufacturer’s instructions, or was injected.
SA (0.2 mmMm; Sigma-Aldrich, St. Louis) injection was performed using a
syringe and an 18-gauge needle into the abaxial surface of the leaf.

Ion Leakage and Bacterial Growth

Electrolyte leakage and bacterial growth were measured as described
previously (Lund et al., 1998).

Ethylene Quantification

Ethylene evolution, from infected and control leaves, was measured by
placing excised leaflets in a 5-mL container, capping with a rubber stopper,
and incubating for 1 h at room temperature. Ethylene accumulation was
then determined from a 1-mL sample of the headspace on a gas chromato-
graph (model 5890, Hewlett-Packard, Palo Alto, CA), fitted with a flame
ionization detector.

SA Determination

SA and SA conjugates were extracted and analyzed as described (Uknes
etal.,, 1993). In brief, 0.5 g of tissue was ground in liquid nitrogen, extracted
with 3 mL of 90% (v/v) methanol followed by 2 mL of 100% (v/v) methanol.
The combined extracts were then divided in two, dried down, and resus-
pended in either 2.5 mL of 5% (w/v) trichloroacetic acid, free acid, or
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phosphate buffer (0.1 M, pH 8.0), total SA content. Conjugated SA was
hydrolyzed by acidifying to pH 0.95 with concentrated HCI and boiling for
30 min. Free SA from both fractions was then extracted into ethylacetate:
cyclopentane:isopropanol (100:99:1, v/v), twice for free and three times for
total, dried down, and resuspended in 20% (v/v) methanol. SA was iden-
tified and quantified by reverse phase HPLC on a 5-um C-18 column (4.6 X
250 mm, Beckman Ultrasphere, Fullerton, CA) and detected using a scan-
ning fluorescence detector (excitation energy 295 nm, emission energy 400
nm; 474, Waters, Milford, MA). Identification and recovery of SA was
determined by spiking a noninduced sample with a known amount of an
authentic standard.

Extraction and Quantification of Jasmonates

JA and OPDA levels were measured as described by Hause et al. (2000)
and Stenzel et al. (2003), respectively.

Received July 18, 2003; returned for revision July 30, 2003; accepted August
7, 2003.
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