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Salicylic acid (SA) has been proposed to antagonize jasmonic acid (JA) biosynthesis and signaling. We report, however, that in
salicylate hydroxylase-expressing tobacco (Nicotiana tabacum) plants, where SA levels were reduced, JA levels were not
elevated during a hypersensitive response elicited by Pseudomonas syringae pv phaseolicola. The effects of cotreatment with
various concentrations of SA and JA were assessed in tobacco and Arabidopsis (Arabidopsis thaliana). These suggested that there
was a transient synergistic enhancement in the expression of genes associated with either JA (PDF1.2 [defensin] and Thil.2
[thionin]) or SA (PR1 [PRla-B-glucuronidase in tobacco]) signaling when both signals were applied at low (typically 10—
100 uM) concentrations. Antagonism was observed at more prolonged treatment times or at higher concentrations. Similar
results were also observed when adding the JA precursor, a-linolenic acid with SA. Synergic effects on gene expression and
plant stress were NPR1- and COI1-dependent, SA- and JA-signaling components, respectively. Electrolyte leakage and Evans
blue staining indicated that application of higher concentrations of SA + JA induced plant stress or death and elicited the
generation of apoplastic reactive oxygen species. This was indicated by enhancement of hydrogen peroxide-responsive
AoPR10-B-glucuronidase expression, suppression of plant stress/death using catalase, and direct hydrogen peroxide
measurements. Our data suggests that the outcomes of JA-SA interactions could be tailored to pathogen/pest attack by the

relative concentration of each hormone.

Plant responses to abiotic and biotic stress are, to a
great extent, coordinated by the production of chem-
ical signals (for review, see Feys and Parker, 2000).
Salicylic acid (SA) was first associated with the in-
duction of pathogenesis-related (PR) proteins and the
establishment of systemic acquired resistance (SAR;
Ryals et al., 1996). SA also contributes to the hypersen-
sitive response (HR)-associated resistance (Delaney
et al., 1994; Mur et al., 1997, 2000) via mechanisms that
include the potentiation of reactive oxygen species
(ROS) generation and cell death (Mur et al., 1997, 2000;
Shirasu et al., 1997). Mutant screens and transgenic
plants expressing salicylate hydroxylase to reduce SA
levels (NahG [Gaffney et al., 1993]; SH-L [Bi et al,,
1995]) have been used to characterize the SA signal
transduction chain (Dong, 2001). The allelic series
nprl, niml, and sail in Arabidopsis (Arabidopsis thali-
ana; Bowling et al., 1994; Delaney et al., 1995; Shah
et al., 1997) did not express high levels of PR proteins
following SA treatment or pathogenic challenge. NPR1
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was found to be an ankyrin repeat-containing protein
(Cao et al., 1997) that interacts with TGA transcription
factors to activate PR gene expression (Fan and Dong,
2002; Després et al., 2003). Mutants also have been
isolated that exhibit constitutive activation of PR pro-
teins and resistance: cprl, cpr5 (Bowling et al., 1994,
1997), cpr6 (Clarke et al., 1998), and 16 constitutive im-
munity mutants (Maleck et al., 2002).

Jasmonic acid (JA) has been associated with re-
sponses to abiotic and biotic stresses (Wasternack and
Hause, 2002), including wounding, insect herbivory,
and resistance against necrotrophic pathogens such as
Alternaria brassicicola and Botrytis cinerea (Penninckx
et al., 1998; Thomma et al., 1998). JA is a key signal in
the SA-independent induced systemic resistance eli-
cited by rhizosphere biocontrol bacteria (Pieterse et al.,
1996; van Loon et al., 1998). Volatile jasmonates have
also emerged as important semiochemicals, attracting
predators and parasitoids to herbivorous adult insects
and larvae (Birkett et al., 2000). Furthermore, JA reg-
ulates the synthesis of terpenoid and indole semi-
ochemicals (for review, see Agrawal, 2000).

Jasmonates are part of a large family of oxylipin
products of linolenic acid (LN; C18:3) and probably
hexadecatrienoic acid (C16:3) metabolism (Schaller
et al.,, 2005). JA, methyl jasmonate, and the JA pre-
cursor 12-oxophytodienoic acid (OPDA) all induce a
range of wound-inducible genes such a proteinase
inhibitors (PI), which have insect antifeedant activity
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(Ryan, 1990), and antifungal proteins such as Thi
(thionins) and PDF1.2 (defensin; Penninckx et al.,
1998; Vignutelli et al., 1998). Application of JA has
also been found to potentiate the oxidative burst
(Kauss et al., 1994). Mutants in the jasmonate signal
transduction chain have been isolated (for review, see
Turner et al., 2002), the best characterized of which is
coil, which is insensitive to JA and is mutated in the
F-box component of an E3 ubiquitin-ligase (Xie et al.,
1998; Devoto et al., 2002). The JA precursors, OPDA
and dinor-oxophytodenoic acid (dAnOPDA) can act via
separate COI1-dependent and -independent pathways
to control defense gene expression (Stintzi et al., 2001).
Constitutive JA-signaling mutants have been isolated
carrying elevated levels of JA (cet mutants [constitu-
tive expression of Thi2.1 gene; Hilpert et al., 2001]; cev1
[constitutive expression of vspl; Ellis et al., 2002b]).

Considerable evidence suggests that SA- and JA-
signaling pathways are antagonistic. Application of
acetylsalicylate (aspirin) inhibited PI transcript accu-
mulation (Doherty et al., 1988; Pefia-Cortes et al., 1993;
Doares et al., 1995) and SA suppressed basic (JA-
regulated) PR gene expression in tobacco (Nicotiana
tabacum; Niki et al., 1998). Predictably, such antago-
nism impacts on insect grazing as shown with exog-
enous application of the SA mimic, benzothiadiazole,
to tomato (Lycopersicon esculentum) increasing grazing
by corn earworm (Heliocoverpa zea; Stout et al., 1999) or
beet armyworm (Spodoptera exigua; Thaler et al., 1999).
Also, tobacco and cucumber (Cucumis sativus) plants
exhibiting SAR displayed evidence of increased insect
feeding or fecundity (Moran, 1998; Preston et al., 1999).
Genetic manipulation of plants, via transgenes or
mutagenesis, has also suggested an antagonistic re-
lationship between SA and JA signaling. For instance,
overexpression of a Rho-related GTP-binding protein
in tobacco resulted in SA production at wound sites
with a concomitant suppression of PI expression (Sano
et al., 1994), while in the Arabidopsis eds4 mutant,
which is reduced in SA biosynthesis, PDF1-2 expres-
sion could be induced at lower concentrations of methyl
jasmonate (Gupta et al., 2000). Such antagonism has
been linked to a SA-mediated suppression of JA bio-
synthesis (Pefia-Cortes et al., 1993; Doares et al., 1995;
Harms et al., 1998). The most conclusive evidence for
this was provided by Spoel et al. (2003), who demon-
strated a large increase in JA levels in pathogen-
challenged Arabidopsis NahG transgenic lines. SA has
been suggested to suppress the expression of the JA
biosynthetic enzymes lipoxygenase-2 (Spoel et al,
2003) and allene oxide synthase (Laudert and Weiler,
2002). The converse-antagonistic relationship of JA on
SA signaling has been less well studied, but it has been
shown that JA could suppress acidic PR protein ex-
pression (Niki et al., 1998), and in mutant coi plants,
SA-mediated gene expression and defenses were aug-
mented (Kloek et al., 2001; Li et al., 2004).

All of these data notwithstanding, the simultaneous
exhibition of SA- and JA-mediated phenomena has
been noted. Tobacco plants exhibiting SAR as induced
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by either Tobacco mosaic virus or benzothiadiazole did
not affect populations of aphids (Myzus nicotianae), white
flies (Bemisia argentifolii), or leaf miners (Liriomyza;
Ajlan and Potter, 1992; Inbar et al., 1998). Both SA and
JA marker genes are expressed in cprb, cpr6 (Clarke
et al., 1998), cet (Hilpert et al., 2001), cpr22 (Yoshioka
et al., 2001), and hrl1 (hypersensitive response-like lesions
1; Devadas et al., 2002) Arabidopsis mutants. In to-
bacco, Tobacco mosaic virus-induced expression of a
PDF1.2-B-glucuronidase (GUS) transgene correlated,
both locally and systemically, with that of SA-regulated
PR1 transcripts (Mitter et al., 1998). Further, in a range
of other experimental systems, contributions from both
SA and JA signal transduction chains have been shown
to be required. These include increased resistance to
Peronospora parasitica Noco2 in the Arabidopsis cpré
mutant (Clarke et al., 2000), resistance to B. cinerea in
wild-type Arabidopsis (Audenaert et al., 2002; Govrin
and Levine, 2002), cell death induced by the mycotoxin
Fumonisin B1 (Asai et al., 2000), and semiochemical pro-
duction in Arabidopsis (van Poecke and Dicke, 2002).
Other studies have suggested that synergistic SA and
JA interactions enhance PR1 (Xu et al., 1994) and Orn
decarboxylase (Imanishi et al., 2000) gene expression.
Our interest in these apparently conflicting data sets
arose from our observed spatially and temporally co-
incident synthesis of SA and JA (Kenton et al., 1999;
Mur et al., 2000). In this paper we show that JA was not
elevated in SH-L (salicylate hydroxylase expressing =
NahG) transgenic tobacco plants. In both Arabidopsis
and tobacco, reciprocal SA and JA antagonism of gene
expression was dose dependent and, at lower concen-
trations, synergistic effects were observed. With high
doses of both SA and JA cell death was initiated, which
was influenced by apoplastic oxidative stress. Thus,
we propose the existence of greater subtlety in SA +
JA interactions than simple antagonism that could
explain the widely differing observations on various
plants made with pathogens, insects, or mutants.

RESULTS

JA Accumulation Is Not Elevated in 35S-SH-L Tobacco
Plants Challenged with Avirulent Bacteria

In the course of previous studies on tobacco under-
going HR following infiltration with avirulent Pseudo-
monas syringae pathovars we have observed that both
JA and SA exhibited similar accumulation kinetics
(Fig. 1, inset; Kenton et al., 1999; Mur et al., 2000). To
further investigate, this JA accumulation was measured
using an ELISA-based approach and a JA-specific
antibody, and levels were compared between wild
type and SH-L-expressing tobacco plants both infected
with the avirulent P. syringae pv phaseolicola. Although
SH-L expression has been shown to effectively reduce
SA accumulation (Mur et al., 2000), no statistically
significant differences in JA levels were observed
between wild-type and SH-L plants (Fig. 1).
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Figure 1. Octadecanoid rises in wild

type and salicylate hydroxylase (SH-L)-
expressing transgenic tobacco plants
following challenge with P. syringae
pv phaseolicola. A, JA accumulation in
wild type and salicylate hydroxylase
(SH-L)-expressing  (SH-L) transgenic
Samsun NN tobacco at various times
following challenge with the avirulent
bacterium P. syringae pv phaseolicola
detected using JA anti-sera. Inset, SA
and JA accumulation in wild-type
tobacco cv Samsun NN following
challenge with P. syringae pv
phaseolicola. All data are presented
as mean (n = 3) nmol g~ fresh weight
(fwt) = se. B, Alternative routes to the
synthesis of JA are indicated. Lipoxy-
genation of chloroplastic C16:3 or
C18:3 lipids leads ultimately to the
formation of dnOPDA and OPDA, re-
spectively. These are transported to
the peroxisome where the acyl chain

is shortened by successive rounds of
24 B-oxidation to form JA. C, OPDA,
dnOPDA, and JA accumulation in wild-
type (wt) tobacco Samsun NN and
SH-L transgenic Samsun NN tobacco
plants at 12 and 24 h following in-

OPDA oculation with P. syringae pv phaseo-

licola (Psph) and a HR noneliciting
coon € 18:3 P. syringae pv phaseolicola hrplL strain
(Psph hrpl) detected using GC-MS. All
data are presented as mean (n = 3)
nmol g~' fwt = se. Significant differ-
ences (P < 0.01) between levels in
wild-type and SH-L plants are indi-
cated by two asterisks. NS, Nonsignif-
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JA can be derived from either OPDA or dnOPDA
(Fig. 1B), precursors which themselves are able to
induce defense gene expression and contribute to JA-
mediated effects (Stintzi et al., 2001). Thus, we also
assessed the influence of salicylate hydroxylase on the
levels of these cyclopentenone JA precursors, as well
as on JA; in this instance using gas chromatography-
mass spectroscopy (GC-MS; Fig. 1C). At 12 h following
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icant differences.

OPDA dnOPDA JA

inoculation with P. syringae pv phaseolicola both OPDA
and dnOPDA levels were reduced in SH-L transgenic
(P < 0.01) compared to wild-type plants. There was no
significant difference in levels of OPDA in wild-type
plants infected with P. syringae pv phaseolicola and the
HR noninducing hrpL mutant 12 h after inoculation.
However, by 24 h significant increases in both OPDA
and dnOPDA (P < 0.001) were seen when challenging
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with the HR-eliciting strain compared to hrpL controls.
Comparing wild-type and SH-L tobacco plants, there
were no significant differences in the levels of JA at 12 or
24 h or in those of OPDA and dnOPDA at 24 h.

JA and SA Can Act Synergistically and Antagonistically
to Influence Defense Gene Expression in Arabidopsis
and Tobacco Plants

Even with simultaneous synthesis of SA and JA
during a HR elicited in tobacco (Fig. 1, inset), sup-
pression/antagonism could still be exhibited at the
level of gene expression. Equally, it could be that the
relative concentrations of SA and JA are important in
determining gene expression levels (Imanishi et al.,
2000). To investigate these possibilities, leaf panels
of transgenic PR1a-GUS tobacco plants were injected
with different concentrations of SA and JA and as-
sayed for GUS activity after 24 h (Fig. 2). GUS activity
was significantly (P < 0.001) up-regulated by SA but
not JA, yet addition of 10 uMm JA to 100 or 250 um SA
enhanced GUS activity (Fig. 2A). Maximal activity at
24 h occurred in the presence of 250 uM SA and 10 uM
JA, and represented a >3-fold increase over that ob-
served with 250 uM SA alone. However, the addition
of 250 uM JA to 100 or 250 um SA reduced PR1a-GUS
expression compared to controls. Such data suggested
distinct concentration-dependent effects of SA + JA
combinations. At 48 h PR1a-GUS expression (data not
shown) was markedly reduced with all SA + JA coin-
cubations when compared to SA alone, suggesting that
the synergistic effects observed at 24 h were transient.

Given that JA biosynthesis has been proposed to be
a target for SA antagonism and that cyclopentenones
(OPDA and dnOPDA) induce defense genes, the effects
of applying the octadecanoid precursor LN (C18:3)
was examined (Fig. 2B). Supplying LN alone failed to
significantly (P < 0.001) induce PR1a-GUS. However,

A Jasmonic acid + Salicylic acid

LN enhanced SA induction of PR1a-GUS expression
but only with 250 um SA and 10 uM LN. Application of
250 um LN with both 100 and 250 um SA suppressed
PR1a-GUS activity.

These tobacco experiments were extended by exam-
ining defense gene transcription in Arabidopsis explants,
which were treated with combinations of different
SA and JA concentrations. The defense genes PDF1.2
and Thi2.1 have been shown to be regulated by JA
(Penninckx et al., 1996; Vignutelli et al., 1998), and by
12 h their expression was induced in Arabidopsis by
treatment with 10 um JA (Fig. 3A). However, coappli-
cation of 10 uM JA with concentrations of SA up to
250 um enhanced the accumulation of both PDF1.2
and Thi2.1 transcripts. With higher SA concentrations,
PDF1.2 and Thi2.1 transcript levels declined. The
defense-inactive SA isomer, 4-hydroxybenzoic acid
(4BA), failed to synergize with JA, and SA alone did
not induce PDF1.2 or Thi2.1 expression.

To further examine the possible suppressive effects
of SA on JA biosynthesis or cyclopentenone signaling,
this experiment was repeated using LN rather than JA.
As in tobacco, LN proved to be a less effective inducer
of JA-mediated defense genes (Fig. 3B, presented as
a plot of densitometric data derived from radiographs
of northern blots). This reduced efficacy is likely to be
due to only a fraction of LN being metabolized to JA.
However, coapplication of LN with increasing con-
centrations of SA up to 63 uMm elevated PDF1.2 expres-
sion. At >63 um SA PDF1.2 transcript accumulation
was suppressed. By 24 h following treatment gene ex-
pression was also reduced indicating that synergistic
SA + JA were time dependent (data not shown).

The converse SA + JA interaction was investigated
using the SA-inducible PRI gene. When treating
Arabidopsis explants with 10 um SA (the minimum
concentration at which we have observed PR1 expres-
sion; Bi et al., 1995), increasing concentrations of JA up
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Figure 2. SA interactions with JA or LN on PR1a-GUS expression in transgenic tobacco. GUS activity in explants of transgenic
tobacco at 24 h following treatment with water or 10, 100, 250 um SA with either 0, 10, 100, 250 um JA (A) or 0, 10, 100, 250 um

a-LN (B). Data are given as mean (n = 6) GUS activity; pmol 4-methylumbelliferone min™
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Figure 3. Effect of SA interactions with JA or LN on PDF1.2, Thi, and PR1 expression in explants of Arabidopsis ecotype
Columbia (Col-0). A, PDF1.2 and Thi2.1 transcript accumulation in Arabidopsis Col-O explants (the central inner 0.5-cm
diameter core of a 1-cm disc; see “Materials and Methods”) at 12 h following treatment with 10 um JA and increasing
concentrations of SA (from 8-500 um) or 4BA (from 125-500 um), or 500 um SA alone. The ethidium bromide-stained gel
showing ribosomal RNA (rRNA) is presented to demonstrate equal loading. Northern results for two biological replicates for each
experiment were scanned by densitometry to obtain numerical values. Values for each replicate were expressed as a percentage
of the maximum value within the same replicate. The graph gives the mean percentage for each treatment and the range between
replicates. B, Graphical representation of PDF1.2 transcript accumulation in Arabidopsis explants at 12 h following treatment
with 10 um LN and increasing concentrations of SA (from 15-500 um), or 4BA (from 125-500 um), or 500 um SA alone.
C, PR1 transcription in Arabidopsis explants at 12 h following treatment with 10 um SA and increasing concentrations of
JA or LN (from 8-500 um) or only with JA, LN (125-500 um), or 500 um SA alone. Graphs B and C were derived as described

in A.

to 32 uM JA had a synergistic effect on the transcription
of PR1 (Fig. 3C). At JA concentrations above 32 um PR1
transcription was less elevated and at =125 uM JA the
synergistic effect declined until, with 500 um, no JA
effect was observable. As in tobacco, when LN was
substituted for JA, this proved to be less effective at
synergizing SA-mediated PRI transcription than JA
(data not shown). Taken together, these data strongly
suggest that, as with PR1a-GUS in tobacco, SA and
JA can transiently synergize defense gene expression,
whereas antagonism is a feature of higher concentra-
tions or the prolonged coaccumulation of both signals
irrespective of concentration.

Plant Physiol. Vol. 140, 2006

PR1 and PDF1.2 transcript accumulation was exam-
ined in nprl-1 and coil mutant backgrounds to exam-
ine the contribution of these signaling components to
the synergistic mechanism(s; Fig. 4). Treatments were
limited to those that in preliminary experiments (data
not shown) had been found to maximally enhance SA
and JA gene expression (50 um SA, 50 uM JA at 12 h). In
agreement with our previous observations, in wild-
type plants JA enhanced SA-induced PRI transcrip-
tion while SA enhanced JA-induced PDF1.2. In the
nprl-1 background PR1 transcription was not induced
by SA or combined SA + JA treatment, and JA in-
duced PDF1.2 but transcript levels were not enhanced
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Figure 4. Effect of SA interactions with JA on PDF1.2 and PRT transcript
accumulation in Arabidopsis npr1-1 and coil-1. PR1 and PDF1.2
transcription in explants (the central inner 0.5-cm diameter core of a
1-cm disc) from Arabidopsis wild-type Col-0, npr1-1, and coil-1 in
untreated controls and at 12 h following treatment with 50 um JA and
50 um SA, either alone or in combination. The ethidium bromide-
stained gel showing ribosomal RNA (rRNA) is presented to demonstrate
equal loading.

rRNA

in the presence of SA, contrasting with the observa-
tions made in wild-type plants. As expected, in the
coil-1 mutant SA induced PR1 and JA failed to induce
PDF1.2 transcription but JA synergism of SA-induced
PR1 expression was lacking in a coil-1 background.
Thus, synergism is influenced by established JA- and
SA-signaling pathways.

JA and SA Synergize to Induce Cell Death

It was noted that when inoculating tobacco plants
with 500 uMm SA in combination with 500 um JA, infil-
trated areas exhibited patches of necrosis after 24 h
(Fig. 5A). This necrosis was not observed when in-
oculating with either SA or JA alone (or if 500 um 4BA
was substituted for SA in combination with JA; data
not shown).

To further investigate this phenomenon, leaf discs
were treated with various concentrations of SA and
JA, and the conductivity of the bathing solution (as a
measure of plant stress or death) was measured after
24 h (Fig. 5B). High concentrations of neither JA nor SA
(500 uM) resulted in marked electrolyte leakage from
the tobacco explants. However, with the exception of
the 10 um SA + 10 uM JA combination, all coappli-
cations of the two signals resulted in a substantial
increase in electrolyte leakage. To help distinguish be-
tween plant-explant stress and death, viability was
estimated by retention of the Evans blue stain which
indicates cell rupture (Fig. 5C). This suggested that at
24 h cell death was not observed except with 250 um
SA with 250 or 500 uM JA. However, by 72 h, increases
in Evans blue staining were observed with lower con-
centrations of SA and JA.

Some authors have suggested that the timing of
applying SA and/or JA influences the outcome of their
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interaction (e.g. Thaler et al., 2002). Such effects were
assessed by monitoring of electrolyte leakage. Ex-
plants were pretreated with 100 um SA or JA for 2 h
before addition of the other signal (Fig. 5D). Compared
with SA alone (or control), the addition of JA at 2 h
triggered a rapid and substantial increase in the con-
ductivity of the bathing solution. Electrolyte leakage
was approximately 5-fold higher than observed with
SA alone. In the JA pretreatment experiment, JA alone
induced a small increase in electrolyte leakage when
compared to control, which was consistent with the
stress-related changes previously reported (Kenton et al.,
1999). When SA was added, cell death was markedly
enhanced so that, by 4 h post SA addition, electrolyte
leakage was approximately 3-fold higher than that
observed with JA alone (Fig. 5D). Similarly enhanced
cell death (as determined by Evans blue retention) was
observed with combinations of JA and SA (100 um
each). As with synergistic effects on PR1 and PDF1.2
gene transcription, increased cell death was not ob-
served in nprl-1 and coil mutants (data not shown).

JA-Induced Gene Expression and Cell Death Is Mediated
by Hydrogen Peroxide and Potentiated by SA

Plant cell death has been linked with the generation
of oxidative stress (Levine et al., 1994), therefore SA +
JA effects on our marker for oxidative stress, the AoPR10-
GUS transgene (Bi et al., 1995), were assessed (Fig. 6, A
and B). Unlike PR1a-GUS, the AoPR10-GUS transgene
was activated by JA alone but, as previously reported
(Mur et al., 1996), not by SA. Nevertheless, addition of
SA augmented JA-induced AoPR10-GUS expression
at 24 h except at the highest concentrations (250 um of
each). At 72 h, application of any concentration of SA
appeared to antagonize JA-mediated AoPR10-GUS ex-
pression (Fig. 6B). Predictably, application of LN also
induced AoPR10-GUS expression, although less than
with JA (Fig. 6C), while coapplication with 100 and
250 uM SA enhanced LN-induced AoPR10-GUS expres-
sion. To establish if SA + JA effects on AoPR10-GUS
expression were due to oxidative events, the effects of
coinfiltrating catalase (CAT) with JA alone, or in combi-
nation with SA (100 uMm each), were investigated (Fig. 6D).
CAT suppressed both JA-induced and SA-synergized
Ao0PR10-GUS expression at 12 h, thereby substantiat-
ing our hypothesis.

We also used CAT infiltration to test whether SA +
JA-mediated cell death was influenced by ROS pro-
duction. CAT was coinjected with SA + JA, and the
resulting electrolyte leakage from explants was mea-
sured (Fig. 6E). The induction of electrolyte leakage
when simply infiltrating with water suggested that the
injection process resulted in plant stress. How-
ever, when JA and SA were coincubated, substantial
additional electrolyte leakage occurred and this effect
was markedly inhibited (at least within the first 6 h)
by the addition of CAT. These data implicated hydro-
gen peroxide (H,O,) in the cell death induced by JA
and SA.

Plant Physiol. Vol. 140, 2006
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Electrolyte leakage at 24 h Figure 5. SA-JA-mediated initiation of

plant stress or cell death in tobacco. A,
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Visible cell death in tobacco leaf panels at
24 h following injection with 0.5 mm SA
and 0.5 mm, either alone or in combina-
tion. B, Changes in the conductivity (elec-
trolyte leakage) of solutions bathing
explants (1-cm diameter cores) of tobacco
at 24 h following treatment with various
concentrations of JA (0, 10, 100, 200, and
500 um) with SA (0, 10, 100, 200, and
500 uMm). Results are given as mean con-
ductivity change; uS cm? (n = 6) = S
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To further establish a role of ROS, H,O, levels in
planta were measured following treatment with
100 um JA and 100 uMm SA and assayed after 6 h
(Fig. 6F). Treatment with JA alone induced accumula-
tion of H,0O, (confirmed as such by CAT controls)
to approximately 2-fold that observed in controls. In
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contrast, SA induced little if any additional H,O,
accumulation in accordance with the failure of SA to
induce AoPR10-GUS. However, H,O, levels in tissue
treated with both JA and SA were substantially ele-
vated compared to those observed when applying
JA alone.
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Figure 6. SA interactions with jasmonates on AoPR10-GUS expression in transgenic tobacco and the generation of oxidative
stress. AOPR10-GUS activity in explants of transgenic tobacco at 24 (A) and 72 h (B) following treatment with water (0) or 10, 100,
or 250 um SA with either 0, 10, 100, or 250 um JA or at 24 h with 0, 10, 100, or 250 um a-LN (C). D, AoPR10-GUS activity in
tobacco leaves at 24 h following injection of water; 100 um JA alone or a combination of 100 um SA + 100 umJA and also
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DISCUSSION

SA Does Not Always Inhibit JA Biosynthesis
and Signaling

In mammalian systems, the derivation of proinflam-
matory eicosanoids from arachidonic acid (C20:4) is
inhibited by aspirin (acetylsalicylate) via transacetyla-
tion of the biosynthetic cyclooxygenase enzymes (Vane,
1971). Possibly due to some parallels between this and
the formation of jasmonates from LN (C18:3), the in-
hibitory effects of salicylates on JA biosynthesis and
signaling have been extensively investigated. It has
been repeatedly demonstrated that aspirin, SA, and
SA mimics suppress JA-mediated gene expression and
associated phenomena (e.g. Pena-Cortés et al., 1993;
Niki et al., 1998; Stout et al., 1999; Thaler et al., 1999).
As exogenously applied jasmonates reverse the inhib-
itory effects of SA application, this effect has been linked
to the suppression of JA biosynthesis (e.g. Sivasankar
et al., 2000). Most tellingly in this regard, Spoel et al.
(2003) showed that Arabidopsis plants expressing NahG
exhibited a significant increase in JA following in-
oculation with the virulent strain P. syringae pv tomato
DC3000. Since we had observed the coproduction of
SA and JA in HR lesions in tobacco, we predicted that
the reduction of SA levels in SH-L (=NahG) tobacco
lines would result in elevated JA levels. Surprisingly,
we failed to observe any statistically significant differ-
ence in the patterns of JA synthesis during the first 12 h
of the developing HR following inoculation with the
avirulent strain P. syringae pv phaseolicola (Fig. 1A). Simi-
larly, levels of the JA precursors OPDA and dnOPDA,
which can themselves act as signaling molecules (Danon
et al., 2005), were unchanged in SH-L-expressing to-
bacco. An analogous situation was noted by Dhondt
et al. (2002), where cell death elicited by the fungal elic-
itor B-megaspermin in tobacco was associated with both
SA and JA synthesis, and JA levels were not altered in
NahG plants. Interestingly, Heck et al. (2003) also failed
to observe increases in JA levels in transgenic Arabi-
dopsis NahG plants or in sid2 mutants (which are mu-
tated in the SA-biosynthetic gene isochorismate synthase)
following inoculation with the avirulent Pst DC3000
avrRpt2 strain. In the interaction of Xanthomonas cam-
pestris pv vesicatoria and tomato, the use of NahG plants
has shown that JA synthesis can be dependent on SA
accumulation (O'Donnell et al., 2003). In this context, it
may be relevant that OPDA levels were significantly
lower in 35S-SH-L tobacco plants at 12 h following
challenge with P. syringae pv phaseolicola (Fig. 1C).

Salicylic Acid and Jasmonic Acid Signaling Interactions

In attempting to rationalize these data, we note that
in both the Heck et al. (2003) and Spoel et al. (2003)
studies, elevated JA levels were measured during
compatible interactions involving P. syringae pv tomato
DC3000. Hence, SA + JA interactions could be sub-
stantially different during the HR compared to devel-
oping disease scenarios. Indeed, the antagonism of JA
signaling by SA may be a requirement of the patho-
genic processes of this bacterial strain.

Varying SA and JA Interactions Are Observed at
Different Relative Concentrations

In examining the effects of synchronously produced
SA and JA, workers have noted either synergistic (Xu
et al., 1994; Imanishi et al., 2000) or antagonistic (Pefia-
Cortés et al., 1993) interactions. Such data argue that
the nature of SA + JA interactions is specific for a
particular gene or set of genes, or that there exists a
degree of as yet unsuspected subtlety. It was notable
that studies reporting antagonistic interactions follow-
ing exogenous application of SA tended to use con-
centrations of >0.5 mM, while lower levels (e.g. 0.1 mm)
had either no effect (Pefia-Cortés et al., 1993; Thaler
et al., 2002) or exhibited synergistic effects on gene ex-
pression (Imanishi et al., 2000). Thus, in examining the
effects of SA and JA on gene expression it was clearly
important to test a range of concentrations of each
signal. In Arabidopsis, PDF1.2 and Thi2.1 are estab-
lished marker genes for JA signaling and have been
reported to exhibit variable, apparently contradictory
responses to SA + JA interaction. For instance, in cpr6 X
NahG Arabidopsis plants, constitutive expression of
PDF1.2 was increased (Clarke et al., 1998), while in the
hrll mutant, constitutive expression of PDF1.2 was
reduced in crosses with nprl-1 or NahG transgenics
(Devadas et al., 2002). This ambivalent response to SA
by PDF1.2 was also reflected in our data. JA-induced
PDF1.2 expression could be enhanced by concentra-
tions of SA up to approximately 350 uM but reduced at
higher levels. Thus, the different trends observed in
different mutants could be dependent on the relative
concentrations of JA and SA or the modifications of
each respective signaling cascade. It was perhaps sig-
nificant that in hrl1, where synergistic effects on JA-
mediated gene expression were observed, SA levels
were lower than those measured for cpr6 (Devadas
etal., 2002). When considering the concentration of SA
and JA used in our experiments, it should be noted
that we infiltrated our solutions into the apoplastic

Figure 6. (Continued.)

100 um JA with 50 units mL~" catalase (CAT) or 100 uM SA + 100 um JA with CAT. E, Changes in the conductivity (electrolyte
leakage) of solutions bathing tobacco explants (1-cm diameter cores) from leaf panels previously inoculated with water and 50
units mL~' CATor 250 uMJA + 250 um SA with or without and 50 units mL~" CAT. Results are given as mean (n = 6) conductivity
change, uS cm’. F, H,0, content in one third of tobacco leaves at 12 h following injection either with water (0),
100 pum JA, 100 um SA, or 100 um JA + 100 um SA compared to another third of the leaf inoculated where 50 units mL™"
CAT was added to either water (0), 100 um JA, 100 um SA, or 100 um JA + 100 um SA. For each sample the H,O, content of the
untreated third of the same leaf was subtracted from the value obtained for the treated parts. Results are given as mean (n = 6)

samples H,0, content (pmol g~' fwt) = sE.
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space. Hence, it is not possible to directly compare ef-
fects with other studies where SA and JA were applied
as a spray or foliar drench. Moreover, in our own
studies, we cannot relate apoplastic concentrations to
SA and JA levels within the cell. We consider that
the effects seen (synergy — antagonism — oxidative
stress — death) cannot be precisely linked to the SA +
JA concentrations that we applied but do reflect the
consequences of differing cellular levels of these signals.

Examining the effect of JA on SA-mediated signal-
ing also suggested the existence of both synergistic
and antagonistic effects. In tobacco, we observed a syn-
ergistic increase in PR1a-GUS expression at the lower
range of SA and JA concentrations, while at higher
concentrations GUS activity was suppressed. Simi-
larly, PR1 transcript accumulation in Arabidopsis in
response to 10 uMm SA was increasingly enhanced by
the addition of JA up to 125 uMm, over which expression
was reduced. Clark et al. (2000) also reported that in
cpr6 PR1, expression was dependent on synergy be-
tween nprl-1, jarl (a JA-signaling mutant), as well as
ein3 (an ethylene-signaling mutant).

ROS Generation Is a Feature of Synergistic
Gene Expression and Cell Death

Several Arabidopsis mutants have been identified
that exhibit the constitutive coactivation of SA- and
JA-signaling pathways and also exhibit cell death, for
example, cet2, cet9 (Hilpert et al., 2001), and hril
(Devadas et al., 2002). We observed that necrotic lesions
could be elicited in tobacco by injection with >250 um
SA and JA, but only when added in combination (Fig.
5A). Data from electrolyte leakage, as compared to that
of Evans blue staining, indicated that plant stress was
a notable feature even of lower concentrations (Fig.
5B). Both SA and JA alone have been observed to po-
tentiate the oxidative burst (Kauss et al., 1994; Kauss
and Jeblick, 1995; Mur et al., 2000), thus increased
plant stress could have occurred from the activation
of dual potentiation mechanisms. To investigate this
hypothesis, the effect of SA + JA combinations was as-
sessed on AoPR10-GUS expression as an easily as-
sayable potentiation and oxidative stress marker (Mur
et al., 1996, 2004). AoPR10-GUS expression proved to
be induced by the application of JA alone, a feature
which has been noted with other PR10 genes (Jwa et al.,
2001). However, JA has been shown to activate the
synthesis of polyamines, which serve as substrates
for apoplastic polyamine oxidase to generate H,O,
(Walters, 2003). As we suppressed JA-induced AoPR10-
GUS activity with CAT it was likely that the transgene
was primarily responsive to H,O, (Fig. 6D). Signifi-
cantly, SA + JA-synergized AoPR10-GUS activity was
suppressed with catalase, suggesting that coapplica-
tion of these signals increased oxidative stress. This
hypothesis was confirmed by direct measurements of
in planta H,0O, content, indicating that SA and JA
copotentiation of the oxidative burst could be a facet
of the synergistic mechanism. A synergized oxidative
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burst would have considerable effects on defense gene
expression, as some genes whose transcription is reg-
ulated by SA or JA have been shown to be also mod-
ulated by H,0O, (Chen et al., 1993; Orozco-Cardefias
et al., 2001).

SA + JA-induced cell death could also be reduced
by the coapplication of CAT (Fig. 6E), indicating that
increased oxidative stress was also instrumental in this
process. In this context, it may be significant that JA-
and SA-signaling pathways are both required for some
forms of cell death (Asai et al., 2000) and that observ-
able cell death in tobacco occurs at approximately
6 h in the P. syringae pv phaseolicola-tobacco interaction,
when both SA and JA are present (Fig. 1, inset). Further,
in SH-L plants the oxidative burst recovered to wild-
type levels only when JA synthesis had been initiated
(Mur et al., 2000). Clearly, many other signals regulate
the HR, but such correlative observations suggest that
synergistic SA + JA interactions influencing the gen-
eration of oxidative stress represent one facet.

How far oxidative cellular stress is intrinsic to the
antagonism mechanism remains to be clearly estab-
lished. Northern-blot results suggested that antago-
nism occurred in PDF1.2 and Thi2.1 expression between
350 and 500 um SA with 10 uMm JA (Fig. 3A) where sig-
nificant electrolyte leakage, but no Evans blue staining,
was observed (Fig. 5). However, PR1 transcription was
suppressed with 125 um JA and 10 um SA (Fig. 3C),
where minimal electrolyte linkage was noted (Fig. 5B).
Thus, the data suggest that although antagonism need
not always be linked to increased plant stress, this
remains a factor that should be considered in studies
examining SA + JA effects.

Components in SA + JA Antagonistic and
Synergistic Mechanism(s)

Several signaling components have been suggested
to be part of the mechanism through which SA an-
tagonizes JA signaling. One could be MAPK4 as the
mpk4 mutant exhibited constitutive exhibition of SAR
as well as SA- and nprl-1-dependent suppression of
PDF1.2 and Thi2.1 gene expression (Petersen et al., 2000).
The transcription factor WRKY70 also plays a key role
in the induction of SA- and the suppression of JA-
dependent genes (Li et al., 2004). The action of WRKY70
is partially mediated by NPR1-1, which must be also con-
sidered part of the antagonism mechanism (Clarke et al.,
1998; Spoel et al., 2003). However, nprl-1-dependent
PDF1.2 expression seen in hrl-1 (Devadas et al., 2002)
and our data suggested another role for NPR1 in SA +
JA synergistic effects on PDF-1.2 expression (Fig. 4) and
cell death. Further, NPR1-1 has been shown to be in-
strumental in some cell death mechanisms (Aviv et al.,
2002) and affected the pattern of necrosis in /i1 (Devadas
etal., 2002). Taken together, these observations suggest
that NPR1 is an important transcriptional switch,
regulating SA signaling as well as influencing JA re-
sponses and modulating cell death probably by regu-
lating antagonistic/synergistic mechanisms.
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Surprisingly our data suggested that COIl influ-
enced both PRI transcription and electrolyte leakage.
Although Fumonsin-Bl-induced cell death was re-
duced in the jail (JA-insensitive) Arabidopsis mutant
(Asai et al., 2000), in hrl1-1 and cet1, cet3 and cet4.1 the
exhibition of cell death was not reduced by the coil-1
mutation (Devadas et al., 2002; Nibbe et al., 2002).
Indeed, in hri1-1 X coil double mutants cell death was
exaggerated (Devadas et al., 2002), possibly indicating
an antagonistic role for JA on cell death in this mutant.
Clearly, further investigations are required to establish
the contribution of individual JA-signaling compo-
nents to the synergism mechanism.

A question remains as to the relevance of synergistic
signal interactions to resistance responses. Often si-
multaneous activation of signaling pathways has no
additive effects with resistance patterns to discrete
pathogens and pests being maintained (e.g. van Wees
et al.,, 2000), although there are instances where both
SA- and JA-signaling pathways are required (e.g. Ellis
et al., 2002a). It seems likely that variably employed
synergistic/antagonistic mechanisms, which need in-
volve not only SA and JA but also, for example, ethyl-
ene (Penninckx et al., 1998; Tuominen et al., 2004), may
represent positive and negative feedback loops allow-
ing the tailoring of the plant response to a particular
stress (Maleck and Dietrich, 1999).

MATERIALS AND METHODS
Plant Materials and Chemicals

The derivation of AoPR10-GUS and PR1a-GUS Samsun NN transgenic
lines is described in Mur et al. (1996, 1997). Tobacco (Nicotiana tabacum) plants
were grown under 16-h-light period at 23°C * 2°C and used for experimen-
tation at 5 weeks following germination. Arabidopsis (Arabidopsis thaliana)
plants were grown at 20°C * 2°C under an 8-h-light period and used at ap-
proximately 4 weeks following germination. Plants were illuminated with 55 W
(Osram, Sylvania) high-frequency lighting tubes (4,580 lumen output), sup-
plemented by 2 X 30 W clear-tube cooled lighting. Light fluence rates at the
top of the plants always exceeded 100 wumol m~? s~ . All chemicals were pur-
chased from Sigma Pharmaceuticals.

Bacterial Inoculation and Chemical Treatments of Plants

Tobacco plants were inoculated with avirulent bacterial pathogens as
described in Mur et al. (2000). Data presented in Figure 1A were derived using
an inoculum of 2 X 10° bacterial cells mL ™" while those in Figure 1C used 2 X
10° cells mL . Tobacco plants were treated with various concentrations of SA
and JA by injection into leaf panels. If assaying for GUS activities or Evans blue
staining, the injected area was marked with a felt-tipped pen and assayed,
following coring with a 1-cm cork borer (1 core = 0.785 cm?) at set times. When
assaying for electrolyte leakage in tobacco or Arabidopsis, injected areas were
immediately cored and placed in 24-well plates (Nalge Nunc International).
When examining SA + JA effects on gene transcription in Arabidopsis,
chemicals were added to the solution (1 cm®) bathing 1-cm diameter explants
in 24-well plates. The solutions were vacuum infiltrated into the explants by
placement in a vacuum chamber and evacuating the air for 5 min, using
a pump. After 12 h, an inner core (using a 0.5-cm diameter cork-borer) was
taken from the 1-cm diameter explant and the outer ring, consisting of the
original wound site, was discarded. RNA was immediately extracted only
from the inner core. This avoided contributions to the results made by wound-
associated gene expression. Individual RNA samples represented pooled
preparations from four explants.
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Estimations of Cell Viability by Electrolyte Leakage
and Evans Blue Staining

Electrolyte leakage in 1-cm diameter cores was determined as described in
Mur et al. (1997). Cell death was estimated by retention of Evans blue stain by
1-cm cores as stated in Mur et al. (2000).

Northern Hybridization

RNA extraction, northern blotting, and hybridization were undertaken as
described in Draper et al. (1988). Probes for PRI (At2g19990) and Thi2.1
(At1g77260) were obtained from The Arabidopsis Information Resource
(http:/ /www.arabidopsis.org). Autoradiographs were quantified using
ImageQuant Software (Molecular Dynamics), which qualified pixel intensity
over a designated area.

Octadecanoid and SA Measurements

JA measurements shown in Figure 1A were carried out as stated in Kenton
et al. (1999) using anti-JA antibodies. Other measurements of JA and OPDA
and dnOPDA were undertaken using GC-MS as described in Stenzel et al.
(2003). For GC-MS, approximately 0.5 g homogenized sample from Pseudo-
monas syringae pv. phaseolicola-challenged tobacco was extracted with 10 mL
methanol. [*H,] JA and [*H,] OPDA were added as internal standards for GC-
MS. Mean values are presented from three independent extraction/separation
procedures. Data for SA levels have been previously presented (Mur et al.,
2000) and the assay protocol used is described in Bi et al. (1995).

In Planta H,0, Measurements

H,0O, accumulation was determined following the TiCl,-based technique
developed by Brennan and Frenkel (1977). H,O, accumulation was expressed
in terms of an increase in levels compared to controls in the same leaf. Thus,
one half of a tobacco leaf was infiltrated with water (control) and the other
with either SA or JA alone or a combination of both. As each assay required
0.5 g of plant tissue, large, fully expanded leaves of 5-week-old tobacco plants
were used. Such leaves were easy to rapidly infiltrate (typically 2 min), which
appeared to aid in synchronizing the generation of the oxidative burst. Each
leaf piece was ground in 1 mL acetone, and a 0.5-mL aliquot taken, to which
75 uL of freshly prepared 20% TiCl, (v/v in 11 M HCl) was added followed by
150 uL of NH,OH. The resulting precipitate was collected by microcentrifu-
gation (5 min, 11,000¢) and the supernatant carefully discarded. The pellet was
resuspended in 400 uL. 1 M H,SO,, to which 180 uL of acetone was added. Any
insoluble material was removed by centrifugation (5 min at 11,000g). The ab-
sorbance of the supernatant was measured at 405 nm with a 630-nm reference
(to deduct reading due to turbidity). The concentration of the samples was
estimated from a standard curve, where 0.1 mm to 1 mm H,0O, was added to
extracts from controls and complexed with titanium as stated. The levels of
H,0, within challenged leaves (micromole/gram fresh weight™*) were cal-
culated as for SA levels in Bi et al. (1995). Each experiment was repeated at
least six times to generate the data presented.

Repetition and Statistical Analysis

Each experiment was undertaken at least three times to generate similar
data to that presented in this paper. The exception was the northern-
hybridization data in Figures 3 and 4, which were repeated only once, giving
similar results. All other data was tested for significance by ANOVA using
Minitab version 13.
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