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In Arabidopsis spp., the jasmonate (JA) response pathway 
generally is required for defenses against necrotrophic 
pathogens and chewing insects, while the salicylic acid (SA) 
response pathway is generally required for specific, resis-
tance (R) gene-mediated defenses against both biotrophic 
and necrotrophic pathogens. For example, SA-dependent 
defenses are required for resistance to the biotrophic fungal 
pathogen Erysiphe cichoracearum UCSC1 and the bacterial 
pathogen Pseudomonas syringae pv. maculicola, and also are 
expressed during response to the green peach aphid Myzus 
persicae. However, recent evidence indicates that the expres-
sion of JA-dependent defenses also may confer resistance to 
E. cichoracearum. To confirm and to extend this observa-
tion, we have compared the disease and pest resistance of 
wild-type Arabidopsis plants with that of the mutants coi1, 
which is insensitive to JA, and cev1, which has constitutive 
JA signaling. Measurements of the colonization of these 
plants by E. cichoracearum, P. syringae pv. maculicola, and 
M. persicae indicated that activation of the JA signal path-
way enhanced resistance, and was associated with the acti-
vation of JA-dependent defense genes and the suppression of 
SA-dependent defense genes. We conclude that JA and SA 
induce alternative defense pathways that can confer resis-
tance to the same pathogens and pests.  

Plants encounter a wide range of pathogens and pests and 
employ a small number of inducible resistance mechanisms 
that minimize losses through disease and infestation. These 
mechanisms include specific, resistance (R) gene-dependent 
defenses and broad-spectrum defenses. The defenses appear to 
be mediated by a number of small molecules, including sali-
cylic acid (SA), jasmonic acid (JA), and ethylene (Feys and 
Parker 2000; Reymond and Farmer 1998). Several experi-
ments, including those in tobacco (Felton et al. 1999), Arabi-
dopsis spp. (Gupta et al. 2000), and tomato (Doares et al. 
1995), suggest there is negative interaction between the SA 
and JA signal pathways.�

SA is required for the execution of specific resistance to many 
different pathogens (Dempsey et al. 1999). Apparently, the host 
R gene product interacts with the corresponding avirulence (Avr) 

gene product from the pathogen, triggering defense responses, 
including the hypersensitive response (HR), production reactive 
oxygen intermediates (ROIs), and the production of SA which 
induces the expression of pathogenesis-related genes such as 
PR1 (Ellis et al. 2000; Martin 1999). However, some R genes 
can confer resistance in the absence of SA accumulation 
(McDowell et al. 2000). 

JA and ethylene regulate defense against a number of necro-
trophic pathogens and insect pests, including the fungi Alter-
naria brassicicola (Thomma et al. 1998), Botrytis cinerea 
(Thomma et al. 1999), and Pythium spp. (Staswick et al. 1998; 
Vijayan et al. 1998); the bacterium Erwinia carotovora 
(Norman-Setterblad et al. 2000); and insect pests such as fungal 
gnats (McConn et al. 1997). JA-insensitive coi1 plants have de-
creased susceptibility to Pseudomonas syringae pathogens (Feys 
et al. 1994; Kloek et al. 2001), while treatment with JA can re-
duce development of some diseases and infestations (Thomma 
et al. 2000; van Wees et al. 1999). Expression of JA- and ethyl-
ene-dependent defenses is associated with enhanced expression 
of several genes that encode antimicrobial proteins, such as 
Thionin2.1 (Epple et al. 1995), defensin PDF1.2 (Penninckx et 
al. 1998), and basic chitinase (Samac et al. 1990). 

Mutants with altered JA signaling include cev1, which has 
constitutive expression of JA and ethylene responses (Ellis and 
Turner 2001), and coi1, which is insensitive to JA (Feys et al. 
1994). Several mutants have been identified that express ele-
vated levels of JA-regulated genes and constitutively express 
SA-regulated genes (Bowling et al. 1997; Clarke et al. 1998; 
Hilpert et al. 2001). However, cev1 plants do not constitutively 
express SA-regulated genes. Therefore, cev1 and coi1 plants 
may prove useful tools for the further analysis of JA signaling. 

The resistance of Arabidopsis spp. to powdery mildew patho-
gens can be conferred by the R gene RPW8, and SA is required 
for resistance (Xiao et al. 2001). Unexpectedly, therefore, cev1 
plants also have decreased conidiophore production following 
inoculation with three species of powdery mildew, in the ab-
sence of RPW8 (Ellis and Turner 2001). This indicates that JA 
responses also can enhance resistance to powdery mildew. Other 
systems that involve SA signaling include the Arabidopsis spp.–
P. syringae host–pathogen interaction (Kloek et al. 2001) and 
Arabidopsis infestation by the green peach aphid M. persicae 
(Moran and Thompson 2001). 

Therefore, we have used the Arabidopsis mutants cev1 and 
coi1 to determine the possible contribution of JA responses to 
defense against a pathogen and a pest that normally induces 
SA-dependent defenses, and to clarify the role of JAs in de-
fense against powdery mildews. For this we have quantified 
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colonization of cev1, coi1, and wild-type plants inoculated 
with P. syringae pv. maculicola ES4326, infested by the 
phloem-feeding aphid M. persicae, and infected by E. 
cichoracearum UCSC1. Our results indicate that JA can con-
tribute to defense against E. cichoracearum UCSC1, P. syrin-
gae, and aphids. Moreover, with the particular exception of 
coi1 plants infected with P. syringae, resistance correlates with 
enhanced expression of JA defense-response genes and sup-
pression of SA-dependent defenses.  

RESULTS 

Active JA signaling enhances resistance  
to E. cichoracearum. 

cev1, coi1-16, and wild-type plants were inoculated with E. 
cichoracearum UCSC1, and colonization of leaf surfaces was 
quantified by counting the number of conidiophores produced 
in discrete colonies arising from single points of infection 
(Fig. 1A). coi1-16 is a novel allele that has responses to JA 
similar to coi1-1, except that it displays temperature-sensitive 
fertility and can be maintained as a pure breeding line (Ellis 
and Turner 2002). On all plants, spores had germinated by day 
1, but conidiophores did not develop until 4 days post infec-
tion (dpi). After 6 dpi, many individual colonies had merged; 
therefore, further analysis was unfeasible. The numbers of co-
nidiophores in colonies on coi1-16 plants increased faster than 
on wild-type plants. An unpaired students t test (P < 0.05) in-
dicated that on days 5 and 6, the number of conidiophores per 
colony was statistically different for all three genotypes. Colo-

nies on cev1 plants were smaller than on the other plants and 
contained fewer conidiophores. 

After 10 days, disease symptoms were more severe on coi1-
16 plants than on the others (Fig. 1B). Infected coi1-16 leaves 
were covered with the characteristic white spore masses of 
powdery mildew infection and had become chlorotic. Wild-
type plants showed white spore masses, but widespread chlo-
rosis had not developed. By contrast, cev1 plants contained 
only patches of powdery mildew. Although these patches con-
tained mycelial growth, the density of conidiophores did not 
reach that on coi1-16 or wild-type plants (Fig. 1C). cev1 plants 
permitted limited mycelial growth compared with wild-type 
plants, but did not produce ROI, as judged by incubation with 
diaminobenzidine (results not shown). 

The Arabidopsis mutants edr1 (Frye and Innes 2001) and 
pmr1-pmr4 (Vogel and Somerville 2000) also provide enhanced 
resistance to powdery mildew and show increases in PR1 ex-
pression following inoculation. To test the induction of defense-
related genes, 5 days after leaves were inoculated with E. 
cichoracearum, samples of infected tissue were analyzed by 
RNA gel blot to compare the content of PR1 transcripts, as a 
marker for SA defenses, and PDF1.2 transcripts, as a marker for 
JA/ethylene defenses (Fig. 1D). Uninoculated cev1 plants had 
low PR1 expression and high PDF1.2 expression. In inoculated 
cev1 leaves, PR1 expression remained low, but PDF1.2 expres-
sion was reduced. By contrast, inoculated coi1-16 leaves had 
greatly increased PR1 expression but PDF1.2 expression could 
not be detected. Wild-type leaves had low expression of PR1 
and PDF1.2 and this was not was visibly altered by infection. 

Fig. 1. Erysiphe cichoracearum UCSC1 infection on jasmonate (JA) response mutants. A, Six-week-old plants were inoculated with E. cichoracearum
UCSC1. On the days indicated, leaves were fixed and cleared in a lactophenol solution, then stained with trypan blue. Mean conidiophores per colony were 
determined for approximately 50 colonies per data point. T-bars indicate standard error. B, Disease symptoms from at least 12 plants were scored 10 days 
post infection (dpi) using the following classifications: vertical lines = no visible fungal growth; diagonal lines = approximately 25% leaf surface covered 
with powdery mildew; white = approximately 50% leaf surface covered with powdery mildew; horizontal lines = approximately 100% leaf surface covered 
with powdery mildew; black = approximately 100% leaf surface covered with powdery mildew and leaves are completely chlorotic. C, Photographs of 
plants 10 dpi. D, Total RNA was extracted from plants before and at 5 dpi. Total RNA (1 µg) from each sample was electrophoresed, blotted onto nylon 
membrane, then probed with radiolabeled DNA probes as indicated; + = inoculated and – = uninoculated.  
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Active JA signaling enhances resistance to P. syringae.  
Significantly smaller numbers of cells of P. syringae pv. 

maculicola ES4326 were recovered from inoculated cev1 
plants than from wild-type plants (Fig. 2A). By contrast, coi1-
16 plants supported significantly less bacterial growth than 
either wild-type or cev1 plants. These bacterial numbers were 
directly related to the symptoms at 5 dpi: small patches of 
chlorosis were observed on inoculated cev1 leaves, water-
soaked lesions surrounded by chlorosis were observed on 
wild-type leaves (Fig. 2B and C), whereas few or no disease 
symptoms could be detected on inoculated coi1-16 leaves. 

At 2 dpi, samples of infected tissue were analyzed by RNA 
gel blot to compare the content of transcripts for PR1 and 
PDF1.2 (Fig. 2D). PR1 mRNA accumulated after inoculation 
predominantly in wild-type and coi1-16 plants. PDF1.2 tran-
scripts could be detected only in cev1 plants, and the amount 
decreased after inoculation. 

Active JA signaling enhances resistance to aphids.  
To determine the effect of JA signaling on growth of aphid 

populations, two aphids were placed at the center of the rosette 
of individual 4-week-old wild-type, cev1, and coi1-16 plants. 
The plants were transferred from a short-day to a long-day envi-
ronment, and the number of aphids on each plant was deter-
mined 7 days later. All plants initiated bolting 3 to 4 days after 
treatment, but none had produced opened flowers by the end of 

the 7-day period. Aphids were found mainly on the inflorescen-
ces and around the veins on the abaxial side of the leaves. 

The number of aphids on cev1 plants was significantly 
lower than on wild-type and coi1-16 plants (Fig. 3A). By con-
trast, coi1-16 plants had slightly more aphids than wild-type 
plants. Parallel experiments indicated that coi1-1 plants also 
supported more rapid growth of aphid populations than wild-
type plants (data not shown). Leaves of wild-type and cev1 
plants sprayed with 500 µM methyl (Me)JA had smaller num-
bers of aphids than leaves sprayed with water. However, num-
bers of aphids on leaves of coi1-16 plants sprayed with MeJA 
were not statistically different, as judged by a student’s t test, 
from numbers on coi1-16 leaves sprayed with water. 

Aphids were removed from leaves after 7 days and leaf 
samples were analyzed by RNA gel blot to compare the con-
tent of transcripts for PR1 and PDF1.2. PR1 mRNA was not 
reliably observed in any of the samples (results not shown). 
Little difference was observed in the low level of PDF1.2 tran-
scripts found in control leaves and leaves colonized by aphids 
from wild-type and coi1-16 plants. However, the high consti-
tutive expression of PDF1.2 mRNA in cev1 plants was slightly 
reduced in leaves colonized by aphids (Fig. 3B). 

Regulation of expression of PR1 and PDF1.2.  
During the expression of resistance in cev1 plants, PR1 is 

not induced and constitutive expression of PDF1.2 is slightly 

Fig. 2. Effect of jasmonate (JA) signaling on Pseudomonas syringae pv. maculicola ES4326 infection. Three leaves from 6-week-old plants were pressure 
infiltrated with approximately 10 µl of a bacterial suspension containing 105 CFU/ml. B, Mean CFU/leaf disc was determined from samples collected imme-
diately after infiltration and 4 days post infection (dpi). Each data point was obtained using 12 leaves. T-bars indicate standard error. B, Disease symptoms 
were scored 5 dpi. as follows: vertical lines = no visible fungal symptoms; diagonal lines = approximately 25% of inoculated surface covered was chlorotic; 
white = approximately 50% of inoculated surface covered was chlorotic and contains small patches of water-soaked lesions; horizontal lines = 
approximately 75% of inoculated surface covered was chlorotic and contains large patches of water-soaked lesions; black = approximately 100% of 
inoculated surface covered was chlorotic and water-soaked. Data was obtained from 12 plants. C, Photographs of leaves taken 5 dpi. D, Total RNA was 
extracted from inoculated leaves 0 and 2 dpi. Total RNA (1 µg) from each sample was electrophoresed, blotted onto nylon membrane, then probed with 
radiolabeled DNA probes; + = inoculated and – = uninoculated.  
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suppressed (Figs. 1, 2, and 3). To determine whether the cev1 
mutation directly controls PDF1.2 and PR1 expression, or 
whether PDF1.2 is induced and PR1 is suppressed through 
activation of JA and ethylene signaling, we analyzed expres-
sion of these genes in the double mutants cev1/cev1;coi1-
1/coi1-1 and cev1/cev1;etr1/etr1. We also examined the effect 
of SA on transcription of PR1 and PDF1.2 in cev1 and coi1-16 
plants to determine whether SA produced in response to infec-
tion could account for the reduced PDF1.2 expression in in-
fected cev1 plants. 

PDF1.2 was expressed constitutively in cev1 plants but 
was suppressed in cev1coi1-1 and in cev1etr1 plants (Fig. 4). 
Treatment of cev1 plants with SA reduced PDF1.2 expres-
sion. These results indicate that the expression of PDF1.2 in 
cev1 plants requires JA and ethylene signaling, and is sup-
pressed by SA. 

In cev1coi1-1 plants, PR1 mRNA was expressed constitu-
tively and expression was increased by treatment with SA. In 
other plants, PR1 was expressed only in response to treatment 
with SA. SA-induced PR1 expression was higher in cev1coi1-
1 and in coi1-16 plants than in cev1 and cev1etr1-3 plants. 
These results indicate that JA signaling, but not ethylene sig-
naling, antagonize the induction of PR1 by SA. 

The cev1etr1-3 double mutants were extremely stunted and 
cev1coi1-1 plants developed extensive spontaneous necrosis, 
particularly in the older rosette leaves. Although cev1coi1-1 
plants apparently had enhanced resistance to colonization by 
E. cichoracearum, P. syringae, and aphids, we do not present 
this data because before treatment the experimental tissue was 
already necrotic; therefore, we could not eliminate the possi-

bility that the observed enhanced resistance of these plants was 
for trivial reasons.  

DISCUSSION 

We show here that JA signaling enhances resistance to the 
biotrophic fungus E. cichoracearum, to the bacterium P. syrin-
gae pv. maucicola, and to the aphid M. persicae. JA and SA 
signal pathways appear to be mutually antagonistic, and resis-
tance to a particular pathogen previously has often been asso-
ciated with either one or the other pathway. Resistance to E. 
cichoracearum and to P. syringae pv. maculicola previously 
has been causally linked to SA signaling, and M. persicae pre-
viously has been found to induce SA-dependent defenses 
(Kloek et al. 2001; Moran and Thompson 2001; Xiao et al 
2001). Therefore, our results indicate that the JA and SA signal 
pathways regulate alternative disease resistance pathways that 
nevertheless can contribute to resistance to the same pathogen. 
Apparently the biological outputs of the JA and the SA path-
way are broadly similar: that is, they both confer resistance to 
a broad and overlapping range of pathogens. 

A crucial feature of our experimental evidence comes from 
analysis of cev1, which has constitutively active JA responses 
and is resistant to E. cichoracearum, P. syringae pv. maculi-
cola, and M. persicae. Some other mutants with constitutive 
expression of JA defenses also have constitutive activation of 
SA defenses (Bowling et al. 1997; Clarke et al. 1998; Hilpert 
et al. 2001). By contrast, cev1 had activated JA-dependent de-
fenses, but SA-dependent defenses were not expressed. The 
enhanced resistance of cev1 plants to E. cichoracearum 
UCSC1, therefore, likely was due to the constitutive expres-
sion of JA-regulated genes. 

Significantly, coi1-16 plants were more susceptible than 
wild-type plants to E. cichoracearum UCSC1. A role for JA 
in resistance to E. orontii previously had been ruled out on 
the basis that jar1 plants are not more susceptible to E. oron-
tii infection (Reuber et al. 1998). This discrepancy may be 
because JA perception is not completely blocked in jar1 
plants (Staswick et al. 1998) or perhaps E. orontii and E. 
cichoracearum activate slightly different defenses in the 
plant. Kloek and associates also concluded that coi1-20 
plants were no more susceptible than wild-type plants to E. 
cichoracearum UCSC1. However, in that study, quantitative 
measurements were not reported. We find that the difference 
in conidiophore number on wild-type and coi1 plants is sig-
nificant but may have been overlooked in a visual assess-
ment of susceptibility. 

 

Fig. 3. Effect of jasmonate (JA) signaling on aphid growth. A, Two aphids 
were placed in the center of the rosette of 4-week-old plants. After 1 
week, aphid numbers were determined. Plants were sprayed daily with 
either 0.001% methyl JA or water. Each data point represents results from 
10 plants. T-bars indicate standard error. B, Total RNA was extracted from 
leaves on which aphids had fed for 1 week. Total RNA (1 µ) from each 
sample was electrophoresed, blotted onto nylon membrane, then probed 
with radiolabeled DNA probes.  

 

Fig. 4. RNA gel blot analysis of the effect of salicylic acid (SA) on de-
fense gene expression in jasmonate (JA) and ethylene mutants. Total RNA 
was extracted from seedlings grown for 10 days on Murashige-Skoog 
(MS) medium, then transferred to MS medium supplemented with 50 µM 
SA for 2 days prior to harvest. Total RNA (2 µg) from each sample was 
electrophoresed, blotted onto nylon membrane, then probed with 
radiolabeled DNA probes as indicated; + = plus SA and – = minus SA.  
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It is intriguing that both insensitivity to JA and constitutive 
expression of JA responses can lead to decreased susceptibility 
to P. syringae pathogens (Feys et al. 1994; Kloek et al. 2001; 
this study). Furthermore, the exogenous application of MeJA 
also has been shown to decrease susceptibility to the avirulent 
pathogen Pst(avrRpt2) (van Wees et al. 1999). coi1nahG dou-
ble mutant plants permit growth of P. syringae DC3000 and it 
has been suggested that the resistance of coi1 plants to P. 
syringae is due in part to the hyperactivation of the SA signal-
ing pathway in these plants (Kloek et al. 2001). These results 
indicate that the antimicrobial compounds produced by both 
JA and SA signaling pathways are capable of deterring P. 
syringae pathogens, although the latter appear more effective 
than the former. 

The pathogenicity of P. syringae has been linked to its pro-
duction of coronatine, a molecular mimic of JA and a viru-
lence factor produced by strains of P. syringae (Bender et al. 
1987; Feys et al. 1994, Hendrickson et al. 2000). Coronatine 
and JA induce many of the same genes, although coronatine is 
a more potent activator and causes pronounced chlorosis 
(Benedetti et al. 1995; Feys et al. 1994). Possibly a low level 
of induction of the JA pathway can induce sufficient defenses 
to inhibit bacterial growth, but the hyperinduction of the JA 
pathway and the concomitant suppression of SA-related de-
fenses by coronatine decreases plant fitness to such an extent 
that it cannot mount a proper defense to the pathogen. 

Like pathogen attack, insect herbivory causes widespread 
changes in plant gene expression (Hermsmeier et al. 2001; 
Reymond et al. 2000). Chewing insects have been demon-
strated to induce many of the same genes induced by wound-
ing or JA (Reymond et al. 2000). Aphids, however, do little 
damage to plant tissue and, on Arabidopsis spp., predomi-
nantly induce SA-regulated genes rather than JA-regulated 
genes, although the prior induction of SA-regulated genes was 
not found to cause a statistically significant decrease in aphid 
numbers (Moran and Thompson 2001). 

We have demonstrated that the JA pathway also provides 
protection to Arabidopsis plants from aphid infestation: aphid 
numbers were lowest on cev1 plants and highest on coi1-16 
plants. In contrast with the results of Moran and Thompson 
(2001), aphid feeding in this study did not induce PR1 gene 
expression, and may be accounted for by the lower numbers of 
aphids used in this study. Spraying the plants with MeJA sig-
nificantly reduced the number of aphids on cev1 and wild-type 
plants, again suggesting that augmenting JA defenses can en-
hance plant resistance to aphids. By contrast, the application of 
MeJA had little effect on the numbers of aphids on the JA-
insensitive coi1-16 plants, indicating that MeJA has no direct 
effect on aphid viability. 

E. cichoracearum UCSC1, P. syringae, and the aphid M. 
persicae all have been previously shown to activate SA re-
sponses (Kloek et al. 2001; Moran and Thompson 2001; 
Xiao et al 2001). For both E. cichoracearum UCSC1 and P. 
syringae, mutations that decrease SA signaling result in en-
hanced susceptibility. In this study, we have demonstrated 
that a reduction in JA signaling also results in enhanced sus-
ceptibility to E. cichoracearum UCSC1 and aphids. These 
results indicate that the JA pathway contributes to defense 
against those pathogens, in addition to previously character-
ized necrotrophs. This highlights the need to consider multi-
ple defense pathways when studying host response to a par-
ticular pathogen. 

Furthermore, it seems likely that the enhancement of the JA 
signaling pathway, such as in cev1 plants, can provide defense 
against a broad spectrum of pests and pathogens. In the case of 
many pathogens, this defense is insufficient to completely re-
pel the invaders, but it may serve to lessen disease severity.  

MATERIALS AND METHODS 

Plants and growth conditions.  
etr1-3 seed was obtained from the Nottingham Arabidopsis 

Stock Centre. Double mutants were constructed and selected 
as described previously (Ellis and Turner 2001). Plants for 
RNA analysis were grown axenically in Murashige-Skoog 
(MS) (Murashige and Skoog 1962) medium for 10 days, then 
transferred to MS medium supplemented with 50 µM SA 
(Sigma, Poole, U.K.). Selection of coi1-1 plants was carried 
out on MS medium containing 50 µM MeJA (Bedoukian 
Research Inc., Danbury, CT, U.S.A.). Plants were grown in 16-
h photoperiods at 22°C in a Versatile Environmental Test 
Chamber (Sanyo, Watford, U.K.). Plants for pathogen chal-
lenge were grown in soil for 5 to 6 weeks in 8-h photoperiods, 
then moved to 16-h photoperiods for inoculations. 

Pathogen and pest challenge. 
E. cichoracearum UCSC1 stocks were maintained on 

squash plants. Arabidopsis plants were inoculated by brushing 
spores from squash leaves with a small paintbrush. After 5 
days, leaves were excised and cleared in lactophenol solution 
(Reuber et al. 1998). Conidiophores were stained with trypan 
blue and quantified visually using a light microscope. 

P. syringae pv. maculicola ES 4326 was grown at 28°C in 
King's B medium overnight, then diluted to approximately 105 
CFU/ml with 10 mM MgSO4. Approximately 10 µl of bacterial 
suspension was pressure infiltrated into the abaxial side of 2 to 
3 leaves per plant. A cork borer was used to collect samples for 
titration of bacteria. Samples were ground in 10 mM MgSO4 
and appropriate dilutions were plated onto King's B media. 

Plants for aphid challenge were grown in soil for 6 to 7 weeks 
in 8-h photoperiods. Two adult M. persicae (green peach aphid) 
aphids were placed near the center of the rosette of each plant. 
Eight plants of each different mutant were kept on the same pot, 
allowing for aphid movement. Plants were kept in a ventilated 
Plexiglas chamber. All mutants were kept in the same covered 
trays so that aphids were forced to feed on the plants available to 
them, but were free to move within different plants. The plants 
were moved to a 16-h photoperiod for 7 days. Plants were 
sprayed daily with 500 µM MeJA or water until leaves were just 
wet. Aphid numbers then were recorded and samples taken for 
RNA. Aphids were removed from the leaf tissues before leaf ex-
cision by gentle brushing. In this experiment, each type of plant 
was grown in a separate tray, although experiments have been 
carried out with different types of plants randomly interspersed 
and similar results were obtained. 

At least three independent trials were conducted for each 
pathogen and aphid experiment. Results from representative 
trials are shown. 

RNA gel blot analysis. 
Total RNA was prepared using an RNeasy kit (Qiagen, 

Hilden, Germany). RNA was electrophoresed and blotted as 
described previously (Benedetti et al. 1995). Blots were 
probed with random-primed 32P-labeled DNA fragments 
(MegaPrime kit, Amersham, Little Chalfont, U.K.). PR1, 
PDF1.2, and 18S probes were prepared as described earlier 
(Ellis and Turner 2001; Xiao et al. 2001). The RNA gel blots 
were repeated at least two times and similar trends were noted 
each time.  
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