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Rhizobacteria–induced systemic resistance (ISR) and patho-
gen-induced systemic acquired resistance (SAR) have a 
broad, yet partly distinct, range of effectiveness against 
pathogenic microorganisms. Here, we investigated the ef-
fectiveness of ISR and SAR in Arabidopsis against the tissue-
chewing insects Pieris rapae and Spodoptera exigua. Resis-
tance against insects consists of direct defense, such as the 
production of toxins and feeding deterrents and indirect 
defense such as the production of plant volatiles that 
attract carnivorous enemies of the herbivores. Wind-tunnel 
experiments revealed that ISR and SAR did not affect her-
bivore-induced attraction of the parasitic wasp Cotesia 
rubecula (indirect defense). By contrast, ISR and SAR sig-
nificantly reduced growth and development of the general-
ist herbivore S. exigua, although not that of the specialist P. 
rapae. This enhanced direct defense against S. exigua was 
associated with potentiated expression of the defense-related 
genes PDF1.2 and HEL. Expression profiling using a dedi-
cated cDNA microarray revealed four additional, differen-
tially primed genes in microbially induced S. exigua-chal-
lenged plants, three of which encode a lipid-transfer protein. 
Together, these results indicate that microbially induced 
plants are differentially primed for enhanced insect-respon-
sive gene expression that is associated with increased direct 
defense against the generalist S. exigua but not against the 
specialist P. rapae. 

Plants are under constant threat from a multitude of patho-
genic and herbivorous attackers. Resistance against microbes 
and insects can be mediated through defenses that are consti-
tutively present or through defense mechanisms that are in-
duced only upon attack (Dicke and Van Poecke 2002; Van 
Loon 2000). An important question in plant defense signal-
ing research is how plants are capable of integrating signals 
induced by pathogenic microorganisms and herbivorous in-
sects into defenses that are specifically active against the 
invader encountered. The plant hormones salicylic acid (SA), 
jasmonic acid (JA), and ethylene (ET) are major players in 

the regulation of signaling networks involved in induced de-
fense (Glazebrook 2001; Kessler and Baldwin 2002; Pieterse 
and Dicke 2007; Reymond and Farmer 1998; Thomma et al. 
2001). The production of SA, JA, and ET varies greatly, de-
pending on the nature of the attacking pathogen or insect. 
The quantity, composition, and timing of the hormonal blend 
results in the activation of a specific set of genes that eventu-
ally determines the nature of the defense response that is 
triggered by the attacker encountered (De Vos et al. 2005; 
Mur et al. 2006). Although there are exceptions (Thaler et al. 
2004), in general, it can be stated that pathogens with a biotro-
phic lifestyle are more sensitive to SA-dependent defense re-
sponses, whereas necrotrophic pathogens and herbivorous 
insects are primarily resisted by defenses dependent on JA, 
ET, or both (Bostock 2005; Glazebrook 2005). 

Induced defense against insect herbivores is triggered upon 
feeding and consists of two components, direct defense, such 
as the production of secondary chemicals that act as toxins or 
feeding deterrents (Howe 2004; Kessler and Baldwin 2002), 
and indirect defense, such as the production of a blend of 
volatiles that attract carnivorous enemies of the herbivores 
(Takabayashi and Dicke 1996; Turlings et al. 1995). Induced 
direct defense has been demonstrated in many plant species 
(Kessler and Baldwin 2002). A classic example is the observa-
tion that following herbivore attack, tomato leaves systemi-
cally accumulate proteinase inhibitor proteins that reduce fur-
ther insect feeding (Howe 2004). Both JA and ET emerged as 
important signals in this response (Howe 2004; Von Dahl and 
Baldwin 2007). JA is also a major phytohormone involved in 
the induced production of plant volatiles that attract carnivo-
rous enemies of the herbivores (Dicke and Van Poecke 2002; 
Dicke et al. 1999). SA has been implicated in induced indirect 
defense against herbivory as well. Herbivores such as spider 
mites induce the emission of methyl salicylate (MeSA) in 
many plant species (Ament et al. 2004; De Boer and Dicke 
2004), which can lead to the activation of SA-inducible defense-
related genes (Arimura et al. 2000; Kant et al. 2004). More-
over, certain combinations of JA and SA treatments induce a 
blend of volatiles that is similar to the blend induced by spider 
mite feeding (Arimura et al. 2000; De Boer and Dicke 2004; 
Dicke et al. 1999) and attracts carnivorous enemies that can 
exterminate the herbivore population (Dicke 1999). 

In Arabidopsis, induced defense against insect herbivores is 
very similar to that shown in other plant species. For instance, 
caterpillars of the specialist herbivore Pieris rapae (small cab-
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bage white) stimulate the production of JA and ET and trigger 
a systemic defense response that affects insect performance 
(De Vos et al. 2005, 2006). Moreover, Arabidopsis mutants 
affected in the JA response are more susceptible to insect feed-
ing (Bodenhausen and Reymond 2007; Ellis et al. 2002; 
McConn et al. 1997; Mewis et al. 2005, 2006; Reymond et al. 
2004; Stintzi et al. 2001; Stotz et al. 2002; Van Poecke and 
Dicke 2004; Zarate et al. 2007), indicating that JA plays an 
important role in induced direct defense. Furthermore, Arabi-
dopsis plants infested by caterpillars of P. rapae emit volatiles 
from several major biosynthetic pathways, including terpe-
noids, MeSA, and green-leaf volatiles. This blend of volatiles 
attracts adult females of Cotesia rubecula, a specialist parasitic 
wasp of P. rapae, resulting in a fitness increase of the Arabi-
dopsis plant (Van Loon et al. 2000; Van Poecke and Dicke 
2004; Van Poecke et al. 2001). Transgenic Arabidopsis S-12 
plants with severely reduced wound-inducible JA levels, due to 
cosuppression of the LIPOXYGENASE2 (LOX2) gene (Bell et 
al. 1995), and transgenic Arabidopsis NahG plants that cannot 
accumulate SA, due to expression of the bacterial SA-hydroxy-
lase (nahG) gene (Delaney et al. 1994), are significantly less 
attractive to the C. rubecula wasps upon herbivory by P. rapae 
than wild-type Col-0 plants (Van Poecke and Dicke 2002). 
This indicates that both JA and SA are involved in indirect de-
fense in Arabidopsis. 

Two forms of induced resistance that are effective against 
microbial pathogens have been well-characterized, systemic 
acquired resistance (SAR), which is typically activated upon 
primary limited infection by a necrotizing pathogen (Durrant 
and Dong 2004), and induced systemic resistance (ISR), which 
is typically elicited by specific strains of nonpathogenic root-
colonizing rhizobacteria (Van Loon et al. 1998). SAR is con-
trolled by a signaling pathway that depends on endogenous 
accumulation of SA and the defense regulatory protein NPR1 
(Durrant and Dong 2004) and is associated with the activation 
of pathogenesis-related (PR) genes, some of which encode 
proteins with antimicrobial activity (Van Loon et al. 2006). 
ISR triggered by the nonpathogenic rhizobacterium Pseudo-
monas fluorescens WCS417r functions independently of SA 
but requires responsiveness to JA and ET (Pieterse et al. 1996, 
1998; Van der Ent et al. 2008; Van Wees et al. 1997). In con-
trast to SAR, the onset of ISR is not associated with enhanced 
defense-related gene expression (Verhagen et al. 2004). How-

ever, after challenge inoculation, a large set of predominantly 
JA-responsive genes show a potentiated expression pattern in 
ISR-expressing leaves, indicating that these genes are sensi-
tized to either respond faster or more strongly, or both, upon 
pathogen attack. This phenomenon is called “priming” and has 
been demonstrated to play a role in different types of induced 
resistance, including SAR (Conrath et al. 2002, 2006). Both 
ISR and SAR are effective against a broad range of pathogens 
(Durrant and Dong 2004; Van Loon et al. 1998). However, 
their ranges of effectiveness overlap only partly. Pathogen-
induced SAR is predominantly effective against biotrophic 
pathogens, whereas rhizobacteria-mediated ISR is predomi-
nantly effective against pathogens that are sensitive to JA- and 
ET-dependent defenses (Ton et al. 2002). 

The common involvement of SA, JA, and ET in the regula-
tion of the induced defense responses that are triggered by mi-
crobes and insects suggests that the effectiveness of the respec-
tive induced resistance responses will overlap, at least partly. 
However, several studies have shown that activation of SA-
dependent SAR negatively affects resistance against specific 
insects (Bostock 2005; Felton and Korth 2000; Pieterse et al. 
2001), which is probably caused by the antagonistic effect of 
SA on JA signaling (Koornneef and Pieterse 2008; Spoel et al. 
2003). By contrast, rhizobacteria-mediated ISR in cucumber 
has been demonstrated to simultaneously reduce bacterial wilt 
disease, caused by Erwinia tracheiphila, and feeding of the 
cucumber beetle vector that transmits this disease (Zehnder et 
al. 2001). To investigate the extent of overlap in effectiveness 
of induced resistance that is triggered by microorganisms and 
insect herbivores, the effectiveness of herbivore-induced resis-
tance in Arabidopsis against the microbial pathogens Alter-
naria brassicicola, Pseudomonas syringae pv. tomato, Xantho-
monas campestris pv. armoraciae, and Turnip crinkle virus 
(TCV) (De Vos et al. 2006) was previously studied. Caterpillar 
feeding significantly reduced disease caused by Pseudomonas 
syringae pv. tomato, Xanthomonas campestris pv. armoraciae, 
and TCV but did not affect the level of resistance to the necro-
troph Alternaria brassicicola. Here, we report on a reciprocal 
study in which the effect of microbially induced resistance 
(ISR and SAR) in Arabidopsis on direct and indirect defense 
against two different chewing insects was studied, P. rapae, a 
specialist on crucifers, and the generalist Spodoptera exigua 
(beet armyworm). 

 

Fig. 1. Performance of Pieris rapae and Spodoptera exigua on Arabidopsis genotypes affected in jasmonic acid or salicylic acid signaling. First-instar larvae 
were allowed to feed on single plants confined in Magenta vessels with an insect-proof mesh lid. A, and C, The data presented are the average weight of P. 
rapae larvae after 7 days of feeding on Col-0 and coi1-16 or NahG plants and B, and D, S. exigua larvae after 10 days of feeding on Col-0 and coi1-1 or 
NahG plants. The data shown are means ± standard error (n = 16 to 28) of the weights of the caterpillars 2 days before the first larva started to pupate. 
Asterisks indicate statistically significant differences (P < 0.05) according to Kruskal-Wallis followed by Mann-Whitney U tests in SPSS 11.5 for Windows. 
The number of caterpillars weighed (n) is given in the bar. Experiments were repeated with similar results. 
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RESULTS 

Performance of P. rapae and S. exigua  
on Arabidopsis genotypes affected in JA or SA signaling. 

In Arabidopsis, ISR and SAR are regulated by JA- and SA-
dependent signaling pathways, respectively (Durrant and Dong 
2004; Pieterse et al. 2002). JA- and SA-dependent defenses have 
been demonstrated to antagonistically affect insect performance 
(Bostock 2005). To verify whether the performance of the spe-
cialist herbivore P. rapae and the generalist herbivore S. exigua 
are, in our experimental setup, affected by either JA or SA sig-
naling, or both, the growth of their larvae was monitored on 
Arabidopsis genotypes coi1 and NahG, which are impaired in 
JA or SA signaling, respectively. To assess the effect of JA sig-
naling on direct defenses against P. rapae and S. exigua, first-
instar (L1) larvae were placed onto individually confined coi1 
plants, after which their weight was monitored over time. As the 
larvae stop growing when they start to pupate, only the time-
points until two days before the first larva started to pupate were 
considered in the assay. Figure 1A and B shows that the fresh 
weights of the larvae were significantly higher on coi1 plants 
than on wild-type Col-0 plants, confirming previous findings 
(Bodenhausen and Reymond 2007; Reymond et al. 2004). To-
gether, these results indicate that JA-dependent defenses that are 
mediated by COI1 negatively affect the growth of both P. rapae 
and S. exigua larvae. To assess the effect of SA on direct de-
fenses against P. rapae and S. exigua, larval performance was 
monitored on Col-0 and SA-nonaccumulating NahG plants. Fig-
ure 1C shows that growth of P. rapae larvae was not affected by 
the nahG transgene. By contrast, growth of S. exigua larvae was 
significantly reduced on NahG plants (Fig. 1D), indicating that 
the absence of SA in NahG negatively affected growth of the 
generalist but not that of the specialist herbivore. 

Effect of ISR and SAR  
on the performance of P. rapae and S. exigua. 

ISR and SAR are effective against a wide range of patho-
gens. In Arabidopsis, it has been shown that ISR is predomi-
nantly effective against pathogens that are sensitive to JA- and 
ET-dependent defenses, whereas SAR is mainly effective 
against pathogens that are sensitive to SA-dependent defenses 
(Ton et al. 2002). Because both P. rapae and S. exigua can be 

affected by JA-dependent defense responses, we hypothesized 
that induction of rhizobacteria-mediated ISR would enhance 
the level of resistance against both herbivores. Because SA has 
been shown to antagonize JA signaling (Koornneef and Pieterse 
2008), we hypothesized that induction of SAR would decrease 
the basal level of insect resistance. To investigate the effect of 
ISR and SAR on P. rapae and S. exigua performance, L1 larvae 
were placed on individually confined ISR- and SAR-express-
ing plants and were monitored until pupation. ISR was induced 
by growing plants in soil with ISR-inducing Pseudomonas 
fluorescens WCS417r bacteria. SAR was induced by infiltrat-
ing three lower leaves with avirulent Pseudomonas syringae 
pv. tomato DC3000 (avrRpt2) 3 days prior to transfer of the 
caterpillars to the leaves. Figure 2A shows that feeding by P. 
rapae caterpillars on either uninduced control plants or ISR- or 
SAR-expressing plants did not result in significant differences 
in the average weight of the larvae. Moreover, neither ISR nor 
SAR had an effect on the average time to pupation (Fig. 2C). 
By contrast, both ISR and SAR significantly reduced the 
weight gain of S. exigua larvae (Fig. 2B), resulting in a 28 to 
32% lower weight of the larvae two days before the first larvae 
started to pupate. Reduced growth of S. exigua larvae on ISR- 
and SAR-expressing plants coincided with a prolonged time 
until pupation, although this effect was only significant for the 
larvae feeding on ISR-expressing Arabidopsis (Fig. 2C; ISR, 
P = 0.018; SAR, P = 0.096). These results indicate that micro-
bially induced ISR and SAR are associated with enhanced re-
sistance against feeding by the generalist herbivore S. exigua 
but not against feeding by the specialist herbivore P. rapae. 

ISR and SAR are associated with potentiated expression  
of PDF1.2 and HEL upon herbivory. 

As mentioned above, both ISR and SAR are associated with 
priming for enhanced defense-related gene expression, result-
ing in a potentiated activation of specific gene sets upon patho-
gen challenge (Conrath et al. 2006; Verhagen et al. 2004). Pre-
viously, herbivory by the specialist P. rapae and the generalist 
Spodoptera littoralis (Egyptian cotton worm) have been dem-
onstrated to activate similar sets of predominantly JA-respon-
sive genes in Arabidopsis (Reymond et al. 2004). To investi-
gate whether the reduced performance of S. exigua on ISR- 
and SAR-expressing plants is associated with priming for en-

 

Fig. 2. Performance of Pieris rapae and Spodoptera exigua on Arabidopsis Col-0 plants expressing microbially induced induced systemic resistance (ISR) or 
systemic acquired resistance (SAR). First-instar larvae were placed on individually confined plants that were either uninduced (Ctrl) or expressing ISR or
SAR, after which they were monitored until pupation. ISR was induced by growing the plants in soil containing ISR-inducing Pseudomonas fluorescens 
WCS417r bacteria. SAR was induced by preinfecting three leaves per plant with avirulent Pseudomonas syringae pv. tomato DC3000 (avrRpt2). Shown are 
the weights of A, P. rapae larvae at day 7 and B, S. exigua larvae at day 12. The data shown are means ± standard error (SE) of the weights of the caterpillars 
2 days before the first larva started to pupate. C, Average number of days (±SE) by which the larvae started to pupate in the experiments shown in A and B. 
Asterisks indicate statistically significant differences (P < 0.05) based on Kruskal-Wallis followed by Mann-Whitney U tests (A and B) and One-way analy-
sis of variance followed by a least significant difference post hoc test (C) in SPSS 11.5 for Windows. The number of caterpillars weighed (n) is given in the 
bar. Each experiment was performed at least twice with similar results. 
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hanced herbivore-induced gene expression, the expression of 
the JA and ET-responsive genes PDF1.2 and HEL in unin-
duced control plants and in ISR- and SAR-expressing plants 
was analyzed (Fig. 3). Herbivory by P. rapae or S. exigua re-
sulted in a low but detectable increase in PDF1.2 transcript 
levels three days after infestation, whereas HEL mRNA levels 
remained virtually unchanged. In comparison with uninduced 
control plants, expression of either ISR or SAR had no clear 
effect on the P. rapae-induced levels of PDF1.2 and HEL 
mRNA. By contrast, expression of ISR and SAR resulted in a 
strong potentiated level of expression of PDF1.2 and HEL in 
response to S. exigua feeding. These results indicate that ISR- 
and SAR-expressing plants are primed to express PDF1.2 and 
HEL to a much higher level upon herbivory by the generalist S. 
exigua but not upon feeding by the specialist P. rapae. 

Microarray analysis of herbivore-induced gene expression. 
To further validate the differentially primed expression pattern 

of S. exigua- and P. rapae-induced genes in ISR- and SAR-
expressing plants and to identify additional insect-responsive 
genes that show a primed expression pattern in microbially 
induced plants, the experiment illustrated in Figure 3 was re-
peated three more times. From these replicated experiments, 
plant material was harvested for Northern blot and microarray 
analysis. Northern blot analysis confirmed the potentiated ex-
pression pattern of PDF1.2 in S. exigua-infested ISR- and 
SAR-expressing plants and the lack of it in P. rapae-infested 
plants (data not shown). 

To identify additional primed genes, microarray experiments 
were performed with a dedicated cDNA microarray containing 
279 cDNAs representing 222 unique genes, consisting of 111 
insect-induced genes, 94 stress- and pathogen-induced genes, 
and 17 housekeeping genes (Bodenhausen and Reymond 
2007). Microarray hybridizations were performed with RNA 
probes from three biological replicates of leaf material that 
was harvested from uninduced or ISR-expressing plants 2 days 
after challenge with S. exigua or P. rapae. RNA probes from 
unchallenged but otherwise similarly treated plants were used 
as reference probes on all microarrays. All three independent 
biological replicates were hybridized separately to a microar-
ray. Hence, the expression ratios are the average of three inde-
pendent measurements. The microarray experiments revealed 
53 S. exigua-responsive and 75 P. rapae-responsive genes that 
met our selection criteria (described below and in Supplemen-
tal Tables S1 and S2). All S. exigua-responsive genes were also 
responsive to P. rapae feeding, confirming previous findings 
(Reymond et al. 2004). The selection for genes with a potenti-
ated expression pattern in S. exigua-challenged, ISR-express-
ing plants revealed five genes, including PDF1.2 (Fig. 4; Table 
1). Among the primed genes were three lipid-transfer protein 
genes and one cystein protease gene. HEL showed a mild po-
tentiated expression pattern as well (Hevein-related protein 
precursor [PR4]) but did not meet our selection criteria. Inter-
estingly, none of the ISR-primed, S. exigua-responsive genes 
showed a primed expression pattern in ISR-expressing plants 
that were challenged with P. rapae, confirming our notion that 

 

Fig. 3. Induced systemic resistance (ISR)– and systemic acquired resistance (SAR)–mediated priming of herbivore-induced PDF1.2 and HEL gene expres-
sion. Northern blot analysis of herbivore-induced PDF1.2 and HEL transcript levels in Arabidopsis Col-0 plants that were uninduced (Ctrl) or expressing mi-
crobially induced ISR or SAR. Leaf tissues were harvested from uninfested plants and from infested plants after feeding by first-instar larvae of Pieris rapae
or Spodoptera exigua. Equal loading of RNA samples was checked using a probe for 18S rRNA. dpi = days postinfestation. 
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ISR-expressing plants are differentially primed for augmented 
S. exigua- and P. rapae-responsive gene expression. 

In addition to the identified S. exigua-induced genes with 
significantly enhanced expression patterns in ISR-expressing 
plants, six P. rapae-responsive genes were identified as being 
repressed in ISR-expressing plants (data not shown). These 
genes encode a glutathione-S-transferase (At2g29450), a puta-
tive myrosinase-binding protein (At3g16420), a jacalin lectin 
family protein (At3g16410), a hydroxyjasmonate sulfotrans-
ferase (At5g07010), an indole 3-acetic acid–Ala hydrolase 
(At1g51760), and the senescence-associated protein SAG21 
(At4g02380). Interestingly, JAZ2 (At1g74950), encoding one 
of the ZIM domain–containing JAZ proteins that were previ-
ously shown to act as repressors of JA-responsive genes (Chini 
et al. 2007; Chung et al. 2008; Thines et al. 2007), was signifi-
cantly repressed in ISR-expressing plants upon challenge by 
both P. rapae and S. exigua. 

Effect of ISR and SAR  
on herbivore-induced indirect defense. 

Volatiles that are produced upon insect feeding play an im-
portant role in the indirect defense of plants through the attrac-

tion of carnivorous enemies that attack the herbivores. The tri-
trophic interaction between Arabidopsis, the insect herbivores 
P. rapae and S. exigua, and the parasitic wasp C. rubecula is 
an established model to study herbivore-induced indirect de-
fense (Van Poecke et al. 2001, 2003). Using transgenic Arabi-
dopsis S-12 and NahG plants, both JA and SA have been 
shown to play a role in the herbivore-induced attraction of the 
parasitic wasp C. rubecula (Van Poecke and Dicke 2002). In-
terestingly, herbivore-induced volatiles have been implicated 
in priming for enhanced defense (Engelberth et al. 2004; Frost 
et al. 2008; Kessler et al. 2006; Paschold et al. 2006; Ton et al. 
2006). Because of the role of priming in ISR and SAR, we hy-
pothesized that both types of microbially induced resistance 
would affect the indirect defense response that is triggered 
upon insect herbivory. 

To investigate the effect of ISR and SAR on the indirect de-
fense response of Arabidopsis, the attraction of C. rubecula to 
ISR- and SAR-expressing plants was monitored upon feeding 
by P. rapae or S. exigua. To this end, L1 larvae of P. rapae or 
S. exigua were allowed to feed for 24 or 72 h (P. rapae or S. 
exigua, respectively) on control, ISR-, or SAR-expressing 
plants. Quantification of the damage caused by either P. rapae 

 

Fig. 4. Microarray analysis of Spodoptera exigua–responsive genes in uninduced and induced systemic resistance (ISR)-expressing Arabidopsis plants. Pair-
wise comparisons of relative changes in gene expression in uninduced control and ISR-expressing Arabidopsis Col-0 plants two days after challenge with S. 
exigua. Mean expression ratios calculated from experiments comparing challenged and unchallenged control plants (three biologically independent repli-
cates) are plotted against mean expression ratios between challenged and unchallenged plants that expressed Pseudomonas fluorescens WCS417r-mediated 
ISR (three biologically independent replicates). Genes that showed no changes in gene expression are represented by black squares, S. exigua-responsive 
genes are represented by blue squares. Red triangles represent S. exigua-responsive genes that show a potentiated expression pattern in ISR-expressing 
plants. Red lines mark the borders of the 1.5-fold cut-off value. 
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or S. exigua during the short feeding period revealed that the 
extent of damage did not significantly differ between uninduced, 
ISR-, and SAR-expressing plants (data not shown). Naive fe-
male C. rubecula wasps were individually released in a wind- 
tunnel setup (Van Poecke et al. 2001) and were given the 
choice between two odor sources in different combinations. 
Odor sources comprised control, ISR-, or SAR-expressing 
plants, with or without caterpillar damage. Subsequently, the 
flight behavior of the wasps was observed and the number of 
first landings on one of the odor sources was recorded. First 
landings of the wasps on other parts of the wind tunnel were 
recorded as “no choice.” The number of first landings on a 
given odor source reflects the degree of attractiveness to the 
parasitic wasp. Control, ISR-, and SAR-expressing Col-0 
plants without caterpillar damage were equally unattractive to 
C. rubecula, as there were relatively few wasps (<30%) that 
responded to the offered plants (data not shown). The two-

choice tests in which herbivore-damaged plants were offered 
resulted in a much greater response of the C. rubecula wasps 
(57 to 79%). Uninduced control plants infested with either P. 
rapae or S. exigua attracted significantly more parasitic wasps 
than undamaged control plants (Fig. 5, Ctrl vs. Ctrl+P.r. and 
Ctrl vs. Ctrl+S.e.), indicating that herbivory by P. rapae or S. 
exigua larvae resulted in enhanced attractiveness of the plant 
to the wasps, confirming previous findings (Van Poecke et al. 
2003). When caterpillar-damaged control plants were compared 
with equally damaged ISR- or SAR-expressing plants, no sta-
tistically significant differences were observed in any of the 
combinations. Similarly, the total number of parasitoid wasps 
responding to any of the two odor combinations was not sig-
nificantly different among experiments. These results indicate 
that neither ISR nor SAR significantly affect the indirect de-
fense response of Arabidopsis that is triggered upon feeding 
by either the specialist P. rapae or the generalist S. exigua. 

 

Fig. 5. Responsiveness of the parasitic wasp Cotesia rubecula to herbivore-infested induced systemic resistance (ISR)- and systemic acquired resistance 
(SAR)-expressing Arabidopsis plants in a two-choice flight setup. Individual female C. rubecula wasps were offered two odor sources in a wind-tunnel 
setup. Each odor source consisted of 15 Arabidopsis plants that were either uninduced (Ctrl) or expressing microbially induced ISR or SAR, with or without 
feeding damage caused by Pieris rapae (P.r.) or Spodoptera exigua (S.e.). The number of landings on each odor source was recorded as “choice.” When the
parasitoid wasp did not land on an odor source, this was noted as “no-choice.” The figure shows the percentage of responding and nonresponding wasps. Dif-
ferences in nonresponsiveness between the odor combinations were tested using a contingency table. Similar letters indicate that there were no statistically
significant differences (P < 0.05). The differences in responsiveness per odor combination were analyzed with a Chi-square test in SPSS 11.5 for Windows.
Asterisks indicate statistically significant differences (P < 0.001). NS = nonsignificant differences (P < 0.05), n = number of wasps tested. 

Table 1. Arabidopsis genes showing primed expression in induced systemic resistance (ISR)–expressing plants upon challenge with Spodoptera exigua but 
not upon challenge with Pieris rapaea 

   P. rapae S. exigua 

AGI code Description Ctrl ISR P valueb Ctrl ISR P valueb 

At3g22600 Lipid transfer protein (LTP)  5.5* 5.7* 0.865 4.0* 7.1* 0.014 
At3g22620 Lipid transfer protein (LTP)  3.8* 3.4* 0.714 2.7* 3.6* 0.045 
At4g11320 Cysteine proteinase (similar to RD21a) 12.5* 15.9* 0.511 10.2* 15.8* 0.662 
At5g44420 Plant defensin protein (PDF1.2a) 4.7* 4.7* 0.599 6.7* 10.9* 0.031 
At5g59310 Lipid transfer protein 4 (LTP4) 1.7 2.2* 0.762 1.3 2.0* 0.002 
a  Relative changes in gene expression were measured in uninduced control (Ctrl) and rhizobacteria-treated (ISR) Arabidopsis plants 48 h after challenge with 

P. rapae or S. exigua. ISR-primed genes are genes with a significantly different expression or with a >1.5-fold difference in expression between uninduced 
and ISR-expressing plants after herbivore challenge in at least two out of three replicates. Statistical significance in differences (P < 0.05) were assessed for 
the mean log2-transformed expression ratios of genes from uninduced, herbivore-challenged plants vs. those of genes from ISR-expressing, herbivore-
challenged plants. Presented in bold are mean expression ratios with statistically significant or >1.5-fold difference between ISR-expressing and uninduced 
plants after insect feeding. Asterisks denote the significant difference (P < 0.05) of the mean log2-transformed expression ratios of genes from challenged 
plants in comparison with genes from unchallenged plants. 

b Control vs. ISR. 
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DISCUSSION 

The signaling events that occur between perception of mi-
crobial or insect-derived elicitors and the subsequent activation 
of defense responses are relatively well-studied, especially for 
well-defined types of induced resistance such as pathogen-
induced SAR, rhizobacteria-mediated ISR, the wound response, 
and the response as triggered upon insect herbivory (Dicke and 
Van Poecke 2002; Durrant and Dong 2004; Howe 2004; Kessler 
and Baldwin 2002; Pieterse et al. 2002). However, little is 
known about the spectrum of effectiveness of the different 
types of induced resistance that is subsequently expressed. Is 
herbivore-induced resistance specifically effective against in-
sect herbivores or does it also affect pathogens? Is microbially 
induced resistance specifically directed against microbial 
pathogens or are insect herbivores affected as well? In the past, 
a number of studies investigated the effect of microbially in-
duced defense on insects and vice versa (Stout et al. 2006). 
However, due to the large variety in the choice of plant, insect, 
and pathogen species, the results varied, and it was difficult to 
draw general conclusions about the response of one plant 
against multiple attackers. Therefore, we decided to address 
the above-mentioned questions in a single plant species, Arabi-
dopsis thaliana. To gain insight in the complexity of the defense 
signaling network of Arabidopsis, the signal signature and 
whole-genome transcript profile of Arabidopsis was monitored 
upon attack by pathogens and insects with different modes of 
action (De Vos et al. 2005). In addition, the effectiveness of 
herbivore-induced resistance in Arabidopsis against the micro-
bial pathogens Alternaria brassicicola, Pseudomonas syringae 
pv. tomato, Xanthomonas campestris pv. armoraciae, and TCV 
was investigated (De Vos et al. 2006). Here, we performed a 
reciprocal study in which the effect of two types of microbially 
induced resistance (ISR and SAR) on direct and indirect de-
fense against the insect herbivores P. rapae and S. exigua was 
investigated. We demonstrate that ISR and SAR have no effect 
on direct defense against feeding by the specialist P. rapae. 
However, both ISR and SAR negatively affect growth and de-
velopment of S. exigua, and this effect on direct defense 
against this generalist herbivore is associated with priming for 
enhanced expression of a specific set of S. exigua-responsive 
genes. In addition, we show that ISR and SAR have no effect 
on the indirect defense response that is triggered upon herbi-
vory by either P. rapae or S. exigua. 

Direct insect defense. 
Analysis of insect performance on Arabidopsis mutants and 

transgenics that are affected in JA signaling revealed an impor-
tant role for JA in direct insect defense in this plant species. 
Herbivorous insects such as P. rapae, S. exigua, S. littoralis, 
Myzus persicae (green peach aphid), and Bradysia impatiens 
(common fungus gnat) were shown to be negatively affected 
by JA-dependent defenses (Bodenhausen and Reymond 2007; 
Chung et al. 2008; McConn et al. 1997; Mewis et al. 2005; 
Reymond et al. 2004; Stintzi et al. 2001; Stotz et al. 2002). In 
this study, it was demonstrated that P. rapae and S. exigua lar-
vae perform better on mutant coi1 plants, confirming that JA-
dependent defense responses contribute to direct defense 
against these caterpillars. 

Arabidopsis mutants and transgenics that are compromised 
in SA-dependent defense responses have been shown to exhibit 
enhanced resistance against feeding by the cabbage looper 
Trichoplusia ni (Cui et al. 2002), the Egyptian cotton worm S. 
littoralis (Stotz et al. 2002), and the beet armyworm S. exigua 
(Cipollini et al. 2004; Mewis et al. 2005). Similarly, this study 
demonstrated that S. exigua performance is significantly reduced 
on SA-nonaccumulating NahG plants (Fig. 1), indicating that, 

in wild-type Arabidopsis plants, SA signaling promotes sus-
ceptibility to insect feeding. In many studies SA signaling has 
been demonstrated to act antagonistically on JA-dependent 
signaling (Dicke and Van Poecke 2002; Koornneef and Pieterse 
2008; Pieterse et al. 2001; Spoel et al. 2007). Therefore, it is 
plausible that the observed enhanced resistance to S. exigua 
feeding in NahG plants is caused by the fact that the antago-
nistic effect of SA on JA signaling is relieved in this genotype. 

In contrast to S. exigua, P. rapae larvae performed similarly 
on wild-type Col-0 and NahG plants. Apparently, the enhanced 
JA response in NahG plants had no effect on the level of resis-
tance against this herbivore. This may be caused by the fact that 
P. rapae is less sensitive to JA-dependent defenses than gener-
alists such as S. exigua (Fig. 1) (Bodenhausen and Reymond 
2007). P. rapae is a specialist herbivore that has been reported 
to feed on many Brassicaceous species in the field, including 
Arabidopsis (Yano and Ohsaki 1993), and to be well adapted 
to the induced defenses of crucifers. In wild radish for instance, 
growth of P. rapae larvae was not affected by defenses induced 
by insect-damage and JA application while the generalist S. ex-
igua was negatively affected (Agrawal et al. 1999). In line with 
this observation, P. rapae was demonstrated to detoxify delete-
rious Arabidopsis-derived glucosinolate compounds in its gut 
(Wittstock et al. 2004), further illustrating that specialist in-
sects have adapted to the resistance mechanisms of their host 
plants. Although it was shown that P. rapae is not insensitive 
to all induced defenses in Arabidopsis (Agrawal and Kurashige 
2003; De Vos et al. 2006), the difference in sensitivity to JA-
mediated defenses between P. rapae and S. exigua seem to be 
due to a better adaptation of P. rapae to Brassicaceous plants. 

ISR, SAR, and direct insect defense. 
In view of the effects of JA and SA signaling on direct de-

fense against herbivory, we expected that both ISR and SAR 
would affect the level of resistance against insect herbivores. 
Only a limited number of studies investigated the effect of 
rhizobacteria-mediated ISR against insects. For example, 
Zehnder and coworkers (2001) demonstrated that ISR triggered 
by nonpathogenic rhizobacterial strains resulted not only in re-
sistance against bacterial wilt caused by the pathogen Erwinia 
tracheiphila but also reduced feeding by the cucumber beetles 
Diabrotica undecimpunctata and Acalymma vittata that are 
vectors of this pathogen. ISR against cucumber beetle feeding 
was associated with reduced concentrations of cucurbitacin, a 
secondary plant metabolite and powerful beetle-feeding stimu-
lant. A number of studies investigated the effect of SAR trig-
gered by avirulent pathogens on the performance of herbivo-
rous insects. Depending on the plant-insect combination, the 
effect of SAR on insect performance was either positive, nega-
tive, or neutral, indicating that the effect of SAR is not easy to 
predict (Stout et al. 2006). 

In this study, we demonstrated that neither ISR nor SAR had 
a significant effect on the level of resistance of Arabidopsis 
against P. rapae feeding (Fig. 2). These findings are in line 
with our observation that specialist P. rapae larvae are rela-
tively insensitive to JA-dependent defenses and, therefore, also 
to the effect that SA exerts on JA signaling. Surprisingly, both 
ISR and SAR significantly reduced growth of S. exigua (Fig. 
2B). Moreover, ISR also significantly delayed the onset of pu-
pation (Fig. 2C). For ISR, the negative effect on S. exigua lar-
val development was to be expected, because this type of in-
duced resistance is effective against attackers that are sensitive 
to JA-dependent defenses (Ton et al. 2002). However, because 
of the antagonistic effect of SA on JA signaling, we expected 
SAR-expressing plants to have enhanced susceptibility to S. 
exigua feeding, which was clearly not the case. Previously, Cui 
and associates (2005) demonstrated that coronatine, a Pseudo-



926 / Molecular Plant-Microbe Interactions 

monas syringae–derived functional and structural mimic of JA, 
induces resistance against the generalist herbivore Trichoplu-
sia ni (Cui et al. 2005). Hence, it is tempting to speculate that 
the enhanced resistance against S. exigua in SAR-expressing 
plants is caused by the coronatine that is produced by the 
SAR-inducing agent Pseudomonas syringae pv. tomato 
DC3000 (avrRpt2). 

Interestingly, the negative effect of ISR and SAR on S. ex-
igua performance (and the lack of it on P. rapae) correlated 
with a potentiated expression pattern of the defense-related 
genes PDF1.2 and HEL in microbially induced, herbivore-
challenged plants (Fig. 3). Again, for ISR the augmented ex-
pression of PDF1.2 and HEL was not unexpected, because 
this type of induced resistance is primarily based on priming 
for JA and ET-dependent defenses (Verhagen et al. 2004); but 
for SAR, this result could not be readily explained. In the 
past, the role of priming during SAR was mainly focused on 
SA-responsive genes such as PAL and the SAR marker gene 
PR-1 (Conrath et al. 2002, 2006). Both genes show a poten-
tiated expression pattern in SAR-expressing plants upon 
challenge inoculation with SA-inducing pathogens or upon 
challenge with chemical elicitors of the SA response (e.g., 
benzothiadiazole [BTH] and 2-6-dichloro isonicotinic acid). 
However, little is known about the expression pattern of JA 
and ET-responsive genes in SAR-expressing plants upon 
challenge with biological or chemical elicitors of the JA re-
sponse. Our data clearly show that induction of SAR by aviru-
lent Pseudomonas syringae pv. tomato DC3000 (avrRpt2) is 
associated with priming for enhanced expression of PDF1.2 
and HEL upon feeding by S. exigua. Because induction of 
SAR by predisposal infection with avirulent Pseudomonas 
syringae pv. tomato DC3000 (avrRpt2) not only results in 
enhanced SA levels but also in increased production of both 
JA and ET (De Vos et al. 2005), the potentiated expression 
pattern of PDF1.2 and HEL may be associated with the patho-
gen-induced increase in the level of JA and ET. Recently, 
Truman and associates (2007) demonstrated that the systemic 
transcriptional response of Arabidopsis upon infection by 
avirulent Pseudomonas syringae shares high overlap with 
local herbivory and wounding responses, corroborating our 
finding that SAR-expressing tissues are primed for enhanced 
defense against insect feeding. 

Microarray analysis revealed four additional genes that 
show a primed expression pattern in ISR-expressing plants 
upon herbivory by S. exigua and not upon feeding by P. rapae. 
Three of these ISR-primed genes (At3g22600, At5g59310, and 
At3g22620) encode a lipid transfer protein (LTP). The Arabi-
dopsis genome contains more than 15 LTP-encoding genes 
(Arondel et al. 2000), which are expressed during a wide range 
of biotic or abiotic stresses. The precise function of LTP in 
plants is still unknown, although most of the evidence points to 
a role in plant defense (García-Olmedo et al. 1995; Kader 
1997; Segura et al. 1993). Interestingly, the LTP-encoding 
gene DIR1 (At5g48485) was previously shown to be required 
for SAR signal transduction (Maldonado et al. 2002). It is, 
therefore, tempting to speculate that the identified LTP play a 
role in induced defense signaling. The fourth ISR-primed gene 
(At4g11320) encodes a cystein protease-like protein with simi-
larity to cysteine protease RD21 (Yamada et al. 2001), which 
is a member of the papain family of cystein proteases that have 
been shown to possess anti-insect properties (Konno et al. 
2004). Of these additional four ISR-primed genes, only one 
LTP-encoding gene (At2g22600) has been demonstrated to be 
JA-responsive (De Vos et al. 2005). Hence, induction of rhizo-
bacteria-mediated ISR does not only prime for certain JA and 
ET-responsive genes but also for genes that are regulated in a 
so-far unknown manner. 

ISR, SAR, and indirect insect defense. 
Previously, it was shown that the Arabidopsis genotypes S-

12 and NahG are both affected in the ability to attract C. rube-
cula (Van Poecke and Dicke 2002), suggesting a role for both 
JA and SA in this induced indirect defense response. Because 
ISR and SAR are associated with priming for enhanced JA- 
and ET- or SA-dependent defense responses (Conrath et al. 
2006), we expected herbivore-damaged ISR- and SAR-ex-
pressing plants to be more attractive for C. rubecula wasps 
than herbivore-damaged control plants. However, neither ISR 
nor SAR had a significant effect on the attraction of C. rube-
cula wasps to Arabidopsis plants that were infested by either P. 
rapae or S. exigua (Fig. 5). It must, therefore, be concluded 
that neither of the two types of microbially induced resistance 
have a significant effect on the herbivore-induced indirect de-
fense response in Arabidopsis. 

ISR- and SAR-expressing plants are primed for enhanced 
expression of S. exigua-responsive genes. Although this prim-
ing phenomenon was associated with enhanced direct defense 
against S. exigua, it did not result in an increased attractiveness 
to the parasitic wasps, suggesting that the augmented defense 
response does not affect volatile synthesis. This observation is 
in agreement with the hypothesis that there may be a negative 
interaction between direct and indirect defense (Dicke and Van 
Poecke 2002). Alternatively, the differences in volatile produc-
tion might have been too small to be detected in our experi-
mental setup. 

Priming for enhanced defense. 
Over the past decades, there has been increasing evidence 

demonstrating that plants can be primed for more efficient acti-
vation of cellular defense responses upon challenge, resulting 
in enhanced resistance to various biotic or abiotic stresses 
(Conrath et al. 2006). The primed state can be activated in 
various ways, such as upon infection by necrotizing pathogens, 
colonization of plant roots by beneficial microbes (e.g., rhizo-
bacteria and mycorrhizal fungi), insect herbivory, or specific 
natural or synthetic compounds such as β-aminobutyric acid, 
SA, and BTH (Conrath et al. 2006; Frost et al. 2008; Pieterse 
and Dicke 2007). Each inducer of the primed state primes the 
plant for a specific set of genes. For instance, rhizobacteria-
mediated ISR is associated with priming for enhanced JA and 
ET-responsive gene expression, whereas low doses of the SA-
mimic BTH prime the plant for enhanced SA-responsive gene 
expression. Hence, the outcome of the defense reaction depends 
on the set of genes that is activated by the attacker encountered. 
Priming of the SA response is not expected to affect pathogens 
and insects that solely activate JA and ET-dependent defenses, 
whereas priming of the JA response is not expected to affect 
attackers that solely activate SA-dependent defenses. The po-
tential impact of the priming phenomenon in induced pathogen 
and insect resistance highlights the complexity of the defense 
signaling interactions between plants, pathogens, and insect 
herbivores. 

MATERIALS AND METHODS 

Plant growth conditions. 
Arabidopsis thaliana accession Col-0, the JA-signaling 

mutant coi1-16 (Ellis and Turner 2002), and transgenic NahG 
plants harboring the bacterial nahG gene (Delaney et al. 
1994) were grown from seeds in quartz sand. Homozygous 
coi1-1 mutants were selected on plates containing 50 μM JA 
as described previously (Xie et al. 1998). Mutant coi1-16 
was used to test the performance of P. rapae, whereas coi1-1 
was used for the S. exigua growth assays. Both coi1 mutants 
behave similarly in terms of insect resistance (data not 
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shown). Two-week-old seedlings were transplanted into 60-
ml pots containing a sand–potting soil mixture that had been 
autoclaved twice for 20 min with a 24-h interval. Plants were 
cultivated in a growth chamber with an 8-h-day (200 μE m–2 
s–1 at 24 ± 1°C) and 16-h-night (20 ± 1°C) cycle at 70% rela-
tive humidity (RH) for 3 to 5 more weeks, depending on the 
experiment. During the whole experiment, all plants remained 
in the vegetative stage. Plants were watered on alternate days 
and, once a week, were supplied with a modified half-strength 
Hoagland’s nutrient solution, as described (Hoagland and 
Arnon 1938). 

Cultivation of microorganisms. 
A nonpathogenic, rifampicin-resistant strain, Pseudomonas 

fluorescens WCS417r, was used for induction of ISR (Pieterse 
et al. 1996). The strain was grown for 24 h at 28 ± 1°C on 
King’s medium B (KB) agar plates (King et al. 1954) contain-
ing the appropriate antibiotics, as described previously (Van 
Wees et al. 1997). An avirulent strain of Pseudomonas syrin-
gae pv. tomato DC3000 with the plasmid pV288 carrying the 
avirulence gene avrRpt2 (Kunkel et al. 1993) was used for 
SAR induction. Pseudomonas syringae pv. tomato DC3000 
(avrRpt2) bacteria were grown overnight at 28 ± 1°C in liquid 
KB medium supplemented with 25 mg of kanamycin per milli-
liter to select for the plasmid. After centrifugation for 10 min 
at 5,000 × g, the bacterial cells were resuspended in 10 mM 
MgSO4 to a final density of 107 CFU ml–1. 

Insect rearing. 
Pieris rapae (small cabbage white butterfly) was reared on 

Brussels sprouts plants (Brassica oleracea gemmifera cv. 
Icarus) in a climate chamber (21 ± 1°C, 50 to 70% RH, 16-h-
light and 8-h-dark cycle), as described previously (Van Poecke 
et al. 2001). First-instar (L1) larvae hatched on Brussels 
sprouts plants were used in all experiments. 

Spodoptera exigua (beet armyworm) was reared on an artifi-
cial diet in a climate chamber (27 ± 2°C, 70 to 80% RH, 16-h-
light and 8-h-dark cycle) according to Smits and associates 
(1986). In all experiments, the L1 larvae used were hatched in 
a climate room (23 ± 1°C, 50 to 70% RH, 16-h-light and 8-h-
dark cycle) and were supplied with Brussels sprouts plants. 

The parasitoid Cotesia rubecula was reared on P. rapae lar-
vae on Brussels sprouts plants in a glasshouse (25 ± 5°C, 50 to 
70% RH, 16-h-light and 8-h-dark cycle). The pupae were col-
lected and transferred to a climate room (23 ± 1°C, 50 to 70% 
RH, 16-h-light and 8-h-dark cycle). The emerging parasitoid 
wasps were provided with water and honey. Adult female 
wasps without oviposition experience were selected for the ex-
periments, as described previously (Van Poecke et al. 2001). 

Microbially induced resistance. 
Induction of ISR and SAR was performed as described 

(Pieterse et al. 1996). Briefly, to induce ISR, a suspension of 
Pseudomonas fluorescens WCS417r rhizobacteria was mixed 
thoroughly through the soil to a final density of 5 × 107 CFU 
per gram of soil. Subsequently, 2-week-old seedlings were 
transferred to the soil and allowed to grow for another 3 to 5 
weeks. For induction of SAR, three lower leaves of 5- to 7-
week-old plants were pressure infiltrated with a suspension of 
Pseudomonas syringae pv. tomato DC3000 (avrRpt2) at 107 
CFU ml–1. When used for parasitoid two-choice flight experi-
ments, the infiltrated leaves of SAR-induced plants were re-
moved after 3 days, as were the three corresponding leaves of 
uninduced or ISR-induced plants. Expression of ISR and SAR 
was routinely checked using virulent Pseudomonas syringae 
pv. tomato DC3000 as a challenging pathogen as described 
(Pieterse et al. 1996). 

Herbivore development bioassays. 
Using a fine paint brush, single L1 larvae of P. rapae or S. 

exigua were transferred to individual 6- to 7-week-old Arabi-
dopsis plants (n = 20 to 25). Each soil-grown plant was con-
fined in a Magenta GA-7 vessel (Sigma-Aldrich, Zwijndrecht, 
The Netherlands) with an insect-proof mesh lid. The Magenta 
boxes were kept in a climate room (23 ± 1°C, 50% RH, 16-h-
light and 8-h-dark cycle). The caterpillars were weighed to the 
nearest 0.1 mg on a microbalance (Sartorius AC211P). The 
time until pupation was determined by scoring the day on 
which the caterpillars pupated (P. rapae) or the day the larvae 
moved into the soil in order to pupate (S. exigua). Once the 
first plant was eaten, a second plant was supplied to all cater-
pillars on the same day. Usually, two plants were enough for 
the caterpillars to reach pupation. Between replicate experi-
ments, average larval weights varied. This is typical for insect 
bioassays, because for each experiment, different egg batches 
from different mothers are used. Nonparametric tests were per-
formed to analyze weights of larvae that survived until pupa-
tion (Kruskal-Wallis test followed by Mann-Whitney U test for 
pair-wise comparisons). One-way analysis of variance with a 
least significant difference post hoc test was performed to ana-
lyze the time to pupation. The data were analyzed in SPSS 
11.5 for Windows. 

RNA extraction and Northern blot analysis. 
Total RNA was extracted as described (Van Wees et al. 

1999) from shoots of 5- to 7-week-old plants that were either 
uninduced or expressing ISR or SAR. Leaf material was har-
vested 24, 48, or 72 h after challenge with five L1 P. rapae or 
10 L1 S. exigua larvae. For Northern blot analysis, 15 µg of 
RNA were denatured using glyoxal and dimethyl sulfoxide 
(Sambrook et al. 1989). Subsequently, the denatured RNA was 
separated by electrophoresis on a 1.5% agarose gel and was 
blotted onto a Hybond-N+ membrane (Amersham Biosciences, 
Roosendaal, The Netherlands) by capillary transfer. The elec-
trophoresis and blotting buffer consisted of 10 and 25 mM so-
dium phosphate (pH 7.0), respectively. Gene-specific probes 
for PDF1.2 and HEL were used for hybridization as described 
previously (Van Wees et al. 1999). The Arabidopsis Genome 
Initiative numbers for the genes studied are At5g44420 
(PDF1.2) and At3g04720 (HEL). A probe for 18 S ribosomal 
RNA, derived from an Arabidopsis cDNA clone (Pruitt and 
Meyerowitz 1986), was used to check for equal loading. For 
microarray analysis, RNA was isolated as described (Reymond 
et al. 2004) and further purified using an RNeasy mini kit 
(Qiagen, Basel, Switzerland). 

Microarray experiments and data analysis. 
Microarray experiments were performed with probes from 

three independent biological replicates and a custom-made mi-
croarray with 279 Arabidopsis cDNAs representing 111 insect-
responsive genes, 17 housekeeping genes, and 94 genes previ-
ously demonstrated to be associated with plant defense 
(Bodenhausen and Reymond 2007). Preparation of DNA, 
printing of cDNA microarrays, labeling of RNA probes, and 
hybridization of microarrays was carried out as described pre-
viously (Bodenhausen and Reymond 2007; Reymond et al. 
2004). RNAs from uninfested plants were labeled with Cy3 
and RNAs from infested plants were labeled with Cy5. After 
hybridization, microarrays were scanned with a ScanArray 
4000 (Packard BioScience SA, Zurich, Switzerland). Photo-
multiplier and laser power settings were adjusted so that the 
expression ratio of housekeeping genes was as close to 1.0 as 
possible and signal intensities were below saturation of the 
scanner. The average fluorescence intensity for each fluor and 
for each gene was determined using the ImaGene program 
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(BioDiscovery Inc., Los Angeles, CA, U.S.A.). Median back-
ground fluorescence signal around each gene spot was sub-
tracted from each spot. To adjust signal intensities between 
Cy3 and Cy5 channels, a normalization factor was calculated 
from the expression ratios of 17 housekeeping genes so that 
the median expression ratio of these genes was equal to 1.0. 
This normalization factor was then applied to all background-
corrected Cy5 intensities. Signal values <1,000 (two to three 
times the average background intensity) were raised to 1,000 
to avoid extreme expression ratios. Normalized signal intensi-
ties were used to calculate expression ratios. To account for 
individual variability of transcript levels between groups of un-
treated plants, a control hybridization was performed using 
two independent samples obtained from plants harvested the 
same day. To calculate P values, a Student’s t test (two sample 
hypothesis, equal variance) was conducted between log2-trans-
formed expression ratios from control versus control experi-
ments and log2-transformed ratios from control versus treated 
experiments. To address the issue of multiple comparisons, a 
false-discovery rate (FDR) was calculated using the method of 
Storey and Tibshirani (2003). This method computes a q value 
for each gene, using the distribution of P values of all meas-
urements. For data with S. exigua, the FDR at P = 0.05 was 
3.2% (uninfested versus infested) and 3.6% (ISR, uninfested 
versus ISR, infested). For data with P. rapae, the FDR at P = 
0.05 was 1.6% (uninfested versus infested) and 3.5% (ISR, un-
infested versus ISR, infested). All microarray data have been 
deposited in ArrayExpress under accession number E-MEXP-
1485. 

To identify insect-responsive genes, the following treat-
ments were compared on the microarrays: i) uninfested control 
plants vs. S. exigua-infested control plants, ii) uninfested ISR 
plants vs. S. exigua-infested ISR plants, iii) uninfested control 
plants vs. P. rapae-infested control plants, and iv) uninfested 
ISR plants vs. P. rapae-infested ISR plants. All four compari-
sons were performed with RNA probes that were derived from 
plant material of three independent biological replicates. Unin-
fested and infested plant material was harvested simultane-
ously 48 h after challenge with the insect herbivores. 

To identify genes of which the expression was substan-
tially affected by insect herbivory, two selection criteria were 
applied: i) the change in gene expression should be statisti-
cally significant according to the Student’s t test on the log2-
transformed expression ratios (two sample hypothesis, equal 
variance; P < 0.05), and ii) the changes should be above the 
level of twofold. This twofold cut-off value was previously 
shown for this microarray to be well above the variability 
produced by biological and technical replicates (Reymond et 
al. 2004). Although statistically significant changes in gene 
expression below the threshold level of twofold may be bio-
logically relevant, we have chosen to disregard all changes 
below this threshold level to limit the number of nonrobust 
positives. 

To identify ISR-primed genes among the selected set of in-
sect-responsive genes, the genes that showed a statistically sig-
nificant change in herbivore-infested ISR-expressing plants 
over herbivore-infested control plants were selected (Student’s 
t test; P < 0.05). In addition the insect-responsive genes (that 
already passed selection criteria i and ii) that showed a >1.5-
fold change in herbivore-invested ISR-expressing plants over 
herbivore-infested control plants in more than two of the three 
biological replicates were selected. This priming cut-off value 
is based on previous quantitative expression data of genes that 
showed a robust primed expression pattern after pathogen 
attack (Verhagen et al. 2004). Normalized raw signal intensities 
of the 12 microarray experiments are given in Supplemental 
Table S3. 

Parasitoid two-choice flight experiments. 
Parasitoid two-choice flight experiments were performed in a 

wind-tunnel setup (25 ± 5°C, 50 to 70% RH, 13 μE m–2 s–1) with 
an air flow of 0.2 m s–1 as described by Geervliet and associates 
(1994). The setup was used as described (Van Poecke et al. 
2001) with 15 5- to 7-week-old Arabidopsis plants per odor 
source. Uninduced, ISR-, or SAR-expressing plants were in-
fested with L1 larvae using a fine paint brush. Five L1 P. rapae 
larvae per plant were allowed to feed for 24 h. S. exigua larvae 
were smaller and caused less damage than P. rapae larvae. 
Therefore, 10 L1 S. exigua larvae per plant were allowed to feed 
for 72 h. The flight behavior of the parasitoid wasp C. rubecula 
was observed. First landings on one of the odor sources were 
recorded as “choice,” whereas first landings elsewhere in the 
experimental setup or no flight within 10 min were noted as 
“no-choice.” Per experimental day, three (no damage test) or 
four (caterpillar-damage test) odor sources were compared in 
pair-wise combinations. Per odor combination, an equal number 
of wasps, either six or eight, were tested. Moreover, the position 
of the two odor sources was exchanged after testing half of the 
number of parasitoids per combination to avoid positional 
effects on the behavior of the wasps. Chi-square tests were used 
to analyze pair-wise differences in the number of choices be-
tween the two odor sources. Differences in the total number of 
responsive wasps between the different odor combinations were 
determined using a contingency table. 

Damage analysis. 
For each two-choice flight experiment, total damage caused 

by caterpillar feeding was determined for five plants per treat-
ment per day. Total leaves were photocopied and subsequently 
scanned with a Sony black and white CCD camera type XC-
77CE (frame size 752 × 574; 256 gray levels). Image analysis 
was performed using the KS400 version 3.0 software service 
pack 9 (Carl Zeiss Vision, Oberkochen, Germany) to quantify 
the total size of the damaged leaf area. 
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