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Plants have evolved different but interconnected strategies to defend themselves against herbivorous insects and microbial
pathogens. We used an Arabidopsis/Pseudomonas syringae pathosystem to investigate the impact of pathogen-induced
defense responses on cabbage looper (Trichoplusia ni) larval feeding. Arabidopsis mutants [npr1, pad4, eds5, and sid2(eds16)]
or transgenic plants (nahG) that are more susceptible to microbial pathogens and are compromised in salicylic acid
(SA)-dependent defense responses exhibited reduced levels of feeding by T. ni compared with wild-type plants. Consistent
with these results, Arabidopsis mutants that are more resistant to microbial pathogens and have elevated levels of SA (cpr1
and cpr6) exhibited enhanced levels of T. ni feeding. These experiments suggested an inverse relationship between an active
SA defense pathway and insect feeding. In contrast to these results, there was increased resistance to T. ni in wild-type
Arabidopsis ecotype Columbia plants that were infected with P. syringae pv. maculicola strain ES4326 (Psm ES4326)
expressing the avirulence genes avrRpt2 or avrB, which elicit a hypersensitive response, high levels of SA accumulation, and
systemic acquired resistance to bacterial infection. Similar results were obtained with other ecotypes, including Landsberg
erecta, Cape Verdi Islands, and Shakdara. When infected with Psm ES4326(avrRpt2) or Psm ES4326(avrB), nahG transgenic and
npr1 mutant plants (which are more susceptible to virulent and avirulent P. syringae strains) failed to show the increased
insect resistance exhibited by wild-type plants. It was surprising that wild-type plants, as well as nahG and npr1 plants,
infected with Psm ES4326 not expressing avrRpt2 or avrB, which elicits disease, became more susceptible to T. ni. Our results
suggest two potentially novel systemic signaling pathways: a systemic response elicited by HR that leads to enhanced T. ni
resistance and overrides the SA-mediated increase in T. ni susceptibility, and a SA-independent systemic response induced
by virulent pathogens that leads to enhanced susceptibility to T. ni.

Plants are frequently subjected to simultaneous insect herbivory and pathogen infection. They respond
to these two different types of attackers with the
induction of distinctive and overlapping subsets of
secondary compounds or other defense responses
involving antimicrobial or insecticidal activity. Although each type of interaction has been separately
studied, the host response to the combined attack by
insects and pathogens has received much less attention despite the abundance of reports indicating that
pathogens and insects affect each other’s performance on the host (Maleck and Dietrich, 1999; Paul et
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al., 2000). This study describes a model to study the
three-way interactions between plants, insect herbivores, and microbial pathogens.
Plants respond to insect herbivory with a complicated arsenal of defensive responses, including the
synthesis of insecticidal secondary metabolites, antifeeding proteins, and/or volatile compounds to attract natural enemies of insect herbivores (Pare et al.,
1998; Preston et al., 1999; Stotz et al., 1999). Wounding caused by insect herbivory induces a subset of
plant defense responses, some of which are also activated by pathogen attack. A wound response pathway (elicited by insect feeding) has been extensively
studied in tomato (Lycopersicon esculentum), tobacco
(Nicotiana tabacum), Arabidopsis, and other species
(Korth and Dixon, 1997; Felton et al., 1999; Reymond
et al., 2000; Stotz et al., 2000). Activation of this
pathway leads to the accumulation of jasmonic acid
(JA) synthesized via the octadecanoic acid pathway
and the production of anti-feeding proteinase inhibitors in local and distal parts of plants (Omer et al.,
2000; Pechan et al., 2000). JA is an essential component mediating the signaling of this pathway, and
exogenous addition of JA can increase the resistance
of wild plants to insects in the field (Baldwin, 1998).
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In a similar manner, tomato (Howe et al., 1996) or
Arabidopsis (McConn et al., 1997) mutants that block
the JA-dependent pathway show increased sensitivity to insect feeding. Ethylene (Et) acts synergistically
with JA for full induction of the wound response
genes, and Et and JA may stimulate the biosynthesis
of one another (O’Donnell et al., 1996; Penninckx et
al., 1998; Alonso et al., 1999). Evidence that plants
respond to insect-generated signals in addition to
wounding has been obtained by transcription profiling of Arabidopsis leaves, which were wounded mechanically or were subjected to feeding by cabbage
butterfly (Pieris rapae) larvae (Reymond et al., 2000).
Like insects, microbial pathogens induce a variety
of host defense responses. One of the most effective
defensive responses is elicited by so-called gene-forgene relationships that involve the specific interaction between a pathogen avirulence (avr) gene product and a corresponding plant resistance (R) gene
product (Flor, 1971). This type of plant-pathogen interaction is referred to as an incompatible interaction,
and the pathogen expressing the avr gene is referred
to as being avirulent. Among the approximate 150 R
genes that have been identified in the completely
sequenced Arabidopsis genome to date (The Arabidopsis Genome Initiative, 2000), RPS2 and RPM1
confer race-specific resistance to Pseudomonas syringae strains that express the avr genes avrRpt2 or avrB/
avrRpm1, respectively (Kunkel et al., 1993; Yu et al.,
1993; Grant et al., 1995). These two R genes have been
widely used to examine the proposed ligand-receptor
model of avr/R-gene interactions (Boyes et al., 1998;
Leister and Katagiri, 2000; Nimchuk et al., 2000; Tao
et al., 2000; Axtell et al., 2001), as well as the evolution of plant/pathogen interactions (Bergelson et al.,
2001).
Plant defense responses activated upon avr/R recognition are often accompanied by a hypersensitive
response (HR), which involves rapid programmed
host cell death at the site of initial contact. The HR is
mediated by a number of elicitors and secondary
messengers, including reactive oxygen species and
salicylic acid (SA; Grant et al., 2000; Heath, 2000;
Klessig et al., 2000; McDowell and Dangl, 2000).
Neighboring as well as distant host cells subsequently mount defense-related responses such as lignification and production of low-Mr antimicrobial
compounds (e.g. phytoalexins) and pathogenesisrelated (PR) proteins. The systemic activation of these
defense responses, referred to as systemic acquired
resistance (SAR), results in broad-spectrum resistance to many fungal, bacterial, and viral pathogens
throughout the plant (Chester, 1933; Ross, 1961;
Neuenschwander et al., 1995; Ryals et al., 1996). In
many plants, the induction of SAR is preceded by the
accumulation of SA, which has been shown to be
necessary and sufficient for SAR induction in plants
such as Arabidopsis. Exogenous application of SA
elicits PR gene expression and enhanced pathogen
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resistance, whereas transgenic plants expressing a
bacterial salicylate hydroxylase gene (nahG) that converts SA to catechol are deficient in SAR and are
more susceptible to a variety of pathogens (Ward et
al., 1991; Gaffney et al., 1993; Uknes et al., 1993;
Delaney et al., 1994; Lawton et al., 1995).
In contrast to incompatible plant pathogen interactions that lead to HR and SAR, a compatible interaction resulting in disease can occur in the absence of a
specific avr/R gene interaction. In compatible interactions, the pathogens are referred to as virulent, and
the hosts as susceptible. Many of the same host responses involved in avr-R-mediated resistance also
occur in compatible interactions, although they are
activated more slowly or at a lower magnitude
(Dixon and Harrison, 1990; Meier et al., 1993; Dixon
et al., 1994; Ryals et al., 1996; Maleck et al., 2000).
Genetic analysis in Arabidopsis has resulted in the
most complete understanding of the similarities and
differences in host responses to virulent and avirulent pathogens. A variety of Arabidopsis defenserelated genes have been identified whose products
appear to function specifically downstream of R-avrrecognition, specifically in defense responses that occur in compatible plant-pathogen interactions or
nonspecifically in signal responses pathways that
function in response to virulent and avirulent pathogens (Glazebrook, 2001).
The best-characterized Arabidopsis defense-related
gene, NPR1 (nonexpressor of PR genes, also known
as NIM1), which plays an important role in the response to virulent and avirulent pathogens, acts
downstream of SA accumulation (Cao et al., 1994,
1997; Delaney et al., 1995; Ryals et al., 1997; Shah et
al., 1997). npr1 mutant plants accumulate SA but have
greatly reduced expression of the PR1, PR2, and PR5
genes and exhibit enhanced susceptibility to a variety
of virulent and avirulent fungal and bacterial pathogens. EDS1 (enhanced disease susceptibility) is another well-studied defense-related gene that functions in response to virulent and avirulent pathogens
(Parker et al., 1996; Aarts et al., 1998; Falk et al., 1999).
PAD4 (phytoalexin deficient), on the other hand, encodes a product that only appears to function in
response to virulent pathogens (Glazebrook and
Ausubel, 1994; Glazebrook et al., 1997; Zhou et al.,
1998). Like NPR1, EDS1 and PAD4, as well as several
other Arabidopsis genes including EDS5 (Glazebrook
et al., 1996; Rogers and Ausubel, 1997) are SID2 (SA
induction deficient; Nawrath and Metraux, 1999) are
involved in SA-mediated signaling.
When mutated, all of the genes described in the
preceding paragraph result in an enhanced disease
susceptibility phenotype. In contrast, Arabidopsis
mutants that exhibit enhanced resistance to virulent
and avirulent pathogens and that affect SA signaling
pathways have also been isolated. cpr1 and cpr6 (constitutive expressor of PR genes) mutants exhibit constitutively high SA levels and PR gene expression
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(Bowling et al., 1994; Clarke et al., 1998), whereas acd
(accelerated cell death; Greenberg and Ausubel, 1993;
Greenberg et al., 1994; Rate et al., 1999) and lsd (lesions simulating disease; Dietrich et al., 1994) mutants exhibit spontaneous HR-like lesions in addition
to constitutive SA and PR gene expression.
In addition to SA, JA and Et also play key roles in
defending plants against microbial pathogens. A JA/
Et-mediated pathway induces the accumulation of
the antimicrobial peptides thionin and defensin, and
appears to be particularly important in conferring
Arabidopsis resistance to necrotrophic fungal pathogens (Penninckx et al., 1996; Bohlmann et al., 1998;
Manners et al., 1998). SA-mediated signaling pathways and JA/Et-mediated pathways appear to be at
least in part mutually antagonistic (Dong, 1998; Pieterse et al., 1998). For example, in the Arabidopsis cpr6
mutant, which has high constitutive SA levels, blocking the SA pathway by nahG, npr1, eds5, or pad4
resulted in enhanced expression of the JA/Et response gene PDF1.2 (encoding defensin; Clarke et al.,
1998, 2000). On the other hand, SA and JA/Et pathways also appear to intersect, sharing the same regulatory components, because NPR1 has been shown
to be required for SAR and a response called induced
systemic resistance, which is a JA/Et-activated response elicited by nonpathogenic root-colonizing
bacteria (Pieterse et al., 1998; Pieterse and Van Loon,
1999). In addition, there is evidence that in some
cases, SA and JA can act synergistically to increase
disease resistance (van Wees et al., 2000). Furthermore, high-throughput microarray analysis of the
induction of selected Arabidopsis genes on activation
of defense responses has revealed that a large set of
Arabidopsis genes can be induced by SA or JA
(Schenk et al., 2000).
Crosstalk between insect-plant interactions and
pathogen-plant interactions has been recognized for
a long time (Price et al., 1980; Jones, 1984; Doherty et
al., 1988; Doares et al., 1995), consistent with the
observations that insects activate JA/Et-mediated defense response pathways and that SA-mediated and
JA/Et-mediated pathways can be antagonistic
and/or synergistic. For example, transgenic tobacco
plants compromised in SA-mediated SAR exhibited
enhanced systemic resistance to larvae of Heliothis
virescens, whereas plants with elevated phenylpropanoid levels associated with SA biosynthesis exhibited compromised induced insect resistance (Felton
et al., 1999). In a similar manner, SA has been found
to inhibit the JA-dependent insect defense pathway
in tomato at several steps, including disrupting
H⫹/K⫹ transport at the plasma membrane and inhibiting JA synthesis (Doherty et al., 1988; PeñaCortés et al., 1993; Doares et al., 1995).
In the results described here, we use the wellstudied pathosystem consisting of Arabidopsis and
P. syringae pv. maculicola strain ES4326 (Dong et al.,
1991) to study the effects of bacterially induced plant

defenses on insect feeding. We take advantage of
Arabidopsis mutants that are altered in defense
against bacterial pathogens, and we examine the effects of infection by virulent and avirulent isolates of
P. syringae on insect feeding. As an insect model, we
have chosen Trichoplusia ni (cabbage looper; Lepidoptera:Noctuidae), a host plant generalist that feeds
on a wide variety of plants, including Arabidopsis
(Shorey et al., 1962; Grant-Peterson and Renwick,
1996; Jander et al., 2001). Our results indicate that
virulent and avirulent pathogens have different effects on the induction of Arabidopsis defenses
against T. ni feeding and, surprisingly, that virulent
pathogens appear to inhibit Arabidopsis insect defenses in an SA-independent manner.
RESULTS
T. ni Feeding on Arabidopsis
Defense-Related Mutants

To determine whether Arabidopsis mutants that
have been generated to dissect the plant signal transduction pathways involved in pathogen defense also
affect Arabidopsis-insect interactions, we tested several mutants with compromised or enhanced resistance to pathogens in a T. ni weight gain assay. In
particular, we concentrated on a set of transgenic
plants and mutants that exhibit enhanced resistance
or susceptibility to a variety of bacterial pathogens
and/or to obligate fungal pathogens such as Peronospora parasitica or Erysiphe orontii. Enhanced susceptibility mutants and transgenic lines fall into three
broad classes: mutants and transgenics that have depleted SA levels (nahG transgenics; Delaney et al.,
1994) or are deficient in SA biosynthesis [sid2(eds16);
Nawrath and Metraux, 1999; Dewdney et al., 2000],
mutants that appear to be deficient in signaling
and/or that have low SA levels (pad4, eds1-2, eds5,
eds15; Glazebrook et al., 1996; Rogers et al., 1996; Falk
et al., 1999; Nawrath and Metraux, 1999; Dewdney et
al., 2000), and a mutant that is unresponsive to SA
(npr1; Cao et al., 1994; Delaney et al., 1995). The enhanced resistance mutants (cpr1, cpr6, and acd2; Greenberg and Ausubel, 1993; Bowling et al., 1994; Clarke et
al., 1998) all have high levels of SA and increased
resistance. In addition to expressing high levels of SA
and defense-related gene transcripts, the acd2 mutant
also forms spontaneous HR-like lesions that occur in
the absence of bacterial infection (Greenberg and Ausubel, 1993; Greenberg et al., 1994).
Larvae were weighed after 5 d of feeding (Fig. 1).
For each experiment, the weights of the larvae feeding on various mutants or the Ler accession were
normalized to the average weight of the larvae feeding on wild-type Col plants as described in “Materials and Methods.” Relative weight gain data from
four sets of experiments were analyzed with
ANOVA, and the means and ses obtained from this
analysis are reported in Figure 1. Weight gain of
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Figure 1. Larval weight gain of T. ni feeding for 5 d on Arabidopsis
wild-type plants and defense-related mutants. For each experiment,
weight gain data were normalized to the weight gain of larvae
feeding on wild-type Columbia (Col) plants. The bars represent the
least square means (⫾SEs, ANOVA) of relative larval weight gain from
four independent experiments. Open bars and hatched bars correspond to the Col and Landsberg erecta (Ler) accessions, respectively.
Relative SA levels refer to SA accumulation following infection with
Psm ES4326(avrRpt2) or Erysiphe orontii in the case of the npr1,
pad4, eds5, eds15, sid2(eds16), and eds1 mutants (Delaney et al.,
1995; Zhou et al., 1998; Nawrath and Metraux, 1999; Dewdney et
al., 2000; Feys et al., 2001), or the levels in uninfected plants in the
case of the acd2, cpr1, and cpr6 mutants (Bowling et al., 1994;
Greenberg et al., 1994; Clarke et al., 1998). Relative SA levels: ⫺4,
⬍0.25; ⫺3, 0.25 to 0.5; ⫺2, 0.5 to 0.75; ⫺1, 0.75 to 1; 0, 1.0; ⫹1,
1 to 1.5; ⫹2, 1.5 to 2; ⫹3, 2 to 3; ⫹4, ⬎3-fold wild-type (Wt) levels.
The numbers above the bars represent P values adjusted using the
Bonferroni method from multiple comparisons between Col wildtype and mutant plants. The P value for Ler shows the difference
between Ler and Col wild-type plants. The P values for nahG-Ler and
eds1-2 are for the comparisons with Ler wild-type plants. ns, Not
significant; P ⬎ 0.05, * 0.01 ⬍ P ⬍ 0.05, **P ⬍ 0.01.

larvae feeding on a Col nahG transgenic and on the
Col npr1, eds5, pad4, sid2(eds16), and acd2 mutant
plants was 30% to 50% less than that of larvae feeding on wild-type plants. There was no significant
difference in larval weight gain when feeding on Col
eds15 compared with wild-type Col.
As described previously (Jander et al., 2001) and
illustrated in Figure 1, T. ni larvae gain significantly
more weight when feeding on the Ler accession compared with Col. Nevertheless, similar to results obtained with the Col plants, Ler nahG transgenic plants
showed increased resistance to T. ni larval feeding
compared with Ler wild type (37% less weight gain).
In addition, the eds1 mutant (which has decreased
levels of SA and is in the Ler background) also
showed increased resistance (32% less weight gain).
In contrast to the nahG transgenic plants and most
of the Arabidopsis mutants that are more susceptible
to pathogen infection, the Col cpr1 and cpr6 mutant
plants were significantly more susceptible to T. ni
feeding, with 38% and 57% increased larval weight
gain relative to wild-type plants, respectively. It is
554

interesting that the acd2 mutant, which also exhibits
constitutively elevated SA levels, was more resistant
to T. ni feeding, similar to the nahG transgenics and
eds mutants.
To summarize this series of experiments, the nahG
transgenic plants and most of the eds mutants that
exhibit compromised pathogen resistance or defects
in SAR signaling also showed significant resistance
to T. ni feeding. In a converse manner, the cpr mutants, which are more pathogen resistant and which
exhibit a constitutive SAR response, were more susceptible to T. ni feeding. It is important to note that as
illustrated in Figure 1, with the exception of acd2,
there was a good correlation between previously reported SA levels in the mutants and transgenics and
susceptibility/resistance to T. ni feeding. This correlation includes the eds15 mutant, which although
compromised in pathogen resistance, has almost
wild-type levels of SA (80%; Dewdney et al., 2000). In
general, the mutants (and nahG transgenic plants)
with low SA levels were more resistant to T. ni feeding, whereas mutants with high SA levels were more
susceptible to feeding. These results, which are consistent with previously published data, suggest that
SA response pathways are involved in the regulation
of insect defenses in the plant (Felton et al., 1999;
Thaler et al., 1999). An apparent exception is the acd2
mutant. These plants develop spontaneous HR-like
lesions that lead to the production of high systemic
levels of SA. Nevertheless, acd2 plants were resistant
to T. ni feeding, similar to the eds, pad4, and npr1
mutants and the nahG transgenic plants, which have
low SA or are compromised in SA signaling.

Correlation between the Extent of Leaf Defoliation and
Larval Weight Gain

The change in T. ni larval weight gain observed in
Figure 1 could be a consequence of a variety of
different responses in the insect, including altered
amounts of leaf ingested or efficiency of digestion or
assimilation. To investigate further the different levels of T. ni larval weight gain when the caterpillars
fed on different Arabidopsis ecotypes and mutants,
we measured the amount of leaf area consumed after
larvae fed on the plants for 3 d using a scoring system
described in “Materials and Methods.” In this series
of experiments, T. ni caterpillars were given a choice
between the Col and Ler ecotypes or between wildtype and mutant plants planted side by side. As
shown in Figure 2, T. ni larvae consumed significantly less leaf tissue of the nahG transgenic plants
and of the npr1, pad4, sid2(eds16), acd2, eds1 5, and
eds1 mutant plants compared with the relevant wildtype plants. In contrast, the larvae consumed significantly more of the cpr1 and cpr6 leaf tissue. A comparison of the data in Figures 1 and 2 showed that
with the exception of the eds5 and eds15 mutants,
there was good agreement between larval weight
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Figure 2. Relative defoliation rate of T. ni feeding on various Arabidopsis wild-type plants and defense-related mutants. The bars represent the means (⫾SEs) of the relative defoliation rates obtained by
comparing the extent of defoliation for each particular ecotype,
transgenic, or mutant plant with the average extent of defoliation
observed for the relevant wild-type plants that had been planted side
by side with the particular experimental plants. The asterisks indicate
the significance level, determined by permutation tests, of the defoliation differences between control plants (Col in the case of nahG,
npr1, pad4, eds5, sid2, acd2, cpr1, cpr6, and Ler indicated by open
bars, and Ler in the case of nahG-Ler and eds1-2 indicated by
hatched bars) and experimental plants. ns, Not significant; P ⬎ 0.05,
* 0.01⬍ P ⬍ 0.05, ** P ⬍ 0.01.

plants suggested that there is a negative correlation
between pathogen and insect resistance in Arabidopsis. To investigate this relationship further, we investigated how infection of Arabidopsis plants by a bacterial pathogen affects insect feeding. We challenged
wild-type Arabidopsis plants of different ecotypes
with avirulent and virulent strains of the bacterial
pathogen Psm ES4326. Psm ES4326 causes disease
characterized by water-soaked lesions and chlorosis
on a variety of Arabidopsis ecotypes (Dong et al., 1991;
Whalen et al., 1991) and is not thought to elicit an SAR
response. In contrast, derivatives of Psm ES4326 carrying the avrRpt2 or avrB avirulence genes [Psm
ES4326(avrRpt2) or Psm ES4326(avrB)] elicit an HR and
SAR on Arabidopsis ecotypes that carry the RPS2 or
RPM1 resistance genes, respectively (Kiedrowski et
al., 1992; Yu et al., 1993; Rogers and Ausubel, 1997).
In most cases, T. ni larval feeding was inhibited on
plants in which an HR was elicited by the interaction
of avrRpt2 with RPS2 or avrB with RPM1 (Fig. 4).
Larvae feeding on plants infected with Psm
ES4326(avrRpt2) had 45%, 28%, 32%, and 25% decreased weight gain on the Col, Ler, Cape Verde
Islands (Cvi), and Shakdara (Sha) ecotypes, respectively, compared with growth on plants mockinoculated with 10 mm MgSO4. In a similar manner,
infection with Psm ES4326(avrB) compromised larval

gain and the extent of defoliation (P value ⫽
2.391e⫺7). Despite these two discrepancies, there was
a strong positive correlation (r2 ⫽ 0.92) when the
weight gain data were plotted against the defoliation
data as shown in Figure 3.
Altered T. ni Weight Gain on Wild-Type Plants
Challenged with Virulent and Avirulent
P. syringae pv. maculicola Isolate ES4326 (Psm ES4326)

The experiments in the preceding sections utilizing
Arabidopsis defense-related mutants and transgenic

Figure 3. Scatterplot of relative defoliation rates against relative
larval weight gains, showing a strong positive correlation between
larval weight gains and defoliation rates (r2 ⫽ 0.92, P ⬍ 0.001).

Figure 4. Larval weight gain of T. ni feeding on various Arabidopsis
ecotypes infiltrated with isogenic virulent and avirulent strains of Psm
ES4326. As described in “Materials and Methods,” lower leaves were
inoculated with 10 mM MgSO4 or with Psm ES4326(pLAFR3), Psm
ES4326(avrRpt2), or Psm ES4326(avrB). Four days later, the inoculated leaves were removed and newly hatched T. ni larvae were
placed on the upper leaves. Larval weight gain was measured after
5 d of feeding. For each experiment, weight gain data were normalized to the weight gain of larvae feeding on wild-type Col plants
inoculated with 10 mM MgSO4. The bars represent the least square
means (⫾SEs, ANOVA) of the relative larval weight gain data from
three independent experiments. The numbers above each bar correspond to the Bonferroni adjusted P values from multiple t tests. For
each ecotype, weight gain of T. ni larvae feeding on bacterial infected plants were compared with that on MgSO4-treated plants of
the same ecotype. ns, Not significant; P ⬎ 0.05, * 0.01 ⬍ P ⬍ 0.05,
** P ⬍ 0.01.
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Figure 5. Disease symptoms that developed on wild-type ecotype
Col plants or on rps2 or rpm1 mutant plants 4 d after they were
inoculated with Psm ES4326(pLAFR3), Psm ES4326(avrRpt2), or Psm
ES4326(avrB).

growth by 25%, 26%, and 21%, respectively, on Col,
Ler, and Sha. The observation that infection with
avirulent pathogens (which elicit SAR) caused increased resistance to T. ni feeding was surprising
given the data presented in Figure 1, which showed
that the cpr1 and cpr6 mutants (which exhibit a
constitutive SAR phenotype) were more sensitive
to T. ni.
It is interesting that in contrast to the other ecotypes,
Cvi was not more resistant to T. ni feeding after Psm
ES4326(avrB) infection (Fig. 4). However, this observation correlates with the fact that Cvi is a “natural”
rpm1 mutant and does not respond to avrB (Debener et
al., 1991; Stahl et al., 1999), and is consistent with the
result that infection with Psm ES4326 not carrying
avrRpt2 or avrB [Psm 4326(pLAFR3)] rendered plants
of all ecotypes more susceptible to T. ni feeding (Fig.
4). Larvae gained 35%, 30%, 35%, and 27% more
weight on Col, Ler, Cvi, and Sha infected with Psm
ES4326(pLAFR3), respectively, compared with those
feeding on plants mock infected with 10 mm MgSO4.
Larval Weight Gain on Arabidopsis R Gene Mutants
Inoculated with Avirulent Pathogens

To confirm that the increased T. ni resistance of
plants infected with avirulent pathogens is a direct
result of the avr-R gene-for-gene-dependent defense
response, we measured T. ni weight gain on Col rps2
and Col rpm1 mutant plants infected with Psm
ES4326(avrRpt2) or Psm ES4326(avrB). The rationale
for this experiment was that when R gene mutants are
challenged with bacterial strains carrying the corresponding avr genes, the mutant plants cannot recognize the avr genes and fail to induce an HR and
SAR. This is illustrated in Figure 5, which shows the
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symptoms of Arabidopsis wild-type plants as well
as rps2 and rpm1 mutants infiltrated with Psm
ES4326(avrRpt2), Psm ES4326(avrB), or Psm ES4326 not
carrying avrRpt2 or avrB [Psm ES4326(pLAFR3)]. Psm
ES4326(pLAFR3) caused water-soaked lesions in infected leaves. Wild-type Col plants infected with Psm
ES4326(avrRpt2) or Psm ES4326(avrB) (or the Col rps2
mutant infected with Psm ES4326(avrB) or the Col
rpm1 mutant infected with Psm ES4326(avrRpt2) exhibited an HR response and greatly reduced lesion formation. In contrast, Col rps2 plants infected with Psm
4326(avrRpt2) or Col rpm1 plants infected with Psm
ES4326(avrB) did not exhibit an HR and developed
water-soaked lesions similar to plants infected with
Psm ES4326(pLAFR3) (Fig. 5).
Regardless of the Arabidopsis Col genotype, infection with Psm ES4326(pLAFR3) resulted in increased
T. ni larval weight gain compared with that on plants
mock inoculated with 10 mm MgSO4 (Fig. 6), similar to
the results shown in Figure 4. In all of the plantpathogen interactions in which an HR was generated
[Col infected with Psm ES4326(avrRpt2) or Psm
ES4326(avrB), Col rps2 infected with Psm ES4326(avrB),
or Col rpm1 infected with Psm ES4326(avrRpt2)], there
was a 31% to 41% decrease in T. ni weight gain compared with those on plants that were mock inoculated
with MgSO4. In contrast, in the plant-pathogen interactions in which water-soaked disease lesions were
generated [Col infected with Psm ES4326(pLAFR3),

Figure 6. Larval weight gain of T. ni feeding on wild-type Arabidopsis plants and R gene mutant plants that were infiltrated with various
strains of Psm ES4326. As described in “Materials and Methods,”
lower leaves were inoculated with 10 mM MgSO4 or with Psm
ES4326(pLAFR), Psm ES4326(avrRpt2), or Psm ES4326(avrB). Four
days later, the inoculated leaves were removed and newly hatched T.
ni larvae were placed on the upper leaves. Larval weight gain was
measured after 5 d of feeding. For each experiment, weight gain data
were normalized to the weight gain of larvae feeding on mockinoculated wild-type Col plants. The bars represent the means (⫾SEs,
ANOVA) of relative weight gain from four independent experiments.
The numbers above each bar correspond to the Bonferroni adjusted
P values from multiple t tests. The P values for bacteria-treated
wild-type or R gene mutant plants are from multiple comparisons
against mock-treated wild-type or R gene mutant plants, correspondingly. ns, Not significant; P ⬎ 0.05, * 0.01 ⬍ P ⬍ 0.05, ** P ⬍ 0.01.
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Col rps2 infected with Psm ES4326 or Psm
ES4326(avrRpt2), or Col rpm1 infected with Psm
ES4326(pLAFR3) or Psm ES4326(avrB)], the larval
weight gain was 26% to 46% more than the weight
gain on mock-inoculated plants. These results indicate
that increased insect resistance is a result of a defense
response specifically induced in Arabidopsis by the
interaction of avrRpt2 and RPS2 or avrB and RPM1.
T. ni Weight Gain on Arabidopsis
Defense-Related Mutants Inoculated with Virulent and
Avirulent Psm ES4326 Strains

To identify potential crosstalk between plant defense responses and insect feeding behavior, the SAR
compromised mutants pad4 and npr1, nahG transgenic plants, and the constitutive SAR mutant cpr6
were infected with Psm ES4326 ⫾ avrRpt2 or avrB and
were then fed to T. ni. It is interesting that all of these
plant lines with the exception of pad4 were more
susceptible to T. ni feeding after infection with
Psm ES4326 not carrying avrRpt2 or avrB [Psm
ES4326(pLAFR3)] compared with plants mock inoculated with 10 mm MgSO4 (Fig. 7), similar to the
results obtained previously in Figures 4 and 6. On the
other hand, infection with Psm ES4326(avrRpt2) or
Psm ES4326(avrB) did not have an appreciable effect
on T. ni feeding compared with mock-inoculated controls. Overall, the results suggest that increased lar-

Figure 7. Larval weight gain of T. ni feeding on Arabidopsis defenserelated mutants infiltrated with various strains of Psm ES4326. As
described in “Materials and Methods,” lower leaves were inoculated
with 10 mM MgSO4 or with Psm ES4326(pLAFR), Psm ES4326(avrRpt2), or Psm ES4326(avrB). Four days later, the inoculated leaves
were removed and newly hatched T. ni larvae were placed on the
upper leaves. Larval weight gain was measured after 5 d of feeding. For
each experiment, weight gain data were normalized to the weight gain
of larvae feeding on mock-inoculated wild-type Col plants. The bars
represent the means (⫾SEs, ANOVA) of relative weight gain from four
independent experiments. The numbers above each bar correspond to
the Bonferroni adjusted P values from multiple t tests. The P values for
bacteria-treated wild-type or defense-related mutant plants are from
the multiple comparisons against mock-treated wild-type or defenserelated mutant plants, respectively. ns, Not significant; P ⬎ 0.05, *
0.01 ⬍ P ⬍ 0.05, ** P ⬍ 0.01.

val weight gain on plants previously infected with a
virulent pathogen is SA independent, whereas the
decreased larval weight gain on plants previously
infected with avirulent pathogens may be SA
dependent.
DISCUSSION

Many important plant diseases are transmitted
from plant to plant by insect herbivores. Therefore,
plant defensive systems are under constant selective
pressure to optimize their response to microbial
pathogens and insects in a concerted manner. Not
surprisingly, diseased host plants represent a complex feeding niche for phytophagous insects, and
both increased and decreased insect resistance has
been reported for diseased plants (Harrison et al.,
1980; Purcell, 1991; Hatcher and Paul, 2000). The
present study used a genetic approach to help elucidate the complicated interplay between bacterial resistance and insect resistance in plants. A better understanding of these interactions in plant defensive
systems is of theoretical and practical importance.
Taken on their own, the T. ni feeding experiments
described in Figures 1 and 2 with Arabidopsis plants
defective in the SA signaling pathway suggest that a
component of the SA signal transduction cascade
inhibits the induction of defenses against T. ni. Larvae consumed less leaf tissue and gained approximately 50% less weight on nahG plants, and 40% less
weight on npr1, pad4, eds5, and sid2(eds16) plants.
With the exception of npr1, the degree of resistance to
T. ni feeding correlated with a decrease in induced
SA levels in response to bacterial pathogens. Because
the npr1 mutant, which has normal levels of SA but
which does not respond to SA signaling, was also
resistant to T. ni feeding, a component of the signal
cascade downstream of NPR1 may be responsible for
inhibiting defense responses against insects. The effect of SA levels on Arabidopsis resistance to insects
can also be seen in the case of the cpr1 and cpr6
mutants, which exhibit constitutively elevated levels
of SA. Larvae showed approximately 50% increase in
weight gain on these mutants. These findings agree
with previous reports of an inverse relationship between insect feeding and SA-mediated SAR induction (Doares et al., 1995; Niki et al., 1998; Felton et al.,
1999; Thaler et al., 1999). Moreover, there was a
strong positive relationship between larval weight
gain and the amount of tissue consumed (Fig. 3). This
result, on the one hand, strengthens the abovementioned finding that an SA-dependent pathway
inhibits insect resistance, and on the other justifies
the utilization of larval weight gain for these experiments to assay plant resistance.
One caveat to the apparent correlation between SA
levels in the various mutants and the extent of larval
feeding is the fact that SA levels were not determined
directly in our experiments, but were obtained from
the literature. Moreover, many of these SA levels
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correspond to those observed in pathogen-infected
plants, which are not directly relevant to the experiments shown in Figures 1 and 2 that did not involve
prior pathogen infection. In the future, direct measurement of SA levels in plants undergoing T. ni
feeding will help elucidate the precise role of SA
signaling in mediating insect defense responses.
In contrast to the results that we obtained with the
cpr1 and cpr6 mutants, which have a constitutive SAR
response and are more sensitive to insect feeding,
when we induced SAR with Psm ES4326 expressing
avrRpt2 or avrB, we did not observe the expected
result of increased weight gain by T. ni larvae (Fig. 4).
In fact, T. ni larvae gained an average of 30% less
weight when SAR was induced by inoculating the
Col, Ler, or Sha ecotypes with Psm ES4326(avrRpt2) or
Psm ES4326(avrB) than when feeding on mockinoculated plants (Fig. 4). We verified that the enhanced resistance of these plants to T. ni feeding
was due to avr-R gene interactions by showing that
two R gene mutants in the Col background, rps2 and
rpm1, were not more resistant to T. ni feeding when
preinoculated with Psm ES4326(avrRpt2) or Psm
ES4326(avrB), respectively (Fig. 6). Similarly, ecotype
Cvi, which is a “natural” rpm1 mutant, did not exhibit enhanced resistance to T. ni feeding when infected with Psm ES4326(avrB) (Fig. 4).
Our results are similar to those of Stout et al. (1999)
who saw that SAR induced with benzothiadiazole
inhibited plant resistance to Helicoverpa zea, whereas
SAR induced by infection with P. syringae pv. tomato
decreased the consumption of tomato plants by H.
zea. One explanation for our observations and those
of Stout et al. (1999) is that the HR elicited upon avr-R
recognition overrides the SA-mediated increase in
sensitivity to T. ni feeding. The finding that acd2
mutants were more resistant rather than more susceptible to insect feeding even though they have high
systemic levels of SA supports this hypothesis. In
contrast to cpr1 and cpr6, acd2 mutants exhibit spontaneous HR-like lesions in addition to constitutive
SAR induction seen in the cpr mutants (Greenberg
and Ausubel, 1993; Greenberg et al., 1994). Therefore,
we conclude that a systemic signal in addition to SA
is involved in Arabidopsis defenses against insects
and that it is induced by the avr/R gene interaction
(Fig. 8). The observation that the cpr1 and cpr6 mutants, which have constitutively high levels of SA,
were more susceptible to T. ni feeding, makes it
unlikely that the enhanced resistance to feeding elicited by infection with the avirulent Psm strains can be
solely a consequence of the systemic accumulation of
SA. In a nahG, npr1, pad4, or cpr6 genetic background,
infection with an avirulent pathogen did not result in
increased insect resistance (Fig. 7). This indicates that
HR and SA may be involved in modulating the proposed systemic signal leading to insect resistance.
The proposed systemic signal may be required for
formation of the HR or it may be generated from the
558

Figure 8. Model of the signaling leading to insect resistance or
sensitivity after pathogen infection. Infection with an avirulent pathogen increases SA levels, which has been shown to cause insect
sensitivity. However, the simplest interpretation of the data presented
in this paper is that an unknown signal from an avirulent infection
apparently overrides the SA signaling, thereby increasing insect resistance. This signal may partly depend on HR and SA. Infection with
a virulent pathogen appears to result in another unidentified signal
that systemically increases insect sensitivity in an SA-independent
manner.

HR lesion itself (Fig. 8). It is interesting that this
conclusion is consistent with a previous study that
concluded that SA is not the mobile systemic signal
that activates SAR (Vernooij et al., 1994).
A second unexpected result from this work is the
observation that infection of Arabidopsis with the
virulent pathogen Psm ES4326(pLAFR3) led to an
increase in T. ni weight gain. The feeding results from
wild-type plants of four ecotypes tested (Col, Ler,
Cvi, and Sha) showed that larvae gained about 30%
more weight on diseased plants. In a similar manner,
when rps2 or rpm1 mutants were inoculated with Psm
ES4326(avrRpt2) or Psm ES4326(avrB), respectively,
there was an increase in the weight gain of T. ni
larvae feeding on these plants (Fig. 6). It seems unlikely that the increased susceptibility to T. ni feeding
is a consequence of systemic SA-mediated signaling
because virulent pathogens are not thought to induce
systemic accumulation of SA and because, as discussed above, the induction of SAR by avirulent
pathogens led to increased resistance to T. ni feeding.
Nevertheless, the increased insect susceptibility to T.
ni elicited by virulent pathogens must be a systemic
response because the infected leaves were removed
prior to the start of feeding. The data in Figure 7
support the conclusion that the proposed systemic
signal elicited by virulent pathogens is not SA. That
is, larvae feeding on mutants that affect SA signaling
(npr1, pad4, and NahG) still showed increased weight
gain after their host plants were infected with Psm
ES4326(pLAFR3). Moreover, infection of the cpr6 mutant, which has high constitutive levels of SA, with
Psm ES4326(pLAFR3), also resulted in a further increase in larval weight gain compared with a mockinfected cpr6 mutant. Thus, virulent pathogens seem
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to induce increased sensitivity to insects in a manner
that is not tightly coupled to SA signaling (Fig. 8).
The above discussion assumes that the proposed
systemic signal generated by virulent pathogens is of
host origin, but we cannot rule out the possibility
that the systemic signal is actually a bacterial product. Another explanation for the enhanced sensitivity
to T. ni of plants infected with virulent pathogens is
that the infected plant is depleted of resources due to
fighting the bacterial infection and thus cannot
mount an adequate defense against insect feeding.
However, evidence against this latter explanation
comes from the observation that infection of nahG
and npr1 plants with virulent and avirulent pathogens causes similar disease symptoms (Cao et al.,
1994; Bowling et al., 1997), even though only infection with the virulent pathogen resulted in increased
larval weight gain.
Our studies on the three-way interactions between
Arabidopsis, Psm ES4326, and T. ni show a complex
pattern of susceptibility/resistance to T. ni larval
feeding. Whereas mutants that express SAR constitutively exhibit enhanced sensitivity to insect feeding,
the activation of an HR by an avirulent pathogen or
the acd2 mutation results in a systemic increase in
resistance to insect feeding. In contrast, infection
with a virulent pathogen results in increased sensitivity of Arabidopsis to insect feeding. This increase
in sensitivity appears to be due to a previously unreported systemic response that is independent of the
SAR signaling pathway (Fig. 8). JA and Et are known
to be involved in mediating insect defense responses
(O’Donnell et al., 1996; Penninckx et al., 1998; Alonso
et al., 1999). Furthermore, JA, along with HR and SA,
has been shown to be induced by avr-R recognition
(van Wees et al., 1999). It is possible that JA mediates
insect resistance upon avr-R recognition, but it is unknown whether the level of JA induced is high enough
to overcome the antagonistic effect of SA. Future work
will determine whether the two signaling pathways
proposed in Figure 8 are mediated by either or both of
these molecules.

MATERIALS AND METHODS
Bacterial Strains and Media
The bacterial strain Pseudomonas syringae pv. maculicola
(Psm) strain ES4326 has been described previously(Dong et
al., 1991). Plasmid pLH12, a derivative of pLAFR3, carries
avrRpt2 (Whalen et al., 1991), and plasmid pVB01 carries
avrB (Innes et al., 1993a). P. syringae strains were grown at
28°C in King’s B media (King et al., 1954) supplemented
with 100 g mL⫺1 streptomycin and 10 g mL⫺1 tetracycline for strains carrying pLAFR3 and pLH12. Streptomycin (100 g mL⫺1) and kanamycin (50 g mL⫺1) were used
for strains carrying pVB01.

Growth of Plants
Arabidopsis plants were grown in Metromix 200 soil
(Scott, Marysville, OH) in a climate-controlled greenhouse
(20°C ⫾ 2°C, relative humidity 70% ⫾ 5%) under natural
light supplemented with 12 h per day of artificial light on
a 12-h light cycle/12-h dark cycle. Flats were rotated every
3 to 4 d to minimize environmental variance. Arabidopsis
ecotype Col plant lines used in these experiments included:
a transgenic line expressing the bacterial nahG gene (Reuber et al., 1998), npr1 (Cao et al., 1994), pad4 (Glazebrook et
al., 1996), eds5 (Glazebrook et al., 1996), eds15 (Dewdney et
al., 2000), sid2 (also called eds16; Dewdney et al., 2000), cpr1
(Bowling et al., 1994), cpr6 (Clarke et al., 1998), and acd2
(accelerated cell death; Greenberg and Ausubel, 1993). Arabidopsis Col plants representing three different R gene
genotypes were used: ecotype Col-0 wild-type (genotype
RPS2/RPS2 RPM1/RPM1), rps2-101C (genotype rps2-101C/
rps2-101C RPM1/RPM1; Yu et al., 1993), and rps3-1 (genotype RPS2/RPS2rpm1/rpm1; Debener et al., 1991; Innes et
al., 1993b). Arabidopsis ecotype Ler plant lines used in
these experiments included Ler wild type, a transgenic line
expressing the bacterial nahG gene obtained from X. Dong,
Department of Biology, Duke University, Durham, NC and
eds1-2 (Parker et al., 1996). Other Arabidopsis ecotypes
used were Cvi and Sha, both of which were obtained from
the Arabidopsis Biological Resource Center (Ohio State
University, Columbus, OH).
Cabbage Looper (Trichoplusia ni) Larval Weight
Gain Assay
T. ni eggs (Entopath Inc., Easton, PA) were incubated at
32°C to synchronize hatching. Newly emerged first instar
larvae (less than 8 h old) were placed on the leaves of 5- to
6-week-old plants. Each pot contained one plant fed to one
randomly assigned larva. Fine fabric cloth bags were used
to cover each plant and the larva feeding on it. For each
ecotype, transgenic, or mutant, 36 plants, all in separate
pots in a single flat, were used in each feeding experiment.
Flats were rotated periodically to minimize environmental
fluctuations, and the flats containing the various ecotypes,
transgenics, or mutants were randomly assigned positions
in the greenhouse from experiment to experiment. Each
feeding experiment was carried out independently at least
three times. Larvae were collected after feeding for 6 d,
dried at 80°C for 3 d, and weighed individually. It was
assumed that the initial weights of all of the larvae were the
same and were negligible compared with the final weights.
Larval weight gain data are reported as means and ses
normalized to values obtained from wild-type plants.
T. ni Weight Gain Assay on
Infiltrated Plants
Prior to infiltration, bacterial strains were grown overnight in King’s B, grown to mid-log phase, and resuspended
in 10 mm MgSO4. The undersides of lower leaves were
inoculated with suspensions of bacterial cells at a titer of 104
CFU cm⫺1 leaf area with a 1-mL syringe without a needle
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forcing the suspension through the stomata. Four days
postinoculation, infected leaves were removed and the
plants were used for subsequent insect feeding experiments.
Cabbage looper larvae were grown as described above, and
as in the weight gain assay, fine fabric cloth bags were used
to cover each plant, and each plant was grown in a separate
pot, 36 pots to a flat. In each experiment, 144 plants of a
particular ecotype, transgenic, or mutant were used. For
these experiments, one-quarter of the 36 plants in each flat
were inoculated with MgSO4, one-quarter with Psm
ES4326(pLAFR3), one-quarter with Psm ES4326(avrRpt2),
and one-quarter with Psm ES4326(avrB). These variously
inoculated plants were randomly assigned to particular
rows in each flat. Flats were rotated periodically to minimize
environmental fluctuations, and the flats containing the various ecotypes, transgenics, or mutants were randomly assigned positions in the greenhouse from experiment to experiment. Each infection/feeding experiment was carried
out independently at least three times. Larvae were collected
after feeding for 6 d, dried at 80°C for 3 d, and weighed
individually. Larval weight gain data are reported as means
and ses normalized to values obtained from wild-type
plants.

included experiment as a factor. The figures show the least
square means and ses from ANOVA. Multiple t tests, with
Bonferroni adjusted significance levels, were carried out to
determine actual P values for differences between the different lines in the treatments. In the case of the defoliation
data, for each particular ecotype, transgenic, or mutant
plant, the defoliation scores were normalized to the average extent of defoliation observed for the relevant wildtype plants that had been planted side by side with the
particular experimental plants. The relative defoliation
scores were analyzed using permutation tests.
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