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Abstract—We examined the effects of three forms of host plant resistance in
tomato, Lycopersicon esculentum, on the potato aphid, Macrosiphum euphor-
biae. Mi-1.2, a resistance gene (R-gene) in tomato that deters aphid feeding,
reduced the population growth of both potato aphid isolates tested, although
it appeared to have a greater impact on isolate WU11 than on isolate WU12.
The results suggest that there may be quantitative differences in virulence be-
tween these two aphid isolates. We also examined two distinct forms of ac-
quired resistance in tomato, jasmonic acid (JA)-dependent and salicylic acid
(SA)-dependent induced defenses. Exogenous foliar application of JA triggered
expression of a JA-inducible proteinase inhibitor in tomato cultivars with and
without Mi-1.2, although the effects of treatment on aphid performance differed
between these cultivars. JA-treatment reduced aphid population growth on a
susceptible tomato cultivar that lacks Mi-1.2, but did not significantly enhance
or inhibit aphid control on a near-isogenic resistant tomato cultivar that carries
this gene. Foliar application of an SA analog, benzothiadiazole (BTH), was
used to induce SA-dependent defenses. BTH treatment reduced the population
growth of both aphid isolates on a susceptible tomato cultivar, and also en-
hanced aphid control on a resistant cultivar. The results indicate that both SA-
and JA-dependent acquired resistance in tomato have a direct negative effect on
a phloem-feeding insect. Furthermore, this study demonstrates that acquired re-
sistance and R-gene-mediated resistance can interact for enhanced suppression
of insect herbivores.
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INTRODUCTION

Studies of host plant resistance typically have focused on two broad categories
of plant defense acquired and innate resistance. Acquired resistance mechanisms,
including systemic acquired resistance to pathogens and induced resistance to
insects, are dependent upon systemic defenses that are induced by an initial pest
infestation, and that render plants less susceptible to subsequent attack (Karban
and Baldwin, 1997; Metraux et al., 2002). Furthermore, initial induction of these
defenses by one pest can induce resistance to other attackers (Ryan et al., 1986;
Stout et al., 1998a). In contrast, innate resistance targets specific pest species,
and prevents or limits their initial establishment on the plant. Innate resistance,
in many cases, depends upon single, dominant resistance genes, often termed
R-genes (Hammond-Kossack and Jones, 1996). R-genes are thought to mediate
gene-for-gene interactions with pests; in other words, a particular R-gene confers
resistance against specific biotypes of pest that carry a corresponding avirulence
(Avr) gene (Flor, 1955). The most extensively studied gene-for-gene interactions
mediate resistance against plant pathogens, but R-genes are also thought to play a
role in resistance against herbivores, including aphids, Hessian flies, gall midges,
and nematodes (Puterka and Peters, 1989; Roberts, 1995; Zantoko, 1997; Milligan
et al., 1998; Rossi et al., 1998; Stuart et al., 1998; Sardesai et al., 2001; Brotman
et al., 2002).

Important signaling conflicts occur between different forms of acquired re-
sistance. Induction of systemic acquired resistance to pathogens (SAR) can be
inhibited by jasmonic acid, a signaling compound involved in induced resistance
to chewing insects (Sano and Ohashi, 1995; Thaler et al., 1999). Likewise, sali-
cylic acid, a key signal in SAR, can inhibit synthesis of jasmonic acid and suppress
induction of induced resistance to insects (Pena-Cortes et al., 1993; Doares et al.,
1995; Thaler et al., 1999). In contrast, little is known about the potential for sig-
naling conflicts or synergisms between acquired and innate resistance, because
these two broad categories of resistance have typically been studied separately.
Certain studies, however, indicate that there is overlap between the physiological
mechanisms that underlie acquired and innate resistance. For example, in addition
to its role in SAR, salicylic acid is also required for the function of some but not
all R-genes (Delaney et al., 1994; Glazebrook et al., 1996; Jirage et al., 1999;
Brading et al., 2000; Kachroo et al., 2000; Rairdan and Delaney, 2002; Takahashi
et al., 2002; Branch et al., 2004). Overexpression of certain R-genes also results
in heightened SA levels and activation of SAR (Oldroyd and Staskawicz, 1998;
Xiao et al., 2001). These findings suggest that SA-dependent systemic defenses
and certain R-genes could potentially interact in a synergistic manner. For R-genes
that are dependent upon SA for function, it is also possible that these genes might
be incompatible with JA-dependent defenses.
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The objectives of this study were to examine the effects of both acquired
and innate resistance on an insect pest of tomato, and to determine if induction
of acquired resistance would enhance or inhibit the effects of innate resistance.
The two forms of acquired resistance examined in this study are SA- and JA-
dependent systemic defenses. Relatively little is known about the impact of either
of these defensive pathways on piercing–sucking insects, and so one goal was to
evaluate their effects on the potato aphid, Macrosiphum euphorbiae Thomas. Our
second goal was to examine potential interactions between these forms of acquired
resistance and Mi-1.2, a source of innate aphid resistance in tomato, Lycopersicon
esculentum Mill. Mi-1.2 is a R-gene that confers resistance to certain isolates of
the potato aphid, root-knot nematodes (Meloidogyne spp.), and the sweet potato
whitefly (Bemisia tabaci) (Milligan et al., 1998; Rossi et al., 1998; Nombela
et al., 2003). The physiological basis for Mi-mediated resistance is not yet well
understood, but recent evidence indicates that SA is involved (Branch et al.,
2004). Mi-mediated nematode resistance is inhibited by salicylate hydroxylase,
a bacterial enzyme that degrades SA; conversely, nematode resistance can be
restored to plants that express salicylate hydroxylase by treating the plants with a
synthetic SA analog, benzothiadiazole (Branch et al., 2004). In addition, induction
of Mi-mediated aphid resistance is correlated with the expression of marker genes
associated with SA induction (de Ilarduya et al., 2003). Given that SA may play a
role in Mi-mediated aphid resistance, one objective of this study was to determine
if prior induction of SA-dependent defenses could enhance aphid resistance in
a tomato cultivar that carries Mi-1.2. Furthermore, we wished to determine if
induction of JA-dependent defenses would enhance or inhibit Mi-mediated aphid
resistance.

METHODS AND MATERIALS

Plant Materials. Two near-isogenic tomato cultivars with and without Mi-
1.2 were used for our bioassays: Moneymaker (Mi−), and Motelle (Mi+). All
plants were grown in 3.8-l pots of LC1 Sunshine potting mix (Sungro Horti-
culture, Bellevue, WA) under stable greenhouse conditions (∼ 24◦C–27◦C; 16:8
L:D photoperiod). Plants were watered daily with a dilute nutrient solution con-
taining 1000 mg/l CaNO3 (Hydro Agri North America, Tampa, FL), 500 mg/l
MgSO4 (Giles Chemical Corp, Waynesville, NC), and 500-mg/l Hydroponic 4-
18-38 Growmore fertilizer (Growmore, Gardena, CA).

Insect Cultures. Two potato aphid isolates, which we designated WU11 and
WU12, were utilized. Each was a clonal population established from a single
female. Isolate WU11 originated from the laboratory colony of Dr. Yvan Rahbe,
which was originally maintained on eggplant (Solanum melongena) (Goggin et al.,
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2001). Aphid isolate WU12 was obtained from the laboratory colony of Dr. Stuart
Seah, and was originally maintained on potato (Solanum tuberosum) (Goggin
et al., 2004). Both isolates were maintained on susceptible tomato seedlings (cv.
UC82) for more than 2 yr prior to these experiments, to insure that both were
well adapted to tomato. Aphids were maintained in Conviron growth chambers
(Controlled Environments, Inc., Winnipeg, Canada) under optimal conditions for
aphid development (20◦C, 16:8 L:D photoperiod).

Benzothiadiazole Application. SA-dependent defenses were induced in
tomato by applying a foliar treatment of benzothiadiazole (BTH), a synthetic
analog of SA. Exogenous treatments of SA and BTH have both been shown to
induce acquired resistance to pathogens and induction of associated pathogenesis-
related proteins (Friedrich et al., 1996; Gorlach et al., 1996; Lawton et al., 1996).
We chose to use BTH rather than SA as a defense elicitor because it lacks the
phytotoxic effects associated with SA, and has stronger systemic effects than
exogenous SA (Friedrich et al., 1996).

BTH (Syngenta Crop Protection, Greensboro, NC) was dissolved in acetone
at a rate of 28 g/l and dispersed in water to achieve a 1.2 mM BTH solution
(Friedrich et al., 1996). For the control treatments, an equal quantity of acetone
(without BTH) was dispersed in water. Approximately 6 wk after germination, at
which stage Mi-mediated resistance is active in the foliage, tomato plants were
sprayed with BTH solution or control solution applied at a rate of 1 ml per leaf
using an atomizer (∼12 ml/plant). The eighth leaf from the cotyledon of each
plant was protected from treatment with a plastic bag, which was removed when
all other leaves were dry. Aphid bioassays (described below) were performed using
this untreated leaf, so that we could measure the effects of acquired resistance on
aphids independent of any effects that BTH residue might have on the insects.

Jasmonic Acid Application. JA-dependent defenses were induced in tomato
by applying a foliar treatment of exogenous JA, as previously described by Thaler
et al. (1999). Jasmonic acid (Sigma Chemicals, St Louis, MO) was dissolved
in acetone at a rate of 1 g/ml and dispersed in water to achieve a 1.5 mM JA
solution (Thaler, 1999). An equal quantity of acetone was dispersed in water
(without JA) for control treatment. JA and control treatments were applied 6 wk
after germination as described for BTH. One leaf per plant was protected from
treatment for use in aphid bioassays.

Aphid Bioassays. In trial 1, the effects of BTH on population growth of
aphid isolates WU11 and WU12 were measured by using two independent bioas-
says. In each assay, aphid performance was measured on Moneymaker (Mi−)
or Motelle (Mi+) sprayed with either BTH or control solution. Forty-eight hr
after treatment, the terminal leaflet of the eighth leaf from the cotyledon was
inoculated with 15 aphids, which were confined to the leaflet with a sleeve cage
(12 plants/treatment for the WU11 assay; 8 plants/treatment for the WU12 assay).
Plants were inoculated with a combination of fourth-instar juveniles and young
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adult aphids, and the ratio of adults to juveniles was standardized from plant to
plant. Six days after inoculation, aphid performance was evaluated by counting
the total number of aphids/cage. Bioassays were performed in a Conviron growth
chamber (20◦C; 16:8 L:D photoperiod).

In trial 2, the effects of BTH treatment on WU11 performance on Motelle
(Mi+) were examined further. Plants were treated with BTH or control solution as
described above, and inoculated with 15 fourth-instars confined to a single sleeve
cage per plant (9 plants/treatment). Six days after inoculation, aphid performance
was evaluated by counting the number of aphids that survived to adulthood and the
number of offspring they produced. Adults and juveniles were recorded separately
in order to detect any subtle effects on aphid survivorship or fecundity that might
not be apparent from total aphid numbers.

The effects of JA on WU11 and WU12 were tested in the same manner as
described above for trial 1 of the BTH study (13 plants/treatment for the WU11
assay; 9 plants/treatment for the WU12 assay). Plants sprayed with JA vs. control
treatments were maintained in separate growth chambers to insure that volatiles
from plants treated with JA would not affect control plants.

For each assay, foliar application and genotype were compared as independent
fixed factors by full factorial two-way ANOVA using JMP version 5.01 (SAS, Cary,
NC). Treatment combinations were analyzed by Tukey’s HSD statistics and paired
t-tests using JMP version 5.01.

Analysis of Gene Expression. To determine if JA-dependent defenses are in-
duced equally in different tomato cultivars, expression of Proteinase Inhibitor II
(Pin2) was measured on Motelle and Moneymaker tomato using reverse
transcriptase-polymerase chain reaction (RT-PCR). Motelle and Moneymaker
plants were treated with a foliar application of synthetic JA or control solution as
described above. Forty-eight hr after treatment, ∼1 g of leaf tissue was collected
from one untreated leaf per plant (2 reps/treatment) and flash frozen with liquid
nitrogen. RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA) and
DNase-treated with DNA-free reagents (Ambion, Austin, TX) according to manu-
facturers’ protocols. Aliquots of RNA were quantified using a spectrophotometer
and run on an agarose/formaldehyde gel to check quality. cDNA was synthesized
from 0.4 µg of total RNA using a RetroScript Reverse Transcriptase kit and oligo-
DT primers (Ambion, Austin, TX). To amplify Pin2 cDNA, the following primers
were used: Pin2 forward, 5′-CCG TTC ACA AGG AAA ATC GT-3′, and reverse,
5′-ATT TTG GGC AAT CCA GAA GA-3′. The size of the amplified fragment was
186 bp. In separate PCR reactions, expression of the housekeeping gene ubiquitin
III (Ubi3) was measured using the following primers: Ubi3 forward 5′-GTG TGG
GCT CAC CTA CGT TT-3′, and reverse, 5′-ACA ATC CCA AGG GTT GTC
AC-3′. The size of the amplified fragment was 162 bp. PCR with Ubi3 primers
was also performed on total RNA from each sample to confirm that the samples did
not contain genomic DNA (RT − controls). PCR was performed by using an MJ
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Research PTC-200 thermal cycler (MJ Research, San Francisco, CA). Conditions
for all PCR reactions were 4 min at 95◦C, 24 cycles (94◦C, 30 sec; 57◦C, 30 sec;
72◦C 30 sec) followed by 5 min at 72◦C. PCR products were visualized by gel
electrophoresis with a 2% agarose gel.

RESULTS

Effects of BTH and Mi-1.2 on Aphids. In trial 1, WU11 aphid numbers af-
ter 6 days of feeding differed among treatment groups (Figure 1) (F = 26.14;
df = 3; P < 0.001). There was no significant interaction between plant genotype
and foliar treatment (F = 1.32; df = 1; P = 0.265). Aphid numbers were lower
on Motelle (Mi+) plants compared to Moneymaker (Mi−) (F = 69.7; df = 1;
P < 0.001), which confirms previous findings that WU11 is impacted by Mi-1.2
(Goggin et al., 2001). Aphid numbers were also reduced by BTH application

FIG. 1. Effects of BTH Treatment and Mi-1.2 on Aphid Isolate WU11. Near-isogenic tomato
plants with and without Mi-1.2 were sprayed with a 1.2 mM solution of BTH, or with a
control solution. Forty-eight-hr after treatment, one leaflet per plant was inoculated with
15 WU11 aphids each. Total aphid numbers were measured 6 days after inoculation. Error
bars represent the standard deviations. Values with differing letters are significantly different
at the α = 0.05 confidence interval according to Tukey HSD statistics.
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TABLE 1. EFFECTS OF BTH TREATMENT ON APHID ISOLATE WU11
PERFORMANCE ON A RESISTANT (Mi+) TOMATO CULTIVARa

Adults/Plant ± SE Juveniles/Plant ± SE Total/Plant ± SE

Control 5 ± 3 A 18 ± 6 A 23 ± 7 A
BTH 4 ± 2 A 10 ± 7 B 14 ± 8 B

a Within each column, values labeled with different letters are significantly differ-
ent at α = 0.05 according to a paired t-test.

(F = 7.42; df = 1; P = 0.013). BTH treatment dramatically reduced aphid num-
bers on the susceptible cultivar Moneymaker (t = −2.74; df = 1; P = 0.013). On
the resistant cultivar, aphid numbers were lower on BTH-treated plants than on
control plants, but this difference was not significant according to a paired t-test
(t = −1.114; df = 1; P = 0.278). In trial 2 (Table 1), BTH treatment reduced
total WU11 aphid numbers on the resistant cultivar Motelle (F = 5.852; df =
1; P = 0.030). This effect appeared to be due to a reduction in aphid reproduc-
tion on plants treated with BTH. While the number of surviving adults did not
differ between treatments (F = 0.221; df = 1; P = 0.64), the number of juve-
niles on BTH-treated plants was lower compared to controls (F = 7.215; df = 1;
P = 0.018).

WU12 aphid numbers after six days of feeding differed among treatments
(Figure 2) (F = 1.44; df = 3; P < 0.001). There was no significant interaction
between Mi-mediated resistance and BTH application (F = 2.08; df = 1; P =
0.161). Aphid numbers were lower on Motelle vs. Moneymaker plants (F =
2.89; df = 1; P = 0.008), which confirms previous findings that Mi-1.2 is active
against aphid isolate WU12 (Goggin et al., 2004). Aphid numbers were also
lower on plants treated with BTH compared to control plants (F = 4.93; df =
1; P < 0.001). BTH treatment reduced aphid numbers on both Moneymaker and
Motelle (t = −4.588; df = 1; P < 0.001 and t = −2.426; df = 1; P = 0.022,
respectively).

Although both aphid isolates were impacted by Mi-1.2, this resistance gene
appeared to have a stronger effect on WU11 than on WU12. WU11 numbers on
control Motelle plants (untreated with JA) were 74.7% lower than WU11 numbers
on control Moneymaker plants (Figure 1); in contrast, WU12 numbers on Motelle
control plants were only 33% lower than WU12 numbers on Moneymaker control
plants (Figure 2).

Effects of JA and Mi-1.2 on Aphids. WU11 aphid numbers differed among
treatments after 6 days of feeding (Figure 3) (F = 268.92; df = 3; P < 0.001).
There was a significant interaction between plant genotype and foliar application
(F = 7.57; df = 1; P = 0.008), because the effects of JA treatment differed
between genotypes. Therefore, the effects of JA and plant genotype were analyzed
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FIG. 2. Effects of BTH Treatment and Mi-1.2 on Aphid Isolate WU12. Near isogenic tomato
plants with and without Mi-1.2 were sprayed with a 1.2 mM solution of BTH, or with a
control solution. Forty-eight hr after treatment, one leaflet per plant was inoculated with
15 WU12 aphids each. Total aphid numbers were measured 6 days after inoculation. Error
bars represent the standard deviations. Values with differing letters are significantly different
at the α = 0.05 confidence interval according to Tukey HSD statistics.

separately. Comparisons between Moneymaker and Motelle plants sprayed with
the control treatment revealed that Mi-1.2 had a strong negative effect on aphid
numbers (t = 21.88; df = 1; P < 0.001). JA treatment reduced aphid numbers
on the susceptible cultivar Moneymaker (t = 3.41; df = 1; P = 0.001), but did
not influence aphid numbers on the resistant cultivar Motelle (t = 0.419; df = 1;
P = 0.632).

WU12 aphid numbers after 6 days of feeding differed among treatments
(Figure 4) (F = 5.24; df = 3; P > F = 0.049). There was no interaction between
genotype and JA application (F = 2.093; df = 1; P = 0.158). The overall effect
of the plant genotype was not significant at α = 0.05 confidence interval (F =
3.24; df = 1; P = 0.082), although aphid numbers were lower on Motelle vs.
Moneymaker control plants (t = 3.33; df = 1; P = 0.002). Aphid numbers were
reduced on plants sprayed with JA compared to control plants (F = 11.14; df =
1; P = 0.002), although JA did not enhance aphid control on the resistant cultivar
Motelle (t = 1.36; df = 1; P = 0.185).
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FIG. 3. Effects of JA Treatment and Mi-1.2 on Aphid Isolate WU11. Near isogenic tomato
plants with and without Mi-1.2 were sprayed with a 1.5 mM solution of JA, or with a
control solution. Forty-eight hr after treatment, one leaflet per plant was inoculated with
15 WU11 aphids each. Total aphid numbers were measured 6 days after inoculation. Error
bars represent the standard deviations. Values with differing letters are significantly different
at the α = 0.05 confidence interval according to Tukey HSD statistics.

Similar to our bioassays with BTH, our assays with JA indicated that aphid
isolates WU11 and WU12 appear to differ in their response to Mi-mediated resis-
tance. When we compare aphid numbers on untreated Moneymaker vs. untreated
Motelle plants within each assay, we find that WU11 numbers were reduced by
>99% on Motelle (Figure 3), whereas WU12 numbers were reduced by only
24.2%.

Induction of Pin2 Expression. Because we were unable to detect a significant
biological effect of JA application on Motelle plants, we performed RT-PCR
to confirm that foliar application of JA could induce JA-dependent defenses in
this genotype. Expression of the Pin2 gene has been shown to be a reliable
marker of induction of JA-dependent defenses (Graham et al., 1985; Stout et al.,
1998b), and so we compared Pin2 expression in Moneymaker and Motelle plants
treated with JA or control solution. Pin2 transcripts were detected in comparable
abundance in Moneymaker and Motelle plants sprayed with JA, and were absent
in plants treated with control solution (Figure 5). These results indicate that foliar
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FIG. 4. Effects of JA Treatment and Mi-1.2 on Aphid Isolate WU12. Near-isogenic tomato
plants with and without Mi-1.2 were sprayed with a 1.5 mM solution of JA, or with a
control solution. Forty-eight hr after treatment, one leaflet per plant was inoculated with
15 WU12 aphids each. Total aphid numbers were measured 6 days after inoculation. Error
bars represent the standard deviations. Values with differing letters are significantly different
at the α = 0.05 confidence interval according to Tukey HSD statistics.

application of JA induced proteinase inhibitor expression in both genotypes tested.
The housekeeping gene ubiquitin III was uniformly expressed in all samples,
confirming that these samples contained comparable amounts of mRNA (Figure 5).
No amplification products were detected when our RNA samples were used as a
template for PCR (Figure 5). This indicates that our RNA samples were free from
contaminating genomic DNA.

DISCUSSION

This study demonstrates that both SA- and JA-dependent defenses reduce
potato aphid populations on a susceptible (Mi−) tomato cultivar. The results also
indicate that artificial induction of SA-dependent defenses can enhance aphid
control on a resistant (Mi+) cultivar. In contrast, induction of JA-dependent de-
fenses did not appear to enhance or inhibit Mi-mediated aphid resistance.
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FIG. 5. Induction of Pin2 Expression. RT-PCR was used to compare expression of pro-
teinase inhibitor II (Pin2), which is associated with induction of JA-dependent defenses, in
Moneymaker (Mi−) and Motelle (Mi+) plants treated with control solution or 1.5 mM JA.
Expression of the housekeeping gene ubiquitin III (Ubi3) was analyzed to verify that all
samples contained comparable amounts of mRNA. PCR with ubiquitin primers was also
performed on RNA aliquots (RT − samples) to confirm that the RNA samples were not
contaminated with genomic DNA.

These findings add to a growing body of evidence that SA may play a
role in induced resistance to piercing-sucking insects. Although induction of
SA and related compounds is typically associated with plant defenses against
pathogens, recent studies indicate that aphid infestation triggers SA accumula-
tion in barley and wheat, and that psyllids elicit methyl salicylate production in
pear (Havlickova et al., 1998; Mohase and van der Westhuizen, 2002; Chaman
et al., 2003; Scutareanu et al., 2003). Aphid and whitefly feeding on a variety of
plant species also has been shown to induce pathogenesis-related (PR) proteins
associated with SA induction, such as glucanases, chitinases, and peroxidases
(Krishnaveni et al., 1999; Forslund et al., 2000; Mayer et al., 2002; Moran et al.,
2002; de Ilarduya and Delany, 2003; Zhu-Salzman et al., 2004). By comparing
cultivars that vary in their susceptibility to aphids, some of these studies have
demonstrated a positive correlation between levels of aphid resistance and levels
of SA or PR protein induction (Forslund et al., 2000; Chaman et al., 2003; de
Ilarduya et al., 2003). To our knowledge, however, only one prior study has di-
rectly demonstrated that SA-dependent defenses impact aphid fitness. In this case,
a modest reduction in green peach aphid numbers was observed on Arabidopsis
foliage treated with benzothiadiazole (BTH), a functional analog of SA (Moran
and Thompson, 2001). Our study demonstrates that BTH also induces systemic
defenses that dramatically reduce potato aphid population growth on a suscepti-
ble tomato cultivar (Figures 1 and 2; Table 1). Furthermore, BTH treatment can
enhance R-gene mediated aphid resistance in tomato (Table 1; Figure 2). This
enhanced aphid control may be due to an additive effect of BTH-induced de-
fenses and Mi-mediated resistance. Alternatively, the defense response mediated
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by Mi-1.2 may be faster or stronger in plants that have previously been conditioned
by BTH treatment.

Interestingly, the impact of Mi-mediated resistance appeared to differ between
aphid isolates WU11 and WU12. This finding is intriguing because it suggests that
virulence could potentially be a quantitative rather than a qualitative trait. WU11
and WU12 both establish significantly higher numbers on susceptible vs. resistant
plants; therefore, they are both classified as avirulent (Goggin et al., 2001, 2004).
Nonetheless, Mi-1.2 appears to have a greater impact on the population growth
of WU11 than on WU12. This suggests that the outcome of the plant-insect
interaction is influenced by factors other than the simple presence or absence
of a single avirulence factor. The extreme sensitivity of WU11 to Mi-mediated
resistance may also explain why BTH treatment did not always enhance control of
WU11 on resistant plants (Figure 1). Mi-1.2 suppresses WU11 population growth
so effectively that the impact of further control measures such as BTH is often not
statistically significant.

This study also investigated the effects of JA-dependent defenses on the
potato aphid. Most previous studies of JA have focused on its role in induced
resistance against caterpillars and other chewing insects. Artificial induction of
JA, however, is also known to affect aphids (Thaler et al., 1999; Omer et al., 2001;
Ellis et al., 2002; Zhu-Salzman et al., 2004). In tomato, for example, foliar appli-
cation of JA aphid reduces infestations under field conditions (Thaler et al., 1999).
This reduction may have been due to an effect of JA or JA-dependent defenses on
aphid migration, aphid population growth, or rates of predation and parasitism.
In this study, we demonstrate that systemic defenses induced by JA in susceptible
tomato plants have a negative impact on aphid population growth in the absence of
natural enemies or aphid migration (Figures 3 and 4). In contrast, JA treatment did
not dramatically enhance aphid control on a resistant tomato cultivar that carries
Mi-1.2 (Figures 3 and 4). This finding is also supported by the results of a life
table study, in which we found that artificial induction of JA-dependent defenses
reduced the longevity and lifetime fecundity of potato aphids on susceptible, but
not on resistant, tomato plants (Cooper and Goggin, unpublished data).

It is not yet clear why JA treatment does not enhance aphid control on re-
sistant varieties. Exogenous JA induced strong expression of the Pin2 gene in
both the resistant and susceptible cultivar, which suggests that treatment induces
JA-dependent defenses in both genotypes (Figure 5). Potentially, the effects of
Mi-1.2 may prevent these JA-dependent defenses from having a dramatic impact
on aphids. Mi-mediated resistance dramatically reduces aphid feeding (Kaloshian
et al., 1997), whereas JA-dependent defenses appear to have primarily antibiotic
effects on aphids (Cooper and Goggin, unpublished data). By reducing aphid
feeding, Mi-1.2 could thereby reduce aphids’ exposure to toxic or antinutritive
defenses induced by JA. In other words, a difference in the mode of action of these
two forms of resistance could prevent them from having additive effects. While JA
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treatment did not enhance Mi-mediated resistance, it is important to note that it also
did not render plants more susceptible to aphids. This is significant because sig-
naling conflicts can in some cases occur between SA- and JA-dependent defensive
pathways, and SA is thought to play an important role in Mi-mediated resistance.
Potentially, plants that carry Mi-1.2 could be treated with JA to control other pests
such as caterpillars, without compromising Mi-mediated aphid resistance.

Plant activators that elicit SA- or JA-dependent defenses are used in commer-
cial tomato production to control pathogens and other pests, and these activators
represent an environmentally safe alternative to pesticides. The results from this
study suggest that artificial induction of these defensive pathways could also pro-
tect susceptible tomato cultivars against potato aphid infestation. This finding
is of practical significance because the potato aphid is a major pest of tomato
(Walgenbrach, 1997), and many widely used commercial tomato varieties are
susceptible to this pest. In addition, this study demonstrates that induction of SA-
dependent defenses could enhance aphid control on resistant tomato varieties that
carry Mi-1.2. Aphid isolates that can overcome Mi-mediated resistance have been
identified in the US (Goggin et al., 2001), and BTH or other elicitors of SAR could
potentially help control these virulent biotypes. We hope that this work contributes
to the utilization of host plant defenses for pest management, as well as to our
understanding of the interactions between acquired and innate resistance.
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