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Salicylic acid (SA), jasmonic acid (JA), and ethylene (ET)
are each involved in the regulation of basal resistance
against different pathogens. These three signals play important roles in induced resistance as well. SA is a key
regulator of pathogen-induced systemic acquired resistance
(SAR), whereas JA and ET are required for rhizobacteriamediated induced systemic resistance (ISR). Both types of
induced resistance are effective against a broad spectrum
of pathogens. In this study, we compared the spectrum of
effectiveness of SAR and ISR using an oomycete, a fungal,
a bacterial, and a viral pathogen. In noninduced Arabidopsis plants, these pathogens are primarily resisted through
either SA-dependent basal resistance (Peronospora parasitica and Turnip crinkle virus [TCV]), JA/ET-dependent
basal resistance responses (Alternaria brassicicola), or a
combination of SA-, JA-, and ET-dependent defenses (Xanthomonas campestris pv. armoraciae). Activation of ISR resulted in a significant level of protection against A. brassicicola, whereas SAR was ineffective against this pathogen.
Conversely, activation of SAR resulted in a high level of
protection against P. parasitica and TCV, whereas ISR conferred only weak and no protection against P. parasitica
and TCV, respectively. Induction of SAR and ISR was
equally effective against X. campestris pv. armoraciae.
These results indicate that SAR is effective against pathogens that in noninduced plants are resisted through SAdependent defenses, whereas ISR is effective against pathogens that in noninduced plants are resisted through JA/ETdependent defenses. This suggests that SAR and ISR constitute a reinforcement of extant SA- or JA/ET-dependent
basal defense responses, respectively.
Additional keywords: disease resistance, Pseudomonas fluorescens.

Plants require a broad range of defense mechanisms to effectively combat invasions by microorganisms. These mechanisms include preexisting physical and chemical barriers, as
well as inducible defense responses that become activated after
pathogen infection, such as synthesis of phytoalexins, enhanced strengthening of cell walls, and the production of antifungal proteins (Jackson and Taylor 1996). The plant hormones
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salicylic acid (SA), jasmonic acid (JA), and ethylene (ET) play
key roles in the regulation of defense responses, because plant
genotypes that are affected in their response to any of these
signals are more susceptible to infection by certain virulent
pathogens.
Evidence for the role of SA in basal resistance came from
the analysis of transgenic plants expressing the bacterial salicylate hydroxylase (NahG) gene (Gaffney et al. 1993). Salicylate
hydroxylase inactivates SA by converting it to catechol. NahG
tobacco plants were found to be more susceptible to Tobacco
mosaic virus (TMV), the bacterium Pseudomonas syringae pv.
tabaci, and the fungus Cercospora nicotianae (Delaney et al.
1994). Reducing the biosynthesis of, or sensitivity to, either JA
or ET can also render plants more susceptible to pathogens and
even insects. For instance, ET-insensitive tobacco plants transformed with the mutant etr1-1 gene from Arabidopsis lost their
ability to resist the soilborne oomycete Pythium sylvaticum
(Knoester et al. 1998). Similarly, Arabidopsis mutants affected
in JA biosynthesis or signaling are more susceptible to Pythium
mastophorum (Vijayan et al. 1998) and Pythium irregulare
(Staswick et al. 1998), as well as insect herbivory (McConn et
al. 1997).
In Arabidopsis, SA, JA, and ET are involved to different extents in basal resistance against specific pathogens. Basal resistance against the oomycetous pathogen Peronospora parasitica
and to Turnip crinkle virus (TCV) is controlled predominantly
by a SA-dependent pathway. Only SA-nonaccumulating NahG
plants exhibited enhanced disease susceptibility to these pathogens (Delaney et al. 1994; Kachroo et al. 2000), whereas mutants affected in JA or ET signaling did not (Kachroo et al.
2000; Thomma et al. 1998). In contrast, basal resistance
against the fungal pathogens Alternaria brassicicola and Botrytis cinerea was reduced only in JA- and ET-insensitive mutants and not in NahG plants (Thomma et al. 1998, 1999a). Interestingly, basal resistance against the bacterial pathogen
Pseudomonas syringae pv. tomato DC3000 was found to be affected in both NahG plants and in JA- and ET-response mutants (Pieterse et al. 1998), suggesting that basal resistance
against this pathogen is controlled by a combined action of SA,
JA, and ET.
Besides basal resistance responses that act at the site of
pathogen infection, plants are capable of developing a systemic
resistance that is effective against further pathogen infections.
This induced disease resistance is generally manifested as a reduction of disease and a restriction of colonization of the challenging pathogen in comparison to nonstimulated control plants
(Hammerschmidt 1999). The classical way of inducing resistance is by predisposal infection with a necrotizing pathogen,
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which gives rise to an enhanced defensive capacity in distal
plant parts. This type of systemically induced resistance is
generally referred to as systemic acquired resistance (SAR)
(Ryals et al. 1996). The signaling pathway of pathogen-induced
SAR depends on the endogenous accumulation of SA, because
transgenic NahG plants have lost their ability to express SAR
(Gaffney et al. 1993). The expression of SAR, triggered by
either pathogen infection or treatment with SA or its functional
analogues 2,6-dichloroisonicotinic acid (INA) or benzothiodiazole, is tightly associated with the transcriptional activation of
genes encoding pathogenesis-related proteins (PRs) (Van Loon
1997).

Another form of systemic resistance is triggered by selected
strains of nonpathogenic rhizobacteria. To facilitate distinguishing this type of induced resistance from pathogen-induced SAR,
the term rhizobacteria-mediated induced systemic resistance
(ISR) was introduced (Pieterse et al. 1996, 2001; Van Loon et
al. 1998). In Arabidopsis, ISR triggered by the root-colonizing
bacterial strain Pseudomonas fluorescens WCS417r was shown
to be effective against the fungal root pathogen Fusarium oxysporum f. sp. raphani and the bacterial leaf pathogen Pseudomonas syringae pv. tomato DC3000 (Pieterse et al. 1996). The
signaling pathway controlling WCS417r-mediated ISR clearly
differs from the SAR pathway in that it is independent of SA
but requires responsiveness to JA and ET (Pieterse et al. 1996,
1998). Furthermore, the expression of WCS417r-mediated ISR
is not accompanied by transcriptional activation of genes encoding PRs or other known defense-related genes (Pieterse et
al. 1996; Van Wees et al. 1997). Interestingly, simultaneous
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Fig. 1. Quantification of induced systemic resistance (ISR) and systemic
acquired resistance (SAR) against Peronospora parasitica WACO9. ISR
was induced by growing Arabidopsis Col-0 plants in soil containing
Pseudomonas fluorescens WCS417r bacteria. SAR was induced by spraying plants with 0.1 mM 2,6-dichloroisonicotinic acid (INA) 3 days before challenge. Plants were challenge-inoculated when 3 weeks old. At 7,
9, and 11 days after challenge, disease severity was determined. Disease
rating is expressed as the percentages of leaves falling in the following
classes: I, no sporulation; II, <50% of the leaf area covered by sporangiophores; III, >50% of the leaf area covered by sporangiophores; and
IV, leaf area heavily covered with sporangiophores, with additional chlorosis and leaf collapse. Asterisks indicate statistically significant different
distributions of the disease-severity classes compared with the noninduced control treatments (Chi-square, α = 0.05).

Fig. 2. Colonization of leaves of induced systemic resistance (ISR)- and
systemic acquired resistance (SAR)-expressing Arabidopsis Col-0 plants
by Peronospora parasitica WACO9. Leaves of A, water-treated plants;
B, Pseudomonas fluorescens WCS417r-treated plants; and C, 2,6-dichloroisonicotinic acid (INA)-treated plants were stained with lactophenol
trypan-blue at 9 days after challenge inoculation (scale bar = 0.5 mm).
The hyphae of P. parasitica E, on ISR-expressing plants showed significantly less haustoria than did those D, in control-treated plants (scale
bar = 50 µm). Arrows indicate haustoria.
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Fig. 3. Quantification of induced systemic resistance (ISR) and systemic
acquired resistance (SAR) against Alternaria brassicicola MUCL 20297.
ISR was induced by growing mutant pad3-1 plants in soil containing
Pseudomonas fluorescens WCS417r bacteria or by spraying with 100 µM
methyl jasmonate (MeJA) 3 days before challenge. SAR was induced by
pressure infiltrating the first pair of true leaves with a suspension of
Pseudomonas syringae pv. tomato DC3000(avrRpt2) or by spraying with
0.1 mM 2,6-dichloroisonicotinic acid (INA) 3 days before challenge. Plants
(n = 25) were challenge-inoculated with A. brassicicola when 4 weeks
old by applying 3-µl droplets containing 106 spores per ml on the second,
third, and fourth pair of true leaves. A, Distribution of disease severity
classes at 4 days after challenge. Disease severity is expressed as severity
of disease symptoms and lesion size (increasing severity from I to IV; for
details in text). Asterisks indicate statistically significant different distributions of the disease-severity classes compared with the noninduced control
treatment (Chi-square, α = 0.05). B, Lesion development on the second,
third, and fourth pair of true leaves 7 days after challenge with A. brassicicola. C, Average number of newly formed spores per lesion (± standard error of the mean) at 7 days after challenge. Asterisks indicate
statistically significant differences compared with the noninduced control
treatment (Student’s t test, α = 0.05).

activation of both the JA/ET-dependent ISR pathway and the
SA-dependent SAR pathway results in an enhanced level of
protection against Pseudomonas syringae pv. tomato DC3000,
demonstrating that the defense responses activated via both
pathways are compatible and additive (Van Wees et al. 2000).
The differential effectiveness of SA-dependent basal resistance, on the one hand, and JA- and ET-dependent basal resistance, on the other hand, prompted us to compare the spectrum
of effectiveness of ISR and SAR. To this end, we examined the
effectiveness of WCS417r-mediated ISR and SAR against P.
parasitica and TCV (primarily resisted through SA-dependent
basal resistance; Delaney et al. 1994; Kachroo et al. 2000) and
against A. brassicicola (primarily resisted through JA-dependent basal resistance; Thomma et al. 1998). In addition, we analyzed the effectiveness of ISR and SAR against the bacterial
leaf pathogen Xanthomonas campestris pv. armoraciae that,
like Pseudomonas syringae pv. tomato DC3000, was resisted
through a combination of SA-, JA-, and ET-dependent defenses
in noninduced plants.
RESULTS

ble (Thomma et al. 1999b). Mutant pad3-1 plants are unaffected in their ability to express WCS417r-mediated ISR and
SAR against Pseudomonas syringae pv. tomato DC3000 (C.
M. J. Pieterse, unpublished data). Therefore, the effectiveness
of ISR and SAR against A. brassicicola was assessed in this
mutant. In noninduced pad3-1 plants, necrotic lesions appeared
on the second leaf pair within 3 days after inoculation. By 7
days after inoculation, the third and fourth leaf pairs developed
spreading lesions surrounded by chlorosis, and the second leaf
pair displayed extensive tissue damage and concurrent sporulation by the pathogen. Induction of ISR by WCS417r protected
the plants substantially against fungal invasion, as was evident
from reduced lesion expansion (Fig. 3A and B) and a twofold
reduction in fungal sporulation (Fig. 3C). By contrast, pathogen-induced SAR failed to reduce the spread and sporulation
of the pathogen (Fig. 3).
Besides biological induction of ISR and SAR, chemical induction was tested by exogenous application of the chemical
agents methyl jasmonate (MeJA) and INA, which were previously demonstrated to activate the ISR and the SAR pathway,
respectively (Pieterse et al. 1998; Vernooij et al. 1995). Treatment of the leaves with MeJA protected the plants significantly, whereas treatment of the leaves with INA did not (Fig.
3). The level of MeJA-induced protection was similar to that
observed in WCS417r-treated plants. These findings indicate
that, in contrast to SAR, expression of ISR is effective against
infection by A. brassicicola.

Differential effectiveness of ISR and SAR
against P. parasitica.
To compare the effectiveness of SA-dependent SAR and
JA/ET-dependent ISR against the oomycetous leaf pathogen P.
parasitica, the level of protection against race WACO9 was
assessed in SAR- and ISR-expressing Col-0 plants. ISR was
triggered by growing plants in soil containing ISR-inducing
Pseudomonas fluorescens WCS417r bacteria, whereas SAR
was induced by spraying the leaves with INA. On leaves of
control-treated plants, the first sporangiophores started to
appear 6 to 7 days after challenge inoculation. Figure 1 shows
that, by 11 days, 65% of the inoculated leaves showed sporulation. In WCS417r-treated plants, disease development was
suppressed, leading to a statistically significant reduction in the
number of leaves with sporulation at 9 and 11 days after challenge. Furthermore, the number of sporangia produced per
gram of infected tissue was reduced sevenfold on the ISRexpressing leaves compared with the control plants (10.8 × 105
versus 1.5 × 105 sporangia per g fresh weight in control and
ISR-expressing plants, respectively). As shown in Figure 2A
and B, ISR-expressing leaves allowed considerably less colonization by the pathogen than did leaves of noninduced
plants. Furthermore, the hyphae in ISR-expressing leaves developed fewer haustoria compared with the hyphae in leaves of
the control plants (Fig. 2D and E). This difference was apparent in all leaves that allowed pathogen colonization, irrespective of the extent of disease severity.
Consistent with previous findings (Uknes et al. 1992), treatment with INA induced a high level of SAR against P. parasitica, as evidenced by a 98% decrease in the number of leaves
showing sporulation and a 13-fold lower number of sporangia
per gram of infected tissue 11 days after inoculation (10.8 ×
105 versus 0.8 × 105 sporangia per g fresh weight in control
and SAR-expressing plants, respectively). Furthermore, colonization of SAR-expressing leaves by the pathogen was arrested
predominantly at the stage of spore germination (Fig. 2A and
C). These findings indicate that both ISR and SAR are effective against P. parasitica but that INA-induced SAR is significantly more effective than WCS417r-mediated ISR.

ISR and SAR are equally effective
against X. campestris pv. armoraciae.
Little is known about the involvement of SA-, JA-, and ETdependent defense responses in basal resistance against X.
campestris. Rogers and Ausubel (1997) reported that mutant
eds5-1, which is allelic with the SA-deficient mutant sid1-1
(Nawrath and Métraux 1999), displays enhanced susceptibility
to X. campestris pv. raphani. This indicates that in noninduced
plants X. campestris is resisted, at least in part, through SAdependent defenses. To investigate the role of SA, JA, and ET
in the basal resistance response against X. campestris pv.
armoraciae, we determined growth of the pathogen in the
leaves of noninduced Col-0 plants, SA-nonaccumulating NahG
plants, JA-insensitive jar1-1 plants, and ET-insensitive ein2-1
plants. At 3 days after inoculation, NahG, jar1-1, and ein2-1
plants allowed three- to fivefold higher levels of growth of the
pathogen in the leaves than did wild-type plants (data not
shown), indicating that basal resistance against X. campestris
pv. armoraciae is resisted through a combination of SA-, JA-,
and ET-dependent defenses.
To investigate the effectiveness of induced resistance against
X. campestris pv. armoraciae, accession Col-0 was tested for
WCS417r-mediated ISR and pathogen-induced SAR against
this pathogen. Treatment of the roots with WCS417r bacteria
resulted in a statistically significant reduction of disease symptoms (Fig. 4A) and growth of the pathogen (Fig. 4B), demonstrating that WCS417r-mediated ISR effectively inhibits X.
campestris pv. armoraciae infection. Similarly, pathogeninduced SAR resulted in a statistically significant suppression
of disease symptoms (Fig. 4A) and pathogen growth (Fig. 4B)
to the same level as found in the ISR-expressing plants. Thus,
ISR and SAR are equally effective in protecting Arabidopsis
against disease caused by X. campestris pv. armoraciae.

Differential effectiveness of ISR and SAR
against A. brassicicola.
Wild-type Arabidopsis Col-0 plants are resistant against the
necrotrophic fungus A. brassicicola (Thomma et al. 1999b).
However, the phytoalexin-deficient mutant pad3-1 is suscepti-

ISR is ineffective against TCV.
TCV is virulent on most Arabidopsis accessions, including
Col-0 (Simon et al. 1992), but avirulent on accession Dijon
(Di-0 and Di-17), which develops a hypersensitive response
and does not allow systemic spreading of the pathogen
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(Dempsey et al. 1997; Simon et al. 1992). To compare the effectiveness of SAR and ISR against this pathogen, the level of
induced protection was examined in the compatible interaction
with Col-0 and the incompatible interaction with Di-0. In Col0 plants, disease incidence was determined by scoring the
number of noninoculated leaves with symptoms, i.e., crinkled
deformation and appearance of chlorotic spots around the vascular bundles. In addition, multiplication of TCV was assessed
by gel blot analysis of RNA from systemically infected plants.
In Col-0, INA treatment resulted in a 40% suppression of
symptoms (Fig. 5A) and a substantial reduction of TCV RNA
accumulation (Fig. 6A). In hypersensitively reacting Di-0
plants, the level of protection was assessed by determining the
reduction in lesion size and the level of TCV RNA in locally
infected leaves. Consistent with previous findings (Uknes et al.
1993), induction of SAR by INA resulted in a threefold reduction in lesion size (Fig. 5B) and a strong suppression of TCV
RNA accumulation in Di-0 plants (Fig. 6A). These findings indicate that SAR effectively inhibits viral multiplication.
In contrast to INA-induced SAR, treatment of the roots with
ISR-inducing WCS417r bacteria failed to suppress disease development (Fig. 5A and B) and viral RNA accumulation (Fig.
6A) in both Col-0 and Di-0 plants. Previously, we demonstrated
that both the ET precursor 1-aminocyclopropane-1-carboxylate
(ACC) and MeJA activate the ISR pathway (Pieterse et al.
1998). Therefore, we also tested the effect of exogenous application of these chemical agents on their ability to induce resistance against TCV. Neither ACC treatment nor MeJA treatment
of either Col-0 or Di-0 plants resulted in a reduction of disease
symptoms (Fig. 5C and D) or viral RNA accumulation (Fig.
6B). Thus, in contrast to SA-dependent SAR, JA/ET-dependent
ISR is not effective against this virus.

Fig. 4. Quantification of induced systemic resistance (ISR) and systemic acquired resistance (SAR) against Xanthomonas campestris pv.
armoraciae. ISR was induced by growing Arabidopsis Col-0 plants in
soil containing Pseudomonas fluorescens WCS417r bacteria. SAR was
induced by pressure-infiltrating a suspension of avirulent Pseudomonas
syringae pv. tomato DC3000(avrRpt2) into the first two leaves 3 days
prior to challenge inoculation of the upper leaves. Five-week-old plants
were challenge-inoculated by dipping the leaves in a bacterial suspension
at 108 CFU/ml. A, Disease symptoms were scored at 3 days after
challenge and quantified as the proportion of leaves with symptoms.
Different letters indicate statistically significant differences between
treatments (Fisher’s least significant difference test; α = 0.05, n = 20 to
25). B, Bacterial growth in the leaves was determined over a 3-day time
interval. Values presented are means (± standard deviation) of the log of
the growth values. Different letters indicate statistically significant
differences between treatments (Fisher’s least significant difference test;
α = 0.05, n = 5).
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DISCUSSION
WCS417r-mediated ISR and pathogen-induced SAR are two
inducible defense responses that are controlled by distinct signaling pathways (Pieterse et al. 1998). In this study, we tested
both types of induced resistance in Arabidopsis for their effectiveness against an oomycete, a fungus, a bacterium, and a virus. ISR and SAR were equally effective against X. campestris
pv. armoraciae (Fig. 4). However, the effectiveness of ISR and
SAR against P. parasitica, A. brassicicola, and TCV diverged.
Induction of SAR resulted in a high level of protection against
P. parasitica and TCV (Figs. 1, 2, 5, and 6), whereas
WCS417r-mediated ISR yielded only moderate protection
against P. parasitica (Figs. 1 and 2) and no protection against
TCV (Figs. 5 and 6). Conversely, ISR was effective against A.
brassicicola, whereas SAR was not (Fig. 3).
By using Arabidopsis genotypes affected in their response to
either SA, JA, or ET, it was previously demonstrated that basal
resistance against P. parasitica and TCV is predominantly conferred by SA-dependent defense responses (Delaney et al.
1994; Kachroo et al. 2000), whereas basal resistance against A.
brassicicola is mainly controlled by JA, and to a lesser extent
by ET (Thomma et al. 1998, 1999a). Like Pseudomonas syringae pv. tomato DC3000 (Pieterse et al. 1998), X. campestris
pv. armoraciae proliferates faster in NahG, jar1-1, and ein2-1
plants than in wild-type Col-0 plants (data not shown), indicating
that basal resistance against both bacterial pathogens is controlled by a combination of SA-, JA-, and ET-dependent pathways. When relating the effectiveness of ISR and SAR against
these pathogens to the defense pathways that contribute to
basal resistance (Fig. 7), it is clear that SAR is effective
against pathogens that are resisted through SA-dependent basal
defenses, whereas WCS417r-mediated ISR is effective predominantly against pathogens that are resisted through JA/ETdependent defense responses. In view of the earlier notion that
induced disease resistance is an enhancement of genetically determined extant resistance (Van Loon 1997), we hypothesize
that SAR constitutes an enhancement of SA-dependent basal
resistance, whereas WCS417r-mediated ISR involves an enhancement of JA- and ET-dependent basal resistance.
If SAR is an enhancement of SA-dependent basal resistance,
one may expect that SA-dependent responses are activated
more strongly or more rapidly upon challenge of SAR-expressing plant parts. Similarly, JA- and ET-dependent responses
should be boosted upon challenge of plants expressing WCS417rmediated ISR. Indeed, SAR-expressing leaves of Arabidopsis
show a potentiated expression of the SA-inducible genes PR-1,
PR-2, and PR-5 after challenge inoculation with Pseudomonas
syringae pv. tomato DC3000, whereas this potentiation was
absent for the JA-inducible genes PDF1.2 and AtVSP (Van Wees
et al. 1999). Conversely, challenge-inoculated, ISR-expressing
Arabidopsis leaves showed potentiated expression of AtVSP,
while no potentiation was detected for the SA-inducible PR
genes (Van Wees et al. 1997).
Consistent with earlier findings (Uknes et al. 1993), we
showed that expression of INA-induced SAR limits TCV RNA
accumulation and disease symptom development. However, no
such effects were evident upon treatment with WCS417r, demonstrating that WCS417r-mediated ISR is not effective against
TCV. Over the past years, there have been several reports
showing that rhizobacteria-mediated ISR effectively inhibits
infection by viral pathogens. In tobacco, Pseudomonas fluorescens CHA0 induced resistance against Tobacco necrosis virus
(TNV) (Maurhofer et al. 1994), while Pseudomonas aeruginosa 7NSK2 triggered resistance against TMV (De Meyer et
al. 1999). However, in both cases, the mechanisms of induced
resistance appeared to depend on SA. The resistance induced

by strain CHA0 coincided with systemic accumulation of SA
and PRs in the plant (Maurhofer et al. 1994), and two SA-deficient mutants of strain 7NSK2 were no longer capable of inducing resistance against TMV (De Meyer et al. 1999). Furthermore, Maurhofer and colleagues (1998) demonstrated that
introduction of the SA biosynthetic gene cluster of strain
CHA0 into the SA-nonproducing Pseudomonas fluorescens
strain P3 significantly improved its ability to induce systemic
resistance against TNV. These observations indicate that both
these cases of rhizobacteria-mediated ISR against viral
pathogens are phenotypically and mechanistically similar to
pathogen-induced SAR, with SA implicated as the inducing
determinant.
Recently, it was suggested that SA-dependent resistance
against viruses is achieved through a signaling pathway that
partially differs from SA-dependent resistance acting against
pathogenic fungi and bacteria (Murphy et al. 1999). This difference may be related to the intimate intracellular relationship
between viruses and their hosts, as opposed to the extracellularly attacking fungi and bacteria. In our experiments, TCV
was the only pathogen tested that was entirely insensitive to
WCS417r-mediated ISR. This suggests that TCV is either
completely insensitive to the mechanisms of WCS417r-medi-

Fig. 5. Quantification of induced systemic resistance (ISR) and systemic
acquired resistance (SAR) against Turnip crinkle virus (TCV) in Arabidopsis Col-0 and Di-0 plants. ISR was induced by growing plants in soil
containing Pseudomonas fluorescens WCS417r bacteria. SAR was induced by spraying the plants with 0.1 mM 2,6-dichloroisonicotinic acid
(INA) 3 days before challenge inoculation. Treatments with methyl jasmonate (MeJA) and 1-aminocyclopropane-1-carboxylate (ACC) were
performed 3 days before challenge inoculation by dipping the leaves in a
solution containing either 0.1 mM MeJA or 1 mM ACC. Four-week-old
plants were challenge-inoculated by rubbing 3-µl droplets of TCV RNA
(0.1 µg/µl) in bentonite buffer onto three lower leaves. For Di-0, average
lesion diameters of challenged leaves (n = 45) were measured 4 days
later. For Col-0, the percentage of noninoculated leaves with symptoms
was determined per plant (n = 20) 11 days later. Noninoculated leaves
showing crinkled deformation of the leaves and chlorotic spots around
the vascular bundles were scored as diseased. For each accession, different letters indicate statistically significant differences between treatments
(Fisher’s least significant difference test, α = 0.05). A, ISR and SAR in
susceptible Col-0 plants. B, ISR and SAR in hypersensitive response
(HR)-developing Di-0 plants. C, ACC- and MeJA-induced protection in
susceptible Col-0 plants. D, ACC- and MeJA-induced protection in HRdeveloping Di-0 plants.

ated ISR or that the virus is located at sites where these mechanisms are not active.
Our results clearly demonstrate that SA-dependent and
JA/ET-dependent induced resistance have different specificities.
SA-dependent SAR is effective against pathogens that in noninduced plants are resisted through SA-dependent defenses,
whereas ISR is effective against pathogens that in noninduced
plants are resisted through JA/ET-dependent defenses. This indicates that induced resistance constitutes a reinforcement of
extant SA- or JA/ET-dependent basal defenses. This is novel
because the general notion is that induced resistance functions
superimposed on, and independently of, other types of resistance, i.e., constitutive basal resistance and R gene-mediated
resistance. The observation that some pathogens are sensitive to
components of both the SAR and ISR pathways offers potential for improved disease control, as was already demonstrated
by the additive effect of SAR and rhizobacteria-mediated ISR
on the level of induced protection against Pseudomonas syringae pv. tomato DC3000 (Van Wees et al. 2000).
MATERIALS AND METHODS
Cultivation of plants, rhizobacteria, and pathogens.
Arabidopsis thaliana accessions Columbia (Col-0) and
Dijon (Di-0), transgenic NahG plants harboring the bacterial
NahG gene (Delaney et al. 1994), the phytoalexin-deficient
Col-0 mutant pad3-1 (Glazebrook and Ausubel 1994), the JAinsensitive Col-0 mutant jar1-1 (Staswick et al. 1992), and the
ET-insensitive Col-0 mutant ein2-1 (Guzman and Ecker 1990)
were sown in quartz sand. Two-week-old seedlings were transferred to 60-ml pots containing a sand/potting soil mixture that
had been autoclaved twice for 20 min. Plants were further cultivated, as described by Ton and colleagues (1999).
For treatment of the roots with ISR-inducing rhizobacteria,
Pseudomonas fluorescens WCS417r (Pieterse et al. 1996) was
grown on King’s medium B agar plates (King et al. 1954) for
24 h at 28°C. Bacterial cells were collected and resuspended in
10 mM MgSO4 to a final density of 109 CFU/ml. For induction
of SAR, Pseudomonas syringae pv. tomato DC3000 carrying
the avirulence gene avrRpt2 (Kunkel et al. 1993) was cultured
overnight at 28°C in liquid King’s medium B supplemented

Fig. 6. Accumulation of Turnip crinkle virus (TCV) RNA in Arabidopsis
Col-0 and Di-0 plants after treatment with Pseudomonas fluorescens
WCS417r, 2,6-dichloroisonicotinic acid (INA), methyl jasmonate (MeJA),
or 1-aminocyclopropane-1-carboxylate (ACC). ISR was induced by growing plants in soil containing Pseudomonas fluorescens WCS417r bacteria. SAR was induced by spraying the plants with 0.1 mM INA 3 days
before challenge inoculation. Treatments with MeJA and ACC were performed 3 days before challenge inoculation by dipping the leaves in a
solution containing either 0.1 mM MeJA or 1 mM ACC. Four-week-old
plants were challenge-inoculated by rubbing 3-µl droplets of TCV RNA
(0.1 µg/µl) in bentonite buffer onto three lower leaves. For Di-0, the inoculated leaves were harvested at 4 days after challenge. For Col-0, the
noninoculated, systemically infected leaves were harvested 11 days after
challenge. Blots were hybridized with TCV-specific probes derived from
a TCV cDNA clone.
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with 25 mg of kanamycin per liter. Bacterial cells were collected by centrifugation and resuspended in 10 mM MgSO4 to
a final density of 107 CFU/ml.
P. parasitica WACO9 sporangia were obtained by washing
sporulating Col-0 leaves in 10 mM MgSO4, collected by centrifugation, and resuspended in 10 mM MgSO4 to a final density of 5 × 104 sporangia per ml. A. brassicicola MUCL 20297
was grown on potato dextrose agar plates for 2 weeks at 22°C.
Conidia were harvested, as described by Broekaert and colleagues (1990). Rifampicin-resistant X. campestris pv. armoraciae (Sahin and Miller 1996) was cultured overnight at 28°C in
liquid 0.8% nutrient broth medium (Difco, Detroit), collected
by centrifugation, and resuspended in 10 mM MgSO4 to a final
density of 108 CFU/ml. TCV inoculum was produced by in vitro transcription from plasmid pT7TCV66 (Oh et al. 1995) and
adjusted to a concentration of 0.1 µg of RNA per µl.
Induction treatments.
ISR was induced by transplanting 2-week-old Arabidopsis
seedlings to soil supplemented with a suspension of WCS417r
bacteria to a final density of 5 × 107 CFU/g as described by
Pieterse and colleagues (1996). Induction of SAR was performed 3 days before challenge inoculation, either by pressureinfiltrating the first pair of true leaves with Pseudomonas syringae pv. tomato DC3000(avrRpt2) at 107 CFU/ml or by
spraying the plants with 0.1 mM INA (Syngenta, Basel, Switzerland), formulated as 25% active ingredient with 57 mg of
wettable powder per liter. Treatments with the ET precursor
ACC and MeJA were performed at 3 days before challenge
inoculation by dipping the leaves in a solution of 0.015%
(vol/vol) Silwet L77 (Van Meeuwen Chemicals B.V., Weesp,
The Netherlands), containing either 0.1 mM MeJA or 1 mM
ACC. MeJA treatment prior to challenge with A. brassicicola
was performed by spraying the leaves with 0.1 mM MeJA
formulated with 57 mg of wettable powder per liter. Controltreated plants were either dipped in a solution containing
0.015% (vol/vol) Silwet L77 or sprayed with 57 mg of wettable powder per liter.
P. parasitica bioassays.
Three-week-old Col-0 plants were challenge-inoculated with
P. parasitica by applying 3-µl drops of 10 mM MgSO4 containing 5 × 104 sporangia per ml on the first four true leaves. Inoculated plants were maintained at 17°C and 100% relative
humidity. Disease symptoms were scored for about 200 leaves

Fig. 7. Relationship between induced resistance and basal resistance
against different Arabidopsis pathogens. Systemic acquired resistance
(SAR) (red plus signs) is effective against pathogens that in noninduced
plants are resisted through salicylic acid (SA)-dependent basal defense
responses (pink squares), whereas Pseudomonas fluorescens WCS417rmediated induced systemic resistance (ISR) (blue plus signs) is mainly
effective against pathogens that in noninduced plants are resisted through
jasmonic acid (JA)/ethylene (ET)-dependent basal defense responses
(green squares). From this, we postulate that SAR constitutes an enhancement of extant SA-dependent basal defenses, whereas ISR involves
the enhancement of extant JA/ET-dependent basal defenses.
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per treatment at 7, 9, and 11 days after challenge. Disease rating was expressed as intensity of disease symptoms and pathogen sporulation on each leaf: I, no sporulation; II, <50% of the
leaf area covered by sporangiophores; III, >50% of the leaf
area covered by sporangiophores; and IV, leaf area heavily
covered with sporangiophores, with additional chlorosis and leaf
collapse. Leaves were washed in 10 mM MgSO4, and sporangia were collected by centrifugation at 1.500 × g for 2 min and
resuspended in 10 mM MgSO4. The number of sporangia was
determined microscopically, using a hemacytometer. For
determining leaf colonization, infected leaves were stained with
lactophenol trypan-blue and examined microscopically at 9
days after inoculation, as described by Koch and Slusarenko
(1990).
A. brassicicola bioassays.
Four-week-old pad3-1 plants (n = 25) were challenge-inoculated by applying 3-µl drops of 10 mM MgSO4 containing 106
spores per ml on the second, third, and fourth pair of true
leaves of each plant. Inoculated plants were kept at 100% relative humidity. Disease severity was determined by measuring
the diameters of the lesions 3 and 4 days after challenge. Disease rating was expressed as intensity of disease symptoms and
lesion size: I, no visible disease symptoms; II, nonspreading lesion with a diameter <1.5 mm; III, spreading lesion with a
diameter ranging between 1.5 and 7 mm, surrounded by a
chlorotic halo; and IV, spreading lesion with a diameter >7 mm
with extensive tissue maceration and sporulation by the pathogen. Isolation and determination of the number of newly
formed spores were performed essentially as described by
Thomma and colleagues (1999b). Batches of 15 leaves from
five plants were placed in 9 ml of 0.1% (vol/vol) Tween 20 in a
test tube. After vigorous shaking, the leaves were removed
from the suspension. The spore suspension was centrifuged at
3.200 × g for 15 min, and spores were resuspended in 100 µl of
0.1% (vol/vol) Tween 20 and counted in a hemacytometer.
X. campestris bioassays.
Five-week-old plants were inoculated by dipping the leaves
in a suspension of X. campestris pv. armoraciae containing 108
CFU/ml in 10 mM MgSO4 and 0.015% (vol/vol) Silwet L-77.
Three days after challenge inoculation, the percentage of
leaves with symptoms was determined per plant (n = 20 to 25).
Leaves showing necrotic or water-soaked lesions surrounded
by chlorosis were scored as diseased. Growth of X. campestris
pv. armoraciae in the leaves of wild-type Col-0, transgenic
NahG, and mutant jar1-1 and ein2-1 plants was determined by
collecting replicate samples from five plants per treatment or
genotype. Immediately after challenge inoculation and 3 days
later, leaf samples were collected, weighed, rinsed in water,
and homogenized in 10 mM MgSO4. Serial dilutions were
plated on selective King’s medium B agar and supplemented
with 100 mg of cycloheximide per liter and 50 mg of rifampicin per liter. After incubation at 28°C for 2 days, the number
of rifampicin-resistant CFU per gram of infected leaf tissue
was determined, and bacterial growth over a 3-day time interval was calculated.
TCV bioassays.
Four-week-old Arabidopsis Col-0 and Di-0 plants were
challenge-inoculated by applying 3-µl droplets of TCV RNA
(0.1 µg/µl) in bentonite buffer (0.05 M glycine, 0.03 M K2HPO4,
0.02 g of bentonite per ml) on three lower leaves. Droplets
were rubbed across the leaf surface with a glass rod, and the
inoculated leaves were marked. For Di-0, lesion diameters on
the inoculated leaves (n = 45) were determined under a dissection microscope 4 days after challenge. Subsequently, chal-

lenged leaves were collected for gel blot analysis of viral RNA
accumulation. For Col-0, the percentage of noninoculated
leaves with symptoms was determined per plant (n = 20 to 25)
11 days after challenge. Unchallenged leaves showing crinkled
deformation of the leaves and chlorotic spots around the vascular bundles were scored as diseased. Subsequently, aboveground parts of five plants per treatment were collected for gel
blot analysis of viral RNA accumulation.
RNA gel blot analysis.
Extraction of total RNA and preparation of RNA gel blots
were performed as described (Van Wees et al. 1999). RNA gel
blots were hybridized with a TCV-specific probe. To check for
equal loading, the blots were stripped and hybridized with a
probe for the constitutively expressed β-tubulin (TUB) gene.
Probes for the detection of TCV RNA were derived from the
cDNA clone on plasmid pT7TCV66 (Oh et al. 1995). Probes
for detection of TUB transcripts were prepared by polymerase
chain reaction with primers based on the sequence of Arabidopsis obtained from GenBank accession no. M21415.
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