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ABSTRACT
Nonpathogenic rhizobacteria can induce a systemic resistance in plants that is
phenotypically similar to pathogen-induced systemic acquired resistance (SAR).
Rhizobacteria-mediated induced systemic resistance (ISR) has been demonstrated
against fungi, bacteria, and virusesAmabidopsis bean, carnation, cucumber,
radish, tobacco, and tomato under conditions in which the inducing bacteria and
the challenging pathogen remained spatially separated. Bacterial strains differ
in their ability to induce resistance in different plant species, and plants show
variation in the expression of ISR upon induction by specific bacterial strains.
Bacterial determinants of ISR include lipopolysaccharides, siderophores, and
salicylic acid (SA). Whereas some of the rhizobacteria induce resistance through
the SA-dependent SAR pathway, others do not and require jasmonic acid and
ethylene perception by the plant for ISR to develop. No consistent host plant
alterations are associated with the induced state, but upon challenge inoculation,
resistance responses are accelerated and enhanced. ISR is effective under field
conditions and offers a natural mechanism for biological control of plant disease.

INDUCTION OF RESISTANCE IN PLANTS

Systemic Acquired Resistance

All plants possess active defense mechanisms against pathogen attack. These
mechanisms fail when the plant is infected by a virulent pathogen because the
pathogen avoids triggering or suppresses resistance reactions, or evades the ef-
fects of activated defenses. If defense mechanisms are triggered by a stimulus
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prior to infection by a plant pathogen, disease can be reduced. Induced re-
sistance is a state of enhanced defensive capacity developed by a plant when
appropriately stimulated (47, 48). Induced resistance is not the creation of re-
sistance where there is none, but the activation of latent resistance mechanisms
that are expressed upon subsequent, so-called “challenge” inoculation with a
pathogen (96). Induced resistance occurs naturally as a result of limited in-
fection by a pathogen, particularly when the plant develops a hypersensitive
reaction. Although tissue necrosis contributes to the level of induced resis-
tance attained, activation of defense mechanisms that limit a primary infection
appears sufficient to elicit induced resistance (33). Induced resistance can be
triggered by certain chemicals, nonpathogens, avirulent forms of pathogens,
incompatible races of pathogens, or by virulent pathogens under circumstances
where infection is stalled owing to environmental conditions. Generally, in-
duced resistance is systemic, because the defensive capacity is increased not
only in the primary infected plant parts, but also in non-infected, spatially sep-
arated tissues. Because of this systemic character, induced resistance is com-
monly referred to as systemic acquired resistance (SAR) (80, 82, 89). However,
induced resistance is not always expressed systemically: Localized acquired
resistance (LAR) occurs when only those tissues exposed to the primary in-
vader become more resistant (79). SAR and LAR are similar in that they are
effective against various types of pathogens. A signal that propagates the en-
hanced defensive capacity throughout the plant in SAR appears to be lacking
in LAR.

SAR is characterized by an accumulation of salicylic acid (SA) and patho-
genesis-related proteins (PRs) (38, 82, 89, 95, 102). Accumulation of SA occurs
both locally and, at lower levels, systemically, concomitant with the develop-
ment of SAR. Exogenous application of SA also induces SAR in several plant
species (29, 82,97). Both pathogen- and SA-induced resistance are associ-
ated with the induction of several families of PRs. Induction of PRs is invari-
ably linked to necrotizing infections giving rise to SAR, and has been taken
as a marker of the induced state (38, 95,102). Some of these PIgslaBe
glucanases and chitinases and capable of hydrolyzing fungal cell walls. Other
PRs have more poorly characterized antimicrobial activities or unknown func-
tions. The association of PRs with SAR suggests an important contribution of
these proteins to the increased defensive capacity of induced tissues. Plants
transformed with thenahG gene do not accumulate SA or PRs and do not
develop SAR in response to necrotizing pathogens (22, 29)n@h&gene en-
codes salicylate hydroxylase, which converts SA into catechol, a product that
does not induce resistance. Experiments wihGtransformed plants indi-
cate that SA is an essential signaling molecule in SAR induced by necrotizing
pathogens.
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Although SA may be transported from the primarily infected leaves, it does
not appear to be the primary long-distance signal for systemic induction (96). So
far, the nature of the signal has not been established (101), butthe level of SAR is
modulated by ethylene and jasmonic acid (JA) (45,52, 89,97, 103, 108). These
results suggest that induction and expression of SAR are regulated through an
interplay of several signaling compounds.

Plant-Mediated Disease Suppression by Rhizobacteria

Rhizosphere bacteria are present in large numbers on the root surface, where
nutrients are provided by plant exudates and lysates (66,81). Certain strains
of rhizosphere bacteria are referred to as plant growth—promoting rhizobacte-
ria (PGPR), because their application can stimulate growth and improve plant
stand under stressful conditions (40, 65). Increased plant productivity results
in large part from the suppression of deleterious micro-organisms and soil-
borne pathogens by PGPR (84). Fluores&s#udomonaspp. are among the

most effective rhizosphere bacteria in reducing soil-borne diseases in disease-
suppressive soils (107), where disease incidence is low, despite the presence
of pathogens and environmental conditions conducive to disease occurrence.
These bacteria can antagonize soilborne pathogens through various mecha-
nisms (5,83). For example, bacterial siderophores inhibit plant pathogens
through competition for iron, antibiotics suppress competing microorganisms,
and chitinases and glucanases lyse microbial cells.

Studies on suppression of Fusarium wilt of carnation and radish, caused by
Fusarium oxysporurhsp. dianthi (Fod) andr. oxysporuni.sp. raphani(For),
respectively, established competition for iron as the mechanism of disease re-
duction byP. putidastrain WCS358 (4, 25, 58,59, 76). Under iron-limiting
conditions in the rhizosphere, WCS358 secretes a pyoverdin-type siderophore
(pseudobactin 358) that chelates the scarcely available ferric ion as a ferric-
siderophore complex that can be transported specifically into the bacterial cell.
Siderophores released by Fod or For under these circumstances are less effi-
cient iron-chelators than pseudobactin 358, so iron available to the pathogens
can become limiting in the presence of WCS358. Due to iron deficiency, fun-
gal spore germination is inhibited and hyphal growth restrained, effectively
lowering the chance that the plants become infected, and reducing disease in-
cidence and severity. The plant, in contrast, does not appear to suffer from
iron shortage (26). A bacterial mutant generated’ h$gtransposon mutagen-
esis and unable to produce pseudobactin 358 (WCS358§ 8id not reduce
disease incidence (25). A different bacterial strédeeudomonas fluorescens
WCS417, was about twice as effective as WCS358 in suppressing fusarium
wilt in carnation. However, a Sidmutant of this strain was as effective as
the wild type in suppressing the disease (28). Clearly, a mechanism other than
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competition for iron was responsible for protecting carnation against fusarium
wiltby WCS417. When WCS417 and Fod were applied to different parts of car-
nation plants by treating the roots with the bacterium and introducing the fungus
one week later in the stem by slashing, a similar disease reduction was obtained
(98). The bacterial strain and fungal pathogen remained spatially separated,
indicating that WCS417 protected carnation against Fod by a plant-mediated
mechanism. Heat-killed WCS417 proved as effective in suppressing disease as
were live bacteria (99), confirming that the protective effect is plant-mediated.
Similar results were obtained when radish root tips were treatedRviilno-
rescensstrains WCS417 or WCS374 and For was inoculated on the root base
(55). These observations established that selected strains of nonpathogenic rhi-
zobacteria can suppress disease by inducing resistance in plants. This induced
resistance has been termed “induced systemic resistance” (ISR) (42, 73).

RHIZOBACTERIA-MEDIATED INDUCED
SYSTEMIC RESISTANCE

Induced Systemic Resistance as the Mechanism
of Disease Suppression

SAR has been documented in multiple plant species (33), whereas studies of
ISR by rhizosphere bacteria have concentrated so far on a few species. Notably,
no ISR has yet been reported in monocotyledons. The available data on plant
species in which rhizobacteria-mediated ISR has been reported are summarized
in Table 1.

Common procedures to accomplish induced resistance are pouring a suspen-
sion of the bacteria on, or mixing it with, autoclaved soil; dipping the roots of
seedlings in a bacterial suspension at transplanting; or coating seeds with high
numbers of bacteria before sowing (39). Subsequently, seedlings are challenged
with a pathogen. Because rhizobacteria are present on the roots, systemic pro-
tection against root pathogens must be demonstrated by applying the inducing
bacteria to one part of the root system and the challenging pathogen to another
part, for instance by making use of split-root systems. Testing for protection
against foliar pathogens is easier, because the pathogens are naturally separated
from the rhizobacteria. However, rhizobacteria applied to seeds, or to soil into
which seeds are sown or seedlings are transplanted, can move into the interior
of aerial plant tissues and maintain themselves to some extent on the exterior
of aerial surfaces (44, 50).

Because many rhizobacteria triggering ISR can also inhibit growth of a
pathogen directly, their capacity to suppress disease may involve more than
one mechanism. Thus, in order to prove that resistance is induced and that
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it is truly systemic, it must be shown that inducing rhizobacteria are absent
from the site of challenge with the pathogen and that the inducing bacterium
and the challenging pathogen remain spatially separated for the duration of
the experiment. Many studies in which induced resistance is considered as the
mechanism responsible for disease reduction have not specifically addressed
this point, leaving the involvement of other mechanisms open to question. For
example, treatment of bean seeds VRtliluorescen$97 reduced the number

of lesions due to halo blight to 17% of that in nontreated controls (1). Protection
was eliminated when the bacterial suspension was autoclaved, indicating a need
for live bacteria for protection to be achieved. Whether the disease suppres-
sion resulted from antagonism or from ISR is not clear, because absence of the
antagonistic bacteria from the aerial parts of the plants was not checked. Yet,
even though conclusive evidence may be lacking, induced resistance can be
an important consequence of tissue colonization with specific nonpathogenic
bacteria or fungi (37).

In analyses oP. aeruginos&g NSK2-induced resistance in bean against gray
mold (19), P. fluorescen®WCS417-mediated protection of carnation against
Fusarium wilt (98) and resistance in cucumber against anthracnose induced by
any of six PGPR (104) stems, petioles, cotyledons and/or leaf extracts were
free from, or contained at most a negligible quantity of, inducing bacteria,
implying involvement of ISR. When spontaneous rifampicin-resistant mutants
were used for treating seeds, some strains were recovered from inside surface-
disinfested roots. However, none of the inducing strains was found in leaves
used for challenge. Upon injection of cucumber cotyled@nsutida89B-27
andSerratia marcescer0-166 multiplied in the tissue but were not recovered
from stems 1 or 2 cm above or below the cotyledons (62). Thus, while some
bacteria that induce systemic resistance colonize internal tissues, they do not
appear to establish themselves on challenged leaves, suggesting that neither
competition nor antibiosis is involved in disease suppression (104, 105).

In studies on protection of cucumber against diseases caused by soilborne
fungi (61, 113) split-root assays were used in which the inducing bacteria and
the pathogen were simultaneously inoculated on separate halves of seedling
roots, and then planted in separate pots. ISR was expressed as delayed symptom
development, reduced disease severity, and reduced disease incidence compared
to nonbacterized controls. Movement of inducing bacteria was monitored by
using a bioluminescent transformant, that was detected with a charge-coupled
device camera. The bacteria showed only limited movement within inoculated
pots and did not migrate to the pots in which the pathogen was inoculated,
demonstrating that the PGPR and pathogen remained spatially separated (61).

ISR in radish against Fusarium wilt was demonstrated in a bioassay in-
volving rock wool wetted with nutrient solution (55). Seedlings were placed
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horizontally on rock wool cubes with the distal part of the roots on cubes
contained in a plastic bag, adjacent to another bag with cubes supporting the
proximal part of the root system. The roots were laid down through an incision
in the bags. The distal part of the roots was then treated with a bacterial sus-
pension in talcum emulsion. Two to three days later, the proximal part of the
root system was inoculated with the fungal pathogen. Bacterial colonization of
the root remained confined to the distal portion of the root and no fungus was
recoverable from this part, demonstrating that the bacteria remained spatially
separated from the pathogen for the duration of the experiments.

Criteria for Induction of Systemic Resistance

Inthose investigations where rhizobacteria-mediated ISR and pathogen-induced
SAR were compared directly (35, 62, 67, 73, 100), the level of disease suppres-
sion was similar. It can be concluded, therefore, that rhizobacteria-mediated
ISR is a generally occurring phenomenon resembling pathogen-induced SAR.
Although SAR induction is not dependent on the development of a hypersensi-
tive reaction (96), itis maximally expressed when the inducing pathogen causes
necrosis (14). In contrast, inducing rhizobacteria typically do not cause any
visible symptoms on the host, and commonly enhance plant growth (40, 65).
Steiner & Sclonbeck (88) formulated criteria for the verification of SAR, to
distinguish induced resistance from other mechanisms that can reduce disease
incidence or severity. These criteria are useful in comparing the characteristics
of rhizobacteria-mediated ISR to SAR.

1. Absence of toxic effects of the inducing agent on the challenging pathogen
This criterion rules out any direct antagonistic effects of the inducer’'s metabo-
lites on the pathogen and pertains specifically to bacterially produced antibi-
otics. Itis difficult to establish unequivocally ISR when the inducing bacterium
produces a metabolite that inhibits the pathogen. Even when the inducing or-
ganism is shown not to be present at the site of challenge with the pathogen,
a metabolite produced by a rhizobacterium could be transported through the
plant, inhibiting the pathogen directly. Although induced resistance was in-
ferred in the suppression of halo blight on beanmyfluorescenss97, the
rhizobacterium exhibited bacteriostatic activity against the bean pathogen (1).
P. fluorescenss97 might produce substances on the surface of germinating
seeds that are taken up and translocated to the foliage. Concentrations of
these inhibitory compounds might become high enough to restrict multipli-
cation of the pathogen or even could, in themselves, also induce resistance.
Some antibiotics produced by rhizobacteria, such as 2,4-diacetylphloroglucinol
(DAP) or phenazine-1-carboxylic acid (PCA), are toxic to plants at high con-
centrations (68) and could induce SAR in the same way as a pathogen causing
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localized necrosisP. fluorescen€HAO, a PGPR strain with multiple mech-
anisms of disease suppression (67), behaves as an endophyte and produces
several toxic metabolites, including DAP, pyoluteorin and hydrogen cyanide
(68). These antibiotics can affect tobacco plants, perhaps resulting in the in-
duction of stress-related defense responses. A derivative of CHAO that over-
produces DAP and pyoluteorin protected tobacco roots significantly better than
did the wild type against black root rot, caused Hlyielaviopsis basicola

but at the same time drastically reduced plant growth. CHAO was seldom
found in contact with the mycelium &f. basicolaand, when in direct contact

with the pathogen, CHAO did not affect the physical integrity of the fungal
hyphae. Although pyoluteorin and DAP suppress black root rot through inhibi-
tion of T. basicola there was no correlation between the sensitivity of various
pathogens to the antibiotics and the degree of disease suppression achieved
by the bacterium. Antibiotic overproduction affected neither the protection
of wheat againsPythium ultimumor Gaeumannomyces graminigr. trit-

ici, nor the growth of wheat plants. In contrast, the overproducing derivative
of CHAO showed an increased capacity to protect cucumber adainsys-
porum f.sp. cucumerinumand Phomopsis sclerotioidesompared with the
wild-type strain (68). Presumably, secondary metabolites that inhilnasi-
coladirectly could also induce resistance of tobacco roots against the disease
(91).

The best evidence for PGPR-mediated ISR is obtained when the rhizobac-
terium does not antagonize the pathogen in culture. For instance, out of six
strains initially found to induce systemic resistance in cucumber against an-
thracnose, five did not inhibit the causal patho@miletotrichum orbiculare
on three culture media (104). Even when inhibition is not observed in culture,
however, direct inhibition of a pathogen in the rhizosphere cannot be excluded
because conditions in the rhizosphere differ from those on artificial media, and
an antibiotic produced exclusively in planta may go undetected.

2. Suppression of the induced resistance by a previous application of specific
inhibitors, such as actinomycin D (AMD), which affect gene expression of the
plant This criterion is difficult to apply to ISR mediated by rhizobacteria
because inhibitors of plant metabolism affect many processes besides activation
of defense mechanisms. Eukaryotic fungi will be perturbed in the same way
as plants when inhibitors of DNA-dependent RNA- or protein synthesis are
employed. Inhibition of prokaryotic protein synthesis affects bacteria, as well
as plastids and mitochondria. This criterion appears most useful if RNA viruses
are the challenging pathogens, because these viral pathogens are insensitive
to AMD. However, only a few studies have employed viruses as challenging
pathogens for testing rhizobacteria-mediated ISR (20, 67, 77).
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3. Necessity of a time interval between application of the inducer and the
onset of protection in the plant The plant needs time to reach the induced
state. An immediate effect of application of an inducer on plant protection
is unlikely to result from an increase in the plant’s general defensive capac-
ity. Many studies have shown that it generally takes from a few days to a
week for SAR or ISR to develop (33). In the elicitation of ISR mediated by

P. fluorescen®WCS374 against Fusarium wilt of radish, at least one day was
necessary after application of the bacteria for significant resistance to be induced
(55). A contrasting example is provided by PGPR str&lnsorrugatal3 and

P. fluorescen<C15, which induced systemic resistance in cucumber against
crown rot caused bfPythium aphanidermatuifi13). The PGPR strains were
applied to one half of a split-root system spatially separated from pathogen-
inoculated roots. Occurrence of stem rot was delayed and disease index was
reduced, but application of the bacteria 1 week before inoculation with the fun-
gus did not reduce disease to the same degree as when both were inoculated at
the same time. This result is puzzling in view of the time typically needed to
induce ISR and its maintenance thereafter. The possibility that the rhizobacteria
produced antifungal metabolites that were transported to the opposite root sys-
tem was discounted on the grounds that these bacterial isolates did not inhibit
mycelial growth ofP. aphanidermaturin culture.

4. Absence of a typical dose-response correlation known for toxic components
Resistance is commonly induced only when plants are inoculated with a dosage
of bacteria that exceeds a threshold population size. No increase in resistance
is evident when the dosage of bacteria is increased further (55, 76). SAR, once
induced, is often maintained for the lifetime of the plant and although the level
of resistance expressed diminishes during plant growth, induced leaves remain
resistant up to an advanced stage of senescence (13, 49). This implies that the
inducing agent does not need to be present for the lifetime of the plant. Alimited
period in which the population size of the inducing bacterium is above the
required threshold is sufficient to induce ISR, which then remains active even if
the population of the inducer dwindles. This contrasts with disease suppression
mediated through direct inhibition of a pathogen, where the population size of
an antagonist must remain high as long as the pathogen poses a threat to the
plant.

WhenP. putida89B-27 orS. marcescer30-166 were inoculated on cucum-
ber seeds prior to planting and plants were then challengedGvithbiculare
89B-27 reduced mean total lesion diameter up to 60%, whereas 90-166 was
often significantly less effective. Populations of 89B-27 declined at a consis-
tent rate over time, dropping from over®€fu.g~* root 1 week after planting
to 10° 3 weeks later. ISR was evident at the first-leaf stage, increased over
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time, and was maintained at least to the fifth-leaf stage more than 5 weeks
after sowing. Population dynamics of 90-166 were similar to those of 89B-27.
ISR was somewhat more variable but was generally observed at all leaf stages.
Although population densities of the two strains declined on the roots, ISR
persisted, supporting the notion that, once induced, systemic resistance in the
plant is maintained (63).

At least 18 cfu.g ! root of P. putidaWCS358 is required to suppress For
through siderophore-mediated competition for iron, and this population must
be maintained for sustained disease suppres$iofiuorescen®VCS374 and
WCS417 can also suppress Fusarium wilt of radish by inducing systemic re-
sistance. Also 10cfu.g! of the root bacteria was required for induction of
ISR, and no disease suppression was evident when rhizosphere colonization
by WCS374 or WCS417 of the roots did not reach this level (55). However,
no relationship was apparent between disease incidence at later stages and the
remaining rhizosphere population densities (35, 76). Thus, the initial triggering
of the plant leads to its induced state and, once this has been reached, further
protection is independent of the remaining population of the inducing bacterium
in the rhizosphere.

5. Nonspecificity of protection SAR constitutes an enhanced defensive ca-
pacity against fungi, bacteria, and viruses, as well as occasionally against insects
and nematodes. If rhizobacteria-mediated ISR is similar to SAR, ISR should
also protect against these different types of organisms.

Resistance induced ¥ fluorescen®VCS417 in radish is effective against
Fusarium wilt, and reduces necrotic lesion formation caused by the avirulent
bacterial pathogeRseudomonas syringg. tomato(Pst), and the avirulent
fungal leaf pathogen&lternaria brassicicolaand a different isolate df. oxys-
porum The same results were obtained when the inducing rhizobacterium
was applied spatially separated on the roots, or to a single leaf different from
the ones used for challenge inoculation (35). WCS417 also induces resis-
tance against Rhizoctonia root rot, but only if inoculum densities of the causal
pathogerR. solaniwere relatively low (PAHM Bakker, P Vogel, unpublished
observations).

In cucumber, diseases caused by two fungi, the root-infedfingarium
oxysporunf.sp. cucumerinunand the foliar pathoge@. orbiculare and two
leaf-spotting bacterid@seudomonas syringg®. lachrymansandErwinia tra-
cheiphila are suppressed by the same PGPR strains through the induction of
systemic resistance (Table 1). These results indicate that rhizobacteria-mediated
ISR, like SAR, is effective against multiple diseases. Moreover, two recent
reports describe that cucumber plants growing from PGPR-treated seeds in
the field supported lower numbers of the spotted cucumber b&dkrotica
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undecimpunctataand the striped cucumber beethgalymna vittatun{110,

111). PGPR treatment resulted in greater beetle control than did weekly ap-
plications of insecticide. As a result cucumber plant growth and yield were
enhanced significantly by inoculation with PGPR. The inducing bacteria ap-
peared to reduce the level of the secondary compound cucurbitacin in the plants,
which acts as a feeding stimulant to the beetles. This observation is particu-
larly interesting because it shows that induction of systemic resistance by these
PGPR is associated with a defined change in plant metabolism.

6. Local as well as systemic protectionAs discussed previously, induced
resistance is not necessarily systemic. However, in the presence of inducing
rhizobacteria that may also have antagonistic properties, local protection as a
result of induced resistance is difficult to verify experimentally. Mutants of
the pathogen that are insensitive to antagonism can aid in resolving this issue.
In the development of SAR, a mobile signal is generated, transported from
the site of induction both upward and downward in the plant, and generates
the induced state in distant tissues (33, 80). Triggering of ISR by rhizobacteria
similarly produces a translocatable signal that induces protection in both roots
and shoots.

7. Dependence on the plant genotypd his criterion presupposes significant
differences in the level and type of resistance in different cultivars. Although
little information is available in the case of SAR, genotype-specific variation

in the level of resistance can be expected if induced resistance constitutes an
enhancement of the extant defensive capacity (96).

Cultivar specificity of ISR in cucumber against anthracnose was studied in
one resistant and three susceptible cultivBrputida89B-27 induced systemic
resistance in all three susceptible cultivars, whe&awarcescens0-166 did
soinonly two cultivars. Both strains failed to increase resistance of the resistant
cultivar. No cultivar specificity in root colonization patterns of the two strains
was observed, so the failure of the strains to enhance protection of the resistant
cultivar could not be explained by poor root colonization (63). Apparently,
resistance in the already genetically resistant cultivar could not be further en-
hanced by the PGPR (63). These data indicate that plant cultivars differ in their
inducibility by rhizobacteria.

In carnation,P. fluorescen®VCS417 reduced incidence of Fusarium wilt
in the moderately resistant carnation cultivar Pallas and less consistently in
the susceptible cultivar Lena. These results likewise support the criterion that
genetically determined differences in the level of PGPR-mediated ISR occur in
different cultivars, and confirm that the extant defensive capacity is enhanced
when induced resistance is expressed. In contrast, no genetic differences in
inducibility were observed in radish (55p. fluorescen®WCS374 induced a
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similar level of resistance against Fusarium wilt in six cultivars ranging from
highly susceptible to relatively resistant, provided that fungal inoculum density
was adjusted to levels that cause 40% to 80% disease incidence in nonbacterized
control plants. At higher inoculum doses of the pathogen, ISR apparently was
insufficient to reduce disease development; and at lower disease incidence,
the effect of the inducing bacteria was too small to be significant. Differences
in inducibility would have been recorded, however, if all cultivars had been
inoculated with the same dose of the fungus.

BACTERIAL DETERMINANTS OF INDUCED
SYSTEMIC RESISTANCE

Table 2 summarizes the current status with regard to the bacterial determinants
of induced systemic resistance.

Lipopolysaccharide
In the systemic protection of carnation against Fusarium wikRfjuorescens
WCS417, heat-killed bacteria or the purified bacterial outer membrane lipopoly-
saccharide (LPS) were as effective in inducing resistance as were live bacteria
(99). This observation indicated that the bacterial LPS acts as a determinant of
resistance induction by WCS417 in carnation.

Also in radish, the bacterial LPS appeared to be the trait responsible for resis-
tance induction (56). Cell wall extracts Bffluorescen8VCS374 or WCS417,

Table 2 Bacterial determinants and types of systemic induced resistance

Bacterial strain Plant species: bacterial determinant Reference  Type

Pseudomonas aeruginosa

strain 7NSK2 Tobacco: salicylic acid 20 SAR
Bean: salicylic acid 19 SAR
Pseudomonas fluorescens
CHAO Tobacco: siderophore 67 SAR
WCS374 Radish: lipopolysaccharide 55 ISR
siderophore 57
iron-regulated factor 57
WCS417 Carnation: lipopolysaccharide 99 ISR
Radish: lipopolysaccharide 55 ISR
iron-regulated factor 57
Arabidopsis lipopolysaccharide 100 ISR
Pseudomonas putida
WCS358 Arabidopsis lipopolysaccharide a ISR
siderophore a

4PAHM Bakker, | Van der Sluis, unpublished observations.
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or purified LPS consisting of lipid A—inner core—O-antigenic side chain (OA),
were as effective as live bacteria when applied to radish roots. Bacterial mutants
lacking the O-antigen (OA, as well as their cell wall extracts, were ineffective.
These results rule out any protective effects resulting from bacterial metabolism
and show that the specificity within the structure of the O-antigenic side chain of
the LPS determines the induction of systemic resistance by these rhizobacteria.
The resistance-inducing OA of WCS374 was effective not only on roots, but
also when applied to the cotyledons. Hence, the plant is able to perceive OA
not only at the root surface, but also at the leaf surface.

In tomato, the level of resistance induced by WCS417 against Fusarium wilt
caused byF. oxysporunt.sp.lycopersici(24) likewise appeared related to the
presence of the OA of the LPS (27).

Bacterial LPS contributes to growth and survival of the bacteria in planta
by aiding in colonization, creating a favorable micro-environment, acting as a
barrier to plant defensive compounds, and by modulating host reactions (72). In-
oculation of tobacco plants with purified LPS from a number of bacteria can
prevent the hypersensitive response to incompatible bacteria and reduce symp-
toms in compatible interactions (31, 69). However, the mechanism involved is
unknown.

Siderophores

The O-antigenic side chain of LPS was a major determinant of ISR under iron-
replete conditions, but under iron-limiting conditions, Ofutants ofP. fluo-
rescendVCS374 and WCS417 were notimpaired in their ability to induce resis-
tance inradish against Fusarium wilt (54). These results indicated that (an)other
bacterial determinant(s) expressed only under low-iron conditions also induced
resistance. Because siderophores are produced by bacteria under these condi-
tions, the pyoverdin-type pseudobactins of three WCS strains were isolated and
applied toradish roots. The purified siderophore of WCS374 induced resistance
to the same level as the bacterial LPS. In contrast, the siderophore of WCS417
did not induce ISR, and neither did the siderophor®.gbutidaWCS358, a

strain that does not induce resistance. The pseudobactin-type siderophores of
all three strains have similar affinities for ferric iron. Therefore, the possibility
that the pseudobactin produced by WCS374 acts nonspecifically by inducing
limited iron stress in the plant can be discounted.

The Sid- mutants of both WCS374 and WCS417 induced stronger resistance
under conditions of iron deficiency than in the presence of excess iron, and again
to a level similar to that reached upon application of the wild type bacteria.
The pseudobactin of WCS374 can induce resistance, but it did not seem to be
responsible for ISR caused by WCS374 under low-iron conditions. Apparently,
different bacterial determinants can induce systemic resistance in radish, but
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their effects seem complementary rather than additive and full induction by one
factor masks any contribution by the other(s) (54).

Several resistance-inducing bacteria can produce SA as a siderophore un-
der iron-limiting conditions in culture (19, 20, 54, 71). Because siderophore-
mediated competition foriron occurs in the rhizosphere (4, 20, 64), itmust be in-
ferred that iron limitation commonly occurs around plant roots, making it likely
that bacteria can produce SA at the root surface. Both WCS374 and WCS417
produce SA at about 50 and 1@ mi~1, respectively, in standard succinate
medium (SSM) (54). The production of SA decreases rapidly with increasing
iron concentration in SSM medium. Strain WCS358 did not induce resistance
in radish against Fusarium wilt under low-iron conditions, and did not produce
SAin culture. SA induced resistance in radish against Fusarium wilt when ap-
plied to roots at concentrations as low as 1001 glcum emulsion. Indeed,
the capacity of WCS374 and WCS417 to produce SA in culture was consistent
with their ability to trigger ISR of radish grown under low-iron conditions.

WCS374 has the largest capacity to produce SA, so SA production in this
strain was studied in detail. A gene bank was constructed in a cosmid vector
and mobilized into the WCS358 Sidnutant, which does not produce SA or the
pseudobactin siderophore (70). Screening led to the identification of a cosmid
containing 28 kb of genomic DNA from WCS374; a 5-HzdR1 fragment
contained therein was sufficient to confer SA production on WCS358. Sid
Sequencing of the 5-kb fragment revealed it to be part of an iron-regulated
operon containing open reading frames homologous to the SA biosynthetic
genes ofP. aeruginosg85), as well as to genes involved in a pathway from
isochorismate to (a) siderophore(s) of the enterobactin type. When the cosmid
containing the entire 28 kb of genomic DNA was transferred into the WCS358
Sid™ recipient, a novel siderophore fluorescing blue-green under UV light was
detected. This siderophore was named fluorebactin (70). Secretion of large
guantities of SA by WCS374 in SSMis likely to be an artefact, resulting from
lack of substrate(s) required for fluorebactin synthesis. Fluorebactin rather than
SA may, therefore, be the factor inducing resistance.

Different siderophores thus seem to trigger ISR. Recently, pseudobactin 358
was found to act as an inducer of ISRAmabidopsis(PAHM Bakker, | Van
der Sluis, unpublished observation). How these siderophores trigger ISR in a
bacterial strain- and plant species-specific way is unclear at present.

Salicylic Acid

Experiments withP. aeruginosa/NSK2 as the inducing rhizobacterium and
tobacco mosaic virus (TMV) as the challenging leaf pathogen suggest that
bacterially produced SA contributes to the induction of systemic resistance
by this strain (20). When inoculum of 7NSK2 was grown on an iron-limited
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medium, it reduced the number of spreading lesions causBdtytis cinerea
on bean by about one half. Wheninoculum of 7NSK2 was grown on aniron-rich
medium it did not suppress the disease (19).

Under iron limitation, 7NSK2 produces three siderophores: pyoverdin, py-
ochelin and SA. Both pyoverdin-minus mutants and mutants lacking both py-
overdin and pyochelin induced resistance in bean against gray mold and in
tobacco against TMV, whereas those deficient in SA production did not. Be-
cause SA is a precursor of pyochelin, a role for pyochelin in ISR could not
be excluded. Transcriptional activity of SA and pyochelin biosynthetic genes
was detected during 7NSK2 colonization of bean roots, indicating that iron
limitation occurs in the rhizosphere. These results demonstrate that induction
of systemic resistance in bean by 7NSK2 is dependent on iron nutritional state,
and indicate that specific siderophores function not only in the acquisition of
iron by the bacteria, but also in the induction of systemic resistance in the plant.
Tobacco plants transformed with thehGgene are not induced by 7NSK2 for
resistance against TMV (23). Thus, the resistances induced by 7NSK2 in bean
and tobacco are both dependent on bacterially produced SA (19, 20).

P. fluorescen&£HAO, which produces a pyoverdin siderophore and SA in
culture (71), induced PRs in tobacco and suppressed necrosis caused by tobacco
necrosis virus (TNV) (67). Strain CHA400, a Sichutant of CHAO, still in-
duced PRs but only partial resistance to TNV, implicating the involvement of
the pyoverdin siderophore of CHAO in the induction of resistance against TNV.
The transposon insertion generating the Sidutation in CHA400 was not
localized, however, so it is not clear whether the loss of pyoverdin is the only
mutation in CHA400. Root colonization of the plants with CHAO or CHA400,
as well as leaf infection with TNV, caused up to fivefold increases in SA in the
leaves. AlthougmahGplants were not tested, it appears that SA was involved.
These observations suggest that ISR mediated by CHAO and pathogen-induced
SAR in tobacco are not only phenotypically but also mechanistically similar,
with elevated SA levels correlated with both responses. It is not clear whether
the increase in SA in the bacterized plants was the result of induction by the
bacteria of SA synthesis in the plant, or whether the plant takes up bacterially
produced SA and translocates it to the leaves. Introduction of the SA biosyn-
thetic gene clustggchDCBAfrom P. aeruginos@AQ1 (85) under a constitutive
promoter into strain CHAO did not further increase its suppression of TNV or
black root rot in tobacco. However, introduction into the non SA-producing
strain P3, leading to the production of Qu§ SA.10 cfu~t, made this poor
biocontrol agent an effective inducer, clearly implicating SA as the inducing
determinant of ISR in this system (78).

The SA-producing rhizobacterial stren marcescer@0-166 induced resis-
tance to wildfire, caused . syringaepv. tabaci in both untransformed and
nahGtransformed tobacco. Moreover, miii5 phoAmutants, which did not
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produce detectable amounts of SA, induced resistance to the same level in both
types of plants, as well as ISR of cucumber against anthracnose (75). Thus,
bacterial SA does not appear to be involved in disease resistance induced by
this strain.

These contrasting results implicate SA production by 7NSK2 in the induc-
tion of systemic resistance in bean and tobacco (19, 20), but not by 90-166
in that induced in cucumber and tobacco (75). In radish, induction of sys-
temic resistance by WCS374 and WCS417 was clearly associated with the
capacity of these strains to produce SA (54), but involvement of SA in the in-
duction remains to be proved. The latter also holds for the systemic resistance
induced in tobacco by CHAO (67). It is possible that a rhizobacterial strain
can induce resistance by different mechanisms, depending on the local con-
ditions in the rhizosphere. For instance, a strain could induce ISR through a
constitutive mechanism, while starting to produce SA, and consequently trig-
ger further resistance through SA production when iron-limiting conditions are
encountered.

THE INDUCED STATE IN THE PLANT

Induced Systemic Resistance is Generally Not Associated

with Pathogenesis-Related Proteins

Induction of SAR by SAis associated with the accumulation of PRs (38, 95, 97).
At least eight of the ten major PRs induced in tobacco in response to pathogens
causing hypersensitive necrosis, were found in the intercellular washing fluid
(IWF) of leaves of plants grown in autoclaved soil in the presende &tio-
rescen$CHAOQ, which is likely to produce SA in the rhizosphere (67). However,
the SA-dependent resistance inducedPbgieruginos&y NSK2 was apparently

not associated with changes in protein composition in the protected leaves
(G de Meyer, M Hbfte, personal communication).

Treatment of radish leaves with avirulent pathogens or millimolar concen-
trations of SA induced SAR and PR-homologues of the families PR-1, -2
and -5 (34). However, neither root-applied low doses of SA nor rhizobac-
terial strains triggering ISR induced PRs under either high- or low-iron condi-
tions (34, 35). While strong resistance is induced by the rhizobacteria and their
OA~-mutants under low-iron conditions, SA is apparently not produced in suf-
ficient quantities to induce PRs. While the pathogen Pst induced high levels
of PRs, the rhizobacteria did not, even though the latter induced a level of pro-
tection against For at least as high. Thus, PRs do not seem to contribute to the
level of resistance attained in radish against Fusarium wilt.

This lack of PR-gene expression in treated radish plants suggests that the
mechanism of resistance induction Byfluorescen®¥CS374 and WCS417
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is different from SAR. In contrast, the association of PRs with the resistance
induced by CHAOQ in tobacco against TMV indicates involvement of SAR.

Absence of Consistent Alterations in Metabolism
of Phytoalexins or Inhibitors

The enhanced defensive capacity of plants exhibiting ISR might rely on the
presence of enhanced levels of compounds that inhibit plant pathogens such as
phytoalexins. Resistance of carnation to Fusarium wilt is polygenic and asso-
ciated with the accumulation of phytoalexins (3). No increase in phytoalexin
levels was detectable in carnation following inoculation by WCS417 and prior
to challenge; upon subsequent inoculation with Fod, however, phytoalexin lev-
els were greater in plants inoculated with WCS417 than in non-bacterized
plants (98). The polygenic resistance of radish to Fusarium wilt (36), in con-
trast, does not appear to be associated with phytoalexins. Despite various at-
tempts, we have been unable to link ISR to alterations in inhibitory compounds,
electrophoretic protein patterns, or enzyme activities in radish. Nevertheless,
upon challenge inoculation, the resistance response of radish is accelerated and
enhanced.

Bacterial LPS acts as the major determinant of ISR in radish (56). In to-
bacco, LPS from the pathogEnsolanacearurimduces the synthesis of PR-like
polypeptides (53), and LPS preparations frBnsyringaepv. syringaeact as
weak, non-specific elicitors of phytoalexin biosynthesis in soybean hypocotyls
(6). Purified LPS fromXanthomonas campestiisv. campestrisnduced ac-
cumulation of 8-1,3-glucanase mRNA in turnip at concentrations as low as
1 ng.mi~L. In this case, the lipid A—inner core was required for activity but the
OA had no role (72). This contrasts with the induction of resistance by the
WCS strains, which depends on the OA and is not associated with the induc-
tion of phytoalexins or PRs prior to challenge inoculation. Nevertheless, LPS
evidently triggers the defense-related ISR signaling pathway.

Involvement of ISR in the protection of bean Byfluorescen$97 is plausi-
ble on the basis of host plant alterations (2). Reduced levels of the challenging
pathogen in protected leaves and in the IWF from those leaves were correlated
with a general rise in protein content in the IWF and associated with accumu-
lation of certain phenolic compounds. Hence, changes in plant metabolism
occurred as a result of prior seed bacterization, but a causal relationship with
disease suppression was not established.

Indications for the induction of plant defense responses were also obtained
upon root colonization by other fluoresc#tgeudomonaspp. AP. aureofa-
ciensstrain induced symptoms of a hypersensitive response on bean cotyledons
and in bean suspension cultures, and induced defense proteins resembling the
plant’s response to pathogens inducing SAR (109). Isolatéstofaasiiand
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P. putidainduced only certain acid-soluble proteins. Upon inoculation on
cotyledons, some accumulation of phytoalexins and phenolics was associated
with a slight browning reaction, indicating that the bean plants responded defen-
sively to foliar application of these rhizobacterial species. Upon root treatment,
however, no metabolic changes were apparent, suggesting that the rhizobacteria
had only very minor effects on root metabolism. These observations are impor-
tantin showing that at least some rhizobacterial species have limited pathogenic
activity when applied to leaves, and initiate defense reactions also observed in
leaves exhibiting SAR. Unfortunately, no attempt was made to relate these
metabolic effects to disease suppression.

Suppressive activity of three different types of compost on root rot, caused by
P. ultimumandP. aphanidermaturmrand anthracnose, caused®yorbiculare
was associated with enhanced leaf peroxidase activity in cucumber (112). Rhi-
zobacteria stimulated by the substrates present in composts are thought to be
involved in this induced resistance, but their contribution has not been veri-
fied. Inoculation withC. orbicularedramatically increased the activity of the
major peroxidase isoenzyme in plants grown in disease-conducive peat mix, but
this increase was even greater in plants grown in suppressive compost-amended
mixes.

PGPR strain®. putida89B-27 andS. marcescern80-166 induce resistance
of cucumber against cucumber mosaic virus (CMV), exhibited as a reduced
number of plants with symptoms. Protected plants did not develop mosaic
symptoms throughout the experimental period, whereas pathogen-induced SAR
is expressed as a delay in symptom development (10). No viral antigen was
detected by enzyme-linked immunosorbent assay in any asymptomatic PGPR-
treated plants (77), indicating that the plants inoculated with inducing bacteria
had become refractory to viral infection. Oligosaccharide elicitors of fungal
origin have been reported to prevent infection of tobacco by TMV (46), and
it is possible that the protection seen in PGPR-treated cucumber against CMV
was due to a bacterially derived oligosaccharide moiety that acts directly or
indirectly in preventing virus entry into the leaf.

Together, these disparate observations are suggestive of metabolic alterations
in the plant being associated with ISR, but their significance remains to be
determined.

Structural Alterations

In radish, ISR against Fusarium wilt was expressed primarily as a reduction in
the percentage of diseased plants, apparently resulting from a more frequent
failure of the causal pathogen For to reach or colonize the vascular tissue (34).
Such impediment to fungal ingress might involve cellular alterations in the
epidermal and cortical cells that inhibit further colonization.
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Evidence for such PGPR-induced structural modifications was described re-
cently for pearoottissue (9pgrobacterium rhizogenes RIDNA-transformed
pea roots preinoculated with the endophytic biocontrol stéaicillus pumilus
SE34 were protected against the root-rot funigusxysporunf.sp. pisi (Fop).
Although the bacterium and the fungus were in contact, fungal hyphae inter-
acting with cells of the bacterium at the root surface maintained active growth
and penetrated the root epidermis. Therefore, the protective mechanism did
not appear to rely on a direct antagonism in the rhizosphere. In nonbacterized
roots, the pathogen multiplied abundantly through much of the tissue including
the vascular stele. Root bacterization by itself did not lead to morphological al-
terations of root tissue. Upon challenge inoculation, however, pathogen growth
was restricted to the epidermis and the outer cortex. The walls of these cells
were strengthened at sites of attempted fungal penetration by appositions con-
taining large amounts of callose and phenolic materials, effectively preventing
fungal ingress. Phenolic materials were also seen in intercellular spaces as well
as at the surface or inside the invading hyphae of the pathogen. Thus, the pro-
tection afforded by SE34 involved host cell wall rigidification upon challenge
inoculation with Fop (9). Similar wall appositions and papillae were seen in
pea roots treated with the rhizobacteridinfluorescenstrain 63-28R upon
challenge inoculation with either Fop 8ythium ultimum(7, 8), indicating a
general induction of defensive physical barriers to pathogen ingkedtuo-
rescendNCS417 also has been reported to induce a thickening of cortical cell
walls in tomato roots if epidermal or hypodermal cells were colonized densely
by the bacterium (27).

A Novel Signaling Pathway for Induced Systemic
Resistance in Arabidopsis
In recent years, the advantages of usikrgbidopsis thalianaas a model for
studying the molecular genetics of pathogen-induced SAR have become clear
through the identification of mutants blocked at specific signaling steps (21). A
similar approach was taken to study rhizobacteria-mediated ISR and compare
it to SAR. To this end, the bioassay for studying ISR in radish was adapted
to Arabidopsisin order to study induction of systemic resistance against root
pathogens (73). To study ISR against foliar pathogens, seedlings were trans-
planted into autoclaved potting soil into which rhizobacterial strains were
mixed. In all experiments, colonization by the rhizobacteria remained con-
fined to the treated plant parts, i.e. distal root parts in the separate-inoculation
rock wool bioassay and roots in a potting soil bioassay.

Because radish anrabidopsisare both crucifers, it was expected that they
would react similarly to the rhizobacterial strains. Of the three rhizobacterial
strains tested previously on radish, only strain WCS417 induced resistance
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in both radish and\rabidopsis Strain WCS374, effective on radish, did not
trigger ISR inArabidopsis whereas strain WCS358, which did not induce
resistance on radish, was almost as effective as WCS417 in triggering ISR in
Arabidopsis(100). Hence, these three strains showed different specificities in
the induction of resistance on radish andAmabidopsis WCS374 colonized
roots of Arabidopsisto slightly lower levels than the other strains, but still
reached numbers well above’du.g 1 root, the threshold population needed to
elicitISRinradish (76). BothWCS374 and WCS417 possess several resistance-
inducing determinants (Table 2), which may or may not be perceived by different
plant species. The LPS of WCS417 is the main determinant in radish and
carnation (56, 99), and LPS-containing bacterial cell walls also trigger ISR in
Arabidopsis(100). However, WCS417 and its OAnutant induce resistance
in Arabidopsisto similar levels. This indicates that WCS417 produces more
than a single factor that leads to ISRAmrabidopsis

When resistance was induced, it was expressed against both Fusarium wilt
and bacterial speclArabidopsisgdeveloped chlorosis and wilting after infection
with For and necratic lesions surrounded by extensive spreading chlorosis upon
inoculation withP. syringaepv.tomato(100). In addition, growth d®. syringae
pv. tomatoin the infected leaves was strongly inhibited (73, 100). In culture
medium containing high levels of iron, the rhizobacteria WCS417 and WCS358
did not inhibit the pathogens For aRdsyringaepv. tomato(100), so disease
suppression could not be attributed to production and transport of antibiotics.
The level of resistance attained by application of either WCS417 or WCS358
was similar to that of SAR induced by virulent or avirulentisolate’ gfyringae
pv. tomatoor the chemical inducers SA or 2,6-dichloroisonicotinic acid (INA)
against the virulent isolate & syringaepv. tomata ISR also proved effective
against the fungal leaf pathog®eronospora parasiticaalthough it was less
effective than chemically induced SAR (J Ton, CMJ Pieterse, unpublished
observations). Thus, severity of disease induced by either bacteria or fungi
and proliferation of the pathogens was reduced, indicating the activation of a
general defensive mechanism (100).

Plants inoculated with the pathogéh syringaepv. tomatq or sprayed
with SA or INA developed SAR and accumulated PR-1, -2 and -5 mRNAs
(73). Plants inoculated with WCS417 or WCS358 developed ISR, but PR-
gene expression or accumulation of PRs was not detected (100). Therefore, in
Arabidopsis as in radish, the induction of ISR was not coupled to the activa-
tion of PR genes. ImahGplants, WCS417 and WCS358 were as effective in
inducing ISR against bacterial speck as in untransformed plants, demonstrat-
ing that these rhizobacteria activate a signaling pathway different from the one
that controls SAR (73). Strikingly, the strain capable of producing the largest
amount of SA in vitro, WCS374, did not induce resistanceAiabidopsis
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whereas the one incapable of producing SA, WCS358, did induce resistance
(100). The latter result demonstrates that bacterially produced SA did not play
arole in triggering ISR. Moreover, the finding that WCS358 was equally capa-
ble of inducing systemic resistance in untransformed am&hGtransformed
Arabidopsisdemonstrates that plant-derived SA was also not involved. Thus,
SA is not required for the triggering of ISR by these strains.
Arabidopsismutantnprl does not express PR-genes and does not exhibit
SAR (15). Because rhizobacteria-mediated ISR was found to be independent
of SA and not associated with PRs, it was expected that ISR would still be ex-
pressed in this mutant. However, thgrlmutant ofArabidopsigid not express
WCS417-mediated ISR (74). This finding implies that NPR1 functions beyond
the expression of PR-genes and is required for both pathogen-dependent and
rhizobacteria-mediated systemic induced resistancenptiegene is allelic to
nim1(no immunity) (22) andai (SA-insensitive) (86) and encodes an ankyrin
repeat-containing protein with homology to the mammalian signal transduction
factor I« Be, which has beenimplicated in disease resistance responsesinawide
range of higher organisms (16, 81a). NPR1 is thought to be a regulatory protein
that functions in the terminal part of the signaling pathway of SAR. The non-
responsiveness of thrabidopsis nprimutant to rhizobacteria demonstrates
that SAR and ISR converge at the last part of the signaling pathway. This can ex-
plain why SAR and ISR are phenotypically similar in that in both the defensive
capacity of the plant against a broad spectrum of pathogens is enhanced. Yet,
PRs are induced concomitant with SAR, whereas activation of PR genes is not
part of the pathway leading to ISR Arabidopsis Apparently, NPR1 regulates
defense responses mediated by different signaling pathways (Figure 1).
Ethylene is an important signaling compound of plant defense responses (12).
Althoughitis not required for the development of SAR (51), itenhances the sen-
sitivity of Arabidopsisto SA (52). Moreover, using tobacco transformed with
a mutantetrl gene fromArabidopsis which confers dominant insensitivity to
ethylene (17), itwas established recently that ethylene perception is required for
ahighlevel of SAR intobacco against TMV (45). To investigate the role of ethy-
lene in the expression of ISR, the ethylene-insensirabidopsismutantetrl
(17) was tested (74). WCS417 was not capable of inducing resistance against
bacterial speck in this mutant, whereas pathogen-induced SAR developed in the
mutant. Because WCS417 colonized roots ofdtré mutant and wild-type to
the same extent, these observations implicate ethylene perception as a specific
and essential step in the signal-transduction pathway leading to ISR. Indeed,
application of the ethylene precursor, 1-aminocyclopropane-1-carboxylic acid
(ACC), to wild-type plants induced resistance agaPstyringaepv. tomato
to the same level as the rhizobacterial strains, not only in the wild-type but
also inArabidopsistransformed witmahG (74). These observations suggest
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Figure 1 Signal-transduction pathways leading to pathogen-induced systemic acquired resistance
(SAR) and rhizobacteria-mediated induced systemic resistance (IRafidopsis thalianaIn

plant species other thakrabidopsis rhizobacterially-produced salicylic acid can trigger the SAR
pathway as well as ISR.

that inducing bacteria trigger ethylene production or modulate perception of
ethylene by the plant.

JA has also been implicated as a signal in several defensive responses (103).
The ArabidopsisJA response mutarnjarl (87) exhibits wild-type levels of
pathogen-induced SAR butfails to express rhizobacteria-mediated ISR (74). On
wild-type plants, application of methyl jasmonate (MeJA) induced resistance, as
did ACC. However, MeJA did not induce resistance ingbrd mutant, whereas
ACC did induce resistance in tharl mutant, indicating that perception of
JA is required prior to ethylene signaling. Neither MeJA, nor ACC induced
resistance in thaprl mutant, confirming their action prior to NPR1 (74). How
perception of JA and ethylene are coupled to ISR is still unclear. The hormones
might be required without an increase in their endogenous levels. For instance,
ethylene acts as the endogenous regulator of senescence in rice leaves, and
application of JA promotes senescence upon detachment (92). In MeJA-treated
rice leaf segments ethylene production was even lower than in water-treated
leaves. JA-promoted senescence therefore appears to be due to an increase in
ethylene sensitivity.
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In the assays used, treatmentAofabidopsisseedlings with inducing rhi-
zobacteria occurred a few days to a few weeks before challenge inoculation,
and spatial separation between the rhizobacteria and the challenging pathogen
was verified. Moreover, ISR irabidopsiswas effective against different
pathogens. However, whereas ecotypes Columbia and Landstsatgwere
responsive to induction by WCS417 or WCS358, ecotype RLD was not in-
duced (100). The latter ecotype possessed a lower level of basal resistance
to P. syringaepv. tomato(90), supporting the notion that induced resistance
represents an enhancement of the extant defensive capacity. The lack of ex-
pression of ISR in ecotype RLD, as well as in fhel, etrl andnprl mutants,
rules out the possibility that rhizobacteria-produced antibiotics might have been
responsible for, or contributed to, ISR. Thus, ISRArabidopsistruly meets
several of the criteria for systemic induced resistance.

By requiring JA and ethylene signaling, but not SA, the signaling pathway
triggered by these resistance-inducing rhizobacterfrabidopsids different
from SAR (Figure 1). To distinguish the resistances induced through the two
different pathways, and in line with the common usage of the term “SAR” to
describe induced resistance dependent on SA signaling and associated with the
induction of PR genes, it appears best to refer to SAR when these conditions
are met (96). It has been proposed to restrict the term “ISR” to denote the sys-
temic resistance induced by rhizobacteria that is not dependent on SA signaling
and not associated with accumulation of PRs (73, 96). Using these definitions,
rhizobacteria producing SA and inducing PRs in the plant can be considered to
trigger the SAR pathway rather than the ISR pathway (Table 2).

Although the level of resistance attained by SAR and ISR is generally sim-
ilar in Arabidopsis ISR usually affords slightly lesser protection than SAR
(73,100). Preliminary findings suggest that resistance induced by PGPR can
be further boosted by application of SA, suggesting that bacteria do not activate
the same spectrum of plant responses as pathogens do. Indeed, combination of
SAR and ISR can afford a higher level of protection than each one separately
(SCM Van Wees, CMJ Pieterse, unpublished observations). SAR is associ-
ated with the accumulation of PRs, but these are lacking in ISR. Hence, ISR
must depend on a different induced state, markers for which have not yet been
identified.

PERSPECTIVES OF INDUCED SYSTEMIC
RESISTANCE FOR DISEASE SUPPRESSION
UNDER FIELD CONDITIONS

Because resistance-inducing PGPR are naturally occurring rhizosphere soil in-
habitants, the question can be asked whether plants grown under field conditions
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are likely to be induced already (93). No studies specifically addressing this
point appear to have been conducted. However, PGPR can protect plants from
disease under commercial cropping conditions and, in certain cases, disease
suppression is attributed to induced resistance. In four consecutive years, seed
treatment with the resistance-induciRgfluorescenstrain WCS374 reduced
fusarium wilt of radish in a naturally infested greenhouse by up to 50% (57). In
bioassays using the same soil, the Giutant did not suppress disease (56).
Since the OA of the LPS induces ISR but is not toxic to the causal pathogen For,
this observation is highly suggestive of ISR being a mechanism responsible for
disease suppression.

Four PGPR strains applied as seed treatments followed by a soil drench at
transplanting (106) suppressed angular leaf spot and anthracnose of cucum-
ber in three field trials over a two-year period. In all three trials, most PGPR
strains promoted early season plant growth and enhanced yield. Under similar
conditions, naturally occurring bacterial wilt, causedBytracheiphila was
also significantly reduced (43). These observations indicate that treatments with
resistance-inducing rhizobacteria can both promote growth and reduce disease
incidence under field conditions.

Induction of resistance is dependent on colonization of the root system by
the inducing rhizobacteria in sufficient numbers to trigger SAR or ISR. This is
usually accomplished by adding bacterial suspensions to the soil before sowing
or at transplanting, or by coating seeds with high numbers of bacteria (39).
These treatments are designed to give the protective bacteria a competitive ad-
vantage over the indigenous soil microflora. PGPR depend on the association
with plant roots for survival. A minimal concentration of1€fu.g~* root ap-
pears to be required for induction of systemic resistance in, for example, radish
(76). Although total bacterial populations in the rhizosphere can exceed such
levels by far, bacterial diversity is enormous and any inducing strain that may
be present naturally is unlikely to exceed this threshold.

Some root-colonizing bacteria may enter plant roots and live as endophytes
inside the plant (41, 91). It may be speculated that endophytic behavior aids in
the induction of resistance, because more plant cells are being contacted by the
bacteria than by isolates confined to the rhizosphere (9, 27). AlthBufio-
rescendVCS417 behaves as an endophyte on tomato, its@Atant colonized
internal root tissues less frequently. However, unlike biological control medi-
ated through bacterial antagonism, sustained disease suppression can be effec-
tive even if populations of inducing bacteria decline over time. Once activated,
the natural resistance mechanisms of the host maintain an enhanced defensive
capacity for prolonged periods and are effective against multiple pathogens. In-
duced resistance can even be transmitted to regenerants from tissue cultures of
induced plants (94). Inconsistencies encountered in the induction of resistance
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in carnation may be linked to vegetative propagation of this plant, because cut-
tings used as non-inoculated controls could be taken from root stocks that were
inadvertently induced (E Hoffland, SCM Van Wees, unpublished observations).
To reduce the dependence on chemical crop protectants for disease control
in agriculture, biological agents are receiving increasing attention. Benzothia-
diazole, a chemical inducer of SAR (30), is currently being commercialized as
an activator of natural plant defenses. Resistance-inducing rhizobacteria offer
an attractive alternative in providing a natural, safe, effective, persistent and
durable type of protection. Protection based on biological agents is not always
reliable and is seldom as effective as chemical treatments. However, differ-
ent treatments may be combined, and combinations of biocontrol agents that
suppress diseases by complementary mechanisms may further reduce disease
losses. Combination of chemically induced SAR in tobacco seedlings with ap-
plication of the biocontrol straiBacillus cereudJW85 resulted in additive
suppression of disease causedHythium torulosumP. aphanidermatunor
Phytophthora parasiticé18). Rhizobacteria-mediated ISR will likewise be a
valuable addition to the options available for environmentally friendly plant
disease control.
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