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6.1
Introduction

Most aerobic and facultative anaerobic microorganisms produce low molecu-
lar weight Fe** specific ligands, so-called siderophores, under conditions of low
iron availability. The siderophores sequester ferric ions in the environment and
the ferric siderophores are taken up in the microbial cells after specific recogni-
tion by membrane proteins (Hofte 1993). The production of siderophores is an
important trait of so-called plant growth promoting rhizobacteria (PGPR) in
their ability to suppress soil-borne plant pathogens (Kloepper et al. 1980). Com-
petition for ferric iron between the PGPR and the plant deleterious microorgan-
isms is considered the mode of action of these siderophores (Buysens et al. 1996;
Loper and Buyer 1991; Raaijmakers et al. 1995; Schippers et al. 1987). How-
ever, it has been reported that disease suppression also occurs when the PGPR
and the pathogen are inoculated and remain spatially separated, thus avoiding
direct interactions. In this case the protective effect has to be plant mediated
and this phenomenon was named induced systemic resistance (Van Loon et al.
1998). For instance, when Pseudomonas fluorescens strain WCS417 remained
confined to the carnation root system and Fusarium oxysporum f.sp. dianthi was
slash-inoculated into the stem, it was found that the bacteria were still protec-
tive (Van Peer et al. 1991). On cucumber similar observations were made for
PGPR strains applied to the roots, and subsequent challenge inoculation of the
leaves with the anthracnose fungus Colletotrichum orbiculare (Wei et al, 1991).
The inducing rhizobacteria trigger a reaction in the plant roots leading to a sig-
nal that spreads systemically throughout the plant, finally resulting in enhanced
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defensive capacity to subsequent pathogen infections. The protective action of
PGPR against soil-borne pathogens in the rhizosphere is thus exténded to a de-
fence-stimulating effect in aboveground tissues against foliar pathogens. This
enhanced defensive capacity was expressed in roots as well as in leaves, adding
the mechanism of ISR to the list of mechanisms of PGPR effective against soil-
borne pathogens (Leemnan et al, 1995b). In view of the role of iron-regulated
metabolites in suppression of soil borne diseases by PGPR, their possible in-
volvement in ISR has been subject of numerous studies.

6.2
Role of Siderophores
and Iron-Regulated Compounds in ISR

Bacterial determinants of ISR that have been identified so far are lipopolysac-
charides (LPS) (Leeman et al. 1995b; Van Peer and Schippers 1992), flagella
(Meziane et al. 2005), the antibiotics 2,4-diacetylphloroglucinol (Tavicoli et al.
2003; Weller et al. 2004) and pyocyanin (Audenaert et al. 2002), the volatile
2,3-butanediol (Ryu et al. 2004), N-alkylated benzylamine {Ongena et al. 2005)
and iron-regulated compounds (Bakker et al. 2003}, In this review, we will focus
on the compounds produced upon iron-limitation (Table 6.1). -

6.2.1
Pseudomonas aeruginosa 7NSK2

Pseudomonas aeruginosa 7NSK2 is a PGPR isolated from the roots of barley
(Iswandi et al. 1987). Under iron-limiting conditions, this strain produces three
siderophores, pyoverdine, pyochelin and its precursor salicylic acid (SA) and
can induce resistance to plant diseases caused by Botrytis cinerea on bean and
tomato (De Meyer and Hofte 1997; De Mever et al. 1999b), Colletotrichum linde-
muthianum on bean (Bigirimana and Héfte 2002) and Tobacco Mosaic Virus on
tobacco (De Meyer et al. 1999a). Interestingly, exogenously applied SA induces a
systemic resistance in many plant species (Sticher et al. 1997), and therefore this
metabolite may be of importance in ISR triggered by strain 7NSK2.

Under iron-limitation, SA-deficient mutants of this strain were not able to
induce resistance to the pathogens mentioned above in a pyoverdine-negative
or pyoverdine-positive background indicating that SA or pyochelin is essential
for ISR in bean, tomato and tobacco. In tomato and tobacco, it was shown that
7NSK2 induces resistance via the SA-dependent signal transduction pathway,
since 7NSK2 no longer induced resistance in NahG tobacco {De Meyer et al.
1999a) and NahG tomato plants (Audenaert et al. 2002). Plants carrying the bac-
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Table 6.1. Examples of bacterial strains for which iron-chelating or iron-regulated compounds are
involved in induced systemic resistance

Bacterial strain Plant — pathogen Determinant(s) Reference
. involved in ISR
Pseudomonas Bean - Colletotrichum  Salicylic acid Bigirimana
aeruginosa 7NSK2 lindemuthianum and Hoéfte (2002}
Bean - Botrytis Salicylic acid De Meyer .
cineren and Héfte (1997)
Tobacco - Tobacco Salicylic acid De Meyer
Mosaic Virus . et al. (1999a)
Tomato — Botrytis Salicylic acid, Audenaert
cinerea . . pyochelin, pyocyanin et al. (2002).
Rice - Pyricularia Pyocyanin De Vleesschauwer,
grisea et al. (2006)
Rice — Rhizocfonia Salicylic acid De Smmmmarm.ciﬁ.

: solani et al., unpublished
Pseudomonas Tobacco - Tobacco Pyoverdine Maurhofer
fluorescens CHAQ mosaic virus . et al. {1994}

Arabidopsis - Pero-  2,4-diacetylphloro- [avicola et al. (2003)
nospora parasitica glucinol i
Pseudomonas Radish - Pseudobactin, LPS Leeman et al.
fluorescens WCS374  fusarium wilt (1995b, 1996}
Eucalyptus - Pseudobactin, Ran et al. (2003)
Ralstonia solana- unknown
cearum determinant(s)
Pseudomonas Carnation - LPS Van Peer
fluorescens WCS417  fusarium wilt and Schippers (1992)
Radish - "LPS, unknown Leeman et al. (1996)
fusarium wilt iron-regulated :
determinant(s) . . -
Arabidosis - LPS Van Wees et al, (1997)
Pseudomenas
syringae pv. tomato :
Pseudomonas Arabidopsis - Psendobactin, - Bakker et al. (2003);
putida WC8358 Pseudomonas flagella, LPS Meziane et al. (2005)
syringae pv. fomafo :
‘Tomato - Botrytis Pseudobactin Meziane et al. (2005)
cinereq .
Bean - Botrytis Pseudobactin, LPS ~ Meziane et al. (2005)
cinerea
Bean - Colletotrichum Pseudobactin, LPS Meziane et al. (2003)
lindemuthionum
Eucalyptus - Ralsto-  Pseudobactin, LPS Ran et al. {2005)
nin solanacearum .
Pseudomonas Bean - Botrytis N-alkylated Ongena et al. (2005)
putida BTP1 cinerea benzylamine
Serratia Cucumber - Colleto-  Catechol-type Press et al. (2001}
marcescens 90-166 trichum orbiculare siderophore .
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terial NahG gene, encoding the enzyme salicylate hydroxylase, which converts
SA into the non-inducing product catechol, no longer express SA induced re-
sistance (Gaffney et al. 1993). For P aeruginosa KMPCH, a pyochelin-negative
and SA-positive mutant of 7NSK2, it was illustrated that bacterial SA induced
phenylalanine ammonia lyase (PAL) activity in bean roots. Moreover, SA levels
increased in bean leaves upon root colonization with KMPCH (De Meyer and
Hofte 1997). On tomato roots, KMPCH produced SA and induced PAL activity,
but surprisingly, this was not the case for the wild type strain 7NSK2 (Auden-
aert et al. 2002). P. aeruginosa 7NSK2 is also able to induce resistance to Pseudo-
monas syringae pv. syringae in Arabidopsis thaliana. Mutants of 7NSK2 deficient
in pyoverdine, pyocheline or SA production were as effective as the wild-type
strain in inducing resistance indicating that in Arabidopsis these compounds are
not necessary for the induction of ISR, Interestingly, strain 7NSK2 still induced
resistance to P, syringae pv. syringae in NahG Arabidopsis plants (Ran 2005).

Besides siderophores, P aeruginosa 7NSK2 also produces pyocyanin
(5-methyl-1-hydroxyphenazinium betaine), a blue phenazine compound that
is considered to be a virulence factor in clinical isolates of P aeruginosa (Briti-
gan et al. 1992, 1997). Abeysinge (1999) has shown that high concentrations of
purified pyocyanin (0.1 mM) can induce resistance to B, cinerea in bean. Mu-
tant PHZ1 is not able to produce pyocyanin due to an insertion in the phzM
gene that encodes an O-methyltransferase, In infection experiments, PHZ1 did
not induce resistance in tomato to B. cinerea. In addition, a pyochelin and SA
negative mutant 7NSK2-562 did not induce resistance either, although it over-
produced pyocyanin. Induced resistance was restored, when both mutants were
co-inoculated on tomato roots or when PHZ1 was complemented for pyocya-
nin production, These results indicate that in strain 7NSK2 pyocyanin and pyo-
chelin (or salicylic acid) act synergistically in induced resistance, probably by
generating the very reactive OH-radical on plant roots (Audenaert et al. 2002).
We also constructed the phzM mutation in mutant KMCPH. Surprisingly, mu-
tant KMPCH-phzM lost its ability to induce resistance to B. cinerea in bean and
tomato (Audenaert et al., unpublished) indicating that also in strain KMPCH,
SA and pyocyanin, rather than SA alone are the determinants for induced resis-
tance in bean and tomato.

Studies about bacterial determinants involved in ISR have mainly been car-
ried out in dicot plants. Recently, we started work on ISR in our lab using the
monocot rice as a model plant. We were interested to see whether the same
bacterial determinants are involved in ISR in mono- and dicotyledon plants. As
challenging pathogens we used the major pathogens of rice: Pyricularia grisea,
the causal agent of rice blast; Xanthomonas oryzae pv. oryzae, the causal agent of
bacterial blight and Rhizoctonia solani, the causal agent of sheath blight. P. ge-
ruginosa 7NSK2 was able to induce resistance to rice blast, but was not effective
against sheath blight or blight. We tested all available mutants of 7NSK2 for their
ability to induce resistance to blast and sheath blight. Pyocyanin appeared to be
the main metabolite responsible for induced resistance to blast, while there was
no role for SA or pyochelin. SA-deficient mutants were in general even more ef-
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fective in inducing resistance than the wild type strain {De Vleesschauwer et al.,
in preparation). The situation appeared to be entirely different for sheath blight.
While the wild type strain 7NSK2 was not effective against R. solani, the pyocya-
nin mutants 7NSK2-phzM and KMPCH-phzM were able to induce resistance
(De Vleesschauwer et al. 2006). Transient generation of H,O, by H.mmox-mnmﬁ
pyocyanin in planta most likely accounts for the dual role of the latter com-
pound in 7NSK2-mediated ISR in rice since exogenous application of sodium
ascorbate alleviated the opposite effects of pyocyanin on P grisea and R. solani
pathogenesis (De Vleesschauwer et al. 2006). Resistance could also be induced
with pure SA applied to rice roots in a gnotobiotic system (De Vleesschauwer et
al., in preparation).

We conclude that while in bean, tomato and tobacco SA/pyochelin and
pyocyanin act synergistically to induce resistance, in the monocot rice SA or
pyocyanin alone are sufficient to induce resistance. The bacterial metabolite in-
volved, however, depends on the challenging pathogen. Tt is known that pyocya-
nin can undergo redox-cycling, resulting in the generation of superoxide and
H,0, (Britigan et al. 1997). These active oxygen species (AOS) are apparently
sufficient to induce resistance to blast in rice. In dicot plants such as bean and
tomato, however, these AOS have to be converted to the very reactive OH-radi-
cal through the Haber-Weiss reaction in the presence of an iron-chelating com-
pound such as Fe-pyochelin or Fe-SA.

m.N-N . : S .
Pseudomonas fluorescens CHAO and P. fluorescens P3

- P fluorescens CHAQ is an effective biocontrol agent of various soil borne patho-

gens (see Haas and Defago 2005 for a review). This strain produces pyoverdine,
salicylic acid and various antimicrobial compounds such as hydrogen cyanide,
2,4-diacetylphloroglucinol (DAPG) and pyoluteorin. P fluorescens CHAO can
induce resistance against leaf necrosis caused by Tobacco Necrosis Virus (TNV)
in tobacco plants. A gacA mutant, in which the production of hydrogen cya-
nide, DAPG and pyoluteorin is blocked, had the same capacity to induce resis-
tance against TNV as did the wild type strain, The pyoverdine-negative mutant
CHA400, however, was significantly less able to protect tobacco leaves against
TNV (Maurhofer et al. 1994). The transposon insertion in mutant CHA400 was
not localized and it is not clear whether the pyoverdine mutation is the only
mutation in strain CHA400. More recently, ISR with P. fluorescens CHAO was
studied in Arabidopsis thaliana with Peronospora parasitica as the challenging
pathogen. In this study it was shown that DAPG is required for the induction
of ISR to Peronospora parasitica, since only mutations interfering with DAPG,
including the gacA mutation; led to a significant decrease in ISR (Iavicoli et al.
2003). In this study, mutant CHA400 was as effective as the wild-type strain.
Similarly, ISR in A. thaliana against P. syringae pv tomato by P. Sfluorescens Q2-87
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is triggered by DAPG (Weller et al, 2004). In the latter case z._m Huommmzm involve-
ment of siderophores was not studied.

Introduction of the SA biosynthesis genes pchBA from P. aeruginosa PAO1
(Serino et al. 1995) into B fluorescens P3, which does not produce SA, rendered
this strain capable of SA production in vitro and significantly improved its ability
to induce systemic resistance in tobacco against TNV (Maurhofer et al. 1998).

6.2.3
Pseudomonas fluorescens WCS417 and W(CS374

P. fluorescens WCS417 was one of the first PGPR strains for which ISR was found
to be an important mode of action. When strain WCS417 was applied to roots
of carnation it protected the treated plants significantly from wilting caused by
E. oxysporum f.sp. dianthi that was slash inoculated into the stem (Van Peer et
al. 1991). Purified lipopolysaccharides of this strain also induced resistance in
carnation (Van Peer and Schippers 1992), suggesting LPS as a trigger of ISR in
this plant species. The pseudobactin (pyoverdin) siderophore of WCS417 seems
not to be involved in ISR, since a pseudobactin negative Tn5 insertion mutant
was as effective as the parental strain in protecting carnation from fusarium wilt
(Duijff et al. 1993). The involvement of LPS and siderophores in ISR against
fusarium wilt were investigated further for P. fluorescens strains WCS417 and
WCS374 in a bioassay with radish specifically designed to study induced resis-
tance (Leeman et al. 1995a). The purified LPS of both strains triggered ISR in
radish; moreover, mutants of the strains lacking the 0-antigenic side chain were
not able to induce resistance against fusarium wilt (Leeman et al. 1995b). How-
ever, the latter experiments were performed under conditions of high iron avail-
ability for the PGPR strains, thereby excluding a possible role for siderophores,
which are produced only upon iron limitation. When iron availability for the
bacteria was lowered, strains WCS374 and WCS417 reduced disease to a much
lower level compared to high iron availability, and more striking, the 0-antigen
mutants of both strains did trigger ISR under conditions of low iron availability
(Leeman et al. 1996). These results suggest that iron-regulated metabolites of the
strains are also involved in triggering ISR. Purified pseudobactin of WCS374,
but not that of WCS417, induced ISR when applied to the roots of radish. Inter-
estingly, pseudobactin mutants of both strains were as effective as the parental
strains, with again additional ISR induction activity when iron availability was
lowered. Both strains produce SA at low iron availability and this metabolite
was suggested to be a determinant of WCS374 and WCS417 triggering ISR in
radish (Leeman et al. 1996). However, in Arabidopsis thaliana WCS417 can
induce resistance whereas WCS374 cannot, despite the fact that WCS374 pro-
duces six to seven times more SA than does WCS417. In the A. thaliana system
ISR by WCS417 is independent of SA accumulation in the plant (Pieterse et al.
1996 1998), excluding a role for bacterially produced SA. The LPS of WCS417
does seem to be involved in ISR in A, thaliana {Van Wees et al. 1997). So far the

6 Competition for Iron and Induced Systemic Resistance B A

involvement of pseudobactin in ISR by WCS417 in Arabidopsis has not been
investigated. The inability of WCS374 to trigger ISR in Arabidopsis may be due
to the observation that upon iron limitation this strain produces not only pseu-
dobactin and SA, but also pseudomonine, a siderophore containing a SA moiety
(Mercado-Blanco et al. 2001). Possibly in the Arabidopsis rhizosphere all SA
produced by WCS374 is channelled into pseudomonine that cannot trigger ISR
in this plant species. This hypothests will be investigated using purified wmmzmo-
monine and mutants defective in pseudomonine production.

Strain WCS417 induces resistance in all plant species it has been tested in
(Van Loon et al. 1998). However, recently it was reported that this strain could
not trigger ISR in Eucalyptus urophylla (Ran et al. 2005) or rice (De Vleesschau-
wer, unpublished). P. fluorescens WCS374 does induce ISR against Ralstonia so-
lanacearum in Eucalyptus and whereas a pseudobactin mutant was as effective
as the parental strain in disease suppression, purified pseudobactin did trigger
ISR. These results suggest that ISR by WCS374 in E. urophylia is triggered by its
pseudobactin siderophore and as yet unknown additional determinant(s) (Ran
et al. 2005). Interestingly, WCS374 could also induce systemic resistance in rice
against both rice blast and sheath blight. A pseudobactin mutant lost its ability
to suppress disease, while purified pseudobactin from strain WCS374 triggered
ISR to rice blast and sheath blight (De Vleesschauwer, unpublished).

6.2.4
Pseudomonas putida WCS358

Strain WCS358 was originally isolated from potato tuber surface and the in-
volvement of its fluorescent pseudobactin siderophore in disease suppression
has been studied in a variety of plant-pathogen systems. Mutants defective in
pseudobactin biosynthesis were isolated and analysed after Tn5 transposon mu-
tagenesis (Marugg et al. 1985). Mutants were compared to the parental strain
regarding their ability to increase potato plant growth in pot experiments and
in the field (Schippers et al. 1987), and to suppress fusarium wilt in carnation
(Duijff et al. 1993), and radish (Raaijmakers et al. 1995). In all cases it was ob-
served that the parental strain was more effective than the mutant strain sug-
gesting that pseudobactin is the key biocontrol compound in WCS358. Effec-
tive competition for ferric iron was suggested to be the main mode of action of
WCS358 (Bakker et al. 1993). P putida WCS358 cannot trigger ISR in carnation
(Duijff etal. 1993) or radish (Leeman et al. 1995a), although it does in A. thaliana
(Van Wees et al. 1997), E. urophylla (Ran et al. 2005) bean, and tomato (Me-
ziane et al. 2005). In these plants species the involvement of the siderophore
of WCS358 as a trigger of ISR was studied using both purified pseudobactin
and mutants defective in pseudobactin biosynthesis. Whereas in Arabidopsis
the purified siderophore induces ISR, the pseudobactin mutant was still as effec-
tive as the wild type strain (Bakker et al. 2003; Meziane et al. 2005). In addition
to the siderophore, the LPS and the flagella of WCS358 also play a role in trig-
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gering ISR, indicating redundancy for ISR triggering traits of this-strain in the
A. thaliana - P. syringae pv tomato model system. In Bucalyptus the situation is
different; the mutant no longer induces resistance and the purified siderophore
does trigger ISR, suggesting that pseudobactin is the sole determinant of ISR in
this plant species (Ran et al. 2005). In tomato a similar situation was observed,
ISR against B. cinerea was triggered by the purified siderophore and the pseudo-
bactin mutant no longer induced resistance (Meziane et al. 2005). In bean more
than one determinant seems to be involved in WCS358 mediated ISR against
B. cinerea and C. lindemuthianum. Both the pseudobactin mutant and the puri-
fied compound induced resistance; an additional role for LPS was suggested in
this case (Meziane et al. 2005). Thus, for strain WCS358 multiple traits can be
involved in ISR depending on the host plant. In previous studies in which a role
for siderophore mediated competition for iron by this strain was suggested the
possible involvement of ISR should be evaluated.

6.2.5
Pseudomonas putida BTP1

P putida BTP1, obtained from barley roots, was originally selected for its spe-
cific features regarding pyoverdine-mediated iron transport (Jacques et al.
1995). P. putida BTP1 was shown to enhance the resistance of cucumber to root
rot caused by Pythium aphanidermatum (Ongena et al. 1999). Results from split
root experiments suggested that the protective effect was due to ISR, since sys-
temic accumulation of antifungal compounds was observed in the host plant
after treatment with BTPI or with M3, its siderophore deficient mutant (On-
gena et al. 1999). P. putida BTP1 is also able to protect bean against leaf infec-
tion with Botrytis cinerea. Biocontrol assays carried out with cell-free culture
fluids of BTP1 clearly indicated that ISR was mostly induced by one or several
metabolite(s) excreted by the strain under iron-limited in vitro growth condi-
tions. In vivo assays with samples from successive fractionation steps of the
BTP1 supernatant led to the isolation of fractions containing one main metabo-
lite that retained most of the resistance-inducing activity in bean (Ongena et al.
2002). Recently, this metabolite was structuraily characterized as an N-trialkyl-
ated benzylamine derivative (Ongena et al. 2005). Although the production of
this metabolite is iron-regulated in strain BTP1, the compound itself has appar-
ently no siderophore activity.

aoNom
Serratia marcescens 90-166

Serratia marcescens 90-166 can induce resistance to fungal, viral and bacterial
pathogens in cucumber such as Colletotrichum orbiculare, Fusarium oxysporum
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f. sp. cucumerinum, Cucumber Mosaic Virus, P syringae pv. lachrymans, and
Erwinia tracheiphila. Strain 90-166-mediated ISR is dependent on iron concen-
tration. The capacity of strain 90-166 to induce resistance is diminished under
iron-replete conditions. In addition, suppression of cucumber anthracnose by
strain 90-166 was significantly improved when the iron concentration of the
planting mix was decreased by addition of the iron-chelator EDDHA (Press
et al. 2001). S. marcescens 90-166 is known to produce SA, but mutants defi-
cient in SA production retained ISR activity in cucumber against C. orbiculare
(Press et al. 1997). In addition to SA, S. marcescens produces a catechol-type
siderophore, which is probably identical to enterobactin. A siderophore-defi-
cient mutant of S. marcescens was identified, in which a homologue of the entA
gene is inactivated. EntA encodes 2,3-dihydro-2,3-dihydroxybenzoate dehydro-
genase, an enzyme in the enterobactin biosynthesis pathway. The entA mutant
of 8. marcescens 90-166 was no longer able to induce resistance to C. orbiculare
in cucumber. It was observed that there was a significant decrease in internal
root population sizes of the entA mutant of 8. marcescens compared with wild
type strain 90-166. Press et al. (2001) hypothesized that siderophore production
by strain 90-166 serves to detoxify the active oxygen species produced by the
plant in response to the bacterium as was reported for Erwinia amylovora sid-
erophores (Dellagi et al. 1998). The lack of enterobactin production in the entA
mutant may render this strain more susceptible to active oxygen species and
result in lowered internal populations. It was not determined, however, whether
changes in internal colonization by the entA mutant contributed to changes in
the ISR phenotype of this strain (Press et al. 2001).

6.3
Conclusions

The production of siderophores occurs under conditions of iron-limitation.
Such conditions are likely to prevail in the rhizosphere (Loper and Henkels
1999), and siderophore mediated competition for iron is one of the mechanisms
of bacterial antagonism against soil-borne pathogens (Loper and Buyer 1991).
However, siderophore production can also trigger ISR and it can therefore play
a dual role in disease suppression by depriving resident pathogens from iron lo-
cally and by inducing resistance in the plant systemically. The observation that
not all siderophores induce ISR can be explained by the fact that siderophores
produced by different bacteria have very different chemical structures (Hofte
1993). How siderophores are perceived by plants is presently completely un-
known, but there is crop specificity as specific siderophores trigger ISR in one
plant species but not another.

Several ISR-eliciting PGPR are able to produce SA in vitro, whereas others
are not. Induction of systemic resistance in NahG-transformed plants demon-
strated that ISR against TMV and Botryfis cinerea in tobacco and tomato by
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7NSK2 (De Meyer et al. 1999a; Audenaert et al. 2002) and in Arabidopsis against
P, syringae pv. maculicola by B. pumilus SE34 (Ryu et al. 2003) depends on SA
accumnulation in the plant. In other cases, PGPR still effectively induce ISR in
NahG plants. Moreover, mutants of S. marcescens 90-166 that do not produce
SA were as effective as the parental strain in triggering ISR in tobacco against
P. syringae pv. tomato and in cucumber against C. orbiculare (Press et al. 1997).
Thus, the importance of bacterially produced SA in PGPR-mediated ISR ap-
pears to be limited.

Whereas SA triggers a signal transduction pathway in the Emsﬂ that depends
on SA, ISR triggered by several PGPR strains is independent of SA but relies on
jasmonic acid (JA) and ethylene signalling in the plant (Pieterse et al. 1996, 1998).
Interestingly, simultaneous activation of the SA dependent and the JA/ethylene
dependent pathways leads to an enhanced level of protection against patho-
gens (Van Wees et al. 2000). Whereas there is a wide range of pathogens against
which both SA dependent and JA/ethylene dependent induced resistance are
effective, some are only affected by one type of induced resistance (Ton et al.
2002). Therefore simultaneous activation of the SA dependent and independent
pathways may increase the range of pathogens that are effectively suppressed
after treatment with PGPR.

Redundancy in ISR eliciting determinants in PGPR on the one hand hampers
studies to elucidate the involvement of these determinants; on the other hand
it may give ISR robustness. If one determinant fails to elicit ISR or is not pro-
duced under certain conditions, other traits can still be effective. In these cases
it would be favourable if the different traits were also differentially regulated.

Increased knowledge on the variety of bacterial determinants of ISR and
their regulation in the rhizosphere will not only increase our fundamental un-
derstanding of interactions in this highly dynamic environment, but it will also
increase possibilities to apply this mode of action of PGPR in crop protection
strategies.

References

Abeysinghe § (1999) Investigation of metabolites of the rhizobacterium Pseudomonas aeru-
ginosa strain $A44 involved in plant protection. Ph.D. thesis, Vrije Universiteit Brussel,
Belgium

Audenaert K, Pattery T, Cornelis P, Héfte M (2002) Induction of systemic resistance to
Botrytis cinerea in tomato by Pseudomonas aeruginosa 7NSK2: role of salicylic acid, pyo-
chelin and pyocyanin. Mol Plant-Microbe Interact 15:1147-1156

Bakker PANM, Raaijmakers JM, Schippers B (1993} Role of iron in the suppression of
bacterial plant pathogens by fluorescent pseudomonads In: Barton LL, Hemming BC
(eds) Iron chelation in plants and soil microorganisms, Academic Press, San Diego, pp
269-278

Bakker PAHM, Ran LX, Pieterse CMJ, Van Loon LC (2003) Understanding the involvement
of rhizobacteria-mediated induction of systemic resistance in biocontrol of plant dis-
cases. Can ] Plant Pathol 25:5~9

0 Competion 101 TroT alid INAuced Sy SICMIC KESINANce i i R =) S

Bigirimana J, Hofte M (2002) Induction of systemic resistance to Collefofrichum linde-
muthianum in bean by a benzothiadiazole derivative and rhizobacteria, Phytoparasitica
30:159-168

Britigan BE, Roeder TL, Rasmussen GT, Shasby DM, McCormick ML, Cox CD (1992) In-
teraction of the Pseudomonas aeruginosa secretory products pyocyanin and pyochelin
generates hydroxyl radicals and causes synergistic damage to endothelial cells. J Clin
Invest 90:2187-2196

Britigan BE, Rasmusse GT, Cox, CD (1997) Augmentation of oxidant injury to rE,:mw pul-
monary epithelial cells by the Pseudomonas aeruginosa siderophore EB%&E. Hsmmnn
Immun 65:1071-1076

Buysens S, Heungens K, Poppe ], Hofte M {1996) Involvement of Eanraru and 33»&5
in suppression of Pythium-induced damping-off of tomato by Pseudomonas aeruginosa
7NSK2. Appl Environ Microbiol 62: 865-871

Dellagi A, Brisset MN, Paulin JP, Expert D {1998) Dual role of desferrioxamine in Erwinia
amylovora pathogenicity. Mol Plant-Microbe Interact 11:734-742

De Meyer G, Hofte M {1997) Salicylic acid produced by the rhizobacterium Pseudomonas
aeruginosa 7NSK2 induces resistance to leaf infection by Botrytis cinerea on bean. Ea?
topathology 87:588-593 .

De Meyer G, Audenaert K, Hofte M (1999a) Pseudomonas aeruginosa 7NSK2-induced sys-
temic resistance in tobacco depends on in planta salicylic acid accumulation but is not
associated with PR1a expression. Eur ] Plant Pathol 105:513-517

De Meyer G, Capieau K, Audenzert K, Buchala A, Métraux JP, Hofte M (1999b) Nanogram
amounts of salicylic acid produced by the rhizobacterium Pseudomonas aeruginosa
7NSK2 activate the systemic acquired resistance pathway in bean. Mol Plant-Microbe
Interact 12:450-458

De Vigesschauwer D, Cornelis B, Hifte M (2006) Redox-active pyocyanin secreted by Psendo-
monas aeruginosa 7NSK2 triggers systemic resistance to Magnaporthe grisea but enhances
Rhizoctonia solani susceptibility in rice, Mol Plant-Microbe Interact 19:1406-1419

Duijff B], Meijer JW, Bakker PAHM, Schippers B (1993) Siderophore-mediated competition
for iren and induced resistance in the suppression of fusarium wilt of carnation by fluo-
rescent Pseudomonas spp. Neth | Plant Pathol 99:277-289

Gaffney T, Friedrich L, Vernooij B, Negrotto D, Nye G, Uknes §, Ward E, Kessmann H, Ryals
J {1993) Requirement of salicylic acid for the induction of systemic acquired resistance.
Sclence 261:754-756

Haas D, Defago G {2005) Biological control of soil-borne pathogens by fluorescent pseudo-
monads. Nature Rev Microbiol 3:307-319 .

Hofte M (1993) Classes of microbial siderophores, In; Barton LL, Hemiming BC (eds) Iron
chelation in plants and soil microorganisms. Academic Press, San Diego, pp 3-26

lavicoli A, Boutet E, Buchala A, Métraux JP (2003) Induced systemic resistance in Arabidop-
sis thaliana in response to root inoculation with Pseudomonas fluorescens CHAD. Mol
Plant-Microbe Interact 16:851-858

Iswandi A, Bossier P, Vandenabeele ], Verstraete W {1987) Effect of seed inoculation with the
rhizopseudomonas strain 7NSK2 on the root microbiota of maize (Zea mays) and barley
(Hordeum vulgare). Biol Fertil Soil 3:153-158

Jacques B, Ongena M, Gwose I, Seinsche D, Schrider H, Delfosse B, Thenart P, Taraz K,

" Budzikiewicz H (1995) Structure and characterization of isopyoverdin from Pseudomo-
nas putida BTP1 and its relation to the biogenetic pathway leading to pyoverdines. Z
Naturforsch C 50:622-629

Kloepper JW, Leong |, Teintze M, Schroth MN (1980) Enhanced plant growth by sidero-
phores produced by plant growth-promoting rhizobacteria. Nature 286:885-886



132 ‘ ‘ Monica Héfte and Peter A.H.M. Bakker

Leeman M, Van Pelt JA, Den Ouden FM, Heinsbroek M, Bakker PAHM,; Schippers B (1995a)
Induction of systemic resistance by Pseudomonas fluorescens in radish cultivars differing
in susceptibility to fusarium wilt, using a novel bioassay. Eur J Plant Pathol 101:655-664

Leeman M, Van Pelt JA, Den Cuden FM, Heinsbroek M, Bakker PAHM, Schippers B {(1995b)
Induction of systemic resistance against fusarium wilt of radish by lipopolysaccharides
of Pseudomonas fluorescens. Phytopathology 85:1021-1027

Leeman M, Den Ouden FM, Van Pelt JA, Dirkx FPM, Steijl H, Bakker PAHM, Schippers B
(1996} Iron availability affects induction of systemic resistance against fusarium wilt of
radish by Pseudomonas fluorescens. Phytopathology 86:149-155

Loper JE, Buyer ]S (1991) Siderophores in microbial interactions on plant surfaces. Mol

Plant-Microbe Interact 4:5-13

Loper JE, Henkels MDD (1999) Utilization of heterologous siderophores enhances levels of
iron available to Pseudomonas ?595 in the rhizosphere. Appl Environ Microbiol
65:5357-5363

Marugg JD, Van Spanje M, Hoekstra WPM, Schippers B, Weisbeek P] (1985) Isolation and
analysis of genes involved in siderophore biosynthesis in plant-growth-stimulating Psey-
domonas putida W(CS358. | Bacteriol 164:563-570

Maurhofer M, Hase C, Meuwly P, Métraux J-P, Défago G (1994) Induction of systemic resis-
tance of tobacco to tobacco necrosis virus by the root-colonizing Pseudomonas fluore-
scens strain CHAO: influence of the gacA gene and of pyoverdine production. Phytopa-
thology 84:139-146

Maurhofer M, Reimmann C, Schmidli-Sacherer B, Heeb S, Haas D, Défago G (1998) Salicylic

* acid biosynthetic genes expressed in Pseudomonas fluorescens strain P3 improve the in-

duction of systemic resistance in tobacco against tobacco necrosis virus. Phytopathology
88:678-684

Mercado-Blanco ], Van der Drift KMGM, Olsson PE, Thomas-Qates JE, Van H.ooz HO Bak-
ker PAHM (2001) Analysis of the pmsCEAB gene cluster involved in biosynthesis of
salicylic acid and the siderophore pseudomonine in the biocontrol strain Pseudomonas
fluorescens WCS374. ] Bacteriol 183:1909-1920

Meziane H, Van der Sluis 1, Van Loon LC, Hifte M, Bakker PAHM (2005) Umﬁm:.:SmEm of
Pseudomonas putida WCS358 involved in inducing systemic resistance in m_maw Mol
Plant Pathol 6:177-185

Ongena M, Daayf F, Jacques P, Thonart P, Benhamou N, Paulitz T, Cornelis P, Koedam N,
Belanger RR (1999) Protection of cucumber against Pythium root rot by fluorescent
pseudomonads: predominant role of induced resistance over siderophores and antibio-
sis. Plant Pathol 48:66-76

Ongena M, Giger A, Jacques B, Dommes J, Thonart P (2002) Study of bacterial determinants
involved in the induction of systemic resistance in bean by Pseudomonas putida BTP1.
Eur ] Plant Pathol 108:187-196

Ongena M, Jourdan E, Schifer M, Kech C, Budzikiewicz H, Luxen A, Thonart P (2005) Isola-
tion of an N-alkylated benzylamine derivative from Psendomonas putida BTP1 as elici-
tor of induced systemic resistance in bean. Mol Plant-Microbe Interact 18:562-569

Pieterse CM]J, Van Wees SCM, Hoffland E, Van Pelt JA, Van Loon LC {1996) Systemic resis-
tance in Arabidopsis induced by biocontrol bacteria is independent of salicylic acid ac-
cumulation and pathogenesis-related gene expression. Plant Cell 8:1225-1237

Pieterse CM]J, Van Wees SCM, Van Pelt JA, Knoester M, Laan R, Gerrits H, Weisbeek PJ, Van
Loon LC (1998} A novel signaling pathway controlling induced systemnic resistance in
Arabidopsis. Plant Cell 10:1571-1580

Press CM, Wilson M, Tuzun S, Kloepper JW (1997) Salicylic acid produced by Serratia marc-
escens 90-166 is not the primary determinant of induced systemic resistance in cucum-
ber or tobacco. Mol Plant-Microbe Interact 10:761-768

H

6 Ooannmmtn for Iron and Induced Systemic Resistance B B!

Press CM, Loper JE, Kloepper JW (2001) Role of iron in rhizobacteria-mediated induced
systemic resistance of cucumber. Phytopathology 91:593-598

Raaijmakers JM, Leeman M, Van Corschot MPM, Van der Sluis I, Schippers B, Bakker PAHM
{1995) Dose-response relationships in biclogical control of fusarium wilt of radish by
Pseudomonas spp. Phytopathology 85:1075-1081

Ran LX (2005) No role for bacterially produced salicylic acid in rhizobacterial induction of
systemic resistance in Arabidopsis, Phytopathology 95:1349-1355

Ran LX, Li ZN, Wu GJ, Van Loon LC, Bakker PAHM (2005) Induction of systemic resis-
tance against bacterial wilt in Eucalyptus urophylla by fluorescent Pseudomonas spp. Eur
] Plant Pathol 113:59-70

Ryu CM, Hu CH, Reddy MS, Kloepper JW (2003) Different signaling pathways of induced
resistance by thizobacteria in Arabidopsis thaliana against two pathovars of Pseudomo-
nas syringae. New Phytol 160:413-420

Ryu CM, Farag MA, Hu CH, Reddy MS, Kloepper JW, Paré PW (2004) Bacterial volatiles
induce systemic resistance in Arabidopsis. Plant Physiol 134:1017-1026

Schippers B, Bakker AW, Bakker PAHM (1987) Interactions of deleterious and beneficial rhi-
zosphere micro-organisms and the effect of cropping practices. Annu Rev Phytopathol
25:339-358

Serino L, Reimmann C, Baur H, Beyeler M, Visca P, Haas D (1995) Structural genes for
salicylate bicsynthesis from chorismate in Pseudomonas aeruginosa. Mol Gen Genet
249:217-228

Sticher L, Mauch-Mani B, Métraux JP (1997) Systemic acquired resistance, Annu Rev Phyto-
pathol 35:235-270

Ton ], Van Pelt JA, Van Loon L.C, Pieterse CM} (2002} Differential effectiveness of salicylate-
dependent and jasmonate/ethylene-dependent induced resistance in Arabidopsis. Mol
Plant-Microbe Interact 15:27-34.

Van Loon LC, Bakker PAHM, Pieterse CM] (1998) Systemic resistance induced by rhizo-
sphere bacteria. Anna Rev Phytopathol 36:453-483

Van Peer R, Schippers B (1992) Lipopolysaccharides of plant-growth promoting Pseudomo-
nas sp. strain WCS417r induce resistance in carnation to fusarium wilt. Neth J Plant
Pathol 98:129-139

Van Peer R, Niemann GJ, Schippers B (1991) Induced resistance and phytoalexin accumu-
lation in biological control of fusarium wilt of carnation by Pseudomonas sp. strain
WCS417r. Phytopathology 81:728-734

Van Wees SCM, Pieterse CM], Trijssenaar A, Van ‘t Westende Y, Hartog I Van Loon LC
(1997) Differential induction of systemic resistance in Arabidopsis by biocontrol bacte-
ria. Mol Plant-Microbe Interact 10:716-724

Van Wees SCM, De Swart EAM, Van Pelt JA, Van Loon LC, Pieterse CM] (2000} Enhance-
ment of induced disease resistance by simultaneous activation of salicylate- and jas-
monate-dependent defense pathways in Arabidopsis thaliana, Proc Natl Acad Sci USA
97:8711-8716

Wei G, Kloepper JW, Tuzun S {1991) Induction of systemic resistance of cucumber to Col-
letotrichum orbiculare by select strains of plant growth-promoting rhizobacteria. Phyto-
pathology 81:1508-1512

Weller DM, Van Pelt JA, Mavrodi DV, Pieterse CM], Bakker PAHM, Van Loon LC (2004}
Induced systemic resistance (ISR) in Arabidopsis against Pseudomonas syringae pv. to-
mato by 2,4-diacetylphloroglucinel (DAPG)-producing Pseudomonas flucrescens. Phy-
topathology 94:108



