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G e n e r a l  I n t ro d u c t i o n

R e c o g n i t i o n  o f  m i c r o o r g a n i s m s  b y  p l a n t s 

Plants continuously interact with microorganisms in their environment, some 
of which are beneficial, whereas others are pathogenic, causing disease. Plant patho-
gens are conservatively estimated to cause more than 14% loss of crop products (an-
nually approximately US $220 billion) worldwide (Agrios 2005). Plant pathogens 
use different strategies to attack a plant in order to feed and propagate. Pathogenic 
bacteria multiply in intercellular spaces after entering through either gas or water 
pores, or wounds.  Viruses and viroids enter into cells directly either through vec-
tor-associated transmission, or mechanical damage. Pathogenic nematodes insert 
a stylet directly into a plant cell. Fungal pathogens either enter epidermal cells, or 
expand their hyphae on top of, or through plant cells.  Various fungi and oomycetes 
produce specialized structures (haustoria) to establish a feeding relationship across 
the host cell plasma membrane.

Both air-borne and soil-borne pathogens deliver effector molecules (virulence 
factors) into host plant cells in order to enhance microbial fitness (Jones and Dangl 
2006). Conversely, to defend themselves and restrict the growth of these pathogens, 
plants rely on the innate immunity of each cell and on systemic signals originating 
from local infections.

Most microorganisms in the environment do not appear to trigger any known 
response in plants. Against potential pathogens, plants are mainly protected by so-
called non-host resistance, by which the immune system of any individual of a par-
ticular plant species blocks the pathogenic activity of the pathogens (Nürnberger 
and Lipka 2005). Pathogen recognition in non-host plants can be brought about by 
recognition through pathogen-associated molecular patterns (PAMPs) (Nürnberg-
er et al. 2004). These general exogenous elicitors include lipopolysaccharide (LPS) 
of Gram-negative bacteria, cell wall peptidoglycans from Gram-positive bacteria, 
eubacterial flagellin, methylated bacterial DNA fragments, and fungal cell-wall de-
rived glucans, chitins, mannans and proteins. Against different pathogens the plant 
immune system relies on the recognition of conserved PAMPs, such as flagellin, by 
transmembrane pattern recognition receptors (Jones and Dangl 2006). 

In contrast to pathogenic microorganisms, beneficial microorganisms serve 
plants in a symbiotic fashion. For example, non-pathogenic rhizobacteria that are 
present in large numbers on the root surface (Lynch and Whipps 1991), use plant 
exudates as nutrients and, in turn, serve the plants by protecting them against del-
eterious microorganisms. Moreover, plants have acquired and maintained the abil-
ity to recognize these microbial partners (Nürnberger et al. 2004). As in innate 
immune responses, many microbe associated molecular patterns (MAMPs) have 
been suggested to act as general elicitors of defence responses in a plant, indicat-
ing that PAMPs and MAMPs are theoretically similar (Jones and Takemoto 2004). 
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The mechanistic relationship of pathogens with their host plants results from the 
deployment of virulence factors that cause disease, whereas non-pathogenic mi-
croorganisms lack these virulence factors, even though they can promote defence 
responses.

The plant innate immune system is indeed able to recognize the presence 
of different microorganisms. Upon recognition, plants produce, prioritize, and/or 
converge the generated signals into an appropriate defense response (Pieterse et al. 
2002; Bakker et al. 2007; Felix and Boller 2003). 

P l a n t  r e s i s t a n c e  t o  p a t h o g e n s

Different levels of resistance are used by the plant to reduce or suppress the 
damage caused by a pathogen. The mechanism used by plants against microbial 
attackers in the first place includes preexisting physical (e.g., thick cell walls) and 
chemical (e.g., antifungal compounds) barriers. 

Within a population of a plant species some individuals may show high resis-
tance to a pathogen. In such a case, plant disease resistance (R) proteins are activated 
by pathogen-encoded effectors. R proteins indirectly recognize pathogen effectors 
by monitoring the integrity of host cellular targets of pathogen effector molecules, 
resulting in the arrest of the invading pathogen and often programmed cell death at 
the site of infection (Dangl and Jones 2001). 

Deficiency in the recognition of pathogen effector proteins by the plant, either 
by lack of the cognate avirulence gene (Avr) by the pathogen, or the absence of a 
functional R protein in the plant leads to failure to mount a hypersensitive reac-
tion (HR). However, non-specific defence mechanisms can still slow down the 
rate of disease development. This latter type of resistance is generally referred to as 
horizontal resistance (Agrios 2005). As a result of the recognition of the pathogen, 
plants activate various inducible defense responses e.g., synthesis of phytoalexins, 
enhanced strengthening of cell walls, and the production of pathogenesis-related 
(PR) proteins (Jackson and Taylor 1996; Van Loon 2000).

S y s t e m i c a l l y  i n d u c e d  r e s i s t a n c e 

When a pathogen has been successfully recognized and inducible defence 
mechanisms have been activated, the plant becomes more resistant to further attacks 
(Hammerschmidt 1999;  Van Loon 2000). A more rapid and stronger activation of 
basal defence mechanisms occurs upon pathogen attack in such induced plants, as, 
the resistance-inducing agent predisposes the plant to react more effectively against 
a wide spectrum of pathogens (Conrath et al. 2006;  Verhagen et al. 2004). 

The classical type of biologically induced resistance is referred to as systemic 
acquired resistance (SAR) and occurs in distal plant parts after a localized infection. 
SAR was first described by Ross (1961) and then recognized as an effective defence 
response against a broad range of pathogens (Kuć  1982; Ryals et al. 1996; Sticher 
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et al. 1997; Ton et al. 2002). The expression of SAR is associated with the tran-
scriptional activation of genes encoding PRs (Van Loon 1997). Hence, expression 
of genes encoding PRs is commonly used as marker for the onset of SAR.  Also 
several chemicals, i.e. salicylic acid (SA), benzothiadiazole (BTH) and 2,6-dichlo-
roisonicotinic acid (INA) have been shown to activate the SAR response, as well as 
induce the same set of PR genes.

Colonization of plant roots by certain strains of non-pathogenic rhizobacteria 
results in another type of systemically induced resistance. This enhanced defensive 
capacity of plants was independently described by two research groups in 1991 (Van 
Peer et al. 1991; Wei et al. 1991). ISR differs from pathogen-induced SAR in that it 
is not associated with the induction of PRs, and is one of the mechanisms by which 
rhizobacteria, especially fluorescent pseudomonads, can suppress diseases (Bakker et 
al. 2007; Pieterse et al. 1996). 

In Arabidopsis, methyl jasmonate (MeJA) induces resistance against the same 
spectrum of pathogens against which ISR mediated by Pseudomonas fluorescens WC-
S417r is effective (Ton et al. 2002). Despite similarities in the effectiveness (Ton et 
al. 2002) and mechanisms (Pieterse et al. 1998), responsiveness of Arabidopsis plants 
to MeJA does not mimick ISR entirely. ISR- expressing plants showed potentiation 
of Atvsp2, a JA-inducible gene, encoding a vegetative storage protein, after chal-
lenge with Pseudomonas syringae pv. tomato DC3000 (Pst). However, the level of JA 
did not increase upon colonization of roots by rhizobacteria (Van Wees et al. 1999; 
Pieterse et al. 2002), suggesting that ISR in Arabidopsis is associated with the po-
tentiation of a specific set of JA-responsive genes (Conrath et al. 2002). Verhagen 
et al. (2004) demonstrated that ISR-expressing Arabidopsis plants treated with P. 
fluorescens WCS417r were primed to express JA-inducible genes to higher levels 
after challenge inoculation with Pst. Treatment with the precursor of ethylene, 1-
aminocyclopropane-1-carboxylic acid (ACC), can also activate the pathway leading 
to ISR (Pieterse et al. 1996).  

S i g n a l l i n g  o f  S A R  a n d  I S R 

Malamy et al. (1990) and Métraux et al. (1990) observed a strong increase of 
SA in hypersensitively reacting tobacco and cucumber, respectively, as well as a 
slighter rise in non-infected plant parts associated with the onset of SAR. Induc-
tion of SAR upon exogenous application of SA suggested that SA might act as an 
endogenous regulator of SAR. Convincing evidence for the role of SA in SAR was 
provided by the study of SA-nonaccumulating NahG plants. Transgenic tobacco 
and Arabidopsis plants expressing the bacterial NahG gene from Pseudomonas putida, 
resulting in the conversion of SA to catechol, were unable to develop pathogen-
induced SAR, indicating that endogenous accumulation of SA is required for SAR 
to be manifested (Gaffney et al. 1993; Lawton et al. 1995; Figure 1).
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Figure 1. Schematic representation of the signal transduction pathways leading to pathogen-induced 
systemic acquired resistance (SAR) and P. fluorescens WCS417r-mediated induced systemic resistance 
(ISR) in Arabidopsis thaliana. Pathogen-induced SAR is controlled by a pathway that depends on 
accumulation of salicylic acid (SA), whereas WCS417r-mediated ISR is controlled by a pathway that is 
dependent on responsiveness to jasmonic acid (JA) and ethylene (ET). Both pathways require the defense 
regulatory protein NPR1 that differentially regulates SA- and JA/ET-dependent defense mechanisms, 
depending on the pathway that is activated upstream of it. For abbreviations see text. Adapted from 
Pieterse et al. (2002).

Observations that Arabidopsis sid1 and sid2 mutants, which are affected in 
pathogen-induced biosynthesis of SA, are impaired in the development of SAR 
against Hyaloperonospora parasitica (Nawrath and Métraux 1999; Figure 1) further 
supported this conclusion. However, grafting experiments with tobacco suggested 
that SA is not the systemically transported signal.  Vernooij et al. (1994) demon-
strated that a non-transformed scion grafted on a TMV-infected NahG rootstock 
developed SAR, whereas a NahG scion grafted on a TMV-infected, non-trans-
formed rootstock failed to express SAR. 

So far, the signaling pathway by which SA leads to PR gene expression and to 
SAR, is only partially known. Screening for plants in which augmented expression 
of BGL2 (PR-2) in response to SA treatment was blocked led to the identification 
of NPR-1, an ankyrin-repeat protein, that is now known to be involved in TGA 
transcription factor-mediated PR gene expression (Cao et al. 1997). No induced 
resistance was observed after pretreatment of npr-1 mutants with SA or INA, in-
dicating that NPR1 functions downstream of SA in the SAR signaling pathway 
(Figure 1). The importance of this plant defence regulatory protein was further 
demonstrated by its identification in mutant analyses of impaired SAR expression 
(Delaney et al. 1995), reduced SA-induced PR gene expression (Shah et al. 1997), 

Pathogen Rhizobacteria

PRs Priming for enhanced
defence gene expression

NPR1

SAR

ET response
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etr1
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JA response
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and enhanced disease susceptibility (Glazebrook et al. 1996, 2005). 
Ethylene appears to be necessary for the mobile signal to be produced in, 

or transported from, the primary inoculated leaves in tobacco (Van Loon et al. 
2006). When TMV-infected, transgenic ethylene-insensitive (Tetr) plants were used 
as rootstocks and non-transformed plants as scions, no increase in SA levels in the 
scions occurred. PR mRNAs were not increased and SAR was severely reduced 
(Verberne et al. 2003).  Also in Arabidopsis, ethylene enhances the sensitivity for 
SA-induced PR-1 expression (Lawton et al. 1995). 

Whereas SAR is induced by pathogens that induce localized symptoms in 
plants, ISR results from inducing rhizobacteria that do not provoke obvious symp-
toms and may even stimulate plant growth. The signal transduction pathway that 
leads to ISR is different from that of SAR. Pieterse et al. (1998) demonstrated that 
in Arabidopsis ISR elicited by WCS417r needs responsiveness of the plant to the 
JA and ethylene, whereas SA does not seem to play role. WCS417r induced ISR 
against the virulent pathogen Pst in wild-type Col-0 plants, as well as in NahG 
transformants and sid mutants (Pieterse et al. 1998, 2002; Figure 1). Similar results 
were obtained when other ISR-eliciting bacteria were tested on NahG transfor-
mants of Arabidopsis, tomato, and tobacco, indicating that SA-dependent pathways 
are only seldomly involved in ISR (Van Loon 2006). On the other hand, ISR was 
abolished in jar1 (resistant to jasmonic acid) (Pieterse et al. 1998) and a range of 
ethylene-insensitive mutants (Knoester et al. 1999). Induction of ISR is not associ-
ated with an increase in the endogenous levels of JA or ethylene, but the plants are 
primed for augmented JA- and to a lesser extent ethylene-dependent gene expres-
sion upon challenge inoculation by a pathogen (Van Wees et al. 1999; Verhagen et 
al. 2004). In contrast, Bacillus-mediated ISR in Arabidopsis appears to depend on 
ethylene sensitivity but to be independent of JA signaling (Ryu et al. 2004).

Furthermore, Pieterse et al. (1998) demonstrated that npr1 mutants did not 
express ISR, indicating that a functional NPR-1 protein is required for both patho-
gen-induced SAR and WCS417r-mediated ISR (Figure 1). NPR1 was shown to 
function downstream of the JA and ethylene response in the ISR pathway, indi-
cating that NPR1 regulates the activation of both SA-dependent defense-related 
genes and JA/ethylene-dependent defense components (Pieterse et al. 1998). Thus, 
NPR1 seems to be a master regulator of SA- and JA/ethylene-dependent defense 
responses, depending on the pathway that is activated upstream of it (Figure 1). 
NPR1 was found to be important also for the elicitation of ISR against Hyalopero-
nospora parasitica and Pst by Pseudomonas fluorescens CHA0r and WCS347r, respec-
tively (Iavicoli et al. 2003; Ran et al. 2005b). In contrast, Ryu et al. (2004) demon-
strated that the protection of Arabidopsis against cucumber mosaic virus by Serratia 
marcescens strain 90-166 follows a signaling pathway which is dependent on JA, but 
not on NPR1. 
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R h i z o b a c t e r i a l  d e t e r m i n a n t s  o f  I S R

ISR-inducing rhizobacteria show little specificity in their colonization of roots 
of different plant species (Van Loon et al. 1998). However, elicitation of ISR appears 
to be highly specific with regard to both the rhizobacterial strain and the plant host. 
Thus, the ISR-inducing rhizobacterial strains P. putida WCS358r and P. fluorescens 
WCS374r act differentially on different plant species: Arabidopsis is responsive to 
WCS358r, whereas radish is not (Leeman et al. 1995b; Van Wees et al. 1997). Con-
versely, radish is responsive to WCS374r (Leeman et al. 1995a, 1996), whereas its 
ISR-eliciting activity on Arabidopsis (Ran et al. 2005b) is dependent on its growth 
conditions prior to inoculation into the soil. In Arabidopsis, accession Columbia 
(Col-0) is responsive to ISR elicited by WCS417r, whereas accessions RLD1 and 
WS-0 are not (Van Wees et al. 1997; Ton et al. 1999), indicating that inducibility 
is accession-dependent. Ton et al. (2001) provided evidence that the deficiency of 
WS-0 to express ISR is due to its reduced responsiveness to ethylene. 

The onset of ISR is thought to result from the perception of one or more 
ISR-eliciting compounds (determinants) at the plant root surface. Upon binding 
by a receptor, transduction of plant-produced and -mediated signals would lead 
to the state of ISR. A large number of determinants (MAMPs) for ISR have been 
described (reviewed by Bakker et al. 2007 for pseudomonads and Kloepper et al. 
2004 for Bacilli). Research in this area has been mainly focusing on the nature of 
MAMPs produced by the rhizobacteria and on the effectiveness of these molecules 
in the elicitation of ISR against different plant pathogens. 

Bacterial mutant analysis, complementation and application of isolated com-
ponents have led to the identification of various MAMPs in ISR (Table 1). 

Lipopolysaccharides (LPS) are part of the protective outer membrane of 
Gram-negative bacteria. In animals, bacterial LPS stimulates innate immune re-
sponses and functions as a PAMP (Newman et al. 2000). In plants, LPS of P. putida 
and P. fluorescens has been shown to act as a MAMP in eliciting ISR (reviewed by 
Bakker et al. 2007; Table 1). In carnation purified LPS of P. fluorescens WCS417r 
triggered ISR against Fusarium wilt (Van Peer et al. 1992). The involvement of LPS 
was further studied in radish for strains WCS374r and WCS417r. Purified LPS of 
both strains elicited ISR against Fusarium wilt (Leeman et al. 1995b). Moreover, 
mutation of the O-antigenic side chain of the LPS of the two strains abolished their 
ISR-eliciting activity (Leeman et al. 1995b). In Arabidopsis, LPS of P. fluorescens 
WCS417r and P. putida WCS358 appears to be involved in ISR against Pst, since 
applying isolated LPS triggered ISR (Meziane et al. 2005, Van Wees et al. 1999). 
Nevertheless, mutants lacking the O-antigen were as effective as the parental strain, 
indicating redundancy in ISR-triggering traits. A significant increase in the levels 
of phytoalexins upon challenge inoculation of carnation treated with WCS417r or 
the purified LPS of this strain strongly suggested that perception of the LPS leads 
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to priming of the plants to react more strongly against Fusarium spp. However, the 
molecular mechanism underlying LPS-mediated ISR is not yet known (Bakker et 
al. 2007).

Table 1. Bacterial determinants of induced systemic resistance by fluorescent Pseudomonas spp. in 
different host plants. Adapted from Bakker et al. (2007).

 
Determinant Pseudomonas  sp. strain Host plant

Cell envelope components

Lipopolysaccharides WCS374 Radish 

WCS417 Arabidopsis, Carnation, Radish  

WCS358 Arabidopsis, Bean, Tomato 

Flagella WCS358 Arabidopsis

Antibiotics

2,4-Diacetylphloroglucinol CHA0 Arabidopsis, Tomato 

Q2-87 Arabidopsis 

Quorum sensing signal

AHL IsoF Tomato

Iron-regulated metabolites

N-alkylated benzylamine 
derivative

BTP1 Bean 

Pseudobactin siderophore CHA0 Tobacco 

WCS374 Radish 

WCS358 Arabidopsis 

WCS358 Bean

WCS358 Eucalyptus 

WCS358 Tomato 

Salicylic acid 

7NSK2 Bean 

7NSK2 Tobacco 

Transformed P3 with pchBA Tobacco 

Pyocyanin 7NSK2 Rice

Pyocyanin and pyochelin 7NSK2 Tomato

Flagella of some rhizobacterial strains have been shown to function as an 
ISR-inducing MAMP. Bacterial movement is dependent on flagella.  Meziane et 
al. (2005) investigated the involvement of the flagella of P. putida WCS358 in the 
ISR-eliciting activity of this strain in Arabidopsis, bean, and tomato (Table 1). In 
Arabidopsis, application of isolated flagella triggered ISR against Pst, whereas in 
bean or tomato, flagella did not lead to induced protection. Similar effectiveness 
of the parental strain and a flagella-minus mutant of WCS358 in triggering ISR 



Chapter  1  •  1 5

in Arabidopsis further suggested that additional determinants of strain WCS358 
induced resistance redundantly. 

The classic elicitor of PAMPs which triggers defence responses in various 
plants is bacterial flagellin (Gomez-Gomez and Boller 2002). Chinchilla et al. 
(2006) characterized the Arabidopsis Leucine rich repeat (LRR) receptor kinase 
FLS2 as the receptor which binds flg22, a synthetic 22-amino-acid peptide from a 
conserved flagellin domain that is sufficient to induce cellular responses. The flagel-
lin interacts with the extracellular LRR domain and this interaction leads to the 
activation of the kinase domain, which then rapidly phosphorylates many proteins, 
eventually leading to induced expression of defence genes (Asai et al. 2002).  

Gomez-Gomez and Boller (2000) suggested that flagellin from P. putida 
WCS358 is also likely to be recognized by the FLS2 receptor in Arabidopsis. There-
fore, elicitation of ISR in Arabidopsis (Meziane et al. 2005) could be explained by 
recognition of the flagella of WCS358 by the FLS2 receptor.   

Antibiotics produced by biocontrol strains of Pseudomonas spp. have been 
demonstrated to play a role in their direct antagonism against soil-borne plant 
pathogens (Raaijmakers et al. 1997). Recently, evidence was provided that these 
metabolites also mediate ISR in different plants (Table 1). 2,4-diacetylphloroglu-
cinol (DAPG) produced by P. fluorescens strains CHA0r and Q2-87r is the key ele-
ment in ISR against H. parasitica and Pst, respectively (Iavicoli et al. 2003; Weller et 
al. 2004). Mutants of these strains deficient in DAPG biosynthesis did not induce 
resistance and, in turn, ISR was fully restored when the mutations were comple-
mented. DAPG elicited-ISR against H. parasitica by CHA0r was shown to depend 
on EIR1, an auxin transport protein involved in sensitivity of Arabidopsis roots to 
ethylene (Iavicoli et al. 2003). 

The phenazine antibiotic pyocyanin of P. aeruginosa 7NSK2 is involved in 
ISR against Botrytis cinerea and Magnaporthe grisea in tomato and rice, respectively 
(Audenaert et al. 2002; De Vleesschauwer et al. 2006). Pyocyanin was demonstrated 
to act as a redox-active molecule leading to the suppression of the symptoms of 
rice blast. 

N-acyl-L-homoserine lactone (AHL) signal molecules of Gram-negative 
bacteria are instrumental in monitoring their population densities (quorum sens-
ing) and to regulate gene expression accordingly. Recently, it was shown that S. liq-
uefaciens MG1 and P. putida IsoF, two AHL producers, induce systemic resistance in 
tomato plants against the fungal leaf pathogen, Alternaria alternata (Schuhegger et al. 
2006). The AHL-negative mutant S. liquefaciens MG44 was less effective in reducing 
symptoms and growth of A. alternata, indicating that AHL functions as an elicitor 
candidate of ISR. Despite the fact that AHL production influences and regulates 
other traits of the bacterium, elicitation of ISR upon application of pure AHL was 
not investigated making it difficult to conclude that AHL itself is a determinant of 
ISR in S. liquefaciens.   
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Iron-regulated metabolites are mainly referred to as siderophores (Figure 
2). The siderophores are high-affinity iron chelators in bacteria, enabling uptake of 
Fe (Braun 2001). 

Figure 2. Major siderophores produced by P. fluorescens spp. A role of pseudobactin, SA, and pyochelin 
in ISR has been shown. See Table 1. (A) Primary structure of the pseudobactin molecule of P. aeruginosa 
PAO1; pseudobactins vary greatly in their structures and only some of these siderophores are known to 
elicit ISR. (B) SA, (C) pseudomonine, and (D) pyochelin. Pseudomonine and pyochelin are SA-containing 
siderophores of P. fluorescens WCS374 and P. aeruginosa 7NSK2, respectively.

Pseudobactins, also referred to as pyoverdines, are the structurally related, 
characteristic fluorescent siderophores produced by fluorescent Pseudomonas species. 
Pseudobactins can be involved in direct antagonism of fluorescent pseudomonads 
against soil-borne plant pathogens through competition for ferric iron, but can also 
act as determinants of ISR (Bakker et al. 2007; Figure 2 and Table 1). WCS358-
mediated ISR against bacterial wilt in Eucalyptus, caused by Ralstonia solanacearum, 
(Ran et al. 2005a), and gray mould in tomato and bean, caused by B. cinerea, was 
demonstrated to be either fully, or partially dependent on pseudobactin biosynthesis 
by the strain (Meziane at al. 2005). Purified pseudobactin 358 elicited ISR in Eu-

O

HO

O

NH2

H2N

HN

HN

HN

H
N

N

OH

OH

OH

OH

OH

OH HO

OH

HN

O

O

O

H
N

NH

H
N

N
H

O

O

N

HO

H
N

O NH

O

H
N

O

H N

H
N O

O

A) Pseudobactin (Psb)

C) Pseudomonine (Psm)B) Salicylic acid (SA) D) Pyochelin (Pch)

OH

OH
C

O N

HN
N

O

O

N
H

S

N S

N

CH3

CH3

OH

OH

O

O

OH

H

H



Chapter  1  •  1 �

calyptus, tomato, and bean. The pseudobactin-minus derivative of WCS358 lost its 
ISR-eliciting activity in Eucalyptus and tomato. However, in bean this mutant was 
as effective as the wild type, indicating redundancy of ISR-triggering traits in this 
interaction. 

Purified pseudobactin of P. fluorescens WCS374 was effective in eliciting ISR 
against Fusarium wilt in radish (Leeman et al. 1996). However, in addition to pseu-
dobactin, LPS of WCS374 was also found to trigger ISR.  Maurhofer et al. (1994) 
implicated pseudobactin of P. fluorescens CHA0 in ISR in tobacco against tobacco 
necrosis virus (TNV). A mutant deficient in the production of pseudobactin was 
less effective than the parental strain in reducing the numbers of viral lesions and 
lesion diameters of TNV in tobacco plants. 

In addition, biosynthesis of a catechol siderophore by Serratia marcescens 90-166 
has been associated with ISR in cucumber against Colletotrichum orbiculare (Press et 
al. 2001). Moreover, P. putida BTP1 mediates ISR only when grown under iron-
poor conditions. The iron-regulated elicitor responsible for ISR in bean against 
B. cinerea was shown to be an N-alkylated benzylamine derivative (Ongena et al. 
2005). 

Despite intensive studies on the nature of iron-regulated MAMPs, there is little 
known about the molecular mechanisms by which these metabolites activate ISR 
in different plants. The iron-regulated elicitor of ISR in BTP1 appears to stimulate 
the activation of the lipoxygenase pathway upon challenge inoculation, leading to 
an augmented antifungal activity throughout the plant (Ongena et al. 2004). 

In several cases, mutants that are deficient in one trait that is important for ISR, 
still trigger ISR, indicating that other determinants also activate the plant’s response 
(Bakker et al. 2007) and that the effect of these MAMPs seems complementary 
rather than additive. Moreover, LPS, flagellin and pseudobactin have been identi-
fied as MAMPs of P. putida strain WCS358 which are involved differentially in the 
elicitation of ISR in different plant species (Meziane et al. 2005). 

S A  a n d  i t s  d e r i v a t i v e s 

Several rhizobacterial strains that elicit ISR have the capacity to produce SA. 
SA (Figure 2) is a bacterial secondary metabolite that is produced in vitro by a 
number of pseudomonads as a free molecule in iron-depleted conditions. Whether 
SA is produced in the rhizosphere in amounts sufficient to trigger ISR is a matter of 
debate. Several rhizobacteria that elicit ISR induce PRs in the leaves (Maurhofer et 
al. 1994; Schuhegger et al. 2006; Van Loon and Bakker 2006), suggesting that either 
bacterially-produced SA or plant-derived SA is involved. In addition to the release 
of free SA in low-iron media, bacteria utilize this molecule for the production of 
SA-containing siderophores, such as pseudomonine in P. fluorescens strains AH2 
(Anthoni et al. 1995) and WCS374 (Mercado-Blanco et al. 2001) and pyochelin in 
P. aeruginosa 7NSK2 (Serino et al. 1995; Figure 2). 
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Rhizobacterially produced SA has been implicated in the ISR-eliciting activ-
ity of a few plant growth-promoting rhizobacteria (PGPRs) (De Meyer and Höfte 
1997; Maurhofer et al. 1998; Table 1). Transformation of the non-ISR eliciting P. 
fluorescens strain P3 with SA-biosynthetic genes of P. aeruginosa PA01 (pchBA) re-
sulted in a derivative of P3 that produced SA and elicited ISR in tobacco (Mau-
rhofer et al. 1998). Elicitation of ISR by P. aeruginosa 7NSK2 in bean and tobacco 
seemed to at least partly depend on bacterial SA production, as an SA-deficient 
mutant failed to induce resistance (De Meyer and Höfte 1997). Treatment of NahG 
tobacco plants with 7NSK2 did not induce resistance against TMV, suggesting that 
7NSK2-mediated ISR was dependent on bacterially produced SA (De Meyer et 
al. 1999). 

In tomato, both wild-type 7NSK2 and a pyochelin- mutant of 7NSK2 that still 
produces SA, KMPCH, elicited ISR against Botrytis cinerea. Whereas, KMPCH ap-
peared to produce SA in the rhizosphere, the wild-type strain did not (Audenaert et 
al. 2002). This was explained by assuming that all SA produced by 7NSK2 is chan-
neled into pyochelin. For mutant KMPCH, however, the induction of resistance 
appeared to depend solely on SA production. ISR elicited by the wild-type strain 
required production of both pyochelin and the antibiotic pyocyanine. Mutants of 
7NSK2 defective in the biosynthesis of either pyochelin or pyocyanin failed to trig-
ger ISR in tomato (Audenaert et al. 2002). 

These examples illustrate that SA and/or SA-derivatives can be important 
determinants of rhizobacteria for the induction of ISR. However, in other cases, 
bacterially produced SA appears not to be required for elicitation of ISR. In Ara-
bidopsis, ISR against Pst mediated by e.g., SA-producing Pseudomonas strains WC-
S374r, CHA0 and 7NSK2 was shown to be independent of SA (Ran et al. 2005b). 
Similarly, production of SA by S. marcescens 90-166 was not involved in triggering 
ISR in cucumber against C. orbiculare (Press et al. 1997). 
 

S A  b i o s y n t h e s i s  i n  b a c t e r i a

Serino et al. (1995) delineated the arrangement of the SA-biosynthetic genes 
in P. aeruginosa PA01. SA biosynthesis in this bacterium is coupled to the biosyn-
thesis of the siderophore pyochelin (Figures 2 and 3). 

Mercado-Blanco et al. (2001) showed that homologous genes are present in P. 
fluoresens WCS374. WCS374 produces about 50 µg.ml-1 SA in iron-limiting media 
in vitro (Mercado-Blanco et al. 2001). SA biosynthesis was shown to be associated 
with the biosynthesis of the siderophore pseudomonine (Figures 2 and 3). 

There are other examples that suggest that SA biosynthesis in bacteria is part of 
their siderophore production machinery. Harrison et al. (2006) purified the protein 
MbtI of Mycobacterium tuberculosis and demonstrated that it is a salicylate synthase, 
i.e., it has both isochorismate synthase (chorismate isomerase) and isochorismate-
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pyruvate lyase activities (Figures 2 and 3). In this bacterium salicylate synthesis is 
necessary for mycobactin biosynthesis. MbtI is structurally similar to the salicylate 
synthase encoded by the gene Irp9 from Yersinia enterocolitica. The product of Irp9 
has also been characterized as being able to convert chorismate directly into SA 
(Pelludat et al. 2003) which, in turn, is a precursor of siderophore yersiniabactin 
(Figure 3). 

Figure 3. Representation of chorismate-utilizing pathways for the production of SA-containing 
siderophores. Abbreviations: ICS: isochorismate synthase, IC: isochorismate, PmsC, PchA, MbtI, and 
Irp9: enzymes for the conversion of chorismate to isochorismate in Pseudomonas fluorescens WCS374, 
P. aeruginosa PA01, Mycobacterium tuberculosis, and Yersinia enterocolitica, respectively. PmsB, 
PchB, MbtI, and Irp9: enzymes converting isochorismate to SA in Pseudomonas fluorescens WCS374, P. 
aeruginosa PA01, Mycobacterium tuberculosis, and Yersinia enterocolitica, respectively.

Apparently, in these bacteria SA biosynthesis is a prerequisite for production 
of specific siderophores. Deficiency of P. fluoresens WCS374 in eliciting ISR in 
Arabidopsis supported the hypothesis that this bacterium would incorporate the 
SA produced efficiently into pseudomonine (Mercado-Blanco et al. 2001). The 
genes responsible for SA production are present in an operon (with polycistronic 
activity), designated pmsCEAB (Mercado-Blanco et al. 2001). Genes responsible 
for pseudomonine production are either intermingled with or adjacent to the SA-
biosynthetic genes in WCS374. 

Verberne et al. (2000) demonstrated that tobacco plants transformed with the 
bacterial genes entC from E. coli and pmsB from WCS374 constitutively produced 
500 to 1000 times more SA than non-transformed plants. The transformants ex-
pressed PR genes constitutively, and showed enhanced resistance to viral and fungal 
infection, resembling SAR in non-transformed plants. 

SA Pseudomonine
pmsB

pchB SA Pyochelin
ICS

Chorismate IC
PmsC, PchA, MbtI SA Mycobactin
MbtI, Irp9

Irp9
SA Yersiniabactin
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O u t l i n e  o f  t h e s i s

The main goal of the work described in this thesis was to unravel the role 
of bacterial SA production in the interaction of Pseudomonas fluorescens WCS374r 
with Arabidopsis in relation to ISR. Arabidopsis is a model plant frequently used in 
molecular studies on plant-microbe interactions, including SAR and ISR. Some of 
the characteristics of Arabidopsis which have facilitated this research, are its small 
genome size (125 Mb), a rapid life cycle (about 6 weeks), efficient transformation 
and availability of a large number of mutant lines (http://www.arabidopsis.org). P. 
fluorescens WCS374r, which in previous studies had been shown to elicit ISR against 
Fusarium wilt in radish (Leeman et al. 1995a, b, 1996), was used to study the role 
of its iron-regulated metabolites in relation to ISR in Arabidopsis and rice. Mutants 
of WCS374r defective in the production of at least one of its three iron-regulated 
metabolites – pseudobactin, SA, and pseudomonine – were generated and used in 
the experiments described in this thesis. 

In chapter 2, the generation of mutants of strain WCS374r in the production of 
the iron-regulated metabolites and their molecular characterization are described. 
Analysis of mutants impaired in the biosynthesis of at least one of the iron-regulated 
metabolites revealed that these metabolites do not have an important role in the 
colonization of Arabidopsis roots by WCS374r. Results presented in this chapter 
also show that pseudomonine has a distinct role in iron utilization by WCS374. 
However, SA, a precursor of pseudomonine, does not function as a siderophore in 
this strain. 

Chapter 3 presents effects of different environmental conditions on the in vi-
tro production of the three iron-regulated metabolites by WCS374r. The molecular 
structure of pseudobactin 374 is described in this chapter. The optimal conditions 
for production of pseudobactin by WCS374r were shown to be low pH, or low 
temperature. In contrast, biosynthesis of pseudomonine was stimulated at high pH 
values. Biosynthesis of all three metabolites was repressed with increasing iron avail-
ability and at 35º C. Feeding WCS374r and selected mutants with precursors of 
pseudomonine had similar effects on the production of pseudobactin and pseudo-
monine in all strains used.  

 In Chapter 4 the effectiveness of WCS374r-mediated ISR against different 
pathogens of Arabidopsis i.e., Pst, H. parasitica, Alternaria brassicicola, B. cinerea, and 
turnip crinkle virus (TCV) is described. The significance of the iron-regulated me-
tabolites of WCS374 in the ISR-eliciting activity of this strain was studied using the 
mutants generated and characterized in chapter 2. Rice (Oryza sativa) was included 
in this study as a plant model for monocots and elicitation of ISR by WCS374r 
and its mutants was studied against M. grisea and Rhizoctonia solani. The combined 
production of pseudobactin and SA/pseudomonine appeared to be required for 
eliciting ISR against the viral pathogen TCV in Arabidopsis and the fungal patho-
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gen M. oryzae in rice. Furthermore, SA/pseudomonine production is shown to be 
important for eliciting ISR against H. parasitica in Arabidopsis, whereas pseudobac-
tin is demonstrated to be necessary for triggering ISR against R. solani in rice.

WCS374r mediated-ISR was effective against pathogens that are resisted 
through SA-, as well as, JA/ethylene- dependent basal resistance. In chapter 5, the 
signal transduction pathways leading to ISR by WCS374r and its SA defective 
mutant, 4B-1, against Pst and TCV are investigated. Using the jasmonate response 
mutant jar1, the ethylene response mutant etr1, and the SAR/WCS417r-ISR regu-
latory mutant npr1 (Pieterse et al. 1998), we demonstrate that the induced resistance 
conferred by WCS374r against Pst is independent of SA, but requires responsive-
ness of the plant to the plant hormones jasmonate and ethylene. Moreover, we pro-
vide evidence that promotion of resistance against TCV depends on SA signalling 
in the plant. 

Finally, in chapter 6 the significance of rhizobacterial determinants, and more 
specifically iron-regulated metabolites, in ISR is discussed with reference to the 
current knowledge about plant-pathogen interactions.
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Chapter 2

Iron-regulated metabolites produced 
 
by Pseudomonas f luorescens  WCS374r  
 
and their  involvement in colonization 
 
of  the Arabidopsis  rhizosphere
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A b s t r a c t

The plant growth-promoting rhizobacterium Pseudomonas fluorescens WCS374r 
produces several iron-regulated metabolites, including the fluorescent siderophore 
pseudobactin, salicylic acid (SA), and pseudomonine, a siderophore that contains a SA 
moiety. The putative coding region responsible for pseudomonine biosynthesis and 
transport in WCS374r was sequenced and revealed the presence of 10 open reading 
frames (ORFs) in addition to the pmsCEAB cluster, which previously was found to 
be involved in SA biosynthesis. To study the role of SA and pseudomonine production 
in colonization of Arabidopsis thaliana roots by strain WCS374r, mutants disrupted in 
the production of these metabolites were obtained by homologous recombination. 
These mutants were further subjected to transposon Tn5 mutagenesis to generate 
mutants also deficient in pseudobactin production. The resulting SA, pseudomonine, 
and pseudobactin minus mutants still appeared to have siderophore activity.  The 
SA/pseudomonine and the SA/pseudomonine/pseudobactin mutants colonized 
Arabidopsis roots to the same extent as the wild-type strain. In contrast, mutants 
that produced SA and pseudomonine but lacked pseudobactin colonized the roots 
significantly better. Thus, production of these iron-regulated metabolites did not seem 
necessary for effective colonization of the Arabidopsis rhizosphere by WCS374r. 

Key words: Pseudomonas fluorescens WCS374, �seudobactin, �seudomonine, Root�seudobactin, �seudomonine, Root 
colonization, Salicylic acid, Siderophore Salicylic acid, Siderophore 



Chapter  2  •  2 5

I n t ro d u c t i o n
 

Iron is essential for the growth of almost all organisms but, in many environments, 
the amount of free iron is below 10–7 M, the concentration required by most 
bacteria for growth (Ratledge and Dover 2000). Bacteria have developed several 
strategies for the acquisition, solubilization and transportation of iron (Guérinot 
1994). The most efficient mechanism of iron acquisition is the secretion of high-
affinity iron-chelating compounds, so-called siderophores. The siderophores chelate 
iron in the extracellular environment and the resulting ferric-siderophore complex 
is recognized by siderophore-specific membrane receptors, enabling uptake of Fe 
by the bacterial cells (Braun 2001). 

Many bacteria produce more than one type of siderophore, as shown for 
Enterobacter cloacae, Mycobacterium smegmatis and Pseudomonas spp. (Adilakshmi et al. 
2000; Ankenbauer and Cox 1988; Buysens et al. 1996; Loper et al. 1993; Mercado-
Blanco et al. 2001; Meyer et al. 1992; Sokol et al. 1992). Although considerable 
structural variation exists among the several dozen siderophores chemically 
characterized at the present time, most can be classified as hydroxamates or catechols. 
�rototypical siderophores of these two classes are ferrichrome and enterobactin, 
respectively (Neiland 1981). Moreover, some bacteria have the capacity to produce 
multiple siderophore-receptor proteins, enabling them to take up not only their 
cognate siderophore complexes, but also those from other strains (Beare et al. 
2003; Koster et al. 1993). �roduction of siderophores is one of the mechanisms 
by which microorganisms can antagonize each other (Loper and Henkels 1999). 
Such siderophore-mediated competition for iron between fluorescent Pseudomonas 
spp. and plant pathogens has been implicated in control of disease (Bakker et al.Bakker et al. 
1986; Lemanceau et al. 1992; Loper and Buyer 1991). Siderophores have also beenLoper and Buyer 1991). Siderophores have also been 
implicated in induced systemic resistance (ISR) in plants (Leeman et al. 1996; 
Maurhofer et al. 1994; Meziane et al. 2005; Ran et al. 2005a). ISR is a state of 
enhanced defensive capacity developed by a plant when appropriately stimulated, 
and effective against a broad spectrum of pathogens (Van Loon et al. 1998). Whereas 
siderophore-mediated suppression of plant diseases is restricted to the site where 
biocontrol bacteria and pathogens contact each other, ISR is effective throughout 
the plant and reduces disease incited by pathogens at sites distant from the inducing 
bacteria.

Rhizobacteria-mediated ISR resembles pathogen-induced systemic acquired 
resistance (SAR), which is dependent on salicylic acid (SA) as a signalling 
compound. Under iron-limited conditions, SA is synthesized by members of four 
bacterial genera: Pseudomonas, Azospirillum, Yersinia, and Mycobacterium. For Yersinia 
and Mycobacterium it has been suggested that salicylate acts as a siderophore in its 
own right (Adilakshmi et al. 2000; Ratledge et al. 1974; Sokol et al. 1992; Visca et al.Ratledge et al. 1974; Sokol et al. 1992;  Visca et al. 
1993). However, Chipperfield and Ratledge (2000) suggested that SA cannot bind 
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ferric ions at pH values above 6.0. Since the pH of bacterial cultures is normally 
above 6.0, SA itself is unlikely to function as a siderophore. 

SA is a precursor or intermediate in the biosynthesis of certain types of 
siderophores, such as pyochelin (Cox et al. 1981), pseudomonine (Mercado-
Blanco et al. 2001) and yersiniabactin (Bultrays et al. 2006; �elludat et al. 2003). SA 
synthesized by certain strains of Pseudomonas fluorescens  and Pseudomonas aeruginosa  
has been suggested to be involved in the induction of resistance against different 
plant pathogens (Audenaert at al. 2002; De Meyer and Höfte 1997; Leeman et al. 
1996; Maurhofer et al. 1994). The ability of  P. aeruginosa 7NSK2 to elicit ISR against 
Botrytis cinerea in bean was linked to SA production, since a mutant deficient in SA 
production of this strain was less effective; however, a role for pyochelin could not 
be excluded (De Meyer and Höfte 1997). For the induced resistance elicited byDe Meyer and Höfte 1997). For the induced resistance elicited by P. 
fluorescens strains WCS374 and CHA0, and P. aeruginosa 7NSK2 against the bacterial 
pathogen Pseudomonas syringae pv. tomato (�st) in Arabidopsis, Ran et al. (2005b) 
demonstrated that bacterially produced SA is not required.

Salicylate biosynthesis by bacteria occurs in a two-step reaction. In the first 
step, chorismate is converted to isochorismate by isochorismate synthase (ICS). In 
P. fluorescens WCS374 this protein is encoded by the gene this protein is encoded by the gene pmsC (Mercado-Blanco et 
al. 2001), which is homologous to the product of pchA in P. aeruginosa �A01 (Gaille 
et al. 2003). In the second step isochorismate is converted to SA. This conversion 
is catalysed by isochorismate-pyruvate lyase (I�L). The enzyme is encoded by gene 
pmsB in P. fluorescens WCS374 and by pchB in P. aeruginosa (Gaille et al. 2003; Serino 
et al. 1995). A recent study (Künzler et al. 2005) has shown that �chB possesses both 
isochorismate-pyruvate lyase and weak chorismate mutase activity. In contrast to 
Pseudomonas species, in Yersinia enterocolitica Irp9 functions as a salicylate synthase by 
directly converting chorismate into salicylate (�elludat et al. 2003). Gene Irp9 does 
not carry sequences similar to pchB or pmsB. 

Whereas strain WCS374 induces systemic resistance in radish (Leeman et al. 
1995a), it normally does not do so in Arabidopsis (Ran et al. 2005b;  Van Wees et al. 
1997). Exogenously applied SA induces resistance in both plant species. Compared 
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Figure 1. Structure of the siderophore pseudomonine produced by P. fluorescens WCS374, consisting of 
histamine, cyclothreonine and salicylic acid moieties. 
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to other SA-producing fluorescent Pseudomonas spp. strains, WCS374 produces 
relatively high amounts of SA in vitro (Leeman et al. 1996). However, it is not 
clear whether strain WCS374 produces SA in the rhizosphere, and the inability 
of WCS374 to induce resistance in Arabidopsis actually suggests that SA is not 
released into the rhizosphere. Indeed, a SA moiety is present in the siderophore 
pseudomonine (�sm), which is produced by this strain in addition to the fluorescent 
siderophore pseudobactin (�sb) (Mercado-Blanco et al. 2001). It might be that SA 
is produced in the rhizosphere, but is all channeled into �sm, as in P. aeruginosa 
7NSK2 SA is suggested to be channeled into pyochelin (Audenaert et al. 2002).channeled into pyochelin (Audenaert et al. 2002).

Mercado-Blanco et al. (2001) found that genes pmsB and pmsC of P. fluorescens 
WCS374 are part of an operon,  pmsCEAB, that is involved in the biosynthesis of 
SA and �sm under iron-limiting conditions. Heterologous expression of pmsB and 
pmsC was achieved in Pseudomonas putida and Escherichia coli cells. In E. coli, deletions 
affecting pmsC diminished SA production, whereas deletion of pmsB abolished it 
completely. The pmsB gene led E. coli to produce low levels of SA when expressed 
under control of the lacZ promoter. The translational product of pmsA showed high 
homology with pyridoxal phosphate-dependent histidine decarboxylases (HDC) 
from Klebsiella planticola (�28578; 77% identity), Morganella morganii (�05034; 
76% identity), Enterobacter aerogenes (�28577; 75% identity), and Vibrio anguillarum 
(Q56581; 62% identity). �msE showed striking similarities to proteins involved in 
the biosynthesis of siderophores such as enterobactin (EntE), pyochelin (�chD), 
vibriobactin (VibE), and yersiniabactin (YbtE), assumed to function in activating 
the carboxylate group of SA. 

Mass spectrometric and NMR analyses indicated that �sm is composed of 
SA, cyclothreonine, and histamine. Since pmsA was homologous to histidine 
decarboxylases, Mercado-Blanco et al. (2001) suggested that this gene is involved in 
the synthesis of the histamine moiety (Mercado-Blanco et al. 2001; Figure 1).

Effective root colonization by Pseudomonas spp. is a prerequisite for successful 
suppression of soil-borne plant diseases (Lugtenberg et al. 2001). A minimum 
bacterial cell density is required for both microbial antagonism and the induction 
of systemic resistance (Raaijmakers et al. 1995). Efficient and specific iron-
supplying systems appear to be important for fluorescent pseudomonad fitness and 
competitiveness (Bultreys et al. 2006). In order to unravel the role of SA and �sm 
in the ecology of P. fluorescens WCS374 in the rhizosphere, mutational analysis of 
the genes pmsB and pmsA was performed. Mutations in the biosynthesis of �sb in 
the background of the wild- type strain and the pmsB and pmsA mutants enabled us 
to study the significance of these three iron-regulated metabolites in the fitness of 
WCS374 in the rhizosphere of Arabidopsis. 
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M a t e r i a l s  a n d  m e t h o d s

B a c t e r i a l  s t r a i n s  a n d  g r o w t h  c o n d i t i o n s 

P. fluorescens WCS374 was originally isolated from the rhizosphere of potato 
(Geels and Schippers 1983) and a spontaneous rifampicin-resistant mutant was used 
in further investigations. �seudobactin-negative mutants have been characterized 
previously (Mercado-Blanco et al. 2001;  Weisbeek et al. 1986).  All strains and plasmids 
used are listed in Table 1. P. fluorescens and P. putida strains were grown at 28° C in 
King’s medium B (KB) (King et al. 1954), and E. coli and P. aeruginosa strains were 
grown at 37° C in Luria-Bertani (Miller 1972) and KB medium, respectively. All 
plasmids were propagated in E. coli DH5α (Clontech) at 37° C. Antibiotics were 
added to the following concentrations (µg/ml) when needed: ampicillin (Amp), 100; 
kanamycin (Kn), 25; nalidixic acid (Nal), 25; tetracycline (Tc), 20 (to stop growth of E. 
coli), or 40 (for Pseudomonas); rifampicin (Rif), 200; and gentamycine (Gm), 80.

Table1. Bacterial strains and plasmids used in this study and their relevant characteristics..  

Strains/Plasmids Characteristics Source

E. Coli

Dh5α recA1 endA1 f80d lacZ dam-15 Clontech

HB101 pro leu thi lacY endA recA hsdR hsdM Sm r
Boyer and Roulland-
Dussoix 1969

S17-1 thi pro recA hsdR hsdM R�4-2-Tc,Mu-Km, Tp r Sm r Simon et al. 1983

Pseudomonas

P. fluorescens  
WCS374

Wild-type; �sb+ �sm+ SA+, Nal r
Geels and Schippers 
1983

WCS374r
Spontaneous rifampicin-resistant mutant of 
WCS374; �sb+ �sm+ SA+, Rif r

Geels and Schippers 
1983

374-02 
WCS374 Tn5 mutant lacking pseudobactin; 
�sb- �sm+ SA+, Kn r

Weisbeek et al. 1983

374-08
WCS374 Tn5 mutant lacking pseudobactin; 
�sb- �sm+ SA+, Kn r

Mercado-Blanco et 
al. 2001

4A-1
Allelic exchange mutant of pmsA homologue of 
WCS374r; �sb+ �sm- SA+, Kn r Rif r

This study

AT-12 
Tn5 mutant in 4A-1 background; �sb- �sm- SA+, 
Kn r  Rif r  Tc r

This study 

4B-1
Allelic exchange mutant of pmsB homologue of 
WCS374r; �sb+ �sm- SA-, Kn r Rif r

This study

BT-1 Tn5 mutant of 4B-1 lacking pseudobactin; This study

�sb- �sm- SA-, Kn r Rif r Tc r

P. putida WCS358 Wild-type, SA-, �sb+
Geels and Schippers 
1983

Plasmids
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pE1
12260 bp EcoRI fragment subcloned from
pMB374-07 in both orientations in pGEM-3Z

This study

pE4
3268 bp EcoRI fragment subcloned from 
pMB374-07 in both orientations in pGEM-3Z

This study

pGEM-3Z Cloning and transcription vector; Amp r �romega

pJMSal-10
pGEM-3Z with 0.7-kb EcoRI-PstI fragment 
containing pmsB gene

Mercado-Blanco et 
al. 2001

pJMSal-20
pGEM-3Z with 1.7-kb EcoRI-HindIII fragment 
containing pmsAB genes

Mercado-Blanco et 
al. 2001

pJMsal-10::Kn pJMSal-10 containing a Kn cassette in MluI site This study

pJMsal-20::Kn pJMSal-20 containing a Kn cassette in SalI site This study 

pJMpmsA::Kn
pmsA::Kn fragment subcloned from pJMsal-20::Kn 
in pSU�202

This study

pJMpmsB::Kn
pmsB::Kn fragment subcloned from pJMsal-10::Kn 
in pSU�202

This study

pJQ18 pSU�5011 derivative; carries Tn5-Mob-Tc r
Mercado-Blanco et 
al. 2001

pMB374-07
28-kb fragment from WCS374 cloned in pLAFR1; 
carries SA and pseudomonine biosynthesis genes

 Mercado-Blanco et 
al. 2001 

pRK2013 ColE1 replicon, helper plasmid; Kn r tra Figurski et al. 1979

pSU�202 Amp r Chl r Mob+ Simon et al. 1983

pTnMODOGm �lasposon, Gmr
Dennis and Zylstra 
1998

pUC-4K A plasmid conferring Amp and Kn  resistance
Amersham 
Biosciences        

Amp: ampicillin, Gm: gentamycine, Kn: kanamycin, Nal: nalidixic acid, Psb: pseudobactin, Psm: 

pseudomonine, Rif: rifampicin, SA: salicylic acid, Tc: tetracycline. 

P s e u d o m o n i n e  b i o s y n t h e s i s  a n d  t r a n s p o r t - c o d i n g  r e g i o n  o f  W C S 3 7 4

EcoRI fragments containing 12,260 and 3,268 bp of the 28-kb fragment from 
genomic DNA of WCS374 that is responsible for SA and �sm biosynthesis (Mercado-
Blanco et al. 2001) and transport, were cloned in plasmids pE1R and pE4R,  
respectively (Figure 2A) and sequenced in both directions following a primer-walking 
strategy (Strauss et al. 1986). Sequences were edited using DNASTAR (Lasergene) 
software. For homology analysis, the BLAST program at the NCBI network service 
was used (Altschul et al. 1997).     
 
S A / p s e u d o m o n i n e - b i o s y n t h e t i c  m u t a n t s  o f  W C S 3 7 4 r 

Homologous recombination was employed to knock out genes pmsA or 
pmsB. �lasmids pJMsal-10, harboring a 0.7-kb EcoRI-PstI fragment containing the 
pmsB gene, and pJMsal-20, harboring a 1.7-kb EcoRI-HindIII fragment containing 
the pmsAB genes (Mercado-Blanco et al. 2001), were digested with MluI and SalI, 
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respectively. A 1.2 kb Kn resistance cassette from pUC4K was introduced at these 
sites (Figure 2C) to disrupt pmsB and pmsA (pJMsal-10::Kn, and pJMsal-20::Kn), 
respectively. Subsequently, the disrupted frames were subcloned in the broad host 
range delivery suicide plasmid pSU�202, which is unable to replicate in Pseudomonas. 
The resulting recombinant plasmids pJMpmsB::Kn and pJMpmsA::Kn were used 
as suicide delivery vehicles to mutagenize WCS374r. Matings were performed using 
E coli S17-1 harboring the recombinant plasmids as the donor strain. Sensitivity to 
Tc was used as the selection marker for colonies with frame exchange as a result of 
double crossing-over. 

A)

B)

C)
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Figure 2. (A) Restriction map of the 28-kb insert cloned in plasmid pMB374-07 (Mercado-Blanco et al. 
2001) and the 5-kb EcoRI fragment responsible for SA biosynthesis. (B) Salicylic acid and pseudomonine 
biosynthesis and transport coding region in P. fluorescens WCS374. Endonuclease restriction sites 
are indicated. (C) Schematic representation of the disruption in genes pmsA and pmsB introduced by 
homologous recombination. 



Chapter  2  •  3 1

The mutants in the pmsB and pmsA genes were checked for their exchanged 
fragment by �CR using the primer pairs SAL01/SAL02 and HDC01/SAL02, 
respectively (Mercado-Blanco et al. 2001). 

Cross-feeding experiments were performed to restore the production of �sm by 
growing the �msB- and �msA- mutant strains in SSM minimal medium (Meyer and 
Abdallah 1978) amended with either SA (25 µg/ml) or histamine (100 µg/ml), the 
products of the genes involved, or with the biosynthetic precursors of SA, chorismic 
acid, or histamine, histidine, respectively.

To determine siderophore activity of �sm, different concentrations of the iron 
chelator EDDA (Koster et al. 1993), were added to the KB agar medium. The plates 
were incubated at 28° C and growth of the bacteria was scored after 24 h.

M u t a n t s  d e f e c t i v e  i n  t h e  p r o d u c t i o n  o f  p s e u d o b a c t i n  a n d  a n a l y s i s 
o f  i r o n - c h e l a t i n g a c t i v i t yi r o n - c h e l a t i n g  a c t i v i t y 

Strains 4A-1 (pmsA-) and 4B-1 (pmsB-) were subjected to Tn5 mutagenesis to 
isolate mutants additionally defective in �sb production. The mobilization system 
of E. coli strain  S17-1 (Simon et al. 1983) and the suicide plasmid pJQ18 (Hynes 
et al. 1989), which carries a modified Tn5 (Mob Tcr), were used. Colonies that 
were non-fluorescent under UV irradiation on KB medium, indicative that �sb 
production was abolished, were selected. 

The iron-chelating capacity of the bacteria was determined by measuring the 
relative size of the orange halo around colonies grown on the deep blue Chrome 
Azurol S (CAS) medium, a universal medium for the determination of siderophore 
activity (Schwyn and Neilands 1987). The amount of  �sb produced in SSM liquid 
cultures was determined spectrophotometrically at 400 nm (Mercado-Blanco et al. 
2001) and expressed on the basis of the number of cells at the time of harvesting. 

Since �sm-, �sb- double mutants still showed iron-chelating activity on CAS 
medium, it was attempted to further knock out production of all iron-chelating 
metabolites. To generate mutants unable to produce a halo on CAS medium, a To generate mutants unable to produce a halo on CAS medium, a 
plasposon, pTnModOGm, which confers Gm resistance to the recipient cells, was 
used (Dennis and Zylstra 1998). �lasmid pRK2013 (Figurski and Helinski 1979) 
and double mutant AT-12 were used as helper plasmid and recipient, respectively, 
together with the plasposon in tri-parental mating. Gm-resistant colonies were 
transferred to CAS medium and their iron-chelating activity was checked after 
incubation for 24 h at 28º C. 
 
M o l e c u l a r  c h a r a c t e r i z a t i o n  o f  t r a n s p o s o n  i n s e r t i o n  m u t a n t s

The presence of single Tn5 insertions in SA-deficient mutants was checked 
by DNA–DNA hybridization. Total DNA from strain WCS374r and its derivative 
mutants was isolated, digested with EcoRI, blotted onto a membrane (Hybond-N+, 
Amersham, Amsterdam, The Netherlands), and hybridized against a 1.2 Kb PstI Kn-
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resistance fragment excised from plasmid pUC4k which was labelled with [α-32p] 
dCT� according to manufacturer’s instruction, using high-stringency conditions 
(Sambrook et al. 1989).

To identify the genes that were affected in the �sb biosynthesis mutants 374-
02, 374-08, and double mutants AT-12 and BT-1, the DNA sequences flanking 
the transposons in the mutants were determined by arbitrary �CR (Caetano-
Anollés 1993). A primer unique to the right end of Tn5 elements (Tn5Ext, 5´-
GAACGTTACCATGTTAGGAGGTC-3´) and an arbitrary primer 1 (ARB1, 
5´-GGCCACGCGTCGACTAGTACNNNNNNNNNNGATAT-3´) were used 
in the first �CR round. One µl product of this reaction was subjected to a nested 
�CR reaction with primers ARB2 (5´-GGCCACGCGTCGACTAGTAC-3´) and 
Tn5Int (5´-CGGGAAAGGTTCCGTTCAGGACGC-3´). The ARB2 sequence 
was identical to the 5´ end of the ARB1 primer and the sequence of  Tn5Int 
was identical to the right end of Tn5, near the insertion of the transposon in the 
chromosome. �CR conditions for the first round were 5 min at 95º C, 6 x [30 s at 
95º C, 30 s at 30º C, and 1.5 min at 72º C] and 30 x [30 s at 95º C, 30 s at 45º C and 
2 min at 72º C]. Nested reaction conditions were consisted of 30 x [30 s at 95º C, 30 
s at 45º C, and 2 min at 72º C]. An Eppendorf® thermocycler was used for the �CR 
reactions. The �CR products from the second reaction were subjected to agarose 
gel electrophoresis and purified using the DNA gel extraction kit (MILLI�ORE, 
Millipore corporatins, Bedford, USA), as described by the manufacturer. The 
amplicons were sequenced using the second set of primers (nested) and compared 
with the GenBank DNA sequence database using the BLASTX and BLASTn 
�rograms. 

D e t e c t i o n  a n d  q u a n t i f i c a t i o n  o f  S A  a n d  p s e u d o m o n i n e  b y  H P L C

To quantify SA and �sm production by WCS374r and its mutants, cells were 
grown in liquid SSM for 48 h. Cultures were centrifuged for 10 min at 10,000 g. 
The supernatants were filtered (0.2 µm filters) and aliquots of 50 µl were analyzed 
by H�LC. To obtain a pure reference sample of �sm, the bacterial culture supernatant 
was freeze-dried to reduce the volume and the residue redissolved in ultra-pure 
water. �sm was solid-phase extracted using an Alltech C-18 reverse-phase column 
(SephadexTM G-25M, Amersham Biosciences, Sweden) and subjected to H�LC 
analysis. �sm was further purified by recovering fractions from the column. The 
Diode array H�LC system (Shimadzu LC10AD vp, Shimadzu corporations, Kyoto, 
Japan) consisted of a DGU-14A degasser and a reverse-phase column of 15 cm x 
4.6 mm, 5 µm pore size (SU�ELCOSILTM LC-ABZ), preceded by a guard column 
of 2 cm x 2.1, 3, and 4 mm ID guards (SupelguardTM). A photo diode array detector 
(Shimadzu S�D – M10A vp ) was used to detect and record the absorbance 
from 199 to 800 nm over the 35 min run. For SA and �sm analysis, a gradient of 
acetonitrile (H�LC grade) and 25 mM KH

2
�O

4
, pH 2.6, was used from 15 to 55% 
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acetonitrile (0 to 35.5 min). After that, the column was regenerated by applying 55 
to 95% acetonitrile (34 to 38 min), 95 to 55% acetonitrile (38 to 42 min), 55 to 15% 
acetonitrile (42 to 45 min), and 15% acetonitrile (45 to 55 min); the flow rate was 
1 ml.min–1. Absorbances of SA and �sm were specifically monitored at wavelengths 
of 210, 236 and 295 nm, and areas under the recorded peaks were analyzed using 
software provided by the manufacturer (Class-V�). To quantify SA and �sm present 
in culture supernatants, different amounts of pure SA and �sm were dissolved in 
SSM. Fifty µl of culture supernatant were injected and compared with a standard 
range of known concentrations. 

To further characterize the mutants with no or reduced production of free SA, 
mass-spectrometric (MS) measurements were performed on a triple quadrupole 
instrument (Quattro Ultima, Micromass, Manchester, UK), equipped with a Z-
nano electrospray source (Department of Biomolecular Mass Spectrometry, 
Utrecht University) (Mercado-Blanco et al. 2001). Either samples of filtered culture 
supernatant, or fractions collected from the H�LC were lyophilized and introduced 
via a gold-coated glass capillary tip at 1.2 kV, while the sample cone was set at 100 
V.  Argon was used as collision gas at a pressure of 0.23 �a and the collision energy 
was set at 20-30 V (Catalina et al. 2004). 

P l a n t  g r o w t h  a n d  c o l o n i z a t i o n  o f  A r a b i d o p s i s  r o o t s  b y  W C S 3 7 4 r 
a n d  i t s  m u t a n t s

Seedlings of Arabidopsis thaliana accession Col-0 were sown in sterile quartz 
sand and grown for two weeks. Three plantlets were transplanted into 60-ml pots 
containing a mixture of sand and potting soil (5:12) that was autoclaved twice for 
1 h with a one-day interval. Bacterial strains were incubated at 28° C for 24 h on 
KB agar plates. Cells were scraped off the plates and suspended in sterile 10 mM 
MgSO

4
. Before transferring the plantlets, the potting soil was supplemented with a 

suspension of bacteria to a final density of 103 colony-forming units (cfu).g-1 soil. 
�lants were watered on alternate days and once a week supplied with a modified 
half-strength Hoagland nutrient solution (Hoagland and Arnon 1938) without iron. 
�lants were cultivated in a growth chamber with a 8-h day (200 µE.m-2.s-1 at 24° C) 
and a 16-h night (20° C) cycle at 70% relative humidity. 

One, two and three weeks after transplanting roots from each treatment were 
harvested, weighed, rinsed briefly in water, and shaken vigorously for 1 min in 
glass tubes containing 5 ml 10 mM MgSO

4
 and 0.5 g of glass beads (0.17 mm 

diameter). Aliquots of appropriate dilutions were plated on KB agar supplemented 
with cycloheximide (100 µg/ml), ampicillin (50 µg/ml), chloramphenicol (13 µg/
ml) [KB+] (Geels and Schippers 1983), and rifampicin (150 µg/ml), or kanamycin 
and streptomycin (100 µg/ml). After overnight incubation at 28° C, the number 
of colonies was counted and cfu per gram of root fresh weight were calculated. 
Treatments consisted of 9 pots for each time point, each including 3 plants. 
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Experiments were performed twice with similar results.
�opulations of bacterial cells on plant roots approximate a log-normal 

distribution (Loper et al. 1984). Therefore, values were submitted to logarithmic 
transformation prior to statistical analysis. Means of transformed values were 
statistically analyzed by one-way analysis of variance (ANOVA), followed by Fisher’s 
test for least significant differences at α = 0.05. 

R e s u l t s 

S A  a n d  p s e u d o m o n i n e  b i o s y n t h e s i s  g e n e s  i n  W C S 3 7 4

The SA-biosynthesis genes in WCS374 are organized in a cluster designated 
pmsCEAB, that was cloned previously as pE3 (Mercado-Blanco et al. 2001) (FigureMercado-Blanco et al. 2001) (Figure 
2). pmsCEAB is part of a 28 Kb fragment, of which pE4 (3268 bp) and pE1 
(12260 bp) were additionally sequenced and found to contain 10 additional open 
reading frames (ORFs) (Figure 2) that are presumably involved in �sm biosynthesis 
and transport. Of these ORFs, 1, 2, and 3 may complete the �sm biosynthesis 
machinery. 

The first ORF (length 4326 bp) potentially codes for a protein of 1453 amino 
acids. Its start codon is located 110 nucleotides from the pmsC start codon, but 
with opposite polarity to pmsCEAB. The best alignment found was with the non-
ribosomal peptide synthetase (NR�S) BasA/D of Pseudomonas entomophila L48 
(Accession Number [AN] Y�_608109.1) (identity 69%,  similarity 79% in 1448 
amino acids aligned). In addition, homologies with non-ribosomal peptid 
synthetases of Vibrio vulnificus YJ016 (AN: N�_937352.1; identity 46%, similarity 
61% in 1449 amino acids aligned), and Vibrio vulnificus CMC�6 (AN: N�_762765.1; 
identity 45%, similarity 61% in 1491 amino acids aligned), were found. ORF2 
(length 1341 bp) potentially codes for a 446 amino acid protein. The best alignment 
was found with a L-lysine 6-monooxygenase (NAD�H) of Pseudomonas entomophila 
L48 (AN: Y�_608108.1; identity 82%, similarity 92% in 338 amino acids aligned). 
Moreover, other homologies were found with a rhizobactin siderophore biosynthesis 
protein of Sinorhizobium meliloti 1021 (AN: N�_436508.1; identity 66%, similarity 
81% in 339 amino acids aligned). ORF3 (length 2166 bp) potentially codes for a 
721 amino acid protein. This ORF has opposite polarity with regard to the rest of 
the ORFs. Homology with non-ribosomal peptide synthetase BasB of Pseudomonas 
entomophila L48 (AN: Y�_608107.1; identity 65%, similarity 79% in 724 amino 
acids aligned), a putative acinetobactin biosynthesis protein of Acinetobacter (AN: 
BAC87898.1; identity 49%, similarity 67% in 706 amino acids aligned), and 
condensation domain of Marinomonas sp. MWYL1 (AN: Z�_01598395.1; identity 
47%, similarity 63% in 729 amino acids aligned) were found.

ORF4 (length 552 bp, with the GTG putative start codon preceded by a 
ribosomal-binding site (AGGAGA), potentially codes for a 183 amino acid protein. 
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Homology has been found with RNA polymerase sigma-70 factor of Pseudomonas 
entomophila L48 (AN: Y�_608106.1; identity 65%, similarity 78% in 146 amino 
acids aligned) and a sigma-24 factor (FecI-like) of Burkholderia sp. 383 (AN: Y�_
369691.1; identity 58%, similarity 73% in 143 amino acids aligned). 

ORFs 5-10 appear to be involved in transport. ORF5 (length 1794 bp) 
potentially codes for a 597 amino acid protein with best homologies with an ABC 
transporter, permease/AT�-binding protein of Pseudomonas entomophila L48 (AN: 
Y�_608105.1; identity 77%, similarity 87% in 601 amino acids aligned) and a 
putative ABC transporter, permease/AT�-binding protein of Pseudomonas putida 
KT2440 (AN: N�_744740.1; identity 67%, similarity 80% in 585 amino acids 
aligned).  ORF6 (length 1770 bp) potentially codes for a 589 amino acid protein that 
shows nearly the same alignments as found for ORF5, with homology to permeases 
of Pseudomonas entomophila L48 (AN: Y�_608104.1 ; identity 75%, similarity 84% in 
587 amino acids aligned) and of Pseudomonas putida KT2440 (AN: N�_744739.1; 
identity 60%, similarity 73% in 579 amino acids aligned). ORF7 (length 942 bp) 
potentially codes for a 314 amino acid protein. The putative translation product 
has homology, among others, with a ferric siderophore ABC transporter, permease 
protein of Pseudomonas entomophila L48 (AN: Y�_608103.1; identity 85%, similarity 
93% in 251 amino acids aligned) and a ferric siderophore ABC transporter, permease 
protein of Vibrio alginolyticus 12G01 (AN: Z�_01258624.1; identity 65%, similarity 
84% in 306 amino acids aligned). ORF8 with the length of 951 bp potentially codes 
for a plausible ferric siderophore ABC transporter, permease protein which shows 
the best homology to BauC of Pseudomonas entomophila L48 (AN: Y�_608102.1; 
identity 82%, similarity 90% in 310 amino acids aligned) and a ferric siderophore 
ABC transporter, permease protein of Pseudomonas putida KT2440 (AN: N�_
744737.1; identity 67%, similarity 82% in 310 amino acids aligned). ORF9 (length 
783 bp) also codes for a putative ferric siderophore ABC transporter. It has best 
homologies with the AT�-binding protein BauE of Pseudomonas entomophila L48 
(AN: Y�_608101.1; identity 83%, similarity 89% in 260 amino acids aligned) and 
a ferric siderophore ABC transporter, AT�-binding protein of Pseudomonas putida 
KT2440 (AN: N�_744736.1; identity 72%, similarity 84% in 253 amino acids 
aligned).

The total length of ORF10 is not known because of the presence of an ECoRI 
site within this fragment in pE1R, but its translation product shows homology to a 
ferric siderophore ABC transporter, periplasmic siderophore-binding protein bauB 
of Pseudomonas entomophila L48 (AN: Y�_608100.1; identity 78%, similarity 87% 
in 252 amino acids aligned) and a ferric siderophore ABC transporter, periplasmic 
siderophore-binding protein of Vibrio alginolyticus 12G01 (AN: Z�_01258622.1; 
identity 57%, similarity 75% in 207 amino acids aligned).
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S a l i c y l a t e  a n d  p s e u d o m o n i n e  m u t a n t s  o f  W C S 3 7 4 r  

Site-directed mutagenesis was employed to disrupt the pmsA or the pmsB gene 
in P. fluorescens WCS374r. Mutants were recovered and identified on the basis of 
their resistance to kanamycin. 

Selected mutants yielded a single �CR amplicon with the primer pairs 
HDC01/SAL02 and SAL01/SAL02 (Mercado-Blanco et al. 2001). As expected, 
the �CR products from mutants in pmsB and pmsA were about 1 kb larger than the 
amplicons from the native genes due to the presence of a Knr cassette within the 
genes. These results, together with the criterion used for selecting transconjugants 
(Kn resistance and Tc sensitivity), confirmed that gene replacement had occurred 
as a result of double crossing-over events between recombinant plasmids 
pJMpmsA::Kn and pJMpmsB::Kn and the pmsA and pmsB native genes, respectively 
(Figure 2C, 3). Southern blot analysis revealed the presence of an insert in the 
pmsA- and pmsB- mutants which was not present in wild-type WCS374r, when a 
1.2 Kb EcoRI fragment of pUC4k was used as a probe for the Kn resistance cassette 
(Figure 4). 4A-1 and 4B-1 were selected as representative mutants in genes pmsA 
and pmsB, respectively. Table 2 summarizes the biosynthetic capacity of the mutants 
to produce SA, �sm and �sb. Mutants 4A-1 and 4B-1 did not produce �sm and SA/
�sm, respectively, in SSM minimal medium, but produced �sb in higher quantities 
compared to the wild type.

A) 1 2 3 4 5 6 7 8 9 10 11 12 13

1600 bp

599 bp

B) 1 2 3 4 5 6 7 8 9 10 11 12 13

1200 bp

214 bp

Figure 3. PCR analysis of WCS374r, and putative allelic exchange mutants using primer pairs (A) HDC01/
SAL02 and (B) SAL01/SAL02.  Lanes 1, 2, 4, and 5, pmsA insertion mutants showing a 1600 bp fragment. 
Lane 3, a spontaneous Knr mutant. Lanes 6 to 10, pmsB insertion mutants showing a 1200 bp fragment. 
Lane 11, absence of product from negative control strain P. putida WCS358. Lane 12, wild-type products 
from strain WCS374r. Lane 13, 1Kb DNA ladder molecular markers.
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Table 2. Pseudobactin, SA, and pseudomonine production by P. fluorescens WCS374r and its mutants. 
CAS values were determined as (Halo diameter– Colony diameter (mm))/ Halo diameter after 48 h of 
cultivation. 

Strain �seudobactin (units/cell)1 SA (fg/cell) �seudomonine 
(fg/cell)

CAS activity (28º C)

WCS374r 1.2*10-9 100±10 290±22 0.5

374-02 0 50±8.23 380±12 0.8

374- 08 0 50±10.23 420±15 0.6 

4B-1 1.6*10-9 0 0 0.6

4A-1 1.9*10-9 5±8.10 0 0.6

BT-1 0 0 0 0.7

AT-12 0 10±3.4 0 0.6

The values presented are the averages from at least three independent experiments +/- standard 
deviation.
1) Units are calculated on the basis of OD400.

P s e u d o b a c t i n  m u t a n t s  i n  t h e  S A / p s e u d o m o n i n e  m u t a n t  b a c k g r o u n d

To generate mutants simultaneously defective in �sm and �sb biosynthesis, Tc-
resistant colonies were obtained after conjugation of mutants 4A-1 and 4B-1 with  
donor strain E. coli S17-1 carrying the Tn5 transposon (pJQ18). Colonies that were 
non-fluorescent on KB medium, indicating that �sb production was abolished, 
were selected. Selected mutants were designated as WCS374–AT and –BT strains 
when they carried a mutation in �sb production in the 4A-1 or 4B-1 background, 
respectively. Of the resulting double mutant strains, AT-12 and BT-1 were selected 
for further analysis (Figure 4). AT-12 and BT-1 had lost their capacity to produce 
�sb. Like mutant 4A-1, AT-12 was still able to produce SA, but no �sm (Table 2). 
These mutants were able to grow to the same extent as the wild type in SSM and 
KB liquid media (data not shown).

The DNA sequences flanking the Tn5 insertions in the �sb- mutants were 
characterized. The deduced amino acid sequence of the translated product of the 
DNA sequence flanking the insertion in strain AT-12 (300 bp) showed 60% identity 
to pyoverdine synthetase A of a P. fluorescens strain (Mossialos et al. 2002) (AN: 
AAF40219, similarity 75%;), 55% identity to pyoverdine chromophore precursor 
synthetase of P. syringae pv. phaseolicola 1448A and P. syringae pv. syringae DC3000 
(AN:Y�_274139.1, similarity 74% , and N�_791957.1, similarity 74%, respectively), 
and 56% identity to non-ribosomal peptide synthetase modules of P. fluorescens �f-
01 (AN: Z�_00262446.1, similarity 74%). A 100% identity at the nucleotide level 
(395 bp) with pvdS of P. fluorescens (Miyazaki et al. 1995) was found for the flanking 
region of Tn5 in mutant BT-1. The deduced translation product of this fragment 
showed 32%  identity and 39% similarity to putative metal cation transporter 
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AT�ases of Mycobacterium tuberculosis strains H37Rv and F11 (AN: N�_215423.1, 
and AN: EAX12793.1, respectively). 

Two Tn5 mutants of WCS374 lacking �sb only, were similarly characterized. 
A 250-bp amplicon obtained from mutant 374-02, showed 94% identity to a 
nucleotide sequence of pyoverdin synthetase (pvdS) in P. fluorescens (AN: AF237701). 
Other similarities were found with a putative pyoverdine chromophore precursor 
synthetase from P. syringae pv. phaseolicola 1448A (91% identity, C�000058) and a 
putative pyoverdine synthetase from P. putida KT2440 (88% identity, AE016789). At 
the amino acid level best homologies were found with iron-sulfur binding proteins 
of Kineococcus radiotolerans SRS30216 (AN: EAM74978.1 and Z�_00617246.1; 
identity 30%, similarity 41%, in 80 amino acids aligned). A 400 bp �CR product 
was obtained from �sb mutant 374-08 and showed best homology at the protein 
level with non-ribosomal peptide synthetase modules of P. fluorescens �f-01 (AN: 
Z�_00265633.1; identity 44%, similarity 57%, in 56 amino acids aligned). Other Other 
similarities were found with a non-ribosomal peptide synthetase of P. fluorescens �f-
05 (AN: Y�_261192.1; identity 39%, similarity 55%, in 56 amino acids aligned) and 
P. putida KT2440 (AN: N�_746338.1; identity 39%, similarity 51%, in 56 amino 
acids aligned). 

D e t e r m i n a t i o n  a n d  Q u a n t i f i c a t i o n  o f  S A  a n d  p s e u d o m o n i n e

To simultaneously quantify SA and �sm production by WCS374 and its mutants, 
the H�LC method of Meuwly and Métraux (1993) was adapted. �sm was first 
extracted by solid phase extraction from WCS374r culture supernatants according to 
Mercado-Blanco et al. (2001), and fractions were collected from several H�LC runs. 
Mass-spectrometric analysis confirmed that the collected peak corresponded to �sm. 

WT 4A-1 4B-1 AT-12 BT-1 pUC4K

Figure 4. Southern blot analysis of total genomic DNA digested with EcoRI from WCS374r (WT) and Tn5 
mutants in genes pmsA and pmsB. All mutants showed a single insertion event in the chromosome. 
Plasmid pUC 4K was used as a control to test for the presence of the Kn resistance gene.
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In addition, tandem mass spectrometry (MS/MS) of the parent ion with m/z 331 
showed the same fragmentation profile as described before (Mercado-Blanco et al. 
2001). Culture supernatants from mutants 4A-1 and 4B-1 were also subjected to mass 
spectrometry. Absence of a molecule with mass 331 was established, whereas culture 
supernatants of �sb- mutant 374-08 showed this molecule. Major peaks in the MS 
spectra of culture supernatants of 4A-1 and 4B-1 were examined by MS/MS analysis 
as well, but did not correspond to any residual fragments of the �sm molecule (data 
not shown). 

For quantification by H�LC, culture supernatants were analyzed directly without 
prior purification. Upon analysis peaks corresponding to �sm and SA appeared at 5.7 
and 25.6 minutes, respectively (Figure 5). Table 2 summarizes the levels of SA and 
�sm in culture-free supernatants of WCS374r and its various mutants.

The �sb- mutants 374-02 and 374-08 produced less SA but more �sm than 
WCS374r (Table 2). As expected, mutant 4B-1 and its double mutant derivative BT-
1 failed to synthesize SA and �sm, whereas mutant 4A-1 and its respective double 
mutant AT-12 synthesized a small amount of SA, but no �sm. SA quantities produced 
by 4A-1 and AT-12 were about 5 to 10% of the amounts produced by wild-type 
WCS374r (Table 2).  
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B) 4B-1 C) 4B-1 + SA
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Figure 5. HPLC chromatograms of culture supernatants of (A) WCS374r (WT) and mutant strains (B, C) 
4B-1, and (D, E) 4A-1 grown in SSM medium in the absence (B, D) or presence of (C) SA (25 µg.ml-1), 
or (E) histamine (100 µg.ml-1). The positions of Psm and SA are indicated. RT: retention time; mAu: 
milliarbitrary units.
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P m s A  a n d  P m s B  a c t i v i t i e s  a r e  e s s e n t i a l  f o r  b i o s y n t h e s i s  o f 
p s e u d o m o n i n e 

Cross-feeding experiments were performed to restore �sm production in the 
�sm- mutants. H�LC analysis showed that mutants 4A-1 and 4B-1 produced �sm 
when histamine (100 µg/ml) and SA (25 µg/ml), respectively, were added to the 
SSM minimal medium (Figure 5). The production of �sm by 4A-1 was restored only 
partially, whereas, 4B-1 regained levels of �sm comparable to wild-type WCS374r. 
On the contrary, addition of precursor substrates used by the enzymes encoded by 
these genes - L-histidine (5 mg/ml) and chorismic acid (500 ng/ml), respectively 
- did not result in the restoration of �sm production (data not shown). These results 
demonstrate that the function of the genes pmsA and pmsB is necessary for the 
biosynthesis of �sm by WCS374r.            

Table 3. Growth of P. fluorescens WCS374r and its iron-regulated mutant derivatives on KB agar 
amended with different concentrations of EDDA (µM). +: growth, -: no growth.

0 50 100 500 1000 5000

WCS374r + + + + + +

�sb- + + + - - -

�sm- + + + + + +

�sm-/�sb- + + - - - -

P s e u d o m o n i n e  i s  a  p h y s i o l o g i c a l l y  a c t i v e  s i d e r o p h o r e  o f  W C S 3 7 4 r  

Biological evidence for the role of �sm as a molecule with siderophore activity 
was provided by adding different concentrations of EDDA, a strong iron chelator, to 
KB agar medium prior to inoculation of the bacterial strains. Results are presented 
in Table 3. The parental strain WCS374r did grow on concentrations up to 5 mM 
EDDA. Loss of �sm production in mutants 4A-1 and 4B-1 did not affect their 
ability to grow on this high concentration of EDDA. In contrast, the growth of 
the �sb- mutants 374-02 and 374-08 was inhibited at 500 µM EDDA. In the �sb-

background, production of �sm did affect growth on EDDA since the �sb-/�sm- 
double mutant strains AT-12 and BT-1 did not grow anymore at a concentration of 
100 µM, indicating that �sm acts as an iron-scavenging molecule. These data suggest 
that �sb is the main siderophore of WCS374r and that �sm contributes, as evident 
when �sb production is lacking.  

All mutants, including �sb-, �sm-, SA-/�sm-, and �sb-/SA-/�sm- derivatives, 
produced a halo as wide as the wild type when inoculated on CAS agar medium 
(Figure 6). The observation that �sb-/SA-/�sm- still showed siderophore activity 
on CAS medium suggests the presence of yet another, unidentified molecule with 
siderophore activity in WCS374r. However, our further efforts to generate mutants 
without CAS activity from the AT-12 double mutant strain did not result in any 
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Gm-resistant colonies without a halo on CAS agar medium out of 8000 colonies 
checked. 

       

C o l o n i z a t i o n  o f  A r a b i d o p s i s  r o o t s  b y  W C S 3 7 4 r  a n d  i t s  m u t a n t s

The significance of iron-regulated metabolites in colonization of Arabidopsis 
roots by WCS374r was studied. Bacteria were introduced into the soil at a density 
of one thousand cells per gram of soil, and all increased in population densities 
and colonized the roots to levels equal to the wild type. �opulation densities of 
WCS374r, and �sm-, SA-/�sm- mutants increased to about 5.105 cfu.g-1 root after 
three weeks (Figure 7). Mutants 374-02 and 374-08, that lack �sb but still produce 
SA and �sm, reached up to 10-fold higher cell densities than WCS374r. 

 

A) B)

WCS374SA-

Psb-

Psb-/SA-

Figure 6. Siderophore activity (A) indicated as a halo on CAS medium and (B) fluorescence under UV irradiation of 
WCS374r and its Psb-, SA-, and Psb-/SA- mutants.
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Figure 7. Root colonization of Arabidopsis Col-0 by WCS374r (WT) and pseudomonine (4B-1 and 4A-
1), pseudobactin (374-02 and 374-08) and double mutants (BT-1 and AT-12) in autoclaved soil without 
added iron. Root samples were collected after (A) 1, (B) 2, and (C) 3 weeks after transplanting plants 
into soil containing bacteria. Different letters indicate statistically significant differences between 
treatments (Fisher’s least significant difference test; α = 0.05). 
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D i s c u s s i o n

Many bacteria produce multiple types of siderophores. For the plant growth-
promoting rhizobacterium (�G�R) strain P. fluorescens WCS374r, production of 
an additional siderophore, besides �sb and SA, was suggested (Leeman et al. 1996). 
Mercado-Blanco et al. (2001) showed that the additional siderophore in strain 
WCS374 is �sm, an isoxazolidone with a SA moiety. These authors showed that SA 
and �sm biosynthesis genes are closely linked in the recombinant clone pMB374-07. 
Only 5 kb from pMB374-07, containing four ORFs and designated as pmsCEAB, 
were required to induce SA production in E. coli cells. In the present study, we 
provided sequence information of a large part of the 28 Kb genomic region of 
WCS374 that is potentially responsible for metabolism and transport of �sm. This 
genomic region contained 10 additional ORFs adjacent and physically linked to 
the SA biosynthesis genomic region. ORF1 and ORF3 show homologies to non-
ribosomal peptide synthetases (NR�S) of e.g. Vibrio vulnificus and Acinetobacter. These 
proteins have been implicated in the biosynthesis of the siderophores vulnibactin in 
Vibrio vulnificus and acinetobactin in Acinetobacter. ORF1 and ORF3 may both be 
required to link histamine, cyclothreonine and SA into �sm.

ORF2 with putative L-lysine-6-monooxygenase (NAD�H) activity, seems to 
be  involved in the biosynthesis of the cyclothreonine moiety. Similarities of ORF4 
with DNA-directed RNA polymerases suggest that it is probably a transcription 
factor. It could be important in transcriptional regulation of �sm biosynthesis or 
transport genes. According to homologies of the additional ORFs 5–10 with ABC-
type multidrug transporters and permeases, these ORFs may be involved in transport 
and uptake of �sm. Similarities of these newly characterized ORFs in WCS374 
with genes encoding proteins involved in siderophore biosynthesis and transport 
in Pseudomonas entomophila L48 and ABC transporter/ AT�-binding proteins of 
Pseudomonas putida KT2440 strongly suggests that these ORFs are involved in 
�sm biosynthesis and transport. Moreover, the organization of the siderophore 
biosynthesis cluster in Pseudomonas entomophila L48 is similar to that of the newly 
identified �sm biosynthesis genes in WCS374. The similarities of these genes and 
their organization indicate that they might be conserved in pseudomonads. 

We mutated genes pmsB (encoding the presumed isochorismate-pyruvate 
lyase) and pmsA (encoding a putative histidine decarboxylase) in WCS374 to find 
out the significance of these genes in �sm biosynthesis. Mutation of pmsB resulted 
in complete lack of SA and  �sm production (Figure 5 and Table 2). Feeding of 
mutant 4B-1 with SA restored �sm biosynthesis, indicating that pmsB is necessary 
for the cells to produce SA (Figure 5). 

Histidine decarboxylase activity of the product of PmsA was similarly 
investigated by feeding experiments. Mutant 4A-1 did not produce �sm, but still 
produced 5% of the amount of SA produced by the wild type (Figure 5 and Table 
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2). Feeding 4A-1 with histamine partially restored the �sm biosynthesis (Figure 
5), but adding the putative precursor substrate of this enzyme, histidine, to the 
minimal growth medium did not result in �sm accumulation. The low level of 
�sm produced upon the addition of histamine could be explained by the low levels 
of SA produced by this strain. Based on these results, the activity of pmsA appears 
to be necessary for the synthesis of the histamine moiety of �sm. Figure 8 gives a 
schematic representation of �sm production and transport in WCS374. 

Siderophore activity of �sm in P. fluorescens WCS374r  was studied by growing 
the different mutants on media amended with different concentrations of the iron 
chelator EDDA. Compared to the �sb- mutants, �sb-/�sm- double mutants were 
even more impaired in their growth on EDDA (Table 3), indicating that �sm has 
siderophore activity in WCS374r. Moreover, �sm- mutants produced higher levels 
of �sb compared to the wild-type (Table 2), possibly to compensate for the lack of 
the additional siderophore in iron-poor conditions. 

All mutants used, including the �sb-, SA-, �sm- and the double mutants, 
produced a halo as wide as the one produced by WCS374r when inoculated on 
CAS agar medium (Figure 6). Furthermore, the double mutants BT-1 and AT-
12, which do not produce �sb in addition to SA/�sm and �sm, respectively, still 
showed siderophore activity on CAS medium, indicating the production of an as 
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Figure 8. Proposed involvement of genes responsible for pseudomonine (Psm) synthesis and transport in 
P. fluorescens WCS374r. Gene A is responsible for the biosynthesis of the histamine moiety of Psm, genes 
C, B, and E are responsible for synthesis and activation of SA, and ORF2 for synthesis of cyclothreonine. 
ORFs 1 and 3 encode non-ribosomal protein synthases (NRPS) involved in assembly of Psm, whereas 
ORFs 5-10 are presumably involved in transport of Psm. Ch : chorismate; Cyc: cyclothreonine; His: 
histidine; Hm: Histamine; Is: isochorismate. 
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yet unidentified siderophore of WCS374r. A mutagenesis approach to knock out 
this additional metabolite was not successful. In view of the number of colonies 
screened, it may be assumed that this mutation would be lethal to the �sb-, SA-, 
�sm- mutant.

It can be assumed that the ability to effectively scavenge iron in the rhizosphere 
contributes to effective root colonization. However, no differences in potato root 
colonization between siderophore-producing and siderophore-negative mutants of P. 
putida WCS358 were observed in both pot (Bakker et al. 1987) and field experiments 
(Bakker et al. 1986). These authors suggested that pseudobactin 358 mutants may 
use heterologous siderophores for their iron acquisition and, thus, are not affected 
in their colonizing ability. In the present study, we showed that mutations affecting 
�sb production in WCS374 resulted in improved colonization of Arabidopsis roots. 
�sb- derivative 374-02 reached up to 10-fold higher cell densities compared to 
other tested strains. Therefore, production of �sb in the Arabidopsis rhizosphere 
seems to even negatively affect the root-colonizing capacity of WCS374r (Figure 
7). However, in the SA-/�sm- mutant background, knocking out �sb production 
did not lead to increased root colonization and, thus, the results with the �sb- 
mutants need to be interpreted with caution.

In addition to understanding the mechanisms of particular traits known to 
play a role in biological control of plant pathogens by beneficial bacteria, it is 
also essential to study the delivery of siderophores along the whole root system 
of the plant, which requires efficient colonization of the roots. Here we showed 
that WCS374r produces at least three siderophores and that all our mutants in the 
biosynthesis of iron-regulated metabolites colonized the Arabidopsis roots to similar 
levels. Therefore, assuming that these iron-regulated metabolites are produced and 
secreted in the rhizosphere, these mutants are appropriate tools to study the possible 
roles of �sb, SA and �sm in disease suppression by P. fluorescens WCS374r. 
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A b s t r a c t

The plant growth-promoting and ISR-mediating rhizobacterium Pseudomonas 
fluorescens WCS374r produces several iron-regulated metabolites, including the 
fluorescent siderophore pseudobactin (Psb), salicylic acid (SA), and pseudomonine 
(Psm), a siderophore that contains a SA moiety. To study the physiology of the 
production of these metabolites in response to several environmental factors, strain 
WCS374r and mutants of this strain defective in the production of at least one of the 
iron-regulated metabolites were used. The molecular mass and structure of Psb 374 
were determined to allow quantification. Psm was shown to be the quantitatively 
major siderophore of WCS374r. Ferric chloride suppressed the biosynthesis of Psb, 
SA and Psm , as well as the expression of pmsB gene, that encodes an isochorismate 
pyruvate lyase within the SA-biosynthetic operon pmsCEAB.

The production of Psb was increased by decreasing pH, or lowering temperature. 
Biosynthesis of Psm was stimulated at pH above neutral, but repressed at 35° C, 
similar to level of its precursor salicylic acid. Supplementation of the medium with 
histamine, another precursor of Psm, increased Psm production, whereas L-histidine 
led to increased production of both Psm and Psb, but reduced the cell numbers. 
Manipulation of these factors could improve the performance of bacterial inoculants 
in the biocontrol of diseases.
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I n t ro d u c t i o n 

Interest in biological control of plant diseases has intensified because of 
development of fungicide resistance in pathogens, pending bans on effective 
chemical crop protectants, such as methyl bromide, and a general need for more 
sustainable disease control strategies (Duffy and Défago 1999). Many genera of 
plant root-inhabiting bacteria have potential as biological control agents (Weller 
1988). Particularly fluorescent Pseudomonas spp. have received much attention 
because of their suggested involvement in natural disease suppressiveness of certain 
soils (Weller et al. 2002). Various mechanisms involved in disease control by these 
bacteria have been described, including direct antagonism through antibiosis, 
competition for nutrients, and siderophore-mediated competition for iron (Bakker 
et al. 1991; Weller 1988). In addition, some biocontrol Pseudomonas spp. strains can 
effectively suppress plant diseases through a plant-mediated mechanism, known 
as induced systemic resistance (ISR) (Van Loon et al. 1998). Several Pseudomonas 
metabolites effective in direct antagonism against plant pathogens have also been 
implicated in the elicitation of ISR by these bacteria (Bakker et al. 2007). For 
example, siderophore production by Pseudomonas putida strain WCS358 (Meziane et 
al. 2005) and production of the antibiotic 2,4-diacetylphloroglucinol by strains of P. 
fluorescens (Iavicoli et al. 2003;  Weller et al. 2004) have been shown to be required 
for the  elicitation of ISR in Arabidopsis.

Despite detailed knowledge on the modes of action involved in disease 
suppression, variable performance of biocontrol strains between field locations and 
cropping seasons is often encountered and has hampered commercial development 
of biocontrol bacteria (Cook 1993). Much of this variability has been attributed 
to differences in soil properties, i.e. physical and chemical characteristics of natural 
environments where biocontrol agents are applied (Duffy et al. 1997). In addition, 
differences in the resident microflora may also be important (Raaijmakers et al. 
2002). Environmental signals may significantly influence expression of bacterial 
traits involved in biological control and, thus, can be decisive in determining the 
effectiveness of an applied biocontrol agent.

P. fluorescens WCS374r induces ISR in radish against Fusarium wilt (Leeman 
et al. 1996). Iron availability significantly influenced the level of ISR, suggesting the 
involvement of iron-regulated metabolites in the elicitation of ISR by this strain. 
Metabolites of WCS374r produced under iron-limited conditions and repressed 
by iron supplementation include the fluorescent siderophore pseudobactin (Psb), 
salicylic acid (SA), and pseudomonine (Psm), a siderophore that contains a SA 
moiety (Mercado-Blanco et al. 2001). Pseudobactins of pseudomonads have been 
implicated in elicitation of ISR (Leeman et al. 1996; Maurhofer et al. 1994; Meziane 
et al. 2005; Ran et al. 2005a). For instance, WCS374 and its purified Psb were able 
to elicit ISR against Fusarium wilt of radish (Leeman et al. 1996). However, a Psb- 
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mutant also triggered ISR in this plant, indicating redundancy in ISR-eliciting 
determinants of WCS374. In the induction of resistance in tobacco against tobacco 
necrosis virus by P. fluorescens CHA0, a Psb- mutant was less effective (Maurhofer 
et al. 1994). 

SA, when applied exogenously, can induce systemic resistance in a wide variety 
of plant species, including Arabidopsis (Leeman et al. 1996; Van Wees et al. 1997; 
De Meyer et al. 1997, 1998). Thus, SA production, as described for several ISR-
eliciting pseudomonads is expected to play a key role in their inducing activity. 
Strain WCS374r is capable of producing large quantities of SA compared to other 
SA-producing fluorescent pseudomonads (Leeman et al. 1996), but was reported to 
not elicit ISR in Arabidopsis (Van Wees et al. 1999). However, Ran et al. (2005b) 
found that changing the growth temperature of the WCS374r inoculum strongly 
influenced its ability to trigger ISR. When grown at 33 or 36° C instead of 28° C, 
it did induce ISR in Arabidopsis against Pseudomonas syringae pv. tomato (Pst) (Ran 
et al. 2005b). Thus, environmental factors have a huge impact on the ability of P. 
fluorescens WCS374r to elicit ISR. It remains unclear, however, which metabolite(s) 
of WCS374r are involved in the ISR elicited in Arabidopsis by this strain.

To investigate a possible role of SA and Psm in the elicitation of ISR in 
Arabidopsis, genes involved in the biosynthesis of SA or Psm by WCS374 have been 
isolated and sequenced (Mercado-Blanco et al. 2001; Chapter 2). SA production is 
encoded by the pmsCEAB cluster (Mercado-Blanco et al. 2001; Chapter 2). The 
putative coding region of Psm biosynthesis and transport in WCS374 comprised 10 
additional open reading frames (ORFs) next to the pmsCEAB cluster (Chapter 2). 

Knowledge on the physiological conditions that are essential for the production 
of specific metabolites is of great importance to evaluate their role and to facilitate 
or enhance the ISR- eliciting activity of biocontrol strains. Whereas the production 
of the fluorescent siderophore Psb shuts down at higher growth temperatures 
(Marugg et al. 1985; Mercado-Blanco et al. 2001), Psm and substantial amounts of 
SA as a precursor of Psm were assumed to be produced at elevated temperatures 
by WCS374 (Mercado-Blanco et al. 2001). Other precursors of Psm are histamine 
and cyclothreonine (Mercado-Blanco et al. 2001; Chapter 2). Feeding histamine 
to a pmsA mutant of WCS374r defective in histidine decarboxylase activity and 
biosynthesis of Psm, partially restored production of Psm by these cells (Chapter 
2).

In this study, in vitro production of the known iron-regulated metabolites of 
WCS374r i.e., Psb, SA and Psm was evaluated under different growth conditions. 
Effects of iron availability, pH, and incubation temperature and of SA, histidine, or 
histamine, all precursors of Psm production, on their biosynthesis were investigated 
to elucidate the optimal conditions for the production of these metabolites. 
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M a t e r i a l s  a n d  m e t h o d s 

B a c t e r i a l  s t r a i n s  a n d  g r o w t h  c o n d i t i o n s 

Pseudomonas fluorescens WCS374 was originally isolated from the rhizosphere 
of potato (Geels and Schippers 1983). In some experiments a spontaneous 
rifampicin-resistant mutant was used. Psb- mutants of WCS374 have been isolated 
and characterized (Mercado-Blanco et al. 2001; Weisbeek et al. 1986). P. fluorescens 
ATCC13525 is an environmental isolate from a water tower (Linget et al. 1992). All 
strains used are listed in Table 1. P. fluorescens strains were grown at 28° C on King’s 
medium B (KB) agar plates (King et al. 1954).  

Antibiotics were added at the following concentrations (µg/ml) when 
appropriate: kanamycin (Kn), 25; nalidixic acid (Nal), 25; rifampicin (Rif), 200; and 
tetracycline (Tc), 20.

Table 1. Pseudomonas fluorescens strains used in this study.

Strains Characteristics Reference

ATCC13525 Wild-type, isolated from a water tower Linget et al. 1992

WCS374 Wild-type; Psb+ Psm+ SA+ Geels and Schippers 
1983

WCS374r 
Spontaneous rifampicin resistant mutant of WCS374; 
Psb+ Psm+ SA+ 

Geels and Schippers 
1983

374-02 WCS374 Tn5 mutant; Psb- Psm+ SA+ Weisbeek et al. 1983

374-08 WCS374 Tn5 mutant; Psb- Psm+ SA+ 
Mercado-Blanco et 
al. 2001

4A-1 Allelic exchange mutant of pmsA homologue of 
WCS374r; Psb+ Psm- SA+         

Chapter 2

AT-12 Tn5 mutant of 4A-1; Psb- Psm- SA+ Chapter 2

4B-1 Allelic exchange mutant of pmsB homologue of 
WCS374r; Psb+ Psm- SA-          

Chapter 2

BT-1 Tn5 mutant in of 4B-1 strain; Psb- Psm- SA- Chapter 2

Psb: pseudobactin; Psm: pseudomonine; SA: salicylic acid

P u r i f i c a t i o n  o f  P s b  a n d  d e t e r m i n a t i o n  o f  i t s  s t r u c t u r e 

Bacteria were grown in liquid standard succinate medium (SSM) (Meyer and 
Abdallah 1978) and Psb 374 was extracted and purified according to Leeman et al. 
(1996). To avoid contamination with SA or Psm, mutant 4B-1 (deficient in SA and 
Psm production, chapter 2) was used. 

Alternatively, Psb of WCS374r and its mutants 4A-1 and 4B-1, and of strain 
ATCC13525 were prepared according to Meyer et al. (1998). In this method, 
bacteria were grown in liquid casamino acid medium (Paulitz and Loper 1991) and 
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cell free supernatants were passed through an XAD-4 Amberlite column (Rohm 
and Haas Company, Philadelphia, USA) to retain the pseudobactins. After washing 
with distilled water, pseudobactins were eluted using 50% methanol and lyophilized. 
The XAD purified fractions were analyzed by isoelectrofocusing (IEF) according 
to Koedam et al. (1994). 

To determine the structure of Psb 374, mass spectrometric analysis was 
performed with a quadrupole time of flight (QToF) micro instrument (Waters, 
Micromass, Manchester UK) equipped with a nano electrospray source (Department 
of Biomolecular Mass Spectrometry, Utrecht University). Samples of 10 µl were 
introduced into the mass spectrometer with gold coated borosilicate capillaries at 
1.2 kV. Sample cone was set at 50 V and argon was used as collision gas at ca. 20-
25 V collision energy (Catalina et al. 2004). Main fragments found on mass spectra 
were further analyzed with tandem mass spectrometer (MSMS). 

  
A n a l y s i s  o f  p r o d u c t i o n  o f  P s b ,  S A  a n d  P s m  b y  W C S 3 7 4 r 

To study the kinetics of Psb, SA and Psm production, bacteria were grown in 
40 ml SSM in Erlenmeyer flasks, and at 12, 24, 40, 48, 72, and 96 h of incubation 
1 ml samples were withdrawn. Effects of iron availability on Psb, SA and Psm 
production were studied by culturing bacteria in 5 ml SSM with 0, 50, 100, or 200 
µM FeCl

3
. To investigate the influence of the incubation temperature, bacteria were 

incubated in SSM at 20, 30 and 35° C. The effect of pH was studied by incubation 
in SSM adjusted to pH 5.6, 6.6, 7.1 or 8.0, using HCl or NaOH. The influence 
of precursors of Psm was studied by addition of L-histidine (2, 5, and 10 mg/ml), 
histamine dichloride (0.1, 1.0, and 10 mg/ml), or SA (2.5, 5, 10, 15, and 30 mg/ml). 
Except if indicated otherwise, all experiments were performed at 28º C and cells 
were harvested after 60 h incubation. 

To quantify SA and Psm production by WCS374r and its mutants, cells were 
grown in liquid SSM. Cell-free cultures were directly subjected to HPLC analysis 
as previously described (Chapter 2). Eluted fractions were monitored at 210, 236 and 
295 nm. The quantities of SA and Psm in different treatments were estimated from 
standard curves of pure compounds. Numbers of bacterial cells were calculated based 
on the optical density at 660 nm of cultures at the time of harvest. For quantification 
of Psb in different treatments optical densities at 400 nm of the cell-free supernatants 
were compared with the absorbance from a standard curve.

All experiments were repeated at least twice with similar results and all 
treatments and measurements for metabolites were done in duplicate.

S t u d y  o f  P m s B  e x p r e s s i o n  i n  v a r i o u s  m u t a n t s  b y  q u a n t i t a t i v e 
r e a l - t i m e  ( q R T )  P C R 

Expression of the pmsB gene under low- and high-iron conditions was studied by 
quantitative real-time PCR (qRT PCR). Bacteria were grown in liquid SSM (15 ml) 
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for 48 h at 28° C. Cells from 48-h-old cultures were spun down for 5 min at 10000 g 
and half of each sample was resuspended in 15 ml of fresh SSM with and without 100 
µM FeCl

3
.  After incubation for 3 h at 28° C, 109 cells from high- and low- iron cultures 

were used for total RNA isolation. Total RNA was isolated with a Qiagen RNeasy 
kit according to the manufacturer’s instructions (Qiagen, Benelux B.V., Netherlands). 
RNA was eluted in 50 ml of pyrocarbonic acid diethyl ester (DEPC)-treated water. 
RNA concentration and intactness were determined spectrophotometrically and by gel 
electrophoresis, respectively. To remove contaminating traces of DNA, RNA samples 
were treated twice with 1.0 µl of RNase-free DNase (Ambion turbo DNase free) for 
45 min at 37° C. These samples were first subjected to normal PCR reactions using 
primers SAL01/SAL02 (Mercado-Blanco et al. 2001) tho check for amplification of 
the pmsB. RNA preparations were subsequently purified by the method described 
with the RNeasy kit for RNA cleanup. cDNA synthesis was carried out using a 
Superscript III cDNA synthesis kit (Promega), using random hexamers (Fang et al. 
2002). The primers SAL01/SAL02 were used to amplify pmsB (Mercado-Blanco et al. 
2001). The primers rDNA1 (5’-AAGCAACGCGAAGAACCTTA-3’) and rDNA2 
(5’-CGGAATTACTGGGCGTAAAG-3’) were developed from conserved motifs 
within the rDNA genes of Pseudomonas fluorescens strains BL915 (GenBank L29642), 
CHA0 (GenBank M80913), Pf-5 (GenBank U30858), Pseudomonas aeruginosa PAO1 
(GenBank U27988), Pseudomonas syringae pv. syringae B728a (GenBank U09767), and 
Pseudomonas chlororaphis 30–84 (GenBank AF115381) to amplify 125 bp fragments, 
and mRNA expression levels in WCS374r and the mutants were monitored relative 
to these amplicons. qRT-PCR experiments were performed in a MyiQTM single 
colour Real-Time PCR detection system (BioRad, USA), using an iQTM SYBR 
Green Supermix (Biorad) in a 20 µl reaction. Quantitation was done relative to 
the control gene by subtracting the cycle threshold (Ct value) of the control gene 
(rDNA) from the Ct of pmsB. The resulting difference in cycle number (∆Ct) was 
calculated and represents the difference of the template for these two genes. 

R e s u l t s

P u r i f i c a t i o n  o f  P s b  3 7 4  a n d  d e t e r m i n a t i o n  o f  i t s  s t r u c t u r e

Based on IEF patterns, Fuchs et al. (2001) suggested homology between 
the pseudobactin molecules of P. fluorescens strains WCS374r and ATCC13525. 
Therefore, the purified Psb of WCS374r and its mutants 4A-1 and 4B-1 were 
compared to that of ATCC13525 using IEF. In agreement with Fuchs et al. (2001), 
the purified pseudobactins of WCS374 and ATCC13525 showed identical IEF 
patterns (data not shown). Moreover, mutants 4A-1 and 4B-1 presented patterns 
identical to wild-type WCS374r with one band at pI 8.7, and two bands around 7 
– 7.2, indicating that they produce the same Psb molecules (data not shown). 
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The molecular structure of Psb ATCC13525 has been well studied (Fuchs et al. 
2001; Schäfer et al. 2006). Mass spectrometric analysis of purified Psb WCS374 and Psb 
ATCC13525 revealed that they contain fragments with the same molecular weight; 
however, their ratios were different. Two main peaks with m/z of 595.4 and 581.4 
were present in the MS spectra of these compounds (Figure 1A). In the MS spectrum 
of Psb 374 the doubly charged ion (M+2H)2+ of m/z 595.4 was dominating, whereas 
in the MS spectrum of Psb ATCC13525 the one with a (M+2H)2+ of m/z 581.4 
was the major compound (Figure 1A). In addition, a (M+2H)2+ of m/z 580.9 in 
the Psb ATCC13525 was observed, which was absent from the spectrum of Psb 374 
(Figure 1A). MSMS analysis showed that the fragmentations of the peak with m/z 
581.4 in both samples are identical (data not shown). A fragment ion at m/z 417 
indicates the presence of a succinic acid residue (Table 2). The MSMS spectra of m/
z 595.4 of both samples were also similar (data not shown). The fragmentations of 
these compounds were preceded by a loss of CO

2
 and H

2
O from the acyl side chain 

of the chromophore. Comparison of the mass of this fragment ion with the mass of 
putative acyl side chains in chromophores of other pseudobactin molecules (Fuchs 
et al. 2001) suggested that this fragment is ketoglutaric acid (Kgl). Furthermore, 
consistent with Schäfer et al. (2006) the MSMS spectrum of m/z 580.9, which 
was only present in the Psb of ATCC13525, revealed a fragment ion at m/z 416, 
indicating the presence of a succinic acid amide side chain in this strain (data not 
shown). 

Table 2. Product ions of fragments with m/z 581.4 and 595.4 from Psb 374. Values corresponding to 
fragmentations  of m/z 595.4 are after subtraction of one mass equal to a (CO2 + H2O). Fho: N-formyl-
N-hydroxy ornithine; M: Molecule; Ser: serine; a and c” represents ions with the charge retained on 
the N-terminal fragment (Roepstorff and Fohlmann 1984), in which hyphens indicate the number of 
transferred hydrogen atoms.

  m/z 581.4 (+succinic acid) m/z 595.4 (+ketoglutaric acid)

Assignment m/z Assignment m/z

a1 417.3 a1 383.3

c”2 590.5 c”2 556.5

c”3 647.5 c”3 613.5

c”4 805.7 c”4 771.7

M-Fho 1003.9 M-Fho 969.9

M-Fho-Ser 916.8 M-Fho-Ser 882.8

The monoisotopic molecular weight of Psb 374 was determined to be 1160.53 
and 1188.53 for Psb-succinic acid and Psb-Kgl, respectively. The molecular weight of 
Psb-Kgl was used for the quantification of Psb in the experiments. For ATCC13525, 
the monoisotopic molecular weight of the succinic acid-amide-Psb was determined 
to be 1159.53, identical to that described by Schäfer et al. (2006).



Chapter  3  •  5 3

A) MS Psb WCS374
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Figure 1. Molecular characterization of Psb 374 in comparison to Psb ATCC13525. (A) Mass spectra of 
the doubly charged fragment ions from Psb molecules of WCS374 (above), and ATCC13525 (below), and 
(B) Structure of the Psb isoforms of WCS374 with fragmentations assigned after mass spectrometric 
analysis. Form 1 represents the succinic acid-Psb, and form 2 represents the ketoglutaric acid-Psb. 
Picture of Psb is adapted from Fuchs et al. (2001). Fragmentations indicated in form 1 are assigned as 
detailed in Table 2.

B) Form 1 with m/z 581.4

Form 2 with m/z 595.4
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MSMS analysis of other fragment ions present in the mass spectra, revealed 
that the peptide chain and the chromophore of Psb 374 and Psb ATCC13525 are 
identical (data not shown). Based on the results of the MS and MSMS analyses, the 
structure of Psb 374 was characterized as presented in Figure 1B. Psb 374 consists 
of two siderophores which differ only in the acyl side chain.

A calibration curve for pure Psb 374 was produced, and used for the 
quantification of Psb in different experiments.

I r o n - r e g u l a t e d  m e t a b o l i t e  p r o d u c t i o n  b y  W C S 3 7 4 r

Wild-type strain WCS374r produced Psb from 24 h onwards and its 
accumulation showed a steady increase with time. SA was also produced steadily, 
but at a slower rate. The production of Psm, on the other hand, started at 18 h and 
reached a much higher concentration compared to Psb (Figure 2A). 

Mutants 347-08 and 4A-1 were included to investigate whether lack of either 
Psb or Psm affects the kinetics of the other iron-regulated metabolites. Compared to 
wild-type WCS374r, Psb mutant 374-08 showed a faster increase in Psm production, 
leading to enhanced Psm levels (Figure 2B). This enhanced production of Psm 
was associated with a reduced accumulation of SA in the medium. In cultures of 
the Psm non-producing derivative strain 4A-1, Psb concentrations reached higher 
final levels (~1.2 - 1.5 times) than those of the wild type (Figure 2C), possibly as a 
compensation for the lack of Psm production. 

 
E f f e c t s  o f  i r o n  a v a i l a b i l i t y  o n  p r o d u c t i o n  o f  P s b ,  S A  a n d  P s m

To study effects of iron availability on the production of Psb, SA and Psm, 
WCS374r was grown in the presence of different concentrations of FeCl

3
. Iron 

availability in the SSM medium did not affect growth of WCS374r after 40 h of 
incubation at 28º C. Cell densities in the cultures of WCS374r and its mutants 4A-
1 and 4B-1 were comparable, irrespective of the level of iron applied (Figure 3A). 
The production of Psb by WCS374r and mutants 4A-1 and 4B-1 was drastically 
reduced in any of the FeCl

3
-supplemented cultures, indicating that Psb production 

in all strains is regulated similarly by iron availability (Figure 3B). The production 
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Figure 2. Kinetics of the biosynthesis of Psb, SA and Psm by (A) WCS374r and its Psb- and Psm- deficient 
mutants (B) 374-08 and (C) 4A-1, respectively. Bacteria were grown at 28º C in SSM. 
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of SA by WCS374r likewise decreased as the concentration of supplemented FeCl
3
 

increased (Figure 3C). However, some SA was still detectable in 200µM FeCl
3
-

supplemented cultures. As seen for Psb and SA, production of Psm by WCS374r 
was reduced strongly upon addition of 50 µM FeCl

3
. Its concentration decreased 

further at 100 µM FeCl
3
, and no Psm was detectable at 200

 
µM FeCl

3
 (Figure 3D). 

Similar to WCS374r, Psb production by mutants 4A-1 and 4B-1 was drastically 
down-regulated by addition of Fe (Figure 3A) and the residual SA production 
observed in mutant 4A-1 was also down-regulated by Fe (Figure 3B).  

Effects of iron on the expression of the pmsB gene as a marker for the activity of 
the SA-biosynthetic pmsCEAB operon was investigated by qRT-PCR. In Figure 4, 
the relative expression levels of pmsB in WCS374r and its mutants are presented. In 
WCS374r, and Psb- mutants 374-02 and 374-08, addition of iron led to a significant 
decline in the relative expression of pmsB. As expected, no expression of pmsB was 
observed in the mutants 4B-1 and BT-1 in which this gene is disrupted (Figure 4). 
Addition of iron to the cultures of pmsA mutants 4A-1 and AT-12 did not change 
the relative levels of pmsB RNA. This observation suggested that pmsB was still 
transcribed in mutants 4A-1 or AT-12 and its transcription was independent of iron 
availability during the time of incubation. 
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Figure 3. Effect of ferric chloride on (A) growth, (B) Psb, (C) SA, and (D) Psm production by WCS374r, 
and its Psm- mutant 4A-1 and its SA-/Psm- mutant 4B-1 mutant strains. 
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E f f e c t  o f  p H 

Although some variation was observed, there were no significant differences 
in the numbers of cells of WCS374r and its mutants when the pH of the SSM 
medium was adjusted to values between 5.6 and 8.0 (Figure 5A). Strain WCS374r 
and mutants 4A-1 and 4B-1 produced Psb at all pH values tested, with the highest 
amount at the lowest pH, and the production decreased with increasing pH (Figure 
5B). Less SA and Psm were produced at pH 5.6 compared to the higher pH values 
irrespective of the production of Psb (Figures 5C, D). 
 

E f f e c t  o f  i n c u b a t i o n  t e m p e r a t u r e

Although there was some variation in cell numbers when bacteria were 
incubated at 20, 30 or 35º C, there was no optimal growth temperature observed 
(Figure 6A). Biosynthesis of Psb was strongly influenced by temperature with 
the highest production at 20º C and hardly any production at 35º C (Figure 6B). 
For SA production in WCS374r an optimum was observed at 30º C (Figure 6C). 
Mutant 4A-1 produced only a fraction of the amount of SA produce by wild 
type at 20º and 30º C, and hardly any at 35 ºC (Figure 6C). AT-12 was similarly 
affected. Compared to WCS374r, Psb mutants 374-02 and 374-08 produced higher 
quantities of SA at 30º C.  Production of Psm in WCS374r was, like that of Psb, 
highest at the lowest temperature and completely suppressed at 35º C (Figure 6D). 
For Psb mutant 374-02 and 374-08, production of Psm at 20º C was comparable 
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Figure 4. Relative expression levels of pmsB, encoding an isochorismate pyruvate-lyase, in WCS374r and 
its mutants (see Table 1 for explanation) as determined by qRT-PCR. pmsB expression was calculated 
relative to the expression of rDNA 3 h after incubation of bacteria in SSM with (+) 100µM and without 
(-) FeCl3. Quantitation was done relative to the control gene by subtracting the cycle threshold (Ct 
value) of the control gene (rDNA) from the Ct of pmsB. The resulting difference in cycle number (∆Ct) 
was calculated and represents the difference of the template for these two genes. At least two different 
samples were analyzed for each treatment and results present the averages from three independent 
experiments. Comparisons between groups were analyzed by Student’s t test, and values of p < 0.05 were 
considered as significant.
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to that of WCS374r, however, production showed an optimum at 30º C and then 
decreased again sharply. In contrast to the wild type, the Psb- mutants still showed 
some residual Psm production at 35º C.
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Figure 5. Effect of pH on (A) growth, (B) Psb, (C) SA, and (D) Psm production by WCS374r and selected 
mutants grown in SSM. 
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and selected mutants grown in SSM. 

log number of cells

log number of cells



5 8  •  Chapter  3

F e e d i n g  p r e c u r s o r s  o f  P s m  p r o d u c t i o n  

Histidine, histamine, and SA are precursors in the biosynthesis of Psm (Chapter 
2; Mercado-Blanco et al. 2001; Figure 7). Therefore, the influence of the exogenous 
availability of these precursors on the biosynthesis of the known iron-regulated 
metabolites of WCS374r was investigated.

Amendment of the media with L-histidine led to a decrease in the numbers 
of cells of all bacterial strains used i.e. wild-type WCS374r, 374-08, 4A-1, and 
AT-12 (Figure 8A). Histidine slightly reduced Psb production by WCS374r, at all 
concentrations added (Figure 8B). In 4A-1, the effect of histidine on Psb production 
was stronger (Figure 8B). 

Accumulation of SA in the media of WCS374r and 374-08 dropped sharply with 
increasing L-histidine concentrations (Figure 8C). Furthermore, SA concentrations 

Figure 7. Diagram representing the activity of the products of pmsA, and pmsB in the pathway of Psm 
synthesis by WCS374r. HDC: histidine decarboxylase; IPL: isochorismate pyruvate lyase.
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in the cultures of 4A-1 and AT-12 were slightly less when 2 mg/ml of histidine 
was applied (Figure 8C). In none of the cultures there was any detectable SA when 
5 and 10 mg/ml histidine was present (Figure 8C). Psm production in cultures 
of WCS374r and 374-08 supplemented with 2 mg/ml histidine was increased 
2-fold. However, in the 5 and 10 mg/ml-supplemented cultures of these strains, 
Psm concentrations were about similar and lower, respectively, than that in the 
unsupplemented cultures (Figure 8D). 

In chapter 2, we showed that histamine biosynthesis is necessary for WCS374r 
to produce the Psm molecule. Mutants 4A-1 and AT-12 can not synthesize histamine 
and therefore do not produce Psm. Upon addition of histamine cell numbers 
increased (Figure 9A). Psb concentration increased with increasing histamine 
concentrations for WCS374r, whereas for mutant 4A-1 increased Psb production 
was only observed at the highest histamine concentartion (Figure 9B).   

Histamine supplementation decreased SA production with a concomitant 
increase in Psm accumulation (Figures 9C, D). Supplementation with 0.1 mg/
ml of histamine had little effect on the levels of SA and Psm in cultures of the 
wild-type strain, whereas Psm production was increased and no SA was detected 
in the cultures supplemented with 1.0 and 10 mg/ml histamine (Figures 9C, D). 
Adding histamine to the cultures of the Psm non-producing strains 4A-1 and AT-
12 reduced the residual SA production to below the detection level (Figure 9C). In 
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turn, in the cultures of these strains Psm was detected and increased with increasing 
amounts of histamine added (Figure 9D). 
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When succinic acid in the SSM agar medium was replaced by SA at quantities 
between 2.5 and 120 µg/ml, WCS374r could not grow, indicating that SA cannot 
be used as a sole carbon source by WCS374r. Adding SA to liquid SSM had no 
effect on cell numbers of WCS374r and mutant 4B-1 (Figure 10A). Supplementing 
the medium with different concentrations of SA also did not significantly affect Psb 
production by WCS374r or its mutant 4B-1 (Figure 10B). After growth of 4B-1 no 
SA was recovered from cultures that were supplemented with 2.5, 5.0 or 10 µg/ml 
SA, suggesting that the bacterial cells had utilized all SA added. Indeed, Psm was 
produced at increasing levels when the concentration of added SA increased (Figure 
10C). Levels similar to those of the wild type were reached when the medium was 
supplemented with 10.0 µg/ml SA (Figure 10C). Adding 15.0 or 30.0 µg/ml SA 
did not further increase Psm production (data not shown). 

D i s c u s s i o n

Psb is considered to be the primary siderophore involved in the uptake of 
iron by fluorescent pseudomonads, although some species can synthesize additional 
siderophores such as Psm (Mercado-Blanco et al. 2001), pyochelin (Cox et al. 1981), 
and quinolobactin (Mossialos et al. 2000), or can acquire iron bound to heterologous 
siderophores (Fuchs et al. 2001). The structure of Psb is variable among species, and 
even between strains of the same species (Visca et al. 2007). Nearly 40 structurally 
different Psb molecules have been identified (Meyer et al. 2000). To elucidate the 
molecular structure of Psb 374, we used Psb ATCC13525 as a reference (Fuchs 
et al. 2001).  Based on their IEF patterns Psb 374 is similar to Psb ATCC13525 
(Fuchs et al. 2001). In agreement with Fuchs et al. (2001) and Schäfer et al. (2006), 
Psb ATCC13525 showed three major peaks when subjected to mass analysis, 
corresponding to pyoverdines with either ketoglutaric acid (Kgl), succinic acid, or 
a succinic acid amide acyl side chain of the chromophore. Detailed fragmentation 
of succinic acid amide-pyoverdine of ATCC13525 was identical to that described 
by Schäfer et al. (2006).

The molecular structure of Psb 374 was similarly characterized (Figure 1B). 
Pseudobactin 374 showed two major peaks corresponding to pyoverdines with 
a Kgl or succinic acid acyl chain (Table 2). Despite similarities in the structure 
of the pyoverdine siderophores of WCS374 and ATCC13525 i.e., pyoverdine-Kgl 
and pyoverdine-succinic acid, their relative abundance was different (Figure 1A). 
The dominating molecule of Psb WCS374 was determined to be Kgl-pyoverdine, 
whereas in ATCC13525 succinic acid-pyoverdine was more abundant (Figure 
1A). 

In addition to Psb, in iron-poor conditions the biosynthesis of Psm and its 
precursor SA by WCS374 has been demonstrated (Mercado-Blanco et al. 2001, 
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Chapter 2). These metabolites accumulate in time (Figure 2). Psb accumulated 
steadily with time. SA was also produced steadily, but at a slower rate, whereas Psm 
biosynthesis reached high levels, particularly in stationary phase cultures. Our results 
indicate that Psm is  the major siderophore of WCS374r since it is produced at a 
2 to 3 times higher concentration than Psb. However, in chapter 2 we concluded 
that Psb is the most effective siderophore of WCS374r, since loss of  Psb production 
caused a greater difficulty for the bacterium to grow on media supplemented with 
iron-chelating EDDA than loss of  Psm synthesis. In addition to chelating iron Psm 
may have an additional function in WCS374r.

Addition of iron to the medium leads to a drastic reduction in Psb production 
of all producing strains (Figure 3), indicating that iron shuts down production of 
Psb in WCS374r irrespective of its capacity to produce different siderophores. 
Addition of iron results also in a drastic reduction in the biosynthesis of SA and 
Psm, demonstrating that their productions are likewise regulated by iron availability. 
Mercado-Blanco et al. (2001) showed that the expression of the pmsCEAB genes 
in WCS374r is iron-regulated, and that the pmsCEAB transcript has a polycistronic 
nature. In WCS374r and Psb- mutants the relative expression of pmsB in SSM was 
higher in iron-depleted media (Figure 4). qRTPCR analysis showed that expression 
of pmsB in the pmsA mutants 4A-1 and AT-12 is low. This result is in line with the 
production of SA by strain 4A-1 (Figure 3), indicating that pmsB is still transcribed 
in this mutant and its transcription is not significantly affected by an increase in iron 
level. This implies that, although pmsCEAB functions as an operon, there is another 
weak promoter upstream of pmsB.

The pH of the growth medium was found to be a factor that differentially 
regulates production of Psb and Psm in WCS374r (Figure 5). Decreasing the pH 
caused a significant increase in the production of Psb, whereas production of Psm was 
decreased (Figure 5). WCS374r produced only an insignificant amount of Psb at pH 
8.0. Since there was no significant difference in bacterial growth at high pH values, we 
conclude that upon an increase in pH, Psb production is shut down. This is surprising 
in view of the fact that iron availability decreases with increasing in pH (Brady 1984) 
and that the iron- chelating ability of Psb increases as the pH rises (Visca et al. 2007). 
Mutants 4A-1 and 4B-1, deficient in Psm production, synthesize progressively more 
Psb at lower pH values (Figure 5B). In spite of the absence of Psm production at 
pH 8.0, the strains grow equally well at pHs between 5.6 and 8.0 (Figure 5A). 
Furthermore, double mutants AT-12 and BT-1, impaired in the biosynthesis of both 
Psb and Psm, reached similar levels of growth as the other strains.  This suggests, and 
supports our previous conclusion, that a yet unknown siderophore can maintain 
growth of WCS374r under various environmental conditions. On the other hand, 
the Psb mutants 374-02 and 374-08 produced more Psm at higher pHs (Figure 5D). 
Yet, the lack of production of Psb and Psm at 35º C (Figures 6B, D), but unimpeded 
cell growth, supports the idea that WCS374r produces a third siderophore that is 
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active at this temperature. 
Temperature had no effect on growth, but affected the biosynthesis of both 

siderophores in that at lower temperatures more Psb and Psm were produced, 
whereas at high temperature their productions were reduced. Mercado-Blanco 
et al. (2001) suggested that more Psm is produced when WCS374 is grown at 
higher temperatures. However, we show that at 35º C there is very little production 
of either Psb or Psm (Figure 6). Ran et al. (2005b) showed that when WCS374r 
was grown at high temperatures, it gained the capacity to elicit ISR in Arabidopsis. 
Additionally, these authors showed that SA production per cell of WCS374r grown 
at 33º C (~ 26 fg/cell) was higher than when grown at 28º C (~ 19 fg/cell). Our 
results show that at 35º C, SA production by WCS374r was very low (only a few 
fg per cell). 

Supplementation of the growth medium with histamine increased Psm production 
and also affected the production of Psb, with much more Psb being produced when 
histamine was added (Figure 9). Results from feeding histidine varied with histidine 
concentrations, which also affected bacterial growth. However, SA levels decreased 
strongly with increasing histamine or histidine supplementation, which may be 
related to effects on either production or conversion to Psm.

Supplementation of liquid SSM with SA had no effect on cell numbers or 
Psb production of WCS374r or its SA- mutant 4B-1 (Figure 10A, B). In contrast, 
Psm production was increased (Figure 10C). When strain 4B-1 was grown in SSM 
supplemented with 15 and 30 µg/ml SA, about 4 and 21 µg/ml, respectively, remained 
in the medium (data not shown), indicating that when the bacterium reached its 
maximum biosynthetic capacity for Psm, it did not utilize the additional SA in the 
medium. This indicates that SA can be absorbed from the medium by the bacterial 
strains to produce Psm. Moreover, it demonstrates that at concentrations of SA below 
10.0 µg/ml the availability of SA limits the production of Psm, but at higher SA 
concentrations other factors become limiting for Psm production. 

The conditions in which ISR-eliciting bacteria are prepared prior to application 
to soil have been shown to influence their ISR-triggering activity (De Meyer and 
Höfte 1997; Ran et al. 2005b). In this study pH appeared to be most decisive in 
whether WCS374r produces Psb or SA and Psm and this factor has so far not be 
considered in the context of production of inoculum of biocontrol agents. 
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A b s t r a c t 

The role of iron-regulated metabolites of Pseudomonas fluorescens WCS374r 
in mediating induced systemic resistance against different pathogens were studied 
in Arabidopsis and rice. Under iron-limited conditions, strain WCS374r produces 
large amounts of SA in vitro, as well as the iron-regulated metabolites pseudobactin 
(Psb) and peudomonine (Psm), a siderophore with a SA moiety. The biosynthesis of 
SA and Psm in WCS374r is closely related, as mutants impaired in SA biosynthesis 
are also defective in the production of Psm. Mutants affected in the production of 
one or more of these metabolites were used to unravel their role in induction of 
systemic resistance by WCS374r. Strain WCS374r was able to induce resistance in 
Arabidopsis against the fungi Alternaria brassicicola and Botrytis cinerea, the oomycete 
Hyaloperonospora parasitica, the virus turnip crinkle virus (TCV), and the bacterium 
Pseudomonas syringae pv. tomato DC3000 (Pst). WCS374r-mediated ISR against 
Pst did not rely on the production of any of the iron-regulated metabolites, as 
all mutants impaired in the biosynthesis of one or several of these metabolites 
triggered ISR. In contrast, SA biosynthesis was a prerequisite to effectively trigger 
ISR against TCV and H. parasitica in Arabidopsis and against Magnaporthe grisea in 
rice. For the elicitation of ISR against TCV in Arabidopsis and M. grisea in rice also 
Psb biosynthesis was necessary. Psb synthesis was also involved in the induction of 
resistance in rice against Rhizoctonia solani, as mutants impaired in Psb production 
were ineffective. Thus, different iron-regulated metabolites are necessary for inducing 
systemic resistance in these plant species against different microbial pathogens.  
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I n t ro d u c t i o n

Plants possess a broad range of mechanisms to effectively defend themselves 
against attacks by pathogens. These mechanisms include preexisting physical and 
chemical barriers, as well as inducible defence responses that become activated 
upon attack, such as synthesis of phytoalexins, enhanced strengthening of cell walls, 
and the production of antifungal proteins (Jackson and Taylor 1996;  Van Loon 
2000).  The plant hormones salicylic acid (SA), jasmonic acid (JA), and ethylene 
(ET) are the main signal components in regulating induced defence. 

Induced systemic resistance (ISR) is a state of enhanced defensive capacity 
developed by a plant when appropriately stimulated (Van Loon et al. 1998). The 
classical way of inducing resistance is by predisposal infection with a necrotizing 
pathogen, which leads to an enhanced defensive capacity in distal plant parts. This 
type of systemically induced resistance is generally referred to as systemic acquired 
resistance (SAR) (Ryals et al. 1996). The signalling pathway of pathogen-indu-
ced SAR depends on the endogenous accumulation of SA (Gaffney et al. 1993). 
Another form of systemic resistance is triggered by selected strains of nonpathogenic 
rhizobacteria, and referred to as rhizobacteria-mediated ISR (Pieterse et al. 1996, 
2001; Van Loon et al. 1998). In Arabidopsis, ISR triggered by the root-colonizing 
bacterial strain Pseudomonas fluorescens WCS417r has been shown to be effective 
against several pathogens i.e. the fungal root pathogen Fusarium oxysporum f. sp. rap-
hani, the bacterial leaf pathogens Pseudomonas syringae pv. tomato DC3000 (Pst) and 
Xanthomonas campestris pv. campestris, the oomycete Hyaloperonospora parasitica, and 
the fungus Alternaria brassicicola, but not against the virus turnip crinkle virus (TCV) 
(Pieterse et al. 1996; Ton et al. 2002). The signalling pathway controlling WCS417r-
mediated ISR clearly differs from the SAR pathway in that it is independent of SA 
but requires responsiveness to JA and ET (Pieterse et al. 1996, 1998).

It can generally be stated that pathogens with a biotrophic lifestyle are more 
sensitive to SA-dependent defence responses, whereas necrotrophic pathogens are 
resisted primarily by JA/ET-dependent defences (Thomma et al. 2001; Glazebrook 
2005). For example, basal resistance against the biotrophic pathogen Hyaloperonos-
pora parasitica and against TCV is controlled predominantly by a SA-dependent pa-
thway (Delaney et al. 1994; Kachroo et al. 2000). Both pathogens are also restricted 
by SA-dependent SAR. In contrast, WCS417-mediated ISR provides enhanced 
resistance against the necrotrophic fungus Alternaria brassicicola, whereas pathogen-
induced SAR is ineffective against this pathogen (Ton et al. 2002). Pathogens that 
are sensitive to both SA- and JA/ET- dependent defences are restricted by both 
SAR and ISR, which can act additively to such pathogens (Van Wees et al. 2000). 

Knowledge of bacterial elicitors of ISR is important to obtain a better un-
derstanding of the mechanisms underlying the induced state, in order to improve 
the efficacy of biological control. The factors of non-pathogenic rhizobacteria that 
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can trigger ISR are multiple. Bacterial determinants that have been identified are 
cell surface components, such as outer membrane lipopolysaccharides (LPS), or fla-
gella, siderophores, certain antibiotics, an N-alkylated benzylamine derivative, and 
volatile compounds (Audenaert et al. 2002; Bakker et al. 2003; Iavicoli et al. 2003; 
Ryu et al. 2004; Meziane et al. 2005; Ongena et al. 2005). Rhizobacteria generally 
show redundancy in ISR-triggering traits and their effects can be complementary 
or additive. For instance, P. fluorescens WCS374 induces resistance in radish against 
F. oxysporum (Leeman et al. 1995a, 1996) and both LPS, the fluorescent siderophore 
pseudobactin (Psb), and as yet unknown iron-regulated metabolite(s) have been 
implicated. 

Since WCS374 produces large quantities of SA upon iron limitation, and fem-
togram quantities of SA induced resistance in radish, this metabolite was postulated 
to be involved (Leeman et al. 1996). However, strain WCS374r was not able to in-
duce resistance against Pst in Arabidopsis (Van Wees et al. 1997). Ran et al. (2005b) 
showed that this bacterium did induce resistance in Arabidopsis if it was cultivated 
at elevated temperatures, but this induced resistance was found to be independent 
of SA. Because exogenous application of SA induces resistance in Arabidopsis, it 
was hypothesized that WCS374r does not exude free SA in the rhizosphere. Indeed, 
another iron-regulated metabolite of WCS374r, pseudomonine (Psm), contains a 
SA moiety, and in the rhizosphere SA may be channeled into the production of this 
molecule (Mercado-Blanco et al. 2001). Mutants in the biosynthesis of iron-regu-
lated metabolites of WCS374r have been generated (Chapter 2) and are used in the 
present study to determine their possible involvement in ISR against A. brassicicola 
(primarily resisted through JA-dependent basal resistance (Thomma et al. 1998); H. 
parasitica and TCV (primarily resisted through SA-dependent basal resistance), and 
Pst (resisted through a combination of SA-, JA-, and ET-dependent defences) in 
Arabidopsis.

In addition to Arabidopsis, the model plant for molecular plant-microbe inter-
action studies of dicots, rice was included as a model of monocots. The pathogens 
studied were the fungi causing rice blast (Magnaporthe oryzae) and sheath blight 
(Rhizoctonia solani), which are the most serious diseases in rice cultivation (Ou 
1985). 

M AT E R I A L S  A N D  M E T H O D S

C u l t i v a t i o n  o f  b a c t e r i a l  s t r a i n s  a n d  i s o l a t i o n  o f  f l a g e l l a 

Bacterial strains and mutants used are listed in Table 1. Pseudomonas fluores-
cens WCS374 was originally isolated from the rhizosphere of potato (Geels and 
Schippers 1983) and a spontaneous rifampicin-resistant mutant was used in further 
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investigations. The property of WCS374 to induce resistance in radish has been 
described (Leeman et al. 1995a). For the bioassays, WCS374r and its mutants were 
grown on King’s medium B (KB) agar plates (King et al. 1954) for 24 h at 28° C. 
Bacterial cells were scraped off the plates and suspended in sterile10 mM MgSO

4
. 

The suspension was centrifuged (10 min at 8000 g) and cells were resuspended in 
10 mM MgSO

4
. 

Flagella were prepared from a bacterial lawn of WCS374r grown for 24 h 
at 28° C on KB agar plates according to the method described by Meziane et al. 
(2005). 

Table 1.  Pseudomonas fluorescens strains used in this study. 

Strains  Characteristics Reference

WCS374 Wild-type; Psb+ Psm+ SA+ Geels and Schippers 1983

WCS374r
Spontaneous rifampicin-resistant mutant of
WCS374; Psb+ Psm+ SA+

Geels and Schippers 1983

374-02 WCS374 Tn5  mutant; Psb- Psm+ SA+ Weisbeek et al. 1983

374-08 WCS374 Tn5  mutant; Psb- Psm+ SA+ Mercado-Blanco 
et al. 2001

4A-1
Allelic exchange mutant of pmsA  homologue of
WCS374r; Psb+ Psm- SA+ Chapter 2

AT-12 Tn5  mutant of 4A-1; Psb- Psm- SA+ Chapter 2

4B-1
Allelic exchange mutant of pmsB  homologue of
WCS374r; Psb+ Psm- SA- Chapter 2

BT-1 Tn5  mutant in of 4B-1 strain; Psb- Psm- SA- Chapter 2

L30
Tn5 - non motile mutant of WCS374, defective in
the synthesis of flagellin

De Weger et al. 1987

L36
Tn5 -non motile mutant of WCS374, defective in
the polymerization of flagellin

De Weger et al. 1987  

WCS417r Wild-type; Psb+  SA+ Lamers et al. 1988 

SA: salicylic acid, Psb: pseudobactin, Psm: pseudomonine

C u l t i v a t i o n  o f  p l a n t s

Arabidopsis thaliana accessions Col-0 and Di-0, and the pad3-1 mutant in the 
Col-0 background were grown as described by Pieterse et al. (1996). Seeds were 
sown in quartz sand and two-week-old seedlings were transferred to 60-ml pots 
containing a sand/potting soil mixture that was autoclaved twice for 20 min with a 
24 h interval. The soil was inoculated by mixing with a bacterial suspension to final 
densities of 103 or 5.107 colony-forming units (cfu).g-1 soil prior to transplanting 
of the seedlings. Plants were cultivated in a growth chamber with an 8-h day (200 
µE.m-2.s-1 at 24° C) and 16-h night (20° C) cycle at 70% relative humidity. Plants 
received half-strength Hoagland nutrient solution (Hoagland and Arnon 1938), 
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containing 10 µM Sequestreen (CIBA-Geigy), at the time of transplanting, and 
were subsequently watered on alternate days. Three weeks after transplanting root 
colonization was assessed using three sets of five randomly selected pots per treat-
ment as described in chapter 2. 

Experiments with rice were performed according to De Vleesschauwer et al. performed according to De Vleesschauwer et al. 
(2006), using the highly susceptible indica cultivar CO-39 (Chen et al. 2003). Brief-
ly, plants were grown under greenhouse conditions (30 ± 4° C) in autoclaved pot-
ting soil (Klasmann, substrat no. 4, Otrebusy, Germany). Bacteria were applied as a 
combined seed and soil treatment. Surface-sterilized seeds were washed and soaked 
for 10 min in a bacterial suspension of 5.107 cfu.ml-1. Seeds were then incubatedincubated 
on sterile filter paper at 28° C to germinate, and prior to planting roots were dip-
ped in the bacterial suspension (5.105.107 cfu.ml-1) for 10 min. In addition, the bacterial 
inoculum was thoroughly mixed with potting soil at the time of transplanting and 
applied as a soil drench ten days later. Root colonization was checked for three 
plants per treatment by plating serial dilutions of rhizosphere soil on KB amended 
with the appropriate antibiotics.

P a t h o g e n  i n o c u l a t i o n  a n d  d i s e a s e  r a t i n g s

P s e u d o m o n a s  s y r i n g a e  p v.  t o m a t o 

Bioassays with the bacterial pathogen Pseudomonas syringae pv. tomato DC3000 
(Pst) were performed as described by Pieterse et al. (1998) and Ton et al. (2002). 
Briefly, Pst was cultured overnight at 28° C in liquid KB medium. Bacterial cells 
were collected by centrifugation and resuspended in 10 mM MgSO

4
, containing 

0.0125% (v/v) Silwet L-77, to a final density of 5.106 cfu.ml-1. Five-week-old Ara-
bidopsis plants were challenge inoculated by dipping the leaves into the Pst suspen-
sion. Three or four days later, the percentage of leaves with symptoms was deter-
mined per plant. Leaves showing necrotic or water-soaked lesions surrounded by 
chlorosis, were scored as diseased. For each treatment 20 – 25 plants were used.

H y a l o p e r o n o s p o r a  p a r a s i t i c a 

The isolate WACO9 of the obligate downy mildew pathogen Hyaloperonos-
pora parasitica was maintained on Col-0 plants. Inoculum was obtained by washing 
sporulating Col-0 leaves in 10 mM MgSO

4
, collecting sporangia by centrifugation, 

and resuspending the sporangia in 10 mM MgSO
4
 to a final density of 5.104 ml-1 as 

described by Ton et al. (2002). Three-week-old Col-0 plants were challenge inocu-
lated by spraying the shoots with the sporangial suspension. After inoculation, the 
plants were kept at 100% relative humidity (RH) for one day to ensure infection. 
Five days after infection, plants were placed back at 100% RH for one day to induce 
sporulation. To determine leaf colonization and visualize trailing necrosis, infected 
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leaves were stained with lactophenol trypan-blue and examined microscopically, as 
described by Koch and Slusarenko (1990). 

Disease symptoms were scored for about 400 leaves (no. plants = 20-25) per 
treatment 8 days after inoculation. Disease ratings were expressed as intensity of di-
sease symptoms and pathogen sporulation on each leaf: I, no sporulation; II, <50% 
of the leaf area covered by sporangiophores; III, >50% of the leaf area covered by 
sporangiophores; and IV, leaf area heavily covered with sporangiophores, with ad-
ditional chlorosis and leaf collapse. 

Callose formation as a marker of resistance to infection (Conrath et al. 1998) 
was quantified according to Van Hulten et al. (2006). Leaves were collected 60 h after 
inoculation and incubated overnight in 95% ethanol. Destained leaves were washed 
in 0.07 M phosphate buffer, pH 9, incubated for 15 min in 0.07 M phosphate buf-
fer containing 0.005% calcofluor (fluorescent brightener; Sigma-Aldrich, St. Louis, 
MO, USA) and 0.01% aniline-blue (water blue; Fluka, Buchs, Switzerland), and 
subsequently washed in 0.07 M phosphate buffer containing 0.01% aniline-blue 
to remove excess calcofluor. Observations were performed with an epifluorescence 
microscope with UV filter. Callose depositions were quantified by determining the 
percentage of callose-inducing sporangiospores per infected leaf.  

B o t r y t i s  c i n e r e a 

The necrotrophic fungus Botrytis cinerea B0510 (provided by Dr B. Thomma, 
Wageningen University) was grown on half-strength potato dextrose agar (PDA) 
plates for 2 weeks at 22° C. Conidia of the fungus were scraped off the plate and 
suspended in half-strength potato dextrose broth (½ PDB). Five-week-old Col-0 
plants (n=20) were challenge inoculated with B. cinerea by applying 3-µl droplets of 
½ PDB, containing 5.105 conidia ml-1, onto eight well-developed leaves. Inoculated 
plants were kept at 100% relative humidity. At 3 to 4 days after challenge, disease se-
verity was determined. Disease ratings were expressed on the basis of development 
of symptoms and lesion size: I, no visible disease symptoms; II, non-spreading lesi-
ons and lesions spreading on less than 50% of the leaf surface; III, extended lesions 
equaling between 50% and 75% of the leaf surface; and IV, spreading lesions with 
extensive tissue maceration. 

A l t e r n a r i a  b r a s s i c i c o l a 

Bioassays with the fungal pathogen Alternaria brassicicola MUCL 20297 were 
performed essentially as described by Ton et al. (2002). A. brassicicola was grown on 
PDA plates for 2 weeks at 22° C. Conidia were harvested as described by Broe-
kaert et al. (1990).  Wild-type Arabidopsis Col-0 plants are resistant to A. brassicicola; 
however, the phytoalexin-deficient mutant pad3-1 is susceptible (Thomma et al. 
1999b). Five-week-old pad3-1 plants (n=20) grown on control soil or soil treated 
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with WCS347r or its mutants were challenge inoculated by applying 3-ml droplets 
of 10 mM MgSO

4
, containing 5.105 conidia ml-1, onto eight well-developed leaves. 

Inoculated plants were kept at 100% relative humidity. At 7 days after challenge, 
disease severity was determined. Disease ratings were expressed on the basis of 
extent of symptoms and lesion size: I, no visible disease symptoms; II, non-sprea-
ding lesions or spreading lesions without chlorosis; III, spreading lesions surrounded 
by chlorotic halo; and IV, spreading lesions with extensive tissue maceration and 
sporulation of the pathogen. Isolation and determination of the number of newly 
formed spores were performed essentially as described by Thomma et al. (1999b). 
Batches of 15 leaves from five plants were placed in 9 ml 0.1% (v/v) Tween 20 in a 
test tube. After vigorous shaking, the leaves were removed and the spore suspension 
was centrifuged at 3.200 g for 15 min. Spores were resuspended in 100 μl 0.1% 
Tween 20 and counted in a haemocytometer.

Tu r n i p  c r i n k l e  v i r u s

Bioassays with Turnip crinkle virus (TCV) were performed as described pre-
viously (Ton et al. 2002). TCV inoculum was produced by in vitro transcription 
from plasmid pT7TCV66 (Oh et al. 1995) and adjusted to a concentration of 0.1 
mg RNA ml-1. TCV is avirulent on Arabidopsis accession Di-0, leading to necrotic 
lesions (Dempsey et al. 1997 ; Simon et al. 1992), but it is virulent on Col-0 (Simon 
et al. 1992).  Five-week-old Di-0 plants (n = 20) were challenge inoculated by ap-
plying 3-µl droplets of viral inoculum in bentonite buffer (0.05 M glycine, 0.03 M 
K

2
HPO

4
, 0.02 g bentonite ml-1) on three leaves per plant. Accession Col-0 was in-

oculated similarly, except that TCV inoculum was applied on lower leaves.  Droplets 
were rubbed across the leaf surface with a glass rod and the inoculated leaves were 
marked. For Di-0, 4 days after challenge the number and diameter of the lesions 
were determined under a dissection microscope. For Col-0 plants, the percentage 
of leaves per plant with systemic symptoms of chlorosis and curling was scored 11 
days after inoculation. 

M a g n a p o r t h e  g r i s e a

The Magnaporthe grisea isolate VT5M1 was used for infection of rice. Plant in-
oculation was performed according to De Vleesschauwer et al. (2006). Six days after 
inoculation, disease was assessed by counting the number of elliptical to round-
shaped lesions with a gray centre indicative of sporulation of the fungus (Schweizer 
et al. 1997), and expressed as the average numbers of lesions relative to the non-
treated control plants. 

R h i z o c t o n i a  s o l a n i

The virulent Rhizoctonia solani isolate MAN-86 (AG-1, IA) was used to in-
oculate rice as described by De Vleesschauwer et al. (2006). Inoculated plants were 
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kept for 72 h inside humid inoculation chambers (≥ 92% RH) at 30 ± 4 ºC and 
thereafter transferred to greenhouse conditions. The length of the water-soaked le-
sions was measured 96 h after inoculation. Disease severity was expressed as average 
lesion size relative to non-bacterized control plants.

R e s u l t s 

W C S 3 7 4 r- m e d i a t e d  I S R  a g a i n s t  P.  s y r i n g a e  p v.  t o m a t o  i n  A r a b i d o p s i s 

d e p e n d s  o n  b a c t e r i a l  p o p u l a t i o n  d e n s i t y

As reported earlier (Van Wees et al. 1997), application of WCS374r at a density 
of 5.107 cfu.g-1 soil did not induce systemic resistance in colonized plants (Figure 
1A). If, however, a low dose of 103 cfu.g-1 soil was applied, the bacteria multiplied 
actively, and under these conditions, were effective in reducing symptoms of Pst. 
After 3 weeks population densities of WCS374r on Arabidopsis roots were around 
107 per gram of soil, independent of the initial density applied (Figure 1B). Appa-
rently, active multiplication of WCS374r is required for bacterial elicitors of ISR to 
be produced or perceived by the plant.
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Figure1. ISR-eliciting activity of WCS374r in Arabidopsis. (A) Relative percentage of leaves with symptoms 
of bacterial speck caused by Pseudomonas syringae pv. tomato DC3000 upon application of WCS374r at 
different population densities. Symptoms were scored 3 days after challenge. Different letters indicate 
statistically significant differences between treatments (Fisher’s least significant difference test; 
α = 0.05, n = 20 - 25). (B) Population densities of WCS374r in the Arabidopsis rhizosphere after 
introduction of the bacterium into the soil at low and high population densities. (C) Disease ratings 
after challenge with the oomycete Hyaloperonospora parasistica WACO9 8 days after inoculation. 
(D,E) Disease ratings after challenge with the fungal pathogens (D) Botrytis cinerea and (E) Alternaria 
brassicicola. Asterisks indicate statistically different distributions of disease severity classes compared 
with the water control (Chi-square test, α = 0.05).
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W C S 3 7 4 r  i n d u c e s  r e s i s t a n c e  a g a i n s t  H .  p a r a s i t i c a ,  B .  c i n e r e a  a n d 
A .  b r a s s i c i c o l a  i n  A r a b i d o p s i s

Since low densities of WCS374r induced systemic resistance against Pst, it 
was investigated whether these conditions also induce systemic resistance against 
other types of pathogens with different life styles. Indeed, when applied at 103 cfu.
g-1 to the soil, WCS374r triggered ISR against the oomycetous leaf pathogen H. 
parasitica (Figure 1C). Application of WCS374r also resulted in significantly reduced 
disease severity caused by B. cinerea (Figure 1D) and A. brassicicola (Figure 1E). In all 
cases the percentage of leaves without symptoms increased and the percentage of 
leaves with severe symptoms was reduced. Thus, WCS374r-mediated ISR appears 
to have a broad-spectrum efficacy against both biotrophic and necrotrophic plant 
pathogens.  

 
W C S 3 7 4 r- i n d u c e d  r e s i s t a n c e  i s  e f f e c t i v e  a g a i n s t  T C V  i n  A r a b i d o p s i s

P. fluorescens WCS417r was found to be incapable of inducing systemic resi-
stance against the virus TCV (Ton et al. 2002). However, WCS374r did suppress 
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Figure 2. ISR in Arabidopsis against TCV. (A) Average lesion diameter on challenged leaves (n = 60) 
of accession Di-0 (resistant) 4 days after challenge when WCS374r had been applied at low and high 
inoculum density. (B) Percentage of non-inoculated leaves of accession Col-0 (susceptible) with symptoms 
per plant (n = 20) 11 days after challenge. Non-inoculated leaves showing crinkled deformation of the 
leaves and chlorotic spots around the vascular bundles were scored as diseased. (C) Average number 
of lesions and (D) Average lesion size on challenged leaves of Di-0 plants after elicitation of ISR by 
WCS374r or P. fluorescens WCS417r. Different letters indicate statistically significant differences 
between treatments (Fisher’s least significant difference test, α = 0.05). 
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disease significantly on both resistant Di-0 (Figure 2A) and susceptible Col-0 plants 
(Figure 2B), irrespective of the bacterial density (103 or 5.107 cfu.g-1 applied to the 
soil). In agreement with Ton et al. (2002), WCS417r failed to reduce the size of 
lesions caused by TCV on accession Di-0, whereas WCS374r was effective (Figure 
2D). Furthermore, the average numbers of lesions were not significantly different 
(Figure 2C). These results demonstrate that, in contrast to WCS417r, WCS374r is 
capable of mediating ISR in Arabidopsis against TCV. 

 
S A / p s e u d o m o n i n e  m u t a n t s  o f  W C S 3 7 4 r  a r e  d i f f e r e n t i a l l y  e f f e c t i v e 
a g a i n s t  d i f f e r e n t  p a t h o g e n s  i n  A r a b i d o p s i s

The possible involvement of SA and/or Psm in the WCS374r-mediated 
broad-range ISR in Arabidopsis was investigated using mutant 4B-1, a mutant that 
completely lacks SA and Psm production. Challenge inoculation with Pst of Col-
0 plants treated with either WCS374r or 4B-1 resulted in equal reductions in the 
relative percentage of diseased leaves compared to the non-induced control (Figure 
3A). Analysis of the number of Pst cells at the end of the experiment likewise sho-
wed similarly suppressed growth of the pathogen in the induced plants: WCS374r 
and 4B-1 reduced the logarithmic numbers of population densities to 6.72, and 
6.89 per gram leaves, respectively, compared to 7.29 on the non-induced plants.

Figure 3B shows that WCS374r significantly protected the plants against H. 
parasitica, whereas mutant 4B-1 was not able to induce resistance against this patho-
gen. Disease suppression by wild-type WCS374r was accompanied by significantly 
increased callose deposition at attempted infection sites compared to the control 
treatment, whereas mutant 4B-1 did not increase callose deposition (Figure 3C). 
Trypan blue staining showed that WCS374r-induced leaves were poorly colonized 
by H. parasitica. Plants colonized by mutant 4B-1 were invaded by the pathogen to 
the same extent as infected control plants (data not shown). 

Both WCS374r and 4B-1 protected plants significantly against A. brassicicola 
(Figure 3D). The percentage of healthy leaves was increased in the WCS374r- and 
4B-1-treated plants by about 20% and 15%, respectively, compared to non-induced 
plants. Treatments with WCS374r and 4B-1 also led to a more than 50% reduction 
in the number of newly formed spores compared to the control 10 days after in-
oculation (Figure 3E). 

WCS374r and 4B-1 were also examined for their capacity to induce resistance 
against TCV in Di-0 plants. WCS374r significantly reduced lesion size, whereas 
4B-1-treated plants developed lesions comparable in size to those on the control 
plants (Figure 3F). Apparently, SA and/or pseudomonine production by WCS374r 
is essential for triggering ISR against H. parasitica and TCV. In contrast, these iron-
regulated metabolites were not essential for triggering ISR against the other pa-
thogens. 
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I r o n - r e g u l a t e d  m e t a b o l i t e s  o f  W C S 3 7 4 r  d o  n o t  p l a y  a  r o l e  i n  I S R 
a g a i n s t  P s e u d o m o n a s  s y r i n g a e  p v.  t o m a t o  i n  A r a b i d o p s i s

Mutant 4B-1 was found to be as effective as wild-type WCS374r against Pst 
(Figure 3G). 4B-1 is deficient in the production of both SA and Psm (Chapter 2). 
To be able to differentiate between SA and Psm in the elicitation of ISR against this 
pathogen, mutant 4A-1, which is deficient in Psm bisosynthesis but still produces 
SA (chapters 2 and 3), was used. Furthermore, other mutants additionally defective 
in Psb were also included (Table 1). As shown in Figure 4A, all mutants defective in 
the production of the iron-regulated metabolites significantly reduced the relative 
percentage of diseased leaves compared to non-induced plants by 40 - 60%. This 
finding indicates that neither the biosynthesis of SA or Psm, nor Psb is required 
for triggering ISR against Pst. All mutants colonized the roots at least as well as the 
wild-type strain (Chapter 2). These results suggest that WCS374r induces resistance 
against Pst through another trait. 

F l a g e l l a  o f  W C S 3 7 4 r  c a n  i n d u c e  s y s t e m i c  r e s i s t a n c e  a g a i n s t  P. 
s y r i n g a e  p v.  t o m a t o 

Meziane et al. (2005) suggested that flagella can contribute to ISR triggered 
by Pseudomonas putida WCS358 against Pst in Arabidopsis. Therefore, we investiga-
ted if flagella of WCS374r might be similarly active. Two non-motile mutants of 
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Figure 3. Elicitation of ISR by WCS374r and its SA- mutant strain 4B-1 when applied at 103 cfu.g-1 soil. 
(A) Relative number of leaves with symptoms of bacterial speck caused Pst in Arabidopsis Col-0. (B) 
Disease ratings of downy mildew caused by Hyaloperonospora parasitica. (C) Callose deposition 2 days 
after H. parasitica inoculation. (D) Disease severity and (E) Relative number of newly formed spores of 
Alternaria brassicicola and (F) Average lesion size caused by TCV in Arabidopsis Di-0. Different letters 
indicate statistically significant differences (least significant difference test; α = 0.05). Asterisks indicate 
statistically different distributions of disease severity classes compared with the water control (Chi-
square test, α = 0.05). All data shown are from typical experiments that were repeated at least once 
with comparable results.
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WCS374, L30 and L36 (De Weger et al. 1987), lacking flagellin and defective in 
flagellin polymerization, respectively, failed to reduce the symptoms of bacterial 
speck significantly. The quantities of iron-regulated metabolites produced by the 
flagella-less mutants were comparable to those of the wild type (Table 2), indicating 
that their failure to elicit ISR was not due to altered levels of these metabolites. 
Flagellar proteins were prepared from cultures of WCS374r and similar extractions 
were applied to the motility mutants L30 and L36. When Arabidopsis roots were 
drenched with flagellar preparations 7 and 4 days prior to inoculation with the pa-
thogen, disease incidence was significantly depressed by the flagellar preparation of 
WCS374r to levels comparable to the live cells. However, preparations of L30 and 
L36 did not reduce disease (Figure 4B). This indicates that flagella of the wild-type 
strain can elicit systemic resistance against Pst. 

However, L30 and L36 colonized the roots of Arabidopsis significantly less 
than the wild type (Table 2), indicating that poor colonization might be the reason 
for the lack of ISR-eliciting activity of these mutants. Although wild-type flagella 
can induce resistance against Pst, the failure of the mutants to do so could be due 
to their poor root colonization.    

Table 2. Colonization of Arabidopsis roots by WCS374r and its non-motile mutant strains L30 and L36, 
and production of iron-regulated metabolites by these strains. 

Production of iron-regulated metabolites  
(fg/cell)

bacteria log cfu.g-1 Pseudobactin SA Pseudomonine

WCS374r 5.326 a 150 35 289 

L30 4.141 b 168 48 316 

L36 3.935 b 172 29 264

Different letters indicate statistically significant differences between treatments (Fisher’s least 
significant difference test; α = 0.05). 
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Figure 4. ISR-eliciting activity of WSC374r and its various mutants in Arabidopsis Col-
0 against Pst. Relative numbers of leaves with symptoms in plants treated with (A) 
mutants in the production of iron-regulated metabolites and (B) treated with motility mutants or 
flagella preparations. Different letters indicate statistically significant differences (least significant 
difference test; α = 0.05).
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S A  a n d  P s b  p r o d u c t i o n  c o n t r i b u t e  t o  W C S 3 7 4 r- m e d i a t e d  I S R 
a g a i n s t  T C V  i n  A r a b i d o p s i s

In Arabidopsis Di-0 mutant 4B-1 no longer protected against TCV (figure 3F). 
This mutant, however, produces neither SA nor Psm, making it impossible to dif-
ferentiate whether SA or Psm, or both act as eliciting determinants. Mutant 4A-1 
did protect the plants against TCV and to a level comparable to WCS374r (Figure 
5). Thus, the limited amount of SA produced by 4A-1 appeared to be sufficient to 
elicit ISR. Mutant AT-12, that produces SA but not Psb, did not trigger ISR against 
the virus. Also the Psb- mutants 374-02 and 374-08 and the double mutant BT-1 
failed to reduce TCV lesion size. The average numbers of lesions in all treatments 
were comparable to those in the control (data not shown). Based on the results 
obtained with mutant 4A-1, we suggest that the capacity to synthesize both SA and 
Psb is necessary for WCS374r to trigger ISR against TCV in Arabidopsis Di-0. 

S A  a n d  P s b  o f  W C S 3 7 4 r  b o t h  c o n t r i b u t e  t o  s u p p r e s s i o n  o f  r i c e 
b l a s t

Strain WCS374r strongly reduced symptoms of rice blast (80 to 90 % reduc-
tion) caused by M. grisea (Figure 6). To investigate the possible involvement of the 
iron-regulated metabolites of WCS374r in the induced resistance in rice, the same 
mutants as tested in Arabidopsis were used. Plants treated with mutant 4A-1 were 
significantly protected against M. grisea, whereas all the other mutants did not re-
duce disease. Both 4A-1 and AT-12 produce SA, but the non-ISR-inducing AT-12 
is additionally defective in Psb production. The mutant strains 4B-1, BT-1, and the 
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Figure 5. Average lesion size of TCV on Di-0 plants treated with WCS374r or its mutants deficient in the 
production of iron-regulated metabolites. Disease was scored 3 days after inoculation of leaves with 
3 µl droplets of TCV RNA (0.1 µg/µl) in bentonite buffer. Different letters indicate statistically significant 
differences (least significant difference test; α = 0.05).
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Psb- strains 374-02 and 374-08 also failed to protect rice against M. grisea. From 
these results we conclude that, similar to the induction of ISR against TCV on 
Arabidopsis (Figure 5), SA and Psb of WCS374r are both necessary to trigger ISR 
against M. grisea in rice. Lack of effectiveness of mutants 374-02, 374-08, AT-12, 4B-
1 and BT-1 was not due to impaired root colonization, as shown by the numbers of 
colony-forming units that were recovered from the root systems at the end of the 
experiment (Table 3).  

Table 3. Colonization of the rhizosphere of rice by WCS374r and its mutants defective in the production 
of iron-regulated metabolites. 

bacteria    log cfu.g-1

WCS374r 5.397

4A-1 5.301

AT-12 5.612

4B-1 5.204

BT-1 5.556

374-02 6.255

374-08 5.875

P s b  p r o d u c t i o n  b y  W C S 3 7 4 r  i s  r e q u i r e d  f o r  I S R  a g a i n s t  R .  s o l a n i 
i n  r i c e

Treatment of rice with P. fluorescens WCS374r reduced the length of the lesi-
ons caused by R. solani by up to 40% as compared to non-induced control plants 
(Figure 7). As a result of reduced disease incidence, plant survival almost doubled 
(data not shown). Mutant strains 4A-1 and 4B-1 also reduced the disease (Figure 
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Figure 6. Severity of rice blast caused by Magnaporthe grisea in rice treated with WCS374r and its 
mutants defective in the production of iron-regulated metabolites. Different letters indicate statistically 
significant differences between treatments according to Kruskal-Wallis followed by Mann-Whitney 
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7), and increased plant survival significantly compared to a non-induced control 
(data not shown), whereas all other mutants were ineffective. Strain WCS374r and 
mutants 4A-1 and 4B-1 have in common that they produce the siderophore Psb. 
In contrast, all mutants lacking production of this iron-regulated metabolite failed 
to induce ISR. Therefore, we assume that Psb of WCS374r is the main biologically 
active determinant in this interaction. 

D i s c u s s i o n 

The ability to induce ISR by selected strains of rhizobacteria has been de-
monstrated for many different plant species (Van Loon and Bakker 2006). However, 
rhizobacteria exert their effect differentially in different plant species. For instance, 
radish is responsive to P. fluorescens WCS374r (Leeman et al. 1996), whereas Arabi-
dopsis was published to be not (Van Wees et al. 1997). Conditions in which rhizo-
bacteria have been grown prior to application seem to affect their ability to elicit 
ISR. In a recent example reported by Ran et al. (2005b), WCS374r did induce resi-
stance in Arabidopsis when cultivated at elevated temperatures prior to inoculation 
into the soil. Iron availability to rhizobacteria prior to (De Meyer and Höfte 1997), 
or after inoculation of soil (Leeman et al. 1995b) has also been shown to affect their 
inducing ability. For instance, in bean ISR elicited by P. aeruginosa 7NSK2 was evi-
dent only when the bacterium had been cultivated under low-iron conditions (De 
Meyer and Höfte 1997). 

In agreement with Van Wees et al. (1997) and Ran et al. (2005b), we found that 
high inoculum densities of WCS374r cultivated at 28 ºC on KB medium, failed to 
elicit ISR in Arabidopsis against Pst (Figure 1B). However, low inoculum densities 
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triggered ISR against several microbial pathogens, i.e., Pst, H. parasitica, B. cinerea, A. 
brassicicola, and TCV (Figures 1 and 2). SA or Psm was necessary for the elicitation 
of ISR against H. parasitica and TCV, but not against Pst or A. brassicicola.

All the mutants in the biosynthesis of iron-regulated metabolites were shown 
to be as effective as WCS374r in mediating induced resistance against Pst (Figure 
4A), indicating that these metabolites are not involved in this interaction. Ran et al. 
(2005b) suggested that the ISR-eliciting activity of WCS374r cultivated at elevated 
temperatures might be related to alterations in other traits, such as the LPS or fla-
gella, which have both been implicated in WCS358-mediated ISR in Arabidopsis 
(Bakker et al. 2003; Meziane et al. 2005). Indeed, motility-deficient strains L30 and 
L36 failed to reduce symptoms of bacterial speck significantly.  A good induction 
was achieved when isolated flagella of WCS374r were applied to the plant roots (Fi-
gure 4B), indicating that flagellar proteins secreted by the wild-type strain can elicit 
ISR against Pst. However, roots were poorly colonized by the motility mutants, 
making it difficult to conclude whether their inability to elicit ISR was due to the 
absence of flagella or to a poor delivery of ISR-eliciting determinants to the roots. 
Felix et al. (1999) suggested that intact flagella attached to bacteria are not likely to 
act as direct stimuli for perception by plants. Depolymerization or fragmentation of 
the flagellum is probably required to obtain elicitor-active flagellin subunits that can 
diffuse through the cell wall and reach the receptor on the plasma membrane. 

Motility of P. syringae cells on moist bean leaves has been suggested to be 
subject to quorum sensing (Dulla et al. 2005). At high population density flagella 
would be lost, and as a consequence, cells can no longer move. One can hypothesize 
that WCS374r, when applied at high density also loses its flagella, whereas, if the 
number of cells is low, they would be incited to propel themselves towards the nu-
trient-rich zone of the rhizosphere through active flagellar movement. Perception 
of the flagella by the roots would then result in elicitation of the plant. 

In contrast to the elicitation of ISR against Pst, iron-regulated metabolites 
were found to be important for ISR against TCV in Arabidopsis and both rice blast 
and sheath blight in rice. Only Psb was important for ISR against sheath blight, but 
both Psb and SA/Psm appeared to be necessary for ISR against rice blast and TCV 
in Arabidopsis. In the suppression of R. solani in rice, WCS374r, as well as mutants 
4A-1 and 4B-1, significantly reduced lesion length (up to 40%). In contrast, all Psb- 
mutants failed to suppress the disease and fewer plants colonized by these strains 
survived. Elicitation of plants by Psb producers and, in turn, lack of induction by 
Psb- mutants strongly suggest that Psb is the main determinant in this interaction. 
The mechanism by which Psb of WCS374r specifically elicits rice remains unans-
wered. The pseudobactins of other PGPR strains, including WCS358 and 7NSK2, 
seem to be ineffective in eliciting ISR against R. solani in rice (De Vleesschauwer 
D. unpubl.), suggesting that this interaction is specific.

Both Psb and SA were found to be involved in the ISR in rice against M. 
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grisea. 4A-1-inoculated plants were significantly healthier than non-induced plants; 
however, AT-12 failed to reduce disease (Figure 6). In P. fluorescens WCS374r SA 
biosynthesis is associated with the production of the SA-containing siderophore 
Psm (Mercado-Blanco et al. 2001; Chapters 2 and 3). Strain 4A-1 does not produce 
Psm, and the small amount of SA produced is likely to be secreted. Strain AT-12 
produces the same amount of SA, lacks Psm, and is additionally defective in Psb 
production. Furthermore, the Psb- mutants 374-02 and 374-08 also failed to protect 
the plants, indicating that despite their ability to produce SA, deficiency just in the 
biosynthesis of Psb abolished the elicitation. In fact, the loss of Psb production in 
mutant 374-08 made it a stimulator of rice blast disease (Figure 6). This may be as-
sociated with the retained capacity of this strain to produce SA/Psm. Feeding rice 
plants with physiological concentrations of SA (picomolar range) increased their 
susceptibility to the blast. Furthermore, SA application attenuated the resistance 
conferred by purified Psb 374 (De Vleesschauwer and HÖfte, personal communica-
tion). Thus, the role of WCS374r-produced SA and Psb and their contribution to 
elicitation of systemic resistance in rice remains unclear. In the systemic resistance 
elicited against rice blast by P. aeruginosa 7NSK2 bacterially produced SA does not 
play a role (De Vleesschauwer et al. 2006). Instead, the phenazine compound pyo-
cyanin was shown to act as the inducing determinant. 

Other observations do support a role for SA in the elicitation of ISR by spe-
cific rhizobacterial strains. For instance, expression of the SA-biosynthetic genes of 
P. aeruginosa PAO1 in the non-SA-producer P. fluorescens P3 conferred ISR-eliciting 
activity in tobacco against tobacco necrosis virus (Maurhofer et al. 1998), demon-
strating that bacterially produced SA at the root surface can trigger ISR. Elicita-
tion of ISR by P. aeruginosa 7NSK2 in bean and tobacco depends at least partly 
on bacterial SA production, as an SA-deficient mutant failed to induce resistance 
(De Meyer and Höfte 1997). Monitoring SA levels on tomato roots colonized by 
either 7NSK2 or KMPCH, a mutant of 7NSK2 that produces SA but is no longer 
able to incorporate it into pyochelin, suggested that mutant KMPCH does secrete 
SA in the rhizosphere, but the wild-type strain does not (Audenaert et al. 2002). 
This suggested that, indeed all SA produced by wild-type 7NSK2 is channeled 
into pyochelin. Mutant derivatives of 7NSK2 defective in the biosynthesis of either 
pyochelin or the antibiotic pyocyanin failed to trigger ISR in tomato against B. 
cinerea, demonstrating that both pyochelin and pyocyanine are required (Audenaert 
et al. 2002). In contrast, the induction of resistance by mutant KMPCH appeared 
to depend solely on SA. 

Our results show that WCS374r-induced resistance against H. parasitica and 
TCV was lost when SA/Psm production was mutated (Figure 3). These two pa-
thogens have been shown to be resisted through SA-dependent mechanisms of 
the plant. The loss of effectiveness of mutant 4B-1 against H. parasitica could be 
explained by its failure to prime for callose deposition. In contrast, the necrotrophic 
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pathogen A. brassicicola was affected similarly by WCS374r and 4B-1, indicating that 
neither SA, nor Psm are determinants of ISR against this pathogen. 

Here we demonstrate that ISR in Arabidopsis and rice against different patho-
gens depends on different determinants of WCS374r. This indicates that different 
bacterial determinants must activate different defence mechanisms in the plant that 
are differentially active against different pathogens. Different defence signalling pa-
thways could be primed (Conrath et al. 2006) by the different bacterial metabolites, 
thereby providing the plant with an increased potential to defend itself against dif-
ferent types of pathogens.   
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A b s t r a c t 

Under iron-limiting conditions, Pseudomonas fluorescens strain WCS374r 
produces large quantities of salicylic acid (SA) in vitro. Moreover, it produces at 
least two additional iron-regulated molecules, the siderophores pseudobactin 
(Psb) and pseudomonine (Psm), a molecule containing a SA moiety. WCS374r 
induces systemic resistance (ISR) in Arabidopsis against various pathogens. Signal 
transduction pathways leading to ISR elicited by wild-type WCS374r and its SA/
Psm defective mutant 4B-1 against the bacterial pathogen Pseudomonas syringae pv. 
tomato (Pst) and the viral pathogen turnip crinkle virus (TCV) were investigated. 
Using the Arabidopsis transformant NahG, that degrades SA, the sid1 mutant that is 
unable to synthesize SA, the jasmonate response mutant jar1, the ethylene response 
mutant etr1, and the SAR/WCS417r-ISR regulatory mutant npr1, we demonstrate 
that the induced resistance conferred by WCS374r against Pst is independent of 
SA but requires responsiveness of the plant to jasmonate and ethylene. In contrast, 
WCS374r-mediated ISR against TCV requires a SA-signalling, as well as NPR-1. 
For ISR against TCV, WCS374r determinants SA/Psm and Psb are both required, 
whereas for ISR against Pst, they are not.  This differential requirement for elicitation 
of SA-independent ISR against Pst and SA-dependent induced resistance against 
TCV indicates that WCS374r can activate both defence signalling pathways through 
different determinants. 
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I n t ro d u c t i o n

The plant hormones salicylic acid (SA), jasmonic acid (JA), and ethylene (ET) 
are the main signalling components in regulating induced defence mechanisms. 
Plant genotypes that are affected in their response to one of these signals are more 
susceptible to infection by certain types of pathogens (Feys and Parker 2000; 
Geraats et al. 2003; Glazebrook 2001; Kessler and Baldwin 2002; Knoester et al. 
1999; Pieterse and Van Loon 1999; Reymond and Farmer 1998; Thomma et al. 
2001). Besides basal resistance responses that act at the site of pathogen infection, 
plants are capable of developing an induced systemic resistance that is effective 
against subsequent pathogen infections. The classical way of inducing resistance is 
by predisposal infection with a necrotizing pathogen, which leads to an enhanced 
defensive capacity in distal plant parts. This type of systemically induced resistance 
is generally referred to as systemic acquired resistance (SAR) (Ryals et al. 1996). 
The signalling pathway of pathogen-induced SAR depends on the endogenous 
accumulation of SA, because transgenic NahG plants, in which SA is converted 
to non-active catechol by salicylate hydroxylase, have lost their ability to express 
SAR (Gaffney et al. 1993). The expression of SAR is tightly associated with the 
transcriptional activation of genes encoding pathogenesis-related proteins (PRs) 
(Van Loon 1997). 

Another form of systemic resistance is triggered by selected strains of 
nonpathogenic rhizobacteria. Pieterse et al. (1998) demonstrated that in Arabidopsis 
the signal transduction pathway needed for Pseudomonas fluorescens WCS417r–
mediated induced systemic resistance (ISR) requires responsiveness to jasmonate 
and ethylene, but is independent of SA accumulation. ISR differs from SAR in 
that SAR depends on SA and is independent of JA and ethylene responsiveness. 
However, SAR and ISR share a requirement for the regulatory protein NPR1 
(Pieterse et al. 1996).

Rhizobacteria-mediated ISR depends on recognition of bacterial elicitors 
by plant roots (Bakker et al. 2007). Bacterial determinants of ISR that have been 
identified are cell surface components, such as outer membrane lipopolysaccharides 
(LPS) or flagella, iron-regulated metabolites, specific volatile compounds, and 
certain antibiotics (Bakker et al. 2003; Iavicoli et al. 2003; Leeman et al. 1996; 
Meziane et al. 2005; Ongena et al. 2005; Ryu et al. 2004; Van peer and Schippers 
1992). P. fluorescens strain WCS374r has been shown to induce resistance in radish 
against Fusarium oxysporum (Leeman et al. 1995a, 1996). These authors provided 
evidence that LPS, the pseudobactin siderophore, and (an) additional iron-regulated 
metabolite(s) are involved in inducing resistance in radish. SA, an iron-regulated 
metabolite produced in relatively large quantities by WCS374 in vitro, was suggested 
to be involved in this phenomenon (Leeman et al. 1996). However, strain WCS374r 
did not induce resistance in Arabidopsis against Pseudomonas syringae pv. tomato (Pst), 
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whereas application of SA did (Van Wees et al. 1997). These observations suggested 
that WCS374r did not produce SA in the rhizosphere of Arabidopsis, or the SA is 
converted into another metabolite. Indeed, WCS374 is capable of synthesizing an 
additional siderophore, pseudomonine (Psm) that contains a SA moiety. Thus, under 
iron-limited conditions, which are likely to occur in the rhizosphere, SA may all be 
incorporated into Psm.

We recently described that when applied at a low inoculum density, P. 
fluorescens strain WCS347r does trigger ISR against Pst in Arabidopsis (Chapter 4). 
Moreover, WCS374r induced resistance against Alternaria brassicicola, Botrytis cinerea, 
Hyaloperonospora parasitica, and Turnip crinkle virus (TCV) in the dicot Arabidopsis 
and against Magnaporthe grisea and Rhizoctonia solani in the monocot rice (Chapter 4). 
In Arabidopsis, bacterial mutants that are impaired in SA and Psm biosynthesis were 
unable to mount ISR against H.  parasitica and TCV, but were as effective as wild-
type in triggering ISR against Pst and A. brassicicola. The differential dependency 
of WCS374r-mediated ISR against these pathogens on bacterially produced SA 
encouraged us to investigate the plant signal transduction pathways involved.

A possible role for SA signaling was investigated using the SA non-producing 
mutant sid1 (Nawrath and Métraux 1999), as well as the NahG transformant 
(Delaney et al. 1994). The mutants jar1 and etr1 were used to test for the involvement 
of JA and ethylene (ET) signaling, respectively. Mutant jar1 exhibits reduced 
sensitivity to methyl jasmonate (MeJA), leading to a decrease in MeJA-inducible 
inhibition of primary root growth and accumulation of the vegetative storage 
protein Vsp2 (Staswick et al. 1992). Mutant etr1 (Bleecker et al. 1988) is altered in 
its ability to perceive and react to ET due to a mutation in an ethylene receptor 
(Chang et al. 1993; Schaller and Bleecker 1995). Arabidopsis mutant npr1 is affected 
downstream of SA in the SAR signalling pathway and is blocked in both the SAR 
and ISR responses (Cao et al. 1994; Delaney et al. 1995; Pieterse et al. 1996; Shah 
et al. 1997). 

Ran et al. (2005b) previously described that WCS374r induced systemic 
resistance in Arabidopsis against Pst when it was cultivated at elevated temperatures. 
This induced resistance was independent of SA, but required ethylene and NPR1. 
Since different bacterial determinants were differentially active in eliciting ISR 
against different pathogens when WCS374r was applied at low inoculum doses 
(Chapter 4), different signalling pathways could be involved. Using appropriate 
mutants, and the NahG transformant of Arabidopsis, we now demonstrate that 
P. fluorescens WCS374r–mediated ISR against Pst, like that induced by WCS417r, 
follows a signalling pathway that is dependent on responsiveness to both jasmonate 
and ethylene. Moreover, we show that the resistance that is induced by WCS374r 
against TCV is dependent on SA. This demonstrates that WCS374r mediates both 
SA- and JA/ET- dependent induced resistance responses in Arabidopsis.
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M AT E R I A L S  A N D  M E T H O D S

B a c t e r i a l  s t r a i n s  a n d  c u l t i v a t i o n 

Bacterial strains and mutants used are listed in Table 1. Pseudomonas fluorescens 
WCS374r is a rifampicin-resistant derivative of strain WCS374, which was originally 
isolated from the rhizosphere of potato (Geels and Schippers 1983). Its resistance-
inducing properties have been described (Leeman et al. 1995; Chapter 4). For the 
bioassays WCS374r and its mutants were grown on King’s medium B (KB) agar 
plates (King et al. 1954) for 24 h at 28°C. Bacterial cells were scraped off the plates 
and suspended in sterile10 mM MgSO

4
. The suspension was centrifuged (10 min at 

8000 g) and cells were resuspended in 10 mM MgSO
4
. 

Table 1. Bacterial strains used and their characteristics.

Strains Characteristics Reference

P. fluorescens 

WCS374r Spontaneous rifampicin resistant mutant of 
WCS374; Psb+ Psm+ SA+

Geels and Schippers 
1983

374-02 WCS374 Tn5 mutant; Psb- Psm+ SA+ Weisbeek et al. 1983

374-08 WCS374 Tn5 mutant; Psb- Psm+ SA+ Mercado-Blanco et 
al. 2001

4A-1 Allelic exchange mutant of pmsA homologue 
of WCS374r; Psb+ Psm- SA+                        

Chapter 2

AT-12 Tn5 mutant of 4A-1; Psb- Psm- SA+ Chapter 2

4B-1 Allelic exchange mutant of pmsB homologue 
of WCS374r; Psb+ Psm- SA-

Chapter 2

BT-1 Tn5 mutant of 4B-1; Psb- Psm- SA- Chapter 2

P. syringae pv. 
tomato DC3000

Causal agent of bacterial speck disease Whalen et al. 1991

SA: salicylic acid, Psb: pseudobactin, Psm: pseudomonine

C u l t i v a t i o n  a n d  b a c t e r i a l  t r e a t m e n t  o f  p l a n t s

Arabidopsis was grown as described by Pieterse et al. (1996). Seeds of A. 
thaliana accession Col-0, mutants jar1 (Staswick et al. 1992), etr1 (Bleecker et al. 
1988), npr1 (Cao et al. 1994), sid1 (Nawarath and Métraux 1999), and transformant 
NahG (Delaney et al. 1994) were sown in quartz sand and two-week-old seedlings 
were transferred to 60-ml pots containing a sand/potting soil mixture that was 
autoclaved twice for 20 min with a 24 h interval. Treatments with P. fluorescens 
were done by inoculation of the soil with a bacterial suspension to a final density 
of 103 colony- forming units (cfu).gcolony- forming units (cfu).gg-1 soil prior to transplanting of the seedlings. 
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Plants were cultivated in a growth chamber with an 8-h day (200 µE.m-2.s-1 at 24° 
C) and 16-h night (20° C) cycle at 70% relative humidity for another 3 weeks. 
Plants received half-strength Hoagland nutrient solution (Hoagland and Arnon 
1938) containing 10 µM Sequestreen (CIBA-Geigy), at the time of transplanting 
and thereafter were watered on alternate days. Three weeks after transplanting the 
numbers of cfu of WCS374r and its derivatives on the roots were determined as 
described in Chapter 2. 

P a t h o g e n  i n o c u l a t i o n  a n d  d i s e a s e  a s s e s s m e n t

Pseudomonas syr ingae pv.  tomato 

Bioassays with the bacterial pathogen P. syringae pv. tomato DC3000 (Pst) 
(Whalen et al. 1991) were performed as described by Pieterse et al. (1998) and Ton 
et al. (2002). Briefly, Pst was cultured overnight at 28° C in liquid KB medium. 
Bacterial cells were collected by centrifugation and resuspended in 10 mM MgSO

4
, 

containing 0.0125% (v/v) Silwet L-77, to a final density of 5.106 cfu.ml-1. Five 
week-old Arabidopsis plants, grown in control soil or soil mixed with WCS374r or 
its mutants, were challenge inoculated by dipping the leaves into the Pst suspension. 
Three to four days after challenge, the percentage of leaves with symptoms per 
plant was determined. Leaves showing necrotic or water-soaked lesions surrounded 
by chlorosis were scored as diseased. For each treatment 20 – 25 plants were used 
and results were statistically analyzed by one-way analysis of variance followed by  
Fisher’s test for least significant difference at α = 0.05.

Tu r n i p  c r i n k l e  v i r u s  ( T C V )

Bioassays with TCV were performed as described previously (Ton et al. 2002). 
TCV inoculum was produced by in vitro transcription from plasmid pT7TCV66 
(Oh et al. 1995) and adjusted to a concentration of 0.1 mg RNA ml-1. Five-week-
old Arabidopsis Col-0 plants (n = 20) grown on control soil or soil treated with 
WCS347r or its mutants were challenge inoculated by applying 3-µL droplets of 
TCV RNA (0.1 mg.ml-1) in bentonite buffer (0.05 M glycine, 0.03 M K

2
HPO

4
, 

0.02 g of bentonite per ml) on three lower leaves.  Droplets were rubbed across the 
leaf surface with a glass rod and the inoculated leaves were marked. The percentage 
of leaves per plant with systemic symptoms including vein clearing, curling and 
chlorosis were scored 11 days after inoculation (Ton et al. 2002), and values were 
statistically analyzed by one-way analysis of variance followed by Fisher’s test for 
least significant difference at α = 0.05. 
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R e s u l t s 

W C S 3 7 4 r- m e d i a t e d  I S R  a g a i n s t  P.  s y r i n g a e  p v.  t o m a t o  i s  i n d e p e n d e n t 
o f  S A - s i g n a l l i n g ,  b u t  r e q u i r e s  j a s m o n a t e  a n d  e t h y l e n e  r e s p o n s e s  a n d 
N P R - 1

In chapter 4, we showed that none of the iron-regulated metabolites SA, 
pseudobactin or pseudomonine of WCS374r are required for ISR against Pst. In 
accordance with those results, treatment of Arabidopsis roots with WCS374r or 
its SA/Psm deficient mutant derivative 4B-1 resulted in a similar reduction of 
symptoms (Figure 1). Moreover, both WCS374r and mutant 4B-1 reduced the 
symptoms of Pst in SA-deficient plants NahG and sid1 (Figure 1). The percentages 
of necrotic and yellowing leaves were reduced by 32% and 20% in NahG and sid1 
plants, respectively, indicating that SA-dependent responses of the plant are not 
needed to mediate resistance induced by WCS374r against the bacterial pathogen. 

In contrast, elicitation of ISR by both WCS374r and its mutant 4B-1 was 
blocked in the mutants jar1, etr1 and npr1 (Figure 1), indicating that components 
of the jasmonate and ethylene response, as well as NPR1, play a crucial role in 
the WCS374r-ISR signalling pathway against Pst. The observations on disease 
incidence were supported by population densities of Pst in the leaves 4 days after 
challenge inoculation. In Col-0, NahG and sid1 population densities of Pst were 
significantly reduced in the WCS374r and 4B-1 treatments. In contrast, mutants 
jar1, etr1, and npr1 pretreated by WC374r and 4B-1 supported the same growth 
of the pathogen (Table 2). These results conform to those of Pieterse et al. (1998), 
who demonstrated that an intact response to both jasmonate and ethylene and an 
integral NPR-1 protein are required for the development of P. fluorescens WCS417r-
mediated ISR against Pst. Thus, WCS374r is capable of activating the same signaling 
pathway as WCS417r.

Table 2. Numbers of P. syringae pv. tomato bacteria in leaves 4 days after challenge of Arabidopsis 
genotypes growing in a soil containing P. fluorescens WCS374r or its SA/Psm- mutant 4B-1.

 Ctrl WCS374r 4B-1

Col-0 8.20a 7.72b 7.90b

NahG 6.95a 6.63b 6.65b

sid 17.78a 7.47b 7.52b

jar1 8.22ab 8.06b 8.66a

etr1 9.12a 9.08a 9.21a

npr1 8.22c 8.70b 9.46 a

 
Values presented are average numbers of colony-forming units per gram of infected leaf tissue. Within 
each row, different letters indicate statistically significant differences between treatments (Fisher’s LSD 
test; α = 0.05).
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S A  a n d  P s b  a r e  b o t h  r e q u i r e d  f o r  W C S 3 7 4 r- m e d i a t e d  I S R  a g a i n s t 
T C V

TCV is virulent on most Arabidopsis accessions, including Col-0 (Simon et 
al. 1992). Ton et al. (2002) demonstrated that treatment of the roots with ISR-
inducing WCS417r bacteria failed to suppress disease development and viral RNA 
accumulation in Col-0 plants. In contrast, P. fluorescens WCS374r does induce 
resistance against TCV in the incompatible interaction with Di-0 (Chapter 4). 
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Figure 1. ISR-eliciting activity of WCS374r and its SA/Psm- mutant 4B-1 on different Arabidopsis genotypes 
against P. syringae pv. tomato. The disease index is the mean (n = 20 plants) of the percentage of 
leaves with symptoms relative to control plants (set at 100%) 4 days after challenge inoculation. The 
absolute proportions of diseased leaves of control-treated Col-0, NahG, sid1, jar1, etr1, and npr1 plants 
were 52.1, 40.8, 77.9, 49.6, 60.2, and 69.1%, respectively. Within each frame, different letters indicate 
statistically significant differences between treatments (Fisher’s LSD test; α = 0.05). The data shown are 
taken from representative experiments that were repeated at least twice with similar results.
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Moreover, this induced resistance was shown to be dependent on the production 
of both SA and pseudobactin (Psb) by WCS374r. To investigate the importance of 
these metabolites for ISR in Col-0 plants that have a compatible interaction with 
TCV, we used all the mutants defective in the production of at least one of the iron-
regulated metabolites as compared to the wild type strain. As in Di-0, WCS374r 
induced resistance against TCV in Col-0 plants and bacterial treatment reduced 
the incidence of chlorotic leaves by 21% compared to non-inoculated control 
plants (Figure 2). In contrast, colonization of Arabidopsis roots by the non SA/Psm 
producing strain 4B-1 did not reduce disease incidence. However, root colonization 
by mutant 4A-1, which produces about 5-10% of the amount of SA produced by 
wild-type WCS374r, but no Psm, significantly reduced disease symptoms up to 30%. 
All Psb biosynthesis mutants, including those that can produce SA (AT-12, 374-02, 
and 374-08; Chapter 2) lost their ability to reduce disease symptoms. Collectively 
these data confirm and extend our previous findings that both SA/Psm and Psb are 
necessary for WCS374r to induce systemic resistance against TCV. 

W C S 3 7 4 r- m e d i a t e d  I S R  a g a i n s t  T C V  r e q u i r e s  S A  s i g n a l i n g  a n d  
N P R - 1 ,  b u t  i s  i n d e p e n d e n t  o f  j a s m o n a t e  a n d  e t h y l e n e 
r e s p o n s i v e n e s s

Since bacterial SA is required for mediating systemic resistance against TCV, 
NahG plants were expected to not show ISR against TCV. Moreover, the SA 
induction-deficient mutant sid1 (Nawrath and Métraux 1999) was used to test 
whether plant SA might also be required. In these experiments, mutant 4B-1 was 
included as a SA/Psm negative control. Figure 3 shows that, as expected, WCS374r 
did not reduce symptoms in NahG plants. Although, WCS374r is capable of 
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Figure 2. Relative numbers of leaves of Arabidopsis accession Col-0 showing systemic symptoms of 
turnip crinkle virus (TCV) in non-treated (Ctrl) plants or plants treated with P. fluorescens WCS374r and 
its mutants defective in the production of iron-regulated metabolites. Disease was scored 11 days after 
inoculation of 3 lower leaves with 3 µl droplets of TCV RNA (0.1 µg/µl) in bentonite buffer. Different 
letters indicate statistically significant differences (least significant difference test; α = 0.05).
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producing SA, it did not elicit ISR in sid1 plants, indicating that SA production by 
the plant is required for ISR against TCV to be expressed. These results indicate 
that SA production and signalling are important for the ISR elicited by WCS374r 
against TCV. 
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Figure 3.  ISR-eliciting activity of WCS374r and its SA/Psm- mutant 4B-1 on different Arabidopsis 
genotypes against turnip crinkle virus (TCV). The disease index is the mean (n = 20 plants) of the 
percentage of non-inoculated leaves with symptoms relative to control plants (set at 100%) 11 days 
after challenge inoculation with TCV.  The absolute proportions of diseased leaves of control-treated 
Col-0, NahG, sid1, jar1, etr1, and npr1 plants were 68.1, 78.8, 77.9, 88.6, 60.2, and 93.1, respectively. 
Within each frame, different letters indicate statistically significant differences between treatments 
(Fisher’s LSD test; α = 0.05). The data shown are taken from representative experiments that were 
repeated at least twice with similar results.
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In addition, the possible involvement of NPR-1, jasmonate and ethylene 
responsiveness in WCS347r-mediated ISR against TCV was investigated. WCS374r 
failed to induce resistance in the npr1 mutant, but reduced TCV symptoms in jar1 
and etr1 plants from 22% to 30% (Figure 3). These results indicate that WCS374r-
induced resistance against TCV does not require components of the jasmonate 
and/or ethylene response. Mutant 4B-1 was ineffective in all Arabidopsis genotypes. 
These results suggest that WCS374r-induced resistance resembles SA-dependent 
SAR, not SA-independent ISR.

C o l o n i z a t i o n  o f  t h e  A r a b i d o p s i s  r h i z o s p h e r e  b y  P.  f l u o r e s c e n s 
W C S 3 7 4 r

To exclude the possibility that the inability to express ISR in the mutants 
was caused by insufficient colonization of the rhizosphere by the non-pathogenic 
rhizobacteria, the numbers of cfu of P. fluorescens WCS374r and mutant 4B-1 were 
determined. Both strains colonized the rhizosphere of all Arabidopsis genotypes 
well above 105 cfu per gram of fresh roots (Table 3). Thus, the inability of WCS374r 
to trigger ISR against Pst in jar1, etr1, and npr1, or against TCV in NahG, sid1, and 
npr1 plants cannot be explained by differences in rhizosphere populations of the 
ISR-eliciting strains.

Table 3. Colonization of the rhizosphere of Arabidopsis genotypes by P. fluorescens strain WCS374r and 
its SA/Psm- mutant 4B-1.

WCS374r 4B-1

Col-0 5.7A 5.1b 
NahG 5.5AB 5.6a

sid1* 5.8 A 5.7a

jar1 6.1A 5.8a

etr1 5.2B 5.6a

npr1 5.6A 5.2b

Values presented are average numbers of colony-forming units per gram of root at the end of the 
bioassays. On non-treated roots, no rifampicin-resistant bacteria were detected (detection limit, 103 
cfu/g). For each strain, different letters indicate statistically significant differences between treatments 
(Fisher’s LSD test; α = 0.05). These experiments were repeated twice with similar results.
* For sid1 colonization of the rhizosphere was studied once.     

D i s c u s s i o n

Basal resistance against Pst is controlled by a combination of SA-, JA-, and ET-
dependent pathways (De Vos et al. 2005 ; Ton et al. 2002), whereas, basal resistance 
against TCV is mainly conferred by SA-dependent defence responses (Kachroo et 
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al. 2000). Since WCS374r elicited ISR against both these pathogens, as well as others 
that are sensitive to SA or JA- and ET-dependent defence mechanisms (Chapter 4), 
we investigated whether this strain activates both SA-dependent and -independent 
signaling pathways. To this end, we used well-characterized Arabidopsis mutants to 
elucidate the signalling pathways controlling WCS374r-mediated ISR against Pst 
and TCV. 

Against Pst, WCS374r elicited ISR in NahG and sid1, but not in jar1, etr1, and 
npr1 plants. Thus, SA signaling is not involved in WCS374r-mediated ISR against 
Pst, whereas, components of the jasmonate and ethylene response, as well as NPR1, 
play a crucial role. Similarly, Ran et al. (2005b) showed that when WCS374r was 
cultivated at elevated temperatures ISR induced in Arabidopsis against Pst required 
ethylene signaling, as well as NPR1. These data indicate that against Pst, WCS374r 
activates the same signaling pathway as described earlier by Pieterse et al. (1998) for 
WCS417r-mediated ISR. 

In contrast to in Col-0, when WCS374r-induced NahG and sid1 plants 
were challenge inoculated with TCV, systemic resistance was blocked (Figure 3), 
indicating that biosynthesis of SA by the plant is necessary for effective induction 
against the virus. Contrary to the induced resistance against Pst, ISR against TCV 
was maintained in the jar1 and etr1 mutants. Thus, WCS374r is able to activate SA-
dependent defence signalling and responsiveness to jasmonate and ethylene are not 
needed for WCS374r-mediated ISR against TCV. WCS374r colonized the plant 
rhizosphere well above 105 cfu.gram-1 of root (Table 3), indicating that lack of ISR 
in mutants jar1, etr1, sid1 and npr1 and transgenic NahG plants against either Pst or 
TCV cannot be explained by poor root colonization.

WCS374r mutant 4A-1, that still produces 5-10% of the amount of SA in the 
wild type, but no Psm, elicited ISR against TCV equally well in the susceptible 
accession Col-0 as in the resistant accession Di-0. In contrast, AT-12, a mutant 
derivative of 4A-1 defective in the production of Psb, failed to express ISR against 
TCV (Figure 2), indicating that the same determinants (SA/Psm and Psb) are 
involved in eliciting ISR in both the compatible and the incompatible interaction. 
Several observations support a role for SA in the elicitation of ISR by specific 
rhizobacterial strains. For instance, P. fluorescens CHA0 produces SA, induces PRs 
in tobacco, and elicits ISR against Tobacco necrosis virus (TNV) (Maurhofer et 
al. 1994). Expression of the SA-biosynthetic genes of P. aeruginosa PAO1 in the 
non-SA-producer P. fluorescens P3 made this strain an elicitor of ISR in tobacco 
against TNV (Maurhofer et al. 1998), demonstrating that bacterially produced 
SA at the root surface can trigger ISR. Earlier, we provided evidence that Psb 
of WCS374r together with bacterially produced SA is necessary for ISR against 
TCV in Arabidopsis (Chapter 4). However, a role for pseudomonine cannot be 
excluded.

Ryu et al. (2004) demonstrated that pre-treating Arabidopsis NahG plants 
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with Serratia marcescens strain 90-166 or a SA-deficient mutant led to a similarly 
reduced disease severity caused by cucumber mosaic virus (CMV), indicating that 
the induced resistance against this virus did not require SA. Col-0 plants treated 
with these strains showed significantly reduced CMV symptoms as well as reduced 
virus accumulation. In contrast, no decrease in CMV accumulation occurred in 
strain 90-166-treated fad3-2, fad7-2, fad8 plants, that are deficient in JA synthesis, or 
in npr1 plants, indicating that the protection of Arabidopsis against CMV by strain 
90-166 follows a signalling pathway which is independent of SA and NPR1, but 
dependent on JA.

We conclude that WCS374r is able to prime Arabidopsis plants for SA-
dependent and –independent defence responses, which require different defence 
signalling pathways and are effective against different pathogens. The ability of 
WCS374r to enhance the resistance of Arabidopsis to pathogens that are sensitive to 
SA- and/or JA/ET- dependent defence mechanisms (Figure 4) makes this bacterium 
a good candidate for biological control of a broad range of microbial pathogens. 
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Figure 4. A model of the signalling pathways induced by P. fluorescens WCS374r in Arabidopsis.



9 8  •  Chapter  5



Chapter  6  •  9 9

Chapter 6

General  discussion
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G e n e r a l  d i s c u s s i o n

 
Plants constantly integrate both abiotic and biotic signals from the environment 

to be able to respond to their surroundings efficiently in order to survive. Plant roots 
in the dynamic soil environment are continuously in contact with microorganisms, 
some of which are beneficial and some are pathogens. Additionally, plants 
could be invaded by air-borne pathogens. Plant pathogens and non-pathogenic 
microorganisms are mainly recognized by the plants through elicitors i.e, pathogen-
associated molecular patterns (PAMPs) and microbe-associated molecular patterns 
(MAMPs), respectively. For instance, bacterial flagella and lipopolysaccharide (LPS) 
can act as PAMPs to elicit defence responses in plants (Jones and Dangl 2006; 
Nürnberger and Lipka 2005). Similarly, plant growth- promoting rhizobacteria 
(PGPR) elicit plant responses using MAMPs like flagella and LPS (Bakker et al. 
2007). These responses may result in the onset of induced systemic resistance (ISR) 
in plants.

ISR is one of the mechanisms by which PGPR can suppress diseases and it acts 
against both soil-borne and foliar pathogens. Soil-borne pathogens can, in addition, 
be counteracted by microbial antagonism, e.g., by competition for nutrients, and 
antibiosis. In addition to conventional chemical control and R gene breeding for 
plant protection, PGPR can contribute to a sustainable protection from diseases. The 
persistence of some chemicals used against plant pathogens in the soil is potentially 
harmful for the environment and other beneficial organisms (Homdork et al. 2000; 
Van Loon 2006). Moreover, resistance based on a gene-for-gene recognition offers 
protection only against a single pathogen. The pathogen may mutate, circumventing 
the effect of the R gene. Induced resistance seems to be a promising mechanism to 
apply in crop protection, as it enhances the capacity of the plant to defend itself. In 
general, MAMP-triggered induced resistance can be considered a natural and secure 
strategy for sustainable agriculture, because beneficial rhizobacteria do not harm 
the plant, but instead are able to activate extant resistance mechanisms of the plant 
(Ton et al. 2006). Induced resistance also offers enhanced resistance against a wide 
range of pathogens (Sticher et al. 1997; Van Loon 2006; Ton et al. 2002; Chapter 4). 
Moreover, it is assumed that, when a plant is induced either by pathogen-induced 
SAR or ISR, resistance is maintained for the lifetime of the plant (Hammerschmidt 
and Kuc 1995; Liu et al. 1995; Van Loon 2000).

Both SAR and ISR have been shown to be effective under field conditions 
and in commercial greenhouses (Tuzun and Kloepper 1995; Wei et al. 1996; 
Backman et al. 1997; Zehnder et al. 2000; Leeman et al. 1995). However, despite 
the effectiveness of induced resistance in the field, problems with inconsistency 
and varying effectiveness have attenuated commercial interest. This variation in 
effectiveness may be explained by inconsistency in the expression of rhizobacterial 



Chapter  6  •  1 0 1

MAMPs (determinants) in various environments. Elucidating the molecular 
mechanisms underlying rhizobacteria-mediated ISR contributes to the exploitation 
of the potential of ISR in the control of plant diseases.

Pseudomonas fluorescens WCS374 has been tested as a candidate for commercial 
applications in vegetables (Leeman et al. 1995). In radish, ISR elicited by WCS374 
is triggered by the LPS and iron-regulated metabolites (Leeman et al. 1996). In 
iron-replete conditions, WCS374 induces resistance against Fusarium wilt; however, 
a mutant that lacks the O-antigenic side chain of the LPS does not. When the 
iron concentration was lowered, the LPS mutant became as effective as WCS374, 
pointing to a role for iron-regulated metabolites in radish. The major iron-regulated 
metabolites of WCS374 are siderophores (Leeman et al. 1996; Mercado-Blanco 
et al. 2001; Chapters 2 and 3). Therefore, their ISR-inducing activity in radish 
was investigated. Although the purified pseudobactin (Psb) of WCS374 did induce 
ISR in radish, a Psb- mutant was as effective as the wild-type strain because of 
the presence of LPS. Such redundancy in ISR-eliciting determinants can make 
the ISR-eliciting activity of beneficial rhizobacteria more robust (Bakker et al. 
2007). In addition to pseudobactin, production of at least two other iron-regulated 
metabolites, i.e., SA (Leeman et al. 1996) and its derivative pseudomonine (Psm) 
(Mercado-Blanco et al. 2001, Chapters 2 and 3) were demonstrated for WCS374. 

Could ISR against Fusarium wilt of radish be explained by the production of 
SA by WCS374? Leeman et al. (1996) tested this hypothesis and showed that in radish 
even femtogram quantities of SA are sufficient to elicit ISR against Fusarium wilt. 
However, in Arabidopsis WCS374r was not able to induce ISR against Pseudomonas 
syringae pv. tomato DC3000 (Pst) in bioassays using high inoculum densities (5.107 
colony forming units (cfu).g-1 soil) (Chapter 4; Van Wees et al. 1997). Ran et al. 
(2005) showed that cultivation of Pseudomonas fluorescens WCS374r at temperatures 
above 28° C made this strain an inducer of ISR against Pst. SA production by 
WCS374 was increased when it was cultivated at the elevated temperatures (Ran 
et al. 2005). The possible involvement of SA production in the ISR elicited by 
WCS374r was investigated on NahG transformants of Arabidopsis, in which SA-
dependent induced resistance is blocked. On the NahG plants, the bacteria were 
still effective in eliciting ISR, demonstrating that SA produced by WCS374r was 
not required (Ran et al. 2005). However, a role for other iron-regulated metabolites 
was not excluded.

Delineation of the SA and Psm biosynthetic gene cluster in WCS374 (Mercado-
Blanco et al. 2001; Chapter 2) provided a tool to analyze the molecular mechanisms 
underlying the ISR-eliciting activity of WCS374r in Arabidopsis by mutant analysis. 
We found that WCS374r does not need to be cultivated at elevated temperatures 
to make it an inducer of ISR in Arabidopsis. It does so also when grown at 28° 
C and applied at low inoculum density (103 cfu.g-1). Under these conditions, the 
possible involvement of Psb, SA, and Psm was investigated using mutants defective 
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in one or more of these metabolites. Psb, SA, and/or Psm did not seem to play a 
role in the ISR against Pst in Arabidopsis (Chapter 4). The mutants of WCS374r 
that produced neither Psb, nor SA and Psm were able to grow well on media 
with low iron quantities and still produced a halo on CAS medium, indicating the 
production of an additional siderophore. Attempts to knock out production of this, 
as yet unknown, siderophore were not successful (Chapter 2), and thus its possible 
role in ISR could not be investigated.

Involvement of the flagella of Pseudomonas putida WCS358 in the elicitation of 
ISR against Pst in Arabidopsis was demonstrated by Meziane et al. (2005). Therefore, 
we investigated whether flagella of WCS374r can also trigger ISR against Pst in 
this plant. Two independent motility mutants of WCS374 that lack flagella, failed 
to elicit ISR against Pst in Arabidopsis. These results suggest that WCS374 flagella 
elicit ISR against Pst. However, this finding should be interpreted with care since 
the mutants colonized the Arabidopsis roots significantly less well than the wild-
type strain. Nevertheless, a role for flagella was supported by the observation that a 
flagellar preparation of WCS374 induced resistance against Pst.

In contrast to ISR against Pst, ISR against turnip crinkle virus (TCV) occurs 
also when high inoculum densities are used (Chapter 4). This points to a different 
mechanism. Indeed, mutants that were defective in SA and Psm production failed 
to elicit ISR against TCV. To determine whether SA, Psm or both were involved, 
additional derivatives of WCS374 would have to be generated. However, the 
arrangement of the SA-biosynthetic genes in the pmsCEAB operon (Mercado-
Blanco et al. 2001; Chapter 2) did not allow us to separate the biosynthesis of SA 
from Psm. 

Constitutive production of SA at high concentrations by a PGPR may result 
in superior biological control. In WCS374r several strategies can be developed to 
establish a derivative with such characteristics. Mutant 4A-1 was shown to produce 
5-10% of the level of SA that is produced by wild-type WCS374r, but is unable to 
produce Psm (Chapter 2). This mutant can be used as a background to introduce 
a fusion of truncated pmsC (without iron-regulated promoter, which is located 
upstream of it) and pmsB under a constitutive promoter to generate strains that 
overproduce SA. The obtained transformants will produce SA constitutively and 
could be used to further analyze the involvement of SA produced by WCS374r in 
ISR. Based on the homologies found for the Psm biosynthesis and transport genes, 
we showed that orf2 encodes a putative cyclothreonine biosynthesis gene (Chapter 
2). Targeted mutagenesis of this orf most likely leads to a derivative that does not 
produce cyclothreonine and consequently no Psm and, in turn, could overproduce 
SA.       

Psb production was also found to be a prerequisite for WCS374r-mediated 
ISR against TCV in Arabidopsis (Chapter 4), indicating that for eliciting ISR against 
TCV a combination of SA and Psb production is necessary. This was concluded 
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from the results obtained with mutant 4A-1, which is a Psm- mutant of WCS374r, 
and double mutant AT-12, its Psb- derivative. Mutant 4A-1, which still produces 
a small amount of SA, induced ISR in Arabidopsis against TCV; however AT-12 
failed to do so (Chapter 4). By using the same mutants, similar determinants were 
found to be required for ISR elicitation in rice against Magnaporthe grisea. 

Purified Psb is effective in eliciting ISR against TCV (Djavaheri unpublished 
results) and M. grisea (De Vleesschauwer, personal communication). SA, on the 
other hand, reduced the protection by Psb against rice blast, but had no effect in 
Arabidopsis on the level of induction against TCV. In fact, SA treatment resulted 
in induction of ISR to the same level as Psb. It seems that in Arabidopsis SA and 
Psb can each lead to a full activation of the defence response, and combination of 
the two does not affect their action either positively or negatively. However, this 
observation was not in line with the failure of the Psb producer 4B-1 and the SA/
Psm producers 374-02 and 374-08 to elicit ISR against TCV (Chapter 4). It seems 
that current methodologies i.e., removal of the metabolite production from the 
bacterium and feeding the metabolite to the plants are not always giving expected 
results.

It is noteworthy that P. fluorescens WCS417r fails to elicit ISR against TCV in 
Arabidopsis (Chapter 4; Ton et al. 2002). This strain is able to produce SA at levels 
similar, or even two times higher than WCS374 mutant derivative 4A-1 (Leeman 
et al. 1996; Djavaheri unpublished results). The inability of WCS417r to confer ISR 
against TCV could be explained by differences in the structures of the Psb 374 and 
Psb 417. Leeman et al. (1996) demonstrated that both P. fluorescens strains WCS374 
and WCS417 and their Psb- mutants are able to induce resistance against Fusarium 
wilt in radish. The purified Psb of WCS374 induced ISR in radish, but the Psb 
of WCS417 did not, indeed indicating differences in the properties of these Psb 
molecules.     

It has been demonstrated that the conditions in which biocontrol strains are 
grown and prepared for application affect their ability to induce resistance. For 
instance, treatment of bean with Pseudomonas aeruginosa 7NSK2 elicited ISR against 
Botrytis cinerea only when the bacterium was prepared from iron-limiting KB, 
and not when grown on iron-rich LB medium (De Meyer and Höfte 1997). To 
improve the chances of inducing effective resistance by WCS374, culture conditions 
could be optimized for higher production of metabolites responsible for eliciting 
ISR. In such cases, it will be advantageous if different inducing determinants are 
differentially regulated. The quantities of Psb and SA/Psm that are produced by 
WCS374r vary with differences in the pH of the cultures (Chapter 3), indicating 
that if induction of resistance against TCV is triggered by either Psb or SA/Psm, the 
ability to induce resistance is unlikely to vary drastically with growth conditions. 

Induced resistance is an enhancement of extant basal resistance. Hence, there 
seems to be a correlation between the presence of a certain level of basal resistance, 
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and the capacity of a plant to develop induced resistance in response to ISR elicitors 
and in combination with pathogen-induced defence responses (Van Loon et al. 
1998). In radish the induction of systemic resistance by WCS374 was shown to 
also depend on the population density of the pathogen (Leeman et al. 1995a). 
WCS374 was able to induce systemic resistance against Fusarium oxysporum even in 
susceptible cultivars of radish when pathogen pressure was low (2.103 cfu.root-1). In 
contrast, when pathogen inoculum density was high (2.105 cfu.root-1), only those 
cultivars that were moderately resistant expressed ISR after induction treatment by 
WCS374. 

In Arabidopsis, plant genotypes with genetically altered basal resistance also 
vary in the level to which induced resistance can be expressed (Ton et al. 2002). 
Studies using mutants and transgenics in Arabidopsis revealed that defence signalling 
pathways controlling basal resistance are often similar to the ones used for induced 
resistance. NahG transformants show enhanced susceptibility to pathogens that 
are sensitive to SA-dependent defences (Delaney et al. 1994), and are defective in 
the expression of pathogen-induced SAR (Gaffney et al. 1993). Rhizobacteria-
mediated ISR against Pst is still expressed in these plants (Chapters 4 and 5, Pieterse 
et al. 1996; Ran et al. 2005b;   Van Loon 2006). In the case of TCV, to which defence 
responses in Arabidopsis are SA-dependent, ISR is abolished in NahG plants, as 
well as in npr-1, but not in jar1 and etr1 mutant plants. In contrast, ISR against Pst is 

A)
Hyaloperonospora Alternaria Botrytis Pst TCV

parasitica brassicicola cinerea

B)
Arabidopsis Eucalyptus Radish Rice

+ +  + + +

+ + +  + -

WCS374-IR

WCS417-IR

+ +  + +

+ - + -

WCS374-IR

WCS417-IR

Figure 1. Spectrum of effectiveness of WCS417r (Ton et al. 2002) and WCS374r (Chapter 4) against 
different microbial pathogens of Arabidopsis (A), and on different plant species tested (B). Elicitation 
of ISR in Eucalyptus and radish has been demonstrated against Ralstonia solanacearum (Ran et al. 
2005a) and Fusarium oxysporum (Leeman et al. 1995, 1996), respectively. For rice, elicitation of ISR 
was investigated against M. grisea and R. solani by WCS374r (Chapter 4) and WCS417r (Unpublished 
results). 
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abolished in jar1 and etr1 plants, but maintained in NahG plants.
In Arabidopsis, the spectrum of WCS374r-mediated ISR is wider than that 

elicited by WCS417r (Chapter 4; Ton et al. 2002). Both strains are effective against 
different pathogens such as Pst, Alternaria brassicicola, B. cinerea, and Hyaloperonospora 
parasitica, but only WCS374r is effective against TCV (Chapters 4 and 5; Ton et 
al. 2002; Figure 1). Furthermore, WCS374r elicits ISR in different plant species 
i.e., Arabidopsis, Eucalyptus, radish and rice, whereas WCS417r elicits ISR in 
Arabidopsis and radish, but fails to do so in Eucalyptus and rice. 

P. fluorescens WCS374r elicits ISR against a wide variety of pathogens in 
Arabidopsis when applied at a low inoculum density (103 cfu.g-1 soil). This makes this 
strain a promising candidate as a biological control agent with ISR-eliciting activity. 
Leeman et al. (1995a) showed that coating radish seeds with 105-106 cfu WCS374.
seed-1 results in ISR elicitation against Fusarium wilt in a commercial greenhouse. 
Plants grown from film-coated seeds with bacteria were strongly protected against 
Fusarium wilt, resulting in an average reduction of disease of 42.6%. Raaijmakers 
and Weller (2001) showed that P. fluorescens Q8r1-96 required a very low dose (only 

10 to 100 cfu. seed-1 or  cfu.g-1 soil) to establish high rhizosphere population densities 
(107 cfu.g-1 roots), and under these conditions this strain provided effective control 
of take-all. Since ISR-eliciting activity of WCS374r occurred at low inoculum 
density, seed coating with low numbers of this bacterium would be a promising 
strategy for agricultural purposes.
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S u m m a r y

The plant growth-promoting rhizobacterium (PGPR) Pseudomonas fluorescens 
WCS374r effectively suppresses fusarium wilt in radish by eliciting induced systemic 
resistance (ISR). In radish, WCS374r-mediated ISR is elicited by the outer membrane 
lipopolysaccharide (LPS), as well as by iron-regulated metabolites. In iron-replete 
conditions, WCS374r induces resistance against Fusarium wilt; however, a mutant that 
lacks the O-antigenic side chain of the LPS does not. When the iron concentration is 
lowered, the LPS mutant becomes as effective as wild type WCS374r, demonstrating 
the role of iron-regulated metabolites.

Under iron-limiting conditions, P. fluorescens WCS374r produces the fluo-
rescent siderophore pseudobactin (Psb), salicylic acid (SA), and pseudomonine (Psm), 
a siderophore that contains a SA moiety (Chapters 2 and 3). Purified Psb of WCS374r 
was effective in eliciting ISR in radish, and applying femtogram quantities of SA 
to radish roots was sufficient to trigger ISR against Fusarium wilt. In Arabidopsis 
thaliana (hereafter: Arabidopsis) WCS374r was not able to elicit ISR against bacterial 
speck, caused by Pseudomonas syringae pv. tomato DC3000 (Pst), when a high inoculum 
density of the PGPR (5.107 colony forming units (cfu).gram-1 soil) was applied, 
whereas application of SA does induce systemic acquired resistance (SAR) against 
this pathogen. Although compared to other SA-producing fluorescent Pseudomonas 
spp. strains, WCS374r produces relatively high amounts of SA in vitro, the inability 
to induce resistance in Arabidopsis actually suggested that SA is not released into the 
rhizosphere. This study was initiated to further unravel the role of iron-regulated 
metabolites produced by WCS374r in the elicitation of ISR.

The putative coding region responsible for Psm biosynthesis and transport 
in WCS374r was sequenced and revealed the presence of 10 open reading frames 
(ORFs) in addition to the pmsCEAB cluster, which previously was found to be 
involved in SA biosynthesis (Chapter 2). Mutants defective in the production of 
at least one of the iron-regulated metabolites (Psb, Psm and SA) were generated 
(Chapter 2). The SA/Psm and the SA/Psm/Psb mutants colonized Arabidopsis roots 
to the same extent as the wild-type strain. Mutants that lacked only Psb colonized 
the roots even better. Therefore, production of these iron-regulated metabolites 
did not seem necessary for effective colonization of the Arabidopsis rhizosphere by 
WCS374r (Chapter 2).

The structure of Psb 374 was determined by QTOF mass spectrometry. 
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Analysis revealed the presence of two isoforms corresponding to pyoverdines with 
a Ketoglutaric (Kgl) or a succinic acid acyl chain. The structures of the pyoverdine 
siderophores of WCS374 and of P. fluorescens ATCC13525 i.e., pyoverdine-Kgl 
and pyoverdine-succinic acid were similar; however, their relative abundances 
were different. The dominating molecule of Psb 374 was determined to be Kgl-
pyoverdine, whereas in ATCC13525 succinic acid-pyoverdine was more abundant 
(chapter 3).

Effects of iron availability (0 – 200 µM), pH (5.6, 6.6, 7.1 and 8.0), and growth 
temperature (20, 30 and 35° C) on production of Psb, SA and Psm were evaluated 
in in vitro studies. Ferric chloride suppressed the biosynthesis of Psb, SA and 
Psm, as well as the expression of the pmsB gene, that encodes an isochorismate-
pyruvate lyase within the SA-biosynthetic operon pmsCEAB. The production of 
Psb was higher at lower pH, whereas biosynthesis of Psm was stimulated at pH 
above neutral. Biosynthesis of Psb was strongly influenced by temperature with the 
highest production at 20º C and hardly any production at 35º C. For SA production 
an optimum was observed at 30º C. Production of Psm was, like that of Psb, highest 
at the lowest temperature and completely suppressed at 35º C. Supplementing the 
medium with the Psm precursor histamine increased Psm production by WCS374r, 
whereas it led to a decrease in the production of the precursor SA. Histamine also 
led to an increase in the quantity of Psb produced by WCS374r (chapter 3).

Whereas P. fluorescens WCS374r did not elicit ISR against Pst in Arabidopsis 
when introduced at 5.107cfu.g-1 soil it did when only 103 cfu.g-1 was applied 
(Chapter 4). At the latter density, it also elicited ISR against the fungi Alternaria 
brassicicola and Botrytis cinerea, the oomycete Hyaloperonospora parasitica, and against 
turnip crinkle virus (TCV). WCS374r-mediated ISR against Pst did not rely on 
the production of any of the iron-regulated metabolites, as all mutants impaired in 
the biosynthesis of one or several of these metabolites triggered ISR. In contrast, 
the biosynthesis of both SA and Psb appeared a prerequisite to effectively elicit 
ISR against TCV. Elicitation of ISR by WCS374r against two destructive diseases 
of rice was also studied. Against Magnaporthe grisea SA/Psm and Psb synthesis were 
important for the induction of resistance, whereas against Rhizoctonia solani only 
Psb production was needed. The differential requirement for bacterial determinants 
of WCS374r-induced resistance against Pst and TCV in Arabidopsis and against M. 
grisea and R. solani in rice indicated that WCS374r may activate different defence 
signalling pathways in each of these two species (Chapter 4).

Signal transduction pathways leading to ISR elicited by wild-type WCS374r 
and its SA/Psm defective mutant 4B-1 in Arabidopsis against Pst and TCV were 
investigated (Chapter 5). Using the Arabidopsis transformant NahG, that degrades 
SA, the sid1 mutant that is unable to synthesize SA, the jasmonate response 
mutant jar1, the ethylene response mutant etr1, and the SAR/WCS417r-ISR 
regulatory mutant npr1, we demonstrated that the induced resistance conferred 
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by WCS374r against Pst is independent of SA but requires responsiveness of the 
plant to jasmonate and ethylene. In contrast, WCS374r-mediated ISR against TCV 
requires SA-signalling. NPR-1 was required for ISR against both Pst and TCV. 
This differential requirement for elicitation of SA-independent ISR against Pst and 
SA-dependent induced resistance against TCV indicates that WCS374r can activate 
both defence signalling pathways through different determinants (Chapter 5). The 
specific characteristics of WCS374r i.e., effectiveness at low inoculum density, wide-
spectrum effectiveness against pathogens through activation of both SA-dependent 
and –independent defences make this strain a good candidate for biological control 
of plant diseases in agricultural practices.   
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S a m e n v a t t i n g

De niet-pathogene, wortelkoloniserende bacterie Pseudomonas fluorescens 
WCS374r bevordert plantengroei en onderdrukt Fusarium verwelkingsziekte 
in radijs door het induceren van systemische resistentie (ISR). De daarvoor 
verantwoordelijke bacteriële determinanten zijn het lipopolysaccharide (LPS) uit 
de buitenmembraan van de bacterie en bepaalde metabolieten die door de bacterie 
geproduceerd worden onder ijzerarme omstandigheden. Als ijzer in voldoende 
mate aanwezig is, induceert WCS474r resistentie tegen Fusarium verwelkingsziekte; 
een mutant die de O-antigene zijketen van het LPS mist, echter niet. Wanneer 
de ijzerbeschikbaarheid wordt verlaagd, wordt de LPS mutant even effectief als 
het wild type WCS374r. Dit toont aan dat één of meer door ijzer gereguleerde 
metabolieten hiervoor verantwoordelijk moeten zijn.

Bij lage ijzerbeschikbaarheid produceert P. fluorescens WCS374r het 
fluorescerende siderofoor pseudobactine (Psb), salicylzuur (SA) en pseudomonine 
(Psm), een siderofoor dat een SA-groep bevat (Hoofdstuk 2 en 3). Gezuiverd Psb 
van WCS374r was effectief in het opwekken van ISR in radijs en toediening van 
femtogram hoeveelheden SA aan radijswortels was voldoende om ISR te induceren 
tegen Fusarium verwelkingsziekte. In Arabidopsis thaliana (hierna: Arabidopsis) kon 
WCS374r geen ISR opwekken tegen de bladvlekkenziekte veroorzaakt door 
Pseudomonas syringae pv. tomato (Pst) wanneer een hoge inoculum-dosis van WCS374r 
(5.107 kolonie-vormende eenheden (cfu).gram-1 grond) werd toegediend, terwijl 
van toediening van SA bekend is dat het systemische verworven resistentie (SAR) 
induceert tegen dit pathogeen. Vergeleken met andere SA-producerende fluorescente 
Pseudomonas spp. stammen, produceert WCS374r relatief grote hoeveelheden SA in 
vitro. Het onvermogen om resistentie te induceren in Arabidopsis deed daarom 
vermoeden dat WCS374r in de rhizosfeer geen SA uitscheidt.  Het in dit proefschrift 
beschreven onderzoek beoogde de rol van door ijzer gereguleerde metabolieten 
van WCS374r bij het opwekken van ISR verder op te helderen.

Van de regio in het genoom van WCS374r die vermoedelijk verantwoordelijk 
is voor de biosynthese en het transport van Psm werd de basenvolgorde opgehelderd. 
Deze bleek tien open leesramen (ORFs) te bevatten naast de cluster pmsCEAB, 
waarvan eerder bepaald was dat dit een rol speelt bij de biosynthese van SA (Hoofdstuk 
2). Er werden mutanten gegenereerd die gestoord zijn in de productie van één of 
meer van de door ijzer gereguleerde metabolieten Psb, Psm en SA (Hoofdstuk 2). 
De SA/Psm en de SA/Psm/Psb mutanten koloniseerden wortels van Arabidopsis in 
dezelfde mate als de wild-type stam. Mutanten die alleen Psb misten, koloniseerden 
de wortels zelfs beter. Productie van deze door ijzer gereguleerde metabolieten 
lijkt daarom niet noodzakelijk voor effectieve kolonisatie van de rhizosfeer van 
Arabidopsis door WCS374r (Hoofdstuk 2).
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De chemische structuur van Psb 374 werd bepaald door middel van QTOF 
massaspectrometrie. Deze analyse liet de aanwezigheid zien van twee vormen 
die overeenkomen met pyoverdines met een ketoglutaarzuur- (Kgl) en een 
barnsteenzuur-keten. De stucturen van de pyoverdine sideroforen van WCS374r 
en van P. fluorescens ATCC13525, pyoverdine-Kgl en pyoverdine-barnsteenzuur, 
kwamen met elkaar overeen; hun relatieve voorkomen was echter verschillend. De 
meest voorkomende vorm van Psb 374 bleek Kgl-pyoverdine, terwijl in ATC13525 
barnsteenzuur-pyoverdine overheerste.

De effecten van ijzerbeschikbaarheid (0 – 200 μM), pH (5,6, 6,6, 7,1 en 8,0) 
en groeitemperatuur (20, 30 en 35 °C) op de productie van Psb, SA en Psm werden 
onderzocht in vitro. Ferrichloride onderdrukte de biosynthese van Psb, SA en Psm, 
evenals expressie van het pmsB gen dat codeert voor een isochorismaat-pyruvaat 
lyase als onderdeel van het pmsCEAB operon voor SA biosynthese. De productie 
van Psb was hoger naarmate de pH verlaagd werd, terwijl de biosynthese van Psm 
gestimuleerd werd bij pH waarden boven neutraal. De biosynthese van Psb werd 
sterk beïnvloed door de temperatuur: de hoogste productie trad op bij 20 °C en 
nagenoeg geen productie vond meer plaats bij 35 °C. Voor de productie van SA 
werd een optimum gevonden bij 30 °C. De productie van Psm was, evenals die 
van Psb, het hoogst bij de laagste temperatuur en werd volledig onderdrukt bij 35 
°C. Toevoeging aan het medium van de Psm precursor histamine verhoogde de 
productie van Psm, maar leidde tot een verlaging van de productie van de precursor 
SA. Histamine leidde ook tot een verhoging in de hoeveelheid Psb die geproduceerd 
werd door WCS374r (Hoofdstuk 3).

Terwijl P. fluorescens WCS374r geen resistentie tegen Pst opwekte in Arabidopsis 
wanneer de bacterie werd toegediend in aantallen van 5.107 cfu.gram-1 grond, was 
dat wel het geval als niet meer dan 103 cfu.gram-1 werden toegediend (Hoofdstuk 
4). Bij deze laatste dichtheid wekte hij ook ISR op tegen de schimmels Alternaria 
brassicicola en Botrytis cinerea, de oomyceet Hyaloperonospora parasitica en tegen turnip 
crinkle virus (TCV). De door WCS374r geïnduceerde ISR tegen Pst berustte niet 
op de productie van één van de door ijzer gereguleerde metabolieten, aangezien 
alle mutanten die gestoord waren in de biosynthese van één of meer van deze 
metabolieten ISR opwekten. Daarentegen bleken de biosynthese van zowel SA 
als Psb nodig te zijn voor effectieve activering  van ISR tegen TCV. Inductie 
van systemische resistentie door WCS374r werd ook bestudeerd tegen twee 
ernstige ziekten in rijst. Tegen Magnaporthe grisea waren synthese van SA/Psm en 
Psb van belang voor de inductie van resistentie, terwijl tegen Rhizoctonia solani 
alleen productie van Psb nodig was. Het vereist zijn van verschillende bacteriële 
determinanten voor de door WCS374r geïnduceerde systemische resistentie tegen 
Pst en TCV in Arabidopsis en tegen M. grisea en R. solani in rijst wijst er op dat 
WCS374r verschillende signaal-transductiewegen activeert bij de afweer in elk van 
deze beide plantensoorten (Hoofdstuk 4).
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De signaal-transductiewegen die leiden tot de door wild-type WCS374r en zijn 
SA/Psm deficiënte mutant 4B-1 opgewekte ISR in Arabidopsis werden onderzocht 
(Hoofdstuk 5). Door gebruik te maken van de Arabidopsis transformant NahG, die 
SA afbreekt, de sid1 mutant, die niet in staat is SA te synthetiseren, de jasmonaat-
respons mutant jar1, de ethyleen-respons mutant etr1 en de SAR/WCS417r-
ISR regulatie mutant npr1, toonden wij aan dat de door WCS374r geïnduceerde 
resistentie tegen Pst onafhankelijk is van SA maar gevoeligheid van de plant vereist 
voor jasmonaat en ethyleen. Daarentegen vereist de door WCS374r opgewekte 
ISR tegen TCV SA als signaal. NPR1 was nodig voor ISR tegen zowel Pst als 
TCV. Deze verschillende vereisten voor de activering van SA-onafhankelijke ISR 
tegen Pst en SA-afhankelijke geïnduceerde resistentie tegen TCV wijzen er op dat 
WCS374r beide signaal-transductiewegen van geïnduceerde afweer kan activeren 
door verschillende determinanten (Hoofdstuk 5).

Effectieve ziekteonderdrukking door toediening van een lage inoculumdichtheid 
van WCS374r en tegen een breed spectrum van pathogenen door activatie van 
zowel SA-afhankelijke als onfhankelijke afweer, maken van deze P. fluorescens stam 
een goede kandidaat als biologisch gewasbeschermingsmiddel in de praktijk.
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C U R R I C U L U M  V I TA E

Mohammad Djavaheri was borne on August 14th 1974 in Iran, Yazd. Yazd, the 
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