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ABSTRACT

De Meyer, G., and Höfte, M. 1997. Salicylic acid produced by the rhizo-
bacterium Pseudomonas aeruginosa 7NSK2 induces resistance to leaf
infection by Botrytis cinerea on bean. Phytopathology 87:588-593.

Selected strains of nonpathogenic rhizobacteria can induce a systemic
resistance in plants that is effective against various pathogens. In an
assay with bean plants, we investigated which determinants of the rhizo-
bacterium Pseudomonas aeruginosa 7NSK2 are important for induction
of resistance to Botrytis cinerea. By varying the iron nutritional state of
the bacterium at inoculation, it was demonstrated that induced resistance
by P. aeruginosa 7NSK2 was iron-regulated. As P. aeruginosa 7NSK2
produces three siderophores under iron limitation, pyoverdin, pyochelin,
and salicylic acid, we investigated the involvement of these iron-regu-

lated metabolites in induced resistance by using mutants deficient in one
or more siderophores. Results demonstrated that salicylic acid production
was essential for induction of resistance to B. cinerea by P. aeruginosa
7NSK2 in bean and did not exclude a role for pyochelin. A role for
pyoverdin, however, could not be demonstrated. Transcriptional activity
of salicylic acid and pyochelin biosynthetic genes was detected during P.
aeruginosa 7NSK2 colonization of bean. Moreover, the iron nutritional
state at inoculation influenced the transcriptional activity of salicylic acid
and pyochelin biosynthetic genes in the same way as it influenced induc-
tion of systemic resistance to B. cinerea.

Additional keywords: induced systemic resistance, Phaseolus vulgaris,
plant growth-promoting rhizobacteria, reporter gene.

Some nonpathogenic rhizobacteria can induce physiological
changes throughout entire plants, making them more resistant to
pathogens. This phenomenon, termed induced systemic resistance
(ISR), has been demonstrated for various rhizobacteria in several
plants (2,19,24,36,40). The induced resistance reduces disease
symptoms of a wide range of pathogens (10,20–22,40), and its
physiological characterization is in progress. In some cases, ISR
by rhizobacteria is characterized by a systemic accumulation of
pathogenesis-related proteins (24) that is also associated with
pathogen-induced systemic acquired resistance (SAR) (39). In
other cases, however, rhizobacterial ISR is not associated with an
accumulation of pathogenesis-related proteins (11,27).

How a rhizobacterium-root interaction leads to ISR is still un-
known, but two kinds of bacterial determinants essential for ISR
have already been described. The O-antigenic chain of outer
membrane lipopolysaccharides (LPS) from Pseudomonas fluores-
cens WCS417r and WCS374 appears to be responsible for ISR to
Fusarium wilt in radish (19). In addition, LPS from WCS417r
were found essential for ISR to Fusarium wilt in carnation (37).
However, LPS-deficient mutants of WCS374 and WCS417r were
still able to induce resistance to Fusarium wilt in radish plants
grown in a nutrient solution with low iron availability (18). At low
iron availability, bacteria produce iron-chelating molecules, called
siderophores, to acquire sufficient iron. Siderophores are excreted
into the environment, and their iron complexes are selectively re-
gained with specific membrane receptor proteins (17). Information
about a role for siderophores in ISR is limited and controversial. A
mutant of P. fluorescens CHA0, unable to produce the siderophore

pyoverdin, lost the ability to induce ISR to tobacco necrosis virus
in tobacco (24). In the low iron radish-Fusarium wilt system,
pyoverdin-deficient mutants of P. fluorescens WCS374 and
WCS417r induced the same resistance levels as the wild-type
strains. In this system, however, a role for pyoverdin could not be
excluded, because root application of pyoverdin purified from in
vitro cultures of P. fluorescens WCS374 induced ISR (18). Sali-
cylic acid (SA) is another siderophore produced by P. fluorescens
WCS374, WCS417r (18), and CHA0 (24) that could be involved
in ISR. SA is important in pathogen-induced SAR (4) and can
induce a systemic resistance to pathogens after root or soil treat-
ment (7,18,24,35). Up to now, evidence for the involvement of
bacterial SA in ISR is still circumstantial (18), because no SA-
deficient mutants of ISR-inducing rhizobacteria have been tested
on ISR induction.

P. aeruginosa 7NSK2 is a plant growth-promoting rhizobacte-
rium (14) and an effective biocontrol agent of the root pathogen
Pythium splendens in tomato (3). In iron-limiting conditions, this
strain produces three siderophores: pyoverdin, pyochelin (12), and
SA (3). The latter is also a precursor for pyochelin biosynthesis
(32). In studies with siderophore-deficient mutants on tomato
plants, pyoverdin or pyochelin proved necessary for wild-type
biocontrol levels of Pythium damping-off (3). Pyoverdin and
pyochelin most likely act by competition for iron with Pythium;
however, for pyochelin, Buysens et al. (3) suggest a possible al-
ternative mode of action through induced resistance. In the same
study, a mutant that produced SA as the only siderophore retained
some ability to suppress Pythium damping-off. The authors hy-
pothesized that this was due to induced resistance by SA.

In this study, we demonstrate that P. aeruginosa 7NSK2 can in-
duce systemic resistance to Botrytis cinerea by using a bean-based
model system with B. cinerea as the challenging pathogen. In ad-
dition, we provide evidence that the bacterial siderophore SA is
essential for induction of ISR by P. aeruginosa 7NSK2.
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MATERIALS AND METHODS

Bacterial strains, plasmids, plants, and culture conditions.
Bacterial strains and plasmids used in this study are represented
with their relevant characteristics in Table 1. P. aeruginosa and
Escherichia coli strains were generally cultured at 37°C on Luria-
Bertani medium (LB) (30) amended with the appropriate antibi-
otics. For pseudomonads, antibiotics kanamycin, tetracycline, and
carbenicillin were used at a concentration of 200 mg liter–1. For
iron-limited growth, King’s medium B (KB) (16) and casamino
acids broth (38) were used. In E. coli cultures, the antibiotics tet-
racycline and carbenicillin were used at 20 and 50 mg liter–1, re-
spectively. Selection against E. coli was performed using 10 mg
liter–1 of chloramphenicol.

All plant experiments were performed with bean (Phaseolus
vulgaris) cultivar Prelude (Royal Sluis, Enkhuizen, the Nether-
lands). Unless otherwise mentioned, plants were grown in potting
compost soil TRIOMF (TRIO BV, Westerhaar, the Netherlands) at
24 ± 5°C in the greenhouse.

Construction of SA-deficient mutants of P. aeruginosa
7NSK2. SA-deficient mutants were made by gene replacement
(32). The suicide plasmid pME3356, which contains a mutated
pchA SA biosynthetic gene, was mobilized from E. coli S17-1 to
P. aeruginosa 7NSK2 and to the pyoverdin-negative mutant
MPFM1. With selection for tetracycline, pME3356 was integrated
into the chromosome in a first crossing-over event. In a second
crossing-over event, obtained after enrichment for tetracycline
sensitive cells (28), plasmids were excised and lost because of
their inability to replicate in P. aeruginosa. SA-negative mutants
of strain MPFM1 were identified by their inability to form orange
halos on casamino acids medium with chrome azurol S (3,31).
SA-negative mutants of strain 7NSK2 were identified by thin
layer chromatography (TLC) of supernatant from iron-limited
cultures (see below).

SA production in vitro. For both qualitative and quantitative
analysis of SA production, strains were grown in casamino acids
broth for 24 h at 200 rpm and 34°C in the dark. Subsequently, 100
µl of this culture was transferred to 25 ml of casamino acids broth
and incubated for 36 h under the same conditions. Qualitative SA
analysis of the culture supernatant (after centrifugation at 2,800 ×
g for 15 min) was performed with TLC after ethyl acetate extrac-
tion (3). To quantify SA production, the ethyl acetate extract was
concentrated (1:3) under vacuum. SA concentration was deter-
mined by adding 5 µl of 2 M FeCl3 and 3 ml of water to 1 ml of
concentrated extract (25). The absorbance of the purple iron-SA
complex, which developed in the aqueous phase, was measured at
527 nm and compared with a standard curve of SA dissolved in
ethyl acetate.

Assay for induced resistance to B. cinerea. Bacterial inocu-
lum for soil and bean treatment was prepared from LB or KB agar

plates. Bacteria were scraped from the plates, washed twice in
sterile demineralized water, and finally resuspended to a concen-
tration of approximately 109 CFU ml–1. Soil was mixed with bac-
terial inoculum to a concentration of 5 × 107 CFU g–1, and bean
seeds were soaked in the bacterial suspension for 5 min prior to
planting. In control treatments, soil and bean seeds were treated
with sterile demineralized water. To assay for induced resistance,
B. cinerea isolate R16, resulting from the cross SAS56 × SAS405
(8), was grown to sporulation on tomato leaf agar (29). Spores
were washed from 10-day-old cultures with sterile demineralized
water containing 0.01% Tween 20. After removing mycelial de-
bris, the spore concentration was determined and adjusted to 106

spores ml–1 to inoculate the first pair of leaves from 20-day-old
bean plants. On both leaves, the epidermis was gently touched
with a red hot pinhead at five spots. This resulted in 10 wounds of
approximately 4 mm in diameter per plant that were each covered
with 10 µl of the B. cinerea inoculum immediately after wound-
ing. After inoculation, plants were placed in a moist chamber, and
the number of inoculations resulting in a grey, spreading B. cine-
rea lesion was counted 5 days later. At the end of every assay (25
days after planting), bacterial colonization of the roots was deter-
mined for three plants per treatment. Roots were washed to re-
move most of the soil, and 1 g of root was macerated in sterile
demineralized water. Serial dilutions were plated on KB, and
bacterial counts were made after incubation at 37°C.

Reporter gene expression on plant roots. To investigate in
vivo transcriptional activity of pyochelin and SA biosynthetic
genes on plant roots, the reporter plasmid pME3388 was mobi-
lized from E. coli S17-1 to P. aeruginosa 7NSK2. Plasmid
pME3388 carries the pchR...pchD promoter region of the pchDCBA
operon (33) fused to the reporter gene lacZ (C. Reimmann and D.
Haas, personal communication). The pchDCBA operon is
required for pyochelin and SA production in P. aeruginosa, and its
transcription is highly iron-regulated (33). Reporter gene activity
in P. aeruginosa 7NSK2 (pME3388) was checked in vitro in
casamino acids broth amended with 0 to 20 µM FeCl3. β-galac-
tosidase (EC 3.2.1.23) activity was determined with ONPG (o-
nitrophenyl-β-D-galactopyranoside; Sigma Chemical Co., St. Louis)
as substrate and expressed in Miller units (26). For in vivo gene
expression experiments, beans were surface-disinfested with 0.1%
HgCl2 for 7 min, washed three times with sterile demineralized
water, and germinated in autoclaved sand. Roots of 7-day-old seed-
lings were soaked in either P. aeruginosa 7NSK2 (pME3388)
inoculum, prepared as above from LB or KB plates, or sterile
demineralized water. Subsequently, seedlings were grown in glass
tubes with autoclaved perlite and a half-strength Hoagland solu-
tion (9). Reporter gene expression was analyzed after root treat-
ment and 7 and 14 days later. Briefly, roots were shaken vigorously
in phosphate-buffered saline (30), and the β-galactosidase activity
of the resulting solution was determined as above. Activities were

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristicsz Reference or source

Pseudomonas aeruginosa
7NSK2 Pvd+, Pch+, SA+, wild type 3,14,15
MPFM1 Pvd–, Pch+, SA+, Tn5 mutant of 7NSK2; Kmr 14
KMPCH Pvd–, Pch–, SA+, chemical mutant of MPFM1; Kmr 12
7NSK2-562 Pvd+, Pch–, SA–, pchA replacement mutant of 7NSK2 This work
MPFM1-569 Pvd–, Pch–, SA–, pchA replacement mutant of MPFM1; Kmr This work
MPB1 Pvd+, Pch+, SA+, β-galactosidase+, Kmr 13

Escherichia coli
S17-1 recA thi pro hsdR– M+ chr::Mu-Km::Tn7 Tpr Smr 34

Plasmids
pME3356 pME3088 derived; contains the mutated pchA gene; suicide vector; Tc r 32
pME3388 pKT derived; carries pchR...pchD promoter region fused to lacZ; Cbr C. Reimmann and D. Haas

z Abbreviations: Pvd = pyoverdin; Pch = pyochelin; SA = salicylic acid; and Kmr, Tcr, Cbr, Tpr, and Smr = resistant to kanamycin, tetracycline, carbenicillin,
trimethoprin, and streptomycin, respectively.



590  PHYTOPATHOLOGY

corrected for background with values from control plants. In par-
allel, the CFU count of the solution was determined, allowing β-
galactosidase activity to be expressed in units per 108 bacteria (6).
Stability of plasmid pME3388 was verified by using LB with and
without carbenicillin for bacterial counts.

Plant colonization by P. aeruginosa 7NSK2 and mutants. To
investigate bacterial colonization in detail, roots were treated with
the strains P. aeruginosa MPB1, MPFM1, KMPCH, 7NSK2-562,
and MPFM1-569 grown on KB as in the assay for induced resis-
tance. Leaves, stems, and cotyledons of 20-day-old plants were
checked for bacterial colonization. For four plants per treatment,
leaves were macerated with 1.5 ml of sterile demineralized water,
and 100 µl of the extract was plated on selective media. For
MPFM1, KMPCH, MPFM1-569, and controls, LB with kanamy-
cin was used; for MPB1, LB with kanamycin and 20 mg of X-gal
(5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside; Sigma Chemical
Co.) liter–1 was used; and for 7NSK2-562, LB with 2.5 mM Zn was
used. Cotyledons and stems of four plants per treatment were pooled
before maceration in 1.5 ml of sterile demineralized water and
plated out on the same media. Bacterial counts were made after 24
and 48 h of incubation. The experiment was performed three times.

Experimental design and statistical analysis. All experiments
with the assay for induced resistance consisted of seven or more
replicates per treatment and were performed at least three times
(see figures for details). The number of spreading B. cinerea le-
sions was analyzed by logistic regression analysis (1), because
data were Poisson distributed. Treatments were considered to have
fixed effects, and repeated experiments were considered as blocks
in time. Data from experiments with common design were pooled
for analysis when interaction between experiment and treatment
was not significant at P = 0.05 and variances were homogeneous.

Root colonization was analyzed by analysis of variance on loga-
rithmically transformed data after checking normality and homo-
geneity of variances. In vitro SA production was determined in
triplicate per strain, and the experiment was performed three
times. Data were analyzed by analysis of variance followed by
Fisher’s least significant difference procedure to compare means.
Reporter gene expression on bean roots was determined for four
replicates per treatment at every time point. Experimental data
from both treatments were analyzed by Student’s t test for every
time point. Statistical analysis was performed with SPSS (SPSS
Inc., Chicago).

RESULTS

Iron nutrition and induced resistance to B. cinerea by P.
aeruginosa 7NSK2. In preliminary experiments with P. aerugi-
nosa 7NSK2 inoculum prepared from iron-rich LB, induced
resistance to B. cinerea was only occasionally observed (data not
shown). To investigate if this was due to the iron nutritional state
at inoculation rather than to the resistance-inducing potential of
this strain, inoculum from iron-rich LB was compared with in-
oculum from iron-limited KB on induction of resistance to B. cin-
erea. Treatment of bean roots with P. aeruginosa 7NSK2 could
significantly reduce the number of spreading B. cinerea lesions on
the first leaves (Fig. 1). However, this was only observed when
the bacterium was prepared from iron-limiting KB and not when
grown on iron-rich LB. The effect of LB and KB on the iron nu-
tritional state of P. aeruginosa 7NSK2 was visible by the color of
the bacterial pellet: white for KB-grown and red for LB-grown
bacteria. Induced resistance by P. aeruginosa 7NSK2 grown on
KB was reproducible and seemed to be independent of the number
of spreading B. cinerea lesions in the control treatment. In all
three experiments, P. aeruginosa 7NSK2 prepared from KB re-
duced the number of spreading B. cinerea lesions by approxi-
mately two compared with the control plants, while the number of
spreading B. cinerea lesions in control plants ranged from four to
seven. Pooled over three experiments, root colonization was log10

5.85 ± 0.15 and log10 5.55 ± 0.20 CFU g–1 of fresh root for LB and
KB treatment, respectively (values ± standard error). Since the F
test in the analysis of variance was significant at P = 0.07, both
treatments were not significantly different.

Construction of SA-negative mutants of P. aeruginosa
7NSK2 and in vitro SA production. To study the involvement of
SA in ISR by P. aeruginosa 7NSK2, two SA-negative mutants
were generated that carried an insertion within the pchA gene:
MPFM1-569 (pyoverdin–, pyochelin–, SA–) and 7NSK2-562
(pyoverdin+, pyochelin–, SA–). TLC analysis of culture super-
natant extracts from MPFM1-569 and 7NSK2-562 showed that
these mutants were unable to produce SA and pyochelin. Both
mutants could be complemented for pyochelin production when
the growth medium was supplemented with 10 mM SA.

The in vitro SA production by P. aeruginosa 7NSK2 and de-
rived strains was analyzed quantitatively by spectrophotometric
detection of the purple iron-SA complex (Table 2). In this assay,

Fig. 1. Influence of root treatment with Pseudomonas aeruginosa 7NSK2 on
the number of spreading Botrytis cinerea lesions on bean leaves. P. aerugi-
nosa 7NSK2 was grown on King’s medium B (KB) or Luria-Bertani medium
(LB) prior to inoculation. Controls were treated with water. Data represent
three repetitions of the same experimental setup. Every treatment consisted
of eight replicates. Statistical analysis was performed by logistic regression
analysis for every experiment and for pooled data from three experiments.
Bars with a common letter do not differ significantly at P = 0.05.

TABLE 2. In vitro salicylic acid (SA) production by Pseudomonas aerugi-
nosa 7NSK2 and siderophore-negative derivatives at low iron availability,
determined by spectrophotometric detection of the purple iron-SA complex
(527 nm)

P. aeruginosa strain SAy (µg ml–1)

7NSK2 5.6 ± 1.7 a
MPFM1 49.6 ± 3.2 c
KMPCH 27.8 ± 2.1 b
7NSK2-562 NDz

7NSK2-569 ND

y Means ± standard error followed by the same letter are not significantly
different at P = 0.05 according to Fisher’s least significant difference test.

z ND = values below the detection limit of 3 µg SA ml–1 culture supernatant.

http://apsjournals.apsnet.org/action/showImage?doi=10.1094/PHYTO.1997.87.6.588&iName=master.img-000.png&w=248&h=304
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SA production by P. aeruginosa 7NSK2-562 and MPFM1-569
was not detected. This is a further confirmation that these strains
are unable to produce SA. For 7NSK2, MPFM1, and KMPCH,
significantly different SA production levels were obtained: MPFM1
and KMPCH produced nine and five times more SA, respectively,
than the wild-type strain. Differences in SA production were not
due to bacterial growth, since that was similar for all strains.

Siderophores involved in induced resistance to B. cinerea by
P. aeruginosa 7NSK2. In experiments with bacterial inoculum
prepared from KB plates, pyoverdin-negative strains P. aerugi-
nosa MPFM1 and KMPCH (also pyochelin-negative) gave the same
reduction in number of spreading B. cinerea lesions as the wild-type
P. aeruginosa 7NSK2 (Fig. 2). SA-negative mutants 7NSK2-562
and MPFM1-569, on the other hand, lost the ability to induce re-
sistance and gave numbers of spreading B. cinerea lesions similar
to the control. Root colonization in these experiments was around
log10 5 CFU g–1 of fresh root and was not significantly different
between bacterial treatments. In the analysis of variance, the F
test for bacterial treatment had a significance of P = 0.13.

Iron nutrition and in vivo transcriptional activity of
pyochelin and SA biosynthetic genes in P. aeruginosa 7NSK2.
To obtain information about transcription of pyochelin and SA
biosynthetic genes on bean roots, the reporter plasmid pME3388
was used. Reporter gene activity of P. aeruginosa 7NSK2 (pME3388)
was clearly iron-regulated in vitro. β-galactosidase activity reached
about 6,000 Miller units in iron-limiting casamino acids broth and
was completely repressed in casamino acids broth amended with
20 µM FeCl3. For two representative experiments, the β-gal-
actosidase activity of P. aeruginosa 7NSK2 (pME3388) on bean
roots is shown in Table 3. At the moment of inoculation, KB-
grown P. aeruginosa 7NSK2 (pME3388) inoculum showed a clear

reporter gene activity, while LB inoculum did not. Seven days
after inoculation, some gene activity was detected on roots col-
onized by P. aeruginosa 7NSK2 derived from LB inoculum, but,
in all experiments, this remained significantly lower than the
activity on roots treated with KB-grown inoculum. After 14 days,
the reporter gene activity in roots treated with LB inoculum in-
creased and, in some experiments, it reached the same levels as
the activity in roots treated with KB inoculum. In other experi-
ments, however, the activity in LB inoculum remained signifi-
cantly lower. In these studies, the background β-galactosidase
activity was about 8 units g–1 of root and appeared to be fairly
constant in all assays. The stability of plasmid pME3388 was
about 90% under the experimental conditions used.

Plant colonization. To exclude direct antagonism between P.
aeruginosa 7NSK2 and B. cinerea, possible systemic plant colo-
nization by the bacterium was checked. P. aeruginosa 7NSK2 and
derived mutants were never detected in stems and cotyledon ex-
tracts of root-treated bean plants. The detection limit of this assay
is about 10 CFU per stem or cotyledon. Occasionally, in 8% of the
cases and randomly spread by bacterial treatment, inoculated P.
aeruginosa strains were detected in extracts of first leaves. Bacte-
rial counts, however, never exceeded 50 CFU leaf–1. Detection
limit in this case is about 15 CFU leaf–1.

DISCUSSION

Beneficial effects of the rhizobacterium P. aeruginosa 7NSK2
on plants have been explained by plant-growth promotion (14) and
biocontrol of soil pathogens (3). In this work, we investigated
whether ISR is also involved. In a standardized assay with bean
plants, root treatment with P. aeruginosa 7NSK2 prepared from
iron-limited KB consistently reduced the number of spreading B.
cinerea lesions on the first leaves (Fig. 1). This was not due to
direct effects from P. aeruginosa 7NSK2 on B. cinerea, because
the bacterium and fungus were spatially separated. P. aeruginosa
7NSK2 was not recovered from cotyledons and stems and only
occasionally recovered at very low concentrations from the first
leaves. Therefore, the reduction in spreading B. cinerea lesions
has to be attributed to ISR.

In contrast to P. aeruginosa 7NSK2 prepared from iron-limited
KB, the same inoculum prepared from iron-rich LB did not induce
resistance to B. cinerea in bean (Fig. 1). As LB- and KB-grown P.
aeruginosa 7NSK2 showed the same root colonization, the ob-
served difference in ISR may be due to the different iron nutri-
tional state of both inocula. At inoculation, LB-grown P. aerugi-
nosa 7NSK2 had an internal iron pool that was visible in the red
color of the bacterial pellet. An internal iron pool was not ob-
served for KB-grown P. aeruginosa 7NSK2, because siderophore-
mediated iron acquisition is strictly regulated. These observations
strongly suggest a role for iron-regulated metabolites of P. aerugi-
nosa 7NSK2 in ISR. For ISR by P. fluorescens WCS374 and
WCS417r in radish, a role for iron-regulated bacterial metabolites

Fig. 2. Influence of root treatment with Pseudomonas aeruginosa 7NSK2
and siderophore-deficient mutants on the number of spreading Botrytis cine-
rea lesions on bean leaves. All strains were grown on King’s medium B prior
to inoculation. Controls were treated with water. Every treatment consisted of
seven replicates. Statistical analysis was performed by logistic regression on
pooled data from six separate experiments. Bars with a common letter do not
differ significantly at P = 0.05. Strains used: 7NSK2 (Pvd+, Pch+, SA+),
MPFM1 (Pvd+, Pch–, SA+), KMPCH (Pvd–, Pch–, SA+), 7NSK2-562 (Pvd+,
Pch–, SA–), and MPFM1-569 (Pvd–, Pch–, SA–). Pvd = pyoverdin, Pch =
pyochelin, and SA = salicylic acid.

TABLE 3. Reporter gene activity in Pseudomonas aeruginosa 7NSK2
(pME3388) on bean roots for inocula prepared from two different mediax

Experiment Growth Days after inoculation

number mediumy 0 7 14

1 LB NDz 8 ± 1 a 113 ± 12 a
KB 358 ± 40 103 ± 16 b 233 ± 19 b

2 LB ND 5 ± 3 a 259 ± 13 a
KB 722 ± 36 147 ± 10 b 221 ± 19 a

x β-galactosidase activities (units per 108 bacteria) were measured with the
reporter plasmid pME3388; means of four replicates per treatment ± stan-
dard error. Per experiment and time point, values with the same letter do
not differ significantly at P = 0.05 by Student’s t test.

y LB = Luria-Bertani medium, KB = King’s medium B.
z Not different from background activity.

http://apsjournals.apsnet.org/action/showImage?doi=10.1094/PHYTO.1997.87.6.588&iName=master.img-001.png&w=247&h=295
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was demonstrated with high and low iron plant nutrient solutions
(18) or, in other words, by influencing the iron nutrition of the
bacteria during root colonization. Apparently, the use of LB and
KB inoculum served the same purpose in our setup, although the
nutritional state of the inoculum might only affect the production
of iron-regulated metabolites on roots during a limited period after
inoculation.

Because P. aeruginosa 7NSK2-mediated ISR proved to be de-
pendent on the iron nutritional state of the inoculum, the
involvement of siderophores in ISR was investigated in detail by
testing mutants deficient in the production of one or more sidero-
phores. This is the first study in which SA-deficient mutants are
included in this type of experiment. Because bacterial treatments
were not different in root colonization, results in Figure 2 demon-
strate unambiguously that SA production by P. aeruginosa 7NSK2
is necessary for ISR to B. cinerea in bean. All three strains able to
produce SA, namely 7NSK2, MPFM1, and KMPCH, reduced the
number of spreading B. cinerea lesions compared with control
plants. On the other hand, two SA-deficient mutants, 7NSK2-562
and MPFM1-569, did not induce resistance to B. cinerea. Because
SA-deficient mutants do not show a residual ISR compared with
control plants, SA seems the only siderophore involved. However,
a possible role for pyochelin cannot be excluded. Pyochelin is not
exclusively essential for ISR because the pyochelin-deficient mu-
tant KMPCH induces ISR, but it might play a role in ISR by
7NSK2 and MPFM1. This hypothesis, however, cannot be tested
with siderophore-deficient mutants, because SA is a precursor for
pyochelin biosynthesis (32). The conclusion that SA and maybe
also pyochelin are responsible for ISR induction could explain the
role of these siderophores in the biocontrol of the root pathogen
Pythium splendens in tomato (3), but this statement needs confir-
mation in tomato. Experimental data (Fig. 2) show no role for
pyoverdin in ISR to B. cinerea in bean by P. aeruginosa 7NSK2,
because the number of spreading B. cinerea lesions in the 7NSK2-
562 treatment is equal to those in the control plants and 7NSK2-
562 makes pyoverdin as the only siderophore. This is similar to
results with pyoverdin-deficient mutants of P. fluorescens WCS374
and WCS417r in the radish-Fusarium wilt assay (18). In tobacco,
however, a pyoverdin-deficient mutant of P. fluorescens CHA0
lost the ability to induce ISR to tobacco necrosis virus (24). The
role of pyoverdin in ISR induction remains, thus, controversial.
Probably only a detailed study of several siderophore-deficient
mutants from different strains in the same experimental setup will
lead to a conclusive answer.

A role for SA produced by P. aeruginosa 7NSK2 in induced re-
sistance to B. cinerea in bean is not surprising. SA is considered to
mediate plant responses to pathogens (5) and is associated with
pathogen-induced SAR (4). In most cases, SA application to
plants has only a local effect on pathogens, but in tobacco, radish,
and Arabidopsis, a systemic resistance to pathogens has been ob-
served after root or soil treatment with SA (7,18,27,35). In hydro-
ponically grown radish plants, a range of SA concentrations from
100 µg to 100 fg root–1 was able to induce ISR to Fusarium wilt,
suggesting that there is no dose effect for SA (18). A dose effect
for SA is also unlikely in our experiments. All three SA-producing
strains, 7NSK2, MPFM1, and KMPCH, reduced the number of
spreading B. cinerea lesions to the same extent (Fig. 2), although
their in vitro SA production was quite different (Table 2). Com-
pared with other rhizobacteria that induce systemic resistance, the
in vitro SA production of 5.6 µg ml–1 by 7NSK2 is intermediate as
P. fluorescens CHA0 (25), WCS417r, and WCS374 (18) produce
2, 8, and 55 µg ml–1, respectively. The higher levels of SA pro-
duction in the pyoverdin-negative strains MPFM1 and KMPCH
indicate that SA compensates for the lack of pyoverdin. This phe-
nomenon was also observed for pyoverdin-deficient mutants of P.
fluorescens CHA0 (25).

In view of the essential role of SA and maybe pyochelin in ISR,
the activity of SA and pyochelin biosynthetic genes (pchDCBA)

was monitored on bean roots by using plasmid pME3388. Re-
porter gene activity on bean roots (Table 3) was clearly influenced
by the iron nutritional state of the inoculum used (KB versus LB).
Only 2 weeks after inoculation, equivalent levels of β-galactosi-
dase activity were detected on bean roots treated with LB- and
KB-grown P. aeruginosa 7NSK2 (Table 3). This indicates that
from this moment on β-galactosidase activity reflects transcrip-
tional activity of the SA and pyochelin biosynthetic genes in the
rhizosphere, and no longer reflects the transcriptional activity
expressed in the LB and KB inoculum. In a similar study with P.
fluorescens Pf-5 grown in media with various concentrations of
FeCl3 prior to inoculation, however, equivalent levels of tran-
scriptional activity of a pyoverdin biosynthetic gene had already
been reached 12 h after inoculation on bean roots (23). This dif-
ference could be explained by a higher iron availability in our
setup that delays the need for siderophore production by the bacte-
ria, but also the use of different reporter genes might be involved.

The high β-galactosidase activity measured during the first
week after inoculation on roots treated with KB-grown P. aerugi-
nosa 7NSK2 (Table 3) most likely reflects a residual transcrip-
tional activity of SA and pyochelin biosynthetic genes expressed
in the initial inoculum. This residual activity on roots treated with
KB inoculum may result in SA and pyochelin production immedi-
ately after inoculation. By contrast, detectable β-galactosidase
activities on roots treated with LB-grown P. aeruginosa 7NSK2
were only found at least 1 week after inoculation. This suggests
that SA and pyochelin production on bean roots treated with LB-
grown inoculum may only start at least 1 week after inoculation.
In this respect, residual SA and pyochelin production on roots
treated with KB inoculum might explain the observed induced
resistance in our assay with B. cinerea, since ISR was only ob-
served with KB inoculum but not with LB inoculum (Fig. 1). Our
experiments with P. aeruginosa 7NSK2 reveal that the use of KB
inoculum can only improve the induction of resistance and maybe
this explains why, in many systems (18,24,36), KB inoculum is
used for testing ISR by rhizobacteria.

In conclusion, SA appears to be essential for induction of resis-
tance to B. cinerea in bean by the rhizobacterium P. aeruginosa
7NSK2. How SA produced by P. aeruginosa 7NSK2 induces re-
sistance remains to be elucidated. Systemic SA transport from roots
to leaves is one possibility, but bacterial SA could also induce sig-
nals for systemic resistance at the root level.
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