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Introduction

Interest in biological control has increased re-
cently due to public concern about the use of chem-
icals in the environment in general. Studies on a
number of plant-microbe interactions have shown
that some antagonistic rhizobacteria protect plants
from soil-borne pathogens either directly, by com-
petition and antibiosis (Buchenauer, 1998) or in-
directly, by induced systemic resistance (ISR) (Lee-
man et al., 1995; Hasky-Günther et al., 1998; Sid-
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diqui and Shaukat, 2002). Rhizobacteria-mediat-
ed systemic resistance to control plant-parasitic
nematodes is a fairly new research area, and stud-
ies on how to exploit this technique have started
only recently. Studies on the mode of action of the
rhizobacterium Rhizobium etli G12 on potato indi-
cated that bacterium-free lipopolysaccharides
(LPS) in this plant were in large part responsible
for ISR to Globodera pallida infection (Reitz et al.,
2000), and that this resistance was independent of
pathogenesis-related (PR) protein accumulation
and did not increase peroxidase activity or enhance
lignification of the potato tissue (Reitz et al., 2001).
On the other hand, in tomato roots infected with
root-knot nematodes, several homologous plant-
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defense genes, including peroxidases, chitinase,
lipoxygenase, and proteinase inhibitor protein, are
expressed locally within 24 h of inoculation with
the nematodes (Lambert, 1995; Williamson and
Hussey, 1996). Thus bacterial compounds which
induce plant defense mechanisms against plant
pathogens are highly variable.

One of these compounds, salicylic acid (SA) is
an endogenous regulator of localized and systemic
acquired resistance in many plants; when plants
become infected, levels of SA increase to combat
the infection. The exogenous application of SA in
healthy plants will sometimes induce expression
of the same set of defense-related genes that is in-
duced in infected plants (Klessig and Malamy,
1994). Pseudomonads produce two siderophores,
pyochelin and the precursor of pyochelin SA, which
are thought to contribute to the protection of to-
mato plants from Pythium by Pseudomonas aeru-
ginosa (Schroeter) Migula 7NSK2 (Buysens et al.,
1996). SA production has also been reported in P.
fluorescens WCS374, WCS417r (Leeman et al.,
1996) and CHA0 (Maurhofer et al., 1994) and this
substance could be involved in ISR. Chen et al.
(1999) demonstrated that higher SA levels en-
hanced the defence mechanisms of cucumber roots
against the damping-off fungus Pythium aphani-
dermatum. Inoculation of the root tips of chickpea
with Pseudomonas fluorescens strain 4-92 or with
synthetic o-acetylsalicylic acid induced systemic
resistance against the charcoal rot fungus Macro-
phomina phaseolina (Srivastava et al., 2000). In
contrast, some other studies indicated that SA does
not play a role in the translocation of signals for
ISR (Vernooij et al., 1994; Pieterse et al., 1996).

In our previous study (Siddiqui and Shaukat,
2002), the rhizobacterium P. aeruginosa IE-6S+ was
found to induce systemic resistance in tomato to-
wards the root-knot nematode, Meloidogyne java-
nica. However, the mechanisms involved in P. aeru-
ginosa IE-6S+-mediated ISR are poorly understood.
The objective of this investigation was to ascertain
whether SA produced by P. aeruginosa biocontrol
strain IE-6S+ induces systemic resistance to M.
javanica infection in tomato roots.

Materials and methods
Organisms, plants and culture conditions

Pseudomonas aeruginosa strain IE-6S+ is a

spontaneous streptomycin-resistant derivative of
strain IE-6 and was originally isolated from the
rhizosphere of sunflower grown in a sandy-loam
soil in an agricultural field at Darsanochanoo, Pa-
kistan (Siddiqui, 2002). For this study, the bacte-
rium was routinely cultivated in liquid King’s Me-
dium B (KMB, King et al., 1954) amended with 100
µg ml-1 of streptomycin on a rotary shaker (100
rpm) at 24°C for 48 h. Bacterial cells were har-
vested by centrifugation (2,800 g, 20 min), washed
with sterile MgSO4 (0.1 M) and resuspended in the
same substance.

Egg masses of M. javanica (Treub.) Chitw., ob-
tained from pure culture maintained on eggplant
(Solanum melongena L.) roots were placed in ster-
ile distilled water and incubated for 4–5 days at
room temperature for hatching.

The tomato cultivar ‘SUN 6002’ (PVP) suscep-
tible to M. javanica was used in the experiments.
The seeds were surface-sterilized with 1% Ca(OCl)2

for 3 min and planted in 35-cm-diam earthen pots
containing steam-sterilized soil. Three-week-old
seedlings were transplanted and used in the ex-
periments.

SA production by P. aeruginosa IE-6S+ in vitro

The bacterium was grown in casamino acid
broth at 30°C for 24 h in the dark at 200 rpm. Sub-
sequently, 100 µl of this culture was transferred to
25 ml of fresh medium and incubated as above for
36 h. The bacterial culture was centrifuged twice
at 2,800 g for 15 min, the pellet discarded and the
supernatant was filtered through two layers of
Whatman No.1 filter paper. The filtrate was col-
lected in a beaker and stored at 6°C in a refrigera-
tor prior to use. Culture filtrate of P. aeruginosa
was extracted with ethyl acetate (1:2) and the or-
ganic phase concentrated on a rotary vacuum evap-
orator (Eyela, Rikakiki Co. Ltd., Tokyo, Japan)
under reduced pressure at 37°C. Qualitative anal-
ysis of SA was performed by TLC using fluores-
cent silica gel plates (F254) eluted with acetic
acid:chloroform (1:9, v:v). SA was detected under
UV light and exposed to ammonia fumes, which
gave rise to a blue colour. SA concentration was
determined by adding 5 µl of 2 M FeCl3 and 3 ml of
water to 1 ml (from 2 mg of gummy extract dis-
solved in 2 ml ethyl acetate) of concentrated ex-
tract. The absorbance of the purple iron-SA com-
plex, which developed in the aqueous phase, was
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measured at 527 nm and compared with a stand-
ard curve of SA (Aldrich Chemical Co., Milwau-
kee, WI, USA) dissolved in ethyl acetate (De Mey-
er and Höfte, 1997).

Nematicidal activity of synthetic SA in vitro

To determine the effect of SA on M. javanica, 1
ml of 10 mM SA was put in a cavity glass slide to
which a 1-ml suspension of freshly hatched, sur-
face-sterilized juveniles (containing 40–50 juve-
niles ml-1) was added. A glass cavity slide contain-
ing 1 ml sterile distilled water served as negative
control. The treatments and the controls were rep-
licated five times and kept at room temperature
(28±2°C). After a 24-h incubation period, the dead
juveniles were counted and percentage mortality
was calculated. Nematodes were considered dead
if they did not move when probed with a fine nee-
dle (Cayrol et al., 1989). The experiment was re-
peated twice.

Split-root system

The split-root (two-pot) system allows the inoc-
ulation of the bacterium and nematode at sepa-
rate locations on the root system (Hasky-Günther
et al., 1998). Three-week-old tomato seedlings were
uprooted, washed with tap water, and their roots
split into two halves with a sterilized dissecting
scalpel. Each half of the root system was trans-
planted into a separate 7.5-cm-diam plastic pot
containing 350 g soil per pot. Pots were attached
to each other on the outside with a masking tape.
A 10-cm-long, 2-mm-diam steel rod placed upright
between the pots provided support for the plant.
One half of the root system of each plant was treat-
ed with: i) 35 ml cell suspension (108 cfu ml-1) of P.
aeruginosa IE-6S+; ii) 10 mM synthetic SA; iii) 2.4
mM FeCl3·6H2O (9.9 µg Fe3+ per g dry soil); iv) 0.5%
Tween-20; v) IE-6S+ suspension plus 2.4 mM
FeCl3·6H2O; vi) IE-6S+ suspension plus 0.5%
Tween-20; vii) 10 mM SA plus 2.4 mM FeCl3·6H2O;
or viii) 10 mM SA plus 0.5% Tween-20. Soil treat-
ed with 35 ml sterile MgSO4 (0.1 M) served as con-
trols. One week after seedling establishment, the
other (un-bacterized) half of the root system was
inoculated with 2000 freshly hatched juveniles of
M. javanica. The experiment was a randomized
complete block design with 5 replications, each
consisting of one plant. Twenty-one days after in-
oculation, the root system was carefully removed,

rinsed several times with tap water and blotted
dry. The root samples were then boiled in 0.25%
lactic acid fuchsin, and after homogenization in an
electric grinder the penetrated juveniles were
counted under a stereomicroscope. The experiment
was performed twice.

Isolation of IE-6S+ from the rhizosphere

To test whether bacteria moved from the bac-
terized half of the roots to the unbacterized half,
in a separate experiment, isolation of IE-6S+ was
attempted from the rhizosphere of both halves of
the root system. The experimental design was a
2�5 factorial with three replications, each consist-
ing of one plant. The factors comprised 2 bacterial
applications (with/without bacterium) and 5 nem-
atode harvesting dates (0, 3, 7, 14 and 21 days af-
ter inoculation). P. aeruginosa IE-6S+ and M. java-
nica were introduced into the soil as outlined above.
The rhizosphere density of P. aeruginosa IE-6S+

was determined by placing the roots with adher-
ing soil in a 100 ml Erlenmeyer flask containing
10 ml of 0.1 M MgSO4 solution (pH 6.5) plus 0.02%
Tween-20. Ten-fold serial dilutions of the suspen-
sion were prepared and 100 ml aliquots from the
appropriate dilutions plated on KMB supplement-
ed with 100 mg ml-1 streptomycin.

Statistical analysis

Data were analyzed and subjected to one-way
analysis of variance (ANOVA) using STATISTICA
(Ver. 5.0; Statsoft Inc., Tulsa, OK, USA). Statisti-
cal significance was judged at the level of P<0.05.
When the analysis was statistically significant,
Duncan’s multiple range test was performed to
separate the means. The bacterial population was
transformed to log10 (x+1) prior to analysis. An F-
test was conducted to determine whether results
from different experiments varied and whether
pooling of data sets was warranted.

Results

SA production by P. aeruginosa IE-6S+ and
nematicidal activity of synthetic SA in vitro

SA in the culture filtrate of the P. aeruginosa
IE-6S+ strain was detected in TLC as a blue spot
at an Rf-value of 0.91 after exposure to ammonia
fumes. In vitro SA production by P. aeruginosa IE-
6S+, determined spectrophotometrically, revealed
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that the bacterial inoculant cultivated in casami-
no acid liquid medium synthesized SA at 3.9±1.1
µg ml-1. Synthetic SA was not toxic when tested in
vitro against M. javanica juveniles (data not
shown).

Split root trial

In the repeated trials, P. aeruginosa IE-6S+ ap-
plied to one half of the split root system caused a
significant systemic reduction (41%; P<0.05) in
nematode penetration to the other half of the split
root system (Fig. 1). Synthetic SA applied in the
same manner also induced systemic resistance,
reducing nematode penetration rates by 33%
(P<0.05). The addition of FeCl3 in the soil did not
induce a resistance reaction by itself nor did it in-
fluence IE-6S+ or SA activity against M. javanica.
Soil application of Tween-20 alone did not reduce
nematode invasion, but when Tween-20 was com-
bined with P. aeruginosa IE-6S+ or synthetic SA it
enhanced the defence mechanism in tomato roots
compared with the bacterium or SA alone. Tween-
20 combined with IE-6S+ reduced nematode inva-
sion by 53%; combined with SA, by over 41%.

Plant colonization

To exclude direct antagonism between P. aeru-
ginosa IE-6S+ and M. javanica, systemic plant col-
onization by the bacterium was examined (Fig. 2).
Inoculation of the bacterium resulted in 6.55 cfu
of P. aeruginosa IE-6S+ per g of dry soil. The bacte-
rial inoculant colonized the tomato rhizosphere
throughout the experiment, but its populations
declined progressively. Three days after inocula-
tion, bacterial populations in the rhizosphere were
6.38 log cfu per g fresh weight of the roots, which
declined to around 4.73 log cfu per g fresh weight
of root after 21 days. The bacterium was not iso-
lated from the untreated half of the root system.

Discussion

An earlier study reported that P. aeruginosa
strain IE-6S+ caused a substantial reduction in M.
javanica penetration and subsequent root-knot
infection in tomato (Siddiqui and Ehteshamul-
Haque, 2001). More recently, IE-6S+ was found to
impair infection from M. javanica indirectly by in-
ducing systemic resistance (Siddiqui and Shaukat,

Fig. 1. The number of juveniles of Meloidogyne javanica that penetrated into the bacteria-free side of a split-root
system. The other side was inoculated with either Pseudomonas aeruginosa (IE-6S+); Salicylic acid (SA); Iron (FeCl3);
Tween-20; IE-6S+ + FeCl3; IE-6S+ + Tween-20; SA + FeCl3 or SA + Tween-20. (Mean values with different letters are
significantly different according to Duncan’s Multiple Range Test; P<0.05; n=10 obtained in two independent exper-
iments each with 5 replicates).
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2002). Since preliminary experiments in this study
showed that both a cell suspension and a cell-free
culture filtrate of the strain enhanced the plant
defence capacity of tomato roots, it was concluded
that the bacterium produces some compound(s)
that act as resistance inducing agent(s).

The idea that P. aeruginosa IE-6S+ enhances the
defence mechanism of tomato roots against M. java-
nica, and that this mechanism is in part triggered
by the production of SA, is supported by several
findings: i) P. aeruginosa IE-6S+ synthesizes SA in
casamino acid liquid medium in vitro; ii) synthetic
SA at 10 mM does not cause significant mortality
of M. javanica juveniles in vitro but it does reduce
nematode invasion in tomato roots; iii) synthetic
SA applied to one half of the root system signifi-
cantly reduces nematode penetration in the other
half of the root system, in a way similar to that of
IE-6S+; iv) direct antagonism between IE-6S+ and
the nematode is excluded because P. aeruginosa IE-
6S+ is not found in the rhizosphere of the non-bac-
terized half of the root system and, v) Tween-20,
which increases SA uptake (Nandi et al., 2002),
enhances the effect of both the bacterial cell sus-
pension and synthetic SA against the nematode.
In a recent study, SA (10 mM) sprayed on cowpea

leaves inoculated with M. incognita reduced nem-
atode infection and promoted plant growth (Nandi
et al., 2002). That study also found that SA did not
kill the nematodes in vitro, but SA sprayed on the
plants induced the expression and accumulation
of pathogenesis-related (PR)-1 protein in the leaves.
Adding Tween-20 enhanced the effect of SA on the
accumulation of PR-1 protein. The protein-findings
contrast with Reitz et al. (2001), however, who re-
ported that the resistance reaction triggered by R.
etli G12 against G. pallida was not accompanied
by higher levels of PR proteins such as chitinase
and β-1,3-glucanase.

 Nonetheless, a number of facts suggest that SA
produced by bacteria is not the factor inducing sys-
temic resistance in tomato against M. javanica: i)
bacteria-derived SA has not been detected in the
tomato rhizosphere or possibly, the root tissue; ii)
iron-independent bacteria-mediated induction of
systemic resistance is possible, and iii) there is no
suitable control such as an SA-negative mutant.
De Meyer and Höfte (1997) demonstrated that SA
production by P. aeruginosa 7NSK2 was necessary
to induce systemic resistance to Botrytis cinerea in
bean. This was confirmed by the fact that the two
SA-deficient mutants failed to induce resistance
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Fig. 2. Cfu of Pseudomonas aeruginosa strain IE-6S+ isolated from the rhizosphere of the strain-treated half of the
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to B. cinerea. By contrast, Press et al. (1997) sug-
gested that SA produced by Serratia marcescens
90-166 was not important for inducing systemic
resistance in cucumber and tobacco because SA-
negative mutants of that strain induced the same
resistance in cucumber, wild type tobacco, and
NahG-tobacco (the NahG gene encodes the enzyme
salicylate hydroxylase, which degrades SA), ex-
pressing salicylate hydroxylase as the wild type.

Rhizobacteria produce antimicrobial compounds
that reduce pathogen infection by inducing system-
ic resistance in plants, but whether these com-
pounds are produced at effective concentrations at
the infection site or on the surface of the roots re-
mains unknown. If a microorganism is found to be
antagonistic in vitro, it is further tested in the field.
If these tests are also positive, it is assumed that
the same mechanism(s) is responsible in both cas-
es. However, there is no justification for such an
assumption unless the resistance-inducing agent
is detected at active concentrations in the rhizo-
sphere. Activity in vitro is greatly dependent on
the medium in which an organism is grown. It re-
mains to be seen what role the culture medium
plays in the production of SA in vitro, and whether
the quality (isomer) and quantity produced in vi-
tro correlate with that produced in the plant after
infection. By varying the iron nutritional state of
the bacterium at inoculation, De Meyer and Höfte
(1997) found that SA production by P. aeruginosa
7NSK2 was an essential precondition for the in-
duction of systemic resistance, and that bacterial
activity was iron-regulated. Treatment of bean
roots with P. aeruginosa 7NSK2 significantly re-
duced the number of spreading B. cinerea lesions
on the first leaves. However, this was only observed
when the bacterium was prepared from the low-
iron KB medium, and not when it was grown on
an iron-rich LB medium.

Compared with other rhizobacteria that induce
systemic resistance, the in vitro SA production of
3.9 µg ml-1 by P. aeruginosa IE-6S+ was intermedi-
ate between P. aeruginosa 7NSK2 (De Meyer and
Höfte, 1997), P. fluorescens CHA0 (Meyer et al.,
1992), and P. fluorescens WCS417r and WCS374
(Leeman et al., 1996), which produced 5.6, 2, 8, and
55 µg ml-1 of SA in vitro respectively. The produc-
tion of 3.9 µg ml-1 SA by P. aeruginosa IE-6S+ seems
enough to enhance the resistance of tomato roots
against M. javanica. How P. aeruginosa IE-6S+

derived SA induces resistance remains to be elu-
cidated. Systemic SA transport from roots to the
leaves is one possibility, but bacterial SA can also
induce signals for systemic resistance at root level.
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