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Abstract

Bacterial wilt caused by Ralstonia solanacearum race 1, biovar III has become a severe problem in Eucalyptus plantations in south
China. The disease mainly attacks young eucalypt trees, and no effective control measures are available yet. To explore possibilities to
develop biological control of the disease, strains of fluorescent Pseudomonas spp. that are effective in suppressing plant diseases by
known mechanisms, were tested for their potential to control bacterial wilt in Eucalyptus. Pseudomonas putidaWCS358r, Pseudomo-

nas fluorescens WCS374r, P. fluorescens WCS417r, and Pseudomonas aeruginosa 7NSK2 antagonize R. solanacearum in vitro by sid-
erophore-mediated competition for iron, whereas inhibition of pathogen growth by P. fluorescens CHA0r is antibiosis-based. No
correlations were found between antagonistic activities of these Pseudomonas spp. in vitro and biocontrol of bacterial wilt in Euca-

lyptus in vivo. None of the strains suppressed disease when mixed together with the pathogen through the soil or when seeds or seed-
lings were treated with the strains one to four weeks before transfer into soil infested with R. solanacearum. However, when the
seedlings were dipped with their roots in a bacterial suspension before transplanting into infested soil, P. fluorescens WCS417r sig-
nificantly suppressed bacterial wilt. P. putidaWCS358r was marginally effective, whereas its siderophore-minus mutant had no effect
at all, indicating that siderophore-mediated competition for iron can contribute but is not effective enough to suppress bacterial wilt in
Eucalyptus. A derivative of P. putida WCS358r, constitutively producing 2,4-diacetylphloroglucinol (WCS358::phl) reduced disease.
Combined treatment with P. fluorescens WCS417r and P. putida WCS358::phl did not improve suppression of bacterial wilt.
� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Eucalypt trees were introduced into China for land-
scape purposes more than 110 years ago (Qi, 1989).
Now, Eucalyptus is grown mainly for production of
pulpwood, flake board, plywood, construction poles,
and ties for railroad tracks. In 1982, bacterial wilt in
Eucalyptus was first reported in the Guangxi Autono-
1049-9644/$ - see front matter � 2004 Elsevier Inc. All rights reserved.

doi:10.1016/j.biocontrol.2004.08.007

* Corresponding author. Fax: +31 30 251 8366.
E-mail address: P.A.H.M.Bakker@bio.uu.nl (P.A.H.M. Bakker).
URL: http://www.bio.uu.nl/~fytopath/.
1 Present address: Section Forest Pathology Forestry College,

Agricultural University, Baoding, 071000, Hebei P.R.China.
mous Region (Cao, 1982). Since then, it has spread to
the south (He, 1997; Lai, 1990; Li, 1992; Wang, 1992).
Bacterial wilt is becoming epidemic and is causing severe
problems in the provinces of Guangdong, Hainan, and
Guangxi, leading to great losses in eucalypt plantations
with, on average, 30–40% of trees with wilt (Li and Wu,
1996; Lin et al., 1996). Trees of the fast growing species
Eucalyptus urophylla, Eucalyptus grandis, Eucalyptus sal-
igna, and the hybrids of E. grandis · urophylla or E. uro-
phylla · grandis under 2 years old, are most vulnerable
(Li and Wu, 1996). In two plantations at Leizhou, the
largest forest farm in China, the average mortality in
1.5-year-old E. grandis · urophylla trees reached 70%
in 2001 (L.X. Ran, unpublished observation).
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Eucalyptus bacterial wilt is a soil-borne, vascular dis-
ease caused by Ralstonia solanacearum (Coutinho et al.,
2000; Lin et al., 1993; Wu and Liang, 1988a). R. solan-
acearum has been classified as a European Plant Protec-
tion Organization A2 quarantine pathogen and is
considered likewise by the Asian and Pacific Plant Pro-
tection Committee and the Inter African Phytosanitary
Council (Ciesla et al., 1996; Saddler, 1994). The patho-
gen has been identified as R. solanacearum race 1, biovar
III (Coutinho et al., 2000; Lin et al., 1993; Wu and
Liang, 1988a), which is infective, to, e.g., Casuarina,
olive, tomato, tobacco, and eggplant (He, 1997; Huang
et al., 1995; Wang et al., 1996, 1997).

In the past two decades, great efforts have been made
to control bacterial wilt in Eucalyptus. Selection for
resistance is considered the most effective approach to
reduce disease severity. From field investigations in Chi-
na it was concluded that the most resistant species are E.
grandis · urophylla, E. saligna (clones No. 7451, 7651),
Eucalyptus leizhou No. 1, Eucalyptus citriodora, and
Eucalyptus exserta (Wu and Liang, 1988b). However,
more recent reports agree that the most widely used
hybrid, E. grandis · urophylla, is highly susceptible
(Lin et al., 1996; Shi et al., 2000). Some resistant clones
became susceptible when introduced into a different
environment (Chen and Wu, 1995). Moreover, disease
resistance decreased when plants were propagated by
tissue culture consecutively for 3 years (Shi et al., 2000).

Experiments on biological control of bacterial wilt
have been reported. UV- and gamma-ray-induced aviru-
lent mutants of R. solanacearum had some effects in con-
trolling bacterial wilt in tomato and peanut (Luo and
Wang, 1983). Tn5-induced avirulent mutants suppressed
bacterial wilt in tomato by colonizing the roots and pre-
venting subsequent colonization by the wild-type strain
(Trigalet and Trigalet-Demery, 1990). Kang et al.
(1995) demonstrated that an extracellular polysaccha-
ride-defective mutant had suppressive effects on tomato
bacterial wilt, suggesting a potential for disease control.
However, the efficacy of the avirulent mutants depends
largely on competition for space with the virulent path-
ogen, and the avirulent mutants persist in the rhizo-
sphere for less than a month. Application of avirulent
mutants to control bacterial wilt on a large scale is un-
likely to be successful, because they are not sufficiently
competitive and constitute a potential threat to other,
related hosts.

In experiments with other microorganisms, ectomy-
corrhizal fungi were found to suppress eucalypt bacterial
wilt (Gong et al., 1999), and antagonistic Streptomyces

spp. were reported to control bacterial wilt of tomato
to some extent (Elabyad et al., 1993). Antagonistic Pseu-
domonas spp. were tested for their ability to suppress
bacterial wilt in tobacco (Dong et al., 1996; Liu et al.,
1999; Luo and Wang, 1983; Zhang et al., 1999). Some
strains show promising results, but the mechanisms in-
volved are not known, since most of these antagonistic
bacteria are not well defined. In eucalypt, no data on
the use of fluorescent pseudomonads for controlling
bacterial wilt have been reported so far.

To develop biological control of bacterial wilt in E.

urophylla in China, well-defined antagonistic fluorescent
Pseudomonas spp. strains with known modes of action
were used in this study. Mechanisms such as sidero-
phore-mediated competition for iron (Duijff et al.,
1993), antibiotic production (Keel et al., 1992), and sal-
icylic acid-mediated induced resistance (De Meyer and
Höfte, 1997; Leeman et al., 1996) were considered as
possible antagonistic activities.
2. Materials and methods

2.1. Bacterial strains and culture conditions

All bacterial strains and their relevant characteristics
are listed in Table 1. R. solanacearum strains Rlz and
Rrp were isolated from branches of wilted trees on mod-
ified Kelman agar plates (Kelman, 1954). Strain Rlz was
isolated from 1.5-year-old diseased E. urophylla, and
collected by Xian Shenghua (Leizhou Forest Bureau)
on December 22, 1999. Strain Rrp was originally iso-
lated from an infected E. urophylla tree in Raoping, Chi-
na, and was kindly provided by Prof. Zhang Jingning
and Dr. Luo Huanliang. Both strains belong to biovar
III, as determined by testing for the ability to grow on
three hexose alcohols (mannitol, sorbitol, and dulcitol)
and three disaccharides (lactose, maltose, and cellobi-
ose) (Hayward, 1964). The race was specified by inocu-
lating 4-week-old tobacco plants in the stem base with
a bacterial suspension, as well as by inoculating 4-
week-old tomato, eggplant, or Arabidopsis thaliana seed-
lings by transplanting them into infested soil. The
strains are pathogenic on tobacco, eggplant and tomato,
but not on A. thaliana, and belong to race 1, according
to the standard set by Buddenhagen (1962). Rifampin-
resistant mutants of R. solanacearum strains Rlz and
Rrp were generated by stepwise transfer to modified
Kelman�s agar plates containing increasing concentra-
tions (25, 50, 100, 150, 200, and 250 lg ml�1) of rifam-
pin (Glandorf et al., 1992). The antibiotic resistance in
two selected mutants (Rlzr, Rrpr) was stable after sub-
culturing the mutants 10 times at 30 �C on Kelman agar
plates without rifampin, based on comparing the num-
bers of colony-forming units on plates with and without
rifampin (100 lg ml�1) after each subculture. Strains
Rlz, Rlzr, Rrp, and Rrpr are all pathogenic on E. uro-

phylla seedlings, although the rifampin-resistant mu-
tants were slightly less pathogenic, particularly at
lower densities.

Inoculum of the pathogen was prepared by growth
on modified Kelman agar plates for 48 h at 30 �C, col-



Table 1
Microorganisms used in this study

Strain Relevant characteristicsa Reference or source

Ralstonia isolates
R. solanacearum Rlz Isolated from wilted branch of Eucalyptus urophylla in

Leizhou, China; ampr, chlr; wild type
This study

Rlzr Spontaneous rifr mutant of Rlz; ampr, chlr, rifr This study
R.solanacearum Rrp Isolated from wilted seedling of E. urophylla in Raoping,

China; ampr, chlr; wild type
This study

Rrpr Spontaneous rifr mutant of Rrp; ampr, chlr, rifr This study

Pseudomonas strains
P. aeruginosa 7NSK2 Wild type; Pch+, Pvd+, SA+; competes for iron, induces

systemic resistance; ampr, chlr
De Meyer and Höfte (1997)

KMPCH Chemical mutant of MPFM1; Pch�, Pvd�, SA+; ampr, chlr, Kmr De Meyer and Höfte (1997)
MPFM1 Tn5 mutant of 7NSK2; Pch+, Pvd�, SA+; ampr, chlr, Kmr De Meyer and Höfte (1997)
MPFM1-569 pchA replacement mutant of MPFM1; Pch�, Pvd�, SA�;

ampr, chlr, Kmr
De Meyer and Höfte (1997)

P. fluorescens CHA0r rifr strain of wild-type CHA0, isolated from tobacco
rhizosphere; ampr, chlr, rifr; produces
2,4-diacetylphloroglucinol, pyoluteorin, pyrrolnitrin and HCN;
induces systemic resistance

Keel et al. (1992), Maurhofer et al. (1994a)

P. fluorescens WCS374 Isolated from potato rhizosphere, wild type; ampr, chlr

competes for iron, induces systemic resistance
Geels and Schippers (1983), Leeman et al. (1995)

WCS374r rifr strain of WCS374; ampr, chlr, rifr

WCS374sid� (JM374) Tn5 mutant of WCS374, sid�; ampr, chlr, Kmr Weisbeek et al. (1986)
P. fluorescens WCS417 Isolated from wheat rhizosphere, wild type; ampr, chlr

competes for iron, induces systemic resistance
Duijff et al. (1993), Lamers et al. (1988),
Van Wees et al. (1997)

WCS417r rifr strain of WCS417; ampr, chlr, rifr

WCS417OA�(B4) Lipopolysaccharide-minus mutant, phage resistant Leeman et al. (1996)
P. putida WCS358 Isolated from potato rhizosphere, wild type; ampr, chlr

competes for iron, induces systemic resistance
Duijff et al. (1994), Geels and Schippers (1983),
Van Wees et al. (1997)

WCS358r rifr strain of WCS358; ampr, chlr, rifr

WCS358sid� (JM218) Tn5 mutant of WCS358, sid�; ampr, chlr, Kmr Marugg et al. (1985)
WCS358::phl Transformant of WCS358 constitutively producing

2,4-diacetylphloroglucinol; ampr, chlr, rifr
Bakker et al. (2002), Viebahn et al. (2003)

WCS358::phz Transformant of WCS358 constitutively producing
phenazine-1-carboxylic acid; ampr, chlr, rifr

Glandorf et al. (2001)

a Abbreviations: Pch, pyochelin; Pvd, pyoverdin; SA, salicylic acid; sid, pseudobactin siderophore; ampr, chlr, Kmr, rifr, resistant to ampicillin,
chloramphenicol, kanamycin, and rifampin, respectively.
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lecting the bacterial cells in sterile distilled water, and
centrifuging the suspension twice at 12,000g for
10 min. The pellet was resuspended in distilled water
and bacterial density was measured and adjusted to a
specific value by comparing the optical density at
660 nm to a standard curve.

Pseudomonas spp. were routinely cultured on King�s
medium B (KB) agar plates (King et al., 1954) for 24–
30 h at 28 �C, and suspended in 10 mM MgSO4. The
suspension was centrifuged twice at 7600g for 10 min.
The bacterial pellet was resuspended in 10 mM MgSO4,
and the density was measured and adjusted as described
above.

2.2. In vitro antagonism between fluorescent pseudomo-

nads and R. solanacearum

In vitro antagonism between Pseudomonas spp. and
the pathogen was studied on KB agar plates. One hun-
dred microliters of a R. solanacearum suspension con-
taining 108 cfu ml�1 was spread on the plate, followed
by placing a 7 mm diameter agar disk cut from a plate
on which the biocontrol strain had been grown for 24 h
at 28 �C, in the center of the plate. Zones of growth
inhibition of R. solanacearum were measured after
incubation for 48 h at 28 �C. Effect of iron availability
on in vitro antagonism between pseudomonads and R.

solanacearum (Rrpr) was studied on KB plates with or
without 200 lM FeCl3 at 28 �C. Three replicates were
used for each treatment and the experiment was
repeated.

2.3. Cultivation of plants

A loamy soil rich in humus from Liuyang City, Chi-
na, was collected and used for all bioassays. Character-
istics of this soil are: organic matter 3.1 g, N 1.9 g, P
1.2 g, K 16.5 g, Ca 3.2 g, Mg 3.9 g, and Fe 71.7 g per
kg, and pH 6.9. The soil was mixed with river sand at
a ratio of 12:5 (v/v). The mixed soil was packed in



Table 2
In vitro inhibition of growth of R. solanacearum strains Rlz and Rrp,
and their rifampin-resistant mutants Rlzr and Rrpr by strains of
fluorescent Pseudomonas spp. on KB medium

Strains Rlz Rlzr Rrp Rrpr

WCS358 22 ± 0.58 23 ± 1.00 21 ± 0.58 22 ± 0.58
WCS358r 20 ± 1.00 24 ± 0.58 21 ± 0.33 23 ± 0.58
WCS358sid� 0 0 0 0
WCS374 17 ± 1.15 18 ± 0.88 17 ± 0.33 17 ± 0.58
WCS374r 16 ± 0.58 17 ± 0.58 15 ± 0.33 16 ± 0.33
WCS374sid� 13 ± 0.58 14 ± 0.58 13 ± 0.33 13 ± 0.33
WCS417 22 ± 0.58 22 ± 0.88 22 ± 0.58 24 ± 0.33
WCS417r 21 ± 0.88 21 ± 0.88 21 ± 0.33 22 ± 0.33
WCS417sid� 0 0 0 0

The inhibition zone is given in mm (±standard deviation).
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2 kg quantities, which were autoclaved twice for 1 h on
alternate days.

Commercial seeds of E. urophylla were sown in trays
on top of the wetted soil mixture and covered with a thin
layer of river sand. The trays were placed in an incuba-
tor at 30 �C during the day (12 h fluorescent light) and
25 �C at night, and a relative humidity of 90%, for seed
germination. After one week, the trays with seedlings
were transferred to a growth cabinet kept at 25–28 �C
during the 12 h light period and at 20–23 �C during
the night, and at 70% relative humidity. Seedlings were
routinely supplied once a week with half-strength Hoa-
gland nutrient solution (Hoagland and Arnon, 1938),
containing 10 lM FeEDDHA (Fe-ethylenediamine di-
o-hydroxyphenylacetic acid; CIBA-Geigy, Basel, Swit-
zerland), and watered with tap water when necessary.

2.4. Bioassays

The fluorescent Pseudomonas spp. strains were ap-
plied in different ways to assess their ability to control
bacterial wilt. In several experiments, a mixture of the
biocontrol strain and the pathogen was inoculated into
the soil (each 5 · 107 cfu g�1 soil), immediately prior to
the transfer of 4-week-old seedlings.

For bacterial treatment of plant material before seed
germination, 40 ml of a Pseudomonas spp. suspension
(109 cfu ml�1), was poured onto 200 g of soil in a germi-
nation tray. Eucalyptus seeds were sown on the soil sur-
face and covered with a thin layer of river sand. Four
weeks later, the seedlings were transplanted into soil
containing R. solanacearum at 5 · 107 cfu g�1.

For bacterization at the seedling stage, 40 ml of Pseu-
domonas spp. suspension was poured onto the soil
around the seedlings 1 week before transfer. Alterna-
tively, the bacteria were applied directly to the plant
roots by dipping the roots of 4-week-old seedlings for
10–15 min in a Pseudomonas spp. suspension
(109 cfu ml�1), before transferring them to soil contain-
ing the pathogen at 5 · 107 cfu g�1.

All experiments were repeated two or three times, and
laid out in a completely random design. Ten replicates
(pots) were used per treatment, each pot containing five
seedlings.

2.5. Disease assessment and data analysis

Root infection with R. solanacearum resulted in rapid
wilting and damping off. The percentage of diseased
plants was scored separately per pot, each containing
five plants, at different time points on the basis of wilting
symptoms. Wilted plants were collected, rinsed in sterile
distilled water, and ground in a mortar in sterile distilled
water (10 ml g�1 tissue). Dilutions of the homogenate
were plated on modified Kelman agar plates containing
ampicillin (40 lg ml�1), cycloheximide (100 lg ml�1),
chloramphenicol (13 lg ml�1) and, for rifr strains,
rifampin (150 lg ml�1), to verify that disease was caused
by R. solanacearum.

For statistical analysis of disease development, the
area under the disease progress curves (AUDPC) was
calculated according to the midpoint rule (Garrett and
Mundt, 2000). Percentages of wilted seedlings in all
other bioassays were compared by using one-way analy-
sis of variance (ANOVA) with SPSS-software (SPSS for
Windows, release 8.0), followed by Fisher�s test for least
significant differences at a = 0.05.
3. Results

3.1. In vitro antagonism between fluorescent pseudomo-

nads and R. solanacearum

Pseudomonas putida strain WCS358 and Pseudomo-

nas fluorescens strains WCS374 and WCS417, and their
rifampin-resistant derivatives all inhibited growth of R.
solanacearum on agar plates (Table 2). The pseudobac-
tin-minus mutants of P. putida WCS358 and P. fluores-

cens WCS417 had completely lost inhibitory activity. In
contrast, a pseudobactin-minus mutant of P. fluorescens
WCS374, did inhibit growth of R. solanacearum. In no
case did R. solanacearum strains inhibit growth of any
of the Pseudomonas strains or mutants.

Table 3 shows that the inhibitory activities of P. put-
ida WCS358r, P. fluorescens WCS374r, and P. fluores-
cens WCS417r against Rrpr were lost completely in the
presence of FeCl3. The constitutive phloroglucinol-pro-
ducing derivative of P. putida WCS358 (WCS358::phl),
strongly inhibited growth of Rrpr in both the absence
and the presence of iron. The phenazine-producing
derivative (WCS358::phz) was less effective than
WCS358::phl.

Pseudomonas aeruginosa Strain 7NSK2 and its
pyoverdin-minus mutant MPFM1 inhibited growth of
Rrpr only in the absence of iron. MPFM1 was less inhib-



Fig. 1. Disease incidence as percentage of wilted eucalypt seedlings 3
weeks after transfer into soil containing 5 · 107 cfu of both R.

solanacearum strain Rrpr and Pseudomonas spp. per gram soil. Contr.,
treatment with seedlings transferred into soil containing the same
density of pathogen and 10 mM MgSO4.

Fig. 2. Disease incidence as percentage of wilted eucalypt seedlings 3
weeks after transfer into soil containing 5 · 107 cfu of both R.

solanacearum strain Rrpr and P. aeruginosa 7NSK2 and several of its
mutants (MPFM1, KMPCH, and MPFM1-569) or P. fluorescens

CHA0r. Contr., treatment with seedlings transferred into soil con-
taining the same density of pathogen and 10 mM MgSO4.

Fig. 3. Disease incidence in eucalypt seedlings after transfer into soil
containing R. solanacearum Rrpr (5 · 107 cfu g�1). Seeds were gemi-
nated in soil treated with 10 mMMgSO4 (Contr.) or a suspension of P.
fluorescens WCS374, WCS417, or CHA0 or P. putida WCS358 or its
pseudobactin mutant JM218.

Table 3
In vitro inhibition of growth of R. solanacearum strain Rrpr by strains
of fluorescent Pseudomonas spp. on KB medium in the absence or
presence of 200 lM FeCl3

Strain Fe� Fe+

WCS358r 22 ± 0.33 0
WCS358::phl 28 ± 0.33 28 ± 0.33
WCS358::phz 24 ± 0.33 a

WCS374r 18 ± 0.58 0
WCS417r 25 ± 0.88 0
CHA0r 28 ± 0.33 30 ± 0.33
7NSK2 30 ± 0.33 0
MPFM1 15 ± 0.33 0
KMPCH 0 0
MPFM1-569 0 0

The inhibition zone is given in mm.
a No clear inhibition zone observed, but growth reduction

apparent.
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itory than the wild type, demonstrating that pyoverdin
produced by P. aeruginosa 7NSK2 contributed to the
antagonism against Rrpr. Mutant MPFM1-569, defec-
tive in production of pyoverdin, pyochelin and SA,
and mutant KMPCH, not producing pyochelin and
pyoverdin, did not inhibit growth of R. solanacearum

at all (Table 3). In the presence of iron, P. aeruginosa
7NSK2 and mutant MPFM1 fully lost their inhibitory
activities.

Strain CHA0 also produces SA (Meyer et al., 1992),
as well as its fluorescent pyoverdine siderophore under
iron limitation. However, P. fluorescens strain CHA0
also produces 2,4-diacetylphloroglucinol (phl), pyolu-
teorin (Plt), pyrrolnitrin, and hydrogen cyanide (HCN)
(Duffy and Défago, 1999; Maurhofer et al., 1994b). Inhi-
bition of growth of Rrpr by P. fluorescens CHA0r was
independent of iron availability (Table 3), suggesting
that antibiotics were most important in inhibiting Rrpr.

3.2. Biocontrol of Eucalyptus bacterial wilt by

fluorescent pseudomonads

When biocontrol bacteria were mixed together with
the pathogen through the soil in which eucalypt seed-
lings were transplanted, P. putida WCS358r, its pseud-
obactin siderophore mutant JM218, and P. fluorescens

WCS374r and WCS417r did not protect the seedlings
from infection by Ralstonia solanacearum (Fig. 1).
Strains P. fluorescens CHA0r and P. aeruginosa

7NSK2 were likewise ineffective (Fig. 2). To give the bio-
control agent a competitive advantage over the patho-
gen, plants were bacterized either at the germination
or the seedling stage, 4 weeks and 1 week, respectively,
before transfer of the seedlings to soil containing the
pathogen. In several repeated experiments none of these
treatments provided protection against bacterial wilt in
E. urophylla, as shown for the treatments at seed germi-
nation in Figs. 3 and 4.
Alternatively, the roots of 4-week-old seedlings were
dipped in a suspension of Pseudomonas spp., and the
root-dipped seedlings were subsequently transferred to
pathogen-containing soil. Results from a typical experi-
ment are shown in Fig. 5. Strain P. fluorescens WCS374r
was not effective at any time point. Strain P. putida

WCS358r tended to reduce disease, although never sig-



Fig. 4. Disease incidence in eucalypt seedlings after transfer into soil
containing R. solanacearum Rrpr (5 · 107 cfu g�1). Seeds were gemi-
nated in soil treated with 10 mMMgSO4 (Contr.) or a suspension of P.
aeruginosa 7NSK2 or its mutants MPFM1, KMPCH, or MPFM1-569.

Fig. 5. Disease incidence in eucalypt seedlings at different times after
transfer into soil containing R. solanacearum Rrpr (5 · 107 cfu g�1).
Prior to transfer seedling roots were dipped in suspension of 10 mM
MgSO4 (Contr.) or 5 · 107 cfu Pseudomonas spp. per millimeter. At
each time point, bars with the same letter are not significantly different
according to Fisher�s test for least significant differences (a = 0.05).
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nificantly. Yet, the siderophore-minus mutant of P. put-
ida WCS358, JM218, had no suppressive effect at all. In
contrast, strain P. fluorescens WCS417r reduced bacte-
rial wilt by 45, 42, 37, and 30% at 7, 10, 15, and 21 days
after transfer, respectively. In a repeated experiment, P.
fluorescens WCS417r suppressed disease by 45% at 21
days. Strains P. fluorescens CHA0r and P. aeruginosa

7NSK2 and its derivatives, were all inactive in suppress-
ing bacterial wilt in the root-dipping assay (Fig. 6).
Thus, in all experiments performed with root dipping,
Fig. 6. Disease incidence in eucalypt seedlings after transfer into soil
containing R. solanacearum Rrpr (5 · 107 cfu g�1). Prior to transfer
seedling roots were treated with 10 mM MgSO4 (Contr.) or P.

aeruginosa 7NSK or its mutants (MPFM1, KMPCH, or MPFM1-
569) or P. fluorescens CHA0r.
P. fluorescens WCS417r was the only strain able to con-
sistently suppress bacterial wilt of E. urophylla seedlings.

3.3. Disease-suppressive traits of P. fluorescens

WCS417r

To investigate the possible involvement of sidero-
phores and lipopolysaccharide (LPS) in the suppression
of bacterial wilt by P. fluorescens WCS417r, bioassays
were performed using the pseudobactin-minus mutant
S680, and mutant B4 lacking the 0-antigenic side chain
of the LPS. As shown in Fig. 7, S680 was equally effec-
tive as its parental strain in suppressing bacterial wilt.
However, mutant B4 did not suppress disease signifi-
cantly. Therefore, suppression of bacterial wilt by P. flu-

orescens WCS417 is in part caused by an activity
associated with its LPS, and its pseudobactin sidero-
phore appears not to be involved.

3.4. Suppression of bacterial wilt by genetically

modified P. putida WCS358

Because of their effectiveness in antagonizing R.

solanacearum in vitro, the genetically modified deriva-
tives of P. putida WCS358, WCS358::phl and
WCS358::phz, were also tested. Strain P. putida

WCS358::phl was also tested in combination with P. flu-

orescens WCS417r. In three repeated tests, P. fluorescens
WCS417r persistently suppressed the disease, whereas P.
putida WCS358 and WCS358::phz did not suppress dis-
ease in two repeated experiments. The 2,4-diacetylploro-
glucinol producing derivative P. putida WCS358::phl
reduced the disease, but not significantly (Table 4). In
combination, P. putida WCS358::phl and P. fluorescens

WCS417r performed to the same extent as P. putida

WCS358::phl alone and not as well as P. fluorescens

WCS417r alone, suggesting that the two strains antago-
nize each other in the rhizosphere.
Fig. 7. Disease incidence in eucalypt seedlings at different times after
transfer into soil containing R. solanacearum Rrpr (5 · 107 cfu g�1).
Prior to transfer seedling roots were treated with 10 mM MgSO4

(Contr.) or P. fluorescensWCS417r, its pseudobactin mutant (S680), or
a mutant lacking the 0-antigenic side chain of the LPS (B4). At each
time point, bars with the same letter are not significantly different
according to Fisher�s test for least significant differences (a = 0.05).



Table 4
Development of bacterial wilt of E. urophylla grown in soil containing
5 · 107 cfu g�1 of R. solanacearum strain Rrpr after root dip in
suspension of antagonistic Pseudomonas spp

Strain Exp. 1 Exp. 2 Exp. 3

CK 699 ab 648 a 905 a
WCS358r 767 a 606 a ND
WCS358::phl 504 ab 561 ab 785 ab
WCS358::phz 787 a 615 a ND
WCS417r 402 b 320 b 431 b
417r + 358::phl NDa 533 ab 632 ab

Values given represent area under the disease progress curves
(AUDPC). CK: treatment with root dip in 10 mM MgSO4. A higher
value means more disease.

a ND, not determined. Means within the column followed by the
same letter are not significantly different (a = 0.05).
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4. Discussion

Under iron-limited conditions, all wild-type strains
tested inhibited growth of R. solanacearum in vitro.
When iron was supplied to the medium, all strains, ex-
cept P. fluorescens CHA0r, lost their suppressive activ-
ity. This indicates that P. putida WCS358r, P.

fluorescens WCS374r, and WCS417r and P. aeruginosa

7NSK2 inhibited R. solanacearum by competition for
iron. This conclusion is supported by the observations
that pseudobactin-minus mutants of strains P. putida

WCS358r and P. fluorescens WCS417r did not inhibit
growth of R. solanacearum, and inhibition by the mu-
tants of P. fluorescens WCS374r and P. aeruginosa

7NSK2 was reduced compared to the parental strain.
The ability of the pseudobactin-minus mutant of P. flu-
orescensWCS374 to inhibit growth of the pathogen may
be explained by production of the siderophore pseudom-
onine (Mercado-Blanco et al., 2001). Likewise, pyover-
din mutant MPFM1 of P. aeruginosa strain 7NSK2
produces the siderophore pyochelin (De Meyer and
Höfte, 1997), and inhibited growth of R. solanacearum,
whereas mutant KMPCH that lacks both pyoverdin and
pyochelin did not inhibit growth. Strain P. fluorescens

CHA0 is able to produce several antibiotics, including
2,4-diacetylphloroglucinol, pyoluteorin, pyrrolnitrin,
and HCN (Duffy and Défago, 1999; Maurhofer et al.,
1994b). Because growth inhibition by P. fluorescens
CHA0 was not iron-dependent, it is likely that one or
more of these antibiotics were responsible for its antag-
onistic activity towards R. solanacearum. The strong
antagonistic activity of P. putida WCS358::phl suggests
that growth of R. solanacearum is very sensitive to 2,4-
diacetylphloroglucinol, and that this metabolite may ex-
plain the growth inhibition by CHA0.

In bioassays in which seedling roots were dipped in a
suspension of the antagonist prior to transfer into path-
ogen infested soil, only P. fluorescens WCS417r consis-
tently suppressed bacterial wilt in E. urophylla. This
strain was previously shown to be effective against fusa-
rium wilt in carnation (Van Peer et al., 1990), radish
(Leeman et al., 1995, 1996), Arabidopsis (Pieterse
et al., 1996; Van Wees et al., 1997), and tomato (Duijff
et al., 1998). Both pseudobactin siderophore-mediated
competition for iron and induced systemic resistance
(ISR) (Bakker et al., 2003) are mechanisms implicated
in the suppression of fusarium wilt by P. fluorescens

WCS417r. In E. urophylla, the pseudobactin mutant
S680 had the same protective activity as the parental
P. fluorescens strain WCS417r, whereas mutant strain
B4, that lacks the 0-antigenic side chain of the LPS,
was less effective, indicating that the LPS contributed
to biocontrol. The LPS of P. fluorescens WCS417r has
been demonstrated to trigger ISR against fusarium wilt
in carnation and radish (Leeman et al., 1995; Van Peer
and Schippers, 1992), and against bacterial speck in Ara-

bidopsis (Van Wees et al., 1997). It can be speculated,
therefore, that at least part of the protection of E. uro-
phylla against R. solanacearum by P. fluorescens

WCS417r, results from induction of systemic resistance
in the plant. The effectiveness of P. fluorescens WCS417r
depended on the type of bioassay used. When it was
mixed into soil containing the pathogen, no protection
against bacterial wilt was observed. ISR is a plant-med-
iated mechanism that requires time to develop and, in
these bioassays, is likely to have become active too late
to control the pathogen. Bacterizing seeds or seedlings
before transplanting into pathogen-infested soil did
not protect the seedlings either, probably because the
pathogen can enter the root tissues through wounds gen-
erated by the transfer.

Strains P. putida WCS358r, P. fluorescens WCS374r
and P. aeruginosa 7NSK2 effectively antagonized the
pathogen in vitro by competition for iron, but did not
suppress disease in vivo. This was not due to insufficient
root colonization, because these strains survive well in
the rhizosphere of E. urophylla seedlings (data not
shown). It could be that they do not produce sidero-
phores in the rhizosphere of eucalypt seedlings or that
competition for iron alone is not effective enough to sup-
press bacterial wilt. P. putida WCS358r, previously
shown to control fusarium wilt in carnation and radish
by competition for iron (Duijff et al., 1994; Raaijmakers
et al., 1995), tended to suppress bacterial wilt in some
bioassays, but never significantly reduced disease sever-
ity. However, its siderophore-minus mutant JM218 was
not effective at all in any of the experiments. This sug-
gests that siderophore-mediated competition for iron
by P. putida WCS358r can contribute to the suppression
of bacterial wilt.

In spite of its ability to produce antibiotics that ap-
pear effective against R. solanacearum in vitro, P. fluo-
rescens CHA0r did not suppress bacterial wilt in vivo.
It may be that antibiosis alone is not effective enough
to control bacterial wilt because the pathogen quickly
infects the plant, or CHA0r does not produce the antibi-
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otics in sufficient quantities in the rhizosphere of E. uro-
phylla. Regulation of the production of secondary
metabolites in P. fluorescens CHA0 is complex and influ-
enced by many biotic and abiotic factors (Notz et al.,
2001, 2002). The derivative of P. putida WCS358 consti-
tutively producing the antibiotic 2,4-diacetylphloroglu-
cinol seemed active in reducing bacterial wilt.
WCS358::phl inhibited R. solanacearum in vitro equally
in the absence and in the presence of iron, indicating
that the antibiotic was active against the pathogen. In
contrast, the phenazine-1-carboxylic acid producing P.

putida strain WCS358::phz antagonized R. solanacearum

in vitro only significantly in the absence of iron and did
not control the disease.

Of all strains tested, P. fluorescens WCS417r and P.

putida WCS358::phl appear to possess potential for con-
trolling bacterial wilt. As previously demonstrated by De
Boer et al. (1999, 2003), enhanced suppression of fusa-
rium wilt of radish was obtained by combining Pseudo-

monas spp. strains. Therefore, a combination of P.

fluorescens WCS417r and P. putida WCS358::phl was
tested for possible additive biocontrol effects. However,
no improvement was obtained, and the combination
was even less effective than P. fluorescens WCS417r
alone. These results suggest that P. putida WCS358::phl
somehow interferes with the activity of P. fluorescens

WCS417r in the rhizosphere of Eucalyptus.
Successful control of bacterial wilt could be obtained

if Pseudomonas strains on the one hand weaken the
pathogen in the rhizosphere, and on the other hand stop
it by activation of the plants� intrinsic defence system.
This may explain why P. fluorescens WCS417r was effec-
tive when applied by root dipping, but failed to protect
the plant by mixing through the soil or bacterization in
the seedling stage. Since Eucalyptus seedlings are trans-
planted in the nursery, this offers a good opportunity to
apply a biocontrol agent by root dipping. Strains with
only one suppressive mechanism, such as competition
for iron, antibiosis, or ISR do not appear to be effective
enough to control bacterial wilt in Eucalyptus. Antibi-
otic producers, such as P. fluorescens CHA0r and P. put-

ida WCS358::phl, may weaken the pathogen to some
extent, but once the pathogen succeeds in infecting the
root, it may be shielded from the controlling activity,
leading to failure of protection.
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Fusaric acid-producing strains of Fusarium oxysporum alter 2,4-
diacetylphloroglucinol biosynthetic gene expression in Pseudomo-

nas fluorescens CHA0 in vitro and in the rhizosphere of wheat.
Appl. Environ. Microbiol. 68, 2229–2235.

Pieterse, C.M.J., Van Wees, S.C.M., Hoffland, E., Van Pelt, J.A., Van
Loon, L.C., 1996. Systemic resistance in Arabidopsis induced by
biocontrol bacteria is independent of salicylic acid accumulation
and pathogenesis-related gene expression. Plant Cell 8, 1225–1237.

Qi, S.X., 1989. The Eucalypts in China. China Forestry Publishing
Company, Beijing (pp. 1–24).

Raaijmakers, J.M., Leeman, M., Van Oorschot, M.M.P., Van der
Sluis, I., Schippers, B., Bakker, P.A.H.M., 1995. Dose-response
relationships in biological control of fusarium wilt of radish by
Pseudomonas spp. Phytopathology 85, 1075–1081.

Saddler, G.S., 1994. Burkholderia solanacearum. Mycopathologia 128,
61–63.

Shi, Z.M., Xi, F.S., He, G.Z., Li, J.H., Wang, S.M., Xian, S.H., Peng,
S.Y., 2000. Studies on selection of Eucalyptus for resistance to
bacterial wilt and resistance stability. Guangxi Forestry Sci. 29, 1–
6.

Trigalet, A., Trigalet-Demery, D., 1990. Use of avirulent mutants of
Pseudomonas solanacearum for the biological control of bacterial
wilt of tomato plants. Physiol. Mol. Plant Pathol. 36, 27–38.

Van Peer, R., Van Kuik, A.J., Rattink, H., Schippers, B., 1990.
Control of fusarium wilt in carnation grown on rockwool by
Pseudomonas sp. strain WCS417r and by FeEDDHA. Netherlands
J. Plant Pathol. 96, 119–132.

Van Peer, R., Schippers, B., 1992. Lipopolysaccharides of plant-
growth promoting Pseudomonas sp. strain WCS417r induce resis-
tance in carnation to fusarium wilt. Netherlands J. Plant Pathol.
98, 129–139.



120 L.X. Ran et al. / Biological Control 32 (2005) 111–120
Van Wees, S.C.M., Pieterse, C.M.J., Trijssenaar, A., Van�t Westende,
Y.A.M., Hartog, F., Van Loon, L.C., 1997. Differential induction
of systemic resistance in Arabidopsis by biocontrol bacteria. Mol.
Plant–Microbe Interact. 10, 716–724.

Viebahn, M., Glandorf, D.C.M., Ouwens, T.W.M., Smit, E., Leeflang,
P., Wernars, K., Thomashow, L.S., Van Loon, L.C., Bakker,
P.A.H.M., 2003. Repeated introduction of genetically modified
Pseudomonas putida WCS358r without intensified effects on the
indigenous microflora of field-grown wheat. Appl. Environ.
Microbiol. 69, 3110–3118.

Wang, G.P., Luo, K., Liao, X.L., Zhou, Z.C., Peng, Z.H., 1996. Studies
on the Pseudomonas solanacearum pathogenicity and biotype of the
tobacco in Hunan province. J. Hunan Agric. Univ. 22, 371–374.

Wang, J., Cen, B.Z., Su, H., 1997. A review of studies on bacterial wilt
caused by Pseudomonas solanacearum in forest trees. J. South
China Agric. Univ. 18, 118–121.
Wang, W.Y., 1992. Survey of Eucalyptus diseases in Taiwan. Bull.
Taiwan Forestry Res. Inst. 7, 179–194.

Weisbeek, P.J., Van der Hofstad, G.A.J.M., Schippers, B., Marugg,
J.D., 1986. Genetic analysis of the iron-uptake system of two plant
growth-promoting Pseudomonas strains. In: Swinburne, T.R. (Ed.),
Iron, Siderophores and Plant Diseases. Plenum Press, New York,
pp. 299–313.

Wu, Q.P., Liang, Z.C., 1988a. Identification and pathogenic tests of
the causal organism of the bacterial wilt of Eucalyptus. J. South
China Agric. Univ. 9, 59–67.

Wu, Q.P., Liang, Z.C., 1988b. Selection of species and provenances of
Eucalyptus for resistance to bacterial wilt. J. South China Agric.
Univ. 9, 41–46.

Zhang, Z.Q., Luo, K., Gao, B.D., 1999. Studies on the fermentative
cultural condition of three bacteria for biological control of
tobacco bacterial wilt. J. Hunan Agric. Univ. 25, 143–146.


	Suppression of bacterial wilt in Eucalyptus urophylla by fluorescent Pseudomonas spp. in China
	Introduction
	Materials and methods
	Bacterial strains and culture conditions
	In vitro antagonism between fluorescent pseudomonads and R. solanacearum
	Cultivation of plants
	Bioassays
	Disease assessment and data analysis

	Results
	In vitro antagonism between fluorescent pseudomonads and R. solanacearum
	Biocontrol of Eucalyptus bacterial wilt by �fluorescent pseudomonads
	Disease-suppressive traits of P. fluorescens �WCS417r
	Suppression of bacterial wilt by genetically �modified P. putida WCS358

	Discussion
	Acknowledgments
	References


