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The phenazine-1-carboxamide-producing bacterium Pseu-
domonas chlororaphis PCL1391 controls tomato foot and
root rot caused by Fusarium oxysporum f. sp. radicis-
lycopersici. To test whether root colonization is required
for biocontrol, mutants impaired in the known coloniza-
tion traits motility, prototrophy for amino acids, or pro-
duction of the site-specific recombinase, Sss/XerC were
tested for their root tip colonization and biocontrol abili-
ties. Upon tomato seedling inoculation, colonization mu-
tants of strain PCL1391 were impaired in root tip coloni-
zation in a gnotobiotic sand system and in potting soil. In
addition, all mutants were impaired in their ability to con-
trol tomato foot and root rot, despite the fact that they
produce wild-type levels of phenazine-1-carboxamide, the
antifungal metabolite previously shown to be required for
biocontrol. These results show, for what we believe to be
the first time, that root colonization plays a crucial role in
biocontrol, presumably by providing a delivery system for
antifungal metabolites. The ability to colonize and produce
phenazine-1-carboxamide is essential for control of F.
oxysporum f. sp. radicis-lycopersici. Furthermore, there is
a notable overlap of traits identified as being important
for colonization of the rhizosphere and animal tissues.

Additional keywords: phenazines, root rot, site-specific re-
combinase, sss gene.

Pseudomonas chlororaphis PCL1391 protects tomato
(Lycopersicon esculentum Mill. cv. Carmello; Novartis Seeds
B.V., Enkhuizen, The Netherlands) plants from foot and root
rot caused by Fusarium oxysporum (Schlechtend.:Fr.) f. sp.
radicis-lycopersici (W. R. Jarvis & Shoemaker) (Chin-A-
Woeng et al. 1998). Biocontrol often requires the production
of an antifungal metabolite (AFM). In addition, colonization is
assumed necessary as the delivery system of the AFM
(Lugtenberg and Dekkers 1999). Previously, it was shown that
strain PCL1391 produces the AFM phenazine-1-carboxamide

(PCN) and that production of this compound is crucial for
control of the disease because mutants of this strain that lack
the ability to produce phenazine also lack the ability to sup-
press the disease (Chin-A-Woeng et al. 1998).

Several lines of evidence indicate that colonization is often
the limiting step in biocontrol (Bull et al. 1991; Schippers et
al. 1987; Weller 1988), but direct and satisfactory proof for
the role of colonization in biocontrol has not yet been offered
because of the lack of colonization mutants. Indeed, in a study
on cucumber spermosphere colonization by Enterobacter
cloacae, which suppresses Pythium ultimum, it was claimed
that colonization is not important for biocontrol (Roberts et al.
1994).

A number of colonization traits have been recently identi-
fied for P. fluorescens WCS365 (reviewed in Lugtenberg and
Dekkers 1999, and Lugtenberg et al. 1999). We constructed
derivatives of PCL1391 impaired in colonization traits to test
whether colonization plays a role in control of foot and root
rot by this strain. These traits include motility, amino acid
synthesis, and site-specific recombination. Motility mutants of
strain WCS365 are severely impaired in colonization of the
root tip when tested in direct competition with the wild type
(de Weger et al. 1987; Dekkers et al. 1998b; Simons et al.
1996). Another trait important for the colonizing ability of
strain WCS365 is synthesis of amino acids. Mutants auxo-
trophic for leucine, arginine, histidine, valine/isoleucine, or
tryptophan are unable to colonize tomato root tips efficiently
unless the required amino acid is added exogenously to the
test system (Simons et al. 1997). An sss/xerC homologue in
strain WCS365, identified in a screening of random Tn5lacZ
mutants in competition with the parental strain, was shown to
be important for efficient root colonization in the tomato, po-
tato, and wheat rhizosphere (Dekkers et al. 1998a). The sss
gene in P. aeruginosa and xerC in Escherichia coli encode
proteins that belong to the lambda integrase family of site-
specific recombinases that play a role in phase variation
caused by DNA rearrangement (Höfte et al. 1994). It is as-
sumed that Sss plays a role in generating various subpopula-
tions of WCS365 and that the colonization-defective mutant
PCL1233 is frozen in a rhizosphere-incompetent subpopula-
tion.
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Here we describe the construction of PCL1391 derivatives
impaired in the colonization traits motility, amino acid proto-
trophy, and site-specific recombination as well as the analysis
of the ability of these mutants to colonize the tomato root
system and to control tomato foot and root rot caused by F.
oxysporum f. sp. radicis-lycopersici.

RESULTS

Isolation of auxotrophic and nonmotile mutants
of P. chlororaphis PCL1391.

To obtain colonization mutants of PCL1391, various strate-
gies were followed. Three auxotrophic mutants of P. chloro-
raphis PCL1391 were obtained after screening 400 PCL-
1391::Tn5lacZ transconjugants on King’s medium B (KB) and
standard succinate medium (SSM). Testing the mutants on
SSM supplemented with amino acids revealed that the mu-
tants were auxotrophic for phenylalanine, methionine, or
tryptophan, respectively. Similarly, two other transconjugants
were found to be completely impaired in swarm formation.
The phenylalanine auxotrophic mutant strain, PCL1128, and
one of the motility mutants, PCL1131, were chosen for further
study.

Construction of an sss mutant of strain PCL1391.
A P. fluorescens WCS365 derivative mutated in the sss

gene is known to be impaired in its competitive colonizing
ability (Dekkers et al. 1998a). Two primers were designed on
the basis of the most conserved sequences in the protein se-
quence of known sss and xerC genes of P. fluorescens, P.
aeruginosa, and E. coli (Fig. 1) and used in a polymerase
chain reaction (PCR) with genomic DNA of P. chlororaphis
PCL1391. As a result, a 0.3-kb DNA fragment was amplified.
The nucleotide sequence of the fragment was determined and
shown to have 63% identity with that of the sss gene of P.

fluorescens WCS365 (Dekkers et al. 1998a), 65% with that of
P. aeruginosa (Höfte et al. 1994), and 58% with that of the E.
coli xerC gene (Colloms et al. 1990). The obtained sss-
homologous DNA fragment was cloned into pIC20R with a
tetracycline cassette. The resulting construct, pMP6009, was
used as a suicide construct for homologous recombination
after transfer to strain PCL1391. Integration of pMP6009 was
confirmed by Southern hybridization with the sss PCR frag-
ment as a probe (results not shown).

Production of extracellular metabolites and colonizing
ability of mutants of PCL1391.

The PCL1391 mutants in motility (PCL1131), prototrophy
(PCL1128), and an sss homologue (PCL1126) were not al-
tered in their production of the extracellular metabolites hy-
drogen cyanide, chitinase, protease, and PCN (data not
shown). An in vitro petri dish assay was used to show that the
mutants possess antifungal activity against F. oxysporum f. sp.
radicis-lycopersici to the same extent as the wild type (data
not shown). The colonizing ability of the PCL1391 mutants
generated was tested in competition against the wild-type
strain PCL1391 or against the Tn5lacZ-tagged derivative
PCL1392 in a gnotobiotic sand system (Simons et al. 1996).
The use of strain PCL1392 allows us to distinguish the com-
peting strain from the newly constructed mutants when grow-
ing on KB containing kanamycin and X-Gal. The Tn5lacZ
insertion has no impact on colonization behavior because
strain PCL1392 was able to compete fully with the untagged
wild-type strain (Fig. 2A). The colonization ability of the
three putative colonization mutants was assayed in the gnoto-
biotic sand system in which strain PCL1131 (motility-
deficient) and PCL1128 (phe) were inoculated in a 1:1 ratio
with the wild-type strain PCL1391 on germinated tomato
seeds. Since strain PCL1126 (sss) does not carry a lacZ re-
porter gene, this strain was tested against PCL1392. The non-

Fig. 1. Alignment of the amino acid sequence deduced from the 0.3-kb DNA fragment of Pseudomonas chlororaphis PCL1391 obtained with the use of
polymerase chain reaction homologous to the sss genes of P. fluorescens WCS365 (Dekkers et al. 1998a) and P. aeruginosa 7NSK2 (Höfte et al. 1994)
and xerC of Escherichia coli (Colloms et al. 1990).



1342 / Molecular Plant-Microbe Interactions

motile strain PCL1131 and the phe mutant PCL1128 were
impaired in colonization at least 1,000-fold compared with the
wild type (Fig. 2A). The sss mutant (PCL1126) was impaired
50-fold in its ability to compete with the lacZ-tagged wild-
type strain (Fig. 2A).

Colonization in nonsterile potting soil was tested after ap-
plication of single strains on germinated seeds. The presence
of the nonmotile mutant PCL1131 and phe mutant PCL1128 at
the root tip was below the detection limit of 2.7 log10 (CFU +
1)/cm of root tip. Therefore, these strains are impaired by at
least 1,000-fold compared with the parental strain (Fig. 2B).
Colonization by the sss mutant PCL1126 was about 10-fold

lower (2.7 ± 0.5 log10 [CFU + 1]/cm of root tip) than that of
the wild-type strain (3.5 ± 0.5 log10 [CFU + 1]/cm of root tip)
(Fig. 2B).

Biocontrol of colonization mutants.
Biocontrol ability of PCL1391 and its mutant derivatives

was tested against F. oxysporum f. sp. radicis-lycopersici on
tomato (Chin-A-Woeng et al. 1998). When no bacteria were
applied to the seeds, 74% of the plants were diseased after 16
days, whereas seed coating with the wild-type strain PCL1391
reduced the percentage of diseased plants to 33% (Fig. 3).
Coating the seeds with the motility-impaired mutant PCL1131
or the phe auxotrophic mutant PCL1128 did not reduce the
disease significantly compared with inoculated control. Simi-
larly, inoculation with the sss mutant strain PCL1126 did not
result in disease control. The results show that colonization
mutants PCL1126 (sss), PCL1128 (phe), and PCL1131 (mo-
tility-deficient) are severely impaired in their ability to sup-
press foot and root rot caused by F. oxysporum f. sp. radicis-
lycopersici.

DISCUSSION

A number of colonization mutants of biocontrol strain P.
chlororaphis PCL1391 were constructed on the basis of traits
previously described as being important for the colonizing
ability of P. fluorescens WCS365 (Lugtenberg and Dekkers
1999). In the present study, mutants in three established colo-
nization traits-loci, motility, amino acid prototrophy, and sss,
were constructed in strain PCL1391 and all appeared impaired
in root colonization (Fig. 2). Corresponding mutants of strain
WCS365 are also impaired in root colonization. Previously,
nonmotile mutants of P. fluorescens WCS374 and P. putida
WCS358 were also shown to be impaired in their ability to
colonize the lower parts of tomato and potato (de Weger et al.
1987; Simons et al. 1996). We conclude that these three colo-
nization traits are important not only in strain WCS365, but in
other biocontrol strains as well.

It was shown that production of PCN by P. chlororaphis
PCL1391 is essential for the biocontrol activity against F.
oxysporum f. sp. radicis-lycopersici in a tomato–F. oxysporum
assay system (Chin-A-Woeng et al. 1998). We have shown
that the three newly constructed colonization mutants did not
control disease, despite the fact that they showed normal anti-
fungal activity in vitro and produced wild-type amounts of
PCN. The lack of biocontrol activity by the three different
colonization mutant strains (Fig. 3) shows that root coloniza-
tion is a crucial factor in the disease suppression mediated by
PCL1391. We believe that this is the first study in which a
direct role for the root colonization ability of a biocontrol
strain in disease suppression is shown.

Although we showed that PCN production in vitro was the
same for the wild-type and colonization mutants, we did not
pursue the quantitative analysis of PCN produced per colony-
forming units in the rhizosphere for several reasons. First, on
the basis of how we think biocontrol is achieved by Pseudo-
monas bacteria, we believe that what really matters is not the
total production on the root system, but the minimally re-
quired local concentration of the antifungal factor produced at
the right time and place. In addition, production of PCN is
regulated by cell density-dependent regulatory mechanisms

Fig. 2. Tomato root tip colonizing ability of Pseudomonas chlororaphis
PCL1391 and derivatives in a gnotobiotic sand system and in soil. The
bars indicate the number of bacteria recovered from the last 1 cm of the
tomato root tip either in competitive colonization in a gnotobiotic sys-
tem (A) or singly in unsterilized potting soil (B). The standard error is
indicated on top of the bars. * = counts below the detection limit of
2.7 log10(CFU + 1)/cm of root tip. The number of bacteria on the root tip
was determined 7 days after inoculation by dilution plating on King’s
medium B containing X-Gal. Values were calculated from 20 plants. A,
Colonization of the root tip after tomato seedlings were inoculated with
a 1:1 ratio of mutant and PCL1391 (or the Tn5lacZ-tagged derivative
PCL1392) and grown in the gnotobiotic sand system. B, Colonization of
the root tip when seedlings were inoculated singly with the colonization
mutant and grown in potting soil.
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(unpublished results). Second, because we tested three mu-
tants that were mutated in traits involved in independent
physiological roles, we do not have reason to expect that all
three colonization mutants would differ from the parental
strain by producing different amounts in the rhizosphere. With
respect to the reisolation of phenazine from the tomato root
system, we failed in our attempts to quantify PCN in the rhi-
zosphere after colonization by the wild-type strain. We expect
the total amount of phenazines produced on the root system by
the colonization mutants to be even lower than that produced
by the wild type as a result of the lower numbers on the root.

It would be interesting to use the same approach used to show
the role of colonization in biocontrol in order to test the impor-
tance of colonizing ability in other applications of microbial
inoculants of seeds (biofertilizers, phytostimulators, and phy-
toremediators) in which the effectiveness of an inoculant is
likely to be dependent on the establishment of a minimum
population size.

The three colonization traits shown here to be important
for biocontrol of the plant disease tomato root and foot rot
also play a role in the colonization of animal tissues by
bacteria (Chiang and Mekalanos 1998; Drake and Montie
1988; Lugtenberg and Dekkers 1999; Rijpkema et al. 1992;
Weiser et al. 1990). Phenazine derivatives do not only kill
fungi, but the phenazine-derivative pyocyanine, produced by
P. aeruginosa, is also involved in killing animal cells and
tissues (Mahajan et al. 1999). The two established biocon-
trol traits of P. chlororaphis PCL1391, colonization and
production of phenazine antibiotics, are bacterial traits that
also play a role in colonization of animal tissues and in
killing of animal cells, respectively. We suggest, therefore,
that these bacterial traits are important in interactions with
widely different eukaryotes and must have been developed
early in evolution.

MATERIALS AND METHODS

Microorganisms and media.
The bacterial strains and plasmids used are listed in Table 1.

KB was used routinely (King et al. 1954) for culturing Pseu-
domonas strains at 28°C. E. coli was grown in Luria-Bertani
(LB) medium (Sambrook et al. 1989). F. oxysporum f. sp.

Table 1. Microorganisms and plasmids

Strains and plasmids Relevant characteristics Reference or source

Bacterial strains
PCL1391 Wild-type Pseudomonas chlororaphis.  Isolated from tomato

rhizosphere; biocontrol strain of tomato foot and root rot
Chin-A-Woeng et al. 1998

PCL1392 PCL1391 derivative tagged with lacZ and Kmr

with wild-type colonizing ability
This study

PCL1126 PCL1391 derivative with a mutation in an sss homologous
gene, Tcr

This study

PCL1128 Tn5lacZ-derivative of strain PCL1391 auxotrophic for phe n-
ylalanine, Kmr

This study

PCL1131 Tn5lacZ-derivative of strain PCL1391 impaired in motility,
Kmr

This study

S17-1 Escherichia coli MM294, RP4-2 Tc::Mu-Km::Tn7 chromo-
somally integrated

Simon et al. 1983

DH5α endA1 gyrSA96 hrdR17(rK– mK–) supE44 recA1; general
purpose E. coli host strain used for transformation and
propagation of plasmids

Boyer and Roulland-Dussoix 1969

Fungus
Fusarium oxysporum f. sp. radicis-

lycopersici strain ZUM2407
Cause of foot and root rot of tomato IPO-DLO, Wageningen,

The Netherlands
Plasmids

pCIB100 Plasmid harboring promoterless Tn5lacZ transposon Lam et al. 1990
pMP6009 pIC20R-based suicide construct with a 0.3-kb DNA fragment

of the sss gene of strain PCL1391 and a Tcr cassette in-
serted in the multicloning site with PstI/XbaI

This study

pMP5000 pIC20R with a Tcr cassette inserted in the multicloning site
with PstI/SalI

van der Bij et al. 1996

Fig. 3. Biocontrol of Pseudomonas chlororaphis PCL1391 and its root
colonization-impaired derivatives. Strains PCL1391 (wild type), PCL-
1126 (sss), PCL1128 (phe), and PCL1131 (motility impaired) were
tested in a Fusarium oxysporum f. sp. radicis-lycopersici–tomato
test system. Tomato seeds were coated with bacteria and grown in pot-
ting soil infected with F. oxysporum spores (2 × 106 spores/kg of soil)
under controlled conditions. Percentage of diseased plants was deter-
mined 16 days after inoculation. Per strain, 100 plants in 10 trays of 10
plants were tested. Data were analyzed for significance with variance
analysis followed by Fisher’s least-significant-difference test (α = 0.05).
Values with different letter indications demonstrate a statistically sig-
nificant difference.
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radicis-lycopersici was stock cultured on potato dextrose agar
(Difco Laboratories, Detroit, MI, U.S.A.) and grown in
Czapek Dox liquid medium (Difco Laboratories) at 28°C.
Media were solidified with 1.8% agar when necessary. We
added 50 µg of kanamycin, 80 µg of tetracycline, and 50 µg of
carbenicillin per ml for antibiotic selection where applicable.
To screen for β-galactosidase production, KB or LB medium
was supplemented with 5-bromo-4-chloro-3-indolyl-β-galac-
topyranoside (X-Gal) at a concentration of 40 µg/ml.

DNA modifications.
Digestions with restriction endonucleases, ligation, and

transformation of E. coli cells with plasmid DNA were per-
formed by standard molecular biological protocols (Sambrook
et al. 1989). Nucleotide sequencing was performed by Euro-
gentec B.V. (Herstal, Belgium) with AB1377-based fluores-
cent-sequencing technology. Computer analysis of protein and
nucleotide sequences was performed with Wisconsin Package
version 10.0 (Genetics Computer Group, Madison, WI, U.S.A).

Construction of mutants of strain PCL1391.
P. chlororaphis PCL1391::Tn5lacZ transconjugants were

constructed by two-parental mating of strains PCL1391 and E.
coli S17-1 (Lam et al. 1990). The latter strain harbors plasmid
pCIB100 that carries a Tn5lacZ transposon. Auxotrophic
transconjugants were isolated after screening PCL1391::Tn-
5lacZ colonies on KB and SSM (Meyer 1978). The mutants
that grew on KB but not on SSM were further characterized
for their auxotrophies. To this end, colonies were transferred
to SSM plates containing a single amino acid (10 mg/l), after
which growth was evaluated.

To screen for nonmotile mutants, spot inoculation and
growth on semisolid KB (1/20 strength KB and 0.3% agar)
was used. After growth overnight, the wild-type strain
PCL1391 formed swarming zones of approximately 2 cm in
diameter, whereas growth of nonmotile mutants remained
restricted to the site of inoculation.

To construct mutants in an sss homologue, two primers
oMP489 5′GGAAGATCTGGCCTGCGGCTCTCCGAGCT-
3′) and oMP490 (5′-CAGGTGGGTGTAGATCTGGGTGGT-
3′) were used in a PCR with genomic DNA of strain PCL1391
to obtain a DNA fragment homologous with the P. fluorescens
WCS365 sss gene. The 0.3-kb DNA fragment obtained was
cloned into the multicloning site of pIC20R by the BglII re-
striction sites incorporated in the primers (underlined). A tet-
racycline cassette, excised from pMP5000 by PstI/XbaI, was
cloned next to the DNA fragment. The resulting construct,
pMP6009, was transferred to strain PCL 1391 by electropora-
tion. After incubation for 16 h at 28°C, the cells were plated
onto selective medium. Tetracycline-resistant transformants
were tested for insertion by homologous recombination in an
sss-homologous gene with Southern hybridization and the sss
PCR fragment as a probe. The detection of production of the
extracellular metabolites hydrogen cyanide, chitinase, prote-
ase, and PCN and the in vitro petri dish antifungal assay
against F. oxysporum f. sp. radicis-lycopersici were per-
formed as described (Chin-A-Woeng et al. 1998).

Colonization assays in a gnotobiotic sand system and in soil.
Colonization assays were performed as described previ-

ously (Simons et al. 1996). A 1:1 bacterial mixture from over-

night cultures of wild type and mutant (one was tagged with
the lacZ reporter) was prepared, and a tomato seedling with a
root of 2 to 3 mm was incubated in it for 15 min. This inocu-
lation method results in the introduction of 104 to 105 CFU
onto the seedling. The seedlings were subsequently planted in
a tube containing a sterile mixture of sand and 10% (vol/wt)
plant nutrient solution (Hoffland et al. 1989). Plants were
grown for 7 days after which 1 cm of the root tip was removed
and shaken vigorously in 1 ml of phosphate-buffered saline
(PBS) on an Eppendorf shaker (Eppendorf, Hamburg, Ger-
many) to remove the bacteria from the root. The suspension
was plated onto KB–X-Gal agar with a spiral plater (Spiral
Systems Inc., Cincinnati, OH, U.S.A.) to determine the num-
bers of lacZ-tagged and untagged bacteria in the suspension
with the use of blue–white screening.

The colonization behavior of individual strains in potting
soil was determined by the same growth system as described,
except that the sterile sand was replaced by a mixture of sand
and nonsterile potting soil (Jongkind Grond B.V., Aalsmeer,
The Netherlands) (1:3 wt/wt). The bacteria recovered from the
tip were plated on KB containing X-Gal, cycloheximide (100
µg/ml), carbenicillin, and kanamycin or tetracycline. Strains
were either identified by blue staining (lacZ) or formation of a
green pigment, typically for strain PCL1391. For every strain,
20 plants were analyzed and all experiments were performed
twice.

Biocontrol ability of bacterial strains.
Biocontrol experiments were performed as described previ-

ously (Chin-A-Woeng et al. 1998). Tomato seeds were inocu-
lated in a suspension of 1 × 109 CFU/ml of biocontrol bacteria
in 1% (wt/vol) methylcellulose in water and dried under an
airflow. Subsequent removal of the bacteria from the coated
seeds by shaking vigorously in 1 ml of PBS and dilution plat-
ing on KB showed on average 103 to 104 CFU per seed. Seeds
coated with bacteria were individually sown in small pots
containing potting soil infected with F. oxysporum f. sp.
radicis-lycopersici spores (2 × 106 spores/kg of soil). Plants
were grown in a greenhouse at 21°C with 70% relative hu-
midity and 16 h of daylight. For each strain, 100 plants were
tested in 10 trays of 10 plants, and plants were watered from
the bottom. After 16 days, plants were removed from the pots
and examined for root and foot rot, as shown by the presence
of browning and lesions. Roots without any disease symptoms
were classified as healthy. Data were analyzed for significance
with variance analysis, followed by Fisher’s least-significant-
difference test (α = 0.05), which was performed with SPPS
software (SPSS Inc., Chicago, IL, U.S.A.). All experiments
were performed at least twice.
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