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The ability of plant-associated micro-organisms to colonize and compete in the rhizosphere

is specially relevant for the biotechnological application of micro-organisms as inoculants.

Pseudomonads are one of the best root colonizers and they are widely used in plant-pathogen

biocontrol and in soil bioremediation. This study analyses the motility mechanism of the

well-known biocontrol strain Pseudomonas fluorescens F113. A 6?5 kb region involved in the

flagellar filament synthesis, containing the fliC, flaG, fliD, fliS, fliT and fleQ genes and part of

the fleS gene, was sequenced and mutants in this region were made. Several non-motile mutants

affected in the fliC, fliS and fleQ genes, and a fliT mutant with reduced motility properties, were

obtained. These mutants were completely displaced from the root tip when competing with the

wild-type F113 strain, indicating that the wild-type motility properties are necessary for competitive

root colonization. A mutant affected in the flaG gene had longer flagella, but the same motility

and colonization properties as the wild-type. However, in rich medium or in the absence of iron

limitation, it showed a higher motility, suggesting the possibility of improving competitive root

colonization by manipulating the motility processes.

INTRODUCTION

The study of rhizosphere colonization by micro-organisms
is crucial for the efficient application of bacteria as in-
oculants, both in agricultural and in environmental biotech-
nology processes. Pseudomonas spp. can colonize the roots
of a wide range of plants (Simons et al., 1996; Naseby &
Lynch, 1998; Villacieros et al., 2003), being one of the best
root colonizers, and are used as amodel in root-colonization
studies (Bloemberg et al., 2000; Chin-a-Woeng et al., 2000).
The rhizosphere is a complex environment that supports a
large and metabolically active microbial population, several
orders of magnitude higher than the non-rhizospheric soil.
Many bacterial genes and traits have been shown to be
involved in plant-root colonization (Lugtenberg & Dekkers,
1999; Rainey, 1999; Lugtenberg et al., 2001). However, not
only colonization but also the pseudomonads’ ability to
compete with the indigenous microbial population are
essential to improve their biotechnological applications in
the rhizosphere environment.

The soil-borne fluorescent pseudomonads are used as
biocontrol inoculants because of their ability to produce
some antifungal metabolites (Dowling & O’Gara, 1994;

Walsh et al., 2001). Other applications of pseudomonads
include soil biofertilization and rhizoremediation (Ramos
et al., 1991; Brazil et al., 1995; Höflich et al., 1995; Yee et al.,
1998).

The strain Pseudomonas fluorescens F113 was isolated from
the sugarbeet rhizosphere and it is used as a biocontrol
agent against the fungal pathogen Pythium ultimum, which
causes damping-off disease in sugarbeet seedlings. The
biocontrol abilities of this strain are due mainly to the
production of the antifungal metabolite DAPG (2,4-
diacetylphloroglucinol) (Shanahan et al., 1992). P. fluores-
cens F113 has also been genetically modified, by introducing
the bph genes that encode the biphenyl degradative path-
way, to be used in rhizoremediation of polychlorinated
biphenyls (Brazil et al., 1995; Karlson et al., 1998). The effi-
cacy of P. fluorescens F113 as inoculant clearly depends on its
capacity to compete and efficiently colonize the rhizosphere.

Motility seems to be very important in colonization since
non-motile mutants of different P. fluorescens strains are
severely affected in the root colonization. The defect was
larger at sites more distant from the inoculation site, in
the root systems formed after the bacterial inoculation
(DeWeger et al., 1987; Dekkers et al., 1998b; Chin-a-Woeng
et al., 2000). Furthermore motility-impaired mutants of
Pseudomonas chlororaphis PCL1391 do not reduce the

The GenBank/EMBL/DDBJ accession number for the 6?5 kb region
sequence reported in this paper is AF399739.
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disease produced by Fusarium oxysporum on tomato plants
(Chin-a-Woeng et al., 2000). Therefore, motility is required
to colonize growing roots successfully and to maintain the
biocontrol capacities.

The objective of this work was to study the phenotype of
mutations affecting the flagellar filament synthesis in P.
fluorescens F113 and their influence on motility and root
competitive colonization. Reports to date refer to mutants
that are either aflagellate (De Weger et al., 1987) or deficient
in chemotaxis (de Weert et al., 2002). The mutants obtained
in this work are not affected in chemotaxis but they are
affected in motility to different degrees. We show that
wild-type motility properties are necessary for competitive
rhizosphere colonization.

METHODS

Bacterial strains, plasmids and growth conditions. The strains
and plasmids used in this study are described in Table 1. P. fluores-
cens F113 was originally isolated from the sugarbeet rhizosphere
(Shanahan et al., 1992). The F113 gene bank was constructed with
partially EcoRI-digested genomic DNA cloned into plasmid pLAFR3
in Escherichia coli LE392. Pseudomonas strains were grown on SA
medium (Scher & Baker, 1982) at 28 uC; solid growth media con-
tained 1?5% (w/v) purified agar. When appropriate, kanamycin,
gentamicin and rifampicin were supplemented for antibiotic selec-
tion to a final concentration of 50, 10 and 100 mg ml21, respectively.

E. coli strains were grown at 37 uC in Luria–Bertani (LB) medium
(Bertani, 1951), and antibiotics were added at the following con-
centrations when required: kanamycin, 25 mg ml21; gentamicin,
10 mg ml21.

DNA techniques. Standard techniques for subcloning procedures,
plasmid preparations and agarose gel electrophoresis were used as
described by Sambrook et al. (1989). Southern blot hybridizations
were performed with a non-radioactive detection kit, and a chemilu-
miniscence method was used to detect hybridization bands accord-
ing to the manufacturer’s instructions (Roche Diagnostics). DNA
sequencing was done by the chain-termination method using
DyeDeoxy terminator cycle sequencing kit protocol as described by
the manufacturer (Applied Biosystems). Homology search and
sequence analysis were done using the software from the Genetics
Computer Group.

Construction of mutants. Insertional mutagenesis has been used
to generate mutants by single homologous recombination. Ampli-
fied internal fragments from the different flagellar filament synthesis
genes were cloned into the kanamycin-resistant plasmid pVIK112
(Kalogeraki & Winans, 1997) and introduced into wild-type F113 by
triparental mating using pRK2013 as the helper plasmid (Figurski &
Helinski, 1979). Mutants resulting from single homologous recombi-
nation were checked by Southern blotting using probes from the
interrupted genes, and by PCR using primers designed from the
genes and the pVIK112 plasmid sequences (the primer sequences are
available on request). Mutant complementation analysis was done
by cloning each intact gene under the control of the nptII strong
promoter into plasmid pML122 (Labes et al., 1990) and introducing
the recombinant plasmid into the corresponding mutant strain by

Table 1. Strains and plasmids used in this study

Strain/plasmid Description Reference or source

Strains

DH5a General-purpose Escherichia coli strain Gibco-BRL

F113rif Pseudomonas fluorescens wild-type strain, Rif r Shanahan et al. (1992)

F113-fliC F113rif fliC mutant, Rif r Kmr This work

F113-flaG F113rif flaG mutant, Rif r Kmr This work

F113-fliS F113rif fliS mutant, Rif r Kmr This work

F113-fliT F113rif fliT mutant, Rif r Kmr This work

F113-fleQ F113rif fleQ mutant, Rif r Kmr This work

F113(pBG1364) F113rif containing plasmid with fliC under the control of the nptII promoter, Rif r

Kmr Gmr

This work

F11(pBG1308) F113rif containing plasmid with fliS under the control of the nptII promoter, Rif r

Kmr Gmr

This work

F113(pBG1307) F113rif containing plasmid with fliT under the control of the nptII promoter, Rif r

Kmr Gmr

This work

F113(pBG1259) F113rif containing plasmid with fleQ under the control of the nptII promoter, Rif r

Kmr Gmr

This work

Plasmids

pVIK112 Suicide vector, Kmr Kalogeraki & Winans (1997)

pRK2013 Helper plasmid used in triparental matings, Kmr Figurski & Helinski (1979)

pML122 RSF1010 derivative expression vector, Gmr Kmr Labes et al. (1990)

pBG1327 pVIK112 with an internal fragment of fliC used to generate mutant F113-fliC, Kmr This work

pBG1342 pVIK112 with an internal fragment of flaG used to generate mutant F113-flaG, Kmr This work

pBG1291 pVIK112 with an internal fragment of fliS used to generate mutant F113-fliS, Kmr This work

pBG1339 pVIK112 with an internal fragment of fliT used to generate mutant F113-fliT, Kmr This work

pBG1290 pVIK112 with an internal fragment of fleQ used to generate mutant F113-fleQ, Kmr This work
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triparental mating. Then, in order to correlate the strain phenotype
with the interrupted gene, disappearance of the mutant phenotype
was analysed.

Transmission electron microscopy. Formvar-coated grids were
placed on the top of a drop of bacterial cells for 30 s to allow bac-
terial adhesion. Grids were stained for 1 min with a 1% solution of
potassium phosphotungstate and washed for 1 min with a drop of
water. Flagellum length was measured with the Q-Win software
(Leica).

Swimming assays. SA (Scher & Baker, 1982), LB (Bertani, 1951)
and iron-supplemented SA medium plates containing 0?3% purified
agar were used to test the swimming abilities of wild-type F113 and
the different mutants. The cells were inoculated in the middle of the
plate, in triplicate, using a toothpick, from exponentially growing
cultures. Swimming haloes were measured after 18, 24 and 42 h
inoculation. Every assay was done at least three times.

Colonization experiments. Alfalfa seeds were sterilized in 70%
ethanol for 2 min and in diluted bleach (1 : 5, v/v) for 15 min and
rinsed thoroughly with sterile distilled water. Seeds were germinated
at 4 uC for 16 h followed by incubation in darkness, at 28 uC for
1 day. Germinated alfalfa seeds were sown in Leonard jar gnoto-
biotic systems using Perlite as the solid substrate and 8 mM
KNO3-supplemented FP (Fahraeus, 1957) as the mineral solution.
After 2 days, alfalfa seedlings were inoculated with ~108 cells of the
appropriate strain. For the competitive colonization experiments,
the tested strain and the competitor were inoculated at a ratio of
1 : 1. Plants were maintained for 3 weeks in a plant growth cabinet
in the following controlled conditions: 16 h of light at 25 uC and 8 h
of dark at 18 uC. Bacteria were recovered from the last centimetre of
the main root by vortexing for 2 min in 5 ml of 0?9% NaCl and
appropriate dilutions were plated in SA supplemented with the
selective antibiotics. The mean of recovered bacteria per g of root
tip was 2?486107, the range being from 1?356106 to 2?966108.
Colonization experiments were done three times in triplicate with at
least 20 plants per replica.

Protein extraction and Western blots. Proteins were extracted
from 200 ml cultures grown for 2 days. In order to detach the flagel-
lar filaments, the cultures were agitated by vortexing for 2 min and
then centrifuged for 20 min at 12 000 r.p.m. Total proteins were
extracted from the pellet with Laemmli buffer (Laemmli, 1970) and
extracellular proteins were extracted from the supernatant, by pre-
cipitation for 16 h at 4 uC with 10% (w/v) TCA, followed by two
washes with acetone, and were finally resuspended in Laemmli
buffer. Proteins were electrophoresed in 12% acrylamide gels and
stained with Coomassie blue. The same electrophoretic conditions
were used for Western blotting. Gels were transferred to nitrocellulose
membranes and incubated with 1 : 10 000 dilution of an antiflagellin
antiserum (Dekkers et al., 1998a) and with a peroxidase-tagged
secondary antibody (anti-rabbit immunoglobulin). In the dot-blot
experiments, the culture was agitated by vortexing and was centri-
fuged to separate the flagellar filaments. A drop from the pellets
obtained was transferred to the nitrocellulose membrane and incu-
bated with the antiflagellin antiserum in the same conditions as
described above.

RESULTS

Characterization of a genetic region containing
genes involved in flagellar filament synthesis

Fig. 1 shows the genetic organization of a 6?5 kb DNA
region from the P. fluorescens F113 genome that was isolated
from a cosmid that contained the fliC gene, from an F113

gene bank (Sanchez-Contreras et al., 2002). This region also
contains another five ORFs and a partial ORF. Two of these
complete ORFs and the partial ORF show high homology
and synteny with the previously described genes fliD,
encoding the filament cap protein, fleQ (adnA), encoding a
master transcriptional regulator, and fleS, encoding a two-
component sensor protein, respectively. These genes have
been found in every pseudomonad analysed (Arora et al.,
2000; Dasgupta et al., 2002, 2003; Robleto et al., 2003) and
have been thoroughly characterized. Downstream of the
fliC gene, there is a small ORF homologous to ORFs with
the same gene context in other pseudomonads. This ORF
shows homology with the flaG gene of Vibrio anguillarum
(McGee et al., 1996), which affects filament length through
an unknown mechanism. Downstream of the fliD gene and
after an AT-rich intergenic region there are two other small
ORFs that show limited homology with the PA1095 and
PA1096 genes in the Pseudomonas aeruginosa PAO1 genome
(Stover et al., 2000). The first ORF sequence shows high
homology (77–79% identity) with the FliS protein in P.
fluorescens Pf0-1 and Pseudomonas syringae, and lower
homology with other pseudomonads including P. aerugi-
nosa and Pseudomonas putida (58–62%). It also shows
limited but significant homology (37%) with the entero-
bacterial FliS proteins. Similarly to the enterobacterial FliS
proteins, the F113 FliS has a putative amphipathic alpha-
helix in the carboxy-terminus. The second ORF (fliT) is
similar in size to ORFs with the same location in other
genomes, although homology between them is very low
(Table 2). This ORF has been assigned to the orf96 gene
in P. aeruginosa PAK (Arora et al., 1998), the fleP gene in

Fig. 1. Physical map of the 6?5 kb DNA region containing the
genes implicated in P. fluorescens F113 flagellar filament
synthesis.

Table 2. FliT protein sequence comparison between P.
fluorescens F113 and other bacteria

Strain Identity (%) Length (aa)*

Pseudomonas fluorescens Pf0-1 83 98

Pseudomonas syringae bv. tomato 69 98

Pseudomonas putida KT2440 56 97

Pseudomonas aeruginosa DG1 46 111

Pseudomonas aeruginosa PAO1 40 98

Pseudomonas aeruginosa PAK 37 96

Salmonella typhimurium 23 122

Escherichia coli 18 121

*In P. fluorescens F113 the FliT predicted protein is 98 aa in length.

http://mic.sgmjournals.org 3891

P. fluorescens F113, filament synthesis



P. aeruginosa PAO1 strain (Dasgupta et al., 2003), and fliT in
Salmonella (Bennett et al., 2001). Overall, the genetic
organization of this region is identical to that of P.
fluorescens Pf0-1, P. aeruginosa PAO1, P. putida KT2440
and several pathovars of P. syringae (Nelson et al., 2002).
However, it differs from the gene order in P. aeruginosa
strains containing type a flagellin such as PAK (GenBank
accession no. L81176) and DG1 (GenBank accession no.
L43064), which contain an extra copy of a gene similar to
fliS, called fliS9, located downstream of fliS.

Mutants affected in each of these genes were generated by
insertional mutagenesis by cloning an internal fragment of
the gene in plasmid pVIK112 (Kalogeraki & Winans, 1997)
and homologous recombination in the wild-type strain; this
resulted in non-polar mutations, as determined by genetic
complementation (see below). Despite several efforts, we
have been unable to obtain mutants in the fliD gene, since
besides the insertion, a wild-type copy of the gene was
generated.

All the mutants obtained were grown in SA and LB liquid
media and showed no differences in growth parameters
from the wild-type strain.

The 6?5 kb region sequence has been deposited in GenBank
with the accession number AF399739.

Morphological analysis of mutants

Flagellar and cell morphology of P. fluorescens F113 and
the mutants in the flagellar synthesis region was studied
by transmission electron microscopy (Fig. 2). The F113
wild-type strain possesses one or two polar flagella of mean
length 2?4 mm (Sanchez-Contreras et al., 2002). The muta-
tions located within the fliC and the fleQ genes resulted in
completely aflagellate bacterial cells. The presence of flagella
was restored by the introduction of plasmids containing
the wild-type genes under the control of the nptII promoter.
The mutant affected in the fliS gene had a single thin and
very short flagellum of about 0?8 mm in length. Introduction
of the wild-type gene into this mutant resulted in normal
flagellate cells. Conversely, the mutation in the flaG gene
resulted in bacterial cells with one or two very long (more
than 5 mm) flagellar filaments. Finally, the mutation
affecting the fliT gene had no visible effect, and bacterial
cells had flagella with identical morphology to those of the
wild-type strain.

Fig. 2. Electron microscopy images of F113 wild-type and flagellar filament mutants: (A) F113 wild-type; (B) F113-fliC;
(C) F113-flaG; (D) F113-fliS. The arrow points to a thin, short flagellar filament produced by the fliS mutant. Flagella of the
fliT mutant are identical to wild-type. The fleQ mutant does not produce flagella.
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Analysis of the motility phenotype

In order to study the motility characteristics of the mutants,
we analysed their ability to swim (Fig. 3). After 18 h the
wild-type strain produces a 6–7 mm diameter swimming
halo. Mutations located within the fliC, fleQ and fliS genes
resulted in non-motile mutants as they did not produce
swimming haloes. Complementation of these mutants with
the wild-type genes restored motility to 100%, 85% and
85% of the wild-type, respectively. The mutant affected
in the flaG gene, which had longer flagellar filaments than
the F113 wild-type, produced haloes similar to those of the
wild-type strain. However, when swimming experiments
were performed in richer medium such as LB or iron-
supplemented SA, this mutant produced swimming haloes
with a diameter 50–100% wider than those from the wild-
type strain. The fliT mutant, whose filament morphology
was similar to the wild-type strain, produced swimming

haloes 50% smaller than the wild-type. Complementation
of the fliT mutant restored motility to 83% of the wild-
type. It is important to note that the fliT mutant haloes,
although smaller, presented clear concentric circles inside
them, typical of the chemotactic swimming movement.

Flagellin synthesis and export

Total bacterial proteins and exported proteins were ana-
lysed by Western blotting with an antiflagellin antiserum
(De Weger et al., 1987) (Fig. 4). The F113 wild-type strain
gave a band corresponding to the FliC flagellin, both in
the total protein and in the exported protein preparations.
The same results were obtained with the fliT mutant. As
expected, the fliC mutant did not produce flagellin and no
band was detected in either of the protein preparations.
The mutation affecting the fleQ gene produced very low
levels of flagellin in the experiment done with the total
proteins; no band appeared in the case of exported proteins.
In the flaGmutant, the Western blot revealed a normal level
of flagellin in the total protein extract and a higher level of
exported flagellin, in accordance with its longer flagellar
filament morphology. In the case of the fliS mutant, we did
not observe a band in the total protein Western blot analy-
sis, although a very faint band appeared in the exported
proteins extract. In order to understand the results obtained
with the fliS mutant Western blot experiment, a dot-blot
analysis with a whole-cell lysate (soluble and non-soluble
proteins) was performed. The antiflagellin antiserum gave
a very strong reaction with this bacterial lysate (data not
shown). These results indicate that in the fliS mutant, most
of the FliC protein is probably being accumulated in
inclusion bodies formed inside the cell cytoplasm.

Colonization analysis of flagellar mutants

Colonization experiments with each of the mutants in-
oculated individually showed that all the mutants constructed

Fig. 3. Swimming haloes produced on 0?3% agar plates by:
F113 on SA (A); F113-fliC on SA (B); F113-flaG on SA (C);
F113-flaG on LB (D); F113-fliS on SA (E); F113-fliT on SA
(F); and F113-fleQ on SA (G). The bar represents the diameter
of the wild-type strain halo in the same swimming conditions.
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Fig. 4. Western blot analysis of total proteins (A) and external
proteins (B) from flagellar filament mutants and wild-type F113,
reacted with an antiflagellin antiserum. The observed band is
approximately 35 kDa and corresponds to FliC.
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in this work were able to colonize the alfalfa rhizosphere
(data not shown). In order to study the importance of
bacterial motility in the rhizosphere colonization process,
we analysed the competitiveness between the flagellar
filament mutants and the wild-type F113 strain. A wild-
type F113 strain tagged in a neutral part of the genome
with the same integration plasmid (pVIK112) that had been
used to generate the mutants was used as the competitor
strain. As shown in Fig. 5, all the non-motile mutants,
fliC, fliS and fleQ, were very poor competitors and were
displaced by the wild-type strain from the last centimetre of
the root. In a similar way, the fliT mutant that showed
reduced motility was displaced by the wild-type F113
strain. No significant differences were observed between
the competitive colonization ability of non-motile and
reduced-motility mutants. The control strain and the flaG
mutant competed at the same level as the wild-type strain
F113 under our laboratory gnotobiotic competitive assay
conditions.

DISCUSSION

The study of bacterial motility and its influence on root
colonization and competition in the rhizosphere may
eventually result in improved efficacy of biotechnological
applications. It is already known that bacterial motility is
important in the colonization of the rhizosphere, since
different non-motile mutants from P. fluorescens strain
WCS374 were severely impaired in colonization (Dekkers
et al., 1998a). In fact, the non-motile mutants belong to the
most defective competitive class of colonization mutants
(Dekkers et al., 1998b; Chin-a-Woeng et al., 2000).

In this work we have characterized a genetic region of P.
fluorescens F113 implicated in the synthesis of the flagellar
filament and we have shown that the genetic organization is

similar to other pseudomonads but differs from the P.
aeruginosa PAK and DG1 strains because they have two
copies of the fliS gene. The first gene in the region, fliC,
encodes a type b flagellin, the main structural protein of the
flagellar filament. As expected, the mutation of this gene
yields completely non-motile and aflagellate bacteria. In the
mutation affecting the fleQ gene we have found the same
morphological and non-motile phenotype. These results
are in agreement with the already described function for
the FleQ protein, which is the major flagellar regulator in
P. aeruginosa (Dasgupta et al., 2002; Jyot et al., 2002). In
P. fluorescens Pf0-1, a fleQ homologue gene called adnA
encodes a transcriptional factor that affects persistence and
spread, also being required for bacterial adhesion and
motility (Casaz et al., 2001; Marshall et al., 2001). From the
F113 fleQ mutant phenotype (Figs 2 and 3) and the results
from the Western blot analysis (Fig. 4), it can be concluded
that in P. fluorescens F113 the fleQ gene is necessary for the
production and secretion of the flagellin FliC.

Another mutation causing non-motile cells affects the fliS
gene. In pseudomonads the role of the FliS protein remains
unknown. Its distant homologue in enterobacteria has been
described as a substrate-specific cytosolic chaperone that
facilitates FliC secretion and contributes to the stabiliza-
tion of the flagellin subunits during polymerization (Auvray
et al., 2001; Ozin et al., 2003). The F113 fliS mutant has
a very short and thin flagellum (Fig. 2), probably because
FliC is not well stabilized and is undergoing wrong
polymerization and limited secretion, thus impairing the
formation of a normal flagellar filament. To our knowledge,
this is the first description of such a phenotype. The results
from the fliS mutant Western blot analysis confirm the
FliS putative function as a FliC chaperone. These results
indicate that, instead of being secreted, the FliC flagellin is
accumulated in the cytoplasm and as these proteins can-
not be extracted together with the total soluble bacterial
proteins, the flagellin might be accumulated inside the
cytoplasm inclusion bodies. Moreover, the structural analy-
sis of the P. fluorescens F113 FliS protein shows that it is
homologous to other FliS proteins, being a small peptide,
with an acidic isoelectric point (5?18) and having an
amphipathic alpha-helix in the C-terminal domain, typical
characteristics for most cytoplasmic chaperones (Wattiau
et al., 1996; Fraser et al., 1999).

Downstream of fliS, the pseudomonads contain a small
ORF showing very low homology with the fliT genes of
enterobacteria (Table 2). In these bacteria, the FliT protein
has been described as the FliD substrate-specific chaperone
(Fraser et al., 1999), although motility studies done with the
Salmonella typhimurium fliT mutant concluded that there
were no differences in the swimming ability compared with
the wild-type strain (Bennett et al., 2001). In P. fluorescens
F113, the morphological phenotype of the fliT mutant was
identical to the wild-type strain and the Western blot
analysis revealed that the FliC protein is exported to form
the flagellar filament. Therefore the putative protein FliT
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Fig. 5. Competitive root tip colonization analysis of flagellar fila-
ment mutants and wild-type F113 competitor strain. Black bars
represent percentage of competitor colonies and grey bars
represent percentage of colonies from each tested strain recov-
ered from the last centimetre of the main root after competitive
colonization assays. Means and standard deviations from three
independent assays, performed in triplicate, are shown.
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cannot be acting as a FliD cytosolic chaperone. Further-
more, the structural characteristics of the FliT protein are
different to those described for cytoplasmic chaperones. In
P. aeruginosa PAK, an ORF similar in size and gene location
to fliT has been designed as fleP, encoding a hypothetical
protein FleP. The swimming haloes produced by a muta-
tion affecting the fleP gene are much smaller than those
produced by the P. aeruginosa wild-type strain (Dasgupta
et al., 2003). This fleP mutant motility phenotype is similar
to the P. fluorescens F113 fliT mutant phenotype, which
produced swimming haloes 50% smaller than the wild-
type strain. However, electron microscopy studies of the
mutant affected in the fleP gene in P. aeruginosa PAK
revealed that its flagella were mostly detached from the
cells and the length of polar type IV pili was significantly
longer than those from the wild-type strain (Dasgupta et al.,
2003). Based on these results, the authors concluded that
fleP represents a novel flagellar gene specific for Pseudo-
monas, responsible for maintaining the length of type IV pili
and stable flagellar attachment to the bacterial pole. These
results do not correlate with the normal flagellar morpho-
logy observed for our P. fluorescens F113 fliT mutant
(Fig. 2). Such differences, together with the lack of homo-
logy between them (Table 2), indicate that the fleP gene in
P. aeruginosa and the fliT gene in P. fluorescens are different
and possess different functions.

A mutant affected in the flaG gene had longer flagella than
the wild-type F113 (Fig. 2) and flagellin was clearly exported
in a higher quantity than in the wild-type strain as observed
by Western blot analysis (Fig. 4). These characteristics did
not result in higher motility properties in an iron-limited
minimal medium, and the flaGmutant produced swimming
haloes with a diameter similar to that of the wild-type strain
(Fig. 3). However, in rich medium or in the absence of
iron limitation, this mutant showed a substantially higher
motility (Fig. 3). In V. anguillarum, an ORF 3 showing a
57% identity to FlaG from Vibrio parahaemolyticus and
34% identity to FlaG from P. fluorescens F113 has been
described, and a mutant affected in this gene had elongated
flagella, the same morphological phenotype as in the
P. fluorescens F113 flaG mutant, although it showed an
11% decrease compared with the wild-type motility
(McGee et al., 1996). These results indicate that in addition
to filament length, FlaG could influence swimming speed, at
least under certain conditions.

Root colonization is a complex and crucial process for
the use of micro-organisms for agricultural and environ-
mental biotechnology applications, since an improvement
in colonization could result in an improvement in the
efficacy of these applications, as has been shown for
biocontrol (Chin-a-Woeng et al., 2000). Most of the already
described non-motile mutants are severely affected in root
colonization, especially at sites most distant from the in-
oculation site (De Weger et al., 1987). We have also observed
the predominance of flagellar variants with enhanced
surface motility, in the distal parts of the rhizosphere that

are not easily reached by the wild-type strain (Sanchez-
Contreras et al., 2002).

All the non-motile P. fluorescens F113 mutants studied in
this work – fliC, fleQ, fliS – although able to colonize when
inoculated independently, were very poor competitors,
compared with the wild-type F113. These results are in
agreement with previously published work that shows that
aflagellate (De Weger et al., 1987) or non-chemotactic
mutants (de Weert et al., 2002) are very poor competitors.
We have isolated and tested a mutant affected in the fliT
gene that, although still motile and chemotactic, showed a
reduced motility phenotype. This mutant was as poor a
competitor as aflagellate mutants, showing that not only
flagella and chemotactic motility (de Weert et al., 2002), but
also a wild-type level of motility are necessary for com-
petitive rhizosphere colonization. Furthermore, although
no differences in motility or colonization were observed for
a flaG mutant under the standard conditions used, the fact
that this mutant showed higher motility under certain con-
ditions and the preferred location of hypermotile variants
in distal parts of the root (Sanchez-Contreras et al., 2002)
suggest the possibility of improving competitive root
colonization by manipulating the motility processes.
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