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During colonization of the alfalfa rhizosphere, Pseudomonas fluorescens F113 undergoes phenotypic varia-
tion, resulting in the appearance of colonies with different morphology. Among phenotypic variants, three
isolates, C, F, and S were selected, with the C variant showing colony morphology identical to that of the
inoculated wild-type strain and F and S having a translucent and diffuse morphology. Phenotypic variants F
and S were shown to preferentially colonize distal parts of the roots and showed alterations in motility,
swimming faster than the C variant and swarming under conditions that did not allow swarming of the C
variant. The motility behavior correlated with overproduction of the fliC-encoded protein flagellin but not with
hyperflagellation. Flagella of the F and S variants were several times longer than those of the C variant, and
overproduction of flagellin was regulated at the transcriptional level. Variant F showed alterations in traits
that have been shown to be important for rhizosphere colonization, such as siderophore, cyanide, and
exoprotease production, and these phenotypes were complemented by a cloned gacA. Sequence analysis of the
gacA alelle in variant F suggested selection of the phenotype in the rhizosphere. Variant F was also affected in
other phenotypes, such as lipopolysaccharide structure and flocculation in unshaken liquid medium, which
were not complemented by the gacA or gacS gene. Mutation of the F113 sss gene, encoding a site-specific
recombinase, showed that most of the phenotypic variation was due to the activity of this recombinase,

indicating that phase variation occurs during rhizosphere colonization.

Bacterial phase variation consists of the diversification of a
population into subpopulations which present genotypic and
phenotypic differences. It has been described for a variety of
species, mostly within gram-negative bacteria (reviewed in ref-
erence 26). Phase variation is typical of bacteria that occupy
heterogeneous ecological niches and has been related to ad-
aptation to different environmental situations and to sudden
changes in the ecosystem (49). Under these conditions, phase
variation would generate a mixed population able to colonize
different parts of the ecosystem, and in the case of rapid en-
vironmental changes, part of the initial population would sur-
vive (17).

Phase variation predominantly affects surface components
of cells, such as membrane antigens, flagella, and fimbriae,
causing morphological alterations in colonies that allow easy
detection (26). Typical examples are fimbrial variation in Esch-
erichia coli, flagellar variation in Salmonella spp., and variation
in surface antigens in several species of the genus Neisseria.
From a genetic point of view, phase variation often results
from genomic rearrangements that can be caused by several
molecular mechanisms. The best-studied mechanisms are the
action of a site-specific recombinase that can produce inver-
sions or deletions of specific sites of the genome (1), mutations
in homopolymeric tracts that produce frameshift mutations
affecting translation (48) or transcription (44), and differential
methylation affecting transcription of specific genes (57).

Phase variation in fluorescent pseudomonads has been de-
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scribed. When Pseudomonas fluorescens SBW25 was grown in
static liquid medium, three subpopulations arose and occupied
different parts of the culture: surface, middle part, and bottom
(45). These subpopulations did not appear in a homogeneous
environment such as a shaken liquid culture. Phase variants
also appear in Pseudomonas aeruginosa during biofilm forma-
tion (15). These variants are affected in multiple traits such as
motility, pigment production, and elastase secretion. Fluores-
cent phenotypic variants of Pseudomonas tolaasii also have
altered motility and protease production (22). Phase variants
of the rhizosphere-colonizing bacterium Pseudomonas brassi-
cacearum affected in morphology and exoenzyme production
have also been reported (12). Furthermore, a mutation in the
P. aeruginosa sss gene, encoding a site-specific recombinase
which in other species is implicated in phase variation, affects
the production of the fluorescent siderophore pyoverdin (28).
The mutation of the homologous gene in P. fluorescens WCS365
results in the loss of competitive root colonization (13), imply-
ing that phase variation might play an important role in the
colonization of this heterogeneous and changing ecosystem.

Fluorescent pseudomonads are of great importance in bio-
technology because of the ability of several strains to degrade
xenobiotics, control plant pathogens, and act as human patho-
gens. The ability of some strains to colonize the plant rhizo-
sphere allows its use in rhizoremediation (10, 30). Here we
show that phenotypic variation occurs during the colonization
of the alfalfa rhizosphere by the biocontrol strain P. fluorescens
F113 and that phenotypic variants show alterations in pheno-
types that have been described as important for rhizosphere
colonization.
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MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The strain used in this
study is P. fluorescens F113, originally isolated from the sugar beet rhizosphere
(53), and its phenotypic variants recovered after rhizosphere colonization (this
study). The F113 gene bank was constructed with partially EcoRI-digested
genomic DNA cloned into plasmid pLAFR3 in E. coli LE392. Phase variants F
and S were tagged with random insertions of mini Tn5 gus (Sm" Spc’) (59) and
Tn5 lux (Km") (60) transposons, respectively. Growth rate and relevant charac-
teristics of the tagged derivatives including colonization capacity were tested and
showed no differences from the original strains.

Plasmids expressing the gacA and gacS genes, pME3066 (34) and pEMH97
(29), respectively, were introduced by triparental mating using pRK2013 as the
helper plasmid (19). Transcriptional fusions of the fliC promoter region from the
C, F, and S variants with the promoterless lacZ gene, named pBG1208,
pBG1209, and pBG1210, respectively, were constructed in pMP220 (55). All
cultures of P. fluorescens F113 and phase variants were grown on SA medium
(51) overnight at 28°C. Luria-Bertani (LB) medium (6) was used for high-iron
cultures. Agar concentrations of 0.3, 0.5, 0.8, 1, and 1.5% were added to SA to
test swimming and swarming abilities, and the cells were inoculated in the middle
of the plate from exponentially growing cultures. Haloes were measured at 18
and 26 h after inoculation. King’s B medium (31) was used for static cultures in
order to observe biofilm formation. Exoprotease production was observed on
skim milk plates (47) and HCN production was tested as previously described
(11, 58). Pyoverdin production was observed on SA plates by fluorescence under
UV light. B-Galactosidase activity was measured as described by Miller (42).

Rhizosphere colonization experiments. Alfalfa seeds were sterilized in 70%
ethanol for 2 min and in bleach for 15 min and rinsed properly with sterile
distilled water. Seed vernalization was performed at 4°C overnight, and germi-
nation was for 2 days at 28°C. Germinated alfalfa seeds were sown in Leonard jar
gnotobiotic systems using Perlite as the solid substrate and 8 mM KNOj;-sup-
plemented FP (18) as the mineral medium. After 2 days, alfalfa seedlings were
inoculated with ca. 10° cells of the appropriate strains. In competition experi-
ments, strains were inoculated at a 1:1 ratio. Plants were maintained in con-
trolled conditions (16 h of light at 25°C and 8 h of dark at 18°C). Bacteria were
recovered from the rhizosphere by vortexing the root for 2 min in a tube
containing 10 ml of 0.9% NaCl, and plating appropriate dilutions on SA plates
with antibiotics. Statistic analysis was done with Sigma Plot 4 software (Win-
dows).

DNA extraction, Southern blots, and amplification. Total genomic DNA was
extracted (4) from C, F, and S liquid cultures and digested with EcoRI. Electro-
phoresis on 1% agarose gel was performed. DNA was transferred overnight to a
Hybond-N nitrocellulose membrane (Amersham). The probe labeling and de-
tection were performed with the digoxigenin (DIG) luminescence detection kit
for nucleic acids (Boehringer Mannheim) according to the manufacturer’s in-
structions, and X-Omat LS film (Kodak) was used for detection.

Amplification of fliC was performed using primers fliF and fliR, designed after
conserved flagellin sequences of other Pseudomonas spp. PCR was performed
using genomic DNA of F113 as the template under the following conditions: one
hold of 5 min at 94°C; 25 cycles of 30 s at 94°C, 30 s at 51°C, and 30 s at 72°C;
and one hold of 7 min at 72°C. Amplification of the promoter region of fliC was
performed using primers pfliF and cosR in the conditions previously indicated
with an annealing temperature of 51°C. Amplification of sss was performed using
primers sss F and sss R, designed after conserved site-specific recombinase
sequences of other Pseudomonas spp. PCR was performed using genomic DNA
of F113 as the template under the previously indicated conditions with an
annealing temperature of 52°C.

Construction of an sss insertion mutant. Directed mutagenesis was used to
generate single recombination mutants of the sss gene in P. fluorescens F113. An
amplified fragment of the sss gene was interrupted with a kanamycin resistance
cassette, cloned into pK18mobsac (50), and introduced into wild-type F113.
Single recombinants were obtained and tested by Southern blot with the sss
probe.

Transmission electron and optical microscopy. Cells from liquid and solid
cultures of the phenotypic variants were deposited on a drop of water. Formvar-
coated grids were placed on top of the drop for 30 s to allow adhesion of bacterial
cells. Grids were stained for 1 min with a 1% solution of potassium phospho-
tungstate and washed for 1 min in a drop of water. Grids were air dried and
examined with a transmission electron microscope. Phase contrast was used for
observation of liquid and solid cultures of the phenotypic variants with an optical
microscope. Measuring of flagellum length was done with Q-Win software
(Leica).
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Protein extraction and Western blots. Total extracellular proteins were ex-
tracted by acetone precipitation of the spent medium (8) after vortexing cultures
for 2 min to detach flagella. Proteins were electrophoresed in 12% acrylamide
gels that were stained with Coomassie blue. The same electrophoretic conditions
were used for Western blotting. Gels were transferred to Immobilon-P transfer
membranes (Millipore) for 1 h under standard conditions. The membranes were
incubated with a 1:10,000 dilution of an antiflagellin antiserum (13) for 1 h and
with a peroxidase-tagged secondary antibody (anti-rabbit immunoglobulin) for
30 min. The enhanced chemiluminescence (ECL) method and Hyperfilm ECL
(Amersham) were used for development.

LPS extraction and electrophoresis. Extraction of total lipopolysaccharide
(LPS) from phenotypic variants by a standard procedure and a 13% acrylamide
gel was performed and silver stained after treatment with metaperiodate (38).

Nucleotide sequence accession numbers. The fliC sequence, including the
promoter region, has been deposited in the GenBank database with accession
number AF399739. The sss gene sequence has been deposited in the GenBank
database with accession number AF416734.

RESULTS

Phenotypic variation occurs during alfalfa rhizosphere col-
onization. P. fluorescens F113 is a good colonizer of the alfalfa
rhizosphere (unpublished results). When bacteria isolated
from the rhizosphere of F113-inoculated alfalfa plants were
plated (Fig. 1A), a morphologically diverse population was
recovered. Arbitrarily primed PCR analysis of the different
morphological variants (not shown) demonstrated that all the
colonies tested corresponded to strain F113, indicating that
phenotypic changes have occurred in the original homoge-
neous inoculated strain during its passage through the alfalfa
rhizosphere, yielding a heterogeneous population.

In order to test the distribution pattern of the phenotypic
variants, the roots of inoculated plants were divided into three
parts: the upper region until the beginning of secondary roots,
the central part containing secondary roots, and the last cen-
timeter. It was observed that the wild-type compact colonies
were recovered from throughout the root system, while the
phenotypic variants were recovered mostly from the central
part and last centimeter of the root, suggesting that the differ-
ent subpopulations reflect specialization in colonizing different
parts of the root (Table 1).

From the phenotypic variants with different morphologies
that arose in the rhizosphere colonization experiments, we
isolated three colonies for further studies (Fig. 1B) and termed
them variants C, S, and F. Type C colonies showed a morphol-
ogy indistinguishable from that of the inoculated F113 strain,
while variants S and F presented a clearly different morphology
and produced diffuse colonies, S colonies being more irregular
than F colonies. The phenotypes of the three variants were
stable and maintained in subsequent cultures. The biochemical
profiles of variants C, F, and S were analyzed by using API 20
NE strips. The phenotypes of the three variants were identical
except that variant F did not possess a protease activity and
variant S was unable to reduce nitrate. When grown on aspar-
agine as the sole nitrogen source, variant S excreted ammonia,
alkalinizing the spent medium to pH 9.

The appearance of phenotypic variants during alfalfa rhizo-
sphere colonization might indicate that the F and S variants
were better adapted to colonize this ecosystem. To test this
hypothesis, colonization by the F and S variants was compared
to colonization by the wild-type strain F113, variant C, in
separate gnotobiotic systems. Experiments were done in trip-
licate, and the results showed less than 15% standard devia-
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FIG. 1. Colony morphology of P. fluorescens F113. (A) F113 colonies recovered on SA plates after 4 weeks of alfalfa rhizosphere colonization.
Colonies of different morphology are clearly observed. (B) Colonies of phenotypic variants C, F, and S after isolation and subculture on SA plates.

The morphology of the colonies was maintained on subsequent cultures.

tion. Average root weight was 137 £ 17 mg. Variant C was
recovered from the alfalfa rhizosphere at the same level as F
and S variants, 10° CFU per root, showing no significant dif-
ference (P < 0.15). These results indicated that none of the F
or S variants colonized the rhizosphere better than variant C
when tested individually. It is important to note that while
colonies from F113-inoculated plants again showed phenotypic
variation, reversion to the wild-type morphology in plants in-
oculated with variants F and S was not observed.

To test if variants F and S were more competitive than the
wild type in rhizosphere colonization, plants were coinoculated
in a 1:1 ratio with the C variant and one antibiotic resistance-
tagged variant, F or S. Neither of the variants was recovered at
a significantly higher level than the wild-type strain, indicating
that variants F and S are not more competitive for rhizosphere
colonization than wild-type F113.

Phenotypic variants S and F are affected in motility. The
diffuse morphology shown by variants S and F and their dis-
tribution pattern in rhizosphere colonization suggested that

they might be affected in motility on solid substrates. To test
this hypothesis, the motility behavior of the three variants was
investigated on several agar concentrations. As shown in Fig. 2,
swimming (0.3% agar concentration) was faster for variants F
and S, and these variants produced swimming haloes with a

TABLE 1. Phenotypic variants isolated from different parts of
alfalfa roots after rhizosphere colonization
by P. fluorescens F113¢

b CFU (10%) of Total CFU % of phenotypic
Root part phenotypic variants (10*) per root variants per root
Basal part <1 69.6 <1
Medium part 87.7 896.4 9.8
Root tip 13.1 55.7 23.5

“ Roots were collected 3 weeks after inoculation. Experiments were done in
triplicate, and results showed less than 15% standard variation.

b Basal part, from the stem base to the beginning of secondary roots; medium
part, the rest of the root system, including secondary roots; root tip, the last
centimeter of the root.
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FIG. 2. Swimming (0.3% agar) and swarming (0.5 and 1% agar) of C, F, and S variants on SA plates. Swimming motility displayed on 0.3%
agar plates presented concentric haloes, while swarming had a dendritic pattern. The C variant showed no swarming ability at any agar

concentration.

diameter twice the size of that of the C form after 26 h of
incubation. When higher agar concentrations were used, the F
and S variants showed swarming motility, even at agar concen-
trations of 1.5%. Swarming under these conditions was never
observed for the C variant. Furthermore, variants S and F
showed different motility behavior, with variant S swimming
faster than variant F and variant F swarming faster than S (not
shown).

Swimming and swarming motility depends on flagella (25).
To test whether the motility behavior of variants S and F was
due to flagellin overproduction, proteins from liquid culture
supernatants of the three variants were precipitated and elec-
trophoresed. As shown in Fig. 3A, a protein of about 35 kDa
was overproduced in variants S and F. No differences were
observed for other proteins in the three variants. Western blot
analysis with an antiflagellin antiserum for P. fluorescens (14)
demonstrated that the overproduced protein corresponded to
flagellin (Fig. 3B).

Cells of the three variants were observed by both optical and
transmission electron microscopy. Cells from the swarming
edges of the F and S variants were elongated in comparison to

cells from the center of the swarm plates (not shown), as has
been observed previously in P. aeruginosa (33). Besides, when
cells from liquid cultures of the three variants were observed by
phase-contrast microscopy, the F and S variants displayed sig-
nificant greater movement than C variant cells (not shown).
However, we have not observed hyperflagellation. Cells with
one and two polar flagella were observed by transmission elec-
tron microscopy from cultures of the three variants, not only
from swarming plates but also from exponentially growing lig-
uid cultures. Transmission electron microscopy also showed
that cells from the F and S variants grown in all conditions
possessed flagella that were much longer than the flagella from
the C variant (Fig. 4). Flagella from C cells measured 2.4 0.9
pm, while flagella from F were 7.0 = 0.8 wm and those from S
were 6.6 = 1.3 wm, indicating that the result of flagellin over-
production was longer flagella rather than more flagella, as is
the case for other swarming bacteria (25).

Two primers derived from conserved regions of the fliC
gene, which encodes flagellin in other fluorescent pseudo-
monads, were used to amplify genomic DNA from strain F113.
An amplification product of 563 bp was obtained and se-
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FIG. 3. Flagellin production by P. fluorescens F113 phenotypic vari-
ants. (A) Polyacrylamide gel electrophoresis of total extracellular pro-
teins. The overproduced FliC, of approximately 35 kDa, is marked with
an arrow. Molecular size markers are indicated on the left. (B) West-
ern blot analysis using an antiflagellin antiserum. Only the band cor-
responding to flagellin (marked with an arrow) was detected. Staining
shows overproduction of FliC in variants F and S.

quenced, showing 85% identity with the Pseudomonas putida
type b flagellin (GenBank accession number AF034765). This
fragment was used to probe genomic DNA from the three
variants, and a single band from the three variants hybridized
with the fliC probe. This probe was also used to screen an F113
cosmid library, and overlapping cosmids were isolated from all
the positive colonies. These results strongly indicated that P.
fluorescens F113 produces a single flagellin and that flagellin
overproduction and therefore swarming motility is not due to
the production of an alternative flagellin. New primers were
designed to obtain the complete sequence of fliC from the
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cosmid isolated from the library. The fliC sequence, including
the promoter region, has been deposited in the GenBank da-
tabase with accession number AF399739.

To test whether flagellin overproduction in the F and S
variants was transcriptionally regulated, new primers were de-
signed to amplify the promoter region of fliC from each vari-
ant. The amplified promoter regions from the three variants
were cloned into an expression vector containing the promot-
erless lacZ gene, and these constructs were introduced into
different backgrounds and -galactosidase activity was mea-
sured (Table 2). When constructs containing promoters were
introduced into the respective variants, overexpression was
observed for variants F and S compared to variant C. Overex-
pression of fliC at the transcriptional level was therefore cor-
related with overproduction of flagellin. When constructs con-
taining each promoter fused to lacZ were introduced into
variant C, no differences in expression were observed, indicat-
ing that the differences of expression observed before were not
due to changes in the promoter region. Finally, the promoter
region amplified from variant C fused to lacZ was introduced
into each variant, and the expression measured was higher for
variants F and S, indicating that the differences are due to the
particular regulation of fliC in each variant. Subsequently, the
promoter regions of fliC from the C, F, and S variants were
sequenced and showed no differences (not shown), indicating
that differences in fliC expression among the variants were not
produced by sequence differences in the promoters.

Variant F is affected in multiple traits relevant to rhizo-
sphere colonization. To further characterize the three pheno-
typic variants, characteristics that have been shown to be im-
portant in rhizosphere colonization (39) were tested. Variant F
produced a lipopolysaccharide (LPS) with a different electro-
phoretic profile, showing an extra band for the O antigen (not
shown) compared with variants C and S. The ability to form
biofilms was tested by inoculating each variant in unshaken
liquid medium. Variants C and S formed a biofilm in the
liquid-air interface, while variant F grew in the whole volume
and eventually flocculated. The flocculation behavior observed
for variant F grown in static liquid culture is probably related
to the different LPS structures.

P. fluorescens F113 produces the siderophore pyoverdin un-
der iron limitation (28). The F variant overproduced pyoverdin
in iron-limited medium SA, as judged from the fluorescence of
the culture after excitation with UV light. On iron-rich me-
dium, pyoverdin production is inhibited by the Fur repression
system (36). However, variant F produced pyoverdin on the
iron-rich medium LB, although at a much lower level than in
SA medium.

To test whether the overproduction of pyoverdin was related
to increased transcription of the genes responsible for pyover-
dine synthesis, a fusion of the pvdA promoter with a promot-
erless lacZ (pPV51) (35) was introduced into the three vari-
ants. Higher expression in the F variant background was
observed in both SA and LB media (3,575 and 252 Miller units,
respectively), corresponding to low and high iron availability.
The results for variants C and S were 1,344 and 828 Miller
units, respectively, in SA medium and 25 and 0 Miller units,
respectively, in LB medium. The results show that variant F
overexpresses genes coding for the pathway of pyoverdin bio-
synthesis in high- and low-iron conditions.
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FIG. 4. Transmission electron microscopy of phenotypic variants. (A) C variant possesses one or two normal polar flagella. Bar, 500 nm. (B) F
variant, and also S variant (not shown), possesses flagella more than twofold longer than those of variant C. Bar, 300 nm.

Variant F is also affected in the production of secondary
metabolites and secreted proteins. Unlike C and S, the F vari-
ant was unable to produce cyanide and exoprotease (Table 3).

A point mutation in gacA is responsible for changes in
secondary metabolism of variant F. GacA and GacS are the
activator and sensor, respectively, of a two-component regula-
tory system that regulates secondary metabolism. The produc-
tion of extracellular proteases and cyanide in P. fluorescens is
coordinately regulated by the gacS/gacA system (7). It has re-
cently been reported that mutations in the gacA or gacS gene
cause overproduction of pyoverdin on iron-limited medium
(16), suggesting that the gacA/gacS system may also regulate
the production of this siderophore.

To test whether the multiple alterations in the F variant
were due to a mutation in either of these genes, plasmids
containing the cloned gacA and gacS genes were introduced
into this variant. The cloned gacA gene complemented pyover-
din, cyanide, and exoprotease production but not the morphol-
ogy, motility, LPS pattern, or flocculation on static liquid cul-
ture of the F variant. The plasmid containing gacS did not
complement any of the phenotypes. These results indicated
that the F variant is affected in the gacA4 gene. The sequencing
of the gacA allele in the F variant showed a point mutation
resulting in changing a glycine to a serine (position 26).

Summarizing the characteristics of the three variants (Table
3), F and S differ from C in colony shape and enhanced mo-
tility, which is correlated with longer flagella, overproduction

of flagellin, and overexpression of fliC. For other traits tested,
variants C and S were identical except for nitrate reduction, in
which variant S was deficient. Apart from all the traits related
to motility, variant F displayed two more classes of different
phenotypic characteristics, one related to production of sec-
ondary metabolites (pyoverdin, exoprotease, and HCN), which
was complemented by the gacA gene, and another not related
to the gacA/gacS system, consisting of two traits that might be
linked, a different LPS pattern and flocculation in static liquid
cultures.

Site-specific recombinase is the major factor influencing
phenotypic variation of F113 during rhizosphere colonization.

TABLE 2. Expression of fliC promoters isolated from variants C, F,
and S, measured as B-galactosidase activity” of lacZ fusions

B-Galactosidase activity (Miller units)

Construct”

C F S
pBG1208 840 3,139 1,754
pBG1209 963 2,408 —
pBG1210 604 — 1,432

“The experiments were done in triplicate in each case and showed less than
10% variation.

b Constructs pBG1208, pBG1209, and pBG1210 carry the fliC promoter region
from variants C, F, and S, respectively, fused to promoterless lacZ.

¢ —, not determined.
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TABLE 3. Summary of the phenotypic features of C, F and S variants

Characteristic C

Colony morphology Compact, opaque

Motility Normal
fliC expression Normal
Avg flagellum length (um) 23
LPS profile® 3
Flocculation in liquid medium -
Pyoverdin production on LB —
Pyoverdin production on SA +
Cyanide production +
Exoprotease production +

F S
Diffuse, translucent Diffuse, translucent
Enhanced Enhanced
Overexpressed Overexpressed
7.0 6.6
4 3
+ —
+ p—
++ +
- +
- +

¢ Number of bands in the LPS O antigen.

A site-specific recombinase, encoded by the sss gene in Pseudo-
monas spp., has been shown to be important for rhizosphere
colonization (13, 40). Primers were designed after the pub-
lished sequences of the sss gene in other Pseudomonas strains
to amplify this gene from F113. An amplification product of
696 bp was obtained and sequenced, corresponding to a frag-
ment of the sss gene. This fragment was used to probe genomic
DNA from the three variants and to screen the F113 cosmid
library. The same cosmid was isolated from all positive colo-
nies, and new primers were designed to obtain the complete
sequence of the sss gene, which has been deposited in the
GenBank database with accession number AF416734.

The amplified 696-bp fragment was interrupted with a kana-
mycin resistance marker and cloned into pK18mobsac. This
construct was introduced into wild-type F113 to obtain an sss
insertion mutant. Putative mutants were obtained and tested
by Southern blotting (not shown). An sss mutant was selected
(F113-sss2) and used to perform rhizosphere colonization ex-
periments. Alfalfa seedlings were inoculated with F113-sss2
and with wild-type F113 separately. CFU were recovered from
the rhizosphere, and phenotypic variants were counted. From
the rhizosphere of plants inoculated with F113, 10% of the
total CFU recovered were phenotypic variants, as was estab-
lished in previous experiments. From the rhizosphere of plants
inoculated with F113-sss2, very few phenotypic variants were
recovered, representing less than 1% of total CFU. These
reductions in phenotypic variants recovered from the rhizo-
sphere indicated that sss plays a major role in the phenotypic
variation occurring during rhizosphere colonization and that
phase variation due to the action of this site-specific recombi-
nase is the major mechanism of phenotypic variation.

It has been described that spontaneous gacA/gacS mutants
show a diffuse morphology (20), which is similar to that of the
F113 phenotypic variants that arose after rhizosphere experi-
ments. The high frequency of spontaneous gacA mutants has
been observed particularly on rich media (16). To test if the
gacA mutation was related to phenotypic variation during rhi-
zosphere colonization, we used the exoprotease production
phenotype because it is an easily detectable trait reflecting
gacA/gacS function. We checked the frequency of colonies that
did not show protease activity among morphological variants
and wild-type colonies isolated from the rhizosphere.

When colonies recovered from plants inoculated with F113
were tested, colonies lacking protease activity represented 6%
of the phenotypic variants, compared to only 0.3% of the
wild-type colonies, indicating that mutations in the gacA/gacS

system were responsible for a minor part of the phenotypic
variation. When the same test was performed with the few
colonies (26 colonies) derived from the sss mutant that showed
a variant phenotype, 89% did not produce exoprotease, indi-
cating that mutations in gacA/gacS were responsible for the
majority of phenotypic variation in this background. These
results indicate that both selection of the gacA/gacS mutant
phenotype and phase variation due to the action of a site-
specific recombinase occur during alfalfa rhizosphere coloni-
zation, phase variation being the main factor responsible for
the phenotypic diversity.

DISCUSSION

Phase variation is a process that allows the diversification of
a single bacterial population into differentiated subpopula-
tions. Here we have shown that this process takes place during
alfalfa rhizosphere colonization by P. fluorescens F113. Three
phase variants, C, F, and S, have been observed and isolated,
with the C variant presenting the wild-type phenotype.

Variants F and S are affected in motility on surfaces. Three
types of movement on surfaces have been described in Pseudo-
monas spp.: swimming, swarming, and twitching (27). Swim-
ming and swarming are flagellum dependent (25), and twitch-
ing depends on type IV pili (9), although pili have been
implicated in the swarming of a P. aeruginosa strain (33). Vari-
ants F and S have shown differences in swimming and swarm-
ing compared with the wild-type C variant, and these differ-
ences can be attributed to overexpression of the fliC gene,
leading to the overproduction of flagellin. Both the F and S
variants showed swimming behavior stronger than that of the
wild type and were able to swarm under experimental condi-
tions that did not allow swarming of the wild-type strain.

Swarming of the F and S variants is atypical for several
reasons. Together with other pseudomonads, the F and S vari-
ants of P. fluorescens F113 are the only polarly flagellated
bacteria that have been shown to swarm, but in contrast to P.
aeruginosa and other swarming bacteria, we did not observe an
increase in the number of flagella. Instead, the F and S variants
produced flagella that were more than twofold longer than the
wild-type flagella. To our knowledge, this increase in the length
of flagella has not been observed in other swarming bacteria.
The F and S variants can swarm in our experimental conditions
in a medium that contains a single amino acid, asparagine, as
the nitrogen source. Most bacteria require a mixture of amino
acids to swarm (25), and only for Proteus mirabilis has it been
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shown that a single amino acid, glutamine in this case, supports
swarming (3). F and S variants can swarm on agar concentra-
tions that inhibit swarming of other bacteria (46). Swarming on
agar concentrations higher than 1% has been shown only for
strong swarmers such as P. mirabilis (2, 41) and Vibrio para-
haemolyticus (5). The increased motility in variants F and S
correlates with longer flagella, flagellin overproduction, and
overexpression of fliC due to its regulation in both variants and
not to changes in the promoter region.

We observed differences in the swarming behavior of the F
and S variants, particularly at high agar concentrations, where
the F variant swarms better than the S variant. As fliC expres-
sion and FliC production were similar for both strains, it is
reasonable that differences are due to factors other than fla-
gella that are implicated in swarming, such as surfactant pro-
duction (23, 37) and LPS structure (see below).

Aside from morphology, nitrate reduction, and motility be-
havior, the C and S variants were identical for all other phe-
notypes tested. However, the F variant differs in all of the traits
tested. We observed that while the C and S variants form a film
on the surface of static liquid medium, variant F flocculates
and sinks. This flocculation behavior has been observed previ-
ously in a spontaneous P. fluorescens mutant that is selected
under static culture conditions (45). The observation that the
flocculating F variant shows alterations in the LPS electro-
phoretic profile suggests that these two phenotypes are related,
as it has been shown that LPS mutants of several bacterial
species flocculate on liquid media (21). Different flocculation
behavior has also been observed in biofilms formed by P.
aeruginosa phase variants (15). Differences in swarming be-
tween the F and S variants might also be related to differences
in the LPS. It has recently been shown than in Salmonella
enterica serovar Typhimurium, the LPS plays a critical role in
swarming, probably by acting as a wetting agent (56).

The F variant also produced larger amounts of the sid-
erophore pyoverdin under low- and high-iron conditions, cor-
related with overexpression in the same conditions of pvdA,
encoding an enzyme of the pyoverdin biosynthesis pathway.
This wild-type phenotype was restored with the cloned gacA
gene. It has recently been shown that gac4 and gacS mutants
overproduce pyoverdin under iron limitation (16). P. tolaasii
phase variants affected in the gacS homologue pheN form
green fluorescent colonies, compared to the white colonies
formed by the wild type (22). All these results suggest that the
gacA/gacS system downregulates pyoverdin production in a
variety of fluorescent pseudomonads. It has been reported that
the gacA gene is necessary for swarming of Pseudomonas sy-
ringae (32). However, the gacA-defective F variant is able to
swarm, indicating either that swarming in P. fluorescens F113
does not require gacA or that swarming in these phase variants
is different from the swarming of the wild-type strain.

The gacA/gacS system coordinately regulates the production
of secondary metabolites, namely, HCN and secreted proteins
such as exoprotease (7). The F variant is also affected in these
phenotypes and does not produce HCN or exoprotease activ-
ity. These phenotypes were also complemented by the cloned
gacA gene but not by the gacS gene, demonstrating that the F
variant is affected in that gene. The phenotypes related to
motility, LPS, and flocculation were not restored by the cloned
gacA gene. Sequencing of the gacA allele in the F variant
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showed that a point mutation, resulting in the change of a
glycine to a serine, was responsible for the lack of function.

Spontaneous point mutations in gacA have also been de-
scribed in other pseudomonads (20). Spontaneous gacA/gacS
mutants present a diffuse morphology, similar to what we have
observed in the phenotypic variants recovered from rhizo-
sphere. However, the introduction of gacA4 gene into the F vari-
ant did not complement morphology. Although the appear-
ance of gacA/gacS-related phenotypes among phase variants in
different species of fluorescent pseudomonads (12, 15, 24, 54)
and the alteration in pyoverdin production in a P. aeruginosa
sss mutant suggest that the gac4 gene might be subjected to
phase variation, phenotype selection is also possible. Our re-
sults, the sequencing of gacA allele in variant F showing point
mutations, and the appearance of gac4A mutants from plants
inoculated with F113-sss2 demonstrated that during rhizo-
sphere colonization, this gene is not subjected to phase varia-
tion, but a selection of the phenotype is occurring. Phenotype
selection of gacA/gacS mutants has been described for Pseudo-
monas spp. growing on rich culture media and under certain
conditions can represent 60% of the bacteria in a culture (16,
20). We have shown that gacA mutants also appear in the
alfalfa rhizosphere, which is not as rich as a culture medium,
and they might play a role in rhizosphere colonization.

Phase variation is likely to be important for rhizosphere
colonization, as the appearance of new phenotypes can allow
the establishment of specialized subpopulations to colonize a
heterogeneous ecological niche. It has been shown that P.
fluorescens mutants affected in a site-specific recombinase are
defective in competitive rhizosphere colonization (13). We
have shown here that the sss-encoded site-specific recombinase
produces phase variation during rhizosphere colonization, be-
ing the major factor in phenotypic diversification.

The advantages of flagellar variants for rhizosphere coloni-
zation are obvious, as a subpopulation with enhanced surface
motility is likely to colonize distal parts of the rhizosphere that
are not easily reached by the wild-type strain. The accumula-
tion of these variants that we have found in the distal part of
the root system supports this hypothesis. Ammonia excretion
by variant S could also give a selective advantage for this
variant by local alkalinization that might inhibit the growth of
other bacteria or fungi. The advantages of gac4 mutations are
less obvious. It has been shown that gac4 mutants are not
affected in root colonization (43), although they have limited
persistence in the rhizosphere environment (52). However, if
gacA mutants represent a subpopulation, they can save energy
by not producing a set of secondary metabolites and proteins
that will be produced by other subpopulations, and from which
the gacA subpopulation will benefit. In turn, these gacA vari-
ants will secrete a larger amount of the siderophore pyoverdin
that will also be useful for the rest of the population.

The results that we have presented showed that none of the
phase variants is superior to the wild type in terms of rhizo-
sphere colonization or competitive colonization, although the
distribution pattern showed a specialization in rhizosphere col-
onization. However, it has to be considered that the wild type
showed variation during colonization experiments, while the F
and S forms were apparently locked in a single population.
Considering that P. fluorescens sss mutants are affected in com-
petitive rhizosphere colonization (13), it is likely that the ability
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to diversify in specialized subpopulations, and not a specific
phenotype, is the important trait for rhizosphere colonization.
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