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LapA and LapF are large extracellular proteins that play a relevant role in biofilm formation by Pseudomonas putida. Current
evidence favors a sequential model in which LapA is first required for the initial adhesion of individual bacteria to a surface,
while LapF participates in later stages of biofilm development. In agreement with this model, lapF transcription was previously
shown to take place at late times of growth and to respond to the stationary-phase sigma factor RpoS. We have now analyzed the
transcription pattern of lapA and other regulatory elements that influence expression of both genes. The lapA promoter shows a
transient peak of activation early during growth, with a second increase in stationary phase that is independent of RpoS. The
same pattern is observed in biofilms although expression is not uniform in the population. Both lapA and lapF are under the
control of the two-component regulatory system GacS/GacA, and their transcription also responds to the intracellular levels of
the second messenger cyclic diguanylate (c-di-GMP), although in surprisingly reverse ways. Whereas expression from the lapA
promoter increases with high levels of c-di-GMP, the opposite is true for lapF. The transcriptional regulator FleQ is required for
the modulation of lapA expression by c-di-GMP but has a minor influence on lapF. This work represents a further step in our
understanding of the regulatory interactions controlling biofilm formation in P. putida.

One of the strategies that allow microorganisms to thrive in
different habitats is the formation of surface-associated mul-

ticellular communities called biofilms (1). Intensive research on
diverse bacterial species has provided an inventory of molecular
determinants that participate in the process of bacterial coloniza-
tion of surfaces and biofilm development. However, the regula-
tory networks that connect environmental and cellular signals
with the transition from planktonic to sessile growth and then
modulate the sequence of events in the different stages of biofilm
formation are less well defined and can vary from one species to
another (2).

In a variety of bacteria, changes in the intracellular levels of the
secondary messenger cyclic dimeric guanosine phosphate (c-di-
GMP) participate in the control of that switch between lifestyles
(3, 4). Increasing the intracellular concentration of c-di-GMP by
the overexpression of diguanylate cyclase (DGC) enzymes leads to
increased attachment and reduced biofilm dispersal, as well as to
variations in the global expression pattern (5, 6). In Pseudomonas
fluorescens, intracellular levels of the secondary messenger c-di-
GMP contribute to the molecular mechanism that controls the
release from the cell surface of the large adhesin LapA (7), an
essential element for biofilm development by P. fluorescens and
Pseudomonas putida (8, 9).

Several two-component signal transduction systems consisting
of a sensor histidine kinase and a transcriptional regulator have
also been related to biofilm regulation in different ways and in
diverse bacteria: ArsIRS in Staphylococcus epidermidis (10);
CpxRA in Escherichia coli (11); and PprBA, PilRS, FleRS, RcsBC,
and GacSA in Pseudomonas aeruginosa (12, 13). The GacS/GacA
two-component system is known to regulate processes such as the
expression of virulence factors and the synthesis of secondary me-
tabolites with antimicrobial activity, as well as social behaviors
(14, 15). In response to an as-yet-unidentified environmental sig-
nal, GacS activates by phosphotransfer the transcriptional regula-

tor GacA, which subsequently triggers expression of genes corre-
sponding to small RNAs. This results in a regulatory cascade that
involves derepression of the translation of target genes. In Azoto-
bacter vinelandii this system regulates the synthesis of alginate
(16), an exopolysaccharide that is part of the extracellular matrix
of biofilms in different bacteria. In P. fluorescens, it participates in
the regulatory network controlling flagellar motility (17).

The Gram-negative bacterium Pseudomonas putida KT2440 is
an efficient colonizer of the root system of different plants that
activates induced systemic resistance in the plant and can be used
in rhizoremediation (18, 19, 20). P. putida KT2440 is also able to
develop biofilms on biotic and abiotic surfaces, and molecular
determinants participating in these processes have been de-
scribed. They include surface proteins, exopolysaccharides (EPS),
and elements involved in the synthesis, regulation, and function-
ality of the flagellar system (8, 9, 21–25). Two very large secreted
proteins, LapA and LapF, have been recognized as significant play-
ers with different roles (8, 22). We have proposed a sequential
model for P. putida biofilm formation in which the surface protein
LapA is mainly involved in the first stages of biofilm formation,
facilitating the irreversible cell-surface interaction; later on, LapF
mediates cell-cell interactions, providing support for microcolony
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formation and maturation of the biofilm (22). Activity of the lapF
promoter is consistent with this role of LapF since it is activated at
the beginning of the stationary phase of growth and at advanced
stages of biofilm development and is dependent on the alternative,
stationary-phase sigma factor RpoS (22).

In this work, we have analyzed the transcription pattern of lapA
and the influence of different global regulators on expression of
both adhesins. The results significantly increase our understand-
ing of biofilm formation in P. putida KT2440 and add essential
details to the current model of the regulatory connections that
drive this process.

MATERIALS AND METHODS
Bacterial strains and growth conditions. Strains and plasmids used in
this work are listed in Table 1. Pseudomonas putida KT2440 is a plasmid-
free derivative of P. putida mt-2, originally isolated from a vegetable or-
chard in Japan (26). Strains mus-20 (lapF mutant), mus-42 (lapA mu-
tant), and mus-69 (fleQ mutant), which were obtained by random
transposon mutagenesis with mini-Tn5 Km1 and identified as defective in
attachment to corn seeds, have been previously described (9, 21). C1R1 is
an rpoS null derivative of KT2440 (27). A gacS mutant of KT2440 was
obtained by random transposon mutagenesis with mini-Tn5 (=luxCDABE
Km2) (28) and identified after selection of mutants deficient in biofilm
formation on abiotic surfaces. Escherichia coli DH5� was used as a host for
cloning.

Plasmids pRU1097 (29) and pMP220 (30) were used to construct
pMMG5 (PlapA::gfp) and pMMG6 (PlapA::mCherry) as detailed below.
Plasmids pMMG1 (PlapF::lacZ), pMMG2 (PlapF::gfp), pMMGA (PlapA::
lacZ), pMAMV21 harboring an rpoS::lacZ translational fusion, and

pMAMV1 carrying the diguanylate cyclase-encoding gene rup4959 have
been described elsewhere (22, 31, 32). E. coli was grown at 37°C in LB
medium (33). P. putida was grown at 30°C in either LB or M9 minimal
medium with MgSO4, Fe citrate, and trace metals (9) with glucose (20
mM) as a carbon source. When appropriate, antibiotics were used at the
following concentrations: kanamycin (Km), 25 �g/ml; tetracycline (Tc),
10 �g/ml; gentamicin (Gm), 10 �g/ml (for E. coli) or 100 �g/ml (for P.
putida).

Plasmid construction. To generate plasmid pMMG5 (PlapA::gfp), a
403-bp PCR fragment containing the lapA promoter region was ob-
tained with primers LapAFwPstI (TACGGCTGCAGAGGTGTATG)
and LapARevKpnI (CAGGCGGGTACCTTCGATA). The PCR product
was digested with PstI and KpnI and cloned in vector pRU1097, which
harbors a promoterless gfp derivative. Plasmid pMMG6 was obtained
by overlapping PCR amplification of the lapA promoter and the
coding sequence of mCherry from Bacillus subtilis DR-40 (34) with
primers FwLapAmch (TTTTTTTGAATTCTGTCGAGTAAGTCGGT
CGCG), RvLapAmch (ATCCTCGCCCTTGCTCACCATCGGACCGGT
GAGCACTTCCTC), mcherryFWD (ATGGTGAGCAAGGGCGAGGAT),
and mcherryREV (TTTTTTGGTACCTTACTTGTACAGCTCGTC),
followed by digestion with EcoRI and Acc65I and cloning in the same sites
of pMP220. This plasmid was used to allow for dual incorporation of
plasmids harboring green fluorescent protein (GFP; derived from
pRU1097) and mCherry fusions in the same cell. Absence of mutations
was confirmed in all of the constructs by sequencing.

Biofilm formation analysis. Biofilm formation was examined during
growth in polystyrene microtiter plates (Sterilin) or in borosilicate glass
tubes, without medium replacement, as described previously (9). Biomass
attached to the surface was visually inspected by crystal violet (0.4%)
staining and quantified by solubilizing the dye with 70% ethanol and
measuring the absorbance at 580 nm (35). Microscopy analysis of biofilm
formation under static conditions was done by obliquely placing 40- by
20-mm glass coverslips into the wells of a six-well plate where cultures
were allowed to grow in 1:10 LB medium at 30°C. Visualization was done
on a Zeiss Axioscope fluorescence microscope with appropriate filter sets.
A Nikon C-1 microscope was used for confocal laser scanning microscopy
(CLSM) at the Microscopy Service (Estación Experimental del Zaidín).

Assays for �-galactosidase activity. �-Galactosidase activity was
measured as described before (36). Overnight cultures were inoculated
(1:100 dilution) in fresh LB medium and grown for 1.5 h; cultures were
diluted 1:1 three times (every half hour) before the start of sample collec-
tion. These steps were done to ensure proper dilution of �-galactosidase
accumulated after overnight growth. No detectable differences were ob-
served in planktonic growth of the strains. Cultures harboring pMAMV1
were vortexed in the presence of glass beads (diameter, 0.5 mm) to disrupt
aggregates that appeared as a consequence of high levels of c-di-GMP
(31). Experiments were repeated at least three times with two technical
repeats per sample, and data are given in Miller units.

RNA extraction and preparation of cDNA. Total RNA from expo-
nentially growing cells in LB medium was extracted with TRI reagent
(Ambion) as recommended by the manufacturer, except that TriPure
Isolation Reagent was preheated at 70°C. RNA was pretreated with RNase-
free DNase I (Roche) plus RNaseOUT (Invitrogen), followed by purifica-
tion with RNeasy columns (Qiagen) and a second DNase I treatment to
remove DNA traces with a Turbo DNA-free kit (Ambion). Reverse tran-
scription reactions to generate the corresponding cDNA were performed
with 1 �g of RNA using SuperScript II Reverse Transcriptase (Invitrogen)
with random hexamers as primers, according to the manufacturer’s pro-
tocol.

qRT-PCR. Primers used for quantitative real-time PCR (qRT-PCR)
analyses were as follows (5=-3= sequences): LAPAQF (ATGAGCAGCGTT
GTAGCC) and LAPAQR (TGCTACTGTCAGGCGCAT) for analysis of
lapA and LAPFQF (CCATGGACAACATCGTCG) and LAPFQR (CCAC
GGCGAAGAAGTTAC) for analysis of lapF. The PCR products were 220
and 204 bp, respectively. 16S rRNA was used as an internal control for

TABLE 1 Strains and plasmids used in this work

Strain or plasmid Description
Source or
reference

P. putida strains
KT2440 Wild type Lab stock
mus-20 lapF mutant (mini-Tn5 Km1) 21
mus-42 lapA mutant (mini-Tn5 Km1) 9
mus-69 fleQ mutant (mini-Tn5 Km1) 9
MM2 gacS mutant (mini-Tn5 luxCDABE Km) This work
C1R1 rpoS null mutant 27

E. coli strains
DH5� �� �80dlacZ�M15 �(lacZYA-argF)U196

recA1 endA1 hsdR17(rK
� mK

�) supE44
thi-1 gyrA relA1

Lab stock

MKW909 S17-1 �pir (pUT mini-Tn5 =luxCDABE
Km2)

28

Plasmids
pMMG1 lapF::lacZ transcriptional fusion, Tcr 22
pMMGA lapA::lacZ transcriptional fusion, Tcr 32
pMMG2 lapF::gfp transcriptional fusion, Gmr 22
pMMG5 lapA::gfp transcriptional fusion, Gmr This work
pMMG6 lapA::mCherry transcriptional fusion, Tcr This work
pMAMV1 Diguanylate cyclase gene rup4959 in

pBBR1MCS5, Gmr

31

pMAMV21 rpoS::lacZ translational fusion in
pMP220, Tcr

31

pMP220 Promoter probe vector, promoterless
lacZ, Tcr

30

pRU1097 Promoter probe vector, promoterless gfp,
Gmr

29
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normalization, using previously described primers (31). Real-time PCR
amplification was carried out on a MyiQ2 system (Bio-Rad) associated
with iQ5 Optical System Software (version 2.1.97.1001). Each 25-�l reac-
tion mixture contained 12.5 �l of iQ SYBR green Supermix (100 mM KCl,
40 mM Tris-HCl, pH 8.4, 0.4 mM each deoxynucleoside triphosphate
[dNTP], 50 U ml�1 iTaq DNA polymerase, 6 mM MgCl2, SYBR green I,
20 nM fluorescein, and stabilizers) (Bio-Rad) and 2 �l of template cDNA
(diluted 1- or 1,000-fold). Thermal cycling conditions were as follows:
one cycle at 95°C for 5 min and then 40 cycles at 95°C for 30 s, 65°C for 30
s, and 72°C for 20 s, with a single fluorescence measurement per cycle,
according to the manufacturer’s recommendations. A final extension cy-
cle (at 72°C for 1 min) was performed. Melting curve analysis was per-
formed by gradually heating the PCR mixture from 55 to 95°C at a rate of
0.5°C per 10 s for 80 cycles. The results were analyzed by means of the
comparative threshold cycle (��CT) method (37) to determine the rela-
tive expression of each gene in the mutants with respect to the wild type.

Flow cytometry. Cells of P. putida KT2440 were grown in LB medium
at 30°C in a six-well plate with a 40- by 20-mm glass coverslip placed
obliquely into the well. At different time points, cells attached to the cov-
erslip (biofilm cells) were recovered as follows: the coverslip was washed
twice with sterile phosphate-buffered saline (PBS) buffer and then intro-
duced in a 50-ml tube with 25 ml of PBS buffer; cells were detached with
three repetitive passes of 30 s of mild sonication (20% power) with an
UltraSonics sonicator equipped with a small-tip probe. For the analysis of
planktonic cells, 2 ml of culture from the well was taken. Cells obtained
from either the wells or the coverslips were centrifuged at 13,000 rpm for
15 min, and the pellets were fixed in 4% paraformaldehyde for 7 min.
After fixation, cells were washed with PBS, resuspended in GTE buffer (50
mM glucose, 20 mM Tris-HCl at pH 8, 10 mM EDTA at pH 8), and stored
at 4°C. Prior to flow cytometric analysis, cells were subjected to mild
sonication (two rounds of 10 1-s pulses at 20% power), conditions that
remove cells from any extracellular matrix but do not cause cell lysis at
detectable levels (38). This procedure gave a preparation of single cells.
For flow cytometric analysis, cells were diluted in PBS and directly mea-
sured on a BD LSR II flow cytometer (BD Biosciences) with solid-state
lasers at 405/488/594 nm. For each sample, at least 30,000 events were
analyzed. Data from the fluorescent signals were collected using 505-nm
long-pass (LP) and 530/30-nm band-pass (BP) filters, with the photomul-
tiplier voltage set between 300 and 500 V. Data were captured using FACS
Diva software (BD Biosciences) and further analyzed using FlowJo, ver-
sion 8.5.2, software (Ashland, OR).

RESULTS
The lapA promoter is active at early and late stages of growth. In
order to test if gene expression data support the sequential model
of LapA and LapF activity proposed previously (22), the expres-
sion pattern of lapA was studied in P. putida KT2440 using plas-
mid pMMGA, which carries an lapA::lacZ transcriptional fusion.
Expression from the lapA promoter was followed during growth
in liquid LB medium. As shown in Fig. 1, there was a peak of
�-galactosidase activity at early time points, followed by a decrease
until the culture entered the stationary phase, when activity in-
creased again. The early transient peak of activity was consistently
observed when sampling was done with sufficient frequency dur-
ing the first hours but was easily missed when periods between
samples were longer. We have previously reported that the lapF
promoter is dependent on RpoS, which is active in stationary
phase and at late times during biofilm formation (22). Data for the
�-galactosidase activity of an lapF::lacZ fusion are included in Fig.
1 for comparison. We considered the possibility that RpoS influ-
enced expression of the lapA promoter in stationary phase, as is
the case for lapF. However, when plasmid pMMGA was intro-
duced in strain C1R1, an rpoS mutant derivative of KT2440 (27),

no differences in expression levels were observed with respect to
the wild type (see Fig. S1 in the supplemental material).

Expression of lapA was then examined in biofilms grown under
static conditions on glass coverslips. For that purpose, an lapA::gfp
transcriptional fusion was constructed in plasmid pRU1097,
yielding pMMG5, which was then introduced in P. putida
KT2440. Expression was followed during biofilm formation by
fluorescence microscopy (Fig. 2). In agreement with the �-galac-
tosidase activity results, expression of the lapA::gfp fusion was ev-
ident at very early times (30 min after inoculation), with every cell
attached to the coverslip showing green fluorescence even though
the intensity was not uniform. During the following stages of bio-
film development, a decrease in fluorescence intensity was ob-
served, followed by a significant increase that remained after 24 h
although at this time not all the cells on the coverslip showed
fluorescence.

FIG 1 Expression profile of the lapA promoter. (A) �-Galactosidase activ-
ity (filled circles) of an lapA::lacZ fusion during growth (filled squares) of
KT2440(pMMGA) in liquid LB medium, showing a transient peak during
early exponential phase and a later rise in stationary phase. Expression
(open circles) of an lapF::lacZ fusion during growth (open squares) of
KT2440(pMMG1) is shown for comparison. (B) Detailed analysis of expres-
sion of the lapA::lacZ fusion in the first hours of growth. Data are averages and
standard deviations of four experiments with duplicate samples. Statistically
significant differences between time points are indicated by different letters on
top of the bars, based on an analysis of variance test with Tukey’s posttest.
OD600, optical density at 600 nm.
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Heterogeneous populations of cells expressing lapA or lapF
within a biofilm. The results of fluorescence microscopy revealed
heterogeneity in the expression of lapA within a biofilm, especially
at 24 h. Thus, we decided to follow the population dynamics of
cells of P. putida KT2440 expressing lapA::gfp (pMMG5) and lap-
F::gfp (pMMG2) using flow cytometry. Cells were grown under
static conditions in six-well plates with an immersed coverslip. At
different time points cells were harvested from the wells (plank-
tonic cells) and the coverslips (biofilm cells) as described in Ma-
terials and Methods. Results show that after 2 h of incubation, a
small subpopulation of planktonic cells were expressing the lapA
fusion, while expression of lapF was undetectable (Fig. 3). At this
time, the number of cells attached to the coverslip was insufficient
for analysis by flow cytometry. Small subpopulations of cells ex-
pressing lapF were detected at 4 and 6 h in both coverslips and
wells (data not shown). These subpopulations increased at 8 h
(Fig. 3). At this time the overall intensity of the signal of plank-
tonic cells expressing lapA was slightly higher than that of the
negative control, suggesting that the majority of the population
showed some basal expression of lapA. However, on the coverslip
two subpopulations could be discerned, one expressing lapA and
the other matching the negative control, thus indicating lack of
expression (Fig. 3). This situation remained invariable over 24 h,
with little change in the expression of lapA (Fig. 3). At 24 h, the

expression of lapF increased considerably, not only in the number
of cells wherein fluorescence was observed but also in the intensity
of the fluorescence signal. Although two subpopulations could be
differentiated in the coverslip at this time, one expressing lapF and
the other showing no expression, similar to the negative control,
the entire planktonic population was expressing lapF, even if the
intensity was lower than that of the subpopulation on the cover-
slip. It is noteworthy that the intensity of lapF expression showed
an increase over time, while the lapA promoter presented its high-
est activity at early time points.

These data were further explored by confocal laser scanning
microscopy in biofilms of KT2440 harboring plasmids pMMG1
(lapF::gfp) and pMMG6 (containing an lapA::mCherry transcrip-
tional fusion) (see Materials and Methods for details), grown as
described in the previous section, to determine if different sub-
populations were “specialized” in expression of one or the other
fusion construct. As shown in Fig. 4, most cells in the attached
population expressed both fusions at 6 and 24 h although the
lapF::gfp fusion shows an overall higher intensity. Some cells ex-
pressing one of the fusions with significantly more intensity than
the other could be observed, but in general no clear specialization
was evident under these conditions. Heterogeneous fluorescence
intensity was observed for both fusions, but it was more manifest
for the lapA::mCherry fusion.

A mutant in the sensor kinase GacS is affected in biofilm for-
mation and shows reduced expression of lapA and lapF. The
involvement of the two-component system GacS/GacA in biofilm
formation by P. putida has been recently reported (25). Indepen-
dently of these results, a P. putida mutant affected in gacS was
obtained after random transposon mutagenesis and selection of
mutants showing reduced biofilm formation in an effort to unveil
regulators of this process. As shown in Fig. 5, the gacS mutant
showed reduced attachment during growth in glass tubes or on
microtiter plates. In the latter, the wild type showed the char-
acteristic dynamic of attachment during growth, followed by
detachment due to nutrient/oxygen depletion (9, 22), whereas
the mutant showed very little attached biomass throughout the
experiment (Fig. 5B). No differences in planktonic growth levels
were observed between the two strains (data not shown).

Since LapA and LapF are the main structural components in-
volved in P. putida biofilm formation, we decided to test if this
defect might be due to altered expression of lapA and/or lapF. For
that purpose, pMMGA and pMMG1 were introduced in the gacS
mutant, and �-galactosidase assays were performed. As shown in
Fig. 6, expression of both promoters is affected in similar but not
identical ways in the mutant. A clear reduction in the level of
activity of the lapA::lacZ fusion was observed, and no increase
could be detected in stationary phase (Fig. 6A). Expression of lap-
F::lacZ, on the other hand, was nearly abolished in the gacS mutant
(Fig. 6B). Similar results were obtained when the gfp reporter fu-
sions were introduced in a gacA mutant, where no fluorescence
was detected in either case (data not shown), indicating that the
effect of GacS on lapA and lapF is via its cognate response regula-
tor GacA.

These results were further validated by quantitative real-time
PCR (qRT-PCR). As shown in Fig. 6C, the relative amounts of
mRNAs of lapA and lapF were significantly reduced in the gacS
mutant with respect to the wild type. The apparent divergences
between �-galactosidase activity and the qRT-PCR results in the
case of lapF reflect the stage at which RNA samples were taken

FIG 2 Expression of lapA::gfp in biofilms of KT2440 harboring pMMG5.
Cells were grown on glass coverslips under static conditions as detailed in
Materials and Methods. The same field on the coverslip was examined by
phase-contrast (left panels) and fluorescence (right panels) microscopy.
Magnification, 	1,000 (30 min, 2 h, 4 h, and 6 h) or 	400 (24 h).
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(exponential phase, when lapF expression is not maximal in the
wild type).

The alternative sigma factor 
s (RpoS) is positively regulated
by the two-component system GacS/GacA in P. fluorescens Pf-5
(39). Given that the expression of lapF is under the control of this
sigma factor (22), we checked rpoS expression in the gacS mutant
using plasmid pMAMV21, which harbors an rpoS::lacZ transla-
tional fusion (31). Expression of rpoS was abolished in the mutant
(Fig. 6D), indicating that GacS/GacA regulate rpoS in P. putida
and suggesting that the influence of the two-component system
on lapF is indirect, via RpoS.

High intracellular levels of c-di-GMP influence transcription
of lapA and lapF through different pathways. It has been recently
shown that the response regulator Rup4959 of P. putida KT2440
contains GGDEF/EAL domains and that when the gene is present
in multicopy, it confers high levels of intracellular c-di-GMP due
to the diguanylate cyclase activity of the protein (31). As a conse-
quence, a variety of phenotypic effects are apparent, including
enhanced biofilm formation, wrinkly colonies, pellicle formation
at the air-liquid interphase, EPS overproduction, and cellular
clumping. Given that the levels of c-di-GMP influence gene ex-
pression, in particular, of genes involved in EPS production and

FIG 3 Flow cytometry analysis of lapA::gfp and lapF::gfp expression in planktonic and biofilm populations. The y axis represents relative cell counts. The x axis
shows arbitrary fluorescence units in a logarithmic scale. Red lines correspond to planktonic cells recovered from the well, and blue lines correspond to cells
recovered from the surface of the coverslip. The gray peak corresponds to KT2440 cells with no gfp reporter and is shown as a nonfluorescent negative control to
identify populations of gfp-harboring cells with no above-background fluorescence. Shown are results from samples taken after 2, 8, and 24 h. FITC, fluorescein
isothiocyanate; Max, maximum.
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biofilm formation (5, 40), we next studied if a high intracellular
level of this secondary messenger could have an influence on the
transcriptional regulation of lapA or lapF. For this purpose
pMMG1 or pMMGA was introduced in KT2440 harboring
pMAMV1 (rup4959 in multicopy), and �-galactosidase activity
was studied. We observed variations in the expression intensities
of both promoters (Fig. 7). Surprisingly, each was affected in dif-
ferent ways. In the presence of high levels of c-di-GMP, the ex-
pression of lapA was around 2-fold higher than physiological con-
centrations of the secondary messenger. In contrast, the
expression of lapF was negatively affected by high levels of c-di-
GMP.

In a recent work, the flagellar regulator FleQ has been reported
to modulate expression of EPS genes in P. aeruginosa through its

interaction with c-di-GMP (41). A fleQ mutant of P. putida
KT2440 shows reduced attachment to plant seeds and biofilm
formation on abiotic surfaces (9). Analysis of expression of the
lapA::lacZ and lapF::lacZ fusions in this mutant (Fig. 8) revealed
that FleQ functions as a positive regulator of lapA, while it has little
effect on lapF (only a detectable but minor increase in �-galacto-
sidase activity was observed in the mutant at 24 h). Similar results
were obtained by qRT-PCR, showing a clear reduction in the rel-
ative expression of lapA in the fleQ mutant and a slight increase
(less than 2-fold) in the relative expression of lapF (Fig. 8C). When
plasmid pMAMV1 was introduced in the fleQ mutant, the in-
crease in activity observed for the lapA::lacZ fusion in the wild-
type strain harboring this plasmid was lost, indicating that FleQ is
required for c-di-GMP-dependent activation of the lapA pro-

FIG 4 Confocal microscopy analysis of biofilms of KT2440 harboring both an lapA::mCherry and an lapF::gfp fusion. Biofilms were observed after 6 h (A, B, and
C) or 24 h (D, E, and F) of growth. Fluorescence and pseudo-Nomarski images were combined to detect cells expressing lapA (A and D), lapF (B and E), or both
(C and F). Scale bar, 20 �m. In panel F, output from the red channel was increased to correct for the higher fluorescence of the lapF fusion at this time. Insets are
close-ups to show heterogeneity at the individual cell level more clearly. The arrow in the panel C inset points to an example of high lapA expression at 6 h.

FIG 5 A gacS mutant is impaired in biofilm formation. The left panel shows attachment of the wild-type KT2440 and the gacS mutant strains to borosilicate glass
after 4 h of growth in LB medium under orbital shaking, assessed by staining with crystal violet. The right panel shows data for biofilm formation during static
growth in LB medium in microtiter plates. Data correspond to averages and standard deviations from three experiments with duplicate samples. Differences
between the wild type and the mutant are statistically significant at all time points except at 24 h (Student’s t test, P � 0.05).
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moter (Fig. 8). In contrast, in the case of lapF, there was a reduc-
tion in �-galactosidase activity in the mutant with high c-di-GMP
levels similar to that previously observed in the wild type, suggest-
ing that the negative effect of the second messenger is not through
FleQ. Analysis of the sequence of the promoter region of lapA
revealed the existence of a potential recognition site for FleQ (see
Fig. S2 in the supplemental material), but no similar site was de-
tected in the lapF promoter (not shown).

Lack of LapA induces changes in lapF expression. We have
recently reported that mutations in lapA or lapF resulted in in-
creased expression and production of EPS (32). To determine if
such an effect could also exist between the two adhesins, expres-
sion of their promoters in either mutant was analyzed with plas-
mids pMMGA and pMMG1. A significant reduction in �-galac-
tosidase activity was detected for the lapF::lacZ fusion in the lapA
mutant after 24 h (Fig. 9). This effect seems to be independent of
the alterations observed in high levels of c-di-GMP since the in-
crease in lapA expression and the decrease in lapF expression in
the presence of pMAMV1 were similar in all of the strains (see Fig.
S3 in the supplemental material).

These results were further explored using flow cytometry. Plas-
mids pMMG5 (lapA::gfp) and pMMG2 (lapF::gfp) were intro-

FIG 6 Expression of lapA and lapF is regulated by the Gac system. Growth (filled symbols) and �-galactosidase activity (open symbols) of KT2440 (circles) and the gacS
mutant (squares) harboring the lapA::lacZ fusion in pMMGA (A) and the lapF::lacZ fusion in pMMG1 (B). Experiments were repeated twice with duplicate samples, and
results of a representative experiment are shown. (C) Analysis of the relative expression (RE) of lapA and lapF in the gacS mutant versus KT2440 by qRT-PCR. (D)
Growth (filled symbols) and �-galactosidase activity (open symbols) of KT2440 (circles) and the gacS mutant (squares) harboring an rpoS::lacZ fusion in pMAMV21.

FIG 7 Influence of high levels of c-di-GMP on expression of lapA and lapF.
Plasmid pMAMV1, carrying the diguanylate cyclase gene rup4959, was introduced
in KT2440 harboring pMMGA (lapA::lacZ) or pMMG1 (lapF::lacZ), and �-galac-
tosidase activity was measured after overnight growth in LB medium. Data corre-
spond to averages and standard deviations of three experiments with duplicate
samples, and differences between each strain harboring pMAMV1 and their re-
spective control are statistically significant (Student’s t test, P � 0.05).
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duced in the mus-42 and mus-20 mutants, and cells were grown
on six-well plates under static conditions with a coverslip in each
well. At different time points cells were harvested from the culture
in the well or from the coverslips and treated for analysis as de-
scribed in Materials and Methods. It was not possible to recover
sufficient cells from the coverslip in the lapA mutant (mus-42),
given that this mutant is impaired in biofilm formation. For this
mutant, we compared the expression levels only in cells recovered
from the culture in the well. Expression of lapF in mus-20 (lapF
mutant) and expression of lapA in either mutant did not vary
compared to the wild-type levels (data not shown). On the other
hand, as shown in Fig. 10, lapF expression in the lapA mutant
showed a clearly altered pattern. A new subpopulation of cells
expressing lapF, absent in the wild type, appeared at 2 h. At 4 h the
two strains behaved identically, with only a very small subpopu-
lation showing expression of lapF. At 8 h, we observed a shift of the
entire mus-42 population, indicating lapF expression, whereas in
the wild type only a subpopulation of cells expressed the lapF
promoter. Similar to the results obtained in �-galactosidase as-
says, expression of lapF was lower in the lapA mutant than in the
wild type after 24 h.

DISCUSSION

Bacterial communities living on surfaces are commonly sur-
rounded by an extracellular matrix composed mainly of polysac-
charides and surface proteins, which confer adhesiveness, cohe-
siveness, and stability. In P. putida KT2440, biofilm formation is
essentially dependent on the surface adhesion proteins LapA and
LapF, which have been shown to play different roles (8, 22). The
transcription pattern deduced for lapA correlates with its partici-
pation in the initial, irreversible attachment of bacteria to the sur-

FIG 8 Growth (filled symbols) and �-galactosidase activity (open symbols) of
KT2440 (circles), the fleQ mutant mus-69 (squares), and mus-69 with
pMAMV1 (triangles) harboring the lapA::lacZ fusion in pMMGA (A) and the
lapF::lacZ fusion in pMMG1 (B). Experiments were repeated three times with
duplicate samples, and results of a representative experiment are shown. (C)
Analysis of the relative expression (RE) of lapA and lapF in the fleQ mutant
versus KT2440 by qRT-PCR.

FIG 9 Expression of lapF::lacZ is reduced in an lapA mutant. Plasmid
pMMGA or pMMG1 was introduced in KT2440 (white bars), mus-20 (lapF
mutant; gray bars), and mus-42 (lapA mutant; black bars), and �-galactosidase
activity was measured after overnight growth in LB medium. Results are aver-
ages and standard deviations from three experiments with duplicate samples.
The asterisk indicates statistically significant differences relative to the wild
type (wt) (Student’s t test, P � 0.05).
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face (8) and also suggests a later role as part of the matrix of mature
biofilms. Such a role had been previously proposed (24, 42) along
with the idea that LapA may interact directly with EPS. In fact, in
P. fluorescens and P. putida, LapA is essential for the maintenance
of the biofilm structure, given that the activity of the protease
LapG causes disassembly of the biofilm due to the release of LapA
from the cell surface (7, 43).

Results from flow cytometry experiments indicate that plank-
tonic cells and cells recovered from the biofilm behave differently
with respect to lapA and lapF expression, which is dynamic during
biofilm development. It is worth noting that at the early stages of
surface colonization, when only a few cells are attached, all of them
seem to express lapA (from microscopy observations with the la-
pA::gfp fusion), whereas in the planktonic population only a sub-
set of cells show lapA expression. Further analysis would be re-
quired to establish whether this could represent a bistability
mechanism, whereby LapA is produced by a subpopulation of
free-living cells, and those are the ones that attach and initiate the
build-up of a biofilm. The subsequent reduction in lapA expres-
sion might indicate that it is repressed in response to surface at-
tachment although a similar reduction is observed in liquid cul-
tures harboring an lapA::lacZ fusion. One possibility is that in
liquid cultures a mixture of planktonic cells and cells detached
from the surface is present. At later stages, subpopulations of cells
expressing lapA or lapF appear within the biofilm, which is con-

sistent with the notion that the different parts of a biofilm are
heterogeneous with respect to physiology, metabolic state, and
gene expression (1). This is exemplified in the micrographs
shown in Fig. 4, where most cells are expressing lapF::gfp and
lapA::mCherry but in both cases at various intensities.

Our current view of the regulatory network controlling biofilm
formation in P. putida at the transcriptional level is summarized in
Fig. 11. The two-component system GacS/GacA appears as a mas-
ter regulator of the process, influencing expression of both ad-
hesins. In the case of LapF, the influence is via RpoS, while it
remains to be determined what the exact pathway is for LapA. This
is the first direct evidence in P. putida connecting that two-com-
ponent regulatory system with genes involved in biofilm forma-
tion. We cannot exclude the possibility that other structural com-
ponents of the biofilm are also under the control of GacS/GacA. In
P. aeruginosa, disruption of gacS results in accelerated attachment
followed by early detachment under flow conditions (44) when
biofilms are analyzed for prolonged periods (72 to 144 h). How-
ever, under static conditions and shorter incubation times, similar
to those used here, a gacA mutant was shown to be defective in
biofilm maturation (45). In the plant root-colonizing strain P.
fluorescens F113, mutations in gacS or gacA cause a hypermotile
phenotype (46, 47) as well as the loss of biocontrol activity (48).
Although the production of certain secondary metabolites is reg-
ulated by this system, biocontrol activity also requires efficient

FIG 10 Flow cytometry analysis of lapF::gfp expression in planktonic populations of KT2440 and the lapA mutant mus-42 grown in LB medium under static
conditions. The y axis represents relative cell counts. The x axis shows arbitrary fluorescence units in a logarithmic scale. Blue and red lines correspond to
planktonic wild-type and lapA mutant cells, respectively, recovered from the well. The gray peak corresponds to control cells with no gfp reporter and is shown
as a nonfluorescent negative control. Shown are results from samples taken after 2, 4, 8, and 24 h.
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colonization of the rhizosphere and of root surfaces. Based on our
results, it seems possible that reduced biofilm formation may con-
tribute to the decrease in biocontrol activity observed in gac mu-
tants (49). It is also worth noting that GacA and RpoS have a
significant influence on the global transcription profile of Pseu-
domonas protegens Pf-5 (formerly P. fluorescens Pf-5) colonizing
the surface of plant seeds. Intriguingly, expression of lapA is re-
ported to be upregulated on seed surfaces in an rpoS mutant of
Pf-5 (50). In this bacterium there is no LapF homolog, so there
may be differences with P. putida in the regulation and function of
LapA.

The intracellular levels of the secondary messenger c-di-GMP
affect the expression of lapA and lapF in reverse ways. The role of
c-di-GMP in the transition between motile and sessile lifestyles
has been widely demonstrated although many studies have fo-
cused on aspects related to flagellar motility. Recent results have
demonstrated that high intracellular concentrations of c-di-GMP
contribute to maintain LapA on the cell surface (7, 42, 43). Our
results show increased expression of the lapA promoter in re-
sponse to high c-di-GMP, suggesting that the levels of this second-
ary messenger regulate biofilm formation at both the transcrip-
tional and posttranslational levels. Interestingly, the influence of
c-di-GMP on lapA expression requires the regulator FleQ, a result
that correlates in P. aeruginosa with its role in expression of bio-
film-related elements, namely, exopolysaccharides (41). In P. fluo-
rescens F113, a connection between GacS/GacA and FleQ has been
described in the regulation of swimming motility, which is nega-
tively controlled by GacS/GacA through FleQ, while a high intra-
cellular concentration of c-di-GMP represses motility through
WspR (17, 47).

The fact that lapF expression is reduced when c-di-GMP levels
are increased could be indicative of a mechanism for controlling
the timing of events during biofilm development. Furthermore,
the lack of LapA alters the expression pattern of lapF so that cells
expressing lapF at early time points arise in LapA-defective popu-
lations although the level of expression is lower at late time points.
These results, along with our previous observation that the lack of
either adhesin results in increased exopolysaccharide expression
(32), suggest that there is an internal mechanism for sensing the

balance of structural components of the biofilm. This balance
could be viewed from an energy investment standpoint, whereby
during rapid growth the cell ensures that energy is devoted to
other processes and that only LapA is made early on since it is
essential for attachment. It could also reflect that the need for this
adhesin in the establishment of a sessile population might be cir-
cumvented under certain environmental conditions yet to be de-
fined. How such interplay between biofilm matrix components is
sensed and how the “biofilm timetable” is controlled are the next
challenges to face in the analysis of bacterial multicellularity.
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