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Abstract: The biofilm of Pseudomonas putida is complexly regulated by several intercellular and
extracellular factors. The cell surface adhesin LapA of this bacterium is a central factor for the biofilm
and, consequently, the regulation of lapA expression, for example, by Fis. It has been recently shown
that peptides in growth media enhance the formation of P. putida biofilm, but not as a source of
carbon and nitrogen. Moreover, the peptide-dependent biofilm appeared especially clearly in the
fis-overexpression strain, which also has increased LapA. Therefore, we investigate here whether
there is a relationship between LapA and peptide-dependent biofilm. The P. putida strains with
inducible lapA expression and LapA without the vWFa domain, which is described as a domain
similar to von Willebrand factor domain A, were constructed. Thereafter, the biofilm of these strains
was assessed in growth media containing extracellular peptides in the shape of tryptone and without
it. We show that the vWFa domain in LapA is necessary for biofilm enhancement by the extracellular
peptides in the growth medium. The importance of vWFa in LapA was particularly evident for the
fis-overexpression strain F15. The absence of the vWFa domain diminished the positive effect of Fis
on the F15 biofilm.
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1. Introduction

The two adhesins of Pseudomonas putida, LapA and LapF, are responsible for attach-
ment, initial biofilm formation, and maintaining the structural integrity of mature biofilm.
LapA is presumed to be an essential adhesin for attachment and biofilm formation, while
LapF is characterised as an adhesin for cell–cell interaction in mature biofilm. However,
the role of LapA in biofilm appears to be more critical [1–4].

The transport and exposure of Pseudomonas fluorescens LapA onto the cell surface have
been extensively studied. Due to the similarity of the system to P. putida, it can be considered
as a model for both bacteria. The LapA of P. fluorescens is transported to the cell surface via
a type I secretion system (T1SS) that consists of three proteins, LapB, LapC and LapE [5].
LapB is expected to recognise the C-terminal signal sequence of LapA. The C-terminus of
the protein is transported out of the cell, while the N-terminus remains in the periplasm [6].
LapA remains tethered to the outer membrane via LapE, inducing attachment to biotic and
abiotic surfaces [7–10]. The periplasmic protease LapG releases LapA from LapE after the
proteolytic attack of the N-terminus of LapA, thereby reducing the biofilm. Depending
on the presence of c-di-GMP, LapD, submerged to the inner membrane, can inhibit the
LapG activity by binding to it [11]. Unlike P. fluorescens, the P. putida LapA transporter
genes are not located consecutively; lapBC (PP_0167 and PP_0166) form an operon, whereas
lapE (PP_4519) is located separately. It is important to note that lapA and lapB of P. putida
share the same, approximately 1 kbp long, promoter region, with the genes encoded in the
opposite direction [12].

The LapAs are large extracellular proteins; in P. fluorescens Pf0-1 and P. putida KT2440
the size of the protein is 519 kDa and 888 kDa, respectively [12]. Based on the similarity of
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protein sequence, several domains have been found in LapAs that could be involved in
its transport and adhesion. While LapA N-terminus remains in the periplasm, the extra-
cellular repeats make up the majority of LapA. Although these repeats are not conserved
among LapA homologs, it is suggested that the functionally similar repetitions provide a
tubular structure, ensuring the location of the C-terminus far away from the cell [13]. The
C-terminus of LapA, the extracellular part of this protein, contains the T1SS signal sequence
required to transport with the LapBCE complex and a repeat-in-toxin (RTX) domain, de-
scribed as a domain that binds calcium [10,12,14]. One particular domain of the C-terminus,
the von Willebrand factor A-like domain (vWFa), has our attention. In P. putida strain
KT2440, amino acids 8159-8283 of LapA are predicted to form the vWFa-domain based
on the Pfam database and P. fluorescens Pf0-1 in 4710-4830, respectively [12]. The vWFa of
P. fluorescens LapA is associated with adhesion into hydrophilic surfaces [10], but so far, the
function of P. putida vWFa has not been described.

The von Willebrand factor (vWF) is a eucaryotic multimeric glycoprotein found in
blood plasma, platelets, endothelial cells, and subendothelial cells. Its primary function
is to induce the adhesion of platelets and thrombus formation in the case of vascular
injury [15]. Several eukaryotic proteins, such as type IV collagen, type VII collagen, cartilage
matrix protein, undulin, leukocyte β2 class receptors, complement components C2, B, etc.,
contain a domain A of vWF (vWFa). These proteins are mostly cell surface proteins
or extracellular proteins [16]. In addition to eucaryotic proteins, domain A of the von
Willebrand factor is found in several bacterial proteins, especially among extracellular
adhesins such as LapA homologs [11]. Hence, domain A is particularly characteristic of
extracellular proteins involved in cell adhesion, migration, homing, pattern formation, and
signal transduction [16].

Chronic infection of all pathogenic bacteria begins with their attachment to the surface.
Notably, bacteria have been reported to bind to vWF or have surface proteins with vWFa-
like domains used for attachment. In any case, the protein–protein interaction plays a
significant role in developing virulence. For example, Staphylococcus aureus uses Spa protein
to attach to vWF or its proteolytic products. S. aureus can attach to several blood and
matrix proteins; however, the vWF is a target in the early stage of infection [17]. It has been
demonstrated that the vWFa-like domain plays a central role in triggering the virulence
of pathogenic bacteria. For example, the activation of Pseudomonas aeruginosa virulence
genes depends on two conditions: quorum sensing and the mechanical signal involved in
recognising host cells. PilY1 is a P. aeruginosa surface protein with a vWFa domain. The
deletion of this domain was accompanied by a loss of virulence of P. aeruginosa, and it
was thought that the binding of the PilY1 vWFa domain to host cells was a mechanical
signal that, in addition to the quorum-sensing signal, triggers the expression of virulence
genes [18].

We have previously shown that the biofilm of P. putida depends on LapA and the
proteinaceous component in the medium [1,19]. Specifically, according to the crystal violet
absorption, P. putida forms more biofilm when tryptone or poly-lysine are present in the
medium [19]. In addition, we have ascertained that Fis activates lapA transcription in
P. putida [20]. We presumed that additional expression of fis from the Ptac promoter by
IPTG, i.e., an artificial increase in the amount of Fis in the cell (so-called fis-overexpression),
has a positive epistatic effect on the P. putida biofilm (Fis-enhanced biofilm). However, we
recently ascertained that the positive impact of Fis on the P. putida biofilm depends on the
presence of peptides in the medium [19]. In other words, the overexpression of fis in cells
can enhance biofilm by activating lapA transcription only when peptides are present in the
medium [19].

In this study, we hypothesised that the extracellular peptide promotes P. putida biofilm
via LapA. To test this, we constructed a strain of P. putida in which lapA transcription is
under the control of the Ptac promoter, and the addition of IPTG regulates its transcription.
In other words, we subtracted the Fis-enhancing effect on the P. putida biofilm from the
LapA effect. In addition, we deleted the vWFa-domain sequence from P. putida lapA in
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order to ascertain the involvement of the vWFa domain in peptide-dependency of biofilm
and found that P. putida biofilm is amplified by extracellular peptides if the LapA contains
the correct vWFa-domain.

2. Results
2.1. LapA Is Essential for Peptide-Dependent Biofilm

Knowing the peptide-dependency of P. putida biofilm [19], we tested whether it is based
on LapA or LapF. We previously reported that LapA is a crucial factor in forming P. putida
biofilm in LB and that LapF is required for P. putida cell surface hydrophobicity [1,2,20].
Thus, we assessed the biofilm formation of PSm and F15 deletant strains ∆lapA, ∆lapF, and
double deletant ∆lapAF in the following media: M9-0.2CAA; M9-0.2CAA+tryptone, and
LB (Table S2 and Figure 1).

Figure 1. Biofilm of P. putida strains PSm, F15 and deletion-mutants ∆lapA, ∆lapF, and ∆lapAF
constructed from them. “-“ indicates original strain without deletions. Cells were grown in
(A) M9-0.2CAA, (B) M9-0.2CAA+tryptone, and (C) LB medium. Cells were grown with or without
1 mM IPTG. Arithmetic means of at least three independent sets of measurements are shown. The
95% confidence intervals of the arithmetic means and the homogeneous groups are shown above the
columns by lower-case letters, tested by following Bonferroni’s test for unequal n. Identical letters in
homogenous groups denote nonsignificant differences (p ≥ 0.05) between averages of biofilm.

The two terms are used hereafter: Fis-enhanced biofilm and peptide-dependent biofilm.
Fis-enhanced biofilm appears in P. putida F15 strain when the expression of fis is increased
by IPTG compared to the biofilm of F15 without IPTG supplementation (compare biofilms
of P. putida F15 in Figure 1B,C). Peptide-dependent biofilm appears in P. putida strains when
the peptides are present in growth media compared to the biofilms formed in growth media
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without peptides (compare biofilms in Figure 1A,C) [19]. If the arithmetic means of the
samples are significantly different (p < 0.05), it is considered a Fis-enhanced or peptide-
dependent biofilm. Otherwise, the increased amount of Fis in the cells or the peptides in
the growth medium does not affect biofilm.

The F15 has been a helpful strain in evaluating the positive effects of peptides on
P. putida biofilm. The Fis-enhanced biofilm was formed in the presence of the peptides [19],
the lapA transcription was activated by fis-overexpression [20], and lapF transcription
was repressed [21]. We hypothesised that if LapA or LapF are involved in the peptide-
dependence of biofilm, then the peptide-dependence of biofilm should be absent in strains
where lapA or lapF genes are deleted, even in cells with an elevated amount of Fis.

We observed that the deletion of lapA decreased the biofilm of P. putida wild-type
strain PSm, regardless of the medium (Figure 1). The lapA deletion strain PSm∆lapA had
1.3–1.9 times decreased biofilm than the wild-type strain PSm (p < 0.032), except for the
lapA, lapF double deletion derivative PSm∆lapAF in M9-0.2CAA+tryptone, whose biofilm
was similar to PSm (Figure 1). The lapF-deletion strain PSm∆lapF formed biofilms similarly
to the wild-type strain PSm in the presence of peptides in media (Figure 1B,C).

In the case of fis-overexpression strain F15, the Fis-enhanced biofilm appeared in
the tryptone-containing growth media with a 2.3-fold difference in M9-0.2CAA+tryptone
(p < 0.0001) and a 2.0-fold difference in LB (p < 0.0001), but not in M9-0.2CAA (1.1-fold
difference, p = 1; Figure 1). The strain with the deleted lapA gene F15∆lapA did not produce
a Fis-enhanced biofilm (Figure 1B,C). At the same time, the lapF deletion strain F15∆lapF
retained the positive effect of fis-overexpression on the F15 biofilm in M9-0.2CAA+tryptone
and LB (3.9 and 2.0-fold differences, respectively, p < 0.0001), indicating that lapA expression
is needed for the enhanced biofilm by Fis in the presence of peptides in the medium
(Figure 1B,C).

We previously observed the positive effect of poly-L-lysine (pK) on P. putida F15
biofilm; it restored the Fis-enhancing effect for P. putida strain F15 grown in the M9-0.2CAA
medium [19]. We supplemented M9-0.2CAA with 0.4 mg/mL of pK and assessed the
biofilm formation of lapA and lapF deletants of P. putida (Figure 2). The Fis-enhanced
biofilm appeared only in the presence of functional LapA (Figure 2). LapF did not impact
the Fis-enhanced biofilm (Figure 2). However, the Fis-enhancing effect was observed for the
F15∆lapAF double mutant (1.5-fold difference, p < 0.0012), probably due to an unknown
mechanism rather than polypeptides or adhesins (Figure 2).

Figure 2. Biofilm of P. putida strains PSm, F15, and deletion-mutants ∆lapA, ∆lapF, and ∆lapAF
constructed from them in the M9-0.2CAA medium with poly-L-lysine (pK) or without it. “-“ indicates
original strain without deletions. Cells were grown with or without 1 mM IPTG. Arithmetic means
of at least three independent sets of measurements are shown. The 95% confidence intervals of the
arithmetic mean and the homogeneous groups are shown above the columns by lower-case letters,
tested by following Bonferroni’s test for unequal n. Identical letters in homogenous groups denote
nonsignificant differences (p ≥ 0.05) between averages of biofilm.
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The results from P. putida wild-type strain PSm were more complex. Specifically, the
presence of pK in M9-0.2CAA increased the biofilm of PSm∆lapA but not the biofilm
of PSm∆lapF, which had functional LapA and lacked LapF (Figure 2). However, as the
positive effect of pK appeared on PSm∆lapAF double mutant, similarly PSm∆lapA, it
indicates that the impact of poly-lysine could be more complex, and besides the adhesins,
more factors could influence the biofilm.

2.2. The Transcription of lapA Is Growth Medium Independent, the Amount of LapA Is Not

Because the absence of LapA abolished the peptide-dependence effect on the P. putida
biofilm (Figure 1), the question arose whether the peptide dependency on the P. putida
biofilm could be caused via lapA expression. Accordingly, the lapA expression in P. putida
was assessed at transcriptional and protein levels. The lapA transcription was evaluated
by β-galactosidase assay, and the abundance of LapA protein was estimated in crude cell
lysates (Figure 3). LacZ activity was measured using plasmid p9_PlapA1-8, which carries
the lapA promoter region in front of the reporter gene lacZ (Table 1).

Figure 3. The expression of adhesins LapA and LapF in P. putida strains PSm and F15. (A) β-
galactosidase activity in cells carrying pB_PlapA1-8 where lapA promoter region cloned in front
of lacZ gene. Arithmetical means of at least three independent sets of measurements and 95%
confidence intervals of the arithmetic mean. The homogenous groups are shown above columns by
lower-case letters. Identical letters denote nonsignificant differences (p ≥ 0.05) among averages of
means. (B) SDS-PAA gel electrophoresis from cell lysates prepared from cells grown in M9-0.2CAA,
M9-0.2CAA+tryptone or LB medium with or without IPTG. PSm∆lapA and PSm∆lapF cell lysates
were loaded onto the gel as negative controls of LapA and LapF. The arrows indicate the location of
LapA and LapF. 40 mg of total protein was applied to the line. (C) Normalised LapA and (D) LapF
amount. The amount of adhesine determined from the crude lysate of cells grown with IPTG was
divided by the amount of LapA determined from the crude lysate of cells grown without IPTG. The
averages of at least 6 biological parallels are given, with 95% confidence intervals. The homogenous
groups are shown above columns by lower-case letters. Identical letters denote nonsignificant
differences (p ≥ 0.05) between the averages of the ratios.
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Table 1. Bacterial strains and plasmids used in this study.

Strain or Plasmid Genotype or Description Reference

E. coli

CC118 λpir ∆(ara-leu) araD ∆lacX74 galE galK phoA20 thi-1 rpsE rpoB argE (Am) recA1 λpir
phage lysogen [22]

P. putida

PaW85 isogenic to KT2440 [23,24]
P-PANB PaW85; term-lacIq-Ptac-lapA This study

P-PANB-Avwf− PaW85; term-lacIq-Ptac-lapA∆S8167-8281P This study
P-Avwf− PaW85; lapA∆S8167-8281P This study

PSm PaW85, isogenic to KT2440; chromosomal mini-Tn7-ΩSm1 (Smr) [25]
PSm∆lapA PSm; ∆PP_0168 (Smr) [1]
PSm∆lapF PSm; ∆PP_0806 (Smr) [1]

PSm∆lapAF PSm; ∆PP_0168 ∆PP_0806 (Smr) [1]
PSm∆lapE PSm; ∆PP_4519 This study
PSm∆lapG PSm; ∆PP_0164 (Smr) This study

PSm-Avwf− PSm; lapA∆S8167-8281P Thus study
PSm-E-PANB PSm; ∆PP_4519 (Smr), term-lacIq-Ptac-lapA This study

PSm-E-PANB-Avwf− PSm; ∆PP_4519 (Smr), term-lacIq-Ptac-lapA∆S8167-8281P This study
PSm-G-PANB PSm; ∆PP_0164 (Smr), term-lacIq-Ptac-lapA This study

PSm-G-PANB-Avwf− PSm; ∆PP_0164 (Smr), term-lacIq Ptac-lapA∆S8167-8281P This study

F15 PaW85, isogenic to KT2440; chromosomal
mini-Tn7-ΩGm-term-lacIq-Ptac-fis-T1T2 (Gmr) [25]

F15∆lapA F15; ∆PP_0168 (Gmr) [1]
F15∆lapF F15; ∆PP_0806 (Gmr) [1]

F15∆lapAF F15; ∆PP_0168, ∆PP_0806 (Gmr) [1]
F15-Avwf− F15; lapA∆S8167-8281P This study

Plasmids

p9_PlapA1-8 951 bp long promoter-area of lapA cloned in front of lacZ (Ampr) [20]

p9TTBlacZ A promoter probe vector containing lacZ reporter gene (Ampr);
RK2-based vector [26]

pSW I-SceI-expressing plasmid (Ampr) [27]

pGP-FpFy-Km-lacItac-lapFSD R6K suicide vector pGP704-L containing Ptac promoter with
lacI repressor gene (Ampr, Kmr) [21]

pEMG R6K suicide vector (Kmr) [28]

pEMG-lapB-lapA Derivate of pEMG containing in the opposite direction of 5′ ends of
lapA and lapB genes (Kmr) This study

pEMG-lapB-Pm-xylS-lacI-Ptac-lapA Derivate of pEMG-lapB-lapA containing Pm promoter in front of lapB 5′ end
and Ptac promoter in front of lapA 5′ end, xylS and lacI genes (Kmr) This study

pEMG-PtacA-natB Derivate of pEMG-lapB-lapA containing Ptac promoter in front of lapA gene
and native promoter region in front of lapB gene, lacI gene (Kmr) This study

pSEVA228S oriV(RK2), xylS, Pm→I-SceI; Kmr [29]
pGNW2 Derivative of pEMG carrying P14g→msfGFP (Kmr) [30]

pGNW-lapA-Avwf− Derivate of pGNW2 containing lapA DNA for deletion of vWFa
domain in lapA gene This study

pUTmini-Tn5 Km2 Suicide vector, source of Km resistance gene (Ampr, Kmr) [31]
pEMG-∆lapE Derivate of pEMG containing lapE (PP_4519) flanking DNAs (Kmr) This study
pEMG-∆lapG Derivate of pEMG containing lapG (PP_0164) flanking DNAs (Kmr) This study

Our results revealed that transcription of lapA was dependent on the medium but did
not correlate with the F15 biofilm (Figures 1 and 3A) [19]. F15 revealed the positive effect of
fis-overexpression only in the presence of peptides (Figure 1). In all media, LacZ activity in
F15 in the presence of 1 mM IPTG was 1.26 (M9-0.2CAA), 1.3 (M9-0.2CAA+tryptone), and
1.48 (LB) times higher than in the non-IPTG variant (p < 0.0001), indicating that regardless
of the growth medium, the lapA transcription was always increased in the presence of the
higher amount of Fis (Figure 3A). LacZ activity in PSm or F15 containing the empty vector
p9TTBlacZ was less than 0.5 Miller units.
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The crude cell lysates were prepared from the bacteria grown for 18 h in the appropriate
medium to quantify the adhesins LapA and LapF. Because cell lysates prepared from
different media were electrophoresed on PAA gels separately, the ratio of adhesins with
and without IPTG was compared separately in every medium. In contrast to the level of
lapA transcription, the amount of LapA protein in the crude cell lysate was affected by the
content of the growth medium of bacteria (Figure 3B–D).

Since the effect of Fis on the F15 biofilm was evident (Figures 1 and 2), we focused on
comparing the amount of LapA in F15. Overexpression of fis in the tryptone-containing
medium increased the amount of LapA 1.50 times (M9-0.2CAA) and 1.46 times (LB) in the
F15 strain, which correlated with the previously observed increase in F15 biofilm formation
in the same growth conditions (Figures 1 and 3C) [19]. However, the fis-overexpression
did not elevate the amount of LapA in F15 grown in the M9-0.2CAA medium (Figure 3C).
Thus, the unchanged amount of LapA in fis-overexpressing cells might be the reason why
F15 did not form a Fis-enhanced biofilm in the tryptone-free M9 medium (Figure 1).

It is known that Fis represses lapF transcription [21]; therefore, we used LapF as a con-
trol for LapA measurements. Indeed, in contrast to LapA, the fis-overexpression decreased
approximately 4 times the amount of LapF in F15 in every media compared, indicating no
correlation with a media-dependent biofilm of P. putida F15 (Figures 1 and 3D).

In conclusion, the reduced amount of LapA in crude cell lysate prepared from cells
grown in a medium without tryptone correlates with a reduced amount of P. putida biofilm.

2.3. Construction of a Strain with a Modified lapA Transcription and a LapA Strain without a
vWFa Domain

Although we knew that Fis increases lapA transcription and LapA is required for
biofilm formation (Figures 1 and 3), we had to split the Fis-effect from the LapA-effect on
the biofilm. There are two reasons: (i) Fis can enhance biofilm through another factor than
LapA, and (ii) P. putida forms the biofilm even in the absence of LapA in the cell [1,20].
Therefore, P. putida strains were constructed in which native lapA is under the Ptac promoter,
and IPTG controls its transcription. P. putida strain PaW85 (isogenic for KT2440), one of
the standard strains of P. putida, was used for this purpose (Table 1). Additionally, the PSm
derivative of the PaW85 was used to evaluate the biofilm in the context of PSm and F15
(Table 1).

The construction of the lapA expression system was problematic for several reasons.
Firstly, lapA is a very long gene (26 kbp) [12]; therefore, we could not use vector systems.
Secondly, chromosomal lapA shares a promoter region with its transporter genes lapBC
encoded opposite to lapA [12,20]. The disruption of the joint promoter region can affect the
transcription of both genes. We used several expression systems to control the transcription
of both lapA and lapBC genes. For example, an expression system was constructed that
ensured the expression of lapA from the Ptac promoter by IPTG and the transcription of
lapBC from the Pm promoter by benzoate (data not shown). In this case, transcription
in both directions was regulated by extracellularly added effectors. Unfortunately, the
addition of phenolic compounds to the medium affected the biofilm formation per se; these
strains were excluded from the study (data not shown). We had to use a construct that
had the Ptac promoter immediately upstream of the lapA gene. The reversely expressed
lapBC retained the entire native promoter area without the possibility of external regulation
by effectors. With this system, we constructed a P-PANB strain from PaW85 (Table 1).
This variant is not ideal because, despite induced lapA transcription, the effect on the
biofilm may remain modest, as the natively expressed transporter may begin to limit LapA
exposure on the outer membrane.

The third part of the LapA transporter, LapE, is described in P. fluorescens as an outer
membrane subunit where LapA N-terminus will trap. In this way, the extracellular LapA
is anchored in the outer membrane [32]. The lapE deletion prevents the LapA transport
to the outside of the cell, and the biofilm should weaken. Thus, this deletant strain was
used as a negative control for P-PANB strains. The lapG deletion, on the other hand, was
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used to construct a positive control. LapG is a periplasmic protease that, when activated,
cleaves the N-terminus of LapA and releases LapA into the environment [32], resulting in a
reduction of biofilm. Thus, the deletion of lapG should produce a robust P. putida biofilm, as
LapA is not removed from the outer membrane. Before this research, we had constructed
lapE and lapG deletion variants from P. putida strain PSm, PSm-E, and PSm-G, respectively.
Therefore, we created the IPTG-inducible lapA transcription strains PSm-E-PANB and
PSm-G-PANB, based on PSm-E and PSm-G, respectively (Table 1).

The sequence coding a von Willebrand factor type A (vWFa) domain in P. putida lapA
was deleted (from amino acid S8167 to 8281P, designated Avwf−). Recent studies have
shown that the deletion of the vWFa domain in P. fluorescens LapA reduces biofilm formation
to glass and hydrophilic plastic [10,32]. The von Willebrand factor itself, after which the
bacterial adhesin domains were named, is a multimeric glycoprotein important for the
protein–protein interaction that causes thrombus formation and bleeding arrest after injury
of eukaryotic tissue [15]. Inspired by these works, we asked whether the vWFa domain of
P. putida LapA may have a role in enhancing peptide-mediated biofilm. In other words, is
the LapA vWFa domain required for peptide-dependent biofilm formation.

First, it was necessary to evaluate the dependence of lapA expression on IPTG in the
constructed strains. For this purpose, the amount of LapA from the crude cell lysates
was assessed by SDS-PAA gel-electrophoresis. In all strains containing the Ptac promoter
in front of the lapA gene, LapA was visibly increased in all media by 1 mM of IPTG
(Figures 4A, 5A and 6A). In addition to LapA, the unknown protein complexes were
visible in these gels that could not be LapA. The unknown protein complexes (probably
the complexes of ribosomes) migrate slower than LapA, appear irregularly, and appear
in PSm∆lapA, PSm∆lapF (Figures 4A, 5A, 6A, 7B and S5–S12), and PSm∆lapAF strains
(Figures S5–S7). However, we cannot exclude that lapA would or would not be expressed in
P-PANB without IPTG, as unknown protein complexes migrated higher or at approximately
the same height as LapA in SDS-PAA gels (Figures 4A, 5A and 6A).

2.4. LapA Domain vWFa Is Involved in the Peptide-Dependent Biofilm of P. putida PaW85

We were interested in the behaviour of P. putida PaW85-based strains. These strains
do not contain mini-Tn7 insertion after the glmS gene, and lapA transcription is directly
regulated by IPTG without indirect effects on the fis-overexpression in the cell (Table 1). It
is essential to consider two facts: (i) LapA exposure on the outer membrane is complexly
regulated and depends on proteolysis and the presence of effectors, (ii) the expression of
LapA transporters (lapBC and lapE) is not regulated in these strains.

The biofilm was evaluated by every medium separately. In the M9-0.2CAA medium,
the biofilm of all PaW85-based strains was similar (Figure 4B). Although P-PANB forms
more biofilm in the presence of IPTG than in its absence (p = 0.025), P-PANB biofilm
does not differ from P-PANB-Avwf− biofilm (p > 0.108); there is no significant biological
difference among the biofilms of these strains.

The importance of LapA became evident in the M9-0.2CAA+tryptone medium. Al-
though the positive effect of lapA expression by IPTG on the P-PANB biofilm was modest
(1.2-fold, p = 0.0004), the biofilm of bacteria without the LapA vWFa domain (P-PANB-
Avwf−) was significantly decreased (Figure 4C). Strain P-PANB-Avwf− had 1.4 times less
biofilm in medium without IPTG than P-PANB (p < 0.0001) and 1.6 times less biofilm
in medium with IPTG (p < 0.0001). Whereas the P-PANB biofilm was IPTG-dependent,
the vWFa deletion biofilm was insensitive to lapA expression by IPTG (P-PANB-Avwf;
Figure 4C).

In the LB medium, the P-PANB biofilm was increased 1.3-fold in the presence of IPTG
(p < 0.0001), whereas deletion of the vWFa domain resulted in the independence of IPTG
(Figure 4D). The biofilm of the P-PANB-Avwf− strain was similar regardless of the presence
or absence of IPTG (Figure 4D). The biofilm of the original strain PaW85 did not depend on
the vWFa domain (Figure 4D).



Int. J. Mol. Sci. 2022, 23, 5898 9 of 21

Figure 4. LapA and LapF amount in P. putida PaW85-based strains and biofilm. (A) SDS-PAA gel
electrophoresis of crude cell lysates, 40 µg of total protein is loaded to each lane. The media in which
cells were grown for preparing crude cell lysates are shown on the left of the gel image. Cells were
grown with and without 1 mM IPTG. The strains used in the analysis are shown above and below the
figure. PSm∆lapA and PSm∆lapF strains were used as negative controls for LapA and LapF. Arrows
indicate LapA and LapF on the right side of the figure. Inclined arrows indicate an unknown protein
complex. (B) Biofilm of PaW85-based strains in M9-0.2CAA, (C) M9-0.2CAA+tryptone, (D) LB,
(E) M9-0.2CAA+poly-L-lysine, (F) M9-0.2CAA+cellulose and (G) M9-0.2CAA+PGA in the presence
and absence of 1 mM IPTG. Arithmetical averages of at least three biological parallels with 95%
confidence intervals are given. Homogeneity groups are shown above the columns by lower-case
letters. Identical letters denote nonsignificant differences (p ≥ 0.05) between averages of biofilm.
Multifactorial ANOVA was used for statistical analysis, analysed separately by media.
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Figure 5. SDS-PAA gels and biofilm of P. putida PSm and PSm-E based strains and biofilm.
(A) SDS-PAA gel electrophoresis of crude cell lysates, 40 µg of total protein is loaded to each lane.
The media in which cells were grown for preparing crude cell lysates are shown on the left of the
gel image. Cells were grown with and without 1 mM IPTG. The strains used in the analysis are
shown above and below the figure. PSm∆lapA and PSm∆lapF strains were used as negative con-
trols for LapA and LapF. Arrows indicate LapA and LapF on the right side of the figure. Inclined
arrows indicate an unknown protein complex. (B) Biofilm of PSm-based strains in M9-0.2CAA,
(C) M9-0.2CAA+tryptone and (D) LB in the presence and absence of 1 mM IPTG. An arithmetical
average of at least three biological parallels with 95% confidence intervals are given. Homogeneity
groups are shown above the columns by lower-case letters. Identical letters denote nonsignificant
differences (p ≥ 0.05) between averages of biofilm. Multifactorial ANOVA was used for statistical
analysis, analysed separately by media.
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Figure 6. SDS-PAA gels and biofilm of P. putida PSm-G-based strains and biofilm. (A) SDS-PAA gel
electrophoresis of crude cell lysates, 40 µg of total protein is loaded to each lane. The media in which
cells were grown for preparing crude cell lysates are shown on the left of the gel image. Cells were
grown with and without 1 mM IPTG. The strains used in the analysis are shown above and below the
figure. PSm∆lapA and PSm∆lapF strains were used as negative controls for LapA and LapF. Arrows
indicate LapA and LapF on the right side of the figure. The inclined arrow indicates an unknown
protein complex. (B) Biofilm of PSm-G-based strains in M9-0.2CAA, (C) M9-0.2CAA+tryptone and
(D) LB in the presence and absence of 1 mM IPTG. An arithmetical average of at least three biological
parallels with 95% confidence intervals are given. Homogeneity groups are shown above the columns
by lower-case letters. Identical letters denote nonsignificant differences (p ≥ 0.05) between averages
of biofilm. Multifactorial ANOVA was used for statistical analysis, analysed separately by media.
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Figure 7. Expression of fis in F15-based strains by IPTG, the presence of LapA and LapF in cells and
biofilm. (A) Expression of fis in P. putida F15 by immunoblotting using monoclonal anti-Fis antibodies.
10 µg of total protein obtained from P. putida F15 grown in LB, M9-0.2CAA or M9-0.2CAA+tryptone
media was loaded on a 12% SDS-PA gel. The supplementation of 1 mM IPTG is shown by “+” above
the lane. 45 ng of purified Fis (6His) was used as a positive control. Protein marker band sizes are
indicated. (B) SDS-PAA gel electrophoresis of crude cell lysates, 40 µg of total protein is loaded to
each lane. The media in which cells were grown for preparing crude cell lysates are shown to the left
of the gel image. Cells were grown with and without 1 mM IPTG. The strains used in the analysis
are shown above and below the figure. PSm∆lapA and PSm∆lapF strains were used as negative
controls for LapA and LapF. LapA and LapF are indicated by arrows on the right side of the figure.
Inclined arrows indicate an unknown protein complex. (C) Biofilm of P. putida F15-based strains. An
arithmetical average of at least three biological parallels with 95% confidence intervals are given.
Homogeneity groups are shown above the columns by lower-case letters. Identical letters denote
nonsignificant differences (p ≥ 0.05) between averages of biofilm. Multifactorial ANOVA was used
for statistical analysis, analysed separately by media.
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In a polylysine-containing M9-0.2CAA medium, IPTG did not affect the biofilm of the
P-PANB strain (Figure 4E). Still, the biofilm of vWFa domain deletion strains (Avwf−) was
decreased compared to the original strains from which they were constructed (Figure 4E).
Independent of IPTG, the strain P-PANB-Avwf− had 1.5 times less biofilm than the P-PANB
strain (p < 0.0001, Figure 4E). For PaW85 versus P-Avwf−, deletion of the vWFa domain
reduced biofilm 1.2-fold (p = 0.063) and 1.4-fold (p < 0.001) in the absence and presence of
IPTG, respectively (Figure 4E).

Our previous study showed that adding water-soluble cellulose to a medium enhances
P. putida biofilm [19]. Deleting the vWFa domain did not affect the biofilm in the M9-
0.2CAA+cellulose medium; both vWFa-deletion strains behaved similarly to its origin
strain, P-Avwf− similarly to PaW85 and P-PANB-Avwf− similarly to P-PANB (Figure 4F).
However, the addition of IPTG to the medium increased 1.2-times biofilms of P-PANB
strains compared to cells grown without IPTG, P-PANB (p = 0.006) and the P-PANB-Avwf−

strain (p < 0.0001; Figure 4F). Biofilms in the M9-0.2CAA+PGA medium were comparable
and did not depend on the lapA expression with IPTG or the presence of the vWFa domain
(Figure 4G).

2.5. Biofilm of P. putida PSm∆lapE- and PSm∆lapG-Derived Strains

We constructed a lapE deletion mutant from PSm, the PSm-E, which lacked the third
subunit of LapA transporter, LapE (Table 1). The lapE deletion reduced 1.6 and 1.7-times
the biofilm of PSm in the M9-0.2CAA medium with 1 mM IPTG (p < 0.0001) and without
IPTG (p < 0.001) accordingly (Figure 5B).

Similar results were obtained in the M9-0.2CAA+tryptone medium, where the biofilm
of PSm-E was decreased 1.6 and 1.7 times with and without the IPTG in the medium,
respectively, compared to PSm (Figure 5C). However, in the LB medium lapE deletion did
not affect the biofilm of P. putida wild-type strain PSm (Figure 5D).

Since the transporter of LapA was incomplete in ∆lapE-based strains, we expected that
manipulating the lapA expression by IPTG or deleting vWFa would not affect the biofilm
in these strains. Indeed, the IPTG did not affect PSm-E-PANB and PSm-E-PANB-Avwf−

biofilm in any of the used media (Figure 5B–D). However, in the M9-0.2CAA medium, for
some reason that we cannot explain, the vWFa deletion reduced 1.3 times PSm-E-PANB
biofilm (p < 0.001; Figure 5B).

Deletion of lapG should trap all LapA transported on the outer membrane and enhance
the biofilm. Indeed, all strains with lapG deletion (Figure 6) have a more robust biofilm
than the wild-type PSm in all media (Figure 5). The presence of 1 mM IPTG in the growth
medium increased PSm-G-PANB biofilm compared to the absence of IPTG increased biofilm
2.27 times in M9-0.2CAA (p < 0.0001), 1.6 times in M9-0.2CAA+tryptone (p < 0.0001) and
1.23 times in LB (p < 0.0001; Figure 6B–D). The deletion of the vWFa domain from LapA
(P-PANB- Avwf−) did not reduce the biofilm to the same level as that detected in the
PSm-Avwf−, indicating that LapA in significant excess may affect biofilm without the
vWFa domain (Figures 5 and 6). Additionally, the PSm-G-PANB strain without IPTG
had a relatively robust biofilm compared to PSm in the presence of tryptone in media
(Figures 5C,D and 6C,D). These results suggest the Ptac promoter may still leak. However,
we cannot state that this would result in a relatively robust biofilm of PSm-G-PANB in
media without IPTG.

2.6. The vWFa Domain Is Essential for F15 Biofilm

We hypothesised that the Fis-enhanced biofilm of P. putida F15 in LB medium is caused,
at least in part, by the positive effect of Fis on lapA expression [1,20]. Although the effect
of Fis on lapA transcription was modest, the lapA deletion in F15 vanished this effect,
indicating that LapA could be involved in the biofilm enhancement by Fis (Figure 1) [1].
Therefore, we constructed an F15-Avwf− strain in which the fis was possible to overexpress
by IPTG, and LapA lacked the vWFa-domain. We expected to see the reduced effect of
fis-overexpression on the biofilm in this strain.
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The fis-overexpression in F15 and F15-Avwf− strains by IPTG was assessed in M9-
0.2CAA, M9-0.2CAA+tryptone and LB media (Figure 7A). The expression of fis was similar
in both strains in all media tested, and IPTG induced the expression of fis from the Ptac
promoter in these strains (Figure 7A). After that, the LapA presence in the crude cell lysates
of F15-Avwf− strains was assessed (Figure 7B). The ratio of LapA in cells grown in the
presence of 1 mM IPTG versus without IPTG was similar to F15; 1.21 (95% confidence
interval of arithmetical mean 0.60) in M9-0.2CAA, 2.04 (1.48) in M9-0.2CAA+tryptone and
1.58 (1.22) in LB medium. Although the differences in LapA ratios of F15-Avwf− were
statistically insignificant in the media assessed, LapA ratios increased similarly to F15 when
IPTG and tryptone were added to the media (Figure 3C).

F15 and F15-Avwf− strains formed biofilm similarly in M9-0.2CAA, without a Fis-
enhanced biofilm (Figure 7C). Despite the similar amount of LapA and Fis in both strains,
differently from the strain F15, the IPTG did not improve F15-Avwf− biofilm in M9-
0.2CAA+tryptone or LB medium F15 (Figure 7C). In contrast, the deletion of the vWFa
domain did not abolish the Fis-enhanced biofilm in the M9-0.2CAA+poly-L-lysine medium
(Figure 7C). This could be explained by a strong positive charge effect of poly-L-lysine that
binds negatively charged LapA, regardless of the vWFa-domain.

3. Discussion

The P. putida biofilm is a dynamic phenotype depending on the growth phase of
bacteria and the environment where the bacterium lives [1,19]. Our previous research
showed that peptides in growth media increase the P. putida biofilm [19]. In addition to the
fact that the peptides may act as an additional source of C and N, the peptides may induce
a more substantial biofilm by being a structural component of the biofilm matrix [19].

To study biofilm, we used P. putida strain F15, which carries the additional fis gene
under the control of Ptac (IPTG). We used the fis-overexpression strain F15 because the use
of strains lacking or down-regulating fis was not possible due to the essentiality of the fis
gene or instability of the constructed strain. Surprisingly, this artificial strain served as
an excellent tool for identifying the factors influencing P. putida biofilm. Although it is an
overexpression strain, it is possible to study the physiology of the bacterium. For example,
Fis represses transcription of lapF through a single binding site in front of lapF, thereby
reducing cell surface hydrophobicity [2,21]. Mutation of the Fis-binding site restored lapF
transcription, amount of LapF in cells, and ultimately, surface hydrophobicity [2,21]. Hence,
this direct effect of Fis on the bacterial phenotype through one binding site in front of
another gene encouraged us to use F15 in LapA expression studies as well.

The main aim of this study was to assess the involvement of surface adhesins, LapA
and LapF, in the peptide-dependent P. putida biofilm. We knew that the peptides increase
the biofilm of the P. putida wild-type strain PSm, and the so-called Fis-enhancing effect on
the F15 biofilm only occurs in the presence of the peptides [19]. Moreover, we assessed
the Fis-enhancing effect on biofilm in LB and suggested that the searchable factor could
be LapA, as Fis activates lapA transcription and increases the amount of LapA in F15 in
LB [1,20]. Surprisingly, Fis activates lapA transcription in all studied growth media, but
the increased quantity of LapA and Fis-enhanced biofilm appeared when growth media
were supplemented with peptides (Figures 1–3). It indicates that in the absence of peptides
in growth media, the post-transcriptional regulatory steps could affect the expression of
lapA more intensively. For example, in the absence of peptides in the growth medium, the
translation of lapA may be downregulated, LapA itself may be effectively degraded, or LapA
may be released from the surface due to the activity of LapG. We can only speculate which
factor might cause the peptide-dependent post-transcriptional regulation of lapA expression.
For example, the RsmA, a component of the GacS/A signalling pathway, binds RNAs and
can regulate translation initiation, RNA stability, and/or transcript elongation [33] and
the involvement in the regulation of the GacS/A signalling pathway P. putida lap-genes
expression has been previously shown [34,35]. One of three RsmA homologs in P. putida,
RsmE, down-regulates lapA expression in LB medium [35]. On the other hand, LapA can be



Int. J. Mol. Sci. 2022, 23, 5898 15 of 21

efficiently released from the outer membrane due to the increased amount of active LapG
in the periplasm. The amount of active LapG depends not only on the expression of the
lapGD operon, the amount of protease in the periplasm, but also on the effectors such as c-
di-GMP and ppGpp; and the availability of calcium [4,36,37]. However, we cannot exclude
the possibility that other regulators are involved in the peptide-dependent expression of
lapA. Thus, the post-transcriptional steps in lapA expression, including translation and the
amount of LapA on the cell surface, may depend on the components of the growth medium.

The importance of LapG proteolytical activity appears in comparing P-PANB, PSm-E-
PANB, and PSm-G-PANB biofilms in the growth medium without tryptone (M9-0.2CAA).
Namely, LapA quantity is elevated in all strains by IPTG supplementation (Figures 4A,
5A and 6A), while only PSm-G-PANB, the lapG deletion strain, had a robust biofilm in the
M9-0.2CAA medium (Figures 4B, 5B and 6B). Thus, proteolytic cleavage of LapA from
the outer membrane probably affects peptide-dependent biofilm formation more than the
transporters. However, we cannot exclude the possibility that P-PANB biofilm is a result
of a lack of LapA transporters, indicating peptide dependent regulation of lapBC and/or
lapE genes.

The P-PANB strain constructed from PaW85 had only a modest, albeit significant,
effect on biofilm in peptide-containing media upon induction of lapA transcription by IPTG
(Figure 4). However, the Avwf−-strains of PaW85, without the vWFa domain in LapA, had
a significantly decreased biofilm relative to the strains with the correct LapA (Figure 4). The
importance of the vWFa-domain to the biofilm was particularly evident when P-PANB and
P-PANB-Avwf− were compared. Both strains had lapA transcription under the control of
Ptac promoter (IPTG). Still, the absence of the vWFa-domain in LapA eliminated the effect
of the elevated amount of LapA by IPTG in the media containing the peptides (Figure 4).
We decided to use previously constructed PSm∆lapE and PSm∆lapG strains as a negative
and positive control of inducible lapA expression. In the first case, increasing the amount
of LapA or the absence of the vWFa domain should not significantly affect the biofilm
because in the absence of LapE, LapA does not reach the cell surface. Indeed, in general,
the biofilm of lapE-minus strains did not depend on the induction of lapA transcription
by IPTG or the absence of vWFa (Figure 5). In addition, experiments on the lapG deletion
strain confirm the importance of the vWFa domain for P. putida biofilm formation (Figure 6).
The LapA strain without the vWFa domain resulted in less biofilm than the strains with
correct LapA, although the absence of lapG always produced a stronger biofilm than the
wild-type strain (Figures 5 and 6). In sum, we can conclude that not only does the presence
of LapA cause the peptide-dependent P. putida biofilm, but LapA must also have the correct
vWFa domain.

Since the absence of the LapA vWFa domain negatively affected the biofilm in
P. putida wild-type strains, we investigated the effect of the lack of this LapA domain
on the F15 biofilm (Figure 7). So far, we hypothesised that, among other factors, Fis could
increase the F15 biofilm via lapA because Fis activates lapA transcription to some extent [20].
The complete loss of the Fis-enhancing effect for biofilm in LB and M9-0.2CAA+tryptone
medium was astonishing when we deleted the vWFa-domain sequence from the F15 lapA
gene, F15-Avwf− (Figure 7). Therefore, the enhancing effect of the Fis to P. putida biofilm
described so far must be entirely or predominantly dependent on LapA. Consequently, Fis
enhances lapA transcription, at least to some extent, and the LapA vWFa domain increases
biofilm when peptides are present in the medium.

However, the question arises why the lack of vWFa domain had a pronounced impact
on the F15 biofilm, whereas wild-type PaW85 with elevated LapA had only a modest
effect (Figures 4 and 7). It seems that Fis may more broadly control the lapA expression
and its persistence on the cell surface. For example, Fis may indirectly regulate LapA
persistence on the cell surface through other genes, whereas the wild-type strain undergoes
native strong down-regulation. As a result, the wild-type bacterium may lose most of the
expressed lapA to the environment. Indeed, according to our preliminary data, Fis represses
transcription of the lapGD operon (data not shown), and it may explain at least partly a



Int. J. Mol. Sci. 2022, 23, 5898 16 of 21

substantial biofilm enhancement with elevated Fis in P. putida F15. However, the transport
and maintenance of LapA on the cell surface seems to be more critical for biofilm than
transcriptional regulation. Consequently, the role of Fis in regulating the expression of
other lap genes or the peptide-dependent regulation needs to be further investigated.

The LapA vWFa domain of P. fluorescens has been previously described as essential
for hydrophilic surface binding [10,32]. Our research has shown the importance of poly-L-
lysine, a hydrophilic positively charged biomolecule for P. putida’s LapA vWFa-domain
(Figure 7). Notably, hydrophilic Na-cellulose and PGA, which are negatively charged
biopolymers, have no direct relationship to biofilm enhancement via vWFa (Figure 4F,G).
Referring to our previous study, neither uncharged poly-DL-alanine nor negatively charged
poly-L-glutamate had a biofilm-enhancing effect on P. putida F15 [19]. However, the
positively charged spermine enhanced P. putida F15 biofilm similarly to poly-L-lysine [19].

Moreover, the F15-Avwf− strain entirely or largely lost the positive effect of the
peptides on biofilm formation (Figure 7C). Therefore, the surface’s hydrophilicity and
positive charge appear to be necessary for the binding LapA by the vWFa domain to the
surface. However, we cannot say whether vWFa is specific for a particular sequence or
whether it binds to a surface only by its electrostatic forces, which is an issue for future
research to explore.

However, how precisely LapA binds to the surface has not been elucidated. One
explanation may be the importance of other LapA domains for surface binding. For
example, the F15∆lapA and F15-Avwf− biofilms in the medium M9-0.2CAA+pK form
biofilm differently (Figures 2 and 7C). The complete absence of LapA eliminates the Fis-
enhancing effect for biofilm, whereas LapA without the vWFa domain is significantly
reduced but does not entirely abolish it. Thus, binding through another LapA domain
may be necessary. However, it may simply be an electrostatic effect appearing in excess
of adhesin and biopolymer. Due to the increased amount of Fis in P. putida F15, the cell
surface remains hydrophilic, the amount of LapA increases, and the amount of LapF
decreases drastically (Figure 3) [2]. The resulting biofilm formation may be promoted
through non-specific binding between the positively charged poly-lysine and LapA.

In conclusion, this research was initiated because we had previously determined
that LapA, extracellular peptides, and increased Fis in the cell promoted P. putida biofilm
formation. The question was whether these factors are interrelated. The LapA domain
of vWFa was found to be essential for biofilm enhancement when peptides were added
to the medium. It was particularly evident in P. putida with an increased amount of
Fis. This so-called biofilm-enhancing Fis effect wholly or partially depends on the LapA
vWFa domain. In addition, it seems that the most crucial regulatory step in the lapA
expression and maintenance of LapA on the cell surface is the post-transcriptional and not
the transcriptional step.

4. Materials and Methods
4.1. Bacterial Strains, Plasmids, and Media

The bacterial strains and plasmids used in this study are described in Table 1 and used
oligonucleotides in Table S1. Bacteria were grown in a complete LB medium containing
10 g/L tryptone (LabM, Heywood, UK), 5 g/L yeast extract (LabM, Heywood, UK) and
5 g/L NaCl, or in media based on M9 buffer [38]. The M9-0.2CAA medium contained M9
buffer [38], 2.5 mL/L of microelements [39], 2 g/L of glucose and 2 g/L of CAA (casamino
acid; Difco, Detroit, MI, USA) and 0.01 g/L tryptophan. M9-0.2CAA was amended with
0.4 mg/mL poly-L-lysine (1000–5000 Da; Sigma-Aldrich, St. Louis, MO, USA); or biopoly-
mers: with 10 g/L tryptone (LabM, Heywood, UK), with 0.4 g/L the sodium salt of carboxyl
methylcellulose (Sigma-Aldrich, St. Louis, MO, USA) or PGA (poly-galacturonic acid). All
used growth media are summarised in Table S2.

P. putida was incubated at 30 ◦C, E. coli at 37 ◦C. Solid media contained 1.5% agar
(Difco, Detroit, MI, USA). Antibiotics were added at the following concentrations: 10 µg
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gentamicin mL−1, 100 µg ampicillin mL−1, 50 µg kanamycin mL−1, 1.5 mg benzylpenicillin
mL−1, 200 µg streptomycin mL−1.

4.2. DNA Manipulation

Vectors for PANB and Avwf− construction were created by circular polymerase ex-
tension cloning (CPEC) protocol [40]. The vector pEMG-lapB-lapA was made from the
pEMG backbone, omitting the lacZ DNA [28] (Table 1). Therefore, the pEMG and two
fragments, the 5′ terminus of lapA and lapB, were amplified together. The pEMG was
amplified with oligonucleotides 1.2-EMG5′ and 3.1-lapB3′-SceI-EMG3′ (Table S1). The
oligonucleotides 5.1-lapB5-DS-SD-lapA5′ and 2.3.-EMG-SceI-lapA3′ were used to amplify
the first 743 nucleotides of lapA 5′ terminus from P. putida PaW85 chromosome (Table S1).
The oligonucleotides 4.1-lapB3′ and 6.1-lapB5′ were used to amplify the first 750 nucleotides
of lapB 5′ terminus from P. putida PaW85 chromosome (Table S1). The resulting vector
pEMG-lapB-lapA carried oppositely orientated lapA and lapB 5′ terminuses (Figure S1).

The vector pEMG-lapB-Pm-xylS-lacI-Ptac-lapA was amplified together from pEMG-
lapB-lapA and two fragments, one carrying the lacI-Ptac cassette and the other holding
the xylS-Pm cassette (Table 1). The oligonucleotides 11-Pm-DS-lapB5′ and 12-Ptac-SD-
lapA5′ were used for pEMG-lapB-lapA amplification, 9-T1-xylS-lacI3′ and 10-lapA5′-DS-
Ptac for lacI-Ptac cassette amplification from the vector pGP-FpFy-Km-lacItac-lapFSD, and
7-lapB5′-DS-Pm and 8-lacI3′-xylS-T1 for xylS-Pm cassette amplification from the vector
pSEVA228S [21,29] (Table S1). The resulting vector pEMG-lapB-Pm-xylS-lacI-Ptac-lapA
carried the Ptac promoter in front of the 5′ terminus of the lapA gene and the Pm promoter
in front of the 5′ terminus of lapB (Figure S2).

The final vector pEMG-PtacA-natB used to construct the PANB-strains was generated
from the backbone of pEMG-lapB-Pm-xylS-lacI-Ptac-lapA, omitting the xylS-Pm cassette
(Table 1). The oligonucleotides 1.3.-(lap)Aprom3′-T1 and 3.3.-(lap)Aprom5′-EMG3 were
used for amplification of pEMG-lapB-Pm-xylS-lacI-Ptac-lapA backbone, and 13.-(lap)Aprom3′

and 14.-EMG3-(lap)Aprom5′ were used for amplification of lapAB promoter-area from
P. putida PaW85 chromosome, 770 nucleotides from lapA gene. The resulting vector pEMG-
PtacA-natB carried Ptac promoter in front of lapA 5′ terminus, lacI gene, and 770 nucleotides
of lapAB promoter-area (Figure S3).

The vector pGNW-lapA-Avwf−, for deletion of potential vWFa domain encoding
DNA in lapA gene, was made from the pGNW2 backbone, omitting the lacZ DNA [30]
(Table 1 and Figure S4). Therefore, the pGNW2 and two fragments, the 5′ and 3′ DNA
from the vWFa domain of lapA, were amplified together. The oligonucleotides 3.5-A5vwf5-
SceI-EMG3 and 1.2-EMG5′ were used for pGNW2 amplification (Table S1). The 883-bp-
long 5′ DNA from the potential vWFa domain was amplified with the oligonucleotides
4.5.-A5vwf5 and 6.5.1.-A3vwf5-A5vwf3 from the P. putida PaW85 chromosome (Table S1).
The 806-bp-long 3′ DNA from the vWFa domain was amplified with 5.5.1.-A5vwf3-A3vwf5
and 2.5.-EMG-SceI-A3vwf3 from the P. putida PaW85 chromosome (Table S1).

For the construction of lapG (PP_0164) and lapE (PP_4519) deletion mutants, the DNA
regions that flanked the deleted genes were cloned into the suicide vector pEMG [28].
P. putida PaW85 chromosome was used for the 470 bp long upstream DNA and 607 bp long
downstream DNA of lapG amplification with oligonucleotides PP0164-I-fw and PP0164-I-
rev, and PP0164-2-fw and PP0164-2-rev, respectively. These fragments were ligated together
by overlap extension-PCR and cloned into pEMG using BamHI and EcoRI endonucleases,
resulting in pEMG-∆lapG [41] (Table 1). The suicide vector pEMG-∆lapE was constructed
similarly to pEMG-∆lapG (Table 1). The 503 bp long upstream DNA and 680 bp long
downstream DNA were amplified with oligonucleotides PP4519-I-fw-EcoRI and PP4519-I-
rev, and PP4519-2-fw and PP4519-2-rev-BamHI, respectively, ligated together and cloned to
pEMG using BamHI and EcoRI endonucleases, resulting in pEMG-∆lapE (Table S1).

The deletion strains and lapA expression strains were constructed according to a
previously published protocol [28]. To this end, constructed pEMG vectors (Table 1) were
electroporated [42] into the corresponding P. putida strain to obtain a cointegrate. Plasmid
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pSW was then introduced into the cells, which generated deletion variants from the strains
by activating homing endonuclease SceI expression [27]. All vectors and modifications on
the P. putida chromosome were checked by sequencing to exclude PCR and recombination
errors (Table S1).

4.3. Assessment of Biofilm

Biofilm formation was monitored in flat-bottom microtiter plates (Greiner Bio-One
GmbH, Kremsmünter, Austria; 96-well cell culture plate Cat-No 655180) by the Fletcher
method [43]. A 100 µL measure of LB or M9-0.2CAA medium with or without biopolymers
and 1 mM of IPTG was placed in the well and inoculated with 5 µL overnight-grown
bacteria. Bacteria were grown for 24 h at 30 ◦C and stained with 25 µL of 1% crystal
violet for 15 min. The wells were washed twice with 200 µL of water, and crystal violet
was extracted twice with 180 µL of 96% ethanol. The absorption (A540) of three times
diluted crystal violet extracts in water was measured by a microtiter plate reader Tecan
Sunrise-basic [25]. Antibiotics were added to the growth medium only for the pre-growing
of inoculum; a biofilm assay was performed without antibiotics. At least three independent
measurements were performed.

4.4. Assessment of β-Galactosidase Activity

An indirect method, β-galactosidase activity, was used to assess lapA transcription in
different media in the presence and absence of 1 mM IPTG for 18 h at 30 ◦C. LacZ activity
was measured in P. putida PSm and F15 containing the p9_PlapA1-8 or p9TTBlacZ plasmids
(Table 1); therefore, the growth media was supplemented with 1.5 mg benzylpenicillin
mL−1 [20]. The β-galactosidase measurements in cell suspension were performed according
to Sambrook et al. (1989) [44]. At least three independent measurements were performed.

4.5. Preparation of Cell Lysates, Protein Quantification, SDS-Polyacrylamide Gel Electrophoresis,
and Western Immunoblot Assay

P. putida strains were grown in 5 mL of the respective medium without antibiotics for
18 h in the presence and absence of 1 mM IPTG [1]. For the preparation of crude cell lysate,
the cells were collected by centrifugation and suspended in RIPA buffer (50 mM Tris/HCl
pH 7.4, 1% Triton X-100, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40, 500 mM
NaCl [45]), 100-fold diluted Halt protease and phosphatase single-use inhibitor cocktail
(Thermo Fisher Scientific, Waltham, MA, USA) and 5 mM EDTA, and incubated for 4 h
at 37 ◦C [1]. The cells’ debris was separated by centrifugation at 12,000× g for 15 min
at 4 ◦C [1]. The total amount of protein in the cleared supernatant was measured spec-
trophotometrically by the content of tryptophan [46]. Then, 40 µg and 10 µg of total protein
were diluted 1:1 in 2× Laemmli sample buffer for protein quantification and Western im-
munoblot assay, accordingly, and incubated for 30 min at 37 ◦C [1]. For quantification, the
proteins were separated on a 4–8% gradient PAA gel at 4 ◦C overnight by electrophoresis
at 20 V using the following running buffer: 37.5 mM Tris, 95 mM glycine, and 0.05% SDS.
After that, proteins in SDS-PAA gels were silver strained [47] and the intensity of LapA and
LapF bands were quantified by ImageQuantTM TL 8.2 software.

For Western blotting, 10 µg of total proteins and 45 ng of P. putida Fis(His6) as a
positive control [48] were loaded per well, separated by 12% Tricine-SDS-PAGE [49], and
transferred to a PVDF membrane (Amersham Hybond-P; Cytiva. Marlborough, MA, USA).
The membrane was probed with monoclonal mouse anti-Fis antibodies for Western blotting
at a final dilution of 1:2000, followed by alkaline phosphatase-linked goat anti-mouse IgG
dilution of 1:10,000 (LabAs Ltd., Tartu, Estonia) and developed using 5-bromo-4-cloro-
indolyl phosphate/nitro blue tetrazolium.

4.6. Statistical Analysis of the Results

Factorial ANOVA was used to assess the variability of data in experiments. The
multiple comparisons of means were conducted following Bonferroni’s test for unequal n.
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For statistical tests, the significance level was set at p < 0.05. Homogenous groups with the
same letter indicate similarity of the arithmetic means (p ≥ 0.05). The calculations were
performed using Statistica 13 software.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23115898/s1.

Author Contributions: Conceptualisation, R.T.; methodology, R.T.; validation, R.T, M.P. and J.H.;
formal analysis, R.T.; investigation, R.T., M.P. and J.H.; data curation, R.T.; writing—original draft
preparation, R.T.; writing—review and editing, M.K., J.H. and R.T.; visualisation, R.T.; project
administration, R.T.; funding acquisition, M.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Estonian Research Council, grant number PRG707.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analysed during this study are included in this
published article.

Acknowledgments: We thank Signe Viggor, Merike Jõesaar, and Pille Gerhold for their comments on
the manuscript. Additionally, we thank the Collection of Environmental and Laboratory Microbial
Strains (CELMS; financed by the Estonian Ministry of Education and Research) (RLOMRCELMS) for
the donation of essential strains (the public catalogue is available on the Estonian Electronic Microbial
database (EEMB) website http://eemb.ut.ee accessed on 20 April 2022).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Moor, H.; Teppo, A.; Lahesaare, A.; Kivisaar, M.; Teras, R. Fis Overexpression Enhances Pseudomonas Putida Biofilm Formation

by Regulating the Ratio of LapA and LapF. Microbiology 2014, 160, 2681–2693. [CrossRef] [PubMed]
2. Lahesaare, A.; Ainelo, H.; Teppo, A.; Kivisaar, M.; Heipieper, H.J.; Teras, R. LapF and Its Regulation by FIS Affect the Cell Surface

Hydrophobicity of Pseudomonas putida. PLoS ONE 2016, 11, e0166078. [CrossRef] [PubMed]
3. Martínez-Gil, M.; Yousef-Coronado, F.; Espinosa-Urgel, M. LapF, the second largest Pseudomonas putida protein, contributes to

plant root colonization and determines biofilm architecture. Mol. Microbiol. 2010, 77, 549–561. [CrossRef] [PubMed]
4. Gjermansen, M.; Nilsson, M.; Yang, L.; Tolker-Nielsen, T. Characterization of starvation-induced dispersion in Pseudomonas putida

biofilms: Genetic elements and molecular mechanisms. Mol. Microbiol. 2010, 75, 815–826. [CrossRef]
5. Hinsa, S.M.; Espinosa-Urgel, M.; Ramos, J.L.; O’Toole, G.A. Transition from reversible to irreversible attachment during biofilm

formation by Pseudomonas fluorescens WCS365 requires an ABC transporter and a large secreted protein. Mol. Microbiol. 2003,
49, 905–918. [CrossRef]

6. Holland, I.B.; Schmitt, L.; Young, J. Type 1 protein secretion in bacteria, the ABC-transporter dependent pathway (Review).
Mol. Membr. Biol. 2005, 22, 29–39. [CrossRef]

7. Ivanov, I.E.; Boyd, C.D.; Newell, P.D.; Schwartz, M.E.; Turnbull, L.; Johnson, M.S.; Whitchurch, C.B.; O’Toole, G.A.; Camesano,
T.A. Atomic force and super-resolution microscopy support a role for LapA as a cell-surface biofilm adhesin of Pseudomonas
fluorescens. Res. Microbiol. 2012, 163, 685–691. [CrossRef]

8. El-Kirat-Chatel, S.; Beaussart, A.; Boyd, C.D.; O’Toole, G.A.; Dufrêne, Y.F. Single-Cell and Single-Molecule Analysis Deciphers the
Localization, Adhesion, and Mechanics of the Biofilm Adhesin LapA. ACS Chem. Biol. 2013, 9, 485–494. [CrossRef]

9. El-Kirat-Chatel, S.; Boyd, C.D.; O’Toole, G.A.; Dufrêne, Y.F. Single-Molecule Analysis of Pseudomonas fluorescens Footprints.
ACS Nano 2014, 8, 1690–1698. [CrossRef]

10. Boyd, C.D.; Smith, T.J.; El-Kirat-Chatel, S.; Newell, P.D.; Dufrêne, Y.F.; O’Toole, G.A. Structural Features of the Pseudomonas
fluorescens Biofilm Adhesin LapA Required for LapG-Dependent Cleavage, Biofilm Formation, and Cell Surface Localization.
J. Bacteriol. 2014, 196, 2775–2788. [CrossRef]

11. Collins, A.J.; Smith, T.J.; Sondermann, H.; O’Toole, G.A. From Input to Output: The Lap/c-di-GMP Biofilm Regulatory Circuit.
Annu. Rev. Microbiol. 2020, 74, 607–631. [CrossRef] [PubMed]

12. Winsor, G.L.; Griffiths, E.J.; Lo, R.; Dhillon, B.K.; Shay, J.A.; Brinkman, F.S.L. Enhanced annotations and features for comparing
thousands of Pseudomonas genomes in the Pseudomonas genome database. Nucleic Acids Res. 2015, 44, D646–D653. [CrossRef]
[PubMed]

13. Collins, A.J.; Pastora, A.B.; Smith, T.J.; O’Toole, G.A. MapA, a Second Large RTX Adhesin Conserved across the Pseudomonads,
Contributes to Biofilm Formation by Pseudomonas fluorescens. J. Bacteriol. 2020, 202, e00277-20. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms23115898/s1
https://www.mdpi.com/article/10.3390/ijms23115898/s1
http://eemb.ut.ee
http://doi.org/10.1099/mic.0.082503-0
http://www.ncbi.nlm.nih.gov/pubmed/25253613
http://doi.org/10.1371/journal.pone.0166078
http://www.ncbi.nlm.nih.gov/pubmed/27812186
http://doi.org/10.1111/j.1365-2958.2010.07249.x
http://www.ncbi.nlm.nih.gov/pubmed/20545856
http://doi.org/10.1111/j.1365-2958.2009.06793.x
http://doi.org/10.1046/j.1365-2958.2003.03615.x
http://doi.org/10.1080/09687860500042013
http://doi.org/10.1016/j.resmic.2012.10.001
http://doi.org/10.1021/cb400794e
http://doi.org/10.1021/nn4060489
http://doi.org/10.1128/JB.01629-14
http://doi.org/10.1146/annurev-micro-011520-094214
http://www.ncbi.nlm.nih.gov/pubmed/32689917
http://doi.org/10.1093/nar/gkv1227
http://www.ncbi.nlm.nih.gov/pubmed/26578582
http://doi.org/10.1128/JB.00277-20
http://www.ncbi.nlm.nih.gov/pubmed/32631946


Int. J. Mol. Sci. 2022, 23, 5898 20 of 21

14. Economou, A.; Hamilton, W.; Johnston, A.; Downie, J. The Rhizobium nodulation gene nodO encodes a Ca2(+)-binding protein
that is exported without N-terminal cleavage and is homologous to haemolysin and related proteins. EMBO J. 1990, 9, 349–354.
[CrossRef] [PubMed]

15. Ruggeri, Z.M.; von Ware, J. Willebrand factor. FASEB J. 1993, 7, 308–316. [CrossRef]
16. Colombatti, A.; Bonaldo, P.; Doliana, R. Type A Modules: Interacting Domains Found in Several Non-Fibrillar Collagens and in

Other Extracellular Matrix Proteins. Matrix 1993, 13, 297–306. [CrossRef]
17. Hartleib, J.; Köhler, N.; Dickinson, R.B.; Chhatwal, G.S.; Sixma, J.J.; Hartford, O.M.; Foster, T.J.; Peters, G.; Kehrel, E.B.; Herrmann,

M. Protein A is the von Willebrand factor binding protein on Staphylococcus aureus. Blood J. Am. Soc. Hematol. 2000, 96,
2149–2156.

18. Siryaporn, A.; Kuchma, S.L.; O’Toole, G.A.; Gitai, Z. Surface attachment induces Pseudomonas aeruginosa virulence. Proc. Natl.
Acad. Sci. USA 2014, 111, 16860–16865. [CrossRef]

19. Puhm, M.; Ainelo, H.; Kivisaar, M.; Teras, R. Tryptone in Growth Media Enhances Pseudomonas putida Biofilm. Microorganisms
2022, 10, 618. [CrossRef]

20. Ainelo, H.; Lahesaare, A.; Teppo, A.; Kivisaar, M.; Teras, R. The promoter region of lapA and its transcriptional regulation by Fis
in Pseudomonas putida. PLoS ONE 2017, 12, e0185482. [CrossRef]

21. Lahesaare, A.; Moor, H.; Kivisaar, M.; Teras, R. Pseudomonas putida FIS Binds to the lapF Promoter In Vitro and Represses the
Expression of LapF. PLoS ONE 2014, 9, e115901. [CrossRef] [PubMed]

22. Herrero, M.; de Lorenzo, V.; Timmis, K.N. Transposon vectors containing non-antibiotic resistance selection markers for cloning
and stable chromosomal insertion of foreign genes in gram-negative bacteria. J. Bacteriol. 1990, 172, 6557–6567. [CrossRef]
[PubMed]

23. Rosendahl, S.; Tamman, H.; Brauer, A.; Remm, M.; Hõrak, R. Chromosomal toxin-antitoxin systems in Pseudomonas putida are
rather selfish than beneficial. Sci. Rep. 2020, 10, 9230. [CrossRef] [PubMed]

24. Regenhardt, D.; Heuer, H.; Heim, S.; Fernandez, D.U.; Strompl, C.; Moore, E.R.B.; Timmis, K.N. Pedigree and taxonomic
credentials of Pseudomonas putida strain KT2440. Environ. Microbiol. 2002, 4, 912–915. [CrossRef]

25. Jakovleva, J.; Teppo, A.; Velts, A.; Saumaa, S.; Moor, H.; Kivisaar, M.; Teras, R. FIS regulates the competitiveness of Pseudomonas
putida on barley roots by inducing biofilm formation. Microbiology 2012, 158, 708–720. [CrossRef]

26. Kivistik, P.A.; Putrinš, M.; Püvi, K.; Ilves, H.; Kivisaar, M.; Hõrak, R. The ColRS Two-Component System Regulates Membrane
Functions and Protects Pseudomonas putida against Phenol. J. Bacteriol. 2006, 188, 8109–8117. [CrossRef]

27. Wong, S.M.; Mekalanos, J.J. Genetic footprinting with mariner-based transposition in Pseudomonas aeruginosa. Proc. Natl. Acad.
Sci. USA 2000, 97, 10191–10196. [CrossRef]

28. Martinez-Garcia, E.; de Lorenzo, V. Engineering multiple genomic deletions in Gram-negative bacteria: Analysis of the multi-
resistant antibiotic profile of Pseudomonas putida KT2440. Environ. Microbiol. 2011, 13, 2702–2716. [CrossRef]

29. Martinez-Garcia, E.; Aparicio, T.; Goni-Moreno, A.; Fraile, S.; De Lorenzo, V. SEVA 2.0: An update of the Standard European
Vector Architecture for de-/re-construction of bacterial functionalities. Nucleic Acids Res. 2014, 43, D1183–D1189. [CrossRef]

30. Wirth, N.T.; Kozaeva, E.; Nikel, P.I. Accelerated genome engineering of Pseudomonas putida by I-Sce I—mediated recombination
and CRISPR-Cas9 counterselection. Microb. Biotechnol. 2019, 13, 233–249. [CrossRef]

31. De Lorenzo, V.; Cases, I.; Herrero, M.; Timmis, K.N. Early and late responses of TOL promoters to pathway inducers: Identification
of postexponential promoters in Pseudomonas putida with lacZ-tet bicistronic reporters. J. Bacteriol. 1993, 175, 6902–6907.
[CrossRef] [PubMed]

32. Smith, T.J.; Sondermann, H.; O’Toole, G.A. Type 1 Does the Two-Step: Type 1 Secretion Substrates with a Functional Periplasmic
Intermediate. J. Bacteriol. 2018, 200, e00168-18. [CrossRef] [PubMed]

33. Romeo, T.; Vakulskas, C.; Babitzke, P. Post-transcriptional regulation on a global scale: Form and function of CSR/RSM systems.
Environ. Microbiol. 2012, 15, 313–324. [CrossRef] [PubMed]

34. Martínez-Gil, M.; Ramos-González, M.I.; Espinosa-Urgel, M. Roles of Cyclic Di-GMP and the GAC System in Transcriptional
Control of the Genes Coding for the Pseudomonas putida Adhesins LapA and LapF. J. Bacteriol. 2014, 196, 1484–1495. [CrossRef]

35. Huertas-Rosales, Ó.; Romero, M.; Chan, K.-G.; Hong, K.-W.; Cámara, M.; Heeb, S.; Barrientos-Moreno, L.; Molina-Henares,
M.A.; Travieso, M.L.; Ramos-González, M.I.; et al. Genome-Wide Analysis of Targets for Post-Transcriptional Regulation by Rsm
Proteins in Pseudomonas putida. Front. Mol. Biosci. 2021, 8, 624061. [CrossRef]

36. Díaz-Salazar, C.; Calero, P.; Portero, R.E.; Jiménez-Fernández, A.; Wirebrand, L.; Velasco-Domínguez, M.G.; López-Sánchez, A.;
Shingler, V.; Govantes, F. The stringent response promotes biofilm dispersal in Pseudomonas putida. Sci. Rep. 2017, 7, 18055.
[CrossRef]

37. Boyd, C.D.; Chatterjee, D.; Sondermann, H.; O’Toole, G.A. LapG, Required for Modulating Biofilm Formation by Pseudomonas-
fluorescens Pf0-1, Is a Calcium-Dependent Protease. J. Bacteriol. 2012, 194, 4406–4414. [CrossRef]

38. Adams, M.H. Bacteriophages; Interscience Publishers, Inc.: New York, NY, USA, 1959.
39. Bauchop, T.; Elsden, S.R. The Growth of Micro-organisms in Relation to their Energy Supply. Microbiology 1960, 23, 457–469.

[CrossRef]
40. Quan, J.; Tian, J. Circular polymerase extension cloning for high-throughput cloning of complex and combinatorial DNA libraries.

Nat. Protoc. 2011, 6, 242–251. [CrossRef]

http://doi.org/10.1002/j.1460-2075.1990.tb08117.x
http://www.ncbi.nlm.nih.gov/pubmed/2303029
http://doi.org/10.1096/fasebj.7.2.8440408
http://doi.org/10.1016/S0934-8832(11)80025-9
http://doi.org/10.1073/pnas.1415712111
http://doi.org/10.3390/microorganisms10030618
http://doi.org/10.1371/journal.pone.0185482
http://doi.org/10.1371/journal.pone.0115901
http://www.ncbi.nlm.nih.gov/pubmed/25545773
http://doi.org/10.1128/jb.172.11.6557-6567.1990
http://www.ncbi.nlm.nih.gov/pubmed/2172216
http://doi.org/10.1038/s41598-020-65504-0
http://www.ncbi.nlm.nih.gov/pubmed/32513960
http://doi.org/10.1046/j.1462-2920.2002.00368.x
http://doi.org/10.1099/mic.0.053355-0
http://doi.org/10.1128/JB.01262-06
http://doi.org/10.1073/pnas.97.18.10191
http://doi.org/10.1111/j.1462-2920.2011.02538.x
http://doi.org/10.1093/nar/gku1114
http://doi.org/10.1111/1751-7915.13396
http://doi.org/10.1128/jb.175.21.6902-6907.1993
http://www.ncbi.nlm.nih.gov/pubmed/8226632
http://doi.org/10.1128/JB.00168-18
http://www.ncbi.nlm.nih.gov/pubmed/29866808
http://doi.org/10.1111/j.1462-2920.2012.02794.x
http://www.ncbi.nlm.nih.gov/pubmed/22672726
http://doi.org/10.1128/JB.01287-13
http://doi.org/10.3389/fmolb.2021.624061
http://doi.org/10.1038/s41598-017-18518-0
http://doi.org/10.1128/JB.00642-12
http://doi.org/10.1099/00221287-23-3-457
http://doi.org/10.1038/nprot.2010.181


Int. J. Mol. Sci. 2022, 23, 5898 21 of 21

41. Horton, R.M.; Hunt, H.D.; Ho, S.N.; Pullen, J.K.; Pease, L.R. Engineering hybrid genes without the use of restriction enzymes:
Gene splicing by overlap extension. Gene 1989, 77, 61–68. [CrossRef]

42. Choi, K.-H.; Kumar, A.; Schweizer, H.P. A 10-min method for preparation of highly electrocompetent Pseudomonas aeruginosa
cells: Application for DNA fragment transfer between chromosomes and plasmid transformation. J. Microbiol. Methods 2006, 64,
391–397. [CrossRef] [PubMed]

43. Fletcher, A. The effects of culture concentration and age, time and temperature on bacterial attachments to polystyrene.
Can. J. Mircobiol. 1977, 23, 1–6. [CrossRef]

44. Sambrook, J.; Fritsch, E.F.; Maniatis, T. Molecular Cloning: A Laboratory Manual, 2nd ed.; Cold Spring Harbor Laboratory Press:
New York, NY, USA, 1989.

45. Mikelsaar, A.-V.; Sünter, A.; Toomik, P.; Karpson, K.; Jurone, E. Development of New Monoclonal Antibodies for Immunocyto-
chemical Characterization of Neural Stem and Differentiated Cells. In Neural Stem Cells and Therapy; Sun, T., Ed.; InTech: Rijeka,
Croatia, 2012. [CrossRef]

46. BioTek. Quantitation of Peptides and Amino Acids with a Synergy™HT Using UV Fluorescence. Available online: https:
//www.biotek.com/resources/docs/Synergy_HT_Quantitation_of_Peptides_and_Amino_Acids.pdf (accessed on 20 April 2022).

47. Chevallet, M.; Luche, S.; Rabilloud, T. Silver staining of proteins in polyacrylamide gels. Nat. Protoc. 2006, 1, 1852–1858. [CrossRef]
48. Teras, R.; Jakovleva, J.; Kivisaar, M. FIS negatively affects binding of Tn4652 transposase by out-competing IHF from the left end

of Tn4652. Microbiology 2009, 155, 1203–1214. [CrossRef] [PubMed]
49. Schagger, H. Tricine-SDS-PAGE. Nat. Protoc. 2006, 1, 16–22. [CrossRef] [PubMed]

http://doi.org/10.1016/0378-1119(89)90359-4
http://doi.org/10.1016/j.mimet.2005.06.001
http://www.ncbi.nlm.nih.gov/pubmed/15987659
http://doi.org/10.1139/m77-001
http://doi.org/10.5772/31313
https://www.biotek.com/resources/docs/Synergy_HT_Quantitation_of_Peptides_and_Amino_Acids.pdf
https://www.biotek.com/resources/docs/Synergy_HT_Quantitation_of_Peptides_and_Amino_Acids.pdf
http://doi.org/10.1038/nprot.2006.288
http://doi.org/10.1099/mic.0.022830-0
http://www.ncbi.nlm.nih.gov/pubmed/19332822
http://doi.org/10.1038/nprot.2006.4
http://www.ncbi.nlm.nih.gov/pubmed/17406207

	Introduction 
	Results 
	LapA Is Essential for Peptide-Dependent Biofilm 
	The Transcription of lapA Is Growth Medium Independent, the Amount of LapA Is Not 
	Construction of a Strain with a Modified lapA Transcription and a LapA Strain without a vWFa Domain 
	LapA Domain vWFa Is Involved in the Peptide-Dependent Biofilm of P. putida PaW85 
	Biofilm of P. putida PSmlapE- and PSmlapG-Derived Strains 
	The vWFa Domain Is Essential for F15 Biofilm 

	Discussion 
	Materials and Methods 
	Bacterial Strains, Plasmids, and Media 
	DNA Manipulation 
	Assessment of Biofilm 
	Assessment of -Galactosidase Activity 
	Preparation of Cell Lysates, Protein Quantification, SDS-Polyacrylamide Gel Electrophoresis, and Western Immunoblot Assay 
	Statistical Analysis of the Results 

	References

