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A ptsP deficiency in PGPR Pseudomonas fluorescens SF39a affects
bacteriocin production and bacterial fitness in the wheat rhizosphere
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Abstract
Pseudomonas fluorescens SF39a is a plant-growth-promoting bacterium isolated from wheat rhizosphere. In this report, we demonstrate that
this native strain secretes bacteriocins that inhibit growth of phytopathogenic strains of the genera Pseudomonas and Xanthomonas. An S-type
pyocin gene was detected in the genome of strain SF39a and named pys. A non-polar pys::Km mutant was constructed. The bacteriocin pro-
duction was impaired in this mutant.

To identify genes involved in bacteriocin regulation, random transposon mutagenesis was carried out. A miniTn5Km1 mutant, called P.
fluorescens SF39a-451, showed strongly reduced bacteriocin production. This phenotype was caused by inactivation of the ptsP gene which
encodes a phosphoenolpyruvate phosphotransferase (EINtr) of the nitrogen-related phosphotransferase system (PTSNtr). In addition, this mutant
showed a decrease in biofilm formation and protease production, and an increase in surface motility and pyoverdine production compared with
the wild-type strain. Moreover, we investigated the ability of strain SF39a-451 to colonize the wheat rhizosphere under greenhouse conditions.
Interestingly, the mutant was less competitive than the wild-type strain in the rhizosphere. To our knowledge, this study provides the first
evidence of both the relevance of the ptsP gene in bacteriocin production and functional characterization of a pyocin S in P. fluorescens.
© 2015 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Plant growth-promoting rhizobacteria (PGPR) benefit
plants directly by stimulating plant growth, and/or indirectly,
through a reduction in the incidence of plant disease. In the
rhizosphere, PGPR may compete effectively with native
microflora, survive, become established in the plant root and
then function under the particular conditions of the ecosystem
at hand [1]. Rhizobacteria employ different strategies for
competition with other microorganisms from soil; for
example, production of antimicrobial compounds such as an-
tibiotics (secondary metabolites; usually broader spectrum) or
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bacteriocins (ribosomally synthesized proteinaceous sub-
stances; usually narrow spectrum) [2]. These antimicrobials
are of great interest because they affect bacterial population
dynamics and, consequently, survival and virulence [3,4].

One of the most important groups among the PGPR is the
genus Pseudomonas. The antibiotics produced by Pseudo-
monas spp. have been widely studied. Nevertheless, little is
known about the bacteriocins (structure, killing activity, reg-
ulatory systems) synthesized by these Pseudomonas spp. [5].
For example, lectin-like bacteriocins have been identified in
plant-associated Pseudomonas strains [6,7]. The first member
of this family of antibacterial proteins was identified in
Pseudomonas putida BW11M1 and called LlpABw; the crystal
structure of LlpABw was determined by Ghequire et al. [8].
However, little information is available on the regulation of
llpA genes. In strain P. putida BW11M1, production of
LlpABw is enhanced upon exposure to UV light [6]. In
reserved.
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addition, a recJ mutant exhibited an overexpression pheno-
type. In contrast, reduced production was detected upon recA
inactivation. These different phenotypes in recA and recJ
mutants suggest that two different, but not necessarily inde-
pendent, stress-responsive regulatory systems are involved in
bacteriocin expression. Moreover, a low level of bacteriocin
expression was detected in a spoT mutant, suggesting that
production is also influenced by another global stress response
system [9].

Phage tail-like bacteriocins, called tailocins, represent other
classes of bacteriocins [5]. We reported that Pseudomonas
fluorescens SF4c, an isolate from wheat rhizosphere, produces
a tailocin (similar to the phage-like pyocin of Pseudomonas
aeruginosa). The production of this bacteriocin was upregu-
lated by mitomycin C, UV light and hydrogen peroxide, and
was downregulated by saline stress [10]. Moreover, analysis of
genome sequence data revealed the presence of a variety of
tailocins in Pseudomonas originating from plant or soil envi-
ronments [5,11]. Finally, analysis in silico revealed that genes
for production of other bacteriocins, for example, S-type
pyocin or microcin-like compounds, are present in plant-
associated Pseudomonas genomes, but functional character-
ization of these compounds is still lacking [12,13]. Another
remaining issue is the identification of environmental factors
that regulate bacteriocin production and assessment of their
ecological impact [5].

P. fluorescens SF39a is a native PGPR strain isolated from
the rhizosphere of wheat (Argentina) [14]. In this work, an S-
type pyocin gene was detected in the genome of the strain
SF39a and named pys. Antimicrobial activity was impaired in
a pys mutant derivative from strain SF39a. We also report that
a mutation in the ptsP gene affects bacteriocin and siderophore
production, protease activity, biofilm formation and surface
motility. Moreover, inactivation of ptsP impaired competi-
tiveness of P. fluorescens SF39a in the rhizosphere.

2. Materials and methods
2.1. Bacterial strains, plasmids and culture conditions
Pseudomonas strains and Escherichia coli were grown in
LuriaeBertani (LB) at 30 �C or at 37 �C, respectively. When
appropriate, the media were supplemented with antibiotics (in
mg/ml): ampicillin, 100; chloramphenicol, 30; kanamycin, 25;
rifampicin, 50; streptomycin, 100; gentamicin, 20 (for E. coli)
or 60 (for Pseudomonas). The bacterial strains and plasmids
used in this study are listed in Table 1.
2.2. Bacteriocin assay
Ten ml of a stationary-phase culture of the producer strain
were spotted onto LB agar and incubated overnight at 30 �C.
To prevent further cell growth, the plates were then exposed to
chloroform vapor (20 min) and overlaid with 3 ml soft agar
(0.7% w/v) seeded with 50 ml of a bacterial suspension of the
indicator strain. The plates were incubated at 30 �C and
bacteriocin production determined by growth inhibition
around the colonies [6]. Reference Pseudomonas and
Xanthomonas strains were used as indicator strains (Table 1).
2.3. Bacteriocin crude extracts
The bacteriocin from P. fluorescens SF39a was partially
purified as described previously [10] with some modifications.
Briefly, saturated cultures of P. fluorescens SF39a were diluted
1:100 in LB medium and shaken at 150 rpm and 30 �C to
OD600 0.3. Then, mitomycin C (final concentration of 6 mg/ml)
was added to one of the flasks and the incubation continued
overnight with the control flask (no mitomycin C). The sam-
ples were centrifuged at 17 000 g for 1 h and the supernatants
were divided into two aliquots. One of them was precipitated
with ammonium sulfate (60%, w/v) and centrifuged at
17 000 g for 1 h at 4 �C, and the pellet was resuspended in
TN50 buffer. The other was concentrated by ultrafiltration
through a centrifugal filtration device (Amicon Ultra-15,
100K, Millipore) at 6000 g for 20e25 min at 4 �C. The
antimicrobial activity of all samples was assayed by the spot
test method against the sensitive strain P. fluorescens CTR212.
The bacteriocin titer was expressed in arbitrary units (AU)/ml,
corresponding to the reciprocal of the highest dilution that
showed clear inhibition of the indicator strain [15].

Then, the samples concentrated by ultrafiltration were
analyzed by polyacrylamide gel electrophoresis (PAGE) under
denaturing [16] or non-denaturing conditions [17]. Gels were
stained with Coomassie Brilliant Blue R-250 (Bio-Rad). To
test for activity, unstained non-denaturing gels were washed
with distilled water, placed into Petri dishes containing LB and
overlaid with soft agar seeded with the indicator strain. Petri
dishes were incubated at 30 �C and tested for growth inhibition
zones.
2.4. Sensitivity of bacteriocin to protease and heat
Aliquots of bacteriocin crude extracts were treated with
proteinase K (2 mg/ml) at 37 �C for 1 or 3 h. To analyze
thermal stability, samples of bacteriocin were heated at 37 �C
for 1 or 3 h and, 50 �C, 80 �C and 100 �C for 10 or 20 min.
After treatment, the samples were tested for antimicrobial
activity against P. fluorescens CTR212 [18].
2.5. Molecular biology techniques
Standard techniques were used for plasmid and DNA
isolation, restriction enzyme digestion, ligation reactions and
agarose gel electrophoresis [19]. For Southern analysis, the
Biotin DecaLabel™ DNA Labeling and Biotin Chromogenic
Detection kits (Fermentas) were used.
2.6. Bacteriocin prediction and construction of a pyocin
mutant
BAGEL3 (web-based bacteriocin mining tool) was used to
identify genes encoding bacteriocins in the draft genome of P.
fluorescens SF39a [20]. In addition, BLAST was performed to



Table 1

Bacterial strains and plasmids used in this study.

Strains or plasmids Origin or relevant characteristics Source or reference

Strains

P. fluorescens SF39a Isolate from wheat rhizosphere (Argentina) [14]

P. fluorescens SF4c Isolate from wheat rhizosphere (Argentina) [14]

P. putida SF10b Isolate from wheat rhizosphere (Argentina) [14]

P. fluorescens CTR212 Soil isolate (France) [46]

P. fluorescens Pf0-1 Soil isolate (United States) [47]

P. fluorescens WCS365 Isolate from potato rhizosphere (Netherlands) [48]

P. protegens CHA0 Isolate from tobacco rhizosphere (Switzerland) [49]

P. putida KT2440 Plasmid-free derivative of natural isolate mt-2 [50]

P. syringae pv. syringae 61 Isolate from wheat (USA) [51]

P. corrugata NCPPB 2445 Isolate from tomato, pathogen (UK) [52]

P. corrugata PC5 Isolate from tomato, pathogen (Argentina) [53]

P. viridiflava Pvalb8 Isolate from basil, pathogen (Argentina) [53]

X. axonopodis pv. citri Xcc991330 Isolate from C. sinensis, pathogen INTA Bella Vista,

Argentina

X. axonopodis pv. vesicatoria XcvBv54a Isolate from pepper plants, pathogen INTA Bella Vista,

Argentina

P. fluorescens SF39a-451 ptsP::mini-Tn5 Km1 mutant of P. fluorescens SF39a, KmR This work

P. fluorescens SF39a-451pPtsP ptsP::mini-Tn5 Km1 mutant complemented with pPtsP, KmR, GmR This work

P. fluorescens SF39a-pys Non-polar pys::Km mutant of P. fluorescens SF39a This work

P. fluorescens 39a-R Spontaneous rifampicin-resistant mutant derived

from P. fluorescens SF39a, RifR
This work

P. fluorescens SF39a-451-R Spontaneous rifampicin-resistant mutant derived

from P. fluorescens SF39a-451, KmR, RifR
This work

E. coli DH5a endA1 recA1 hsdR17 supE44 thi-1 gyrA96 relA1 D(lacZYA-argF)U169 480d lacZ D M15. [54]

E. coli CC118lpir D(ara-leu) araD DlacX74 galE galK phoA20 thi-1 rpsE rpoB argE(Am) recA1 l pir lisog�en. [21]

E. coli HB101 Pro leu thi lacY endoI- RecA- [55]

Plasmids

pUT mini-Tn5 Km1 Suicide plasmid carrying transposon mini-Tn5 Km1, AmpR, KmR [24]

pRK600 ColE1 replicon with RK2 transfer region, helper plasmid, CmR [56]

pBluescript SK Cloning vector, AmpR Stratagene

pBBR1MCS-5 Broad-host-range cloning vector, P(lac), Gm
R [57]

pBSK451 6-kb PstI fragment containing mini-Tn5 Km1 insertion and flanking DNA from P.

fluorescens SF39a-451 cloned into pBluescript SK, KmR AmpR
This work

pPtsP ptsP from P. fluorescens Pf0-1 cloned into pBBR1MCS-5, GmR This Work

pUC18Not Cloning vector, pUC18 derivative with polylinker flanked by NotI sites [21]

p34S-Km3 Plasmid carrying a KmR cassette flanked by duplicated restriction sites [22]

pKNG101 Suicide vector for gene replacement; SmR; sacB [23]

pPYS1 1185 bp PstI/BamHI fragment that includes the 50 region of pys cloned into pUC18Not This work

pPYS12 1248 bp BamHI/KpnI fragment that includes the 30 region of pys cloned into pPYS1 This work

pPYS12Km BamHI fragment containing KmR cassette from p34S-Km3 cloned into pPYS12 This work

pKNGPYS NotI fragment of pPYS12Km cloning into pKNG101 This work

AmpR, ampicillin resistant; CmR, chloramphenicol resistant; GmR, gentamicin resistant; KmR, kanamycin resistant; RifR, rifampicin resistant; SmR streptomycin

resistant.
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detect conserved genes (hol, lys, prtR, mutS and recAerecX )
of phage tail-like pyocins.

A pyocin mutant derivative of P. fluorescens SF39a was
constructed by replacement of an internal 1582 bp fragment
of pys with a Km-resistance cassette. For this step,
two fragments were PCR-amplified with the oligonucleo-
tides fw1 [AACTgCAgTACGCCTTCCTCGACCATCAT
(PstI restriction site underlined)] and rv1 [CgggATC-
CAACTTCCTGGCGATCAGGGA (BamHI restriction site
underlined)], and fw2 [CgggATCCAAGGCGCATGTT-
GAAATTCA (BamHI site underlined)] and rv2
[ggggTACCTACACCCTGACGCATTTGCT (KpnI site
underlined)]. The PCR products were cloned into
pUC18Not [21] to give pPYS1 and pPYS12, respectively. A
BamHI fragment carrying a Km-resistance cassette from
plasmid p34S-Km3 [22] was then cloned into pPYS12. The
resulting plasmid, pPYS12Km, was digested with NotI, and
the pys::Km construct was cloned into pKNG101, a suicide
vector unable to replicate in Pseudomonas spp. that allows
the generation of double recombination events [23]. The
resulting plasmid, pKNGPYS, was electroporated into
SF39a. Transformants in which the construct was integrated
into the chromosome by a single crossover were selected on
LB plates supplemented with Km. The second crossover
event was selected by plating KmR clones on medium
containing 7% (w/v) sucrose and Km. In addition, the
plasmid loss was tested on plates with streptomycin. KmR

SacR SmS colonies were checked by PCR and Southern
hybridization to confirm the replacement of pys by
pys::Km.
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2.7. Random mutagenesis
Transposon mutagenesis with mini-Tn5 Km1 [24], was
performed by triparental mating, with P. fluorescens SF39a as
recipient, E. coli CC118lpir (pUT-Km1) as donor and E. coli
HB101 (RK600) as helper. The transconjugants were selected
on medium containing kanamycin and screened to investigate
the mutants affected in bacteriocin production. One clone
(SF39a-451) was chosen. Chromosomal DNA of mutant P.
fluorescens SF39a-451 was digested with PstI (which has a
unique recognition site in mini-Tn5 Km1) and ligated to
pBluescript SK previously digested with PstI. Ligation mixes
were electroporated into E. coli DH5a and plated on LB
medium supplemented with ampicillin and kanamycin. The
AmpR KmR colonies were isolated and one clone containing
the recombinant plasmid was used for sequencing (Macrogen
Inc.) through the use of primer 50-AGATCTGATCAAGA-
GACAG-30 [25]. The nucleotide sequence obtained was
compared with the GenBank database by means of the BLAST
algorithm [26].
2.8. Complementation analysis
A fragment containing the coding region of ptsP, with its
ribosome-binding sequence, was amplified by PCR from P.
fluorescens Pf0-1 genomic DNA with primers ptsPFw (50-
CggAATTCTCgAgTgTgTTYATYgCCAgC-30 [EcoRI restric-
tion site underlined]) and ptsPRv (50-CCCAAgCTTgg-
TAAACCggAgTTCgATgg-30 [HindIII restriction site
underlined]). The PCR product was purified, restricted with
EcoRI and HindIII and cloned into the pBBR1MCS-5 vector.
This construct, pPtsP, was used to transform P. fluorescens
SF39a-451 by electroporation. The bacteriocin assay was used
as a complementation test.
2.9. Phenotypic analyses of mutant P. fluorescens
SF39a-451
The biofilm formation ability, pyoverdine and protease
production, solubilization of phosphate and motility were
tested in the mutant SF39a-451 and wild-type. For the biofilm
formation assay, an aliquot of 1.5 ml of overnight cultures
grown in LB was transferred into 100 ml of K10T-1 medium in
a 96-well plate and grown statically for 12 h at 30 �C. After
incubation, 25 ml of 1% solution of crystal violet (CV) was
added to each well and the plate was incubated at room
temperature for 15 min. Then, the plate was rinsed thoroughly
with water and CV-stained biofilm was solubilized in 200 ml of
95% ethanol [27]. The absorbance was determined with a
microplate reader at 570 nm (Multiskan™ FC-Thermo Sci-
entific) and the data were normalized to cell density measured
at 600 nm.

Pyoverdine production was analyzed on King's B medium.
Ten ml of overnight cultures grown in LB were spotted onto
agar King's B plates and incubated at 30 �C for 24, 48
and 72 h. Then the plates were observed under
UV light. Moreover, pyoverdine levels were quantified
spectrophotometrically at OD405. For this, bacteria were
grown on King's B liquid medium for 24, 48 or 72 h and the
cultures were centrifuged (5 min, 10 000 � g). Then, the
pyoverdine levels were measured in the supernatant at OD405

[28,29].
Protease assay was performed using a protocol based on

that described by Sokol et al. [30]. Ten ml of overnight cultures
were spotted onto 3% milk agar plate. The casein degradation
zone was measured after 48 h of growth at 30 �C.

Solubilization of phosphate was analyzed by the formation
of transparent halos surrounding bacterial colonies on a me-
dium containing insoluble phosphate after 5 days of incubation
at 30 �C [31].

Swimming motility and surface motility were evaluated
in LB medium supplemented with 0.3% or 0.4% agar,
respectively [32,33]. The plates were incubated at 30 �C for
48 h to detect bacterial motility. Moreover, samples for
transmission electron microscopy were prepared either
from liquid cultures or taken from surface motility plates.
In the first case, a drop of an overnight culture in LB me-
dium was placed directly on the grid. In the second case,
bacteria from the inoculation point, the middle of the
expanding colony or the edge of the expanding colony were
gently scraped off and suspended in a drop of physiological
solution (0.9% NaCl). In all cases, bacterial suspensions
were placed on collodion-coated copper grids (400 mesh)
for 5 min. The excess of bacterial suspension was removed
and the attached bacteria were stained with 2% phospho-
tungstic acid for 10 s. Negatively stained cells were visu-
alized with a JEM 1200 EXII transmission electron
microscope (JEOL Ltd., Tokyo, Japan) equipped with a
Erlangshen ES1000W digital camera (Model 785, Gatan
Inc., Pleasanton, CA, USA) (Servicio Central de Micro-
scopía Electr�onica de la Facultad de Ciencias Veterinarias,
Universidad Nacional de La Plata).
2.10. Rhizosphere colonization and competition
Rhizosphere colonization and competition assays between
strains SF39a and SF39a-451 were performed in non-sterile
soil. First, the strains were tagged with rifampicin. Sponta-
neous rifampicin-resistant mutants derived from these strains
were isolated on LB medium containing rifampicin (50 mg/ml)
and named SF39-R and SF39a-451-R. Studies of growth of
these strains were carried out in liquid glucoseminimal medium
to determine whether spontaneous rifampicin resistant mutants
were able to grow the same as their parent strains [34].

Wheat seeds (BIOINTA3004) were surface-sterilized and
pregerminated [14]. Germinated seeds were sown into plastic
pots containing non-sterile soil and then kept in a greenhouse
with lightedark cycles (12 h light, 12 h dark). Plants were
irrigated with sterilized water. Uninoculated plants were used
as a control.

For production of bacterial inocula, strains SF39a-R and
SF39a-451-R were grown in LB broth at 30 �C, 140 rpm until
exponential phase OD600 ¼ 1. Cells were then harvested by
centrifugation (10 000� g for 10min), washed and resuspended
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in physiological solution (0.9% NaCl) at a density of
2 � 108 cfu/ml.

Seven-day-old plants were inoculated with strain SF39-R or
SF39a-451-R at a density of 2 � 106 cfu/g soil. In addition,
mixed inoculation treatments containing a 1:1 mixture of
competing strains were performed (1 � 106 cfu/g soil for each
strain).

Plants were harvested at 3 weeks after inoculation and the
number of viable cells was determined in the rhizosphere soil.
Samples were serially diluted and plated onto LB medium
supplemented with dichloran (20 mg/ml) (for fungi inhibition)
and rifampicin, or rifampicin and kanamycin, to distinguish
between strains in mixed inoculation treatments. The plates
were incubated at 30 �C. Viability was expressed as cfu per g
of dry soil [34,35]. The experiment was repeated 3 times with
n ¼ 5.
2.11. Statistical analyses
Data were analyzed by one way analysis of variance
(ANOVA) or the Student test when suitable. Differences were
considered to be significant at the P � 0.05 level. Means were
compared by Tukey tests (for ANOVA).

3. Results
3.1. Detection of antibacterial compounds in P.
fluorescens SF39a
Bacteriocin production by P. fluorescens SF39a was
analyzed on LB plates against several reference strains of the
genera Pseudomonas and Xanthomonas. From 13 strains
tested, only two (Pseudomonas protegens CHA0 and Pseu-
domonas corrugata PC5) were not inhibited by strain SF39a
(Table 2). In all cases, there was a large inhibition zone
surrounding the colonies on lawns of sensitive strains (Figs. 1
and 2).
Table 2

Antibacterial spectrum of P. fluorescens SF39a against different Pseudomonas

and Xanthomonas strains.

Indicator strain Growth inhibition

P. fluorescens CTR212 þ
P. fluorescens SF4c þ
P. fluorescens Pf0-1 þ
P. fluorescens WCS365 þ
P. protegens CHA0 �
P. putida SF10b þ
P. putida KT2440 þ
P. syringae pv. syringae 61 þ
P. corrugata NCPPB 2445 þ
P. corrugata PC5 �
P. viridiflava Pvalb8 þ
X. axonopodis pv. citri Xcc991330 þ
X. axonopodis pv. vesicatoria XcvBv54a þ
�, No growth inhibition of indicator strain; þ, growth inhibition of indicator

strain.
Cultures of P. fluorescens SF39a were either treated with
mitomycin C or untreated (control). Then, bacteriocin crude
extracts were obtained from cell-free culture supernatants by
precipitation with ammonium sulfate or by ultrafiltration.
Bacteriocin production was increased about 100-fold when
mitomycin C was added to cultures independently of the
extraction method used (104 AU/ml for treated culture and
102 AU/ml for control) (supplemental Fig. S1). Therefore, this
bacteriocin was induced by a DNA damaging agent, suggest-
ing that the SOS response was involved in its expression.
Moreover, no antimicrobial activity was obtained in the so-
lution after passage through Amicon 100K. In contrast,
bacteriocin activity was retained in the membrane. This sug-
gests that the molecular mass of bacteriocin is greater than
100 kDa.

Crude extracts concentrated by ultrafiltration were analyzed
by polyacrylamide gel electrophoresis (PAGE) under dena-
turing conditions. This analysis resulted in a complex band
pattern (supplemental Fig. S1). Then, PAGE under non-
denaturing conditions was run in duplicate in the same gel.
After electrophoresis, the gel was cut in the half; one of these
parts was stained with Coomassie Brilliant Blue R-250 to
visualize proteins and the other was used for the antimicrobial
activity assay. For this, the gel was overlaid with soft agar
seeded with indicator strain CTR212 and incubated overnight
at 30 �C. No band with activity against P. fluorescens CTR212
could be detected, so there was no correlation between anti-
microbial activity observed in the crude extract and the
polyacrylamide gel.

In addition, the sensitivity of the bacteriocin crude extract
to proteinase K and heat treatment was analyzed. No loss of
activity was detected when the samples were incubated at
37 �C for 1 or 3 h. However, the activity was destroyed by
heating for 10 min at 50 �C. Moreover, the antibacterial ac-
tivity was completely lost after proteinase K treatment, indi-
cating its proteinaceous nature (supplemental Fig. S1).
3.2. Bacteriocin prediction
Recently, the genome of P. fluorescens SF39a was
sequenced [36]. In silico analysis of the draft genome of this
strain revealed the presence of genes (hol and lys) encoding
the lytic system, the repressor gene ( prtR), and structural
genes belonging to the tailocin cluster. In P. fluorescens, the
genes of phage tail-like pyocins are integrated between mutS
and the cinAerecAerecX genes [5,10,11]. These genes were
also identified in the genome of strain SF39a (contig 17) and
the same genetic organization was observed.

In addition, a gene encoding putative pyocin S with DNase
activity was predicted by BAGEL3 in contig 28 (locus tag
NX10_RS24625) from the draft genome of P. fluorescens
SF39a (Fig. 1A). This gene was named pys, according to the
name of its ortholog in P. aeruginosa. The deduced pyocin S
protein from P. fluorescens SF39a has 635 amino acids and a
molecular mass of 68 321.3 Da. Two Pfam domains were
found: the S-type pyocin domain (residues 366 to 501) and
the DNase/tRNase domain of colicin-like bacteriocin



Fig. 1. Schematic representation of the genes encoding a putative pyocin S and immunity protein in strain SF39a (A). Antimicrobial activity of P. fluorescens SF39a

and P. fluorescens SF39a-pys against P. fluorescens CTR212 (B), P. fluorescens WCS365 (C) and P. putida KT2440 (D). SF39a: Wild-type; pys�: P. fluorescens
SF39a-pys.
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(residues 504 to 634) at the C-terminal. Moreover, this pro-
tein showed homology with S-type pyocins from Pseudo-
monas sp. DSM 29165 (64% similarity), P. fluorescens Pf0-
1(63% similarity), Pseudomonas syringae pv. spinaceae
(60% similarity), Pseudomonas savastanoi pv. glycinea (56%
similarity) and other Pseudomonas spp. Furthermore, a pu-
tative gene involved in immune function was also detected
downstream from the S-type pyocin gene in strain SF39a
(Fig. 1A). The predicted immunity protein has 82 amino
acids and a molecular mass of 9587.7 Da and it showed
strong similarity to bacteriocin immunity proteins from
several Pseudomonas strains. A colicin immunity protein/
pyocin immunity protein domain (residues 1e80) was iden-
tified in this putative immunity protein.

Based on observed results, we decided to construct a pys
mutant derivative of P. fluorescens SF39a by replacement of a
pys fragment with a Km resistance cassette as described in
Materials and methods. One double recombinant clone was
selected and named P. fluorescens SF39a-pys. The double
crossover event was confirmed by PCR and Southern blotting
in this mutant. Bacteriocin production by the wild-type and
pys mutant was analyzed on LB plaques against several
reference strains. Antimicrobial activity was not completely
lost in mutant SF39a-pys. For most of the tested indicator
strains, it was possible to observe an inhibition halo around the
mutant, although smaller than that produced by the wild-type
(Fig. 1B and C). In the case of indicator strain P. putida
KT2440, strain SF39a produced two inhibition halos, one of
them stronger than the other. Mutant SF39a-pys showed only a
weak halo against strain KT2440 (Fig. 1D).
Fig. 2. Antimicrobial activity of P. fluorescens SF39a (A), P. fluorescens

SF39a-451 (B) and P. fluorescens SF39a-451pPtsP (C) against P. fluorescens

CTR212.
3.3. Identification of genes involved in bacteriocin
regulation
Mini-Tn5 Km1 transposon mutagenesis was carried out in
P. fluorescens SF39a to identify genes involved in bacteriocin
regulation. About 1200 mutants were obtained and analyzed
by antimicrobial activity against P. fluorescens CTR212. None
of these clones completely lost their ability to secrete anti-
bacterial compounds. However, one of these mutants (called P.
fluorescens SF39a-451) produced an inhibition halo smaller
than that of the wild-type (Fig. 2). In addition, the mutant grew
at the same rate as the wild-type in minimal medium, indi-
cating that the observed decrease in bacteriocin production
was not a result of deficiency in growth.

Southern blot was carried out using a Km cassette as the
probe. No signal was obtained from chromosomal DNA of the
wild-type. In contrast, a single PstI fragment of about 6 kb was
detected in the mutant, indicating that only a single copy of
transposon DNA had been inserted into the chromosome (data
not shown).

In mutant P. fluorescens SF39a-451, the DNA region
interrupted by mini-Tn5 Km1 was cloned into vector pBlue-
script SK. Km-resistant transformants were selected and one
clone containing recombinant plasmid pBSK451 was
sequenced. DNA sequence analysis revealed that the trans-
poson was inserted into an ORF homolog to the ptsP gene
from several strains of Pseudomonas.

The ptsP gene encodes a phosphoenolpyruvate-protein
phosphotransferase EINtr. This protein is a component of
the nitrogen-related phosphotransferase system (PTSNtr), a
global regulatory system present in many Gram-negative
bacteria. The ptsP gene from strain SF39a encodes a pre-
dicted protein of 759 amino acids with a molecular mass of
83 387.4 Da, which presents high similarity to its ortholog
from Pseudomonas moraviensis R28-S (99% identity), P.
fluorescens Pf0-1 (97% identity), P. fluorescens Q8r1-96
(95% identity), P. fluorescens F113 (95% identity), P. fluo-
rescens Pf-5 (93% identity), P. protegens CHA0 (93% iden-
tity), P. savastanoi pv. savastanoi NCPPB 3335 (91%
identity) and P. syringae pv. glycinea B076 (91% identity).
The analysis of domain searches in Pfam revealed the pres-
ence of four domains: N-terminal (residues 178e302), mobile
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(residues 318e399) and TIM barrel (residues 425e715) do-
mains of PEP-utilizing enzymes, and a GAF domain (residues
17e154). Moreover, a conserved PROSITE phosphoenol-
pyruvate (PEP)-utilizing an enzyme signature (residues
620e638) was found.

The ptsP sequence from strain SF39a was deposited in the
GenBank nucleotide sequence database under accession
number KM948592.

In order to confirm that the altered phenotype in mutant
SF39a-451 is due to insertional inactivation of the ptsP gene,
we performed a heterologous complementation study. A copy
of the full-length ptsP gene from P. fluorescens Pf0-1 was
cloned into the pBBR1MCS-5 vector and mobilized into the
mutant SF39a-451. Bacteriocin production against P. fluo-
rescens CRT212 was restored in this mutant, confirming that
ptsP gene is involved in regulation of the bacteriocin
(Fig. 2C).
3.4. Phenotypic effect
PTSNtr regulates diverse processes implicated in the meta-
bolism of nitrogen and carbon, and it is essential for virulence
in some bacteria [37]. Therefore, relevant traits for bacterial
fitness in the rhizosphere were analyzed in mutant SF39a-451.

The formation of multicellular, matrix-encased commu-
nities associated with solid surfaces (biofilms) is an intrinsic
feature of the bacterial life cycle and a common strategy for
microbial persistence in a variety of environments [32]. Bio-
film formation ability on microtiter plates was tested in mutant
SF39a-451 and compared with the wild-type strain. The
amounts of attached cells were quantified after solubilization
of crystal violet stain and measurement at OD 570 nm. The
results showed that biofilm formation was defective in the
mutant (Fig. 3A).

P. fluorescens SF39a produces some compounds
involved in the biocontrol and/or promotion of plant
growth, for example, the siderophore pyoverdine and lytic
enzyme protease. In addition, this strain is also capable of
solubilizing phosphate. In this study, production of pyo-
verdine was analyzed on King's B medium at 24, 48 and
72 h. Production was similar in mutant SF39a-451 and in
the wild-type at 24 h. In contrast, inactivation of the ptsP
gene resulted in overproduction of pyoverdine at 48 and
72 h (Fig. 3B). Moreover, protease activity was tested on a
milk agar plate. Fig. 3C shows that protease production was
abolished in mutant SF39a-451. Finally, the assay on a
medium containing insoluble phosphate demonstrated that
both strains, the wild-type and mutant SF39a-451,
were able to solubilize phosphate (data not shown).
Therefore, system PTSNtr was not involved in regulation of
this trait.

The motility of mutant SF39a-451 was also analyzed,
and swimming speed was found to be similar to the wild-
type strain (Fig. 4A and D). As expected, no difference in
flagellation was observed in electron microscopy (Fig. 4B,
C, E and F). These results indicate the presence of func-
tional flagella in mutant SF39a-451. In contrast, this mutant
displayed a hypermobile phenotype on LB plates solidified
with 0.4% agar compared with the wild-type strain
(Fig. 5A). Media that are solidified with agar concentrations
above 0.3% exclude swimming motility, and force the
bacteria to move over the surface, e.g. swarming motility
[38]. Swarming motility is a fast multicellular movement of
bacteria across a surface, powered by rotating flagella. In
most cases, swarming motility is considered to involve cell
differentiation into a hyperflagellated and elongated form
[38,39]. Therefore, we decided to clarify whether surface
contact induced differentiation in mutant SF39a-451. For
this reason, bacteria from three different sites of the moving
colony (inoculation point, middle of expanding colony or
edge of expanding colony) were analyzed using electron
microscopy. No difference in the number of flagella and cell
elongation was observed among cells isolated from these
sites of the colony (Fig. 5BeD). Therefore, we cannot
affirm that the surface motility of the mutant on semisolid
agar (0.4%) is swarming motility. However, it could be
consistent with sliding motility, “a passive form of surface
spreading that involves production of surfactants to reduce
surface tension, enabling the colony to spread away from
the origin, driven by the outward pressure of cell growth”.
Sliding is easily mistaken for swarming motility, but unlike
this, sliding motility does not require flagella [38,40]. We
observed extracellular material around the bacteria isolated
from 0.4% agar plates (Fig. 5CeE), whereas such material
was absent in bacteria grown in liquid medium (Fig. 4E and
F). Extracellular material increased in cells isolated from
the edge of the expanding colony (Fig. 5D and E) with
respect to those taken from the middle of the expanding
colony (Fig. 5C) and the inoculation site (Fig. 5B). This
material could act as a surfactant and, in doing so, facilitate
spreading over surfaces.

Complementation of mutant SF39a-451 with the ptsP gene
fully restored biofilm formation and the normal surface
motility phenotype. In contrast, protease activity and pyo-
verdine production could be only partially complemented by
plasmid pPtsP in this mutant (Figs. 3 and 5).
3.5. Rhizosphere colonization and competition
For this assay, we first obtained spontaneous rifampicin-
resistant mutants (P. fluorescens SF39a-R and P. fluorescens
SF39a-451-R derived from strains SF39a and SF39a-451,
respectively). A series of experiments were carried out to
determine whether spontaneous rifampicin-resistant mutants
were able to grow in the same manner as their parent strains.
The number of viable cells of parent strains and spontaneous
mutants was similar in glucose minimal medium. Thus, these
strains are as competitive in growth as their parent strains, so
they could be used in the experiment in wheat rhizosphere.

Wheat rhizosphere colonization and competition assays
between strains SF39a and SF39a-451 were performed in non-
sterile soil under a greenhouse. For this, wheat seedlings were
inoculated with SF39a-R or SF39a-451-R either in a single or
mixed inoculation. Three weeks after inoculation, the number



Fig. 3. Phenotypic effects of the ptsP mutation in P. fluorescens SF39a. Quantitative biofilm assay in 96-well microtiter plates. Biofilm formation was quantified at

570 nm after staining with crystal violet and normalized to cell density measured at 600 nm. The results are means ± SE of ten independent experiments with ten

replicates in each (A). Pyoverdine production was quantified spectrophotometrically (OD405) from culture supernatant at 24, 48 and 72 h. Values represent

means ± SE of three independent experiments with three replicates per experiment. Images of King's B plates under UV light are shown above the graph (B).

Protease production was determined by measuring the casein degradation zone after 48 h of growth. Data are the means ± SE of five independent milk agar plates.

Petri dishes exhibiting the degradation zones of the casein are shown above the graph (C). SF39a: wild-type; SF39a-451: P. fluorescens SF39a-451; SF39a-

451pPtsP: P. fluorescens SF39a-451pPtsP. Different letters indicate statistically significant difference (P � 0.05), comparing wild-type, SF39a-451 and SF39a-

451pPtsP each time.
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of viable SF39a-R cells in the wheat rhizosphere was
1.25 � 107 cfu/g soil, or 7.64 � 106 cfu/g soil in single or
mixed inoculation, respectively. The population density of
mutant SF39a-451 was significantly lower than the wild-type
in both treatments (Fig. 6), suggesting that inactivation of
the ptsP gene impaired bacterial competitiveness and fitness in
the rhizosphere.

4. Discussion

In this work, we studied bacteriocin production in strain P.
fluorescens SF39a. Antimicrobial activity against several
Pseudomonas and Xanthomonas strains was detected by the
agar spot test. Pyocins S are low-molecular-mass bacteriocins
(compared to phage-like pyocin) that diffuse further from the
colony than high-molecular weight bacteriocins. In addition,
pyocins S have also been reported to be labile to heat and
proteinase K [5]. All these properties were also observed with
the bacteriocin secreted by strain SF39a.

In P. aeruginosa, pyocins S are secreted as binary protein
complexes consisting of a large protein that harbors the killing
function and a smaller immunity protein that remains tightly
bound to the cytotoxic domain of the former [5]. Genes
encoding putative pyocin S with DNase activity and an
immunity protein were predicted by BAGEL3 in the genome
of the native strain, P. fluorescens SF39a. The presence of
genes encoding pyocins S had been found in several plant-
associated Pseudomonas strains, but functional characteriza-
tion is lacking [5]. Therefore, we constructed a pys null mutant
derivative of P. fluorescens SF39a. Bacteriocin production was
impaired in this mutant; however, it was not completely
abolished. We hypothesize that strain SF39a synthesizes
several type of low-molecular-mass bacteriocins, but only one
could be detected in silico. It is known that more than one
bacteriocin can be produced by one bacterium. Loper et al.
[41] analyzed ten genomes of the P. fluorescens group and, in
each strain, they were able to predict from two to seven bac-
teriocins. The genomes included genes for many of the
structurally diverse bacteriocins known to be produced by
Pseudomonas spp. These researchers also identified putative
novel bacteriocins in the predicted proteomes of P. fluorescens.

Knowledge of bacteriocin regulation produced by rhizo-
spheric strains is relevant due to their potential application as
biocontrol agents or biofertilizers. When searching for genes
involved in bacteriocin regulation from P. fluorescens SF39a,
we obtained a mini-Tn5 Km1mutant (strain SF39a-451) with
reduced bacteriocin production. The altered phenotype in this
mutant was caused by inactivation of the ptsP gene, which



Fig. 4. Swimming motility and observation of bacterial cells by transmission electron microscopy. Swimming motility assay in 0.3% LB agar plates for P. flu-

orescens SF39a (A) and P. fluorescens SF39a-451 (D). Images of P. fluorescens SF39a (BeC) or P. fluorescens SF39a-451 (EeF) by electron microscopy. The bar

indicates 1 mm.

Fig. 5. Surface motility and observation of bacterial cells by transmission electron microscopy. Surface motility phenotypes on 0.4% LB agar plates (A). SF39a:

wild-type, SF39a-451: P. fluorescens SF39a-451, SF39a-451pPtsP: P. fluorescens SF39a-451pPtsP. The star symbols (*) indicate sites from which bacteria were

taken for electron microscopy studies. *1: inoculation point; *2: middle of expanding colony; *3: edge of expanding colony. Electron microscopy of P. fluorescens

SF39a-451 cells taken from: the inoculation point (B), the middle of expanding colony (C) or the edge of expanding colony (DeE). The arrows indicate flagella

and the arrowheads show extracellular material. The bar indicates 0.5 mm.
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Fig. 6. Wheat rhizosphere colonization by P. fluorescens SF39a and P. fluo-

rescens SF39a-451. Each strain was introduced into the soil at a final density

of 2 � 106 cfu/g soil in single inoculations (A) or 1 � 106 cfu/g soil in mixed

inoculations (B). SF39a: wild-type; SF39a-451: P. fluorescens SF39a-451. The

bars indicate means ± SE of three independent experiments with five repli-

cates per experiment. Different letters indicate significant difference

(P � 0.05).
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encodes enzyme EINtr. This protein forms part of PTSNtr. Two
general types of PTSs are known: sugar PTS, which is
responsible for transport and phosphorylation of a carbohy-
drate into the cell, and PTSNtr, which does not transport car-
bohydrates, but exerts regulatory functions [37]. The fact that
a deficiency in the ptsP gene causes a reduction in bacteriocin
production suggests that the PTSNtr system is involved in
controlling expression of bacteriocins in native strain SF39a.
Indeed, De Los Santos et al. [9] inferred that various envi-
ronmental stress response pathways control expression of a
lectin-like bacteriocin produced by P. putida BW11M. Those
researchers found random mutant derivatives of strain
BW11M that showed an altered bacteriocin production
phenotype in agar spot assay. Various genes involved in
environmental stress response pathways, such as recA, spoT,
oprL, were responsible for these altered phenotypes.
On the other hand, we observed that the bacteriocin activity
of strain SF39a increases 100 times when the culture of the
producer bacterium is induced with mitomycin C, indicating
that the SOS response is involved in its expression. The
pyocins of P. aeruginosa and strain P. fluorescens SF4c are
known to be activated as part of the response to DNA damage.
The presence of a mutagenic agent like mitomycin C or UV
light triggers the SOS response, and subsequently, the
expression of pyocins genes is activated [5,10]. The SOS
system has been well studied in expression of bacteriocins; but
to our knowledge, involvement of the PTSNtr system in
bacteriocin regulation has not been reported in none-bacterial
genera.

It was discovered that PTSNtr regulates diverse processes in
bacteria; for example, pyocyanin production in P. aeruginosa
[42] or expression of the alkylresorcinol biosynthetic operon
in Azotobacter vinelandii [43]. Because PTSNtr is a global
regulatory system, we also studied whether other relevant
features, in addition to bacteriocin production, are affected in
strain SF39a-451. This mutant showed a decrease in protease
activity and biofilm formation, but an increase in siderophore
production and surface motility. Similar results were found
by Mavrodi et al. [44] in a ptsP mutant of P. fluorescens
Q8r1-96.

Competitiveness is an important feature for the PGPR
because they must be able to colonize the root and multiply
in microhabitats associated with the root surface, in
competition with other microbiota, at least for the time
needed to express their plant promotion/protection activities
[45]. Bacteriocin, protease and siderophore production, bio-
film formation and motility are relevant traits for establish-
ment of the bacteria in the rhizosphere and bacterial
performance as PGPR. Therefore, we sought to evaluate the
ability of mutant SF39a-451 to colonize the wheat rhizo-
sphere in natural soil. Interestingly, the ptsP mutant was less
competitive than the wild-type strain and was unable to
colonize the wheat rhizosphere as successfully as the wild-
type strain.

In conclusion, our results suggest that PTSNtr controls a
plethora of processes that impact the successful performance
of the bacterium in the rhizosphere. In addition, to our
knowledge, this is the first report to describe the first func-
tionally characterized pyocin S in P. fluorescens.

Conflict of interest

There is no conflict of interest for any of the authors.

Acknowledgments

The support by ANPCyT (PICT 1499/12), SECyT-UNRC
(18/C410) and CONICET (11220120100352CO) is acknowl-
edged. S. Fischer is a member of the Scientific Researcher
Career-CONICET (National Scientific and Technical Research
Council). A. Godino has a doctoral fellowship from
CONICET.



188 A. Godino et al. / Research in Microbiology 167 (2016) 178e189
Appendix A. Supplementary data

Supplementary data related to this article can be found at
http://dx.doi.org/10.1016/j.resmic.2015.12.003.

References

[1] Fischer S, Príncipe A, Alvarez F, Cordero P, Castro M, Godino A, et al.

Fighting plant diseases through the application of Bacillus and Pseudo-

monas strains. In: Aroca R, editor. Symbiotic endophytes, soil biol., vol.

37. Berlin: Springer; 2013. p. 165e93. http://dx.doi.org/10.1007/978-3-
642-39317-4.

[2] Holtsmark I, Eijsink VGH, Brurberg MB. Bacteriocins from plant

pathogenic bacteria. FEMS Microbiol Lett 2008;280:1e7. http://

dx.doi.org/10.1111/j.1574-6968.2007.01010.x.

[3] Gardner A, West SA, Buckling A. Bacteriocins, spite and virulence.

Proc Biol Sci 2004;271:1529e35. http://dx.doi.org/10.1098/rspb.

2004.2756.

[4] Riley MA, Wertz JE. Bacteriocin diversity: ecological and evolutionary

perspectives. Biochimie 2002;84:357e64. http://dx.doi.org/10.1016/

S0300-9084(02)01421-9.

[5] Ghequire MGK, De Mot R. Ribosomally encoded antibacterial

proteins and peptides from Pseudomonas. FEMS Microbiol Rev

2014;38:523e68. http://dx.doi.org/10.1111/1574-6976.12079.

[6] Parret AHA, Schoofs G, Proost P, De Mot R. Plant lectin-like bacteriocin

from a rhizosphere-colonizing Pseudomonas isolate. J Bacteriol

2003;185:897e908. http://dx.doi.org/10.1128/JB.185.3.897e908.2003.

[7] Parret AHA, Temmerman K, De Mot R. Novel lectin-like bacteriocins of

biocontrol strain Pseudomonas novel lectin-like bacteriocins of biocon-

trol strain Pseudomonas fluorescens Pf-5. Appl Environ Microbiol

2005;71:5197e207. http://dx.doi.org/10.1128/AEM.71.9.5197.

[8] Ghequire MGK, Garcia-Pino A, Lebbe EKM, Spaepen S, Loris R, De

Mot R. Structural determinants for activity and specificity of the bacterial

toxin LlpA. PLoS Pathog 2013;9. http://dx.doi.org/10.1371/

journal.ppat.1003199.

[9] De Los Santos PE, Parret AHA, De Mot R. Stress-related Pseudomonas

genes involved in production of bacteriocin LlpA. FEMS Microbiol Lett

2005;244:243e50. http://dx.doi.org/10.1016/j.femsle.2005.01.049.

[10] Fischer S, Godino A, Quesada JM, Cordero P, Jofr�e E, Mori G, et al.

Characterization of a phage-like pyocin from the plant growth-promoting

rhizobacterium Pseudomonas fluorescens SF4c. Microbiology

2012;158:1493e503. http://dx.doi.org/10.1099/mic.0.056002-0.

[11] Mavrodi DV, Loper JE, Paulsen IT, Thomashow LS. Mobile genetic el-

ements in the genome of the beneficial rhizobacterium Pseudomonas

fluorescens Pf-5. BMC Microbiol 2009;9:8. http://dx.doi.org/10.1186/

1471-2180-9-8.

[12] Metelev M, Serebryakov M, Ghilarov D, Zhao Y, Severinov K. Structure

of microcin B-like compounds produced by Pseudomonas syringae and

species specificity of their antibacterial action. J Bacteriol

2013;195:4129e37. http://dx.doi.org/10.1128/JB.00665-13.

[13] Parret AHA, De Mot R. Bacteria killing their own kind: novel bacte-

riocins of Pseudomonas and other g-proteobacteria. Trends Microbiol

2002;10:107e12. http://dx.doi.org/10.1016/S0966-842X(02)02307-7.

[14] Fischer SE, Fischer SI, Magris S, Mori GB. Isolation and characteriza-

tion of bacteria from the rhizosphere of wheat. World J Microbiol

Biotechnol 2007;23:895e903. http://dx.doi.org/10.1007/s11274-006-

9312-4.

[15] Williams SR, Gebhart D, Martin DW, Scholl D. Retargeting R-type

pyocins to generate novel bactericidal protein complexes. Appl Environ

Microbiol 2008;74:3868e76. http://dx.doi.org/10.1128/AEM.00141-08.

[16] Laemmli UK. Cleavage of structural proteins during the assembly of the

head of bacteriophage T4. Nature 1970;277:680e5. http://dx.doi.org/

10.1038/227680a0.

[17] Davis BJ. Disc electrophoresis II. Method and application to human

serum protein. Ann N Y Acad Sci 1964;121:404e27. http://dx.doi.org/

10.1111/j.1749-6632.1964.tb14213.x.
[18] Papagianni M, Papamichael EM. Purification, amino acid sequence and

characterization of the class IIa bacteriocin weissellin A, produced by

Weissella paramesenteroides DX. Bioresour Technol 2011;102:6730e4.

http://dx.doi.org/10.1016/j.biortech.2011.03.106.

[19] Sambrook J, Fritsch E, Maniatis T. Molecular cloning: a laboratory

manual. 2nd ed. New York: Cold Spring Harbor Laboratory; 1989.

[20] Van Heel AJ, de Jong A, Montalban-Lopez M, Kok J, Kuipers OP.

BAGEL3: automated identification of genes encoding bacteriocins and

(non-)bactericidal posttranslationally modified peptides. Nucleic Acids

Res 2013;41:W448e53. http://dx.doi.org/10.1093/nar/gkt391.

[21] Herrero M, De Lorenzo V, Timmis KN. Transposon vectors containing

non-antibiotic resistance selection markers for cloning and stable chro-

mosomal insertion of foreign genes in gram-negative bacteria. J Bacteriol

1990;172:6557e67.

[22] Dennis JJ, Zylstra GJ. Improved antibiotic-resistance cassettes

through restriction site elimination using Pfu DNA polymerase

PCR. Biotechniques 1998;25:772e4. http://dx.doi.org/10.1017/

CBO9781107415324.004.

[23] Kaniga K, Delor I, Cornelis GR. A wide-host-range suicide vector for

improving reverse genetics in gram-negative bacteria: inactivation of the

blaA gene of Yersinia enterocolitica. Gene 1991;109:137e41. http://

dx.doi.org/10.1016/0378-1119(91)90599-7.

[24] De Lorenzo V, Herrero M, Jakubzik U, Timmis KN. Mini-Tn5 trans-

poson derivatives for insertion mutagenesis, promoter probing, and

chromosomal insertion of cloned DNA in gram-negative eubacteria. J

Bacteriol 1990;172:6568e72. doi:0021-9193/90/116568-05.

[25] Canals R, Jim�enez N, Vilches S, Regu�e M, Merino S, Tom�as JM.

The UDP N-acetylgalactosamine 4-epimerase gene is essential for

mesophilic Aeromonas hydrophila serotype O34 virulence. Infect

Immun 2006;74:537e48. http://dx.doi.org/10.1128/IAI.74.1.537-

548.2006.

[26] Altschul SF, Madden TL, Sch€affer AA, Zhang J, Zhang Z, Miller W,

et al. Gapped BLAST and PSI-BLAST: a new generation of protein

database search programs. Nucleic Acids Res 1997;25:3389e402. http://
dx.doi.org/10.1093/nar/25.17.3389.

[27] Newell PD, Yoshioka S, Hvorecny KL, Monds RD, O'Toole GA. Sys-

tematic analysis of diguanylate cyclases that promote biofilm formation

by Pseudomonas fluorescens Pf0-1. J Bacteriol 2011;193:4685e98.
http://dx.doi.org/10.1128/JB.05483-11.

[28] Kruczek C, Wachtel M, Alabady MS, Payton PR, Colmer-Hamood JA,

Hamood AN. Serum albumin alters the expression of iron-controlled

genes in Pseudomonas aeruginosa. Microbiology 2012;158:353e67.
http://dx.doi.org/10.1099/mic.0.053371-0.

[29] Dagorn A, Chapalain A, Mijouin L, Hillion M, Duclairoir-Poc C,

Chevalier S, et al. Effect of GABA, a bacterial metabolite, on Pseudo-

monas fluorescens surface properties and cytotoxicity. Int J Mol Sci

2013;14:12186e204. http://dx.doi.org/10.3390/ijms140612186.

[30] Sokol PA, Ohman DE, Iglewski BH. A more sensitive plate assay for

detection of protease production by Pseudomonas aeruginosa. J Clin

Microbiol 1979;9:538.

[31] Frioni L. Procesos microbianos. Río Cuarto: Fundaci�on Universidad

Nacional de Río Cuarto; 1999.

[32] Yousef-Coronado F, Travieso ML, Espinosa-Urgel M. Different, over-

lapping mechanisms for colonization of abiotic and plant surfaces by

Pseudomonas putida. FEMS Microbiol Lett 2008;288:118e24. http://

dx.doi.org/10.1111/j.1574-6968.2008.01339.x.

[33] Gillis A, Dupres V, Delestrait G, Mahillon J, Dufrêne YF. Nanoscale
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