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Phage tail-like bacteriocins, called tailocins, represent a class of protein complexes produced by Gram-negative
bacteria. Pseudomonas fluorescens SF4c, a strain isolated from wheat rhizosphere, produces a bacteriocin simi-
lar to phage-like pyocins of Pseudomonas aeruginosa. This tailocin has antimicrobial activity against several phy-
topathogenic strains of the genus Xanthomonas and Pseudomonas. In this work, the effect of the SF4c tailocin
on the phytopathogenic strain X. axonopodis pv vesicatoria Xcv Bv5-4a was analyzed through Atomic Force Mi-
croscopy (AFM). We demonstrated that tailocins adhere and cause damage to the cell envelope of strain Xcv

Bv54a. This results in a rapid leakage of intracellular materials, with the subsequent decrease of cell volume.
Finally, lysis of sensitive bacteria occurs. This study provides, to our knowledge, the first evidence about the
effect of a tailocin analyzed by AFM. Further studies are in progress to evaluate the use of SF4c tailocin in the
biocontrol of bacterial spot on tomato.

1. Introduction

Bacteriocins are ribosomally encoded peptides or proteins which ex-
hibit high specificity and kill bacteria closely related to the producer
strain (Ahmad et al., 2016; Ghequire et al., 2015). The pyocins produced
by Pseudomonas aeruginosa are the bacteriocins most studied within the
genus Pseudomonas. S-type pyocins are soluble and protease-sensitive
proteins. These antibacterials are secreted as a complex of two pro-
teins consisting of, a larger protein with killing activity and a smaller
immunity protein that binds to the C-terminal end of the former and,
thus protects the producer cell from its own bacteriocin. The mecha-
nism of action of the S-pyocins is the DNA, tRNA or rRNA degrada-
tion in sensitive cells (Dingemans et al., 2016; Elfarash et al., 2012;
Michel-Briand and Baysse, 2002). In addition, S5 is the only S-pyocin
having a pore-forming activity (Ling et al., 2010). R-type and F-type
pyocins are high-molecular-mass protein complexes. These bacteriocins
resemble bacteriophage tails and are named as tailocins. The R py-
ocins are rigid and contractile, whereas the F pyocins are flexible but
non-contractile (Ghequire and De Mot, 2014; Michel-Briand and Baysse,

2002). R-type pyocins bind to sensitive cell, form a channel into the
bacterial membrane which dissipates the proton potential of the cell
and finally, death of microorganism occurs (Ge et al., 2015; Uratani
and Hoshino, 1984). F pyocins act by a process similar to R pyocins
(Ghequire and De Mot, 2014). In the last years, R-type pyocins from P.
aeruginosa have attracted attention as a strategy to replace antibiotics.
Ritchie et al. (2011) demonstrated that the administration of engineered
R-type pyocin can prevent E. coli 0157:H7-induced diarrhea in a rabbit
model. This occurred when the compound was administered either in a
prophylactic regimen or after the onset of symptoms.

Recently, the knowledge about bacteriocins produced by plant-as-
sociated Pseudomonas strains has increased due to the availability of
a large amount of genome sequences. Analysis of Pseudomonas spp.
genomes showed that phage tail-like bacteriocins are also abundant
in species other than P. aeruginos (Ghequire and De Mot, 2015, 2014;
Godino et al., 2016; Ly et al., 2015). However, only few of these bac-
teriocins have been functionally characterized. In our lab, we have
characterized the first tailocin in Pseudomonas fluorescens (strain SF4c)
(Fischer et al., 2012). In addition, Pseudomonas putida strains BW11M1
and RW10S2 also produce R-type tailocin (Ghequire and De Mot,
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2015). Recently, R-type syringacin of the phytopathogen Pseudomonas
syringae pv. syringae B728a was functionally characterized (Hockett et
al., 2015). Similar tailocins have been also described for several other
y-proteobacterial genera (Jabrane et al., 2002; Smarda and Benada,
2005; Strauch et al., 2001).

Relevant problems in agriculture are bacterial diseases in crop,
which cause significant economic losses. X. axonopodis pv. vesicatoria is
the causal agent of bacterial leaf spot, one of the most severe diseases
of pepper and tomato, especially in regions with warm and humid cli-
mate. Disease symptoms include necrotic lesions on leaves, sepals and
fruits (Potnis et al., 2015; Ritchie, 2000). Several studies have shown
that bacteriocins are effective against phytopathogenic bacteria. Never-
theless, the use of bacteriocins as biocontrol agents in plants is yet lim-
ited. This fact is mainly due to a lack of research about the mechanism
of action of these antimicrobials. Such knowledge is a prerequisite for
its application in biocontrol (Grinter et al., 2012). In this work, the ef-
fect of the SF4c tailocin on X. axonopodis pv vesicatoria Xcv Bv5-4a and
P. protegens CHAO was analyzed through studies of viability and AFM.
Moreover, assays of potassium efflux were performed to confirm that
bacteriocin causes damage to the cellular envelope of sensitive bacteria,
increasing the permeability of the membrane. Furthermore, we report
on the observation of phage tail-like structures corresponding to the tai-
locins using AFM and Transmission Electron Microscopy (TEM).

2. Materials and methods
2.1. Strains and media

P. fluorescens SF4c and P. protegens CHAO were originally isolated
from wheat (Argentina) and tobacco (Switzerland) rhizosphere, respec-
tively (Fischer et al., 2007; Stutz et al., 1986). X. axonopodis pv vesi-
catoria Xcv Bv5-4a was provided by the National Institute of Agricul-
tural Technology (INTA, Bella Vista, Argentina). Pseudomonas strains
and X. axonopodis pv vesicatoria Xcv Bvb-4a were grown at 30 °C in
Luria-Bertani (LB) medium and Yeast Extract-Peptone-Dextrose (YPD)
medium, respectively. Agar (12%w/v) was used to solidify the media.

2.2. Bacteriocin purification

Saturated cultures of P. fluorescens SF4c were diluted 1:100 in LB
medium and incubated at 30 °C until they reached an optical density
0.3 at 600 nm (ODgqo). Mitomycin C was then added to a final con-
centration of 3 pg/mL and the incubation continued in dark until ly-
sis occurred. Debris was removed by centrifugation at 17,000 x g for
1 h. Supernatants were precipitated with ammonium sulfate (60% [wt/
vol]) and centrifuged at 17,000 x g for 1 h at 4 °C. The pellet was re-
suspended in 5 mL of TN50 buffer (50 mM NaCl, 10 mM Tris/HCl [pH
7.5]1). Tailocin particles were then sedimented at 58,000 x g for 1 h at
4 °C and resuspended in 1.5 mL of TN50 buffer (Fischer et al., 2012;
Hockett and Baltrus, 2017; Scholl and Martin, 2008). Finally, the sus-
pension containing bacteriocins was filtered through a filter with pore
size of 0.2 pm.

Semiquantitative bacteriocin assays were performed through the
spot method. The bacteriocin extract was serially diluted in TN50
buffer, and then 5 pL of each dilution was spotted onto lawns of X. ax-
onopodis pv vesicatoria Xcv Bv5-4a or P. protegens CHAOQ. Plates were in-
cubated overnight at 30 °C. The tailocin titer was expressed in arbitrary
units (AU) per mL, corresponding to the reciprocal of the highest dilu-
tion that showed a clear inhibition of the indicator strain (Williams et
al., 2008).
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2.3. Analysis of the tailocin structure by AFM and TEM

An aliquot of tailocin extract (15 pL) was placed onto the surface
of freshly cleaved mica and dried for 1 h at 28 °C. The sample was
washed with type I water (ASTM, D1193-06, Elga, Purelab Classic), then
dried and mounted for observation. The images were obtained through
the use of an atomic force microscope (AFM, Agilent, Technologies,
SPM model 5500) working in acoustic mode. AFM probes (Micromasch,
HQ:XSC11/A1 BS) with a cantilever resonance frequency and force con-
stant of 155KHz and 7 N/m were used in all the measurements. The di-
ameter of individual bacteriocins (n = 40) was analyzed by using the
Gwyddion v2.39 free software for scanning probe microscopy data visu-
alization and analysis (http://gwyddion.net/).

The tailocins were also analyzed by TEM. A drop of the extract con-
taining bacteriocin obtained from cultures treated with mitomycin C,
was deposited on collodion-coated 400-mesh copper grids for 5 min,
and the excess of the suspended fluid was removed with the help of a
filter paper. Finally, the grids were stained negatively with 2% (wt/vol)
of phosphotungstic acid and examined with a transmission electron mi-
croscope JEM 1200 EX II (JEOL) using an acceleration voltage of 80 kV
(Servicio Central de Microscopia Electrénica, Facultad de Ciencias Vet-
erinarias, Universidad Nacional de la Plata, Argentina). The tailocins
(n = 33) were visualized and analyzed with ImageJ, an open source im-
age processing program (https://imagej.nih.gov/ij/index.html).

2.4. Atomic force microscopy of bacterial cells treated with tailocins

Cultures of X. axonopodis pv vesicatoria Xcv Bv5-4a and P. pro-
tegens CHAO were grown to ODgy, 0.5, harvested by centrifugation
(3500 x g for 2 min), washed three times and resuspended in water.
Afterwards, bacteria were immobilized electrostatically by depositing
20 pL of the bacterial suspension over polyethyleneimine coated slides
(Dufréne, 2008). They were allowed to interact with the substrate for
30 min at 28 °C, and finally rinsed with water. Subsequently, the immo-
bilized cells were treated with bacteriocins (500 AU/mL) and incubated
during 15 or 30 min at 28 °C and washed twice with water. The same
treatment, replacing the bacteriocin by TN50 buffer, was used as control
experiment. The AFM imaging and subsequent analysis were performed
as described in the Section 2.3. The height of 160 cells per treatment
was measured using Gwyddion v2.39.

2.5. Viability of bacteria treated with tailocin

Overnight cultures of strains Xcv Bv5-4 and CHAO were diluted in
YPD and LB liquid media, respectively. The cultures were grown to
ODgq 0.5 and then, they were divided into four aliquots. Then, bacteri-
ocins were added to the cultures to a final concentration of 250, 500 or
1000 AU/mL. Instead of bacteriocin, TN50 buffer was used in the con-
trol experiments. The samples were taken 30, 60, 120 and 240 min af-
ter treatment and the CFU values were determined on solid LB medium
(Fischer et al., 2012).

2.6. Potassium ion efflux

Strains Xcv Bv5-4 and CHAO were grown at 30 °C in YPD and
LB liquid medium, respectively, until ODgy, 0.5. The cells were col-
lected by centrifugation (10,000 x g for 15 min) and washed three times
with physiological solution (0.9% NaCl). Then, bacterial cells were re-
supended in the initial volume with physiological solution, and each
sample was divided into two aliquots. Bacteriocins (500 AU/mL) were
added to one of them and TN50 buffer was added to the other one
(negative control). After 30 min of treatment, aliquots (3 mL) of each
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culture were centrifuged at 13,000 x g for 5 min and the supernatants
transferred to other Eppendorf tubes. As positive control, cultures were
boiled for 10 min to release intracellular K* ions (Strauch et al., 2001).
Prior to measurement, the samples were filtered by using a 0.2 pm pore
size filter. The concentration of K* ions was determined in the super-
natants using a single-channel flame photometer (Digital Flame Ana-
lyzer Cole-Parmer, model 2655-00). Calibration curves were obtained
with potassium standards in the range of 1-10 pg of K* per mL. All the
reported values of K™ are the average of three different experiments.

2.7. Statistical analysis

Statistical analyzes were performed by using appropriate paramet-
ric and nonparametric procedures with the R software (http://www.
r-project.org/). Data were analyzed by one way analysis of variance
(ANOVA) and means comparisons among treatments were performed
using Tukey’s post hoc tests (P < 0.05) or the Kruskal-Wallis all-pair-
wise comparison test (P = 0.05).

3. Results
3.1. Atomic force and electron microscopy analysis of the SF4c tailocin

Bacteriocins were obtained from P. fluorescens SF4c by mitomycin C
induction and ammonium sulfate precipitation, and their structure ana-
lyzed by AFM and TEM.

Microscopic images revealed the presence of a large number of
phage tail-like bacteriocins (Fig. 1). The dimensions of the tailocins
were determined from TEM images (Fig. 1A). The average length and
diameter of particles was approximately 127 + 8 nm and 16 + 2 nm, re-
spectively. These measurements were compared with the dimensions re-
ported for phage tail-like bacteriocins belonging to different bacterial
genera. In general, they were in good agreement with the values re-
ported for R-pyocin from P. aeruginosa and some other tailocins (Table
1).

The analysis by AFM allowed us to acquire topographical informa-
tion of the tailocin (Fig. 1B, C). The average diameter of tailocins mea-
sured by this technique was approximately 13 + 3 nm, this agrees with
the value measured by TEM.

3.2. Inhibitory activity of the SF4c tailocin against X. axonopodis pv
vesicatoria Xcv Bv5-4a and P. protegens CHAO

The activity of tailocins was assayed against X. axonopodis pv vesi-
catoria Xcv Bv5-4a (a phytopathogenic strain) and P. protegens CHAO
(a Plant Growth-Promoting Rhizobacteria [PGPR]) through the spot
method. Antimicrobial activity against strain Xcv Bv5-4a was 10* AU/
mL (Fig. 2A), while no growth inhibition was detected against strain
CHAO (Fig. 2B). Furthermore, X. axonopodis pv vesicatoria Xcv Bv5-4a
and P. protegens CHAO were treated with different tailocin concentra-
tions (250, 500 or 1000 AU/mL) and the number of viable cells after
treatment was determined over time. Strain Xcv Bv5-4a was sensitive
to all tested tailocin concentrations. A rapid decrease in viability was
observed after 30 min of treatment, indicating that the tailocins have a
bactericidal effect on strain Xcv Bv5-4a, with a killing rate higher than
97% at 30 min (Fig. 2C). In contrast, the growth of P. protegens CHAO
was not affected by any of the tested concentrations of tailocins (Fig.
2D). In addition, the turbidity of the culture of strain Xcv Bv54a de-
creased after treatment with tailocins, indicating that cells were lysed
during the treatment (Fig. 2E). This effect was not observed in strain
CHAO (Fig. 2F).
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3.3. Analysis of cell morphology after treatment with tailocins by AFM

To determine the effect of tailocins on bacterial cells, cultures of X.
axonopodis pv vesicatoria Xcv Bv5-4a and P. protegens CHAO were treated
with 500 AU/mL of tailocins during 15 or 30 min. Control experiments
were performed by exposing both strains to buffer TN50 during 15 min.
Afterwards, the morphology of the cells was studied by AFM. The un-
treated strain Xcv Bv5-4 presented a regular rod shape with a relatively
smooth surface (Fig. 3A). Perturbations on the cellular surface and col-
lapse of the cell apical end were observed after 15 min of incubation
with bacteriocin. The density of tailocins visualized on the sensitive bac-
teria was higher at the pole than in the central part of the cell (Fig.
3B-D).

To quantify changes in the structure and dimensions of the bacteria,
the cellular height of 160 bacteria per treatment was measured from the
images obtained with AFM. The height of the bacteria decreased sig-
nificantly after treatment with tailocins, at a height lower than 140 nm
compared to the control cells (Fig. 4A-C). This observation suggests a
dramatic decrease in the volume of strain Xcv Bv5-4 upon exposure to
the tailocin, which is associated to the cellular collapse. Besides, mor-
phological changes in the cells become more evident as the time of in-
cubation with tailocins is longer (Fig. 4D-F). On the contrary, treat-
ment with tailocins had no obvious effects on the morphology of P. pro-
tegens CHAO cells. Both, treated and untreated bacteria with tailocins
presented similar morphology; a regular rod shape with a relatively
smooth surface (Figs. 3E-H and 4J-L). The membrane of examined cell
appeared to be undisturbed. In addition, the height distribution mea-
sured for this strain did not show significant changes among treatments
(Fig. 4G-1). Moreover, tailocins were not visualized neither on the cel-
lular surface of strain CHAO nor on the polymeric support surface (Fig.
3E-H). This result confirms that the tailocins have no effect on strain
CHAO.

3.4. Study of bacterial cell integrity through potassium ion efflux

The leakage of intracellular material may occur through cytoplasmic
membranes perturbed by tailocins. To confirm this, the potassium efflux
of strains Xcv Bv5—4a and CHAO was measured after exposing both cells
to 500 AU/mL of tailocins. Buffer TN50 was used instead of tailocins as
negative control. Heat treatment was used as positive control. In the ab-
sence of tailocins (negative control), cells of Xcv Bv5-4a maintained an
extracellular concentration of K* of 1.5 ppm. The exposure to tailocins
during 30 min increased K* efflux (approximately 4 ppm) and this oc-
curred faster than for heat-treated cells (2.8 ppm). On the contrary, no
significant changes were observed for the tailocin-resistant strain CHAO
(Fig. 5).

4. Discussion

Previously, we reported that antibacterial compounds of P. fluo-
rescens SF4c inhibit the growth of several Pseudomonas strains isolated
from different plants and geographic regions around the world (Fischer
et al., 2012). In addition, genetic studies demonstrated that these an-
timicrobials are similar to phage-like pyocins from P. aeruginosa, and
their expression is induced by mitomycin C, a DNA damaging agent
(Fischer et al., 2012). This work addresses the study of the structure
of SF4c tailocin and its effect on phytopathogenic Xantomonas. The
structure of phage-like bacteriocins has been usually analyzed by TEM
(Jabrane et al., 2002; Smarda and Benada, 2005). In this study, the tai-
locin from P. fluorescens SF4c is also investigated by TEM, and the cal-
culated length and diameter are in agreement with the values reported
for R-pyocin from P. aeruginosa (Ito et al., 1970). It is well known that
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Fig. 1. Phage tail-like bacteriocins of P. fluorescens SF4c. (A) Tailocins visualized by TEM. The star symbols (*) indicate contracted structures (*1) and extended structure (*2). The bar
indicates 100 nm. (B) AFM phase image of tailocins immobilized on glass. (C) Representative 3D AFM image of a tailocin deposited on mica (left) and the corresponding height line
profiles (right) measured along three different directions as indicated by the color lines in the image. (D) Schematic representation of the calculated dimensions in the tailocins by TEM

(left schematic) and AFM (right schematic).

biological samples are structurally sensitive to the sample preparation,
to vacuum and to electron irradiation required during imaging by TEM.
In order to study possible disruptions in the surface topography and di-
mensions of the SF4c tailocins, an analysis was carried out by using
AFM. The diameter of the SF4c tailocin measured by AFM was similar
to that calculated by TEM. The comparison between the data obtained
with TEM and AFM allows us to conclude that the preparation and in-
strumental conditions have not substantially affected the tailocin topog-
raphy.

In addition to displaying antagonistic activity against a select set of
pseudomonads (Fischer et al., 2012), screening against a collection of
phytopathogenic isolates revealed that SF4c tailocin have inhibitory ac-
tivity against X. axonopodis pv. vesicatoria Xcv Bv5-4a. Copper-based

bactericides have been applied during several years to control Xan-
thomonas spp; however, they have not been effective because of the
emergence of copper-tolerant strains. More recently, nanomaterials
have been evaluated to control bacterial spot; for example,
TiO,/Zn-treated tomato plants showed a reduction in disease severity
(Paret et al., 2013). Unfortunately, this compound was phytotoxic, thus
limiting its commercialization (Potnis et al., 2015). Therefore, the SF4c
tailocin could be used in the future as a biocontrol agent of bacterial
leaf spot. However, it is necessary to know how these tailocins act on
the phytopathogenic bacteria to be considered as a possible microbial
control agent.

R-type pyocins from P. aeruginosa bind to lipopolysaccharide (LPS)
of sensitive cell. An L-rhamnose and two distinct D-glucose residues of
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Table 1

Dimensions of contractile tailocins from Gram-negative bacteria measured through the

TEM.

Size of the particle

Tailocin (producer organism) extended Reference
Length Diameter
(nm) (nm)
R-type pyocin (Pseudomonas 120-130 15 Ito et al.
aeruginosa) (1970)
Fonticin (Pragia fontium strains 115+5 201 Smarda
24613, 24647 and 25240) and
Benada
(2005)
Aquaticin (Budvicia aquatica 107 +7 18+2 Smarda
24522) and
Benada
(2005)
Serracin P (Serratia plymithicum 133 16 Jabrane
J7) etal.
(2002)
Xenorhabdicin (Xenorhabdus 170 ND Thaler et
nematophilus F1) al. (1995)
Carotovoricin Er (Erwinia 184 + 4 22 Nguyen
carotovora Er) et al.
(1999)
Enterocoliticin (Yersinia 80«5 15+1 Strauch
enterocolitica 29930) etal.
(2001)
Phage-like bacteriocin (Proteus 128 18 Coetzee
vulgaris) etal.
(1968)
SF4c tailocin (Pseudomonas 127 £ 8 16 +2 This
fluorescens SF4c) (13 + 39) study
ND: Not determined.
a Diameter of tailocins measured by AFM.
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=
=
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234567
Time (h)

Tailocin  Tailocin

Control

8 9
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the LPS core are part of the receptor sites for R1, R2, and R5 pyocins,
respectively. Therefore, different types of R-pyocins recognize different
receptor sites located in the LPS core. In addition, the susceptibility
to R-pyocins between different P. aeruginosa serotypes depends on the
packing density of LPS O-antigen chain, which is a consequence of the
sugar constituents. If the receptor sites consist only of these LPS core
sugar residues or require other structures is still unknown (Kohler et al.,
2010). Once the R pyocin has been adhered to the receptor, form a chan-
nel into the bacterial membrane which dissipates the proton potential of
the cell and finally, the death of microorganism occurs (Ge et al., 2015;
Uratani and Hoshino, 1984).

In this work, AFM was used as a tool to study the effect produced
by SF4c tailocins on X. axonopodis pv. vesicatoria Xcv Bv5-4a. The abil-
ity of AFM to monitor superficial alterations in cells has allowed to in-
vestigate the mode of action of several antimicrobial agents (Dufréne,
2014; Longo and Kasas, 2014). This microscopy technique is appropri-
ate to analyze the system maintaining cell viability during the treat-
ment with the tailocins. The AFM images show that SF4c tailocins ad-
here to the cellular envelope of the sensitive strain Xcv Bv54a, caus-
ing changes in its cellular structure with a progressive loss of cellular
volume. This is visualized and quantified in the images as a decrease
in height. A possible explanation for this observation is that the phage
tail-like bacteriocin produced by strain SF4c, like other tailocins, forms
pores across the cell envelope. Thereby, those pores cause a rapid leak-
age of the intracellular materials, with the subsequent decrease of cell
volume and finally, the lysis of the sensitive bacteria. Similarly, Su et
al. (Su et al., 2012) observed through AFM that Bacillus subtilis cells
exhibited an increased roughness and showed a decreased cell height
upon treatment with the antimicrobial peptide trichokonin VI, thus sug-
gesting that the leakage of intracellular materials could leads to cell
death. To confirm if the leakage of the intracellular materials from tai-
locin-sensitive cells is also operative in the system under study, potas-
sium efflux was measured. The extracellular concentration of K* was

1.10" 1.10°

1.10? 1.10°

D

10°-

-
%

1 2 3 4 5 6 7 8
Time (h)

F Tailocin

Tailocin Tailocin

Control 250 AU/mL 500 AU/mL 1000 AU/mL

Fig. 2. Effect of the tailocins on strains Xcv Bv5—4a (A, C and E) and CHAO (B, D and F). Antimicrobial activity of tailocins (A and B). Viability of sensitive (C) and resistant (D) strain after
the addition of bacteriocins (]) at final concentrations of 250 (#), 500 (4), 1000 (W) AU/mL or at no addition of tailocins (ll). Each point indicates the mean + SE of three experiments
with three samples per experiment. Culture’s turbidity after treatment with tailocins (E and F). S/D: undiluted. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 3. AFM images of sensitive and resistant strains to tailocins. Topography of a Xcv Bv5-4 cell (A) and a CHAO cell (E) untreated with tailocins. Phase image of a Xcv Bv5-4 cell (B) and
topography of a CHAO cell (F) treated with tailocins to a final concentration of 500 AU/mL during 15 min. The star symbols (*) indicate magnified regions of the figures B (C*1 and D*2)

and F (G*3 and H*4).

higher when strain Xcv Bv54a was treated with tailocin, suggesting an
increase in the membrane permeability by pore formation. Besides, the
turbidity loss of tailocins-treated Xcv Bv54a cultures demonstrates that
the cellular lysis and the death of phytopathogenic bacteria occur.

In this study, we demonstrated that SF4c tailocin was strain-spe-
cific; therefore it could be used in the biocontrol of phytopathogenic

bacteria without affecting the microbial community, especially the plant
growth-promoting rhizobacteria (PGPRs) such as P. protegens CHAO.
This specificity of SF4c tailocin could be due to differences in the LPS
of sensitive and resistant strains. Ghequire et al. (2015) analyzed LPS
banding profiles of mutants resistant to R- type tailocins from P. putida.
Compared to the wild-type, the mutants displayed an altered LPS pro-
file.
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Fig. 4. Analysis of cellular height by AFM. Height distribution histograms of Xcv Bv5-4a cells (A-C) and CHAO cells (G-I) untreated or treated with tailocins to a final concentration of
500 AU/mL during 15 and 30 min. The treatments in strain Xcv Bv5-4a present a statistically significant difference (P < 0.05) according to the Tukey’s post hoc tests. The treatments in
strain CHAO are not significantly different (P = 0.05) according to the Kruskal-Wallis all-pairwise comparison test. Representative 3D AFM image of a Xcv Bv5-4a cell (D-F) and a CHAO
cell (J-L) and the corresponding height line profiles measured along three different directions at the cell as indicated by the color lines in the image.

In conclusion, SF4c tailocins adhere to the cell envelope of Xcv
Bv54a and cause damage probably by pore formation, which results in
lysis of the cells, a process similar to the bacteriophage infection (Young
et al., 2000). SF4c tailocins represent an alternative to antibiotics for
their application in the biocontrol of bacterial diseases. This study pro-
vides, to the best of our knowledge, the first evidence of the effect a tai-
locin analyzed by AFM.
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