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The appearance of multi-resistant strains has contributed to reintroducing polymyxin
as the last-line therapy. Although polymyxin resistance is based on bacterial envelope
changes, other resistance mechanisms are being reported. Outer membrane vesicles
(OMVs) are nanosized proteoliposomes secreted from the outer membrane of Gram-
negative bacteria. In some bacteria, OMVs have shown to provide resistance to diverse
antimicrobial agents either by sequestering and/or expelling the harmful agent from the
bacterial envelope. Nevertheless, the participation of OMVs in polymyxin resistance has
not yet been explored in S. Typhi, and neither OMVs derived from hypervesiculating
mutants. In this work, we explored whether OMVs produced by the hypervesiculating
strains Salmonella Typhi 1rfaE (LPS synthesis), 1tolR (bacterial envelope) and 1degS
(misfolded proteins and σE activation) exhibit protective properties against polymyxin
B. We found that the OMVs extracted from S. Typhi 1tolR and 1degS protect S.
Typhi WT from polymyxin B in a concentration-depending manner. By contrast, the
protective effect exerted by OMVs from S. Typhi WT and S. Typhi 1rfaE is much
lower. This effect is achieved by the sequestration of polymyxin B, as assessed by the
more positive Zeta potential of OMVs with polymyxin B and the diminished antibiotic’s
availability when coincubated with OMVs. We also found that S. Typhi 1tolR exhibited an
increased MIC of polymyxin B. Finally, we determined that S. Typhi 1tolR and S. Typhi
1degS, at a lesser level, can functionally and transiently transfer the OMV-mediated
polymyxin B resistance to susceptible bacteria in cocultures. This work shows that
mutants in genes related to OMVs biogenesis can release vesicles with improved abilities
to protect bacteria against membrane-active agents. Since mutations affecting OMV
biogenesis can involve the bacterial envelope, mutants with increased resistance to
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membrane-acting agents that, in turn, produce protective OMVs with a high vesiculation
rate (e.g., S. Typhi 1tolR) can arise. Such mutants can functionally transfer the
resistance to surrounding bacteria via OMVs, diminishing the effective concentration
of the antimicrobial agent and potentially favoring the selection of spontaneous resistant
strains in the environment. This phenomenon might be considered the source for the
emergence of polymyxin resistance in an entire bacterial community.

Keywords: Salmonella Typhi, outer membrane vesicles, OMVs, polymyxin, rfaE, degS, tolR, antibiotic resistance

INTRODUCTION

Salmonella enterica serovar Typhi (S. Typhi) is the etiologic agent
of typhoid fever in humans, a disease producing hundreds of
deaths worldwide per year, especially in developing countries
(Ajibola et al., 2018; Bhutta et al., 2018; Johnson et al., 2018).
S. Typhi infection begins with the ingestion of contaminated
water or food (Hook et al., 1990). Bacteria reach the small
intestine and promote their internalization through intestinal
epithelial cells and the M cells of the Peyer’s patches, reaching
the underlying lymphoid tissue. At this point, bacteria are
disseminated to deep organs inside dendritic cells, macrophages,
or neutrophils (Galan, 1996; Miao et al., 2003), allowing the
systemic bacterial spread (typhoid fever). During the infection,
host cells from the innate immune defense respond to bacterial
elements [e.g., lipopolysaccharides (LPS)], producing cationic
antimicrobial peptides (<100 amino acids), which interact with
the anionic bacterial membranes to produce microbial death
(Hancock and Scott, 2000; Zasloff, 2002).

The full progression of typhoid fever was commonly observed
in the pre-antibiotic era. Nevertheless, the emergence of multi-
resistant strains represents a severe problem, with an increased
recurrence rate of the disease (Als et al., 2018; Schwartz and
Morris, 2018). The appearance of multidrug-resistant strains
introduced the use of quinolones (Parry et al., 2013; Karkey
et al., 2018), albeit the appearance of quinolone-resistance
variants led to increased use of azithromycin and third-
generation cephalosporins (Pandit et al., 2007; Karkey et al.,
2018). Unfortunately, S. Typhi strains that produce extended-
spectrum β-lactamase have been increasingly reported (Ahamed
Riyaaz et al., 2018; Karkey et al., 2018). This scenario underlines
the importance of studying antibiotic resistance in S. Typhi.

The appearance of multi-resistant strains (Payne et al., 2007;
Kumarasamy et al., 2010; Cornaglia et al., 2011) contributed
to reintroducing polymyxins (cationic peptides) as the last-
line therapy when more commonly used antibiotics are
inefficient (Velkov et al., 2013; Garg et al., 2017). It is generally
accepted that polymyxins exert their antimicrobial activity
by first interacting with the outer-membrane components of
Gram-Negative bacteria. Polymyxins are peptides carrying
a hydrophobic acyl tail with positively charged residues
(Daugelavicius et al., 2000). Due to their cationic and
amphipathic nature, polymyxins electrostatically interact
with the negatively charged lipopolysaccharides (LPS).
Interestingly, evidence shows that a fluorescent polymyxin
derivative can also bind to unspecified outer membrane proteins
(van der Meijden and Robinson, 2015), strongly suggesting

that polymyxins interact with different kinds of molecules in
the outer membrane of Gram-negative bacteria. At this point,
the “self-promoted uptake” occurs, a process based on the
presence of the hydrophobic acyl tail of polymyxin, enabling
polymyxin to insert into the outer membrane by displacing
membrane-stabilizing cationic ions, such as Ca2+ and Mg2+,
and interacting with the lipid A, a recognized polymyxin-binding
target in the outer membrane (Velkov et al., 2010; Trimble et al.,
2016). Polymyxin insertion in the outer membrane weakens
the packing of contiguous lipid A, disrupting the permeability
barrier (Falagas and Kasiakou, 2006; Velkov et al., 2013; Trimble
et al., 2016). Although subsequent steps are not fully elucidated,
the evidence argues for the fusion of the inner membrane’s
outer leaflets with the outer membrane’s inner leaflet to form
pores, leading to an osmotic imbalance and a subsequent death
(Daugelavicius et al., 2000). At present, an increasing number
of reports regarding polymyxin resistance are being published
(Li et al., 2019). Some chromosomal mutations have been
associated with increased resistance to polymyxins, including
modifications of the pmrCAB and phoPQ operons, among other
genes (Li et al., 2019). In Salmonella enterica and Escherichia
coli, many of those mutations lead to LPS modifications,
decreasing the anionic charges and diminishing the electrostatic
binding of polymyxin to bacterial outer membranes (Li et al.,
2019). Nevertheless, the spread of polymyxin resistance has
been only associated with the transferable gene mcr, which
encodes a phosphoethanolamine transferase that modifies the
lipid A (Olaitan et al., 2014). Although significant advances in
understanding polymyxin-resistance mechanisms have been
made, this area needs further research.

OMVs are nanosized proteoliposomes formed and secreted
from the outer membrane of Gram-negative bacteria (Kulp
and Kuehn, 2010). OMVs biogenesis mainly relies on (1)
changes in LPS composition, (2) the dissociation of the outer
membrane in specific zones, and (3) accumulation of misfolded
proteins in the periplasm (Kulp and Kuehn, 2010; Kulkarni
and Jagannadham, 2014). OMVs play different roles in the
bacterial life cycle, such as delivering proteins and defense against
harmful agents such as phages and antibiotics, among other
functions (Kulp and Kuehn, 2010; Jan, 2017). OMVs contribute
to resistance to diverse molecules with antimicrobial properties
either by sequestering (“decoy”) and/or expelling the harmful
agent from the bacterial envelope. Some examples include
resistance to toluene in Pseudomonas putida, chlorhexidine
in Porphyromonas gingivalis, and polymyxins in Escherichia
coli (Grenier et al., 1995; Kobayashi et al., 2000; Manning
and Kuehn, 2011; Roszkowiak et al., 2019). In this context, the
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participation of OMVs in polymyxin resistance has not yet
been explored in S. Typhi, and neither OMVs derived from
hypervesiculating mutants.

A recent study screened 15,000 mutants searching for genes
involved in OMVs biogenesis in S. Typhi (Nevermann et al.,
2019). S. Typhi 1rfaE, 1tolR, and 1degS showed some of
the most potent hypervesiculation phenotypes compared with
the wild type (WT) (Nevermann et al., 2019). In particular,
the rfaE (waaE) gene product is thought to be involved
in the formation of ADP-L-glycero-D-manno-heptose of LPS.
Salmonella Typhimurium 1rfaE mutants synthesize heptose-
deficient LPS, exhibiting only lipid A and 3-deoxy-D-manno-
octusolonic (KDO) acid (Jin et al., 2001). TolR is an inner
membrane protein belonging to the trans-envelope Tol-Pal
complex, highly conserved in Gram-negative bacteria (Sturgis,
2001). In E. coli, TolR contributes to maintaining the envelope
structure and participates in the retrograde phospholipid
transport (Muller et al., 1993; Boags et al., 2019). In E. coli, DegS
is a serine protease harboring a PDZ domain that inhibits the
protease activity in the absence of stress (Alba et al., 2001). Under
stress, mainly due to overexpression of outer membrane proteins,
misfolded proteins accumulate in the periplasm, activate the
DegS protease activity to cleave the anti-sigma factor RseA,
releasing σE. In Salmonella Typhimurium, σE is required under
envelope stress and in the presence of antimicrobial peptides
(Testerman et al., 2002; Palmer and Slauch, 2020).

In this work, we explored the protective effect of OMVs
produced by S. Typhi WT, 1rfaE, 1tolR, and 1degS. Besides,
we tested whether the polymyxin resistance can be functionally
transferred to polymyxin-susceptible bacteria. We found that
S. Typhi OMVs protect bacteria against polymyxin B in a
concentration-dependent manner by sequestering the antibiotic,
where OMVs from S. Typhi 1tolR and 1degS showed the
highest protection levels. OMVs from S. Typhi 1tolR also
protected Candida albicans against limonene, a membrane-active
antimicrobial agent. Finally, we found that S. Typhi 1tolR
and, at a lesser level, S. Typhi 1degS can functionally transfer
the OMV-mediated polymyxin B resistance to susceptible
bacteria. This study underlines that some mutations affecting
vesiculation in a population can increase polymyxin resistance in
a bacterial community.

MATERIALS AND METHODS

Bacterial Strains, Media, and Culture
Conditions
Salmonella Typhi strain STH2370 (S. Typhi WT) was used as
parental strain (Valenzuela et al., 2014). S. Typhi 1rfaE::FRT,
1tolR::FRT, and 1degS::FRT were previously reported
(Nevermann et al., 2019). S. Typhimurium LT2 ompD::Mud-J
(Lac+) was kindly provided by Dr. Guido Mora (Santiviago et al.,
2003). Strains were routinely grown in liquid culture using Luria
Bertani medium (Bacto peptone, 10 g/L; Bacto yeast extract,
5 g/L; NaCl, 5 g/L; prepared in phosphate buffer pH 7.0) at 37
◦C with shaking. When required, the medium was supplemented
with X-gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside)

(40 µg/mL) and/or agar (15 g/L). Candida albicans corresponds
to a clinical isolate from the Hospital Clínico de la Universidad
de Chile (Carreno et al., 2018; Carreño et al., 2021). Yeasts were
cultured in Sabouraud agar (Bacto peptone, 10 g/L; glucose,
40 g/L; agar, 15 g/L; pH 5.6) at 28◦C.

OMV Isolation, Quantification, and Size
Measurement
To isolate OMVs (Liu et al., 2016b; Nevermann et al., 2019),
bacteria were grown in LB at 37 ◦C with shaking (OD600 = 1.1)
before being centrifuged 10 min at 5,400 × g at 4◦C. The
pellet was discarded, and the supernatant was filtered (0.45 µm),
ultrafiltered (Ultracel R© 100 kDa ultrafiltration discs, Amicon R©

Bioseparations), and ultracentrifuged 3 h at 150,000 × g at 4◦C.
The supernatant was discarded, and the pellet was resuspended
in 1 mL DPBS (Dulbecco’s phosphate-buffered saline) (Gibco).
OMVs were stored at −20◦C until their use. We quantified
OMV yield by determining the protein content (BCA assay)
and/or the lipid content (FM4-64 molecular probe) (McBroom
et al., 2006; Deatherage et al., 2009). We determined OMV size
as described (Deatherage et al., 2009; Nevermann et al., 2019).
Results were presented as the diameter, classified into the median
(P50), and P25 and P75.

Transmission Electron Microscopy (TEM)
OMV extracts were bound to formvar-coated slot grids, stained
with 1% aqueous uranyl acetate for 1 min, and viewed with a
Philips Tecnai 12 (Biotwin) transmission electron microscope, as
described (Nevermann et al., 2019).

Determination of Zeta Potential
The Zeta potential of OMVs was measured at room temperature
(25◦C) by a Zetasizer Nano series MPT-Z multi Purpose Titrator
(Malvern, United Kingdom). The device was equipped with a
Helium-Neon laser (633 nm) as a light source. The detection
angle of Zetasizer at aqueous media was 173.13◦ (measurement
range: 0.3 nM—10 µm diameter). Capillary cells DTS 1070 were
used. To measure the Zeta potential, polymyxin B and OMVs
were resuspended in Mili-Q water.

Determination of Minimal Inhibitory
Concentration (MIC)
Minimum inhibitory concentration (MIC) was obtained by
broth dilution as described (Cuenca-Estrella et al., 2003),
with modifications. Briefly, bacteria and yeast were previously
cultured as described above. Microorganisms were then diluted
in PBS (0.5 McFarland) and then diluted again (1000-fold) in
LB for bacteria or Bacto Tryptic Soy broth (Sigma Aldrich)
for yeasts, before seeding a 96-well plate. In each well, 180
µL of this dilution was placed, along with 10 µL polymyxin
B sulfate (AppliChem GmbH), ciprofloxacin (Sigma Aldrich)
or (R)-(+)-limonene [(+)-p-mentha-1,8-diene,(+)-carvene,(R)-
4-isopropenyl-1-methyl-1-cyclohexene] (Sigma Aldrich) (stock
prepared in 95% ethanol) to achieve a final known concentration,
and 10 µL DBPS. When indicated, the 10 µL DBPS were
replaced by 10 µL of purified OMVs to achieve a final known
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concentration. Alternatively, and when indicated, the 10 µL
DBPS were replaced by 10 µL of bacterial supernatant. To obtain
the supernatant, bacteria were cultured in LB as stated above
(OD600 = 1.0–1.3), centrifuged 10 min at 5,400 × g at 4◦C, the
pellet was discarded, and the supernatant fraction was filtered
(0.45 µm). The 96-well plates were incubated overnight at 37◦C
(bacteria) or 24 h at 28◦C (yeasts). The MIC was determined by
OD600 measurement and corroborated by visual inspection and
plating onto agar plates.

Estimation of Polymyxin Sequestration
by OMVs
To determine Zeta potential changes due to the interaction with
polymyxin B, OMV extracts (50 µg/mL) were mixed with 0, 5,
50, or 100 µg/mL polymyxin B and incubated 30 min at 37◦C
with gentle agitation. The mixture was ultrafiltered in Ultracel R©

100 kDa ultrafiltration column (Amicon R© Bioseparations) at
5,400 × g for 10 min to remove the unbound polymyxin B.
The ultrafiltrated obtained with 100 µg/mL polymyxin B was
reserved (see below). OMVs were resuspended in 1 volume of
Mili-Q water before measuring the Zeta potential. As control
of polymyxin B removal, we measured the Zeta potential of
water alone (−0.05 ± 0.35 mV), water + 100 µg/mL polymyxin
B (5.57 ± 2.98 mV), and water + 100 µg/mL polymyxin
ultrafiltered and resuspended in 1 volume of Mili-Q water
(0.73 ± 0.43 mV). To estimate the relative amount of polymyxin
B sequestered by OMVs, the reserved ultrafiltered was diluted 10
times in LB and then serially diluted in LB to determine the last
dilution that inhibited the S. Typhi WT growth. As a control, we
used a solution with no OMVs.

Protection Assay of a Reporter Strain
(“One for All”)
Approximately 5 × 105 CFU/mL of S. Typhi WT or mutant
derivatives were mixed with 5× 106 CFU/mL of S. Typhimurium
ompD::Mud-J. Bacteria were previously washed three times with
PBS to remove all the accumulated OMVs and resuspended in
LB. This mixture was incubated 0 (with no incubation), 1 or
2 h at 37◦C with shaking before adding polymyxin B (final
concentration: 2.5 µg/mL). Bacterial mixtures were incubated
at 37◦C with shaking overnight, and CFUs were counted
on LB agar with X-gal (S. Typhi strains: white colonies, S.
Typhimurium reporter strain: blue colonies). Alternatively, the
serovar was corroborated by PCR (Fuentes et al., 2008) for some
colonies. As a control, the strains were tested separately under
this same procedure.

Determination of µ and td
Bacteria were cultured in LB as described above, and OD600 was
recorded every 10 min to construct a growth curve. To calculate
µ and td, we used:

µ =
ln (N)− ln(N)0

t − t0

td =
0.693

µ
× 60

Where µ (h−1): growth rate; N: bacteria at the end of the
logarithmic phase (OD600); N0 bacteria at the beginning of the
logarithmic phase (OD600); t: time at the end of the logarithmic
phase (h); t0: time at the end of the logarithmic phase (h); td:
duplication time (min).

LPS Profile Determination
To observe the LPS profile of OMVs, we followed a protocol
previously reported (Kulikov et al., 2019). OMVs were extracted
as described above prior to being mixed with 1 volume of lysis
buffer (2% w/v of SDS, 4% v/v of 2-mercaptoethanol, 10% v/v
glycerol, 1 M Tris-HCl pH 6.8, and 0.05% w/v bromophenol
blue). The mixture was incubated at 95 ◦C for 10 min, cooled to
room temperature, and 10 µL of 2.5 mg/mL Proteinase K solution
made in the lysis buffer was added before being incubated at
56◦C for 1 h in a heating shaker. The preparation obtained was
directly loaded on a conventional protein SDS polyacrylamide gel
with 12% acrylamide (19:1 acrylamide:bisacrylamide), and it was
run at a constant 20 mA current in Tris-glycine-SDS buffer. In
order to observe the LPS profile, the gel was treated with fixer-
oxidizer solution (40% v/v ethanol, 5% v/v acetic acid, 1% w/v
sodium periodate, Milli-Q water up to 1 v) and incubated for
15 min. Then, the gel was washed three times with distilled water
(7 min each time). The gel was treated with the stain solution
(15 mL Milli-Q water, 1.4 mL 0.1 M NaOH, 100 µL concentrated
35% w/w ammonia, 250 µL of 20% silver nitrate) for 10 min
in an orbital shaker (75 rpm). The solution was removed before
washing the gel three times with distilled water (15 s each time).
After all washes, a pre-warmed 40 ◦C developer solution (100
µL 3% citric acid, 25 µL 30% formaldehyde, 50 mL Milli-Q
water) was added and incubated in darkness. When the bands
were visible, the developer solution was removed, and the gel was
washed with distilled water.

RESULTS

Characteristic of OMVs Extracted From
S. Typhi WT and Hypervesiculating
Mutant Derivatives
To show some features of the OMVs under study, we characterize
them by TEM, showing different morphologies and abundance
(Figure 1). In addition, we determined their size (Table 1),
showing that the OMVs from S. Typhi 1tolR and 1degS present
a bigger size than OMVs from S. Typhi WT and 1rfaE. Also, we
determined the Zeta potential, where OMVs from S. Typhi 1degS
showed a more negative value. Previously, it has been reported
that these OMVs present different protein content (Nevermann
et al., 2019), which could contribute to such differences. All these
results show the OMVs under study present distinct features.

OMVs Obtained From S. Typhi Mutants
Increased the MIC of Polymyxin B in a
Concentration-Dependent Manner
OMVs contribute to the resistance against some antimicrobial
compounds, including polymyxin in Escherichia coli and
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FIGURE 1 | OMVs produced by S. Typhi WT, 1rfaE, 1tolR, and 1degS mutants. Bacteria were grown in LB to OD600 = 1.0 before extracting OMVs. OMV extracts
were observed by transmission electron microscopy (TEM). Arrowheads show OMVs. The black bar corresponds to 200 nm. In all cases, the horizontal field width
and the magnification corresponded to 1.5 µm and 60,000×, respectively. In each case, a representative experiment is shown (n = at least 3).

Pseudomonas aeruginosa (Grenier et al., 1995; Kobayashi et al.,
2000; Manning and Kuehn, 2011; Roszkowiak et al., 2019). In
this context, we determined the MIC of polymyxin B for S.
Typhi WT in the presence OMVs extracted from S. Typhi WT,
1rfaE, 1tolR, or 1degS. As shown in Figures 2A,B, the presence
of OMVs from S. Typhi 1tolR or 1degS increased the MIC
of polymyxin B for S. Typhi WT (˜0.3125 µg/mL) 3–8 times.
Nevertheless, OMVs extracted from S. Typhi WT or S. Typhi

TABLE 1 | Some characteristics of OMVs used in this study.

Source of
OMVs

OMV
diameter

(nm)
Median
(P50)a

OMV
diameter
(nm) P25

OMV
diameter
(nm) P75

Zeta potential
(mV)b

S. Typhi WT 25 20 28 −13.50 ± 2.07

S. Typhi
1rfaE

22 19 28 −12.35 ± 1.44

S. Typhi
1tolR

41*** 36 45 −11.30 ± 1.22

S. Typhi
1degS

54*** 43 65 −20.15 ± 0.89*

n = at least 3.
aKruskal-Wallis, Dunn as a post hoc test, ***p < 0.001. The analysis refers to
differences in the size among different OMVs, not only to the median.
bOne-way ANOVA, Tukey as a post hoc test, *p < 0.05.

1rfaE did not significantly increase the MIC of polymyxin B.
As a control, we tested whether purified OMVs could protect
against ciprofloxacin, a quinolone that inhibits DNA gyrase
and topoisomerase IV (Zhang et al., 2018), i.e., it is not a
membrane-active antibiotic. As shown in Figure 2C, the presence
of OMVs did not increase the MIC of ciprofloxacin for S.
Typhi WT. To determine whether the OMVs can protect against
other membrane-acting antimicrobials, we tested the limonene’s
antifungal effect. Limonene is a monoterpene that induces
membrane stress in Candida albicans, producing oxidative stress
leading to DNA damage and apoptosis (Thakre et al., 2021).
Figure 2D shows that only the presence of OMVs extracted from
S. Typhi 1tolR increased the MIC of limonene. The other OMV
extracts showed no effect in this case. All these results show that
OMVs from S. Typhi 1tolR and 1degS protect S. Typhi WT
against polymyxin B, and OMVs S. Typhi 1tolR protects Candida
albicans against limonene.

To establish whether OMVs offer concentration-dependent
protection against polymyxin B, we tested the MIC in the
presence of increasing concentrations of OMVs. As shown in
Figure 3, augmenting the concentration of OMVs from S.
Typhi WT or S. Typhi 1rfaE bearly increased the MIC of
polymyxin B, even with the highest concentrations tested. By
contrast, the presence of OMVs from S. Typhi 1tolR or S.
Typhi 1degS showed a high protective effect, increasing almost
linearly the protection under the range of concentration tested.
The concentration-dependence protection against polymyxin B
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FIGURE 2 | Purified OMVs from S. Typhi mutant derivatives contributed to the resistance of polymyxin B and limonene. MIC of polymyxin B for S. Typhi WT
supplemented with OMVs extracted from S. Typhi WT, 1rfaE, 1tolR, or 1degS (A,B). OMV concentration was standardized as protein (A) or lipide content (B) and
expressed as the final concentration. (C) MIC of ciprofloxacin for S. Typhi WT supplemented with OMVs extracted from S. Typhi WT, 1rfaE, 1tolR, or 1degS. OMVs
were standardized by protein content. (D) MIC of limonene for a clinical isolate of Candida albicans supplemented with OMVs extracted from S. Typhi WT, 1rfaE,
1tolR, or 1degS. OMVs were standardized by protein content. In all cases, PBS was used as the negative control. FAU: Fluorescent arbitrary units obtained with the
FM4-64 probe (Nevermann et al., 2019) as a measure of lipid concentration. (n = at least 4; bars represent the standard error; One-way ANOVA, Tukey as a post hoc
test, ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; compared with PBS).

offered by OMVs (especially OMVs extracted from S. Typhi
1tolR and 1degS) is consistent with the role of OMVs capturing
polymyxin B and decreasing its effective concentration.

OMVs From S. Typhi Exert Their
Protective Effect by Sequestering
Polymyxin B
Previous works showed that OMVs from Escherichia coli and
Pseudomonas aeruginosa sequester polymyxin B, decreasing the
free concentration of the antibiotic (Kulkarni et al., 2015;
Roszkowiak et al., 2019). The Zeta potential has been used
as an indicator of interaction between bacterial membranes
or OMVs with polymyxin B (Halder et al., 2015; Roszkowiak
et al., 2019). Usually, OMVs present a negative Zeta potential,
which can be depolarized by the interaction with cationic
peptides such as polymyxin B. Thus, we mixed 50 µg/mL
OMVs obtained from S. Typhi WT or mutant derivatives
with polymyxin B. The mixture was incubated for 30 min
at 37◦C, and then ultrafiltered to remove any unbound
polymyxin B prior to determining the Zeta potential of
OMVs. As shown in Figure 4, the presence of polymyxin
B tended to neutralize the Zeta potential of OMVs in a
concentration-dependent manner, showing that the antibiotic

remained retained by the vesicles. Interestingly, only OMVs
from S. Typhi 1tolR showed a significant depolarization with
the lowest concentration tested. In all other cases, significant
depolarization was achieved only with 50 µg/mL polymyxin
B. This result suggests that OMVs from S. Typhi 1tolR have
a higher affinity for polymyxin B, plausibly removing more
efficiently the polymyxin B from the medium and lowering the
effective concentration.

To estimate the relative amount of polymyxin B sequestered
by OMVs, we mixed 50 µg/mL OMVs extracted by S. Typhi
WT or mutant derivatives with 100 µg/mL polymyxin B. We
incubated for 30 min at 37 ◦C with gentle shaking before
discarding the OMVs by ultrafiltration. To determine the relative
amount of the unbound polymyxin B, the ultrafiltered fraction
was diluted 10-fold in LB and then serially diluted in LB
prior to being seeded with S. Typhi WT. The inhibition of
bacterial growth was used as an indicator for the presence
of polymyxin B. Table 2 shows that all the OMVs decreased
the effective concentration of polymyxin B compared to the
control. Furthermore, OMVs showed differential polymyxin-B
sequestration abilities, in decreasing order: OMVs from 1tolR,
1degS, 1rfaE, and WT. These results agree with those showing
the protective effect of OMVs (Figure 3) and the Zeta potential
determination (Figure 4). We obtained similar results when we
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FIGURE 3 | The MIC of polymyxin B depends on the concentration of OMVs. MIC of polymyxin B for S. Typhi WT was determined in the presence of different known
concentrations of OMVs. Linear trend lines are represented by dotted lines (n = at least 4; bars represent the standard error).

FIGURE 4 | Polymyxin B interacts with OMVs from S. Typhi, depolarizing the Zeta potential of OMVs. Increasing concentrations of polymyxin B were mixed with 50
µg/mL OMVs obtained from S. Typhi WT (A), 1rfaE (B), 1tolR (C), or 1degS (D). The mixture was incubated for 30 min at 37 ◦C and ultrafiltered to remove the
unbound polymyxin B prior to determining the Zeta potential. (n = 3, bars represent standard error, One-way ANOVA, Tukey as a post hoc test, ∗p < 0.05;
∗∗p < 0.01; compared the control with no polymyxin B).
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determined the sequestration of polymyxin B by S. Typhi WT and
mutant derivatives instead of OMVs (Supplementary Figure 1).

Thus, all these results together show that OMVs from S. Typhi
exert their protective effect against polymyxin B by sequestering
the antibiotic. Moreover, the OMVs from S. Typhi WT and
mutant derivative are not equivalent, showing that mutations
affecting different processes associated with OMV biogenesis
generate OMVs with diverse properties.

S. Typhi 1tolR and 1degS Can
Functionally Transfer Their Polymyxin
Resistance to Polymyxin-Susceptible
Bacteria
Our results show that purified OMVs from S. Typhi 1tolR and
1degS exert the highest protective effect against polymyxin B. In
this context, we wondered whether the amount of OMVs present
in the supernatant of these mutants is sufficient to protect against
polymyxin B. Thus, we determined the MIC of polymyxin B for
S. Typhi WT in the presence of supernatant from S. Typhi WT,
1rfaE, 1tolR, or 1degS. We added 10 µL of the corresponding
filtered supernatant to a final volume of 200 µL to determine the
MIC of polymyxin B. As shown in Figure 5A, the supernatant
of S. Typhi 1tolR and 1degS, diluted 20 times, was sufficient
to increase two-fold the MIC of polymyxin B. By contrast, the
supernatant obtained from S. Typhi WT or 1rfaE showed no
noticeable effects. Since OMVs are produced and released to the
supernatant fraction during the normal bacterial growth (Kulp
and Kuehn, 2010), we hypothesized that the S. Typhi 1tolR and
S. 1degS mutants might protect surrounding bacteria against
polymyxin B by producing and releasing protective OMVs.
However, to exert a protective effect, OMV-producing bacteria
should present an increased MIC to polymyxin B in order to
reproduce and release sufficient OMVs to achieve the OMV-
mediated protection. Thus, we determined the MIC of polymyxin
B for the strains under study. As shown in Figure 5B (light gray
bars), S. Typhi 1rfaE and 1degS exhibited a diminished MIC
of polymyxin B (30% and 20% the MIC of the S. Typhi WT,
respectively) (see a summary in Table 3). By contrast, S. Typhi
1tolR showed a twofold increased MIC of polymyxin B. When we
determined the MIC of polymyxin B but using 10-fold less diluted

TABLE 2 | Bioassay to determine the relative amount of polymyxin B in a solution
previously incubated with OMVs extracted from S. Typhi WT or derivatives.

Source of OMVs Last dilution that
inhibited the S. Typhi WT

growth (% v/v)a

No OMVs (control) 0.3

S. Typhi WT 1.3

S. Typhi 1rfaE 2.5

S. Typhi 1tolR 10.0

S. Typhi 1degS 5.0

a50 µg/mL OMVs were mixed with 100 µg/mL polymyxin B, incubated 30 min at
37◦C with gentle shaking. OMVs were removed by ultrafiltration. Then, the filtrated
was serially diluted in LB before being seeded with S. Typhi WT as a bioindicator
for the presence of polymyxin B. n = 3 (this is a representative experiment).

bacteria (dark gray bars), we found an increased resistance in all
cases. Nevertheless, we observed a higher increase with the S.
Typhi 1tolR strain, which exhibited 10.7 times the MIC of the
WT under the same conditions. Since polymyxin B can remain
attached to biological membranes exerting a detergent-like effect
(Velkov et al., 2013; Roszkowiak et al., 2019), it was expected that
the MIC of polymyxin B would increase with a higher bacterial
concentration. However, we postulate that the more notorious
MIC rise showed by S. Typhi 1tolR, compared with the WT, can
also be explained by protective OMVs in the bacterial inoculum.

To test the resistance of S. Typhi and the most potent
hypervesiculating strains (S. Typhi 1tolR and 1degS) with an
alternative procedure, we performed a challenge with a high
polymyxin B concentration (2.5 µg/mL, corresponding to 8 times
the MIC of the WT). To that aim, the strains (OD600 = ∼1.2)
were washed three times and diluted in fresh LB to remove all
OMVs previously accumulated in the supernatant (input). Then,
bacteria were resuspended directly in LB supplemented with 2.5
µg/mL polymyxin B (time 0 h) or incubated in LB alone for 1 or
2 h at 37 ◦C with shaking to allow OMVs accumulation, before
adding 2.5 µg/mL polymyxin. Bacteria were then incubated
overnight at 37 ◦C with shaking prior to determining the final
CFU/mL (output). As shown in Figure 6A, we were unable to
recover colonies when we added polymyxin B immediately after
washing (0 h), plausibly due to the absence of OMVs exerting a
protective effect. However, when bacteria were incubated in LB
for 1 or 2 h before adding polymyxin B, we could recover S. Typhi
1tolR. We also recovered S. Typhi 1degS but only after 2 h of
incubation in LB before the polymyxin-B challenge. This result
could be explained by accumulating protective OMVs during the
incubation in LB prior to adding polymyxin B. The differences
between S. Typhi 1tolR and 1degS strains can be attributed to
their MIC of polymyxin B. By contrast, we could not recover S.
Typhi WT after the challenge with polymyxin B, even after 2 h of
incubation in LB.

If the growth of S. Typhi 1tolR and 1degS after the
challenge with polymyxin B involves OMVs, this resistance
should be functionally and transiently transferred to susceptible
bacteria since OMVs are diffusible elements. Thus, we tested
whether mutants can protect a polymyxin-susceptible strain
(S. Typhimurium ompD::Mud-J, Lac+) in an assay that we
denominated “one for all.” S. Typhimurium ompD::Mud-J has
a MIC of polymyxin B corresponding to around twice the
MIC exhibited by S. Typhi WT (∼0.625 µg/mL, Figure 5).
In addition, we could not recover colonies of this strain in
the challenge with 2.5 µg/mL, even after 2 h of incubation in
LB before adding the antibiotic (Figure 6A), demonstrating its
susceptibility to polymyxin B under the tested conditions. To
perform the protection assay, S. Typhi WT, 1tolR, or 1degS
were cultured, washed and diluted as described above, and mixed
with S. Typhimurium ompD::Mud-J (also washed and diluted)
before the challenge with 2.5 µg/mL polymyxin B. The output
was determined by plating onto LB with X-gal (white colonies: S.
Typhi WT or mutant derivatives, blue colonies: S. Typhimurium
ompD::Mud-J). As shown in Figure 6B, S. Typhi WT could not
protect the reporter strain even after 2 h of incubation in LB
before adding polymyxin B and vice-versa.
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FIGURE 5 | (A) MIC of polymyxin B for S. Typhi WT in the presence of supernatant (1:20 v/v) of S. Typhi WT, 1rfaE, 1tolR, or 1degS. Supernatants were obtained
from bacteria grown in LB at 37◦C with shaking (OD600: 1.0–1.3). (n = at least 4). (B) MIC of polymyxin B of strains S. Typhi WT, 1rfaE, 1tolR or 1degS, and S.
Typhimurium LT2 ompD::MudJ (S. Tm). We used two bacterial concentrations to seed the wells for the MIC determination (n = at least 4). In all cases, bars represent
the standard error; One-way ANOVA, Tukey as a post hoc test, ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; compared with S. Typhi WT under the same condition.

In the S. Typhi 1tolR + S. Typhimurium ompD::Mud-
J mixture, we observed that S. Typhi 1tolR could resist the
polymyxin challenge after 1 o 2 h of preincubation in LB.
Accordingly, only the presence of S. Typhi 1tolR efficiently
protected the susceptible reporter strain since no colonies were
seen with no preincubation (0 h) (Figure 6C). Consistent with a
higher accumulation of protective OMVs, the mixture incubated
for 2 h before the challenge with polymyxin B showed the
highest protection for S. Typhi 1tolR and S. Typhimurium
ompD::Mud-J.

Finally, the mixture of S. Typhi 1degS + S. Typhimurium
ompD::Mud-J showed colonies of both bacteria only after 2 h of
preincubation in LB (Figure 6D). Again, we attribute this result
to the accumulation of protective OMVs. Despite the high degree
of protection provided by OMVs from S. Typhi 1degS, the lower
protective effect of such mutant is consistent with its lower MIC
of polymyxin B, compared with S. Typhi 1tolR.

S. Typhimurium ompD::Mud-J recovered after the challenge
showed an unaffected MIC of polymyxin (∼0.625 µg/mL),
showing that the protection received by S. Typhi 1tolR or
1degS is transient and could not be attributed to genetic changes
(Table 3). Besides, it is important to state that the obtained results
cannot be attributed to a faster-growing phenotype of S. Typhi
1tolR or S. Typhi 1degS (Table 4).

At this point, OMVs extracted from S. Typhi 1tolR and 1degS
showed the most noticeable protective effect against polymyxin
B. This result suggests that their compositions are different
from the OMVs produced by the WT. Previously, it has been
reported that the protein cargo of OMVs from S. Typhi WT,
1tolR, and 1degS are different among them (Nevermann et al.,
2019). Since LPS is crucial regarding polymyxin interaction, we
assessed the LPS profile in these OMVs to complement this
information. As shown in Figure 7 and Supplementary Figure 2,
the LPS profile of OMVs extracted from S. Typhi 1tolR and
1degS present a distinct pattern. These differences could also

be contributing to the protective effect of these OMVs against
polymyxin B.

All these results show that a susceptible strain efficiently can
grow in the presence of a high amount of polymyxin B when is
cocultured with a hypervesiculating strain producing protective
OMVs. We observed this protective effect even with S. Typhi
1degS, which presents a very low MIC of polymyxin B when this
mutant encounters conditions that allow OMVs accumulation.
This protective effect is more potent with a strain exhibiting a
higher MIC of polymyxin B, as shown with S. Typhi 1tolR.

DISCUSSION

In this work, we found that the OMVs from S. Typhi WT and
mutant derivatives exert a protective effect against polymyxin B,
albeit the OMVs from S. Typhi 1tolR and 1degS were much
more protective. Furthermore, we found that S. Typhi 1tolR
(and at a lesser degree, S. Typhi 1degS) can functionally transfer
the polymyxin-resistance to susceptible bacteria, plausibly via
OMVs. To our knowledge, this is the first report exploring

TABLE 3 | MIC of polymyxin B for strains used in this study.

Strain MIC of polymyxin B (µg/mL) ± SE

S. Typhi WT 0.31 ± 0.03

S. Typhi 1rfaE 0.10 ± 0.05

S. Typhi 1tolR 0.63 ± 0.08

S. Typhi 1degS 0.05 ± 0.03

S. Typhimurium ompD::MudJ 0.63 ± 0.05

S. Typhimurium ompD::MudJ colonies
recovered after de “one for all assay”
(representative data of one colony)

0.63 ± 0.07

SE, Standard error; n = at least 4.
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FIGURE 6 | “One for all” assay of a challenge with 2.5 µg/mL polymyxin B. S. Typhi WT, 1tolR, 1degS, and S. Typhimurium ompD::Mud-J (Lac+) were washed and
diluted in LB to remove OMVs, and incubated in LB at 37◦C with shaking for 0, 1, or 2 h at 37◦C to allow OMVs accumulation, before adding polymyxin B (final
concentration of 2.5 µg/mL, corresponding to 8 times the MIC of S. Typhi WT). Bacteria were incubated with polymyxin B overnight at 37◦C with shaking prior to
determining the CFU/mL (output). (A) Strains were challenged separately. (B) S. Typhi WT and S. Typhimurium ompD::Mud-J were mixed (1:10) before the challenge.
(C) S. Typhi 1tolR and S. Typhimurium ompD::Mud-J were mixed (1:10) before the challenge. (D) S. Typhi 1degS and S. Typhimurium ompD::Mud-J were mixed
(1:10) before the challenge. To determine the CFU/mL, bacteria were plated onto LB supplemented with X-gal (white colonies: S. Typhi WT or derivatives, blue
colonies: S. Typhimurium ompD::MudJ). Alternatively, the serovar was corroborated by a PCR for the SPI-18 as previously described (Fuentes et al., 2008). (In all
cases, n = at least 4).

OMVs from S. Typhi as protective agents against antimicrobial
agents. Furthermore, this is the first study showing that OMVs
obtained by different genetic backgrounds exhibit, in turn,
different protective effects.

We found that the presence of purified OMVs exerted a
protective effect against polymyxin B and limonene but not
against ciprofloxacin. Both polymyxin B and limonene exert their
antimicrobial effect by interacting with biological membranes,
while ciprofloxacin targets gyrase and topoisomerase IV (Velkov
et al., 2013; Zhang et al., 2018; Thakre et al., 2021). OMVs
from E. coli can protect against membrane-active antibiotics,
i.e., polymyxin B, colistin (polymyxin E) and melittin, but no
against antibiotics with other targets, such as ciprofloxacin,
streptomycin and trimethoprim (Manning and Kuehn, 2011;
Kulkarni et al., 2015). Although polymyxin B and limonene
do not share structural similarities, their modes of action
require the interaction with biological membranes, suggesting
that the protection exerted by S. Typhi OMVs is based on an

unspecific mechanism involving membranes. In this sense, this
work showed that OMVs from S. Typhi and mutant derivatives
sequester polymyxin B and remove it from the solution. The fact

TABLE 4 | Growth rate (µ) and duplication time (td ) of S. Typhi strains
used in this study.

Strain µ (h−1) ± SEa td (min) ± SEa pb

S. Typhi WT 1.532 ± 0.052 27.246 ± 0.967 –

S. Typhi 1rfaE 1.539 ± 0.049 27.090 ± 0.846 ns

S. Typhi 1tolR 1.480 ± 0.085 28.393 ± 1.765 ns

S. Typhi 1degS 1.432 ± 0.067 29.235 ± 1.437 ns

Strains were cultured in LB at 37◦C with shaking. Bacterial growth was assessed
by measuring OD600 over time.
an = 4 (with 8 technical replicates). SE, standard error.
bOne-way ANOVA, with Tukey as post hoc test. ns = non-significative compared
with S. Typhi WT.
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FIGURE 7 | LPS of OMVs extracted from S. Typhi WT, 1tolR, and 1degS.
OMVs were extracted as described, and the LPS profile was resolved as
described in section “Materials and Methods.” In each lane, 40 µg/mL
(proteins) of OMVs were loaded.

that OMVs increased the MIC of polymyxin B in a concentration-
dependent manner supports this assertion. Furthermore, in the
present manuscript, the sequestration of polymyxin B by OMVs
was shown by measuring the Zeta potential of OMVs exposed
to polymyxin B and determining the polymyxin B activity that
remained after coincubating with OMVs. A similar strategy was
previously used to demonstrate the sequestration of polymyxin B
by Pseudomonas aeruginosa OMVs (Roszkowiak et al., 2019), and
this same mechanism was also shown in E. coli (Kulkarni et al.,
2015). The data that we obtained with the Zeta potential agrees
with the bioassay designed to assess the polymyxin B removed by
OMVs, where we found that all OMVs tested showed the ability
to decrease the amount of effective polymyxin B. According to
our results and previous works showing the sequestration of
polymyxin B by OMVs from other bacteria (Kulkarni et al., 2015;
Roszkowiak et al., 2019), the most straightforward explanation is

that OMVs from S. Typhi sequester polymyxin B. However, we
cannot rule out that other mechanisms were also acting. Kulkarni
et al. (2015) showed that OMVs from Escherichia coli sequester
both colistin and melittin. Furthermore, they demonstrated that
the OMVs from Escherichia coli also degrade melittin, but
not colistin (Kulkarni et al., 2015). Thus, determining whether
OMVs from S. Typhi can degrade polymyxin B, as an additional
mechanism, remains to be elucidated.

A previous study showed that OMVs from S. Typhi WT,
1rfaE, 1tolR, and 1degS present different features, such as size
and protein content (Nevermann et al., 2019). Besides, rfaE, tolR,
and degS are genetic determinants of three different processes
involved in OMV biogenesis (Schwechheimer and Kuehn, 2015;
Nevermann et al., 2019). It has been shown that mutations
affecting different OMV biogenesis processes produce OMVs
with different cargo (Altindis et al., 2014; Bonnington and Kuehn,
2014; Murphy et al., 2014; Schwechheimer and Kuehn, 2015).
For these reasons, it was postulated that OMVs from S. Typhi
WT, 1rfaE, 1tolR, and 1degS should present different properties
regarding biological functions (Nevermann et al., 2019). As stated
above, polymyxin B, a cationic amphipathic peptide, can interact
with negatively charged LPS, as well as with proteins, to get
inserted into the outer membrane, interacting with the lipid A
(Daugelavicius et al., 2000; Falagas and Kasiakou, 2006; Velkov
et al., 2013; van der Meijden and Robinson, 2015; Trimble et al.,
2016). Since OMVs are discharged from the outer membrane,
mutations affecting the bacterial envelope also affect the OMV
content, including both LPS and proteins (Kim et al., 2009;
Liu et al., 2016a), potentially affecting the polymyxin—OMVs
interaction or affinity. In the present manuscript, we found
apparent differences among mutants, where OMVs can be sorted
in decreasing protective effect as OMVs from S. Typhi 1tolR,
1degS, 1rfaE, and WT. Why OMVs from S. Typhi 1tolR
showed the most potent protective effect against polymyxin B
could be attributed to their higher affinity by polymyxin B as
the Zeta potential measurement suggests and the sequestration
bioassay showed.

Previously published works support the high affinity showed
by OMVs from S. Typhi 1tolR shown in the present study.
The tolR gene encodes an inner membrane protein of the trans-
envelope Tol-Pal complex (Sturgis, 2001). In E. coli and S.
Typhimurium, TolR participates in maintaining the envelope
structure and retrograde phospholipid transport (Muller et al.,
1993; Masilamani et al., 2018; Boags et al., 2019). Furthermore,
E. coli mutants in genes encoding Tol-Pal components showed
defective O-antigen polymerization (Vinés et al., 2005), while
Pseudomonas aeruginosa defective in a Tol-Pal component
(TolA) showed membranes with high affinity for cationic
compounds, including polymyxin B, due to changes in the
LPS (Rivera et al., 1988). Furthermore, the hypervesiculating
Shigella flexneri 1tolR produces OMVs with alterations in the
LPS O-chain (Pastor et al., 2018). Thus, we propose that OMVs
from S. Typhi 1tolR present a higher affinity for polymyxin B
than the other OMVs tested due to changes in their membrane
profile. On the other hand, we observed an increased MIC of
polymyxin B for S. Typhi 1tolR than the WT. Nevertheless,
when the S. Typhi 1tolR was washed, it was necessary, at
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least, to incubate bacteria for 1 h to obtain CFU after the
challenge with 2.5 µg/mL polymyxin B, or to protect susceptible
bacteria in a coculture. From these results, we inferred that the
increased MIC of polymyxin B exhibited by S. Typhi 1tolR
can be attributed to OMVs. Nevertheless, other mechanisms can
also be contributing to this phenotype. According to the Zeta
potential experiments and sequestering of polymyxin B, OMVs
from S. Typhi 1tolR have the highest affinity by polymyxin
B. In this sense, the bioassay of the polymyxin B activity after
incubation with bacteria strongly suggests that the S. Typhi
1tolR envelope has increased affinity for polymyxin B than the
WT (Supplementary Figure 1). In this case, a membrane with
a high affinity for polymyxin B might also increase antibiotic
resistance via OMV production. S. Typhi 1tolR presents one of
the most hypervesiculating phenotypes in S. Typhi, showing a
high release of OMVs when grown under standard conditions
(LB, 37◦C with shaking), without the need for additional stimuli
(Nevermann et al., 2019). Thus, the polymyxin B bound to
bacterial membranes might be rapidly discharged from the cells
by the hyperproduction of OMVs. Supporting this point, it has
been described a toluene elimination system in Pseudomonas
putida, where the toluene adhered to the outer membrane is
rapidly eliminated by shedding OMVs, rendering this strain
resistant to such compound (Kobayashi et al., 2000). The role of
OMVs to eliminate toxic compounds from the bacterial envelope
has already been reviewed (Schwechheimer and Kuehn, 2015).

We also found that OMVs from S. Typhi 1degS protect
bacteria against polymyxin B. DegS regulates σE activation under
membrane stress (Alba et al., 2001). In Salmonella Typhimurium,
σE is required under oxidative stress, envelope stress, and the
presence of antimicrobial peptides (Testerman et al., 2002;
Palmer and Slauch, 2020). Crosstalk between outer membrane
protein and LPS biogenesis with the activation of σE has been
reported (Kim, 2015), suggesting a different composition in
the lipidic components in OMVs from S. Typhi 1degS, as
found in Figure 7 and Supplementary Figure 2. The most
negative Zeta potential in these OMVs could support this
hypothesis. On the other hand, σE is necessary for resistance
to cationic peptides in S. Typhimurium (Crouch et al., 2005).
The lack of DegS may be impairing the σE activation, explaining
the low MIC exhibited by the S. Typhi 1degS mutant. In
addition, although the S. Typhi 1degS envelope seems to present
a similar affinity for polymyxin B than S. Typhi 1tolR, as
inferred by Supplementary Figure 1, the OMV release by
S. Typhi 1tolR is 1,000 times more than the OMV release
by S. Typhi 1degS (measured as protein content). Thus, an
envelope with increased affinity for polymyxin B but insufficient
OMVs production could be considered detrimental regarding
polymyxin resistance.

OMVs from S. Typhi WT and 1rfaE showed low protection
levels against polymyxin B. Nevertheless, the S. Typhi 1rfaE
strain exhibited a much lower MIC of polymyxin B than the WT
strain. In Salmonella Typhimurium, it has been reported that
1rfaE and other mutants involved in the LPS synthesis present
an increased membrane permeability, decreasing the resistance to
diverse antimicrobial compounds, including polymyxin B (Vaara,
1993; Acuna et al., 2016). In particular, rfaP (waaP), whose

product is responsible for phosphorylation of the first heptose
residue of the LPS inner core region, is necessary for polymyxin
resistance in E. coli. The authors concluded that the absence
of phosphoryl modifications in the LPS core region leads to an
increased polymyxin susceptibility, despite the more depolarized
membrane (Yethon et al., 2000). Salmonella Typhimurium 1rfaE
mutants synthesize heptose-deficient LPS (Jin et al., 2001) (i.e.,
no phosphorylation by WaaP would be possible), providing a
possible explanation of the phenotype found with S. Typhi 1rfaE.

Polymyxin mode of action requires two main kinds of
interactions to get inserted into the bacterial outer membrane.
(1) Electrostatic interaction between the cationic moiety of
polymyxin and negatively charged LPS, and (2) hydrophobic
interaction between the aliphatic acyl tail of polymyxin and
hydrophobic segments of the membrane, including lipid A
(Velkov et al., 2010; Trimble et al., 2016). The evidence also
suggests polymyxin interaction with outer membrane proteins
(van der Meijden and Robinson, 2015). In this sense, OMV
from S. Typhi 1tolR shows the highest sequestering ability
(Figure 4 and Table 2), albeit their Z potential is similar
to that observed with OMVs from the WT (Table 1). This
result suggests that the hydrophobic interaction might be
most important concerning the increased protection ability of
OMVs from S. Typhi 1tolR. On the other hand, OMVs from
1degS could be exerting their protective effect by increasing
the electrostatic interactions with polymyxin B, as their more
negative Z potential suggests (Table 1). Nevertheless, since
OMVs are complex supramacromolecular entities, both the
hydrophobicity and the negative charge can be achieved by a
complex interaction of protein and lipid cargo. Accordingly,
OMVs from S. Typhi 1tolR and 1degS showed a pattern of
protein cargo that is different from OMVs extracted from the
WT (Nevermann et al., 2019), where preliminary proteomic
analyses show that OMVs from S. Typhi 1tolR and 1degS
have approximately 180 and 500 proteins, respectively, absent
from OMVs from the WT (unpublished results). Furthermore,
OMVs from S. Typhi WT and mutant derivatives show
different LPS profiles (Figure 7 and Supplementary Figure 2),
strongly suggesting that increased affinity for polymyxin B
is multifactorial.

At present, the role of OMVs as protective agents against
polymyxin, or other antimicrobial compounds, has been assessed
by extracting OMVs and adding them to axenic reporter cultures
to determine the degree of protection (Manning and Kuehn,
2011; Kulkarni et al., 2015; Roszkowiak et al., 2019). However,
studies showing the participation of OMVs in more physiological
conditions are less common. In this study, we tested whether the
hypervesiculating strains could protect a susceptible strain from
a challenge with a high amount of polymyxin B in a coculture.
We found that, when the strains were washed to remove OMVs,
no colonies were observed after the challenge. Nevertheless,
when the culture was incubated for 1 h to allow the bacterial
growth and OMV accumulation, we found that S. Typhi 1tolR
could resist the challenge with polymyxin B. Longer incubation
times allowed even the S. Typhi 1degS growth. We inferred that
the survival of S. Typhi 1tolR and, at a lesser level, S. Typhi
1degS, depends on the OMV accumulation. Consistently, both
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strains could transiently transfer their polymyxin B resistance
to a susceptible reporter strain. Since the reporter strains
did not show an increased MIC of polymyxin B after the
challenge, we ruled out any genetic change. Altogether, these
results argue for a functional and transient transfer of OMV-
mediated polymyxin B resistance from S. Typhi 1tolR and
1degS to susceptible bacteria in more physiological conditions,
i.e., in a coculture. The most potent protective effect shown
by S. Typhi 1tolR is consistent with the high protection
level of its OMVs, the apparent higher affinity of its OMVs
for polymyxin B, and the increased MIC of polymyxin B. It
has been reported that mutations leading to changes in the
bacterial envelope can increase the resistance to polymyxin
B by decreasing the anionic charges (Olaitan et al., 2014; Li
et al., 2019). Nevertheless, this kind of resistance could be
considered “selfish” since it is not generally thought to be
shared, except for the mcr genes (Olaitan et al., 2014). However,
in this study, we showed that it is possible to transfer the
polymyxin resistance via OMVs to the bacterial community
without genetic exchange.

This work showed that mutants in genes related to
OMVs biogenesis can release vesicles with improved abilities
to protect bacteria against membrane-active agents such as
polymyxin B. Since mutations affecting OMV biogenesis
can involve the bacterial envelope (Kulp and Kuehn, 2010;
Kulkarni and Jagannadham, 2014; Nevermann et al., 2019),
it is possible to obtain mutant bacteria with increased
resistance to membrane-acting agents that, in turn, produce
protective OMVs with a high vesiculation rate (e.g., S.
Typhi 1tolR). Such mutants can functionally transfer the
resistance to surrounding bacteria via OMVs, diminishing
the effective concentration of the antimicrobial agent and
potentially favoring the selection of spontaneous resistant
strains in the environment. Finally, since OMVs can also
protect against other agents such as antimicrobial peptides,
which can be produced by the innate immune system
(Urashima et al., 2017), the possible role of vesicles in
bacterial pathogenesis as protective agents is progressively
gaining attention.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

PM: experiments, support, and discussion. AC: facilities, Zeta
potential experiments, and discussion. EV: experiments and
support. AS: TEM and support. JN: mutant construction and
support. CO: manuscript edition. EA: facilities, supervision
of Zeta potential experiments. FG: facilities, discussion, and
manuscript edition. IC: facilities, discussion, and manuscript
edition. JF: conception of the study, data curation, figures,
facilities, funding acquisition, manuscript writing, and editing.
All authors contributed to the article and approved the
submitted version.

FUNDING

This work was funded by FONDECYT 1181638 (ANID).

ACKNOWLEDGMENTS

AC thanks FONDECYT de Inicio 11170637 (ANID). FG thanks
to FONDECYT 1171397. IC thanks to FONDECYT 1171655.
We thank the Center of Applied Nanoscience (CANS) for
instrumental facilities.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2021.672467/full#supplementary-material

REFERENCES
Acuna, L. G., Barros, M. J., Penaloza, D., Rodas, P. I., Paredes-Sabja, D., Fuentes,

J. A., et al. (2016). A feed-forward loop between SroC and MgrR small RNAs
modulates the expression of eptB and the susceptibility to polymyxin B in
Salmonella typhimurium. Microbiology 162, 1996–2004. doi: 10.1099/mic.0.
000365

Ahamed Riyaaz, A. A., Perera, V., Sivakumaran, S., and De Silva, N. (2018).
Typhoid fever due to extended spectrum beta-lactamase-producing Salmonella
enterica serovar Typhi: a case report and literature review. Case Rep. Infect. Dis.
2018:4610246.

Ajibola, O., Mshelia, M. B., Gulumbe, B. H., and Eze, A. A. (2018).
Typhoid fever diagnosis in endemic countries: a clog in the wheel
of progress? Medicina (Kaunas) 54:23. doi: 10.3390/medicina5402
0023

Alba, B. M., Zhong, H. J., Pelayo, J. C., and Gross, C. A. (2001). degS (hhoB) is
an essential Escherichia coli gene whose indispensable function is to provide
sigma (E) activity. Mol. Microbiol. 40, 1323–1333. doi: 10.1046/j.1365-2958.
2001.02475.x

Als, D., Radhakrishnan, A., Arora, P., Gaffey, M. F., Campisi, S., Velummailum, R.,
et al. (2018). Global trends in typhoidal salmonellosis: a systematic review. Am.
J. Trop. Med. Hyg. 99(3_Suppl), 10–19. doi: 10.4269/ajtmh.18-0034

Altindis, E., Fu, Y., and Mekalanos, J. J. (2014). Proteomic analysis of Vibrio
cholerae outer membrane vesicles. Proc. Natl. Acad. Sci. U.S.A. 111, E1548–
E1556.

Bhutta, Z. A., Gaffey, M. F., Crump, J. A., Steele, D., Breiman, R. F., Mintz, E. D.,
et al. (2018). Typhoid fever: way forward. Am. J. Trop. Med. Hyg. 99, 89–96.

Boags, A. T., Samsudin, F., and Khalid, S. (2019). Binding from both sides: TolR
and full-length OmpA bind and maintain the local structure of the E. coli cell
wall. Structure 27, 713–724e712.

Bonnington, K. E., and Kuehn, M. J. (2014). Protein selection and export via outer
membrane vesicles. Biochim. Biophys. Acta. 1843, 1612–1619. doi: 10.1016/j.
bbamcr.2013.12.011

Carreño, A., Páez-Hernández, D., Zúñiga, C., Ramírez-Osorio, A., Pizarro,
N., Vega, A., et al. (2021). Exploring rhenium (I) complexes as potential
fluorophores for walled-cells (yeasts and bacteria): photophysics,
biocompatibility, and confocal microscopy. Dyes Pigm. 184:108876.
doi: 10.1016/j.dyepig.2020.108876

Frontiers in Microbiology | www.frontiersin.org 13 May 2021 | Volume 12 | Article 672467

https://www.frontiersin.org/articles/10.3389/fmicb.2021.672467/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2021.672467/full#supplementary-material
https://doi.org/10.1099/mic.0.000365
https://doi.org/10.1099/mic.0.000365
https://doi.org/10.3390/medicina54020023
https://doi.org/10.3390/medicina54020023
https://doi.org/10.1046/j.1365-2958.2001.02475.x
https://doi.org/10.1046/j.1365-2958.2001.02475.x
https://doi.org/10.4269/ajtmh.18-0034
https://doi.org/10.1016/j.bbamcr.2013.12.011
https://doi.org/10.1016/j.bbamcr.2013.12.011
https://doi.org/10.1016/j.dyepig.2020.108876
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-672467 April 29, 2021 Time: 16:45 # 14

Marchant et al. Transfer of OMV-Mediated Polymyxin Resistance

Carreno, A., Rodriguez, L., Paez-Hernandez, D., Martin-Trasanco, R., Zuniga,
C., Oyarzun, D. P., et al. (2018). Two new fluorinated phenol derivatives
pyridine schiff bases: synthesis, spectral, theoretical characterization, inclusion
in epichlorohydrin-beta-cyclodextrin polymer, and antifungal effect. Front.
Chem. 6:312. doi: 10.3389/fchem.2018.00312

Cornaglia, G., Giamarellou, H., and Rossolini, G. M. (2011). Metallo-beta-
lactamases: a last frontier for beta-lactams? Lancet Infect. Dis. 11, 381–393.
doi: 10.1016/s1473-3099(11)70056-1

Crouch, M. L., Becker, L. A., Bang, I. S., Tanabe, H., Ouellette, A. J., and Fang,
F. C. (2005). The alternative sigma factor sigma is required for resistance
of Salmonella enterica serovar Typhimurium to anti-microbial peptides. Mol.
Microbiol. 56, 789–799. doi: 10.1111/j.1365-2958.2005.04578.x

Cuenca-Estrella, M., Moore, C. B., Barchiesi, F., Bille, J., Chryssanthou, E.,
Denning, D. W., et al. (2003). Multicenter evaluation of the reproducibility of
the proposed antifungal susceptibility testing method for fermentative yeasts of
the antifungal susceptibility testing subcommittee of the european committee
on antimicrobial susceptibility testing (AFST-EUCAST). Clin. Microbiol. Infect.
9, 467–474. doi: 10.1046/j.1469-0691.2003.00592.x

Daugelavicius, R., Bakiene, E., and Bamford, D. H. (2000). Stages of polymyxin
B interaction with the Escherichia coli cell envelope. Antimicrob. Agents
Chemother. 44, 2969–2978. doi: 10.1128/aac.44.11.2969-2978.2000

Deatherage, B. L., Lara, J. C., Bergsbaken, T., Rassoulian Barrett, S. L., Lara, S.,
and Cookson, B. T. (2009). Biogenesis of bacterial membrane vesicles. Mol.
Microbiol. 72, 1395–1407.

Kim, D. Y. (2015). Two stress sensor proteins for the expression of sigmaE regulon:
DegS and RseB. J. Microbiol. 53, 306–310. doi: 10.1007/s12275-015-5112-6

Falagas, M. E., and Kasiakou, S. K. (2006). Toxicity of polymyxins: a systematic
review of the evidence from old and recent studies. Crit. Care 10:R27.

Fuentes, J. A., Villagra, N., Castillo-Ruiz, M., and Mora, G. C. (2008). The
Salmonella typhi hlyE gene plays a role in invasion of cultured epithelial
cells and its functional transfer to S. typhimurium promotes deep organ
infection in mice. Res. Microbiol. 159, 279–287. doi: 10.1016/j.resmic.2008.
02.006

Galan, J. E. (1996). Molecular genetic bases of Salmonella entry into host cells. Mol.
Microbiol. 20, 263–271. doi: 10.1111/j.1365-2958.1996.tb02615.x

Garg, S. K., Singh, O., Juneja, D., Tyagi, N., Khurana, A. S., Qamra, A., et al.
(2017). Resurgence of polymyxin B for MDR/XDR gram-negative infections:
an overview of current evidence. Crit. Care Res. Pract. 2017:3635609.

Grenier, D., Bertrand, J., and Mayrand, D. (1995). Porphyromonas gingivalis
outer membrane vesicles promote bacterial resistance to chlorhexidine. Oral
Microbiol. Immunol. 10, 319–320. doi: 10.1111/j.1399-302x.1995.tb00161.x

Halder, S., Yadav, K. K., Sarkar, R., Mukherjee, S., Saha, P., Haldar, S., et al. (2015).
Alteration of Zeta potential and membrane permeability in bacteria: a study
with cationic agents. Springerplus 4:672.

Hancock, R. E., and Scott, M. G. (2000). The role of antimicrobial peptides in
animal defenses. Proc. Natl. Acad. Sci. U.S.A. 97, 8856–8861. doi: 10.1073/pnas.
97.16.8856

Hook, M., Mcgavin, M. J., Switalski, L. M., Raja, R., Raucci, G., Lindgren, P. E., et al.
(1990). Interactions of bacteria with extracellular matrix proteins. Cell Differ.
Dev. 32, 433–438.

Jan, A. T. (2017). Outer Membrane Vesicles (OMVs) of gram-negative bacteria: a
perspective update. Front. Microbiol. 8:1053. doi: 10.3389/fmicb.2017.01053

Jin, U. H., Chung, T. W., Lee, Y. C., Ha, S. D., and Kim, C. H. (2001).
Molecular cloning and functional expression of the rfaE gene required for
lipopolysaccharide biosynthesis in Salmonella typhimurium. Glycoconjugate
journal 18, 779–787.

Johnson, R., Mylona, E., and Frankel, G. (2018). Typhoidal Salmonella: distinctive
virulence factors and pathogenesis. Cell. Microbiol. 20:e12939. doi: 10.1111/
cmi.12939

Karkey, A., Thwaites, G. E., and Baker, S. (2018). The evolution of antimicrobial
resistance in Salmonella typhi. Curr. Opin. Gastroenterol. 34, 25–30. doi: 10.
1097/mog.0000000000000406

Kim, S. H., Kim, K. S., Lee, S. R., Kim, E., Kim, M. S., Lee, E. Y., et al. (2009).
Structural modifications of outer membrane vesicles to refine them as vaccine
delivery vehicles. Biochim. Biophys. Acta 1788, 2150–2159. doi: 10.1016/j.
bbamem.2009.08.001

Kobayashi, H., Uematsu, K., Hirayama, H., and Horikoshi, K. (2000). Novel
toluene elimination system in a toluene-tolerant microorganism. J. Bacteriol.
182, 6451–6455. doi: 10.1128/jb.182.22.6451-6455.2000

Kulikov, E. E., Golomidova, A. K., Prokhorov, N. S., Ivanov, P. A., and Letarov, A. V.
(2019). High-throughput LPS profiling as a tool for revealing of bacteriophage
infection strategies. Sci. Rep. 9:2958.

Kulkarni, H. M., and Jagannadham, M. V. (2014). Biogenesis and multifaceted
roles of outer membrane vesicles from Gram-negative bacteria. Microbiology
160, 2109–2121. doi: 10.1099/mic.0.079400-0

Kulkarni, H. M., Nagaraj, R., and Jagannadham, M. V. (2015). Protective role of
E. coli outer membrane vesicles against antibiotics. Microbiol. Res. 181, 1–7.
doi: 10.1016/j.micres.2015.07.008

Kulp, A., and Kuehn, M. J. (2010). Biological functions and biogenesis of secreted
bacterial outer membrane vesicles. Annu. Rev. Microbiol. 64, 163–184. doi:
10.1146/annurev.micro.091208.073413

Kumarasamy, K. K., Toleman, M. A., Walsh, T. R., Bagaria, J., Butt, F.,
Balakrishnan, R., et al. (2010). Emergence of a new antibiotic resistance
mechanism in India, Pakistan, and the UK: a molecular, biological, and
epidemiological study. Lancet Infect. Dis. 10, 597–602. doi: 10.1016/s1473-
3099(10)70143-2

Li, Z., Cao, Y., Yi, L., Liu, J. H., and Yang, Q. (2019). Emergent polymyxin
resistance: end of an Era? Open Forum. Infect. Dis. 6:ofz368.

Liu, Q., Liu, Q., Zhao, X., Liu, T., Yi, J., Liang, K., et al. (2016a). Immunogenicity
and cross-protective efficacy induced by outer membrane proteins from
Salmonella typhimurium mutants with truncated LPS in mice. Int. J. Mol. Sci.
17:416. doi: 10.3390/ijms17030416

Liu, Q., Yi, J., Liang, K., Liu, T., Roland, K. L., Jiang, Y., et al. (2016b).
Outer membrane vesicles derived from Salmonella typhimurium mutants with
truncated LPS induce cross-protective immune responses against infection of
Salmonella enterica serovars in the mouse model. Int. J. Med. Microbiol. 306,
697–706. doi: 10.1016/j.ijmm.2016.08.004

Manning, A. J., and Kuehn, M. J. (2011). Contribution of bacterial outer membrane
vesicles to innate bacterial defense. BMC Microbiol. 11:258. doi: 10.1186/1471-
2180-11-258

Masilamani, R., Cian, M. B., and Dalebroux, Z. D. (2018). Salmonella Tol-Pal
reduces outer membrane glycerophospholipid levels for envelope homeostasis
and survival during bacteremia. . Infect. Immun. 86, e00173-e00218.

McBroom, A. J., Johnson, A. P., Vemulapalli, S., and Kuehn, M. J. (2006). Outer
membrane vesicle production by Escherichia coli is independent of membrane
instability. J. Bacteriol. 188, 5385–5392. doi: 10.1128/jb.00498-06

Miao, E. A., Brittnacher, M., Haraga, A., Jeng, R. L., Welch, M. D., and Miller, S. I.
(2003). Salmonella effectors translocated across the vacuolar membrane interact
with the actin cytoskeleton. Mol. Microbiol. 48, 401–415. doi: 10.1046/j.1365-
2958.2003.t01-1-03456.x

Muller, M. M., Vianney, A., Lazzaroni, J. C., Webster, R. E., and Portalier, R.
(1993). Membrane topology of the Escherichia coli TolR protein required for cell
envelope integrity. J. Bacteriol. 175, 6059–6061. doi: 10.1128/jb.175.18.6059-
6061.1993

Murphy, K., Park, A. J., Hao, Y., Brewer, D., Lam, J. S., and Khursigara, C. M.
(2014). Influence of O polysaccharides on biofilm development and outer
membrane vesicle biogenesis in Pseudomonas aeruginosa PAO1. J. Bacteriol.
196, 1306–1317. doi: 10.1128/jb.01463-13

Nevermann, J., Silva, A., Otero, C., Oyarzun, D. P., Barrera, B., Gil, F., et al. (2019).
Identification of genes involved in biogenesis of outer membrane vesicles
(OMVs) in Salmonella enterica serovar Typhi. Front. Microbiol. 10:104. doi:
10.3389/fmicb.2019.00104

Olaitan, A. O., Morand, S., and Rolain, J. M. (2014). Mechanisms of polymyxin
resistance: acquired and intrinsic resistance in bacteria. Front. Microbiol. 5:643.
doi: 10.3389/fmicb.2014.00643

Palmer, A. D., and Slauch, J. M. (2020). Envelope stress and regulation of
the Salmonella pathogenicity Island 1 type III secretion system. J. Bacteriol.
202:e00272-20.

Pandit, A., Arjyal, A., Day, J. N., Paudyal, B., Dangol, S., Zimmerman, M. D., et al.
(2007). An open randomized comparison of gatifloxacin versus cefixime for
the treatment of uncomplicated enteric fever. PLoS One 2:e542. doi: 10.1371/
journal.pone.0000542

Frontiers in Microbiology | www.frontiersin.org 14 May 2021 | Volume 12 | Article 672467

https://doi.org/10.3389/fchem.2018.00312
https://doi.org/10.1016/s1473-3099(11)70056-1
https://doi.org/10.1111/j.1365-2958.2005.04578.x
https://doi.org/10.1046/j.1469-0691.2003.00592.x
https://doi.org/10.1128/aac.44.11.2969-2978.2000
https://doi.org/10.1007/s12275-015-5112-6
https://doi.org/10.1016/j.resmic.2008.02.006
https://doi.org/10.1016/j.resmic.2008.02.006
https://doi.org/10.1111/j.1365-2958.1996.tb02615.x
https://doi.org/10.1111/j.1399-302x.1995.tb00161.x
https://doi.org/10.1073/pnas.97.16.8856
https://doi.org/10.1073/pnas.97.16.8856
https://doi.org/10.3389/fmicb.2017.01053
https://doi.org/10.1111/cmi.12939
https://doi.org/10.1111/cmi.12939
https://doi.org/10.1097/mog.0000000000000406
https://doi.org/10.1097/mog.0000000000000406
https://doi.org/10.1016/j.bbamem.2009.08.001
https://doi.org/10.1016/j.bbamem.2009.08.001
https://doi.org/10.1128/jb.182.22.6451-6455.2000
https://doi.org/10.1099/mic.0.079400-0
https://doi.org/10.1016/j.micres.2015.07.008
https://doi.org/10.1146/annurev.micro.091208.073413
https://doi.org/10.1146/annurev.micro.091208.073413
https://doi.org/10.1016/s1473-3099(10)70143-2
https://doi.org/10.1016/s1473-3099(10)70143-2
https://doi.org/10.3390/ijms17030416
https://doi.org/10.1016/j.ijmm.2016.08.004
https://doi.org/10.1186/1471-2180-11-258
https://doi.org/10.1186/1471-2180-11-258
https://doi.org/10.1128/jb.00498-06
https://doi.org/10.1046/j.1365-2958.2003.t01-1-03456.x
https://doi.org/10.1046/j.1365-2958.2003.t01-1-03456.x
https://doi.org/10.1128/jb.175.18.6059-6061.1993
https://doi.org/10.1128/jb.175.18.6059-6061.1993
https://doi.org/10.1128/jb.01463-13
https://doi.org/10.3389/fmicb.2019.00104
https://doi.org/10.3389/fmicb.2019.00104
https://doi.org/10.3389/fmicb.2014.00643
https://doi.org/10.1371/journal.pone.0000542
https://doi.org/10.1371/journal.pone.0000542
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-672467 April 29, 2021 Time: 16:45 # 15

Marchant et al. Transfer of OMV-Mediated Polymyxin Resistance

Parry, C. M., Basnyat, B., and Crump, J. A. (2013). The management of
antimicrobial-resistant enteric fever. Exp. Rev. Anti Infect. Ther. 11, 1259–1261.
doi: 10.1586/14787210.2013.858019

Pastor, Y., Camacho, A. I., Zuniga-Ripa, A., Merchan, A., Rosas, P., Irache, J. M.,
et al. (2018). Towards a subunit vaccine from a Shigella flexneri 1tolR mutant.
Vaccine 36, 7509–7519. doi: 10.1016/j.vaccine.2018.10.066

Payne, D. J., Gwynn, M. N., Holmes, D. J., and Pompliano, D. L. (2007). Drugs for
bad bugs: confronting the challenges of antibacterial discovery. Nat. Rev. Drug
Discov. 6, 29–40. doi: 10.1038/nrd2201

Rivera, M., Hancock, R. E., Sawyer, J. G., Haug, A., and McGroarty, E. J.
(1988). Enhanced binding of polycationic antibiotics to lipopolysaccharide
from an aminoglycoside-supersusceptible, tolA mutant strain of Pseudomonas
aeruginosa. Antimicrob. Agents Chemother. 32, 649–655. doi: 10.1128/aac.32.5.
649

Roszkowiak, J., Jajor, P., Gula, G., Gubernator, J., Zak, A., Drulis-Kawa, Z.,
et al. (2019). Interspecies Outer Membrane Vesicles (OMVs) modulate the
sensitivity of pathogenic bacteria and pathogenic yeasts to cationic peptides
and serum complement. Int. J. Mol. Sci. 20:5577. doi: 10.3390/ijms2022
5577

Santiviago, C. A., Toro, C. S., Hidalgo, A. A., Youderian, P., and Mora, G. C. (2003).
Global regulation of the Salmonella enterica serovar typhimurium major porin.
OmpD. J. Bacteriol. 185, 5901–5905. doi: 10.1128/jb.185.19.5901-5905.2003

Schwartz, K. L., and Morris, S. K. (2018). Travel and the spread of drug-resistant
bacteria. Curr. Infect. Dis. Rep. 20:29.

Schwechheimer, C., and Kuehn, M. J. (2015). Outer-membrane vesicles from
Gram-negative bacteria: biogenesis and functions. Nat. Rev. Microbiol. 13,
605–619. doi: 10.1038/nrmicro3525

Sturgis, J. N. (2001). Organisation and evolution of the tol-pal gene cluster. J. Mol.
Microbiol. Biotechnol. 3, 113–122.

Testerman, T. L., Vazquez-Torres, A., Xu, Y., Jones-Carson, J., Libby, S. J.,
and Fang, F. C. (2002). The alternative sigma factor sigmaE controls
antioxidant defences required for Salmonella virulence and stationary-
phase survival. Mol. Microbiol. 43, 771–782. doi: 10.1046/j.1365-2958.2002.
02787.x

Thakre, A., Zore, G., Kodgire, S., Kazi, R., Mulange, S., Patil, R., et al. (2021).
Limonene inhibits Candida albicans growth by inducing apoptosis. Med. Mycol.
56, 565–578.

Trimble, M. J., Mlynarcik, P., Kolar, M., and Hancock, R. E. (2016). Polymyxin:
alternative mechanisms of action and resistance. Cold Spring Harb. Perspect.
Med. 6:a025288. doi: 10.1101/cshperspect.a025288

Urashima, A., Sanou, A., Yen, H., and Tobe, T. (2017). Enterohaemorrhagic
Escherichia coli produces outer membrane vesicles as an active defence system

against antimicrobial peptide LL-37. Cell. Microbiol. 19:e12758. doi: 10.1111/
cmi.12758

Vaara, M. (1993). Outer membrane permeability barrier to azithromycin,
clarithromycin, and roxithromycin in gram-negative enteric bacteria.
Antimicrob. Agents Chemother. 37, 354–356. doi: 10.1128/aac.37.2.354

Valenzuela, C., Ugalde, J. A., Mora, G. C., Alvarez, S., Contreras, I., and Santiviago,
C. A. (2014). Draft genome sequence of Salmonella enterica serovar Typhi strain
STH2370. Genome Announc. 2:e00104-14.

van der Meijden, B., and Robinson, J. A. (2015). Synthesis of a polymyxin derivative
for photolabeling studies in the gram-negative bacterium Escherichia coli.
J. Pept. Sci. 21, 231–235. doi: 10.1002/psc.2736

Velkov, T., Roberts, K. D., Nation, R. L., Thompson, P. E., and Li, J. (2013).
Pharmacology of polymyxins: new insights into an ‘old’ class of antibiotics.
Future Microbiol. 8, 711–724. doi: 10.2217/fmb.13.39

Velkov, T., Thompson, P. E., Nation, R. L., and Li, J. (2010). Structure–activity
relationships of polymyxin antibiotics. J. Med. Chem. 53, 1898–1916. doi:
10.1021/jm900999h

Vinés, E. D., Marolda, C. L., Balachandran, A., and Valvano, M. A. (2005).
Defective O-antigen polymerization in tolA and pal mutants of Escherichia
coli in response to extracytoplasmic stress. J. Bacteriol. 187, 3359–3368. doi:
10.1128/jb.187.10.3359-3368.2005

Yethon, J. A., Gunn, J. S., Ernst, R. K., Miller, S. I., Laroche, L., Malo, D.,
et al. (2000). Salmonella enterica serovar Typhimurium waaP mutants show
increased susceptibility to polymyxin and loss of virulence In vivo. Infect.
Immun. 68, 4485–4491. doi: 10.1128/iai.68.8.4485-4491.2000

Zasloff, M. (2002). Antimicrobial peptides of multicellular organisms. Nature 415,
389–395. doi: 10.1038/415389a

Zhang, G. F., Liu, X., Zhang, S., Pan, B., and Liu, M. L. (2018). Ciprofloxacin
derivatives and their antibacterial activities. Eur. J. Med. Chem. 146, 599–612.
doi: 10.1016/j.ejmech.2018.01.078

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Marchant, Carreño, Vivanco, Silva, Nevermann, Otero, Araya,
Gil, Calderón and Fuentes. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 15 May 2021 | Volume 12 | Article 672467

https://doi.org/10.1586/14787210.2013.858019
https://doi.org/10.1016/j.vaccine.2018.10.066
https://doi.org/10.1038/nrd2201
https://doi.org/10.1128/aac.32.5.649
https://doi.org/10.1128/aac.32.5.649
https://doi.org/10.3390/ijms20225577
https://doi.org/10.3390/ijms20225577
https://doi.org/10.1128/jb.185.19.5901-5905.2003
https://doi.org/10.1038/nrmicro3525
https://doi.org/10.1046/j.1365-2958.2002.02787.x
https://doi.org/10.1046/j.1365-2958.2002.02787.x
https://doi.org/10.1101/cshperspect.a025288
https://doi.org/10.1111/cmi.12758
https://doi.org/10.1111/cmi.12758
https://doi.org/10.1128/aac.37.2.354
https://doi.org/10.1002/psc.2736
https://doi.org/10.2217/fmb.13.39
https://doi.org/10.1021/jm900999h
https://doi.org/10.1021/jm900999h
https://doi.org/10.1128/jb.187.10.3359-3368.2005
https://doi.org/10.1128/jb.187.10.3359-3368.2005
https://doi.org/10.1128/iai.68.8.4485-4491.2000
https://doi.org/10.1038/415389a
https://doi.org/10.1016/j.ejmech.2018.01.078
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	``One for All'': Functional Transfer of OMV-Mediated Polymyxin B Resistance From Salmonella enterica sv. Typhi tolR and degS to Susceptible Bacteria
	Introduction
	Materials and Methods
	Bacterial Strains, Media, and Culture Conditions
	OMV Isolation, Quantification, and Size Measurement
	Transmission Electron Microscopy (TEM)
	Determination of Zeta Potential
	Determination of Minimal Inhibitory Concentration (MIC)
	Estimation of Polymyxin Sequestration by OMVs
	Protection Assay of a Reporter Strain (``One for All'')
	Determination of  and td
	LPS Profile Determination

	Results
	Characteristic of OMVs Extracted From S. Typhi WT and Hypervesiculating Mutant Derivatives
	OMVs Obtained From S. Typhi Mutants Increased the MIC of Polymyxin B in a Concentration-Dependent Manner
	OMVs From S. Typhi Exert Their Protective Effect by Sequestering Polymyxin B
	S. Typhi tolR and degS Can Functionally Transfer Their Polymyxin Resistance to Polymyxin-Susceptible Bacteria

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


