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Abstract
Bacterial membrane vesicles (MVs) have recently gained much attention and have
been shown to carry a wide diversity of secreted bacterial components. However,
it is poorly understood whether MV carriage is an indispensable requirement for a
cargo’s function. Bacteriocins as weapons of bacterial warfare shape the composi-
tion of microbial communities. Many bacteriocins have pronounced hydrophobicity
that is imposed by their mechanism of action, but how they diffuse through aque-
ous environments to reach their target competitors is not known. Here we show that
antimicrobial competitive activity of an exemplary hydrophobic bacteriocin of the
thiopeptide antibiotic family, micrococcin P1 (MP1), is dependent on incorporation
into MVs, which were found to carry MP1 at high concentrations. In contrast, MP1
withoutMV association was poorly active due to low solubility. Furthermore, we pro-
vide previously unavailable evidence that MVs fuse with a Gram-positive bacterium’s
cytoplasmic membrane, in this case to deliver a bacteriocin to its intracellular tar-
get. Our findings demonstrate how bacteria overcome the problem associated with
secreting hydrophobic small molecules and delivering them to their target and show
that MVs have a key function in bacterial warfare. Furthermore, our study provides
hitherto rare evidence that MVs provide an essential rather than merely accessory
function in bacterial physiology.
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 INTRODUCTION

Bacteria represent an important part of the humanmicrobiome. They have a multi-faceted and often beneficial relationship with
the human host, for example producing vitamins, helping digestion, and fighting off pathogens, while others may also cause
disease (Cho & Blaser, 2012; Human Microbiome Project, C, 2012). In addition, they interact with each other in a variety of
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ways. These can be mutually beneficial, but often – at least in nutrient-limited environments such as the skin – are competitive
(Faust et al., 2012; Liu, Du et al., 2020; Liu, Meng et al., 2020; Nakatsuji et al., 2017; Paharik et al., 2017; Woyke et al., 2006). Many
bacterial strains produce bacteriocins, which are peptides or small proteins directly aimed to kill competitors (Riley & Wertz,
2002). Often, bacteriocins have considerable hydrophobicity, which is linked to their mechanism of action. This is because many
bacteriocins function by either forming pores in cytoplasmic membranes, interfering with essential membrane-bound cell-wall
precursors such as lipid II, or need to pass through the membrane of the target organism to reach intracellular targets such as
the protein or DNA synthesis machinery (Ciufolini & Lefranc, 2010; Grein et al., 2019; Héchard & Sahl, 2002; Moll et al., 1999;
Towle & Vederas, 2017). However, it has remained poorly understood how hydrophobic bacteriocins manage to remain soluble
through an aqueous environment to reach the target organism and exert their antimicrobial activity (Chan & Burrows, 2021).

Membrane vesicles (MVs) are lipidmembrane nanoparticles originally found in Gram-negative bacteria, where they have also
been called outer membrane vesicles (OMVs), because they originate from blebbing of the outer membrane (Schwechheimer &
Kuehn, 2015). Later, they were also described in Gram-positive bacteria, which was an astounding finding given that they need
to pass the compact and thick cell wall of Gram-positive bacteria. To this date it remains unknown how exactly this is accom-
plished, but recent evidence obtained in Bacillus subtilis suggests that enzymes that digest the cell wall are involved in a process
possibly linked to cell death (“bubbling cell death”) (Abe et al., 2021; Brown et al., 2015; Toyofuku et al., 2017, 2019). Furthermore,
in Staphylococcus aureus, MV formation appears to involve membrane-active peptides, the phenol-soluble modulins (PSMs)
(Schlatterer et al., 2018; Wang et al., 2018).

Nowadays, it is believed that the production of MVs is at least nearly ubiquitous in bacteria. MVs range in size from 20 to
400 nm in diameter and are naturally filled with contents such as nucleic acids (Koeppen et al., 2016), toxins (Chatterjee &
Chaudhuri, 2011), signalingmolecules (Toyofuku et al., 2017), enzymes (Lekmeechai et al., 2018), and antibiotic resistance factors
(Ciofu, 2000). Bacterial MVs have recently garnered much attention and have been associated with diverse functions, such as in
nutrient acquisition, quorum-sensing, and biofilm formation, in addition to various further roles in pathogenesis (Caruana &
Walper, 2020; Ellis & Kuehn, 2010). Furthermore, MVs can be recognized by or even fuse with host immune cells, modulating
immune responses (Bitto et al., 2021; Kaparakis-Liaskos & Ferrero, 2015), and potentially be used as vaccines or vaccine adjuvants
(Wang et al., 2019). However, except for a likely essential function in quorum-sensing of particularly hydrophobic quorum-
sensing signal molecules in Pseudomonas aeruginosa (Mashburn &Whiteley, 2005) and other Gram-negative bacteria (Toyofuku
et al., 2017), it remains unclear if MVs provide essential functions to any identified cargo. This is because the corresponding
soluble substances found to be included inMVs are also functional withoutMVs, which includes the reported pro-inflammatory
roles of MVs that are based on soluble agents such as nucleic acids (Bitto et al., 2021) as well as bacterial antagonistic interactions
that have been attributed to the delivery of harmful enzymes to the surface of competitors (Kadurugamuwa & Beveridge, 1996).
MVs have been suggested as delivery tools for hydrophobic bacteriocins in therapeutic applications (Arthur et al., 2014; Niaz
et al., 2019), and bacteriocins can be found among the multitude of proteins that are associated with MVs, as shown for example
in a strain of Lactobacillus acidophilus (Dean et al., 2019). Furthermore, the pigment violacein, which also has antibiotic and
bactericidal properties, has recently been shown to be MV-associated (Choi et al., 2020). However, there is not much evidence
supporting the notion that MVs play a key role in bacterial competition. Furthermore, regarding both a potential application of
MVs as delivery tools as well as in bacterial competition, it is not understood how MVs can deliver embedded compounds to
a target Gram-positive bacterium, which is of particular importance given that this class of bacteria contains a large number of
notoriously antibiotic-resistant pathogens, such as S. aureus, Streptococcus spp. and Enterococcus spp., to name but a few (Fischetti
et al., 2019).
In the present study, we developed and evaluated the hypothesis that MVs are essential for hydrophobic bacteriocins to be

active, particularly in the context of bacterial competitive interaction. To that end, we chose to investigate the thiopeptide bacte-
riocin, micrococcin P1 (MP1). MP1 is an inhibitor of protein synthesis initiation (Ciufolini & Lefranc, 2010) that is produced by
several strains of Gram-positive bacteria including Staphylococcus hominis S34 (Ciufolini & Lefranc, 2010; Liu, Du et al., 2020).
We choseMP1 because it has (i) a demonstrated role in bacterial interaction within the humanmicrobiome (Liu, Du et al., 2020),
(ii) strong antimicrobial activity against Gram-positive bacteria (Ciufolini & Lefranc, 2010), and (iii) like the entire family of
thiopeptide antibiotics, high hydrophobicity and low solubility in aqueous solutions that underlies the need for solubilization for
example by nanoparticles for their potential therapeutic application (Chan & Burrows, 2021; Ciufolini & Lefranc, 2010; Liu, Du
et al., 2020).

 MATERIALS ANDMETHODS

. Bacterial strains and growth conditions

The S. aureus target strain used in our study was CA-MRSA (ST59) strain RJ-2 (Li et al., 2016; Liu, Du et al., 2020). The Acineto-
bacter baumannii strain used was A. baumannii ATCC19606. S34-1 is a commensal S. hominis strain that produces MP1 (Liu,
Du et al., 2020). Strain ΔS34-1 is a transposon mutant that carries a transposon insertion in the structural MP1 gene, tclE
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(Liu, Du et al., 2020). Growth of strains S34-1 and ΔS34-1 is indistinguishable (Liu, Du et al., 2020). Bacteria were generally
grown in LB (A. baumannii) or tryptic soy broth (TSB; Oxoid; all other bacteria) with shaking at 200 rpm at 37◦C.

. Micrococcin P

Micrococcin P1 (MP1) was purchased from Cayman Chemical (Ann Arbor, MI, USA; item number 17093; ≥95% purity).

. Agar diffusion assay

An overnight culture of S. aureus was diluted in melted TSA to an OD600 of 0.0008 and then poured into Petri dishes for solid-
ification. MP1 was diluted in double-distilled water to a final concentration of 1.128 µg/ml. The 4 × concentrated supernatants
of S34-1 wild type (WT) and ΔS34-1 were prepared as previously described (Liu, Du et al., 2020). Three microlitre of overnight
cultures or supernatants of S. hominis S34-1 or ΔS34-1 strains, or pure MP1 solution were dropped onto the bacterial lawn. The
plates were incubated at 37◦C for 16–24 h and evaluated for inhibition zones.

. Size-based culture filtrate separation and inhibition assay

Overnight cultures of S. hominis S34-1 and ΔS34-1 were inoculated into conical flasks containing 50 ml TSB to the same OD600
of 0.028 and cultivated for different hours, as indicated. For each time point and strain one flask was used. To collect culture
filtrate, cultures were centrifuged at 5000 × g at 4◦C for 10 min, and the supernatants were sterile-filtered twice using 0.22-µm
filters. Twelve millilitre of sterile-filtered supernatants were transferred onto sterile 50-kDa ultrafiltration tubes (Millipore) and
centrifuged at 5000× g and 4◦C to gain a 20-fold concentrated concentrate. Untreated supernatants or a tenth of either>50-kDa
retentate or <50-kDa filtrate were added to suspensions containing the same number of S. aureus (1 × 107 CFU). The growth of
S. aureus was measured every hour for 8 h.

. MV isolation

MVs were isolated by modification of the technique described previously for the recovery of S. aureus vesicles from culture
supernatants (Lee et al., 2009). Overnight-cultured cells of S. hominis (S34-1 and ΔS34-1) were inoculated into fresh TSB with
1:100 dilution and grown for 8 h (except for the test ofMV yields at different cultivation times from 2 to 22 h) at 37◦Cwith shaking
at 200 rpm. Cell cultures were centrifuged for 10 min at 8000 × g and the supernatants were filtered through a 0.22-µm pore-size
filter. The filtrate was then concentrated by ultrafiltration using a 50-kDa hollow-fiber membrane (Millipore). Then, the crude
MVswere obtained by ultracentrifugation of the above filtrate at 174,900× g at 4◦C for 8 h in a SW 32Ti rotor (BeckmanCoulter).
The pellets were suspended in 4.4 ml 50% OptiPrep solution (Axis-Shield) and applied to the bottom of 4 ml 40% and 1.6 ml
10% OptiPrep solutions. After centrifugation at 200,000 × g for 5 h at 4◦C in a SW 41Ti rotor, ten fractions of equal volume of
1 ml or the visible band between 10% and 40% gradients was collected. The MV yield was ∼ 1 µg per ml of 8-h culture filtrate.

. Nanoparticle tracking analysis (NTA)

Nanoparticles in the isolated MV suspensions were analyzed using a NanoSight NS300 (Malvern) instrument equipped with a
488-nm laser and a sCMOS camera. The platform was cleaned with sterile PBS to ensure no residue was present and to remove
any potential air bubbles before analyzing samples. All samples were diluted in PBS to a final volume of 1 ml and injected into
the sample chamber with sterile syringes, yielding particle concentrations of 108 particles per milliliter in accordance with the
manufacturer’s recommendations. The software used for capturing and analyzing the data was the NTA 3.4 Build 3.4.003. For
each measurement, the camera level was adjusted to 14.

. Transmission electron microscopy (TEM) imaging

Generally, 10 µl of MV solution was dropped onto a copper grid, let to sit for 7 min and wiped dry. A drop of uranyl acetate
(3%) was added to the sample to stain for 10 s. The grid was then washed by PBS twice and dried at room temperature for about
5 min before being put on the microscope. Electron micrographs were recorded with a HT7700 microscope (Hitachi) at 100 kV
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acceleration voltage. To take TEM pictures of the 10 fractions collected from the density-gradient ultracentrifugation, sterile PBS
was first used to wash the fractions. To that end, the fractions were centrifuged at 200,000 × g at 4◦C for 3 h in a type 41Ti rotor
and the pellets were then resuspended in 1 ml of PBS.

. TEM with immunogold labeling

Isolated MVs were labeled with 100 mg/ml FITC isomer I (TCI) for 1 h at room temperature and washed with PBS by ultracen-
trifugation at 200,000 × g at 4◦C for 3 h for three times. The labeled MVs were resuspended in PBS. 1 × 108 A. baumannii or S.
aureus cells were incubated with 20 µg of FITC-labeled MVs at 37◦C for 50 min and then washed twice with and resuspended
in PBS. The samples were dropped onto copper grids that had been treated with 0.01% poly-L-lysine in PBS (Sangon), let to rest
for 5 min, and then fixed in 4% paraformaldehyde/PBS (Sangon) for 20 min. The grids were washed twice with PBS, followed by
incubation for 30 min with 3% BSA/PBS (Sangon) to block non-specific reactions. After washing with PBS twice, the grids were
incubated with rabbit anti-FITC antibody (Sangon) for 1 h, washed three times with PBS, and incubated for 1 h with colloidal
gold (20 nm)-labeled anti-rabbit IgG (Abcam). The gold-labeled specimens were then washed with PBS three times and fixed
in 4% paraformaldehyde/PBS for 20 min. After washing with PBS and staining with 1% uranyl acetate for 5 s, the samples were
analyzed by TEM.

. Lipid and protein quantification

The red fluorescent dye FM 4–64 (Life Technologies) was used to stain lipids and quantify the lipid amount in MV solutions.
Appropriately diluted solutionswere dyed on ice for 2min by FM4-64with a final concentration of 5µg/ml. Fluorescence intensity
was then measured using the fluorescence microplate reader Synergy H1 (Biotek) with an excitation wavelength of 558 nm and
an emission wavelength of 700 nm. The protein amount of MV isolates or fractions from density gradient ultracentrifugation
was determined using a bicinchoninic acid (BCA) assay according to the manufacturer’s manual (Yeasen).
To visualize the protein components of different centrifugal fractions, MV samples were mixed with sample buffer, boiled at

100◦C for 10 min, and then applied to a 10% SDS gel, which was stained by silver staining using the Protein Stains O kit (Sangon)
according to the manufacturer’s instructions.

. High-pressure liquid chromatography (HPLC) analysis and standard curve

Quantitative determination of MP1 content was performed using HPLC. To that end, pure MP1 solutions or in-vacuo concen-
trated MP1 extracts (fromMVs) were injected onto a YMC Pack Pro C18 RS column (5 µm pore size, 4.6 × 250 mm), and eluted
with a gradient as follows (H2O as eluent A, and acetonitrile as eluent B): 0–20min, 35–65% B; 20–28min, 65–95% B; 28–30min,
95% B, at a flow rate of 1.0 ml/min. The standard curve was obtained by the calculations of peak-area (at∼12 min) versus the pure
MP1 concentrations. For calibration, anMP1 stock solution was prepared by dissolving pureMP1 in methanol to a concentration
of 3 mg/ml. The stock solution was further diluted with methanol to give solutions of 10 µg/ml, 50 µg/ml, 100 µg/ml, 170 µg/ml
and 200 µg/ml, which were used for the calibration curve.
To determine the concentration ofMP1 in supernatants orMVs,MVsolutionswere first sonicated for 20minwith anultrasonic

frequency of 90 khz. Cell-free supernatants or MV solutions that were prepared in this fashion were extracted with ethyl acetate
three times. The organic layers were combined and concentrated in vacuo. The resulting gum was dissolved in 500 µl methanol
for HPLC analysis. Concentrations of MP1 were calculated according to the calibration curve (Supplementary Figure S1).

. RNA extraction and quantitative real-time polymerase reaction (qRT-PCR)

Total RNAwas extracted using RNeasy® kits (Qiagen) according to the manufacturer’s instructions, checked for purity, and con-
centrationwas assessed using aNanoDrop spectrophotometer (Thermo Scientific). A total of 0.5µgRNAwas reverse-transcribed
to cDNA using a QuantiTect® kit (Qiagen). For real-time PCR, which was performed on a LightCycler96 qPCR system (Roche),
each 20-µl reaction contained 10 µl of SYBR green mix (Roche), 0.1 µl of specific primers (Supplementary Table S1) at concen-
trations of 100 µM, 7.8 µl of highly purified H2O, and 2.0 µl of template. Expression levels of evaluated genes were calculated
using the 2−ΔΔCT method. For the evaluation of transcriptional expressions of cytokines and the main synthetic genes of MP1
(Bennallack et al., 2014), each value was corrected for the expression of the housekeeping geneGAPDH or gyrB, respectively, and
compared to the control condition.
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. Inhibitory activity of culture filtrates and MVs at different times of growth

Three hundred millilitre of supernatants of S. hominis S34-1 and ΔS34-1 were collected at different time points from 2 to 22 h
of growth. Fifteen millilitre of the supernatants were stored for supernatant inhibition assays while the rest was operated for
MV isolation. For the comparison of inhibitory activities of MVs and supernatants over the course of growth, 400 µl of sterile
supernatants and 60 µl of MV solutions were added to 4ml of S. aureus dilutions containing 1× 107 CFU. The growth of S. aureus
was measured by determining the OD600. The experiment was performed three times and inhibition abilities were calculated
by subtracting the corresponding OD600 value of the S34-1 group from those of the ΔS34-1 group.

. Test for vesicle-mediated transfer of antimicrobial activity to target bacteria

Overnight cultures of A. baumannii ATCC19606 and S. aureus strain ST59 RJ-2 were subcultured (1:100) in fresh LB and TSB,
respectively, and grown for 5 h. After centrifugation at 5000 × g for 5 min, cells were washed twice with sterile PBS and resus-
pended in PBS with 0.2% glucose. Twenty microgram of S34-1 MVs or the same volume of PBS were incubated with 1 × 108
bacterial cells at 37◦C for 50 min. After the incubation, samples were washed three times with PBS and resuspended in 700 µl of
PBS and then placed into 2-ml FastPrep tubes (MP Biomedicals). Tubes were placed into the FastPrep-96 instrument and run
for two 60-s intervals at a speed setting of 14,000 rpm/min. After the lysis process, tubes were centrifuged at 5000 × g at 4◦C for
5 min. A total of 650 µl of supernatant was transferred to a new tube and extracted by the same volume of ethyl acetate three
times. The organic extractions were concentrated in vacuo and dissolved in 50 µl of methanol. Tenmicrolitre of each sample was
dropped onto the S. aureus lawn to detect antimicrobial activity (presence of MP1).

. Confocal microscopy for MV tracking

For MV tracking, isolated MVs secreted by S. hominis S34-1 cells were labeled using PKH26 red fluorescent dye according to the
manufacturer’s manual (Sigma-Aldrich). Briefly, MVs were labeled with PKH26 dye in the dark at a concentration of 4 µM at
37◦C for 20min. The supernatant containing unbound dye was removed by 2× ultracentrifugation at 174,900× g and subsequent
density-gradient ultracentrifugation at 200,000× g. All ultracentrifugation steps were performed at 4◦C for 3 h. The labeledMVs
were then incubated with 1 × 108 A. baumannii or S. aureus cells at 37◦C for 50 min. After the incubation, samples were washed
three times with PBS and resuspended in PBS containing 0.2% glucose to an OD600 of 2.0. Cells were imaged with a TCS Sp8
confocal microscope (Leica) using a 100 × oil objective lens.

. MV fusion with target bacterial membrane

Octadecyl rhodamine B chloride (R18, TCI) was used tomonitor fusion ofMVs with the bacterial membrane of a target microor-
ganism. R18 is self-quenched when introduced into the bilayer. Upon fusion with an unlabeled target membrane, dilution of the
probe will cause an increase of fluorescence. Hundredmicrogram of isolatedMVs were labeled with R18 at a concentration of 100
µg/ml for 1 h at room temperature. The unbound dye was removed by ultracentrifugation at 174,900× g and subsequent density-
gradient ultracentrifugation at 200,000 × g, after which MVs were resuspended in PBS. Overnight cultures of S. aureus and A.
baumanniiwere subcultured (1:100) in fresh TSB and LB, respectively, and grown for 5 h. Afterwards, the cells were washed three
times with PBS and resuspended in PBS with 0.2% glucose. Seven microgram of labeled MVs were applied to 1 × 108 S. aureus
or A. baumannii cells and fluorescence was measured for 30 min using a fluorescent plate reader (Synergy H1) with an excitation
wavelength of 560 nm and an emission wavelength of 590 nm.

. MV lysis and proteinase K treatment

Hundred microlitre aliquots of MV solutions (∼20 µg MVs per aliquot) were pipetted into 2-ml tubes, mixed well with 60 mg
glass beads (0.1mm, Biospec) and lysed using a FastPrep-96 Sample Preparation Instrument (14,000 rpm/min for 1min). Samples
were then centrifuged at 50,000 × g at 4◦C for 1 min, transferred to a new 1.5-ml tube, and incubated with 20 µg/ml proteinase
K (PK, MP Biomedicals) at 37◦C for 1 h. Control samples did not undergo lysis and/or PK treatment, but were mixed with beads
to control for the volume loss associated with the procedure and for possible adherence to beads. The samples were analyzed by
TEM and extracted by ethyl acetate, concentrated in vacuo and then used for HPLC analysis of MP1.
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. Test for incorporation of MP into S. hominisΔS- MVs

MP1 was added to equal amounts of S. hominis ΔS34-1-derived MVs or the same volume of PBS to a final concentration of
1 µg MP1 per ml and the resulting mixtures were shaken at 200 rpm at 37◦C for 3 h. These mixtures were then applied to
density-gradient ultracentrifugation at 200,000 × g at 4◦C for 3 h. Afterwards, the bands between the 10% and 40% gradients
were collected (∼300 µl volume). Thirty microlitre of the collected bands with the original MVs, the MP1-incubated MVs, or
a MP1 control sample (without MVs but undergoing density-gradient ultracentrifugation) were dropped onto a test plate with
an S. aureus lawn. 20-µg (∼100-µl) aliquots of MP1-incubated MVs were further treated with proteinase K and 0.1-mm beads as
described above. Samples were then first sonicated for 15 min with an ultrasonic frequency of 90 kHz and afterwards extracted
with ethyl acetate three times. The resulting gum was dissolved in methanol for HPLC analysis.

. Animal study

Female BALB/c nudemice (CAnN.Cg-Foxnnu/CrlVr, Shanghai JSJ Experimental Animal Co., Ltd.) were used for the skin abscess
model. All mice were 6 weeks of age at the time of use and had access to food and water ad libitum. The ambient temperature
was 20–25◦C, the relative humidity was 40–70% and light-dark alternation time was 12–14/12–10 (h). The animal experiment was
reviewed and approved by the ethics committee of Ren Ji Hospital, School of Medicine, Shanghai Jiao Tong University, Shanghai,
China (Approval Number: RA-2020-093).

. Mouse skin abscess model

Overnight cultures of the S. aureus strain ST59 were subcultured (1:100) in fresh TSB and grown for 4 h. After centrifuga-
tion at 5000 × g for 5 min, cells were washed twice with and resuspended in sterile PBS. Mice were anesthetized with 2,2,2-
tribromoethanol (Sigma-Aldrich) and subcutaneously inoculated with 0.1 ml of live cells (1 × 108 CFUs) on the left and right
flanks.
ForMV treatment, the concentration ofMP1 inMV samples was first determined byHPLC as described above. Each skin flank

received treatments with 600 ng MP1, 600 ng MP1 in S. hominis S34-1-derived MVs (7 µg) or S. hominis ΔS34-1-derived MVs
(7 µg), each in 100 µl of sterile PBS, via intra-abscess injection at the outlined area 1 h after MRSA inoculation. Abscesses were
excised 22 h post-infection and the tissue samples were homogenized in PBS using a FastPrep-96 Sample Preparation Instrument
(MP Biomedicals). RNA was extracted for the measurement of inflammatory cytokine gene expression. CFU of S. aureus were
determined by plating ground skin tissue samples in appropriate dilution series on blood agar after incubating the plates at 37◦C
for 24 h. The abscess length (L) andwidth (W) dimensions were used to calculate the abscess area using the formula L×W.Tissue
samples from each group were fixed in 4% formalin (Sangon) for 24 h at 4◦C, embedded in paraffin, sectioned, and stained with
hematoxylin and eosin.

. Statistical analysis

Statistical analysis was performed using GraphPad Prism 8. Anderson-Darling, D’Agostino & Pearson, Shapiro-Wilk, and
Kolmogorov-Smirnov tests were used to analyze the normality of data. If all groups were equally distributed by results from
all four tests, parametric (one-way ANOVA, two-tailed unpaired t-tests, as appropriate) were used. Otherwise, non-parametric
tests were used as indicated. Data represent the mean and SD from at least three independent experiments. Values of p < 0.05
were considered to be statistically significant.

 RESULTS

. Active secreted MP is not monomeric

To gain preliminary insight into whether MP1 (Figure 1a) may be associated with MVs when secreted by its producing organ-
ism, Staphylococcus hominis S34-1, we tested the activity of pure MP1 in comparison with culture filtrate (concentrated 4 × by
lyophilization, from a culture grown for 8 h) of S. hominis S34-1 and S. hominis S34 bacteria on agar plates with embedded S.
aureus as test target organism. For control of specificity, we also included culture filtrate and bacteria of an isogenic mutant, S.
hominisΔS34-1, in which theMP1 structural gene has a transposon integration and noMP1 is produced.While the culture filtrate
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F IGURE  Active secreted MP1 is not monomeric. (a) Structure of MP1. (b) Activity of MP1-producing bacteria (S. hominis S34-1) and of an isogenic
mutant (S. hominis ΔS34-1) without MP1 production, the corresponding culture filtrates (4 × concentrated by lyophilization) from 8 h of growth, and a pure
MP1 preparation of the same concentration as measured in the S34-1 culture filtrate (1.2 µg/ml; see Table 1). (c, d), Activity of > and <50 kDa fractions obtained
by ultrafiltration with 50 kDa cutoff devices of the S. hominis S34-1 and ΔS34-1 culture filtrates. Amounts corresponding to the same original volume of culture
filtrate were added to S. aureus and growth (OD600) was measured for 8 h. n = 3/group. Error bars show the mean ± SD
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TABLE  MP1 production during growth and association with MVs

Time/MP
concentration

Supernatanta

(mean ± SD, µg/ml)
MVsa

(mean ± SD, µg/ml)
< kDa fractiona

(mean ± SD, µg/ml)
MP percent in MVsb

(Mean ± SD)
Number of MP molecules

per ml (mean)

Supernatantc MVsd

2 h 0.103 ± 0.015 0.005 ± 0.002 0.039 ± 0.007 5.18% ± 1.86% 5.42 × 1013 1.06 × 1020

4 h 0.253 ± 0.005 0.023 ± 0.007 0.085 ± 0.011 9.11% ± 3.10% 1.33 × 1014 6.30 × 1019

6 h 0.294 ± 0.041 0.078 ± 0.041 0.131 ± 0.004 25.57% ± 11.55% 1.55 × 1014 1.78 × 1020

8 h 0.282 ± 0.036 0.131 ± 0.023 0.110 ± 0.014 46.39% ± 2.35% 1.48 × 1014 1.45 × 1020

10 h 0.158 ± 0.046 0.100 ± 0.022 0.037 ± 0.004 64.31% ± 6.18% 8.29 × 1013 4.86 × 1019

12 h 0.097 ± 0.033 0.028 ± 0.011 0.056 ± 0.026 28.76% ± 2.20% 5.12 × 1013 5.69 × 1018

14 h 0.095 ± 0.026 0.025 ± 0.008 0.050 ± 0.009 25.85% ± 3.13% 5.00 × 1013 3.78 × 1018

18 h 0.070 ± 0.013 0.016 ± 0.007 0.043 ± 0.003 22.22% ± 6.46% 3.66 × 1013 3.39 × 1018

22 h 0.065 ± 0.015 0.014 ± 0.004 0.036 ± 0.001 23.36% ± 9.39% 3.43 × 1013 3.35 × 1018

aFor each time point, MP1 was extracted from 300 ml of cell-free supernatant or MVs collected from the same volume of culture supernatant. Experiments were repeated three times.
bEquation: MP1 amount in MVs (g)

MP1 amount in supernatant (g) × 100.

cEquation:
MP1 amount (g/ml) × 6.02 × 1023 (mol−1)

1144.4 (g∕mol)
.

dEquation:
MP1 amount (g/ml) × 6.02 × 1023 (mol−1) × 1021

1144.4 (g∕mol) × 4
3
× 𝜋 × r (nm)3 × number of MVs (ml−1)

.

and bacteria of the ΔS34-1 mutant lacked activity, as expected, the culture filtrate of the wild-type producer as well as wild-type
bacteria produced considerable zones of lysis on the test plates (Figure 1b). Notably, when we applied pure MP1 at the same con-
centration as determined to be present in the 4 × concentrated culture filtrate of the wild-type S34 producer (1.128 µg/ml; see
Table 1), we could not detect any activity. (Note that activity of MP1 in aqueous solution at low concentrations such as 0.5 µg/ml
that we previously reported (Liu, Du et al., 2020) is only achieved when incubating with very low bacterial numbers.)
Then, we used 50-kDa cutoff filters to directly test whether MP1, which has a molecular weight of 1144.4 Da, is present in the

S34-1 culture filtrate in monomeric or small oligomeric form as opposed to larger molecular weight forms. Of note, we verified
that pure MP1 completely passed through the 50-kDa filters that we used (Supplementary Figure S2). We monitored S. aureus
growth in liquid culture after addition of the <50-kDa or >50-kDa fractions of S. hominis S34-1 or an equal volume of ΔS34-1
culture filtrate. Only the >50-kDa S34-1 culture filtrate fraction inhibited the growth of S. aureus (Figure 1c,d). These results
show that MP1 is not active or secreted in monomeric but in a larger molecular-weight form, which includes the possibility that
it is associated with MVs.

. The MP-producing organism secretes a considerable amount of MVs that persist
during growth

To further investigate the possibility thatMP1 is associatedwithMVs,we first characterizedMVs in theMP1-producing organism.
To that end, we employed the “gold standard” method of MV purification that uses a final step of density-gradient ultracentrifu-
gation after preparation of crude MVs using (i) harvesting of culture filtrate, (ii) 50-kDa cutoff membrane ultrafiltration, and
(iii) an initial ultracentrifugation step (Dauros Singorenko et al., 2017). This we deemed crucial in our study as the end products
obtained withmany other, easierMV purificationmethods lacking density-gradient ultracentrifugation also contain other mate-
rial, such as cellular debris or large protein aggregates, which may lead to a misinterpretation of MV association (Kulp & Kuehn,
2010). Furthermore, we increased the times of the ultracentrifugation and density gradient ultracentrifugation steps as compared
to previous reports on MV isolation from staphylococci (Lee et al., 2009), from 3 to 8 h and 2 to 5 h, respectively, as we found
that this led to considerably higher yield as determined by lipid content, protein content, and particle number (Supplementary
Figure S3). Analysis by transmission electron microscopy (TEM) revealed the presence of distinct spherical structures with a
bilayer membrane and electron-dense luminal contents characteristic for MVs (Figure 2a).
It has been reported that vesiculation and MV presence can be strongly influenced by growth phase (Klimentová & Stulík,

2015). In S. aureus for example, the staphylococcal species whereMVs have previously been investigated,MVs are predominantly
found during early growth and then rapidly disappear (Schlatterer et al., 2018; Wang et al., 2018). When we purified MVs from
different time points during growth of S. hominis S34-1 and used protein content, lipid content, and particle abundance to estimate
the MV amount, we consistently found a maximum of MV production between about 6 and 12 h of growth, which corresponds
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F IGURE  The MP1-producing organism secretes a considerable amount of MVs that persist during growth. (a) TEM of MVs prepared from S. hominis
S34-1 culture filtrate. (b–e) Analysis of the indicated parameters in MVs prepared at each timepoint from 300 ml of S. hominis S34-1 culture filtrate. Data are
presented per ml of initial culture volume. (f) Growth of the culture (OD600). (b–e) n = 3/group. Error bars show the mean ± SD

to the late phase of exponential and early phase of stationary growth. Furthermore, we found that the average diameter of MVs,
which was similar to that generally reported in the literature for bacterial MVs (Brown et al., 2015), increased during themaximal
production time between 6 and 12 h of growth and then remained constant (Figure 2b–f).

Our data show that MVs persisted until the end of the investigated time period (22 h). These findings reveal substantial
production and long-term persistence of MVs in S. hominis S34-1, which is considerably different from what has been reported
in S. aureus (Schlatterer et al., 2018;Wang et al., 2018) and in accordance with the idea of a particular function in that bacteriocin-
producing strain.

. MP is associated with MVs

To determine whether MP1 is carried by MVs, we analyzed the fractions obtained by density-gradient ultracentrifugation for
an association between MP1 and MVs (Figure 3). The distribution of MVs as measured by particle number, lipid content, and
protein content in the fractions aligned well with the inhibitory activity toward S. aureus. Specifically, fractions 1 and 2 had the
highest particle number and lipid content and fraction 2 the highest protein content (Figure 3a–c).MVswere detected by TEM in
fractions 1–3, with fraction 2 showing most MVs (Figure 3d), indicating that MVs were contained mostly in fraction 2. Fraction
2 also contained almost all MP1 and inhibitory activity toward S. aureus (Figure 3e,f). In stark contrast, an equal amount of
pure MP1 applied to the same density-gradient ultracentrifugation procedure was found almost exclusively in fraction 10, at the
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F IGURE  MP1 is associated with the MV fraction in
density gradient ultracentrifugation. Density gradient
ultracentrifugation of crude MV preparations from S.
hominis S34-1 culture filtrate was performed and fractions
analyzed. (a) SDS-PAGE analysis of density gradient
ultracentrifugation fractions. M, molecular weight marker.
(b) Lipid content of fractions. n = 3/group. (c) Particle
number in fractions. n = 3/group. (d) TEM pictures of
fractions. Magnification is the same in all TEM pictures.
Scale bar, 200 nm. (e) Inhibitory activity of fractions toward
S. aureus, calculated by subtracting the corresponding
OD600 value of the S34-1 group from those of the ΔS34-1
group. n = 3/group. (f) MP1 content per fraction.
n = 3/group (isolation fromMVs). (b,c,f) Data are
presented per ml of initial culture volume. Error bars show
the mean ± SD
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very bottom of the ultracentrifugation tube, indicating aggregation to a high-density complex (Figure 3f). These results strongly
indicate association of MP1 with MVs.

. MP becomes functional by MV association during growth

We then analyzed expression of the MP1 structural (tclE) and selected biosynthesis genes (tclJ, tclK, tclL) (Figure 4a) during
growth, which showed a maximum of expression at ∼ 4–6 h (Figure 4b), while MP1 protein concentration in the culture filtrate
as measured by HPLC peaked slightly later, at 6–8 h (Figure 4c), in accordance with the gene expression timing. Later, overall
MP1 amounts declined, probably due to proteolytic degradation by proteases, which are generally upregulated in staphylococci
upon beginning of the late exponential growth phase (Le &Otto, 2015). The amount ofMP1 that was associated withMVs peaked
at 8 h, at which time it achieved ∼46% of the total MP1 in the culture (Figure 4c, Table 1). Results from direct determination of
soluble MP1 using 50-kDa cutoff filters were overall consistent with the data achieved for the MV-associated portion of MP1 in
the culture filtrate (Table 1). The maximum percentage of MV-associated among total MP1 in the culture (∼64%) was reached
after 10 h of growth, after which it rapidly declined, likely due to cessation of MP1 gene expression and MV turnover, to remain
at ∼20–30% up to the last measured time point at 22 h (Figure 4c; Table 1).

Consistent with these data, several lines of evidence indicated high concentration of MP1 in MVs at 8 h of growth. First,
the relative proportion of MP1 among all MV-associated proteins was maximal at 8 h (∼12%) (Figure 4d). This measurement
that was based on total protein assessment by a dye was also confirmed for the 8-h time point using HPLC, by comparing the
MP1 peak area with the total area under curve, which also showed considerable MP1 relative amounts (210 nm absorption-
based, 5.8%; 280 nm absorption-based, 4.8%), with somewhat lower values explainable by the fact that nonprotein components
also absorb at those wavelengths (Figure 4e). Second, an estimation based on equal distribution of MP1 molecules and similar
spherical sizes of MVs at the same cultivation time indicated remarkable concentration of MP1 in MVs, which exceeded that in
the total culture filtrate at all time points by at least five orders of magnitude (Table 1). Of note, the degree of MV association
of MP1 as determined by these methods is likely underestimated, because purification of MVs from culture filtrate does not
have a 100% yield. The MP1-associated inhibitory activity (as measured by determination of the inhibitory activity of S. hominis
S34-1 versus that of S. hominis ΔS34-1 toward cultures of S. aureus) was consistent in degree and kinetics in total culture filtrate,
the >50 kDa-fraction of culture filtrate, and MVs, while the <50 kDa-fraction of culture filtrate lacked any such activity at any
point during growth (Figure 4f). These data show that only the MV-associated form of MP1 in the culture has antimicrobial
activity.
To assess the nature of MP1’s association with MVs, we treated isolated MVs from the MP1-producing S. hominis S34-1 with

proteinase K with or without previous treatment with beads to lyse the MVs (Supplementary Figure S4). Reduction of the total
MP1 content by proteinase K without initial lysis would suggest that MP1 is only surface-attached on theMVs, while the need for
initial lysis for MP1 to become vulnerable to proteinase K treatment would suggest that MP1 is embedded in theMVs. Treatment
with proteinase K of lysed MVs led to a significant reduction of MP1, while only proteinase K or only bead-mediated lysis did
not affect MP1 presence (Figure 5a). These results indicate that MP1 is an integral component of the MVs.
For MP1 to become embedded in MVs, two categorical possibilities exist: MP1 may be integrated in MVs before or during

their synthesis and “budding” from the bacterial cell, or it may be secreted and then integrated into MVs. These two possibili-
ties are difficult to address experimentally, due to our lack of knowledge about the exact mechanism of MV biosynthesis. While
predicted dedicated export genes are not present in the MP1 biosynthesis locus of S. hominis S34-1, they are present in homol-
ogous gene clusters (Wieland Brown et al., 2009), suggesting that this family of bacteriocins is secreted generally by dedicated
exporters. The genes responsible for MP1 export may be encoded elsewhere. The kinetics of MP1 association with MVs dur-
ing growth that we detected, which show considerable amounts of non-MV associated MP1 in the first hours of growth and
an increase of MV association from 2 to 10 h (Figure 4c; Table 1), suggest that MP1 becomes associated with MVs after being
secreted independently, a scenario that appears possible given the hydrophobicity of MP1 and similar bacteriocins. To experi-
mentally confirm that antimicrobially active, MV-embedded MP1 can be formed by association of external MP1 with MVs, we
added MP1 to isolated, MP1-free MVs (obtained from S. hominis ΔS34-1). MVs were then isolated again and separated from
soluble/external MP1, which showed presence of MP1 in the MVs as detected by their antimicrobial activity toward S. aureus
(Figure 5b). We again used the proteinase K and bead lysis treatment to confirm that the externally added MP1 was integrated
into rather than merely associated with MVs (Figure 5c). While association of MP1 with MVs before MV secretion from S.
hominis producer cells cannot be excluded, together these data indicate that MVs are not essential for MP1 secretion and are in
accordance with a model in which MP1 remains active after secretion by association with MVs. This is likely due to the mem-
brane environment of MVs that allows higher concentrations of MP1 to remain soluble, while non-MV-associated MP1 forms
inactive aggregates at concentrations exceeding the low solubility of MP1 (∼1 µg/ml) in aqueous solutions (Chan & Burrows,
2021).
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F IGURE  MP1 becomes functional by MV association during growth. (a) The MP1 biosynthetic locus in S. hominis S34-1. The structural gene is tclE.
This gene carries a transposon insertion in strain ΔS34-1, abolishing production of MP1. Most genes in the locus perform enzymatic reactions involved in the
post-translational modification of MP1. tclQ is involved in producer immunity. (b) Gene expression during growth as measured by qRT-PCR relative to the
housekeeping gene gyrB of the MP1 structural and selected biosynthetic genes. (c) MP1 concentrations (determined by HPLC) in the culture filtrate (total) and
the part associated with MVs during growth. Data are presented per millilitre of initial culture volume. (d) MP1 portion of total protein contained in MVs
during growth. (e) MP1 content in MVs isolated after 8 h of growth by HPLC analysis. Shown are 210 and 280 nm wavelengths for estimation of total protein
content (absorption of peptide backbone and aromatic amino acids, respectively) and 340 nm, where MP1 has an absorption maximum. (f) Inhibitory activity
toward S. aureus of total culture filtrate (supernatant of initial centrifugation step to remove cells), > and <50 kDa fractions of that supernatant as prepared by
ultrafiltration with 50 kDa cutoff devices, and of MVs, during growth. (b–d,f) The corresponding growth curve (OD600) is depicted with grey open circles and
grey connecting lines and plotted on the right Y axis. n = 3/group. Error bars show the mean ± SD

. MV-embedded MP is delivered to the target cell via membrane fusion

It is not completely understood how bacterial MV components target other bacteria. OMVs from Gram-negative bacteria have
been shown to fuse with eukaryotic cells (Bomberger et al., 2009; Kaparakis-Liaskos & Ferrero, 2015) and with OMVs of other
Gram-negative bacteria (Kadurugamuwa & Beveridge, 1996). Gram-positive MVs are also known to associate with the surface
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F IGURE  MP1 is an internal component of MVs and may integrate into MVs from the external medium. (a) Effect of proteinase K (PK) with or without
lysis by beads on MVs prepared from S. hominis S34-1. (See Supplementary Figure S4 for effects of bead treatment to lyse MVs.) The MP1 content was
determined after treatment by HPLC. (b) Antimicrobial activity toward S. aureus of original and MP1-exposed MVs of S. hominis ΔS34-1. (c) Proteinase K (PK)
and bead lysis treatment of S. hominis ΔS34-1 MVs exposed to MP1 (HPLC analysis). Data are expressed as percentage of total MP1 applied, which was
determined by HPLC of samples that were mixed with MVs but not separated by ultracentrifugation. (a, c) Statistical analysis is by 1-way ANOVAs and
Dunnett’s post-tests versus values obtained with the control. n = 3/group. Error bars show the mean ± SD

of other bacteria (Kadurugamuwa & Beveridge, 1996), but whether this includes membrane fusion and how exactly components
of MVs enter Gram positive bacterial target cells is not known.
Theoretically, MP1 may enter the target cell after release from MVs in the vicinity of the target cell and diffusion through

the membrane. Alternatively, the MP1-loaded MVs may fuse with the target cell membrane, which would ascertain delivery of
the entire load and avoid solubility problems that would likely be encountered by external release. We therefore performed a
series of experiments to investigate whether MP1-loaded MVs associate with, but also specifically whether they fuse with the
target bacterial membrane.We included in these experiments, in addition to S. aureus,Acenitobacter baumannii as an exemplary
Gram-negative bacterium as control.
We first examined whether MP1-loaded MVs deliver MP1 to the target cell by assessing antimicrobial activity extracted from

the target cells after association with MVs. Incubation of MVs from S. hominis S34-1, carrying MP1, resulted in MP1-mediated
antimicrobial activity that could be extracted from S. aureus, indicating delivery of MP1 via MVs to the S. aureus target cells
(Figure 6a). In contrast, there was no antimicrobial activity in extracts fromA. baumannii after association, indicating that MP1-
loaded MVs cannot deliver MP1 to that Gram-negative bacterium, most likely due to the presence of the outer membrane. This
is noteworthy, as pure MP1 also lacks activity toward Gram-negative bacteria, which is believed to be due to the inability of MP1
to pass the outer membrane, except when specific receptors are present (Chan & Burrows, 2021).

To provide more direct evidence for an association of the MVs with the surface of S. aureus, we performed immuno-gold
staining transmission electron microscopy (TEM) and fluorescence microscopy experiments. For TEM, MVs were first labeled
with FITC and after incubation with cells, anti-FITC immuno-gold-labeled antibodies were used to visualize cell-associated
MVs. S. aureus, but notA. baumannii, surfaces showed associationwith immuno-gold-labeledMVs (Figure 6b). For fluorescence



 of  LIU et al.

F IGURE  MVs associate with the surface and fuse with the cytoplasmic membrane of the target organism. (a) Delivery of MP-mediated antimicrobial
activity by MVs to target bacteria. S. hominis S34-1 MVs were incubated with target bacteria (S. aureus or A. baumannii), cells were lysed, MP1 was extracted by
ethyl acetate, and dried extracts redissolved in methanol were analyzed for antimicrobial activity on S. aureus test plates. (b) Analysis of surface association of
immune-gold-labeled S. hominis S34-1 MVs with target bacteria. Scale bar, 100 nm. Arrows point to immune-gold-labeled particles. (c) Analysis of surface
association by fluorescence microscopy. S. hominis S34-1 MVs were labeled with PKH26 dye and unbound dye was removed by ultracentrifugation (two times)
and density-gradient ultracentrifugation. Labeled MVs were then incubated with target cells (37◦C, 50 min), washed, and imaged using a confocal microscope.
All scale bars, 1 µm. (d) Analysis of MV fusion with the target membrane. S. hominis S34-1 MVs were labeled with the self-quenching fluorescent dye R18 by
incubation for 1 h, the dye was removed by ultracentrifugation and density-gradient ultracentrifugation, and the labeled MVs were incubated with target cells.
n = 3/group. Error bars show the mean ± SD

microscopy, MVs were labeled with PKH26, a highly fluorescent, lipophilic red dye that stains membranes by intercalation into
the lipid bilayer. S. aureus cells were stained, suggesting association of MVs with cells, in contrast to A. baumannii (Figure 6c).
High-resolution pictures indicated close association with the cell surface (Figure 6c). These results indicate that MVs closely
associate with the surface of S. aureus.
While the TEM and fluorescence microscopy results indicated association ofMVs with the surface of S. aureus cells, in similar

fashion as shown before for the interaction of other MVs with bacterial targets (Tashiro et al., 2017), these experiments do not
provide direct evidence for membrane fusion as opposed to mere association with the bacterial surface. Therefore, we usedMVs
labeled with octadecyl rhodamine B chloride (R18), a fluorescent dye that self-quenches when introduced into the lipid bilayer.
An observed increase in fluorescence upon addition of MVs to S. aureus would indicate fusion with the cytoplasmic membrane
due to the concomitant dilution effect and decrease of quenching. We observed a strong increase in fluorescence after addition
of MVs to S. aureus in contrast to only a slight increase with A. baumannii, and no increase with a control, indicating that MVs
from S. hominis S34-1 fuse with the cytoplasmic membrane of the sensitive S. aureus target bacteria (Figure 6d).
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F IGURE  In-vitro and in-vivo activity of MP1 is
strongly increased by MV association. (a) Direct
comparison of corresponding concentrations of pure MP1
or MV-associated MP1 in assays measuring inhibition of S.
aureus growth. Data are OD values obtained after 8 h of
growth. See Supplementary Figure S5 for entire growth
curves. n= 3/group. (b) In-vivo mouse model of inhibition
of S. aureus subcutaneous infection. Mice received equal
amounts (600 ng) of pure or MV-associated MP1 from S.
hominis S34-1 or ΔS34-1 as control 1 h after infection with
1 × 108 S. aureus CFU by injection into the infection site.
Abscess sizes and CFU in the abscesses were determined
22 h afterward. n = 10/group. Statistical analysis is by
Kruskal-Wallis test with Dunn’s multiple comparison test
(b) and 1-way ANOVA with Dunnett’s multiple
comparison test (c) versus values obtained in the PBS
control group. (b, c) Error bars show the mean ± SD. See
Supplementary Figure S6 for abscess pictures and
measurement of inflammatory cytokines

. In-vitro and in-vivo activity of MP is strongly increased by MV association

Our results indicate that the antimicrobial efficacy of MP1 is dependent on MV association. To directly compare the degree by
which MV association increases MP1 efficacy against S. aureus in vitro and in vivo, we first measured in-vitro activity of equal
concentrations of MV-associated and pure MP1 against S. aureus growing in liquid culture up to the solubility of pure MP1 in
aqueous solution (∼1 µg/ml). Pure MP1 was not active at any tested concentration, while considerable inhibition of the S. aureus
target strain was already observed at a final concentration of 0.006 µg/ml of MV-associated MP1 (Figure 7a; Supplementary
Figure S5). These results show that association of MP1 withMVs does not only overcome the low solubility of MP1, but increases
antimicrobial efficacy compared to soluble MP1 by at least 2 logs.
Furthermore, we used an S. aureus subcutaneous infection model in which we injected pure MP1 or MV-associated MP1 at

equal MP1 amounts (600 ng) 1 h after S. aureus injection. Injection of MV-associated MP1 but not pure MP1 resulted in signif-
icant reduction of CFU, abscess sizes, and inflammatory markers (Figure 7b; Supplementary Figure S6). These results indicate
potency of MV-associated MP1, but not MP1 without MV association, in an in-vivo situation such as encountered during bacte-
rial interaction.

 DISCUSSION

In nature, bacteria live in frequently competitive situations where they employ weapons of bacterial warfare to gain a survival
benefit. Often, this is accomplished by the production of bacteriocins, which directly kill competitors (Riley & Wertz, 2002).
Within the microbiome of the human skin and mucous epithelia, bacteriocins have been shown to be produced particularly by
coagulase-negative staphylococci including S. hominis, to which they provide competitive advantages (Janek et al., 2016; Liu, Du
et al., 2020; Nakatsuji et al., 2017; Zipperer et al., 2016). The mechanisms of action exerted by many bacteriocins require pro-
nounced hydrophobicity, which poses a solubility problem as bacteriocins need to diffuse through an aqueous environment to
reach the competingmicroorganisms. In the present study, we demonstrate how the producing bacteria manage to overcome this
problem by incorporating a hydrophobic bacteriocin into MVs. Furthermore, we show that the bacteriocin is considerably con-
centrated in MVs and that MV association substantially increases antimicrobial activity beyond solely providing solubilization,
which is likely due to optimized delivery in concentrated form to the target organism. Moreover, we provide evidence that MV
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F IGURE  Model of essential role of MV association in bacteriocin-mediated bacterial competition. (a) The S. hominis S34-1 producer organism secretes
the MP1 bacteriocin and (b), produces MVs. 2, As results from this study suggest, MP1 then becomes integrated in MVs. However, secretion of MVs with
previously embedded MP1 cannot be excluded as a possibility (depicted above). Non-MV-integrated MP1 is inactive, likely forming precipitates due to low
solubility. 3, MP1 enters the target competing microorganism (S. aureus depicted as example) by fusion of the MVs with the competitor’s membrane. 4, Inside
the competitor, MP1 exerts its known antimicrobial activity (by inhibition of association of the elongation factor G (EF-G) with the ribosome, inhibiting
protein synthesis)

association also strongly increases activity in an animal model. Thus, our study shows that MV association renders an otherwise
poorly active bacteriocin highly potent in vitro and in vivo (Figure 8).

TheMVsecretion process is notwell understood andno dedicated and conservedMVproduction genes appear to exist (Brown
et al., 2015; Kulp & Kuehn, 2010; Toyofuku et al., 2019). Likely, many factors participate inMV formation and they may also differ
between bacterial strains. Furthermore, factors reportedly participating in MV biogenesis and secretion, such as autolysins in
B. subtilis or the PSMs in S. aureus, have multiple additional roles in bacterial physiology (Abe et al., 2021; Cheung et al., 2014;
Peschel & Otto, 2013; Schlatterer et al., 2018; Toyofuku et al., 2017; Vollmer et al., 2008; Wang et al., 2018). It is therefore not yet
possible to use isogenic mutants to analyze the essentiality of MVs as for other bacterial factors. For that reason, we performed a
thorough study of association betweenMVs andMP1 activity. Multiple lines of evidence that we provide indicate the essentiality
of MV incorporation for the activity of the studied bacteriocin MP1.
As for the putative mechanism of MP1 secretion, our data suggest that MP1 integrates into MVs after being exported by a

yet unidentified exporter independently of MV formation. This notion is supported by the observed kinetics of MV-associated
and MV-unassociated MP1 concentration in the culture filtrate of the producer during growth, with high amounts of non-MV-
associated MP1 preceding presence of MV-associated MP1, and the fact that MP1 homologues in other bacteria are known to
be secreted by a dedicated exporter (Wieland Brown et al., 2009). In further support of this idea, we could demonstrate that
non-MP1-containing MVs of S. hominis can be loaded with externally added MP1. However, secretion of MP1 within budding
MVs can certainly not be excluded as an additional mechanism contributing to MP1 secretion.
It is poorly understood how bacteriocins or other MV-embedded molecules enter the target cell. This could be achieved by

membrane fusion in a way similar to what has been described for the fusion of OMVs with eukaryotic host cells (Kaparakis-
Liaskos & Ferrero, 2015) or, alternatively, by solubilization of MVs in close proximity to the target organisms’ cell surface. Both
mechanisms include challenges: membrane fusion requires passage of the MVs through the thick Gram-positive cell wall, which
has often been described as a major mechanistic conundrum; however, the facts thatMVs have been described recently in a
number of Gram-positive bacteria (Cao & Lin, 2021) and that MVs penetrate the cell wall of the MP1-producing Gram-positive
organism S. hominis suggest that this is possible. In further support of such a mechanism, recent structural studies have shown
that staphylococcal cell walls contain channels that reach far through the cell wall (Pasquina-Lemonche et al., 2020). As for the
alternative mechanism, release close to the cell surface, it has been shown that this happens in the case where cell-wall degrading
enzymes associated with MVs have been attributed functions in bacterial competition (Kadurugamuwa & Beveridge, 1996).
However, the target of those enzymes is in the extracellular space and for a substance such as MP1 to reach its intracellular
target, a dedicated importer or diffusion through the membrane would be needed. Our results demonstrate close association of
MP1-loaded MVs with the target organism’s surface and provide previously unavailable evidence for the fusion of MVs with the
target cytoplasmic membrane. While we cannot exclude that some MP1 molecules may diffuse through the target cytoplasmic
membrane from the extracellular space, this is not likely to contribute significantly to the antibacterial activity of MP1, given
its low solubility in aqueous solution. Notably, the fusion of MVs with the target cytoplasmic membrane that we demonstrate
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here for MP1 has not previously been demonstrated for Gram-positive bacterial targets and likely represents an efficient general
mechanism to deliver MV-embedded molecules to such a target cell.
Our results not only give insight into how bacteria ensure activity of secreted hydrophobic bacteriocins, they also reveal that

MVs can play essential rather thanmerely accessory roles in bacterial physiology. Most molecules found inMVs—such as toxins
or enzymes—are soluble; and whileMVsmay increase the activity of thosemolecules due to concentrated delivery or fusion with
the target cells, they are known to also be functional without MV association. Our study thus provides rarely obtained evidence
for the notion thatMVs in bacteria fulfil essential functions rather than representing, as previously suspected, an inconsequential
by-product of bacterial growth and cell turnover without a dedicated role in bacterial physiology.
Our discovery raises interesting questions to be addressed in the future. For example, our results revealed that the MP1-

producing organism, S. hominis S34-1, maintains MV production during growth for an extended time as compared to S. aureus
strains in which growth-dependent MV production was previously assessed. S. aureusMVs can only be isolated from S. aureus
at early growth stages, which has been explained by increased production during late exponential growth phase of the quorum
sensing-controlled detergent-like PSM peptides believed to lyse MVs (Schlatterer et al., 2018). With different PSMs being pro-
duced by different staphylococcal species and strains (Cheung et al., 2014), this raises the question whether divergent growth
phase-dependent MV presence in those bacteria is dependent on different PSM types or secretion characteristics. Furthermore,
it is not yet clear how MP1 is secreted. While our data are in support of a dedicated export system that remains to be identified
and which exports MP1 without MV association, clearly ruling out MV association for MP1 export will only be possible once we
are able to suppress MV formation by the deletion of specific MV biosynthesis-associated genes, if such genes exist.
In conclusion, our study shows how bacteria manage to keep a hydrophobic bacteriocin active during delivery through an

aqueous environment to reach its target organism and how generally MV-embedded molecules can be delivered to the Gram-
positive target cell by a membrane fusion mechanism. We believe that it is fair to assume based on the wide distribution of
MVs that the activity of hydrophobic bacteriocins and possibly other hydrophobic substances is associated with MVs in similar
form also in other bacteria. Furthermore, our findings provide rarely obtained evidence for the notion that MVs have essential
functions in bacteria.
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