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Background: Recently, bacterial extracellular vesicles (EVs) have been considered to play crucial roles in various
biological processes and have great potential for developing cancer therapeutics and biomedicine. However, studies
on bacterial EVs have mainly focused on outer membrane vesicles released from gram-negative bacteria since the
outermost peptidoglycan layer in gram-positive bacteria is thought to preclude the release of EVs as a physical barrier.

Results: Here, we examined the ultrastructural organization of the EV produced by gram-positive bacteria using
super-resolution stochastic optical reconstruction microscopy (STORM) at the nanoscale, which has not been resolved
using conventional microscopy. Based on the super-resolution images of EVs, we propose three major mechanisms of
EV biogenesis, i.e., membrane blebbing (mechanisms 1 and 2) or explosive cell lysis (mechanism 3), which are differ-
ent from the mechanisms in gram-negative bacteria, despite some similarities.

Conclusions: These findings highlight the significant role of cell wall degradation in regulating various mechanisms
of EV biogenesis and call for a reassessment of previously unresolved EV biogenesis in gram-positive bacteria.
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Background

The extracellular vesicle (EV) is produced by many
organisms, including eukaryotes, archaea, and bacte-
ria, and acts as a universal vesicular transport system
by secreting proteins, molecules, polysaccharides, and
other factors [1, 2]. Since EVs were first reported in
Escherichia coli in the 1960s as the first bacterial EVs,
bacterial EVs have been suggested to play crucial roles
in various biological processes, including phage infec-
tion, bacterial communication, and the transport of
genes, virulence factors, and cellular metabolites [3-5].
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Moreover, they have been reported to play an impor-
tant role in carbon cycling in the marine ecosystem
and protecting biofilm cells from antibiotics by being
an integral constituent of the biofilm matrix [6, 7]. Due
to the valuable roles of bacterial EVs in various biologi-
cal processes, they are expected to have great potential
not only for developing cancer therapeutics but also for
applications in biomedicine, including vaccines [8-11].
For example, bioengineered bacterial membrane vesi-
cles have been demonstrated to target and kill cancer
cells by delivering small interfering RNA against tumor
markers [8]. Also, several intrinsic properties of bacte-
rial membrane vesicles make them promising vaccine
candidates, such as various surface antigens in a native
conformation, immunogenicity, self-adjuvation, and
uptake by immune cells [10]. Moreover, they are known
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to be versatile as they can be bioengineered to express
any chosen antigen and manipulated to reduce their
endotoxicity [9]. Therefore, research attention on the
bacterial EV has increased substantially over the past
decade.

Until now, studies on bacterial EVs have mainly focused
on the outer membrane vesicles (OMVs) released from
gram-negative bacteria, which originate from the outer
membrane of gram-negative bacteria under the control
of membrane blebbing [2, 5]. In contrast, EV production
by gram-positive bacteria has been overlooked due to the
absence of an outer membrane and the inference that the
thick peptidoglycan cell wall in gram-positive bacteria
precludes the release of EV as a physical barrier [2, 5].
However, recent studies have reported biologically active
EVs from gram-positive bacteria, stimulating research
on the biogenesis of EVs in gram-positive bacteria [12].
Although the mechanisms underlying EV formation in
gram-positive bacteria remain unclear, several models
for EV biogenesis in gram-negative bacteria have been
proposed, including increased turgor pressure from the
periplasmic space, repulsion between charged lipopoly-
saccharide molecules, and depletion of the peptidoglycan
and outer membrane linkage [2, 5, 11]. Given the differ-
ent cell wall compositions in gram-positive and gram-
negative bacteria, they could differ in the routes for EV
formation.

Currently, the observation and quantification of EV
formation in gram-positive bacteria remains challeng-
ing due to the technical difficulties associated with imag-
ing the ultrastructure of small-sized EVs (20-400 nm
in diameter) within the diffraction-limited area using
conventional light microscopy (LM) techniques [5].
Although electron microscopy (EM) can provide higher
resolution than LM, the molecular-specific labeling effi-
ciency is limited in EM images [13—-15]. These difficulties
can be overcome using recently developed super-resolu-
tion fluorescence microscopy, which enables nanoscale
imaging with high molecular specificity [16-19].

In this study, the mechanisms underlying EV biogenesis
in gram-positive bacteria were investigated using super-
resolution stochastic optical reconstruction microscopy
(STORM). For comparison, various EM techniques were
also performed, including scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and
correlative STORM and EM. These approaches were
used to reveal ultrastructural changes in the EV at the cell
envelope during the maturation process via observations
of N-acetylglucosamine, protein A, enterotoxin B, and
the membrane at the nanoscale. These findings indicate
the existence of diverse mechanisms for EV biogenesis in
gram-positive bacteria, which have not yet been resolved
using conventional microscopy.
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Results

Nanoimaging of EVs from gram-positive bacteria

We first investigated whether EVs could be observed in
gram-positive bacteria using super-resolution STORM.
We chose Staphylococcus aureus and Staphylococcus epi-
dermidis because they are common members of the nor-
mal human microbiota. S. aureus and S. epidermidis were
first labeled with Nile red dye to observe their membrane
structures and then imaged using 3D STORM imaging.
From the single-molecule localization distribution analy-
sis and the xy-cross-section images of Nile red-stained
bacteria, we confirmed the nanoscale resolution of this
imaging method (Additional file 1: Fig. S1). From the
STORM images of Nile red-stained S. aureus, we also
observed the septum structure in the dividing bacteria,
implying successful membrane labeling of the bacteria
by Nile red dye molecules (Additional file 1: Fig. S2). As
shown in Fig. 1A, Additional file 2: movie 1, and Addi-
tional file 3: movie 2, most S. aureus isolates (~90%) did
not have EVs with spherical shapes. In contrast, ~10% of
S. aureus isolates were shown to have EVs on their sur-
faces, which has not been previously observed by diffrac-
tion-limited LM owing to their small size (~60—150 nm
in diameter).

To investigate whether they are Nile red precipitates
or real EVs, we performed a single-molecule distribution
analysis of the Nile red-only sample without EVs under
our experimental conditions (Additional file 1: Fig. S1B).
Any precipitate would result in noticeable changes in
the single-molecule distribution, such as large positional
variations with large FWHM values or an asymmetric
distribution. However, the positional variation statistics
within each nanocluster resulted in an FWHM (localiza-
tion uncertainties) of 2628 nm, in agreement with what
is typically achieved for a single Nile red molecule in
STORM, implying that aggregation was prevented under
our optimized conditions and the observed nanoclusters
were real EVs, not Nile red precipitates. We also tested
other membrane dyes, including CellMask and CellBrite.
As shown in Additional file 1: Fig. S3, we observed EVs
from the staining of CellMask and CellBrite similar to
Nile red-stained EVs. From the quantitative analysis of
EV diameter measurement, they showed spherical shapes
with a similar diameter (99-108 nm), regardless of the
type of membrane dye.

To further confirm that the observed small-sized
spherical particles were indeed EVs, we purified the EVs
from cultured S. aureus and then performed STORM
imaging after Nile red labeling. As shown in Additional
file 1: Fig. S4, the Nile red-labeled EVs from purified sam-
ples also exhibited a spherical shape with a size similar
to that of the observed nanoparticles in Fig. 1A, confirm-
ing that the observed small nanoparticles on the bacteria
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Fig. 1 Super-resolution images of extracellular vesicles (EVs) from gram-positive bacteria. A 3D STORM images of S. aureus without EVs (top) and
with EVs (bottom). S. aureus was labeled with Nile red, WGA, anti-protein A, or anti-enterotoxin B. Inset: Diffraction-limited fluorescence images of
the same area. B SEM (left) and TEM (right) images of S. aureus without EVs and with EVs. C The average diameter of EVs measured from STORM (Nile
red, WGA, protein A, and enterotoxin B), SEM, and TEM images (mean=+SD; n=11-75). D Comparison of the population ratio of S. aureus-secreting
EVs observed from STORM images of the sample labeled with Nile red/WGA/anti-protein A/anti-enterotoxin B (mean=SD; n=700-1400). E
Correlative STORM and SEM images of EVs labeled with Nile red, WGA, anti-protein A, or anti-enterotoxin B. White arrow: EV observed both from
STORM and SEM images. Yellow arrow: EV observed from the Nile red image, which was not shown in the SEM image, implying a membrane vesicle
located inside the peptidoglycan layer before the budding process through the cell wall. Blue arrow: EV observed from the SEM image, which

was not shown in the STORM image of the cell wall, implying EVs without the peptidoglycan layer. F Fraction of labeled EVs with Nile red, WGA,
anti-protein A, or anti-enterotoxin B among the EVs shown in SEM images from correlative STORM and SEM images (n=8-22). G Representative
STORM images and the population ratio of Nile red-labeled S. aureus-secreting EVs in the resting state or in the division state. (mean=SD; n=170-
540) Scale bars: 1 umin A, E, and G and 500 nm in B
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are real EVs. Thus, it suggests that our super-resolution
imaging method can be useful in identifying EVs by con-
firming both the particle morphology and membrane
composition, which have not been simultaneously ana-
lyzed at the single EV level from any conventional EV
detection methods, such as nanoparticle tracking analy-
sis, SEM/TEM imaging, or proteomic analysis. We also
found that EVs were also observed in the STORM images
of the Nile red-stained S. epidermidis (Additional file 1:
Fig. S5). However, only a few S. epidermidis (~2.5%) were
observed to have EVs on their surfaces compared to S.
aureus (~10%), which may imply the distinct roles of EVs
in different strains.

Next, we investigated whether EVs could also be
observed in the cell wall of S. aureus after staining. We
used wheat germ agglutinin (WGA) and anti-protein A
to label the bacterial cell wall. WGA binds to N-acetyl-
glucosamine in the outer peptidoglycan layer of gram-
positive bacteria [20], and protein A is known to be a
cell wall-associated protein [21, 22]. Since WGA can
bind only to the peptidoglycan layer, hollow and spheri-
cal shapes of bacteria were observed from 3D STORM
images, whereas the septum in the dividing bacteria was
not observable in the cell wall images (Fig. 1A, Additional
file 1: Fig. S2). Interestingly, we also observed EVs in the
STORM images of the surface of S. aureus labeled with
WGA and anti-protein A; these EVs were not resolved
in the diffraction-limited fluorescence images. Next, we
immunolabelled enterotoxin B in S. aureus. Enterotoxins
are known to be one of the most common causes of food
poisoning due to uncontrolled T cell activation, followed
by toxic shock and death [23]. Since it has been reported
that enterotoxin A and B are bound to microvillus mem-
brane vesicles in vitro, we expected to observe EVs from
bacterial enterotoxin images [23]. As shown in Fig. 1A,
EVs were observed on the surface of S. aureus in the cor-
responding enterotoxin B-stained STORM images. The
observed staining patterns in bacteria were similar to
those of the peptidoglycan layer rather than the cytoplas-
mic membrane because the septum in the dividing bacte-
ria was not stained with the enterotoxin B immunolabel,
implying that the immunolabeled-enterotoxin B was
located in the cell wall of gram-positive bacteria. This
observation is also supported by a previous study demon-
strating that enterotoxin B is associated with the cell wall
after its precursor form is processed and released from
the membrane [24]. This previous study also reported
that the cell wall-associated enterotoxin B level decreased
proportionately as the extracellular fraction of entero-
toxin B increased during a pulse-chase experiment [24].
The observations of our STORM images and the findings
of this previous study suggest that enterotoxin B appears
to be released into the extracellular environment in the
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form of EV. Thus, this secreted virulence factor may be
transferred from the cell wall of gram-positive bacteria
to EVs. We also performed SEM and TEM imaging to
observe EVs released from S. aureus. As shown in Fig. 1B,
some S. aureus cells were observed to have EVs on their
surfaces in the SEM and TEM images, similar to the
STORM images.

Using the various EV images, we analyzed the size of
the observed EVs. First, we compared the membrane
diameters measured from the STORM images of EVs
secreted from bacteria and the purified EVs. The average
membrane diameters measured from EVs on bacteria and
the purified EVs were ~113 and ~107 nm, respectively,
confirming that the observed small nanoparticles on bac-
teria are real EVs (Additional file 1: Fig. S4B). From the
diameter measurement of EVs, we found that the aver-
aged diameters of EVs observed from STORM images
of a membrane and a peptidoglycan layer range between
100 and 110 nm, which is within the reported EV size
range [5] (Fig. 1C). As expected, the EVs observed in
the SEM and TEM images appeared smaller than those
observed in the STORM images owing to the absence of
a tag and the shrinkage effect during the dehydration step
in EM. Interestingly, we observed at least two populations
based on the size in the STORM images, SEM images,
and TEM images, implying the heterogeneity of EVs gen-
erated from different biogenesis mechanisms (Additional
file 1: Fig. S6). Next, we analyzed the EV production rates
of S. aureus from each type of image. Interestingly, the
STORM images of the bacterial membrane exhibited a
higher rate of EV production (~10%) than the STORM
images of the cell wall (~1 and ~2% from WGA and pro-
tein A images, respectively) (Fig. 1D). Furthermore, the
STORM images of enterotoxin B-labeling exhibited a
higher rate of EV production (~4%) than the STORM
images of the cell wall. These results suggest various
compositions of EV for the membrane and peptidogly-
can layers. Such variations in the composition of EV have
not been resolved at a single EV level with conventional
EV analysis techniques, emphasizing the importance of
our nanoscale imaging-based analysis technique. Mean-
while, it was noted that fewer EVs were observed from
the SEM images compared with the STORM images of
the bacterial membrane. This could be because some EVs
observed from membrane images had not yet budded out
to the outside of the bacterial outer surface and were still
located inside the peptidoglycan layer. Thus, they were
not observable in the topography of the SEM images. The
different production rates observed from various images
prompted us to investigate the composition and location
of EVs.

To confirm the composition of EVs, we performed
recently developed correlative STORM and SEM imaging
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(Fig. 1E, Additional file 1: Fig. S7) [25, 26]. We performed
SEM imaging after STORM imaging and EM sample
preparation, similarly to a previously reported method
[25]. Interestingly, most EVs (~82%) observed in the SEM
images do not show the peptidoglycan layers, whereas
only a small number of EVs (~18%) showed peptidogly-
can layers (Fig. 1F). We also observed Nile red-stained
membrane vesicles located inside the peptidoglycan
layer in bacteria, which are not shown in the SEM images
(Fig. 1E). As they appear to wait for the subsequent bud-
ding process through the cell wall, we refer to them as
EV precursors. We found that its population changed in
the same way as the EV production rate under various
stresses such as temperature, osmotic stress, and the bac-
terial growth phase. For example, more membrane vesi-
cles located inside the peptidoglycan layer were observed
in the cultures incubated at 30 °C, under low salt con-
ditions, or in a division state, in a similar fashion to the
released EVs (Additional file 1: Fig. S8). Since it is diffi-
cult to imagine other bacterial organelles in a spherical
shape located between the peptidoglycan layer and the
cytoplasmic membrane (i.e.,, IWZ: inner wall zone), the
observed membranous particles inside the peptidogly-
can layer appear to be EV precursors. Furthermore, some
bacteria with EVs on their surface showed a lower labe-
ling density of WGA or protein A, implying a degraded
cell wall structure during the EV release process. A weak-
ened cell wall structure has been reported to be often
observed in gram-positive bacteria during the division
phase [27, 28]. Thus, we next quantified the EV produc-
tion rate depending on the bacterial division phase. Inter-
estingly, we found that bacteria in the division phase with
septum formation showed a higher rate of EV production
(Fig. 1G). Collectively, EV biogenesis appears to involve
the cell wall lysis process for bacteria to release budding
EVs.

Composition of EVs generated from gram-positive bacteria
We successfully used specific labeling methods for cell
membranes and cell walls of gram-positive bacteria to
perform multi-color STORM imaging for observing
the cell membrane and cell wall simultaneously during
the EV biogenesis process. Although several proteomic
analyses of membrane vesicles from purified EV samples
have been previously used to identify the composition
of EVs, there is a chance of contamination by cell frag-
ments or debris, such as protein aggregates, using these
methods [29]. However, this limitation can be overcome
by multi-color STORM imaging of EV-producing gram-
positive bacteria because this method can be used to
observe EVs in situ. This imaging method also allows us
to observe the composition of individual EVs without
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contamination problems as opposed to previous ensem-
ble measurements.

Using multi-color STORM imaging for various com-
binations of proteins, we observed the nanostructures of
the inner plasma membrane and outer peptidoglycan lay-
ers in S. aureus, as shown in Fig. 2A and Additional file 1:
Fig. S9. Interestingly, most EVs only showed a membrane
layer, whereas a few EVs showed a double layer of WGA
(or protein A) and membrane, as shown in Fig. 2B,C. This
is consistent with the population ratios observed from
the correlative single-color STORM and SEM images
shown in Fig. 1F. This is also consistent with the size het-
erogeneity shown in Additional file 1: Fig. S6, implying
the existence of various mechanisms for EV biogenesis.
Interestingly, enterotoxin B exhibits different localization
from WGA and protein A. Although we demonstrated
that enterotoxin B is the cell wall-associated protein in
S. aureus, its density did not decrease in the EV-produc-
ing bacteria, which is different from WGA and protein
A (Fig. 2D). This implies that enterotoxin B remains the
outermost layer of bacteria during cell wall lysis and is
then transferred to the released EVs as a virulence factor.

Next, the correlative multi-color STORM and SEM
imaging was performed to differentiate the EV precursors
located inside the peptidoglycan layer in bacteria from
the released EVs. The results showed that the EV precur-
sors were located inside the peptidoglycan layer in bacte-
ria, different from the location of finalized EVs (Fig. 2E,
Additional file 1: Fig. S10). These EV precursors are likely
resulted from the membrane blebbing, as known for the
OMYV released from gram-negative bacteria. As expected,
the EV precursors observed in the multi-color STORM
images were not observed in the SEM images, most
likely due to still being encapsulated by the outermost
cell wall. These EV precursors located in the IWZ were
also observed from the TEM images (Fig. 2F). These EV
precursors resulted from the membrane blebbing appear
to wait for the subsequent budding process through the
cell wall. We also observed an explosive cell lysis event in
bacteria, which is known to act as a mechanism for EV
production in gram-negative bacteria [30]. Interestingly,
a relatively large amount of membrane fragments were
spread over a wide area, whereas the cell wall fragments
were observed to scatter after the explosive cell lysis
(Fig. 2G). As EVs consisting of the membrane were often
observed within these cell debris, the secreted membrane
fragments appeared to form EVs rapidly, similar to the
formation in gram-negative bacteria. EV formation after
cell lysis was also observed in the TEM images (Fig. 2H).
Interestingly, enterotoxin B exhibited higher labeling rate
for EVs produced by explosive cell lysis, in contrast to the
protein A and WGA patterns (Fig. 2I). This suggests that
enterotoxin B can be transferred to EVs with membrane
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Fig. 2 Multi-color STORM images for the various compositions of EVs in gram-positive bacteria. A Representative multi-color STORM images

of S. aureus without EVs (top) and with EVs (bottom). Red: WGA, protein A, or enterotoxin B. Green: Nile red. B Transverse profiles of localizations
corresponding to regions boxed in white in (A). Green bars: Localization frequency measured from the STORM image of Nile red. Red bars:
Localization frequency measured from the STORM image of WGA, protein A, or enterotoxin B. C Population ratio of EVs displaying one color (Nile red
only) or two colors (Nile red and WGA/ protein A/enterotoxin B) measured from the EVs on the bacterial surface (mean=+5SD; n=~30). D Comparison
of averaged localization density of WGA, protein A, and enterotoxin B of EV-producing S. aureus. E Representative correlative multi-color STORM
and SEM images of S. aureus with EV precursors or finalized EVs. F Representative TEM image of S. aureus with EV precursors or finalized EVs. G
Representative multi-color STORM images of S. aureus with EVs produced after the explosive cell lysis event. Red: WGA, protein A, or enterotoxin B.
Green: Nile red. H Representative TEM image of S. aureus with produced EVs after the explosive cell lysis event. | Population ratio of EVs displaying
one color (Nile red only) or two colors (Nile red and WGA/ protein A/enterotoxin B) measured from the STORM images of the released EVs after the
explosive cell lysis event (h=~20). White arrows: observed EVs. Scale bars: 1 umin A, E, and G and 500 nm in F and H
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fragments as a major virulence factor after the explosive
cell lysis event. Collectively, these findings highlight the
variety of EV compositions produced by different mecha-
nisms, as observed in the multi-color STORM images.

EV biogenesis mechanisms for gram-positive bacteria
Based on the observation and measurement of EVs in
multi-color STORM and TEM images, EV biogenesis in
gram-positive bacteria appeared to occur either through
membrane blebbing or explosive cell lysis, similar to the
occurrence in gram-negative bacteria (Fig. 3A).
Membrane blebbing was observed in the STORM
images of Nile red-stained EVs (Fig. 3B, Additional file 1:
Fig. S11). Interestingly, a vacuole-like structure com-
posed of a high-density lipid was often observed in Nile
red images immediately below the budding site inside
the cytoplasmic membrane, most likely acting as a read-
ily available membrane source (Fig. 2A,B). Such a vacuole
generation has been reported to frequently occur dur-
ing the bacterial cell enlargement inside the cytoplasm
of gram-positive bacteria [31]. Then, the blebs seemed
to first remain between the cytoplasmic membrane and
peptidoglycan layer as EV precursors after being pinched
off from the plasma membrane, in contrast to previously
suggested EV biogenesis models for gram-positive and
gram-negative bacteria. In previous studies, the cytoplas-
mic membrane has been described to extrude through
the hole in the peptidoglycan layer for EV generation in
gram-positive bacteria without the precursor state, based
on the observation of membrane blebbing after lysin
treatment [32]. In contrast, these extruding membrane
bubbles were not observed through the thick peptidogly-
can layer in our STORM and TEM images. Instead, many
membrane vesicles remained in the IWZ, which is the
region between the cytoplasmic membrane and the pep-
tidoglycan layer, after being pinched off from the cyto-
plasmic membrane. Such membrane vesicles were not
observed in the SEM images of correlative STORM and
SEM imaging as shown in Fig. 1E because they were still
encapsulated inside the peptidoglycan layer. This discrep-
ancy between previously reported observations and the
observations in this study is most likely due to the differ-
ent cell wall conditions arising from the lysin treatment
used in the previous study. Removal of the outer cell wall
zone upon lysin treatment in the previous study allowed
the membrane bleb to extrude easily through the pepti-
doglycan layer. In contrast, the native bacteria without
lysin treatment in the present study seemed to have a rel-
atively thicker peptidoglycan layer as a barrier, prevent-
ing membrane bleb from extruding before being pinched
off from the membrane. The EV precursors located in the
IWZ appeared to wait for the degradation of the pepti-
doglycan layer. The IWZ is composed mostly of soluble
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low-density constituents, allowing vesicles to expand
within it [33]. We found that most of the EV precursors
were released after local cell wall lysis (mechanism 1),
whereas a few of them were released by being encapsu-
lated by the remaining peptidoglycan layer (mechanism
2) (Fig. 3B,C). Since the latter is occasionally observed
(~11% from STORM images), this mechanism may have
been difficult to observe in previous studies. Because
these two mechanisms appear to involve the cell wall lysis
step, the cell wall contrast near the EV-releasing area was
analyzed in the STORM and TEM images. As shown in
Fig. 3D, local cell wall degradation was observed near
the EV-locating area for mechanisms 1 and 2 in both the
STORM and TEM images. Although cell wall density was
slightly higher at the budding site in mechanism 2, the
surrounding cell wall appeared to degrade to aid in the
release of EV from the cell wall via this mechanism.

EV biogenesis through explosive cell lysis has also
been frequently observed in multi-color STORM images
(mechanism 3). In relation to this mechanism, expanded
IWZ was observed in the corresponding TEM images,
most likely due to the increased osmotic pressure in this
zone (Fig. 3B, Additional file 1: Fig. S12). The turgor pres-
sure exerted from this zone pushes the cell wall, result-
ing in low-curvature blebbing of the peptidoglycan layer.
At this point, the turgor pressure exerted from inside the
membrane appeared to be larger than the osmotic pres-
sure in the IW?Z, resulting in the bending of the pepti-
doglycan layer instead of the cytoplasmic membrane at
the budding site. When we analyzed the density (con-
trast) and curvature of the cell wall at this budding site,
relatively higher contrast and a lower curvature of the cell
wall were observed in mechanism 3 compared to mecha-
nisms 1 and 2, implying that less cell wall lysis occurred
in mechanism 3 by allowing the expansion of the IWZ
(Fig. 3E). This expanded IWZ ultimately ruptured due
to cell wall damage and increased turgor pressure, as
observed in the STORM and TEM images. During this
explosive cell lysis, the formation of multiple EVs was
observed in both the STORM and TEM images. EVs in
this mechanism seemed to be composed of a membrane
without the peptidoglycan layer as shown in Fig. 2I,
although cell wall fragments were also secreted during
the cell lysis process. This suggests that the amount of
cell wall fragments released by explosive cell lysis is insuf-
ficient for forming the peptidoglycan layer for EVs since
the cell wall was already degraded prior to the explosive
cell lysis event. Interestingly, we also found that the EVs
produced after cell lysis process were hardly observed
from SEM images because they were covered by the
released cell debris during explosive cell lysis (Additional
file 1: Fig. S13). Although the EVs produced by mecha-
nism 3 were not directly observed from the SEM images,
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the spherical membrane vesicles observed after explosive
cell lysis in STORM images are highly likely to be real EVs
as EVs produced after explosive cell lysis were frequently
observed not only from gram-negative bacteria in previ-
ous studies, but also from our TEM images. This suggests
that our STORM imaging method can be a better tool for
observing EVs produced by explosive cell lysis than SEM
imaging.

Among these, mechanisms 1 and 3 were found to
be the major mechanisms for EV biogenesis in gram-
positive bacteria (Fig. 3F). Although mechanism 2
occurred rarely, the EVs produced by this mechanism
were observed in both the STORM and TEM images. As
expected, the EVs produced by mechanism 2 were larger
than those produced by mechanism 1 (Fig. 3G). Interest-
ingly, the EVs produced by mechanism 3 also exhibited
a relatively larger size than those produced by mecha-
nism 1. This could be due to the growth of EV precur-
sors within the IWZ in mechanism 1 being limited by the
width of the expanded IWZ. In contrast, the growth vol-
ume for EV production is not limited during the explo-
sive cell lysis in mechanism 3, as the EVs are formed after
secretion from the IWZ region. Therefore, we could con-
firm that the size heterogeneity of EVs is resulted from
various EV biogenesis mechanisms in gram-positive
bacteria, as expected. Collectively, various EV biogenesis
mechanisms in gram-positive bacteria could be investi-
gated by using the multi-color STORM images.

Discussion

We used multi-color STORM and correlative super-res-
olution microscopy to elucidate EV biogenesis in gram-
positive bacteria by resolving the ultrastructure of EVs
produced during their formation processes. This has not
been previously investigated in-depth compared to the
investigation of gram-negative bacteria. Although gram-
negative bacteria have different cell wall structures, we
observed similar EV generation mechanisms in gram-
positive bacteria, including membrane blebbing and
explosive cell lysis.

Membrane blebbing was frequently observed in S.
aureus and S. epidermidis in the corresponding STORM
images, which was not previously resolved in diffraction-
limited optical images. This mechanism resembled outer
membrane blebbing during the EV biogenesis observed
in gram-negative bacteria. However, the different struc-
tures of their outer layers affected the detailed process of
EV production via membrane blebbing. For example, cell
wall degradation is not a prerequisite in gram-negative
bacteria because EVs are produced through outer mem-
brane blebbing. Instead of cell wall degradation, EV pro-
duction requires structural changes in the cell envelope,
such as a decrease in cross-linking proteins between the
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outer membrane and peptidoglycan layer or the interca-
lation of molecules in the membrane at specific regions
of the cell envelope [29]. In contrast, in this study, gram-
positive bacteria were found to require a cell wall degra-
dation process to release EV via the membrane blebbing
mechanism due to the thickness of the peptidoglycan
layer as the outermost layer. Degradation of the cell wall
was observed before EV release by imaging WGA and
protein A at the nanoscale level. As a result of the cell
wall degradation experienced by the bacteria in the divi-
sion phase, a higher rate of EV production was observed.
Another distinct phenomenon during EV biogenesis in
the membrane blebbing mechanism of gram-positive
bacteria was the EV precursor located in the IWZ, which
has not been previously observed in gram-negative bac-
teria. The bacteria were expected to grow further in the
IWZ because it is composed of soft materials, which
allow EV precursors to expand within it. Once the cell
wall was ready post-cell wall degradation, EV precur-
sors appeared to be released either through the pores
(mechanism 1) or via cell wall blebbing (mechanism 2),
depending on the condition of the cell wall. During this
process, we suspect that cell wall-modifying enzymes
may degrade the cell wall, increasing the cell wall pore
size, as demonstrated in previous studies [2]. Although
the increased pore size in the cell wall would facilitate
the EV release (mechanism 1), the EV precursors were
occasionally found to be released via cell wall blebbing
(mechanism 2). After the degradation of the cell wall, the
loosened peptidoglycan layer may be easily blebbed by
the forces exerted by the EV precursors, resulting in the
encapsulation of the EV precursors by the peptidoglycan
layer during the process of EV release. Thus, double layers
of EVs consisting of the cytoplasmic membrane and pep-
tidoglycan layer were observed, which, to the best of our
knowledge, has not been reported to date (mechanism 2).
Although this mechanism (mechanism 2) rarely occurs,
the EVs produced by this mechanism are expected to
play a distinct role compared with those produced by
other mechanisms because they have an additional pep-
tidoglycan layer. For example, the peptidoglycan layer
in EVs produced by mechanism 2 may prevent osmotic
lysis of EVs, similar to its role as a physical barrier to bac-
teria. Because EVs consisting only of a membrane layer
would experience the net flow of free water into the EVs
due to the concentrated proteins, molecules, polysaccha-
rides, and other factors inside the EVs, they would easily
explode by this osmotic pressure without a strong pepti-
doglycan layer. Another possibility is that EVs transport
essential cell wall-associated components through the
peptidoglycan layer. Mechanisms 1 and 2 may be regu-
lated by the cell wall condition, most likely resulting from
the cell wall-modifying enzyme.
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EV formation through explosive cell lysis has also been
frequently observed in gram-positive bacteria, similar to
that in gram-negative bacteria. Before the explosion, an
expanded I'WZ was first observed, most likely due to the
increased osmotic pressure through the degraded porous
cell wall. The blowing region in the IWZ finally exploded,
perhaps in response to external stress, secreting various
proteins, such as membrane fragments, cell wall frag-
ments, and virulence factors. During secretion, multiple
EVs could be formed from membrane fragments with a
relatively larger size than the EVs produced by mecha-
nism 1, most likely due to the absence of external force
from the environment. Although this process in gram-
positive bacteria appears similar to the explosive cell lysis
in gram-negative bacteria, the outer-inner membrane
vesicles, a form of EVs produced by gram-negative bac-
teria, were not observed in the gram-positive bacteria in
this study. This is most likely due to the single layer of the
cytoplasmic membrane in gram-positive bacteria. Fur-
thermore, EV produced through mechanism 3 contained
enterotoxin B as a virulence factor.

Conclusions

Our findings highlight the diverse mechanisms for EV
biogenesis in gram-positive bacteria, which have been
overlooked in previous studies. Based on our nanoscale
observations using various super-resolution microscopy
techniques, we propose three major mechanisms of EV
biogenesis through membrane blebbing (mechanisms 1
and 2) and explosive cell lysis (mechanism 3), which are
similar to the mechanisms observed in gram-negative
bacteria, albeit with some notable differences. These
techniques shed light on the molecular mechanisms of
EV biogenesis by imaging other EV constituents, such as
genes, virulence factors, and cellular metabolites. Fur-
thermore, the live-cell super-resolution imaging of EV
biogenesis in gram-positive bacteria as a future work is
useful for visualizing EV formation in gram-positive bac-
teria in real time, which will be needed to confirm the
models proposed in this study. Overall, a better under-
standing of the molecular mechanisms of EV production
in gram-positive bacteria will facilitate the development
of therapeutics and biomedicine, including vaccines.

Methods

Sample preparation for fluorescence imaging

S. aureus (ATCC 12600) and S. epidermidis (ATCC
14790) were streaked from glycerol stocks onto tryp-
tic soy agar (TSA) plates and grown overnight at 37°C.
Then, a single colony was picked from a TSA plate and
inoculated in tryptic soy broth (TSB) medium in a shak-
ing incubator at 37°C and 200 rpm for 16 h. After inocu-
lation, the fermented broth was centrifuged at 12,000
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rpm for 2 min, and the supernatant was removed. The
resulting pellet was resuspended in Dulbecco’s phos-
phate-buffered saline (DPBS) and fixed with 4% (v/v)
paraformaldehyde (PFA; 15714; Electron Microscopy
Sciences) in DPBS for 15 min at room temperature (RT).
The fixed cells were then washed with DPBS and resus-
pended in freshly prepared 0.2% NaBH, for 2 min at RT
to reduce unreacted aldehyde groups. Finally, the sam-
ples were washed again with DPBS before centrifuging
and labeling with fluorophores. The purified EVs were
obtained from R&D Center of LG H&H. To purify EVs
from S. aureus (or S. epidermidis), EVs were isolated from
cultured S. aureus (or S. epidermidis). They were then
purified by ultracentrifugation at 10,000¢ for 30 min and
150,000g for 2.5 h (Hitachi, Chiyoda-ku, Tokyo, Japan).
After ultracentrifugation, EV-rich pellets were diluted
in distilled water to a final volume of 100 mL. The resus-
pended EV solution was further filtered with a 0.22 pm
bottle-top filter, and the filtered EV solution was stored at
4°C. Purified EVs were confirmed by nanoparticle track-
ing analysis (NTA; Zetaview, Particle metrix, Germany),
which is commonly used for EV identification. For exam-
ple, the average diameter of purified EVs from S. aureus
with a concentration of 3.0x10° particles/mL was meas-
ured as 164.4 nm using NTA, which is consistent with
the reported range for EVs from S. aureus (145 £+ 15 nm)
[34]. Also, the averaged diameter of the purified EVs from
S. epidermidis with a concentration of 2.8 x10° particles/
mL was measured as 206.8 nm from NTA, which is con-
sistent with the reported range for the EVs from S. epi-
dermidis (172 + 17 nm )[34].

For Nile red dye labeling, pelleted bacteria were first
diluted in DPBS and attached to a poly-L-lysine (PLL)-
coated glass-bottom dish for 1 h at RT. After washing
twice with DPBS, the cells were incubated in 10 nM Nile
red membrane dye (415711000; Acros Organics) in DPBS
for 30 min, followed by STORM imaging [35]. The Nile
red-stained S. aureus prepared in bovine serum albumin
(BSA)-treated coverslip also showed EVs similar to those
in the sample prepared without BSA treatment, implying
that the observed EVs does not result from the non-spe-
cific binding (Additional file 1: Fig. S14).

Alexa Fluor 647-conjugated WGA (WGA-AF647,
W32466; Invitrogen) was used to visualize the cell wall.
The centrifuged cells were incubated in WGA-AF647 for
60 min at RT, followed by a brief wash with DPBS. After
removing the supernatant, the cells were diluted in DPBS
and incubated in a PLL-coated glass-bottom dish for 1
h. Then, the dish was briefly washed twice in DPBS and
imaged in imaging buffer for STORM, which was pre-
pared with 100 mM cysteamine (30070; Sigma-Aldrich),
5% glucose (w/v), and oxygen-scavenging enzymes (0.5
mg/mL glucose oxidase [G2133; Sigma-Aldrich] and 38
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pg/mL catalase [C3515; Sigma-Aldrich] in DPBS at pH
8.5).

For immunolabeling, the centrifuged cells were per-
meabilized in 0.2% Triton X-100 at RT for 20 min. After
permeabilization, the pellet was incubated in a blocking
buffer (3% [w/v] bovine serum albumin (BSA) in DPBS)
for 30 min. The blocked cells were stained with the pri-
mary antibody in blocking buffer for 60 min at RT. Two
types of S. aureus antibodies were used to detect enter-
otoxin B and protein A: PA1-7246 (Invitrogen) and
ab20920 (Abcam), respectively. After washing twice
with DPBS, the samples were labeled with Alexa Fluor
647-conjugated secondary antibody (A31573; Invitrogen)
for 60 min at RT and then post-fixed with 2% PFA and
0.05% GA in DPBS for 10 min at RT. Finally, the bacte-
rial cells were attached to a PLL-coated glass-bottom
dish and incubated for 1 h, followed by a brief wash with
DPBS. The samples were either stored in DPBS at 4°C or
suspended in the STORM imaging buffer if they were to
be immediately imaged.

For multi-color imaging of the peptidoglycan layer and
cytoplasmic membrane using WGA-AF647/anti-protein
Al/anti-enterotoxin B and Nile red, the samples were first
prepared as described for the procedure of WGA-AF647
labeling or immunolabeling of protein A/enterotoxin B.
Next, the cells were attached to the PLL-coated gridded
coverslip (P35G-1.5-14-CGRD-D; Mattek) for 1 h for
STORM imaging. After the STORM imaging of WGA/
protein A/enterotoxin B, the samples were washed twice
with DPBS, incubated in 10 nM Nile Red solution in
DPBS for 30 min, and imaged using STORM.

STORM imaging
STORM imaging was performed using a custom-built
inverted microscope (Ti2-U; Nikon) by adapting total
internal reflection fluorescence illumination to reduce
the background signal [36]. The sample was illumi-
nated using an excitation laser with wavelengths of 561
nm (100 mW, OBIS; Coherent) and 647 nm (120 mW,
OBIS; Coherent) through a x100 oil immersion objec-
tive lens (1.49 NA; Olympus). Irradiation using a 405-
nm (0.2-0.5 mW, OBIS; Coherent) laser was used for
reactivation if needed. The fluorescence emission from
the sample was filtered using a bandpass emission fil-
ter (LF 408/488/561/635-B; Semrock) and imaged using
an EMCCD camera (iXon Ultra 888; Andor). A total of
50,000 frames were usually acquired at a frame rate of
60-100 Hz. 3D images were obtained by introducing a
cylindrical lens into the image-detection pathway for
astigmatism.

For multi-color imaging of Nile red and WGA-AF647/
enterotoxin B/protein A, the red channel of the sample
was imaged first by illumination with a 647-nm laser, and
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then the green channel of the sample for the same area
was imaged by excitation with a 561-nm laser. Before
imaging the sample, beads in the same region of inter-
est were imaged in 647 and 561 channels to map differ-
ent color channels. Then, WGA in the samples was first
imaged with an excitation laser of 647 nm using a band-
pass emission filter (LF 408/488/561/635-B; Semrock) to
image the cell wall. Nile red images were then obtained
with an excitation laser of 561 nm using a long pass filter
(BLP02-561R-25) and a dichroic mirror (Di03-R561-t1-
25x36). The gridded cover glass was used to obtain the
same sample area.

The STORM images were reconstructed by fitting the
point spread functions in each frame with a Gaussian
function to determine their centroid positions. These
collected centroids were drift-corrected and rendered
using several parameters for the final STORM image. For
multi-color images, the images from two color channels
of the same sample area were correlated using custom-
written MATLAB code [13].

EM imaging

For SEM imaging, bacterial samples cultured in TSB were
centrifuged at 12,000 rpm for 2 min, followed by resus-
pension in DPBS. The samples were then pelleted and
fixed in 2.5% glutaraldehyde (GA) in DPBS overnight at
4°C. After washing, the fixed bacterial samples were spot-
ted on silicon wafers. When the wafer was completely
dried, the sample was dehydrated using a graded ethanol
series (30%, 50%, 70%, 80%, 90%, and 100% v/v) diluted in
distilled water for 20 min twice in each step. The dehy-
drated samples were dried overnight and coated with
platinum prior to imaging. SEM images were obtained
using an S-4800 field emission scanning electron micro-
scope (Zeiss) at 15 keV.

For correlative STORM and SEM imaging, samples
were prepared for each fluorescence imaging step and
then imaged using STORM. After STORM imaging, the
samples were washed thrice with distilled water. The
washed samples were prepared for SEM imaging, as
described above. The cover glass attached to the dish was
separated from the dish by removing the adhesive with
ethanol. The cover glass was then coated with platinum
before the SEM imaging. The same area in the sample
shown in the STORM images was identified in the SEM
setup by finding the position marked with a diamond pen
on the glass-bottom dish. The correlative STORM and
SEM images were overlaid based on the features visual-
ized in each image.

For TEM imaging, the bacterial sample grown in the
TSB medium was centrifuged at 12,000 rpm for 2 min
and then briefly washed with DPBS. After centrifuga-
tion, pelleted samples were fixed with 2.5% GA overnight
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at 4°C. After washing thrice with cacodylate buffer, the
samples were post-fixed with 1% osmium tetroxide in 0.1
M cacodylate buffer for 60 min on ice. The samples were
then washed twice with cacodylate buffer and dehydrated
using a graded ethanol series. Fully dehydrated samples
were infiltrated with Epon 812 resin using propylene
oxide and embedded in 100% Epon 812 resin. Using an
EM UC7 ultramicrotome (Leica, Austria), 60-nm thin
ultrathin sections were obtained and collected on 100
mesh copper grids. Finally, the ultrathin sections were
stained with uranyl acetate and lead citrate and imaged
at 120 kV using the KBSI Bio-HVEM System (JEM-1400
Plus; JEOL, Tokyo, Japan).

Image quantification
Quantification of EVs in EM images was performed
using the Image] software. The diameter of individual
EVs was measured from SEM and TEM images by using
the “Straight” tool in Image]. The size of each EV was
considered to be the average of the longest and short-
est measured diameters. First, for comparison of the cell
wall density for each mechanism shown in Fig. 3D, each
EV observed from the multi-color STORM images was
classified into different mechanisms based on the cri-
teria described in the next section. The cell wall density
was measured based on the relative distance from the
center of each blebbing EV. The histogram generated
from multiple EVs was fitted using one or multi-Gaussian
functions for each mechanism to compare the cell wall
density near the EV released site. For bacteria without
EVs, the cell wall density was measured by counting the
number of localized molecules along the cell wall from
random positions. The histogram generated from multi-
ple positions was then fitted with a multipeak curve.
Next, for the graph of the contrast and curvature of the
cell wall shown in Fig. 3E, each EV observed from the
TEM images was classified into different mechanisms
based on the criteria described in the next section. The
contrast and curvature of the cell wall were then meas-
ured at the EV budding site from the TEM images.
The curvature measurement was performed using the
Kappa curvature analysis plugin in Image]. By defining
the points of the EV budding site along the cell wall, the
corresponding B-spline curve was constructed using a
point distance minimization algorithm. The curvature
of this fitted line is defined as the curvature of the cell
wall. Next, the contrast was obtained by subtracting the
averaged grayscale value of the background near the cell
wall from the average grayscale value of the cell wall. The
curvature and contrast of each EV were measured at the
same position. The scatter plot of the contrast and curva-
ture of the cell wall for each EV biogenesis event shows
the reverse relationship of the contrast and curvature of
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the EVs produced by mechanism 1 (relatively lower con-
trast and a higher curvature) and mechanism 3 (relatively
higher contrast and lower curvature). A single-molecule
localization histogram was used to quantify EVs in the
STORM images. The transverse profile of cell wall den-
sity near the EV budding site was generated using a sin-
gle-molecule localization histogram. The diameter of the
EVs shown in the STORM images was measured from
the full width at half maximum (FWHM) of the single-
molecule localization histogram for each EV.

To categorize the EV biogenesis mechanisms from
STORM images, multi-color STORM images were used
to categorize the cells into each mechanism. Cells that
showed local cell wall lysis at the EV budding site were
categorized as mechanism 1. If the released EV was sur-
rounded by the remaining peptidoglycan layer (labeled
with WGA, anti-protein A, or anti-enterotoxin B), it was
classified as mechanism 2. When the released EVs near
bacteria were observed within the fragments of the cell
membrane and cell wall derived from explosive cell lysis,
they were classified as mechanism 3. The remaining cell
membrane at the explosion site is relatively weaker, with
low localization density for cells categorized as mecha-
nism 3 compared to the cells categorized as mechanisms
1and 2.

To categorize the EV biogenesis mechanisms from SEM
images, the samples were categorized into each mecha-
nism depending on correlative images with STORM to
determine whether the cell wall or the cell membrane
was labeled. If the EVs shown on the exterior of the SEM
images were labeled only with the cell membrane in the
STORM images, we categorized them as mechanism 1.
In contrast, if they were labeled with both the cell mem-
brane and cell wall in the STORM images, we classified
them as mechanism 2. When EVs were observed together
with fragments of the cell membrane and cell wall, and
the low membrane density at the explosion site in both
the SEM and STORM images, the EV was classified as
mechanism 3.

For TEM images, the samples were categorized just
by TEM images; the cell membrane and cell wall were
clearly distinguishable in the TEM images. Bacteria that
had EV blebbing through the cell membrane with high
curvature and did not have the peptidoglycan layer were
categorized into mechanism 1. When the budding EV is
encapsulated by the cell wall, it is classified as mechanism
2. If EVs were found with debris of the cell membrane
and cell wall resulting from explosive cell lysis, they were
categorized into mechanism 3.
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