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The release of nanoscale membrane-bound vesicles is common in all three domains of
life. These vesicles are involved in a variety of biological processes such as cell-to-cell
communication, horizontal gene transfer, and substrate transport. Prokaryotes including
bacteria and archaea release membrane vesicles (MVs) (20 to 400 nm in diameter) into their
extracellular milieu. In spite of structural differences in cell envelope, both Gram-positive
and negative bacteria produce MVs that contain the cell membrane of each bacterial species.
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and yeasts as eukaryotic microbes produce bilayered exosomes that have varying electron
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cell, in situ high-resolution microscopy can provide insights on the structural mechanisms
underlying the formation and release of microbial extracellular vesicles.
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MICROBIAL EXTRACELLULAR VESICLES
Cells release several types of vesicles into their extracellular
environment (Raposo & Stoorvogel, 2013). Such a release of
spherical, membranous structures from cell surfaces is prevalent in organisms from all three domains of life (Deatherage
& Cookson, 2012). These are complex structures that are limited by a lipid bilayer and enclose soluble hydrophilic components derived from the cytosol of the donor cell (Thery et al.,
2009). Depending on physicochemical characteristics and donor organisms, these vesicles are generally referred to as ectosomes, exosomes, microvesicles, microvesicles, microparticles,
and others (Raposo & Stoorvogel, 2013). The membranous
vesicles from bacteria and archaea are commonly described
as membrane vesicles (MVs), whereas those from fungi and
mammals are called exosomes or shedding microvesicles
(Deatherage & Cookson, 2012).
Prokaryotic MVs mainly consist of the cell membrane and

typically range from 20 to 400 nm in diameter (Fig. 1) (Joffe
et al., 2016; Toyofuku et al., 2015). They allow the longdistance dissemination of prokaryotic products into the environment, inter-kingdom communication, maintenance of the
biofilm structure, and horizontal gene transfer (Pérez-Cruz
et al., 2015). Fungal exosomes are involved in the transport
of proteins, lipids, polysaccharides, and pigments into their
extracellular environment (Oliveira et al., 2010). This review
aims to highlight microscopic views of extracellular vesicles
of prokaryotes and eukaryotic microbes including archaea,
mycoplasmas, and yeasts. It can provide clues to unanswered
questions in microbial biology and pathogenicity in humans,
domestic animals, and plants.

GRAM-NEGATIVE BACTERIAL MVs
MVs have been rigorously studied from Gram-negative bacteria since first observed in the 1960s (Knox et al., 1966). All
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Fig. 1. Schematics of extracellular vesicles
of microbial cells. ERG, ergosterol; GlcConj, glycoconjugates; GSL, glycosphingolipids; LPS, lipopolysaccharide; OMP, outer
membrane protein. From Joffe et al., 2016
with permission from the publisher.
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types of Gram-negative bacteria have been known to produce
MVs, also referred to as outer MVs in case of Gram-negative
bacteria, in a variety of environments including planktonic
cultures, fresh and salt water, biofilms, inside eukaryotic cells,
and within mammalian hosts (Schwechheimer & Kuehn,
2015). For example, enterohemorrhagic Escherichia coli O157
produced MVs blebbing from the bacterial surface and liberated from the bacteria (Fig. 2A) (Bielaszewska et al., 2017).
Immunogold labeling revealed the presence of lipopolysac-

Fig. 2. Membrane vesicles of Gram-negative bacteria. (A) Transmission electron
micrograph of Escherichia coli (b) labeled
with anti-lipopolysaccharide antibody
and Protein A Gold. Subsets depict membrane vesicles. Bar=150 nm. (B) Scanning
electron micrograph of Xylella fastidiosa having membrane vesicles (arrows).
Bar=200 nm. A: from Bielaszewska et al.,
2017; B: from Ionescu et al., 2014 with
permission from the publisher.

charide probably derived from the bacterial outer membrane
on the vesicle surface.
Scanning electron microscopy unraveled MVs from the
xylem-limited bacterium Xylella fastidiosa (Fig. 2B) (Ionescu
et al., 2014). Some MVs were attached to cells, whereas others
were unattached in planktonic samples. When their MVs were
stained with DAPI and FM4-64 (lipophilic fluorescent dye),
they showed fluorescence, indicating the presence of DNA
and lipid in and on MVs (Ionescu et al., 2014).
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In addition, mycoplasmas (Class Mollicutes) are known to
naturally produce MVs during in vitro culture (Chernov et
al., 2014). Electron microscopy and atomic force microscopy
revealed the presence of MVs from Acholeplasma laidlawii
PG8 on the cell surface. They were spherical, bilayered, and
ranged from 70 to 120 nm in diameter.

GRAM-POSITIVE BACTERIAL MVs
Although discovered 30 years later than their Gram-negative
counterparts, Gram-positive bacterial MVs have been drawing attention in recent years (Liu et al., 2018). MVs derived
from Gram-positive bacteria are similarly sized (50 to 150 nm
in diameter) and are rich in membrane lipids as well as toxins
(Deatherage & Cookson, 2012). Microscopy of Gram-positive
bacteria including Bacillus subtilis, Staphylococcus aureus, and
Streptococcus pneumoniae showed the budding events and
protein localization in MVs (Liu et al., 2018).
Transmission electron microscopy of S. aureus revealed MVs
released from the cell surface (Fig. 3A) (Wang et al., 2018).
MVs pelleted after centrifugation were spherical and approximately 100 nm in diameter (Fig. 3B). Since Gram-positive
bacteria have a thick cell wall that consists of peptidoglycan,
how MVs are released is not well understood (Toyofuku et
al., 2015).

tures (Soler et al., 2008).
Transmission electron microscopy revealed MVs of Sulfolobus
solfataricus (Fig. 4) (Ellen et al., 2009). These vesicles showed
the proteinaceous S-layer presumably derived from the archaeal species. Archaeal MVs associated with DNA could be
confused with virions in environmental studies (Marguet et
al., 2013).

FUNGAL EXOSOMES
The baker’s yeast Saccharomyces cerevisiae is the most representative yeast widely used in a variety of food industry and
biotechnology. The fungal species is known to form exosomes
(Joffe et al., 2016). Transmission electron microscopy revealed
bilayered structures with varying electron density (Fig. 5)
(Oliveira et al., 2010). They are overall round or ovoid and

ARCHAEAL MVs
Belonging to the third domain of life on Earth, archaea are
prokaryotic single-cell organisms. Archaeal MVs range from
90 to 230 nm in diameter and contain membrane lipids and
surface (S)-layer proteins also derived from the archaeal cell
surface (Deatherage & Cookson, 2012). Thermococcus species
produce MVs by a budding process from the cell envelope,
similar to ectosome formation in eukaryotic cells (Marguet et
al., 2013). Strains of Pyrococcus and Thermococcus form various types of spherical MVs and unusual filamentous struc-

A

100 nm

Fig. 4. Transmission electron micrograph of membrane vesicles of Sulfolobus solfataricus. These vesicles are surrounded with surface-layer (arrow).
From Ellen et al., 2009 with permission from the publisher.

B

Fig. 3. Transmission electron micrographs
of membrane vesicles of Staphylococcus
aureus. (A) Membrane vesicles (arrow)
released from the cell. (B) Membrane vesicles pelleted by ultracentrifugation from
the bacterial culture. Bars=100 nm. A and
B: from Wang et al., 2018 with permission
from the publisher.
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approximately 100 nm in diameter. The mechanisms of exosome release across the complex molecular network of the
fungal cell wall remain still unclear (Joffe et al., 2016).
Furthermore, filamentous fungi also produce exosomes.
Scanning electron microscopy of Alternaria infectoria revealed
exosomes on the surface hyphae (Silva et al., 2014). Transmission electron microscopy showed membrane-associated
electron-dense vesicles, heavily pigmented vesicles, and
electron-dense vesicles (Silva et al., 2014). These vesicles are
approximately 20 nm in diameter.
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INTRACELLULAR VESICLES AND MINICELLS
Besides extracellular vesicles, bacteria unexpectedly form
intracellular vesicles. While no standard set of membranous
organelles is present in prokaryotes, some bacterial species
can possess membrane-bound compartments within the cells,
creating distinct microenvironments for a given task (Giessen
& Silver, 2016). Transmission electron microscopy of Agrobacterium tumefaciens revealed membrane-bound structures
with 100 nm in diameter (Fig. 6) (Seufferheld et al., 2011).
These vesicles are called acidocalcisomes, volutin or polyphosphate granules composed of phosphorus as polyphosphate and pyrophosphate as well as calcium (Giessen & Silver,
2016). They appear partially filled or empty vacuoles due to
the chemical fixation protocol that may facilitate diffusion of
the electron-dense material to the outside (Seufferheld et al.,
2011).
Small spherical cells, referred to as minicells, are produced
from a strain of E. coli (Martinez-Penafiel et al., 2012). The
strain harboring the prophage mEp021 displayed a variety of
abnormal phenotypes such as desiccated-like bacilli, minicells,
and vesicles. Although similar to MVs in shape, minicells appear as rosary-like structures and are approximately 400 nm
in diameter (Martinez-Penafiel et al., 2012).

MOLECULAR COMPOSITION OF MVs AND
FUNGAL EXOSOMES

Fig. 5. Transmission electron micrographs of membrane vesicles of Saccharomyces cerevisiae. (A-D) Exosomes. They are bilayered structures with
varying electron density. Bar=100 nm. A-D: from Oliveira et al., 2010
with permission from the publisher.

A

Given their formation from cell surfaces, it is natural to state
that MVs contain many components of the parent cell (Bitto
et al., 2017). In addition to membrane proteins, DNA, toxins,
and signaling molecules can be incorporated into the membrane or lumen of the MV (Deatherage & Cookson, 2012). To
confirm the presence of lipid and DNA, MVs of Pseudomonas
aeruginosa were stained with the lipophilic fluorescent dye

B

Fig. 6. Transmission electron micrographs
of Agrobacterium tumefaciens. (A) Cell
having the partially filled acidocalcisome
(arrow). (B) Cell having the empty acidocalcisome (arrow). A and B: from Seufferheld et al., 2011 with permission from the
publisher.
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MVs of Shewanella vesiculosa (Pérez-Cruz et al., 2013). Electron-dense gold particles with an antibody specific for DNA
were detected in the vesicles (Fig. 7D).
To check if MVs contain RNA, MVs of Vibrio cholerae were
disrupted and treated with RNA extraction and RNase
(Sjöström et al., 2015). No RNA was detected from the RNasetreated sample, implying that the MVs harbor RNA. Exosomes
of Cryptococcus neoformans and S. cerevisiae also contain RNA,
suggesting that exosomes may be determinants for various
biological processes such as intercellular communication and
pathogenesis (De Silva et al., 2015).

CONCLUSIONS
PM
OM

Fig. 7. Localization of DNA in membrane vesicles. (A-C) Super resolution
micrographs of membrane vesicles of Pseudomonas aeruginosa. (A) Membrane vesicles stained with the lipophilic fluorescent dye, DiO (green).
Bar=1 μm. (B) Membrane vesicles stained with the DNA-specific dye,
5- ethynyl-2-deoxuridine (EdU). (C) Merged image of (A) and (B). (D)
Transmission electron micrograph of membrane vesicles of Shewanella
vesiculosa. Electron-dense particles indicate gold particles with an antibody specific for DNA. OM, outer membrane; PM, plasma membrane.
A-C: from Bitto et al., 2017; D: from Pérez-Cruz et al., 2013 with permission from the publisher.

DiO and the DNA-specific dye [5- ethynyl-2-deoxuridine
(EdU)] (Bitto et al., 2017). Super resolution microscopy revealed the localization of lipid and DNA in the DiO and EdUstained MVs, respectively (Fig. 7A and B). The merged image
showed the colocalization of these macromolecules (Fig. 7C).
Immunogold labeling was performed to localize DNA in the

Microbes including bacteria, archaea, and fungi release nanosized membrane-bound structures into their extracellular
environment. These extracellular vesicles have been rigorously
investigated using a variety of microscopes. A variety of membrane remodeling proteins are involved in the biological process (Bohuszewicz et al., 2016). Since these vesicles are derived
from the cell envelope, it is crucial to employ in situ technique
for a better understanding of the cellular process occurring in
nature. Electron cryo-tomography and subtomogram averaging can be used to visualize the details of the vesicle genesis
and release at a near-native state. Elucidation of the nature of
microbial extracellular vesicles will provide novel insights into
the understanding of fundamental biological processes such
as gene transfer, biofilm formation, pathogenicity, and survival in nature.
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