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Gas vesicles are intracellular gas-filled protein-shelled nanocompartments. The structures
are spindle or cylinder-shaped, and typically 0.1~2 pm in length and 45~250 nm in width.
A variety of prokaryotes including photosynthetic bacteria and halophilic archaea form
gas vesicles in their cytoplasm. Gas vesicles provide cell buoyancy as flotation devices in
aqueous habitats. They are used as nanoscale molecular reporters for ultrasound imaging
for biomedical purposes. The structures in halophilic archaea are poorly resolved due
to the low signal-to-noise ratio from the high salt concentration in the medium. Such a
limitation can be overcome using focused ion beam-thinning or inelastically scattered
electrons. As the concentric bodies (~200 nm in diameter) in fungi possess gas-filled
cores, it is possible that the concept of gas vesicles could be applied to eukaryotic microbes
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INTRODUCTION

Gas vesicles are intracellular gas-filled protein-shelled
nanocompartments. Their function is to provide buoyancy
which allows aerophilic bacteria to float into oxygenated
surface waters (Walsby, 1994). They also enable cyanobacteria
to float up toward the light, stratifying in layers below the
water surface (Walsby, 1994). The gas vesicles collapse and
disappear when subjected to abrupt pressure increase (Ramsay
etal.,2011).

Mature gas vesicles are spindle or cylinder-shaped, and
typically 0.1~2 pm in length and 45~250 nm in width (Pfeifer,
2012) (Fig. 1A and B). They begin as a bicone (biconical
structure) and later become the mature forms of gas vesicles
(Fig. 1C). There are characteristic 4.6-nm striations or ‘ribs’
of the 7~8 kDa gas vesicle protein A that are perpendicular to
the long axis of the gas vesicles. The presence of gas vesicles
can reduce the volume of the cytoplasm during the later stage
of gas vesicle formation, which might help cells to survive
under stress conditions (Pfeifer, 2012) (Fig. 1D). Enclosed by
a 2 nm-thick hydrophobic protein shell, gas vesicles exclude
water by surface tension at the hydrophobic inner surface,
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but permit gas from outside to freely diffuse in and out of
their barrier (Shapiro et al., 2014; Walsby, 1994) (Fig. 1E).
Therefore, the gas within the vesicle is in equilibrium with the
gas dissolved in the cytoplasm or medium (Pfeifer, 2012). But
they are not considered to store gas as pressurized balloons.

Although gas vesicles are intensively studied in aquatic
microbes such as the cyanobacterium Anabaena flos-aquae
and the halophilic archaecon Halobacterium salinarum, they
have been also observed even in a soil microbe and an entero-
bacterium (Daviso et al., 2013). As microbial gas vesicle-like
structures, lipid- or protein-stabilized gas microbubbles have
been used as contrast agents for conventional ultrasound
imaging (Shapiro et al., 2014). However, the microbubbles
are prone to collapse and bubble fragmentation. There is a
growing need in ultrasound-modulated stable contrast agents
on the nanoscale or molecular reporters. Gas vesicles derived
from natural biological structures could be used as nanoscale
molecular reporters for ultrasound imaging, based on their
hollow interiors, gas permeability, buoyancy, and optical
scattering (Shapiro et al., 2014). Due to their nanoscale size,
gas vesicles could potentially exit the intravascular space into
solid tumors (Cherin et al., 2017). In addition, they could
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be employed as an antigen presenter for viral or pathogen
proteins (Pfeifer, 2015). This review focuses on the structure
and microscopy of the most representative gas vesicles in
microbes. It could provide a basis for a comprehensive
understanding and imaging platforms of microbial gas
vesicles for their further exploitation in life sciences and
nanotechnology.

166

Fig. 1. Gas vesicles. (A) and (B) Trans-
mission electron micrographs of gas
vesicles in Halobacterium salinarum.
Spindle-shaped gas vesicles in (A).
Isolated cylinder-shaped gas vesicles in
(B). (C) Morphogenesis of gas vesicles
from a bicone to a spindle- or cylinder-
shaped gas vesicle. (D) Groups of gas
vesicles. They form clusters during the
early stage of gas vesicle formation, and
fill the cells later. (E) Detailed diagram
of a gas vesicle. A gas nanocompartment
enclosed with a gas-permeable shell.
(A~D) Adapted from Pfeifer (2012)
and (E) from Shapiro et al. (2014), with
permission from the publisher.

45~250 nm

PROKARYOTIC GAS VESICLES

Bacterial Gas Vesicles

Many bacteria have been known to harbor gas vesicles in
their cytoplasm. They include cyanobacteria, anoxygenic
photosynthetic bacteria, cold-loving heterotrophic bacteria,
spore-forming bacteria, and so on (Pfeifer, 2012). A
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filamentous cyanobacterium A. flos-aquae forms gas vesicles
depending on the light intensity, showing more gas vesicles at
low light intensities to support an upward movement towards
the surface of the aqueous habitat than those at high light
intensities (Pfeifer, 2012).

Belonging to the Enterobacteriaceae, a gram-negative entero-
bacterium Serratia species possesses cylindrical gas vesicles
(Fig. 2A). When air was compressed to one-fifth of the
original syringe volume, only smaller, diamond-shaped gas
vesicles remained (Fig. 2B) (Ramsay et al., 2011). In contrast,
gas vesicles are absent in mutant cells deleted for the gas
vesicle gene clusters (Fig. 2C). Morphological heterogeneity
of gas vesicles occur even in single cells (Fig. 2D). The
enterobacterium is known to choose between flagellum-based
motility and gas vesicle-based flotation as mutually exclusive
taxis modes (Pfeifer, 2012).

Archaeal Gas Vesicles

Gas vesicles are frequently found in mesophilic archaea living
in high-salt environments. The vesicles help the cells to rise
from the bottom of the brine, where oxygen concentrations
are low (Pfeifer, 2012). Originally isolated as a contaminant
from salted fish in 1919, Hbt. salinarum is an extremely
halophilic archaeon (Pfeifer, 2015). To harvest light energy, the

Fig. 2. Transmission electron micrographs of gas vesicles in Serratia
species. (A) Wild-type cells. (B) Pressurized wild-type cells. (C) Mutant
cells deleted for the gas vesicle gene clusters. (D) Gas vesicles with
different widths. Bars=1 pm. (A~D) Adapted from Ramsay et al. (2011),
with permission from the publisher.
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species uses bacteriorhodopsin that forms crystalline purple
patches in the cytoplasmic membrane (Pfeifer, 2015). Gas
vesicle-containing cells show pink, opaque colonies on solid
media due to the light-interacting properties of gas vesicles;
however, cells without gas vesicles form red, transparent
colonies (Fig. 3A).

Hbt. salinarum grows optimally in media containing 4.3
M NaCl which are far from common isosmotic solutions
supplemented with ca. 0.14 M NaCl for mostly mammalian
cells (Bollschweiler et al., 2017). Cryo-transmission electron
microscopy of Hbt. salinarum is challenging due to the low
signal-to-noise ratio derived from the exceptionally high

Fig. 3. Gas vesicles in Halobacterium salinarum. (A) Colonies on a solid
medium. Pink, opaque colonies from gas vesicle-containing cells; a red,
transparent colony from gas vesicle-deficient cells. (B) Cryo-transmission
electron micrograph of cells in 3 M NaCl plus 81 mM MgSO,. The image
has the low signal-to-noise ratio due to the high concentration of NaCl.
(C) Cryo-transmission electron micrograph of a focused ion beam-
thinned cell in 3 M NaCl plus 81 mM MgSO,. The periodicity of the gas
vesicle is clearly discerned. (A) Adapted from Pfeifer (2015), (B, C) from
Bollschweiler et al. (2017), with permission from the publisher.
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salt concentration in the medium and cytoplasm (Fig. 3B).
To overcome this limitation, cryo-focused ion beam (FIB)
milling was employed to thin intact vitrified cells, leading to a
better image quality with a resolved vesicle ultrastructure (Fig.
3C).

An alternative to the cryo-FIB milling is the application of
inelastically scattered electron imaging rather than the most
commonly used zero-loss imaging (Kim, 2009). The high
salt concentration apparently increases the frequencies of
inelastic electron scattering, resulting in the position shift
of the highest peak of transmitted electrons. For a higher
signal-to-noise ratio in image acquisition, the slit position
of an installed energy filter should be shifted toward the low
or high-loss region. Such a modification in energy filtering
for halophilic archaea can unravel structural details of gas
vesicles hidden in poorly resolved micrographs when cryo-
FIB milling is not available.

PUTATIVE EUKARYOTIC GAS VESICLES

Fungal Gas Vesicles

Little information is available on the occurrence of gas
vesicles in eukaryotes. However, there are some candidates
for putative gas vesicles found in the cytoplasm of eukaryotes.
Their proposed structure and functions are similar to those
of prokaryotic gas vesicles. Once referred to as ellipsoidal
bodies, concentric bodies are found in a variety of fungi (Fig.
4A). They are round in shape and ca. 200 nm in diameter
(Kim & Kim, 2017). The structures are composed of a gas-
filled electron-transparent core and an electron-dense shell
with a radiating fibrillar sheath (Fig. 4B). They have been
speculated to be involved in cytoplasmic cavitation processes
for desiccation tolerance by keeping desiccation-inflicted
fungal protoplasts in contact with cell walls (Kim et al.,
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2004). It is possible that concentric bodies might function as
nanobubbles (<1 um in diameter) or gas vesicles in the fungal
cytoplasm (Kim & Kim, 2017). It was conceived by freeze-
etching results that concentric bodies have a gas-filled center
surrounded by proteinaceous material (Honegger, 2007).
However, the chemical compositions of concentric bodies
were not elucidated thoroughly.

Concentric bodies appear partially similar to gas-filled
liposomes synthesized in vitro in morphology (Fig. 5A). The
gas-filled liposomes are round in shape and ca. 195 nm in
diameter after negative staining in transmission electron
micrographs. In particular, the gas-filled liposomes are
characterized by multilayers of different electron densities
after gas encapsulation and bubble coalescence. Phospholipids
in nanobubble solutions could be assembled to form
multilayer gas-filled liposomes (Tian et al., 2015) (Fig. 5B).
However, we do not exclude the possibility that a gas-filled
core of concentric bodies is enclosed with proteinaceous
materials. Further studies will be performed to unravel the
structural details of vitrified concentric bodies in fungi using
cryo-FIB milling.

CONCLUSIONS

Gas vesicles have been intensively studied in the domains
of bacteria and archaea. The spindle or cylinder-shaped
structures are nanocompartments where the gas in the
vesicles is in equilibrium with that in the cytoplasm. Apart
from buoyancy-associated archetypal gas vesicles in aquatic
cyanobacteria and halophilic archaea, mobility-associated gas
vesicles regulated by oxygen availability and quorum-sensing
mechanism have been characterized in an enterobacterium.
These instances imply the prevalent occurrence of gas vesicles
in prokaryotes. However, there is a scarcity of studies on the

Fig. 4. Transmission electron micro-
graphs of sooty molds on crape myrtle
leaves. (A) Cluster of concentric bodies.
M, mitochondrium. Bar=500 nm. (B)
Higher magnification of concentric
bodies. Bar=200 nm. (A, B) Adapted from
Kim & Kim (2017), with permission from
the publisher.
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Fig. 5. Gas-filled liposomes. (A) Transmission electron micrographs at different reaction time points. Bars=100 nm. (B) Schematic diagram of the
hypothetical formation. Blue=gas core. Red=phospholipids. (A, B) Adapted from Tian et al. (2015), with permission from the publisher.

occurrence of gas vesicles in eukaryotes. Globose structures
(ca. 200 nm in diameter) with gas-filled cores, commonly
called concentric bodies, have been reported mostly from
lichenized fungi. Considering that the gas-filled core is a
requisite for gas vesicles, the concentric bodies could be
referred to as putative gas vesicles in eukaryotes. Furthermore,
concentric bodies are partially similar to gas-filled liposomes
synthesized in vitro, based on their shape, size, and multilayers
of different electron densities. To characterize the structural
details of microbial gas vesicles, in situ thinning and energy-
filtering for enhanced signals of inelastically scattered
electrons await further investigations. The occurrence of gas

vesicles might not be confined to the domains of bacteria and
archaea.
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