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Autophagosome biogenesis, from the appearance of the phagophore to elonga-
tion and closure into an autophagosome, is one of the long-lasting open ques-
tions in the autophagy field. Recent studies utilising cryo-electron tomography
and detailed analysis of the image data have revealed new information on the
membrane dynamics of these events, including the shape and dimensions of ome-
gasomes, phagophores and autophagosomes, and their relationships with the
organelles around them. One of the important predictions from the new results
is that 60-80% of the autophagosome membrane area is delivered by direct lipid
transfer or lipid synthesis. Cryo-electron tomography can be expected to pro-

vide new directions for autophagy research in the near future.
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Autophagosome biogenesis involves membrane dynam-
ics that is not fully understood. Autophagosomes are
known to be formed by phagophores, flat membrane
cisterns that elongate and wrap around the cytoplasmic
cargo. The closure of the rim of the phagophore com-
pletes the formation of a double-membrane limited
autophagosome. Electron microscopy has revealed that
phagophores emerge close to the endoplasmic reticulum
(ER) and can have membrane contact sites or continui-
ties with the ER [1,2]. Live-cell imaging was used to
show that autophagosome biogenesis occurs in ER sub-
domains called omegasomes, omega-shaped structures
positive for the protein DFCP1 [3]. In conventional elec-
tron microscopy samples, omegasomes were described
to consist of tubular/vesicular or cisternal connections
between the ER and the phagophore [4,5].

The autophagy protein ATG9Y is essential for autop-
hagosome biogenesis; ATG9-positive vesicles form
seeds for phagophore initiation [6,7]. The elongation of
the phagophore membrane is mediated by lipid transfer
from the ER by ATG2 (Atg2 in yeast) [8,9], which is a
rod-shaped lipid transfer protein [8,10-12]. In yeast,
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also Vpsl3 functions to assist lipid transfer to growing
phagophores [13]. The lipid transfer from the ER is
facilitated by two ER-associated scramblases, VMP1
and TMEM41B [14]. In yeast, Atg9 is needed for Atg2-
dependent contact sites between the ER and the phago-
phore [15]. The association of the mammalian ATG9A
with ATG2 (ATG2A and ATG2B) is crucial for phago-
phore biogenesis [16]. ATG9A functions as a scram-
blase that mediates lipid translocation from the
cytoplasmic to luminal leaflet of the lipid bilayer [17,18].
ATG?2 proteins are thought to transport lipids from the
ER to the cytoplasmic leaflet of the growing phago-
phore membrane. ATG9A could then distribute the
lipids to the luminal leaflet in order to facilitate phago-
phore elongation (reviewed in [19]).

Autophagosome biogenesis is a relatively rapid pro-
cess. Therefore, ultrastructural details of the membrane
dynamics are difficult to capture by electron microscopy
using conventional sample preparation involving chemi-
cal fixation. Chemically fixed samples also need dehy-
dration that causes further alterations in the
morphology of membrane-bound organelles. Recent

ER, endoplasmic reticulum; ET, electron tomography; SCV, Salmonella-containing vacuole.
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studies performed using the advanced sample prepara-
tion technique called cryo-electron tomography (cryo-
ET) [20-22] (Fig. 1) have revealed previously unknown
features of phagophore morphology and the connec-
tions of phagophores with the ER. This technique uti-
lises cryofixation, which relies on vitrification of the
cells into amorphous ice within milliseconds [23,24].
Cryofixation has several advantages compared to chem-
ical fixation. Firstly, it is able to capture very short-lived
events. Secondly, it immobilizes all macromolecules
simultaneously, unlike chemical fixation that immobi-
lizes lipids and carbohydrates incompletely. Thirdly,
cryofixation is free of so-called fixation artefacts and
alterations caused by dehydration, which mainly affect
lipid-rich structures such as biological membranes [24].
After cryofixation, the samples are imaged without fur-
ther sample preparation, excluding possible thinning
with focused ion beam milling in order to make the sam-
ple thin enough for the electron beam to pass through
(Fig. 1). Three-dimensional information is collected
using cryo-ET by tilting the sample in the cryo-electron
microscope in order to acquire images in different angles
[20,25]. The tilt-series images are then combined to cre-
ate three-dimensional reconstruction images of the sam-
ple. The correlation of fluorescence and electron
microscopy images can be used to enable localisation
and identification of the rear and short-lived nascent
phagophores in cells [21]. This article summarises recent
findings on autophagosome biogenesis and morphology
made using cryo-ET.

Novel features of phagophore
morphology in starvation-induced
autophagy

Bieber et al. [26] analysed phagophore morphology in
the yeast Saccharomyces cerevisiae. Autophagy was
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induced by nitrogen starvation, and phagophores were
identified using overexpression of fluorescent-protein
tagged Atg8, a marker for both phagophores and
autophagosomes. Alternatively, identification was
assisted by overexpressing GFP-tagged selective autop-
hagy substrate Edel, either alone on together with
mCherry-tagged Atg8. The earliest phagophores were
observed as slightly bent flat membrane cisterns
(Fig. 2A,B). More elongated phagophores and closed
autophagosomes were also imaged and analysed. By
comparing the density of ribosomes inside and outside
the elongating phagophores, Bieber er al. concluded
that under nitrogen starvation, phagophores engulf
cytosol nonselectively, without a detectable cargo that
could serve as a template.

Further, Bieber et al. [26] quantitatively analysed
the morphology of phagophores and autophago-
somes. Autophagosomes were observed to be almost
perfectly spherical while phagophores were elongated,
assuming a more ellipsoidal shape. The distance
between the inner and outer membrane was measured
and quantified. Interestingly, the analysis revealed
that the intermembrane distance of phagophores
decreased during autophagosome biogenesis. Further,
the intermembrane distance of autophagic membranes
was observed to be significantly smaller than in mito-
chondria, the nuclear membrane and ER sheets. In
closed autophagosomes, the distance between the two
limiting membranes was uniform 9-11 nm. The ratio
of total membrane area to intermembrane lumen vol-
ume of autophagosomes was calculated to be 0.53 +
0.10 nm~'. Two processes have been suggested to
support phagophore elongation, vesicle fusion and
direct lipid transfer, of which only vesicle fusion can
add volume to the intermembrane space. Taking into
account the size of the vesicles that are thought to
deliver membrane to phagophores, Atg9 vesicles and

Cells on EM grids

Vitrification in liquid ethane

Thinning by focused ion beam milling

Cryo electron tomography

Fig. 1. Workflow for cryo-ET. Cells are grown on an electron microscopy grid or attached to the grid if grown in suspension. The cells are
vitrified using either plunge freezing in liquid ethane or high-pressure freezing (not shown). Thin areas in the cell periphery of adherent cells
can be imaged with ET without thinning. Thicker regions of the cells need to be thinned using focused ion beam milling, after which a thin
lamella of cytoplasm is left. Cryo fluorescence microscopy after vitrification and thinning can be used to locate structures of interest in cor-
relative light-electron microscopy workflow (not shown). The figure is reproduced, with permission from the corresponding author, from fig.
3A in Weber et al. [44], published under CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 2. Cryo-ET images of early phagophores in Saccharomyces (A, B) and Hela cells (C, D). (A, B) A tomographic slice showing a phago-
phore in yeast (A). A three-dimensional model of the region shown in panel A (B, note that the image is upside down compared to panel A).
The phagophore is in orange. V, vacuole. Scale bar, 200 nm. Panels A and B are reproduced, with modifications and with permission from
the authors, from fig. 1E,l in Bieber et al. [26], published under CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/).
(C, D) The red arrowheads indicate early phagophores (P) in Hela cells. The three-dimensional models of the phagophores in C and D are
shown on the right. Scale bars, 20 nm. Panels C and D are reproduced, with permission from the corresponding author, from fig. 1F in Li
et al. [27], published under CC BY license (https://creativecommons.org/licenses/by/4.0/).

COPII vesicles, as well as the observed intermem-
brane space of autophagosomes, Bieber er al. con-
cluded that wvesicle fusion would not contribute
enough membrane to build the whole autophago-
some. The data thus suggested that 60-80% of the
membrane area is delivered by direct lipid transfer or
lipid synthesis.

Bieber et al. [26] also reported novel features on the
phagophore membrane morphology. The phagophore
rims were observed to be dilated (Fig. 2A). Detailed
analysis using artificial, nondilated rims showed that
dilation decreases the bending energy at the rim, which
is likely to help in stabilising the open phagophore.
The dilated rims of phagophores were also observed in
cryo-ET samples of HeLa cells during selective autop-
hagy of intracellular bacteria [27]. In HeLa cells, the
rim dilation was even more pronounced than in yeast
(Fig. 2C,D). Phagophore rim dilation is also visible in
cryo-ET images of HeLa cells undergoing selective
autophagy of protein condensates in Ref. [28],
although this study did not analyse the rim
morphology.

Cryo-ET revealed details on
phagophore membrane contact sites

Bieber et al. [26] analysed the contacts of the phago-
phores with other organelles in detail. Contacts were
defined as a minimum distance of 100 nm or less
between the two membranes. Membrane deformations
in the phagophore were assumed to indicate specific
interaction between the phagophore and the other
organelle because deformations imply that additional
forces have caused them. In agreement with previous
knowledge, cryo-ET revealed contacts between phago-
phores and the vacuole. Novel aspects of the vacuole-
phagophore membrane contact sites were reported.
Firstly, contacts were observed exclusively between the
back and side of the phagophore, while the rim made
no contact with the vacuole. In half of the contacts,
the phagophore membrane showed deformations,
including a peak-like extension towards the vacuole, or
close contact with the vacuole over an extended area.
These findings support the notion that phagophores
are physically tethered to the vacuole.
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The phagophore rims were frequently observed in
contact with the ER or nuclear membrane in yeast
cells [26]. No strong deformations were observed in
phagophore rims close to the ER (Fig. 3A) while con-
tacts with the nuclear membrane showed deformation
of the rim towards the nuclear membrane (Fig. 3B).
The frequent contacts between the phagophore rim
and ER are in agreement with the proposed lipid
transfer from the ER to the phagophore [9,12]. In part
of the cryo tomograms, the phagophore rim and the
ER or nuclear membrane were connected by stick-like
structures that were 17 & 3 nm long (Fig. 3A,B,A’,B)
[26], which is close to the length of yeast Atg2 [29].
The stick-shaped structures were, however, too heter-
ogenous and rare to allow more detailed analysis by
subtomogram averaging. Notably, similar stick-like
16-21 nm long connections between the phagophore
rim and ER were reported by Carter et al. [28] by
cryo-ET of selective autophagy of protein condensates
in HeLa cells. Further, Li er al. [27] frequently
observed membrane contact sites between the phago-
phore rim and ER by cryo-ET of selective autophagy
of intracellular bacteria in HeLa cells. The contact
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sites were occupied by stick-like densities that con-
nected the two organelles (Fig. 3C). The average
length of the densities was 19.0 + 3.9 nm, which is
close to the length of the mammalian ATG2 protein
[30]. In addition, Li et al. [27] also observed other
types of densities between the dilated phagophore rims
and ER, suggesting that several types of membrane
contact sites may exist between the phagophore
and ER.

Lipid droplets have also been suggested to deliver
additional lipids for phagophore elongation [31]. In
cryo-ET images of yeast, Bieber er al. [26] observed
lipid droplets next to phagophores, but they did not
show a preferred interaction site in the phagophores.
Occasional deformations were observed in the phago-
phore membrane in these contact sites, which suggests
that the contacts may be rare but functional.

Novel features of phagophores and
omegasomes in selective autophagy

Liet al. [27] used cryo-ET to analyse the three-dimensional
morphology of phagophores and autophagosomes in

Stick-shaped density ER

Fig. 3. Cryo-ET images and a model of membrane contact sites between phagophore rims and the ER in Saccharomyces (A, A’, B, B’) and
Hela cells (C). (A, B) Tomographic slices showing stick-like connections between the phagophore rim and ER (A) or the phagophore rim
and the nuclear membrane (B) in yeast (boxes). The boxed areas are enlarged in panels A" and B’, where the stick-like structures are indi-
cated by arrows. Bars in A and B, 100 nm. Panels A, A, B and B’ are reproduced, with modifications and with permission from the authors,
from fig. 4E(i),F(i) in Bieber et al. [26], published under CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/). (C) A
three-dimensional model of a membrane contact site between the phagophore rim (red) and ER (blue) in a Hela cell. The stick-like struc-
tures connecting the phagophore rim and ER are in yellow. Panel C is a screenshot from movie S4 in Li et al. [27], published under CC BY
license (https://creativecommons.org/licenses/by/4.0/). Reproduction with permission from the corresponding author.
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HeLa cells during selective autophagy of intracellular
Salmonella. Salmonella bacteria enter the host cells by
phagocytosis, and then reside inside Salmonella-
containing vacuoles (SCVs). Rupture of the SCV lim-
iting membrane exposes the bacteria to the cytosol,
which initiates a selective autophagy process [32]. Li
et al. used expression of GFP-tagged LC3B to iden-
tify phagophores in correlative light-electron micros-
copy workflow. The earliest observed LC3B-positive
phagophores were disc-shaped, unlike the bent phago-
phores observed in yeast cells by Bieber et al. [26]
(Fig. 2A-D). In addition, Li et al. [27] observed gran-
ular electron densities inside the dilated rims of the
phagophores, suggesting that proteins may exist in
this space. Multiple phagophores were observed
around the same bacterium or ruptured SCV, which
suggests that the autophagosome may be formed by
fusion of several phagophores initiated simulta-
neously. In some cases, phagophores were seen on
top of existing phagophores. The average distance
between the cargo surface and the phagophore was
39.7 £ 10.7 nm for SCV and 37.0 £ 8.5 nm for the
bacterial outer membrane, indicating a close connec-
tion between the phagophore and cargo.

Li et al. [27] further used the omegasome marker
DFCP1 with mCherry tag in order to study the mor-
phology of these elusive structures in cryo-ET samples.
Special types of cisternal elements were observed to
correspond the DFCP1 fluorescence in cryo-ET sam-
ples; they were called omegasome-like structures. The
omegasome-like cisterns showed an ER-like appear-
ance, but unlike ER, they had an electron-lucent inter-
membrane lumen, which was also typical for
phagophores. Unlike phagophores, the omegasome-
like structures showed no internal granular densities
inside the rims. The omegasome-like structures were,
however, tightly associated with the ER, but no direct
membrane continuity with ER was observed. Instead,
varying types of electron densities were found to con-
nect the omegasome-like cisterns with the ER, suggest-
ing some type(s) of membrane contact sites. The
intermembrane distance of the DFCP1-positive struc-
tures was 23.1 + 4.7 nm, which is larger than that in
elongated phagophores having the intermembrane dis-
tance of 12.6 = 1.2 nm. The omegasome-like cisterns
were located 52.7 + 13.5 nm from the ruptured SCV
or bacterial outer membrane, which is further away
than the phagophores (37.0-39.7 nm, see above). The
limited tomogram volume in cryo-ET did not allow
the visualisation of the whole omegasome volumes
[27]. Therefore, it was not possible to study whether
the omegasome-like structures formed an omega-
shaped arrangement described by live-cell imaging by

Cryo-ET elucidates autophagosome biogenesis

Axe et al. [3]. Notably, the cisternal morphology of
the omegasome-like structures described by Li et al.
[27] using cryo-ET of selective autophagy differs from
the vesicular-tubular ultrastructure described by
Uemura et al. [4] for DFCP1-positive omegasomes in
starvation-induced autophagy in chemically fixed
mouse embryonic fibroblasts. However, Gudmundsson
et al. [5] described cistern-like morphology for
DFCPl-positive omegasomes in chemically fixed
HEK?293 cells in starvation-induced autophagy. Thus,
it is possible that the morphology of omegasomes may
differ between different cell types.

Vault complexes and hexagonal nets
undergo selective autophagy

Vaults are 70 x 30 nm ellipsoidal ribonucleoprotein
complexes. They localise in the cytoplasm and nucleus
and house noncoding vault RNAs that are important
for autophagy regulation [33]. Vault RNAs directly
bind the autophagy receptor protein p62/SQSTMI,
thus interfering its oligomerization, which in turn is
important for the function of p62 in autophagy.
TRIMS5a forms cytoplasmic bodies that play a role in
restricting retroviral infections, and it has been shown
to act as a selective autophagy receptor for viral capsid
protein [34]. Carter et al. [28] used cryo-ET of HeLa
cells overexpressing YFP-tagged TRIMS5a to study
selective autophagy of TRIMS5a and the localisation of
vaults during this process. Because vaults have a
unique morphology, they were readily identifiable in
the cryo-ET images [28]. Notably, while no vaults were
seen in control cells not expressing YFP-tagged
TRIMS5a, they were frequently observed in the cells
overexpressing YFP-tagged TRIMSa. Vaults were
observed in the cytoplasm, as well as inside protein
condensates (called sequestosomes), and inside phago-
phores, autophagosomes and autolysosomes. Carter
et al. [28] concluded that vaults are recruited before
the formation of visible sequestosomes, which is in
agreement with their interaction with p62. Interest-
ingly, the sequestosome condensates that correlated
with YFP-tagged TRIMS5a fluorescence, showed a hex-
agonal net structure with a lattice spacing of 29 nm
from the centre of one hexagon to the centre of the
next one. This lattice spacing is similar to that formed
by purified TRIM5a hexamers [35]. The results showed
that TRIMS5a forms hexagonal lattices in the cytoplas-
mic sequestosomes, that the sequestosomes also con-
tain vaults, and that they can undergo selective
autophagy. Future studies are needed to decipher the
exact function of the hexagonal TRIMS5a nets in selec-
tive autophagy.
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Conclusions and perspectives

Because most biological samples are too thick for
direct imaging in transmission electron microscopy,
focused ion beam milling is used to prepare lamellae
of 300 nm thickness or less to enable cryo-ET. This
process is time-consuming and prone to contamina-
tion, and the number of lamellae that can be prepared
from one grid is limited [36]. Recent technology
advances in the cryo correlative light-electron micros-
copy equipment [37] and preparation of the thin lamel-
lae, including automated and streamlined cryo focused
ion beam milling [38,39] and plasma-focused ion beam
milling [36] can be expected to facilitate faster prepara-
tion of lamellae with less contamination. These
advances will increase the availability of cryo-ET and
allow it to be used for addressing questions that need
high throughput. Further, cryo-ET can also be applied
to study samples from multicellular organisms, using
high-pressure freezing to vitrify the specimen and a
technology called lift-out to extract lamellae from tar-
geted regions [40].

Cryo-ET has revealed novel morphologic features of
phagophores that were not possible to reliable acquire
using chemically fixed samples, including the unique
intermembrane spacing of phagophores and autopha-
gosome limiting membranes, as well as the dilated rims
of the phagophores. These novel findings enabled
important predictions on the delivery of lipids for pha-
gophore elongation. Stick-like connections between the
phagophores and ER have also been reported using
chemically fixed samples [5,41], but they have now
been reliably confirmed and further defined using cryo-
ET. Cryo-ET, subtomogram averaging and molecular
modelling were recently used to solve the three-
dimensional molecular organization of the ER-
mitochondria encounter structure forming connections
between the ER and mitochondria in yeast cells [42].
Similar approaches can be expected to solve the molec-
ular identity of the phagophore-ER contact sites in the
near future.

Due to the recent technology advances, cryo-ET can
be expected to facilitate addressing several of the
unsolved questions in phagophore biogenesis and
autophagy [43]. These questions include the
morphology of the earliest phagophore precursors and
the relationship of ATG9 and COPII vesicles to pha-
gophore initiation and elongation; the functional rela-
tionship of ATGY9, ATG2 and their binding partners
in the phagophore-ER contact sites; the role and
molecular organisation of other organelles and mem-
brane contact sites in the initiation and elongation of
phagophores; the mechanism and molecular machinery

E.-L. Eskelinen

of autophagosome closure; and the role and molecular
organisation of autophagy receptors in antiviral autop-
hagy and other types of selective autophagy.
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