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Abstract
Endomembrane trafficking is essential for all eukaryotic cells. The best-characterized membrane trafficking organelles include the
endoplasmic reticulum (ER), Golgi apparatus, early and recycling endosomes, multivesicular body, or late endosome, lysosome/
vacuole, and plasma membrane. Although historically plants have given rise to cell biology, our understanding of membrane traf-
ficking has mainly been shaped by the much more studied mammalian and yeast models. Whereas organelles and major protein
families that regulate endomembrane trafficking are largely conserved across all eukaryotes, exciting variations are emerging from
advances in plant cell biology research. In this review, we summarize the current state of knowledge on plant endomembrane
trafficking, with a focus on four distinct trafficking pathways: ER-to-Golgi transport, endocytosis, trans-Golgi network-to-vacuole
transport, and autophagy. We acknowledge the conservation and commonalities in the trafficking machinery across species,
with emphasis on diversity and plant-specific features. Understanding the function of organelles and the trafficking machinery
currently nonexistent in well-known model organisms will provide great opportunities to acquire new insights into the funda-
mental cellular process of membrane trafficking.

Introduction

Eukaryotic cells contain a multitude of highly dynamic and
interconnected membrane compartments comprising the
membrane trafficking system. Despite their astonishing com-

plexity, the distribution and dynamics of these membrane
compartments are highly organized and regulated. The

membrane trafficking system underpins the export and up-
take of extracellular material, remodeling and signaling at
the cell interface, intracellular targeting, and maintenance of
internal compartmentalization. Although the organization of
the membrane trafficking system, including the endoplasmic
reticulum (ER), the Golgi apparatus, endosomes, and lytic
compartments, is conserved among eukaryotes, vascular
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plants display distinct organizational characteristics that may
necessitate adaptive specializations. The plant endomem-
brane system is considerably more complex than that of
unicellular yeasts and is characterized by expanded protein
families that increase the specificity of diverse vesicular traf-
ficking processes as well as by plant-specific features that
have evolved as adaptation strategies to support at best the
plant lifestyle.
Excellent reviews recently covering the plant ER structure

(Kriechbaumer and Brandizzi, 2020), the Golgi apparatus
(Robinson, 2020), and the trans-Golgi network (TGN)
(Renna and Brandizzi, 2020) document the important differ-
ences between plant and mammalian organelles. Briefly, the
plant Golgi apparatus is polydisperse, with individual motile
Golgi stacks remaining throughout mitosis, while it is immo-
bile in mammalian cells, disassembled during mitosis, and of-
ten appears as a perinuclear ribbon of interconnected Golgi
stacks (Saraste and Prydz, 2019). Plant cells also lack an in-
termediate compartment between the ER and the Golgi ap-
paratus. Nevertheless, entry into the Golgi complex in plants
has been proposed to occur through the so-called Golgi
Entry Core Compartment, which may be the structure that
initiates the first cis-Golgi cisterna, although further charac-
terization is still needed (Ito et al., 2018; Ito and Boutté,
2020). Another compartment with unique features in plant
cells is the TGN, a multitasking and versatile organelle that
is very distinct from its mammalian counterpart (Rosquete
et al., 2018; Renna and Brandizzi, 2020). The TGN is a sorting
hub for post-Golgi trafficking pathways that deliver cargo to
the plasma membrane (PM) and the vacuole or to the cell
plate during cytokinesis. In contrast to its mammalian coun-
terpart, the plant TGN is also involved in the trafficking/
recycling of endosomal material and functions as an early
endosome (EE), being at the interface of the secretory and
endocytic pathways (Viotti et al., 2010). Morphologically, the
mammalian TGN is defined as a specific compartment of
the trans-most cisterna of the Golgi apparatus, whereas the
plant TGN can be described as a cluster of tubules and
vesicles (mainly clathrin-coated vesicles [CCVs]) and occurs
as the Golgi-associated (GA) TGN, located on the trans-side
of the Golgi apparatus, and the Golgi-independent (GI)
TGN, which are physically detached from the Golgi stacks
and, thus, are independent organelles (Kang et al., 2011;
Uemura et al., 2014; Rosquete et al., 2018; Renna and
Brandizzi, 2020). In plants, the Golgi apparatus and the TGN
play a specialized role in the biosynthesis and sorting of cell
wall components, including biosynthetic enzymes, structural
proteins, and the matrix polysaccharides hemicellulose and
pectin (for a review, see Sinclair et al., 2018).
Membrane trafficking is an active area of plant research

and remarkable progress has been achieved mainly by
means of the multicellular plant Arabidopsis (Arabidopsis
thaliana) as a model for cell biological, biochemical, and
functional studies. In plant cells, the membrane trafficking
system comprises several major trafficking pathways,

including the biosynthetic secretory pathway, the most ex-
tensively studied clathrin-mediated endocytosis (CME) path-
way, and the vacuolar transport pathway. The biosynthetic
secretory pathway transports newly biosynthesized proteins
from the ER through the Golgi to the PM and/or the extra-
cellular space. Conversely, receptors and transporters are
endocytosed from the PM to the TGN/EEs and are either
recycled or targeted to the vacuole for degradation through
prevacuolar compartments (PVCs), also named multivesicu-
lar bodies (MVBs) or late endosomes (LEs). The vacuolar
transport pathway drives the newly synthesized protein to
the vacuole (Figure 1).
This review summarizes the current knowledge on plant

membrane trafficking with emphasis on four distinct mem-
brane trafficking pathways (Figure 1). We first describe the
ER–Golgi pathway and then focus on the endocytic and the
TGN-to-vacuole transport pathways. We will not cover exo-
cytosis or recycling because these topics were recently
reviewed (Rodriguez-Furlan et al., 2019a). Although autoph-
agy is an intracellular catabolic pathway important for main-
taining cellular homeostasis, membrane trafficking events
are involved in the biogenesis and further maturation of the
autophagosomes. Therefore, we also discuss autophagy as a
separate trafficking pathway in plants.

ER–Golgi trafficking
Trafficking between the ER and the Golgi apparatus involves
Coat Protein I (COPI)- and COPII-coated vesicles, although
the nature of COPII carriers (vesicles or tubules) is still con-
troversial. Indeed, the existence of standard COPII vesicles
was recently challenged in mammalian cells (Phuyal and
Farhan, 2021; Shomron et al., 2021; Weigel et al., 2021) and
is also a controversial issue in plant cells (for a detailed dis-
cussion, see Robinson et al., 2015). Export from the ER

Figure 1 Endomembrane trafficking in plants. Major protein traffick-
ing pathways in the endomembrane system include the biosynthetic
routes for secreted proteins and those destined to the vacuole, involv-
ing vesicle trafficking and compartment maturation between the ER,
Golgi apparatus, TGN, and the prevacuolar compartment (PVC)/
MVB. The endocytic pathway removes PM proteins and delivers them
to the TGN, where they are sorted to be either recycled back to the
PM or intended for degradation in the vacuole. The endocytic and
biosynthetic routes converge at the TGN, a main hub for protein sort-
ing. Autophagosomes are formed de novo in the cytoplasm and en-
close cellular components, including organelles. Fusion with the
vacuole results in autophagosome cargo degradation.
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occurs at specialized regions called ER exit/export sites
(ERES), which are the sites where COPII proteins are
recruited to mediate transport from the ER to the Golgi ap-
paratus (Brandizzi, 2018 and references therein). Using a dy-
namic three-dimensional (3D) visualization of the
compartments of the early secretory pathway, the ERES of
mammalian cells have been shown to consist of an interwo-
ven, tubular network extending from the ER, with the
boundary between ER and ERES defined by a COPII collar
(Shomron et al., 2021; Weigel et al., 2021). COPII and COPI
have been suggested to act sequentially at ERES for ER-to-
Golgi transport, that is, COPII concentrates at the ERES neck
and regulates cargo sorting into ERES (rather than coating
transport carriers), whereas COPI acts more distally and
appears to be involved in the last step of anterograde ER-to-
Golgi transport (Shomron et al., 2021; Weigel et al., 2021). In
plants, COPII-containing ERES are continuously associated
with motile Golgi stacks, suggesting that they form a secre-
tory unit (daSilva et al., 2004; Brandizzi, 2018). ERES are spe-
cifically labeled by SECRETORY 16A (SEC16A), which
functions as a scaffold to facilitate COPII assembly and
largely overlaps with COPII subunits (Takagi et al., 2013).
Many ERES are tightly linked with the cis-face of Golgi
stacks, as revealed by colocalization with fluorescent Golgi
markers, but non-Golgi-associated ERES have been found as
well (Hanton et al., 2009; Brandizzi, 2018). However, COPII
budding profiles observed in plants at the ultrastructural
level are solitary events and not strictly situated underneath
a Golgi stack (Robinson, 2020). Recently, free ERES with
forming COPII vesicles have been proposed to move around
the ER membrane for cargo loading, whereafter COPII-
bound ERES are captured by a Golgi stack in an ER cavity,
from which COPII vesicles bud from the ERES and fuse with
the cis-Golgi cisterna, with the final release of ERES from the
Golgi stacks for recycling. This dynamic ERES cycling may
contribute to an efficient ER–Golgi trafficking in plants
(Takagi et al., 2020).
The Golgi-to-ER transport is mediated by COPI vesicles

and the ER domain in which these retrograde carriers fuse
has been determined by the localization of fluorescently
tagged homologs of mammalian COPI-tethering factors
(Lerich et al., 2012; see Robinson, 2020, for a detailed discus-
sion). The ER import/arrival sites (ERIS/ERAS) appear to as-
sociate with the ERES at the ER membrane immediately
underneath the cis-Golgi cisterna, thus generating bidirec-
tional transport portals at the ER–Golgi interface (Roy
Chowdhury et al., 2020), which is in agreement with the se-
cretory unit concept (Brandizzi, 2018).

COPII proteins and ER export
COPII coat proteins that assemble on the ER have been
shown to mediate export from the ER or the ERES. The
COPII coat consists of five proteins, SECRETION-
ASSOCIATED, RAS-RELATED1 (SAR1), SEC23, SEC24,
SEC13, and SEC31 (for reviews, see Béthune and
Wieland, 2018; Brandizzi, 2018). COPII coat assembly is
initiated by the activation of the small GTPase SAR1

through the ER-localized transmembrane protein SEC12,
a SAR1-specific guanine nucleotide exchange factor that
can recruit SAR1. Upon GDP/GTP exchange, SAR1 inte-
grates into the ER membrane and initiates membrane
deformation, followed by the sequential recruitment of
two COPII coat heterocomplexes (SEC23/SEC24 and
SEC13/SEC31). Activated SAR1 first interacts with SEC23
to recruit the SEC23/SEC24 complex from the cytosol.
This recruiting step then leads to cargo selection within
COPII vesicles by a direct interaction of SEC24 with sig-
nals exposed on the cytosolic side of cargo proteins.
Therefore, the SEC23/SEC24 complex acts as a COPII
adaptor complex. Subsequently, through an interaction
between SEC23 and a proline-rich domain in SEC31, a
SEC13/SEC31 hetero-tetramer is also recruited from the
cytosol. The SEC13/31 complex creates a cage-like lattice
with a cuboctahedral shape forming COPII-coated
vesicles, but also assembling on tubular structures that
can accommodate giant cargoes, such as procollagen in
mammalian cells (Raote and Malhotra, 2021). Recent
yeast data suggest that the inner SEC23/SEC24 coat
alone can already provide a membrane-remodeling func-
tion with organizational input from the outer coat
(Hutchings et al., 2021). COPII uncoating is driven by
GTP hydrolysis onto SAR1 with the aid of the GTPase-
activating activity of SEC23 (Gomez-Navarro and Miller,
2016; Béthune and Wieland, 2018).
ER exit can be highly selective and is limited to soluble

and membrane-associated secretory proteins that have
reached properly folded and assembled conformations
(Barlowe and Helenius, 2016). Despite their high concen-
trations, ER-resident proteins (including chaperones) are
marginally secreted, as a consequence of either selective
protein retention in the ER to prevent uptake into
COPII vesicles, or efficient signal-mediated retrieval of
escaped ER residents via COPI vesicles (Barlowe and
Helenius, 2016). Cargo enrichment into COPII vesicles is
mediated by a direct interaction between sorting signals
(ER export signals) in cargo proteins and the COPII sub-
unit SEC24, which contains multiple independent cargo-
binding sites (see below). Protein sorting is also facili-
tated by cargo receptors that interact with both cargo
(on their luminal side) and coat proteins (on their cyto-
solic side; Gomez-Navarro and Miller, 2016; Béthune and
Wieland, 2018). In addition to selective signal-mediated
ER export, proteins can also enter COPII vesicles by de-
fault, as part of fluids and membranes (bulk flow;
Barlowe and Helenius, 2016). Recently, the inclusion of
p24 proteins and other abundant cargoes in COPII
vesicles has been proposed to generate macromolecular
crowding that prevents the capture of ER-resident pro-
teins (Gomez-Navarro et al., 2020). Cargo abundance di-
rectly influences the number and size of the ERES, which
correlate with the amount of COPII cargo proteins both
in mammals (Venditti et al., 2014) and plants (Hanton
et al., 2009; Brandizzi, 2018).
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One-third of all eukaryotic proteins enter the ER either to
be exported via COPII carriers to the different compart-
ments of the secretory pathway or else to be secreted. How
can the COPII system accommodate a variety of cargoes
that differ in size, structure, and topology (Phuyal and
Farhan, 2021)? Many cargoes that follow the COPII pathway
are not just passive passengers, but play an active role in
controlling the stability, dynamics, and geometry of the
COPII coat. Indeed, larger cargoes bound to SEC24 may in-
crease the diameter of the COPII cage, whereas abundant
and asymmetric cargoes containing a bulk luminal portion,
such as GPI-anchored proteins and p24 family proteins, may
influence the physical properties of ER membranes, thus af-
fecting vesicle budding (Venditti et al., 2014). In this respect,
the biogenesis of specialized COPII vesicles that contain GPI-
anchored proteins (GPI-APs) in yeast (Saccharomyces cerevi-
siae) and mammals involves the recruitment of a specialized
COPII machinery, including specific SEC24 isoforms (Lopez
et al., 2019; Kinoshita, 2020). Another key question is how
the COPII system is regulated to adapt either to the differ-
ent needs for cargo secretion taking place in many special-
ized secretory cells, or to the various stress conditions
(Lopez et al., 2019; Wang et al., 2020a). The five core COPII
components are largely conserved at the protein sequence
level across eukaryotes (Chung et al., 2016). The yeast ge-
nome encodes a single paralog for each COPII subunit, with
the exception of SEC24, and most are essential for ER ex-
port. In contrast, mammals and plants contain multiple
COPII subunit paralogs (due to gene duplication). In mam-
mals, COPII paralogs are not completely functionally redun-
dant and this may also be the case in plants (Chung et al.,
2016). In the model species Arabidopsis, five putative SAR1,
two SEC13, two SEC31, seven SEC23, and three SEC24 paral-
ogs have been identified through protein homology
searches, largely outnumbering the ones detected in other
eukaryotes. As a consequence, plants have been hypothe-
sized to use different COPII subunit paralogs to fine-tune ER
export in response to various stress and developmental con-
ditions, perhaps through different populations of COPII car-
riers (Chung et al., 2016; Brandizzi, 2018). Interestingly, a
unique pair, consisting of the COPII Arabidopsis paralogs
SAR1A and SEC23A, was found to be essential for ER export
of the ER-resident stress sensor/transducer basic leucine zip-
per 28 (bZIP28), suggesting a specific role for these paralogs
in the formation of COPII vesicles containing specific cargoes
under stress conditions (Zeng et al., 2015). SEC24 is a partic-
ularly interesting COPII subunit because of its role in cargo
selection. In this respect, mammalian COPII vesicles gener-
ated in vitro from semi-intact cells by the addition of differ-
ent recombinant SEC24 isoformshad different protein
compositions (Adolf et al., 2019). Yeast SEC24 has at least
four different cargo-binding sites that can recognize a wide
spectrum of cargoes. Two of these sites (the B and C sites)
are functionally conserved in the mammalian paralogs
(Gomez-Navarro and Miller, 2016 and references therein).
Interestingly, the B site is involved in p24 protein binding

via a C-terminal diaromatic (UC) motif, but also in the
binding of LxxLE and DxE motifs that function as ER export
signals (Figure 2). No comparable information is yet available
in plants. In Arabidopsis, three SEC24 isoforms are present,
SEC24A, SEC24B, and SEC24C. Interestingly, all residues of
the B site in human SEC24A are conserved in all Arabidopsis
SEC24 isoforms. Although a sec24a knockout leads to lethal-
ity during the early stages of plant growth, a missense point
mutation affecting the B site in SEC24A resulted in ER mor-
phology defects and disruption of the ER–Golgi integrity.
Notably, these phenotypes were not rescued by overexpres-
sion of either SEC24B or SEC24C, suggesting that they are
functionally distinct from SEC24A (Faso et al., 2009; Nakano
et al., 2009). Nevertheless, it is still unknown whether differ-
ent SEC24 paralogs may recruit different cargoes in plants.
Therefore, additional studies are needed to test for func-
tional redundancy or diversity between plant COPII
paralogs.had

COPI vesicles for Golgi–ER trafficking and intra-
Golgi transport
COPI vesicles mediate intra-Golgi trafficking and retrograde
transport from the cis-Golgi back to the ER. Very recent
data also suggest that COPI proteins play an active role in
the last step of anterograde ER–Golgi transport in mamma-
lian cells (Shomron et al., 2021; Weigel et al., 2021).
Directionality of intra-Golgi vesicles is still a matter of debate
and will not be discussed here (for a discussion on models
of intra-Golgi trafficking, please see Ito et al., 2014; Mironov
and Beznoussenko, 2019). The COPI coat is composed of
the GTPase ADP-ribosylation factor 1 (ARF1) and a cytosolic
complex (coatomer) made of seven subunits (a-, b-, b0-, c-,
d-, e-, and f-COP), which is recruited en bloc from the cyto-
sol onto Golgi membranes (Arakel and Schwappach, 2018;
Béthune and Wieland, 2018). From biochemical studies, two
coatomer subcomplexes can be distinguished: the a-/b0-/e-
COP subcomplex, possibly working as a “cage-like” complex
(with a- and b0-COP trimers, showing a strong structural
similarity to clathrin triskelions), and the b-/c-/d-/f-COP
subcomplex, possibly functioning as an “adaptor-like” com-
plex (similar to clathrin adaptors). However, the situation
may be a bit more complex, because COPI-sorting signals
can be recognized by subunits from both subcomplexes:
whereas classical dilysine (KKxx or KxKxx) motifs appear to
be recognized by a- and b0-COP subunits, FFxxBB(x)n motifs
in the p24 protein family are recognized by the c-COP subu-
nit, and (//w/R)RxR motifs by the d-COP subunit (Arakel
and Schwappach, 2018; Béthune and Wieland, 2018).
COPI-coated vesicles are first formed via the recruitment of
cytosolic (GDP-bound) ARF1 to the Golgi membranes by
interacting with dimers of p24 family proteins. The
GTP/GDP exchange allows insertion of ARF1 into the mem-
brane and its dissociation from p24 proteins. Coatomer can
then interact with ARF1-GTP (two ARF1 dimers per coat-
omer) and with the cytosolic tail of p24 proteins and other
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cargo proteins (containing COPI-sorting signals; Figure 2).
Coatomer polymerization that, in contrast to clathrin and
COPII, does not form an outer polyhedral layer, leads to the
formation of COPI vesicles, whereas GTP hydrolysis in ARF1
results in COPI uncoating (Arakel and Schwappach, 2018;
Béthune and Wieland, 2018).
Different populations of COPI vesicles may exist to medi-

ate either intra-Golgi trafficking or Golgi-to-ER transport. In
mammalian cells, these putative vesicle populations were
proposed to be formed by the different isoforms of the c-
COP and f-COP subunits (all other subunits have a single
isoform; Popoff et al., 2011). However, a proteomic analysis
of COPI vesicles formed in vitro with different recombinant
COPI subunit isoforms added to the reactions did not reveal
significant differences in their protein composition (Adolf et
al., 2019). Arabidopsis (and most plant species) possess addi-
tional COPI subunit isoforms. Except for the d-COP and c-
COP subunits, all other COPI subunits, including the a- and
b0-COP subunits, with a potential role in cargo binding,
have two to three isoforms, a striking difference from yeast,
in which all COPI subunits are encoded by single genes
(Gao et al., 2014). Interestingly, morphologically different
COPI vesicles were detected in plants (Donohoe et al.,

2007). COPIa vesicles, with a lightly stained lumen and a
thicker coat, are mainly found at the ER–cis Golgi interface
and are probably involved in retrograde trafficking from the
cis-Golgi to the ER. In contrast, COPIb vesicles, with a dense
lumen and a thinner coat, bud from medial and trans- cis-
ternae, suggesting that they are involved in intra-Golgi traf-
ficking. Whether in plants different COPI subunit isoforms
are functionally redundant or are part of different popula-
tions of COPI vesicles containing different cargo proteins is
still unknown (Gao et al., 2014; Gimeno-Ferrer et al., 2017;
Sánchez-Simarro et al., 2020). Mutants in plant COPI subu-
nits exhibit an altered Golgi morphology. A knockout in the
a2-COP gene is associated with fewer cisternae per Golgi
stack and many abnormal vesicle clusters around the Golgi
remnants (Gimeno-Ferrer et al., 2017), as also observed
upon silencing of e-COP in Arabidopsis (Woo et al., 2015)
and b0-COP in tobacco (Nicotiana benthamiana) (Ahn et al.,
2015). However, depletion of b-COP increased the length of
the Golgi stack, in some cases seemingly the consequence of
lateral fusion between adjacent Golgi stacks (Sánchez-
Simarro et al., 2020). Although the plant Golgi apparatus
does not form ribbon-like structures, it is possible that Golgi
stacks might perhaps undergo homotypic fusion events

Figure 2 Protein sorting at the ER-Golgi interface is mediated by Coat Protein I (COPI) and COPII proteins. ER export is mediated by COPII pro-
teins that recognize sorting signals in cargo proteins via the SEC24 subunit. ER export signals include DXE and LxxLE motifs or a C-terminal diaro-
matic (UC) motif in p24 proteins. ER export of proteins with a bulky luminal portion [p24 proteins and glycosylphosphatidylinositol (GPI)-
anchored proteins] may involve specific COPII vesicles (probably including specific COPII isoforms), but this remains to be demonstrated in plants.
p24 proteins are required for ER export of GPI-anchored proteins in mammals, yeast, and plants. Sorting of the K/HDEL receptor ERD2 within
COPII vesicles may involve a DXE motif exposed by a conformational change occurring at the neutral pH of the ER. Retrograde Golgi-to-ER trans-
port is mediated by COPI proteins that recognize sorting signals in cargo proteins (including a dilysine KK motif in p24 proteins and other car-
goes). Sorting of ERD2 within COPI vesicles may implicate a KK motif exposed by a conformational change occurring at the acidic pH of the Golgi
apparatus.
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upon COPI depletion, as observed in tobacco (Nicotiana
tabacum) Bright Yellow-2 (BY-2) cells treated with brefeldin
A (Ritzenthaler et al., 2002). Loss of COPI function has also
been shown to affect plant growth and tolerance to salt
stress, in particular to chloride ions, possibly due to mislocal-
ization or reduced activity of chloride channels/transporters
(Sánchez-Simarro et al., 2020, 2021). Interestingly, interfer-
ence with the COPI function produces a strong upregulation
of SEC31A, but not of genes encoding other COPII subunit
isoforms, possibly as part of the unfolded protein response
activated under these conditions (Gimeno-Ferrer et al., 2017;
Pastor-Cantizano et al., 2018; Sánchez-Simarro et al., 2020).

Cargo receptors for ER–Golgi trafficking
In this section, we will focus on the well-characterized K/
HDEL receptor ER RETENTION DEFECTIVE2 (ERD2) and on
p24 family proteins. Very little is known about other puta-
tive cargo receptors for ER-to-Golgi trafficking in plants, ex-
cept for the possible role of CORNICHON in the ER export
of transmembrane proteins (including PM cargoes and the
Golgi-localized rice [Oryza sativa] sodium transporter
OsHKT1-3; Rosas-Santiago et al., 2015, 2017) and the poten-
tial role of RETENTION IN THE ER1 (RER1) protein family in
ER localization of transmembrane proteins, including
SEC12p (Sato et al., 1999).

p24 family proteins
p24 proteins are part of a family of approximately 24-kDa,
type-I transmembrane proteins, which are major compo-
nents of COPI- and COPII-coated vesicles and cycle between
the ER and the Golgi apparatus, possibly acting as cargo
receptors (Langhans et al., 2008; Montesinos et al., 2012;
Pastor-Cantizano et al., 2016). Their luminal part contains
the Golgi Dynamics (GOLD) domain, proposed to be in-
volved in cargo recognition, and a coiled-coil domain re-
quired for oligomerization of p24 proteins. They have a
single transmembrane domain and a short cytoplasmic do-
main that contains COPI- and/or COPII-binding signals and,
hence, is important for their trafficking and localization
(Montesinos et al., 2014; Pastor-Cantizano et al., 2016, 2017).
Based on sequence similarity, p24 proteins can be grouped
into four subfamilies: a, b, c, and d. However, in contrast to
yeast and mammals, plants contain only p24 proteins from
the b and d subfamilies (Pastor-Cantizano et al., 2016). As
described above, p24 proteins play an established role in
COPI vesicle formation. In addition, p24 proteins might
function as cargo receptors during ER–Golgi transport and
putative p24 cargoes have recently been identified in plants.
In particular, Arabidopsis p24 proteins of the d subfamily
(containing dilysine motifs) are required for COPI-
dependent transport of the K/HDEL receptor ERD2 and
bound K/HDEL ligands (luminal ER-resident proteins) from
the Golgi apparatus back to the ER (see below; Montesinos
et al., 2014; Pastor-Cantizano et al., 2017, 2018). p24 proteins
have been recently shown to be involved in the transport of
GPI-APs to the cell surface (Bernat-Silvestre et al., 2020). In
yeast, sorting of GPI-APs into specific ERES is lipid-based and

independent of p24 proteins, although the latter are re-
quired to sort GPI-APs within COPII vesicles (Lopez et al.,
2019). For the interaction between GPI-APs and p24 pro-
teins, the glycan core of the GPI anchor needs to be
completely remodeled (Lopez et al., 2019). In mammals, gly-
can core remodeling is also necessary for the interaction
with p24 proteins, but, in contrast to yeast, it is required to
concentrate GPI-APs at specific ERES (Kinoshita, 2020). In
plants, p24 proteins interact with GPI-APs via their coiled-
coil domain to facilitate their ER export and transport to
the cell surface, a prerequisite that does not apply to other
PM protein types, including transmembrane proteins
(Bernat-Silvestre et al., 2020). However, whether the ER ex-
port of GPI-APs in plants necessitates specific COPII subunit
paralogs, as in mammals and yeast, is still unknown. Very re-
cently, in yeast, sorting of GPI-APs into specific ERES has
been found to depend on the ceramide chain length of the
GPI anchor (Rodriguez-Gallardo et al., 2020). A possible role
for lipids in sorting of GPI-APs at specific ERES has not yet
been established in plants.

The K/HDEL receptor ERD2
ER-resident luminal proteins are characterized by a K/HDEL
motif at their C terminus. These proteins are recognized by
the multispanning transmembrane receptor ERD2 in yeast
and plants or the KDEL receptor (KDELR1–KDELR3) in
mammals (Newstead and Barr, 2020). Binding of KDEL
ligands in vitro to KDELR has been shown to depend on
pH, with maximal and very low binding efficiency at acidic
and neutral pH values, respectively (Wilson et al., 1993;
Scheel and Pelham, 1996). Based on these properties, KDEL
ligands are generally accepted to bind to KDELR/ERD2 in
the slightly acidic pH of the Golgi apparatus and receptor–li-
gand complexes to be recycled back to the ER in COPI
vesicles. Once at the ER, at a neutral pH, KDEL ligands disso-
ciate from KDELR/ERD2 and the receptors are presumably
recycled to the Golgi in COPII vesicles (Newstead and Barr,
2020).
Whether ERD2 also cycles between the ER and Golgi ap-

paratus in plants is still a matter of controversy (Montesinos
et al., 2014; Pastor-Cantizano et al., 2017, 2018; Silva-Alvim
et al., 2018; for a detailed discussion, see Robinson and
Aniento, 2020). Recently, the crystal structures of chicken
(Gallus gallus domesticus) KDELR in its ligand-free ER state
and ligand-bound Golgi state have been resolved. This ele-
gant study provided important clues to understand the mo-
lecular basis of the pH-dependent Golgi-to-ER retrieval of
KDEL ligands (ER luminal proteins) by KDELR in mammalian
cells (Bräuer et al., 2019). The KDEL signal is recognized by
KDELR through electrostatic interactions, with the positive
side chain of the lysine residue accommodated in a negative
KDELR pocket and the three carboxyl groups of aspartate,
glutamate, and the C-terminus of leucine accommodated in
positively charged pockets (Bräuer et al., 2019; Newstead
and Barr, 2020). KDEL binding causes a conformational
change in KDELR, involving movement of transmembrane
domain 1 (TM1) and TM6, exposing a cluster of lysine
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residues in the cytosolic C terminus of KDELR, reminiscent
of the KKXX or KXKXX dilysine motifs; as a result, a COPI-
binding site is formed to facilitate sorting of the receptor
within COPI vesicles for Golgi-to-ER retrograde transport. At
the neutral pH inside the ER, deprotonation of histidine 12
triggers TM1 and TM6 to move back to their original posi-
tion and to release the KDEL ligand. This conformational
change now buries the lysine residues and reveals several
acidic residues that may partly form a diacidic (DXE) COPII-
binding ER export motif, hence, facilitating an efficient ER
export of the ligand-free receptor back to the Golgi appara-
tus (Bräuer et al., 2019; Newstead and Barr, 2020). This mu-
tually exclusive mechanism may be the reason for the
selective recruitment of different coat complexes by KDELR
(COPI and COPII by the ligand-bound and ligand-free
KDELR, respectively) and the bidirectional transport of
KDELR at the ER–Golgi interface (Bräuer et al., 2019;
Figure 2). Moreover, the KDELR-induced conformational
change on ligand binding that allows an efficient packaging
of receptor–ligand complexes within COPI vesicles is consis-
tent with a proteomics study of mammalian COPI vesicles
that clearly revealed that KDELRs and p24 proteins are
among the top hits of their core proteome (Adolf et al.,
2019). In contrast, efficient packaging of free KDELR in
COPII vesicles may account for its predominant Golgi locali-
zation at steady state. Strikingly, most of the residues in-
volved in binding of KDEL and COPI or COPII are highly
conserved in Arabidopsis ERD2 proteins, hinting at a similar
mechanism for the plant proteins, although this suggestion
needs to be demonstrated. In any case, data from both
mammalian and plant cells imply the following model for
the function of p24 proteins and ERD2 in the Golgi-to-ER
transport of ERD2-bound K/HDEL ligands. The p24 family of
proteins interacts with both ARF1 and ERD2 in the acidic
pH of the Golgi apparatus (Majoul et al., 1998, 2001;
Montesinos et al., 2014; Pastor-Cantizano et al., 2017),
whereas ERD2 can also oligomerize and interact with ARF1
(Majoul et al., 1998, 2001; Xu and Liu, 2012). Whether the
ERD2-induced conformational change upon ligand binding
leads to ERD2 oligomerization or favors its interaction with
p24 proteins still needs to be tested. These interactions may
facilitate the recruitment of the COPI coatomer complex to
Golgi membranes, through its interaction with ARF1 and
with dilysine motifs in the cytosolic tail of p24 proteins or
other membrane cargoes, including ERD2 bound to K/HDEL
ligands. Once in the ER, the conformational change of ERD2
allows the release of KDEL ligands and perhaps the dissocia-
tion of ERD2 from p24 proteins (Robinson and Aniento,
2020).

Clathrin-mediated endocytosis in plants:
same, but different
Endocytosis is defined as the uptake of extracellular mole-
cules together with membrane-bound proteins into the cell,
through the formation of a vesicle from the PM. Although
endocytosis had initially been described as a simple

transport process, this notion quickly changed after the dis-
covery that endocytosis is linked to almost all cellular signal-
ing aspects. In all eukaryotes, endocytosis provides nutrients
and/or other types of molecules to the cell and, simulta-
neously, regulates the PM composition to modulate signal-
ing. Depending on the machinery involved, endocytosis is
classified as clathrin-mediated and clathrin-independent. In
mammals, CME is initiated from the PM and recruits the
cargo and coat machinery into foci, designated clathrin-
coated pits (CCPs) that eventually mature and scission off
to form CCVs. The CCVs are uncoated in seconds to form
vesicles that fuse with the EE, where the cargo is further
sorted for either recycling back to the PM, or degradation to
the lysosome (Kaksonen and Roux, 2018; Mettlen et al.,
2018). In plants, CME is the best studied and the major
mode of endocytosis (Paez Valencia et al., 2016; Reynolds et
al., 2018), but studies have lagged behind other models due
to the erroneous perception that turgor pressure would pre-
vent PM invagination (Cram, 1980) and because of lack of
cargoes. However, CCVs have been identified at the PM, first
in protoplasts (Hillmer et al., 1986) and later in walled plant
cells using electron microscopy (EM) (Hawes and Martin,
1986; Coleman et al., 1987). These discoveries and the satu-
rable uptake of a labeled elicitor fraction into soybean
(Glycine max) cells (Horn et al., 1989) further strengthened
the view that endocytosis also takes place in plants, where-
after CME in plants was expected to operate in an evolu-
tionarily conserved manner as in yeast and mammals.
Furthermore, advanced imaging methods suitable for plant
cells had to be developed and adapted, because visualization
of endocytosis in plant cells was challenging due to the rigid
cell wall, the high turgor pressure, and the exclusive study in
the context of multicellular organisms (Dragwidge and Van
Damme, 2020; Johnson et al., 2020). Now, nearly 35 years af-
ter the first report of CCVs in plants, our understanding of
some of the basic CME mechanisms has rapidly progressed
(Figure 3; Paez Valencia et al., 2016; Qi et al., 2018; Reynolds
et al., 2018; Schwihla and Korbei, 2020). Whereas some evo-
lutionary conservation of endocytic molecular components
between plants and other model systems exists, plant CME
possesses many unique features that are absent in the cur-
rently well-characterized CME models (More et al., 2020).
Below, we summarize recent knowledge of CME in plants
(Figure 3) with emphasis on the similarities with yeast and
mammals and the uniqueness of plant CME.

Clathrin and CCVs in plants
Clathrin subunits are recruited from the cytoplasm to the
nascent budding sites in the form of hexameric, three-
legged triskelions composed of three self-polymerizing cla-
thrin heavy chains (CHCs) and three light chains (CLCs).
Clathrin homologs exist in plants, with two CHCs (CHC1
and CHC2) and three CLCs (CLC1, CLC2, and CLC3) in
Arabidopsis (Kitakura et al., 2011; Wang et al., 2013).
Unlike yeast and similar to mammals, clathrin is essential
for plants because chc1 chc2 double knockout mutants in
Arabidopsis are not viable (Kitakura et al., 2011).
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Although the presence of clathrin-type lattices and CCPs
at the PM of plant cells was visualized (Dragwidge and
Van Damme, 2020), the successful capture of ongoing
CME events by EM was rare, and live-cell fluorescence im-
aging methods have only been adopted of late to look di-
rectly at the dynamics of CME events in plants (Johnson
et al., 2020). Recently, high-resolution images of CCPs
have been obtained by means of scanning electron mi-
croscopy (SEM) on metal replicas of unroofed Arabidopsis
root protoplast cells, allowing the direct examination of
clathrin-coated structures budding from the PM
(Narasimhan et al., 2020). Such an SEM analysis revealed
that, as in mammals, plant CME follows the constant cur-
vature model of CCV formation, in which the curvature is
generated by continuous clathrin polymerization (Bucher
et al., 2018; Scott et al., 2018) and produces vesicles pre-
dominantly of a hexagonal basket type. However, plant
CCVs are formed much faster, namely in 33–42 s com-
pared to 60–120 s in yeast and mammals; plant CCVs are
also larger, with an average diameter of 60–80 nm com-
pared to 60–200 nm (Narasimhan et al., 2020) and 36–60
nm in mammals and yeast, respectively (Kaksonen and
Roux, 2018; Figure 3). Therefore, plant-specific mecha-
nisms of membrane bending must exist to allow over-
coming a turgor pressure higher than that found in yeast,
while producing larger CCVs.

Endocytic adaptor protein complexes
In addition to clathrin, CCVs contain nonclathrin compo-
nents collectively named endocytic accessory proteins
(EAPs). These EAPs ensure efficient coated-pit assembly,
cargo recruitment, and prompt coat disassembly after bud-
ding. The EAPs are divided into heterotetrameric and mono-
meric adaptors (Kirchhausen et al., 2014).

Adaptor protein complex-2
The most abundant and major EAP in mammals is the het-
erotetrameric Assembly Polypeptide/Adaptor Protein (AP)
complex-2 (AP-2), which binds phosphatidylinositol-4,5-bis-
phosphate [PI(4,5)P2] at the PM, cargo, as well as clathrin,
and other EAPs. AP-2 consists of two large (a, [AP2A] and
b2, [AP2B]), one medium (m2, [AP2M]) and one small (r2,
[AP2S]) subunits. AP2M contains an N-terminal longin-
related domain followed by a C-terminal l homology do-
main (mHD; Traub and Bonifacino, 2013). Crystallography
revealed that mammalian AP-2 adopts closed (inactive) and
open (active) conformations (Jackson et al., 2010). The ac-
tive state is promoted by PI(4,5)P2 binding at the PM and
by phosphorylation (Traub and Bonifacino, 2013; Kelly et al.,
2014). Recent cryo-EM studies confirmed that AP-2 initially
contacts the membrane in a closed conformation via
PI(4,5)P2-binding sites on its a and b2 subunits. Binding of
PI(4,5)P2 to the C-terminal domain of the m2 subunit (m2-C)

Figure 3 Clathrin-mediated endocytosis (CME) in plants. CME is a multistep process involving initiation and stabilization of clathrin-coated pits
(CCPs), maturation and membrane bending, followed by dynamin-catalyzed scission and uncoating. Clathrin-coated vesicles (CCVs) are wider in
mammalian cells than in yeast and plants, but plant CCVs form faster than in yeast, where CCVs are pinched off from a narrow tubular invagina-
tion. In plants, internalized CCVs display a delayed uncoating, whereas actin is not essential for CME. Adaptor and accessory proteins involved in
plant CME are shown. AP-2, AP-2; TPC, TPLATE complex; EAPs, endocytic accessory proteins; PIP, phosphatidylinositol phosphate.
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shifts the equilibrium to an open state, in which the cargo-
binding sites become exposed (Kovtun et al., 2020). The Fer/
CIP4 Homology domain only (FCHo) proteins (Syp1p in
yeast) can also promote the open conformation of AP-2
(Hollopeter et al., 2014; Umasankar et al, 2014). Open AP-2
can then bind the cargo, further stabilizing the adaptor
complex at the membrane. The b2 appendage of AP-2 inter-
acts with CHC and provides a platform for binding other
EAPs to regulate membrane curvature, assembly, and/or dis-
assembly (Kovtun et al., 2020). In mammals, AP-2 is essential
for CME, because AP-2 deficiency in mice leads to embry-
onic lethality (Zizioli et al., 1999; Mitsunari et al., 2005) and
AP-2 knockdowns result in an approximately 12-fold reduc-
tion in CCP formation in HeLaM cells (Motley et al., 2003).
In contrast, AP-2 is partially required, but not essential, for
CME in yeast (Weinberg and Drubin, 2012), whereas in the
nematode Caenorhabditis elegans AP-2 does not need all
four of its subunits and can function as a hemicomplex (Gu
et al., 2013). AP-2 is conserved in plants (Bashline et al.,
2013; Di Rubbo et al., 2013; Fan et al., 2013; Kim et al., 2013;
Yamaoka et al., 2013) and Arabidopsis plants with loss of
function in a single AP-2 subunit are viable, but display
defects in vegetative and floral organ development (Fan et
al., 2013; Kim et al., 2013; Yamaoka et al., 2013), effector-
triggered immunity (Hatsugai et al., 2016), growth under
nutrient-limiting conditions (Yoshinari et al., 2019), and phy-
tohormone responses (Di Rubbo et al., 2013; Kim et al.,
2013). Altogether, similarly to nematodes (Gu et al., 2013),
AP-2 hemicomplexes might be functional in plants as well.
In Arabidopsis, AP-2 is implicated in the CME of several

PM-localized proteins, including the PIN-FORMED (PIN)
auxin transporters (Fan et al., 2013; Kim et al., 2013), the
brassinosteroid (BR) receptor BR INSENSITIVE1 (BRI1; Di
Rubbo et al., 2013; Liu et al., 2020a), the boron transporter
BOR1 (Yoshinari et al., 2019), the boric acid channel
NODULIN26-LIKE INTRINSIC PROTEIN5;1 (NIP5;1; Wang et
al., 2017), and cellulose synthase (Bashline et al., 2015).
However, the mechanisms that govern the recruitment of
these proteins into CCVs are unclear. In mammalian cells,
AP-2 recognizes endocytic cargoes by binding to two highly
conserved motifs (Traub and Bonifacino, 2013). The first
motif is the tyrosine motif, YXXU, where Y is tyrosine, X is
any amino acid, and U is a bulky hydrophobic residue such
as leucine (L), isoleucine (I), methionine (M), valine (V), or
phenylalanine (F), which is recognized and directly bound
by the mHD of AP2M (Ohno et al., 1995). The second motif
type is the acidic dileucine motif [DE]XXXL[LI], (aspartic [D]
and glutamic [E] acids), which is recognized by the small r2
subunit (Kelly et al., 2008). YXXU motifs are found in the
cytoplasmic parts of several plant PM proteins (Geldner and
Robatzek, 2008; Arora and Van Damme, 2021). Various
observations pointed out that the functional tyrosine motifs
in plants that might also be recognized by other adaptor
complexes (Zuo et al., 2000; Ron and Avni 2004; Takano et
al., 2010; Kleine-Vehn et al., 2011; Yoshinari et al., 2012,
2019; Sancho-Andrés et al., 2016). Importantly, the direct

binding of cargo to Arabidopsis AP2M in an YXXU motif-
dependent manner needed for CME has only been demon-
strated for the Agrobacterium (Agrobacterium tumefaciens)-
derived virulence protein VirE2 (Li and Pan, 2017) and for
the BRI1 receptor (Liu et al., 2020a). The internalization of
VirE2 and Agrobacterium infection are facilitated by this in-
teraction (Li and Pan, 2017) and mutations in the Y898XXU
motif of BRI1 significantly reduce, but do not abolish, its in-
ternalization (Liu et al., 2020a). Although these examples
hint at the possibility that AP-2 binds cargoes through their
YXXU motifs, the underlying mechanisms of cargo recogni-
tion by AP-2 and cargo recruitment into CCVs in plants re-
main largely elusive.

The TPLATE complex
In addition to canonical AP-2, plants possess a second endo-
cytic eight-core-subunit adaptor complex, designated the
TPLATE complex (TPC; Van Damme et al., 2006, 2011;
Gadeyne et al., 2014). TPC comprises the TPLATE protein,
originally discovered as a cell plate-localized protein-contain-
ing adaptin-like features, and seven previously unknown pro-
teins named TPLATE-ASSOCIATED SH3 DOMAIN
CONTAINING PROTEIN (TASH3), LOLITA, TWD40-1,
TWD40-2, TPLATE COMPLEX MUNISCIN-LIKE (TML), A.
thaliana EH DOMAIN CONTAINING PROTEIN1 (AtEH1)/
Pan1, and AtEH2/Pan1, of which the first six proteins can be
traced back to the last eukaryotic common ancestor,
whereas AtEH1/Pan1 and AtEH2/Pan1 are plant-specific
constituents with similarity to the yeast Pan1p and each
containing two EPIDERMAL GROWTH FACTOR RECEPTOR
PATHWAY SUBSTRATE15 (EPS15) HOMOLOGY (EH)
domains (Gadeyne et al., 2014; Hirst et al., 2014). TPC is an
evolutionarily ancient protein complex that has only been
experimentally characterized in plants and in the slime mold
Dictyostelium discoideum (Gadeyne et al., 2014; Hirst et al.,
2014). Notably, the TPC of Dictyostelium (designated TSET)
was identified as a hexameric complex lacking the AtEH/
Pan1 homologs (Hirst et al., 2014). Although Amoebozoa
contains proteins with similarity to AtEH/Pan1, they resem-
ble more closely the yeast Eps15-like protein Ede1p (EH
Domains and Endocytosis 1), which is not found in plants
(Gadeyne et al., 2014; Wang et al., 2019). A unique feature
of the TPC is the presence of a mHD in the TML subunit
that is absent from the TSET complex, but is present in the
muniscin (FCHo/Syp1) family from mammals and yeast, but
not in plants (Reider et al., 2009; Henne et al., 2010). TSET
also lacks the TPLATE subunit extension with an additional
anchor domain. In contrast to the TASH3 TPC subunit, the
corresponding TSET subunit, designated TSAUCER, does not
possess the linker domain ending with a Src homology3
(SH3) domain present in TASH3. Although the two AtEH/
Pan1 subunits have been hypothesized to be peripherally as-
sociated with a hexameric TPC subcomplex, possibly resem-
bling the TSET of Dictyostelium, a colocalization analysis
revealed that the TPC is recruited to the PM as an octa-
meric complex (Wang et al., 2020b). Recently, an integrative
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structural approach identified the TPC architecture
(Yperman et al., 2021a). The TPLATE subunit acts as a hub
for TPC assembly and the AtEH/Pan1 proteins are linked to
the complex via mHD of the TML subunit, similarly to the
interactions between yeast and mammalian muniscins that
possess an mHD, and the EH domain-containing proteins
(Yperman et al., 2021a). Thus, the ancestral TPC might be
speculated to have been an octamer and that the AtEH/
Pan1 subunits had been lost in the Amoebozoa lineage, con-
comitantly with the loss of mHD. In the TPC model, the
mHD of TML is exposed and can recruit membranes in
planta, as do the EH domains of AtEH1/Pan1. Therefore,
these domains contribute largely to the PM recruitment of
the TPC (Yperman et al., 2021a, 2021b). The generated
model for the TPC architecture implies many overall struc-
tural similarities between the TPC and other coatomer com-
plexes, such as COPI and AP-2, but with striking differences
in the domain positioning regarding complex orientations
toward the membrane (Yperman et al., 2021a). In contrast
to AP-2, TPC is essential in plants, because knockout muta-
tions in all tested TPC subunits led to pollen lethality and
the downregulation of two individual TPC subunit genes
caused seedling lethality. Induced knockdowns of TPC subu-
nit genes or conditional destabilization of TPC impairs CME
(Gadeyne et al., 2014; Wang et al., 2021). TPC components
interact with clathrin, AP-2, AP180-amino-terminal-homol-
ogy (ANTH) domain-containing proteins, and dynamin-
related proteins (DRPs). TPC has been proposed to function
as a classical CME adaptor that either binds cargo directly
and drives CCV formation or recruits the AP-2 in plant cells
(Zhang et al., 2015a). In agreement, the TPC is implicated in
the trafficking of cellulose synthase (Bashline et al., 2015;
Sánchez-Rodrı́guez et al., 2018) and SECRETORY CARRIER
MEMBRANE PROTEIN5 (Yperman et al., 2021b). However, a
more recent study argued that the TPC acts in membrane
bending instead (Johnson et al., 2021). A total internal reflec-
tion fluorescence microscopy study of CME in plant cells
revealed that the TPC dissociates prior to clathrin after the
departure of CCVs from the PM (Narasimhan et al., 2020).
A more detailed follow-up analysis using structured illumina-
tion microscopy (SIM) indicated that the TPC and clathrin
overlap at the beginning of the CME, but that, as the CCV
increases in diameter, the TPC is excluded from the CCV
coat and localizes at the rim around the CCV (Johnson et
al., 2021). Moreover, a conditional TPC disruption resulted
in the formation of flat clathrin lattices. In agreement,
in vitro experiments showed that AtEH1/Pan1 could bend
membranes (Johnson et al., 2021). Although a plausible
hypothesis, it remains to be determined whether the entire
TPC complex can deform membranes.

Other endocytic adaptors and scaffolds in plants
Another endocytic adaptor in the mammalian system is the
monomeric assembly protein 180 (AP180), present in
neurons, and its paralog found in other tissues, the clathrin
assembly lymphoid myeloid (CALM) leukemia protein (also

named phosphatidylinositol-binding clathrin assembly pro-
tein or PICALM; Maritzen et al., 2012). AP180 and CALM
both contain an ANTH domain and can bind PI(4,5)P2, cla-
thrin, and AP-2. Deletion of the two yeast homologs,
Yap1801 and Yap1802, does not affect CME, but rather the
sorting of the yeast homolog of the soluble N-ethylmalei-
mide-sensitive factor attachment protein receptor (SNARE)
protein, the vesicle-associated membrane protein (VAMP)/
Snc1 (Burston et al., 2009). Similarly, a knockout in the sin-
gle AP180/CALM gene in the fruitfly (Drosophila mela-
nogaster) and the nematode C. elegans and a knockdown by
RNA interference in HeLa cells lead to the formation of ab-
errant synaptic vesicles and coated structures, respectively,
but without any effect on general CME (Nonet et al., 1999,
Bao et al., 2005; Meyerholz et al., 2005). In mammals,
AP180/CALM has been proposed to be necessary for the in-
ternalization of the SNARE protein subset consisting of the
brevin-type secretory R-SNAREs, VAMP2, VAMP3, and
VAMP8 into CCVs (Miller, et al., 2011; Maritzen et al., 2012).
In plants, the ANTH domain protein family is extended

with 18 PICALM members in Arabidopsis (Zouhar and
Sauer, 2014), but the function of only a very few is known.
The first ANTH domain protein identified in Arabidopsis,
AP180/PICALM6 (Barth and Holstein, 2004) binds PI(4,5)P2,
AP-2, and clathrin and regulates CCV size. Another four
ANTH proteins, EPSIN-LIKE CLATHRIN ADAPTOR1 (ECA1)/
PICALM1a, ECA2/PICALM5a, ECA4/PICALM4a, and
CLATHRIN-ASSOCIATED PROTEIN1 (CAP1)/PICALM4b are
linked to CME in plants (Song et al., 2012; Gadeyne et al.,
2014; Adamowski et al., 2018; Muro et al., 2018; Nguyen et
al., 2018; Kaneda et al., 2019). Only recently, a function for
plant PICALMs in retrieving R-SNAREs was demonstrated, as
in other model systems (Fujimoto et al., 2020). Indeed,
ECA1/PICALM1a and PICALM1b act as APs for CME of the
longin-type R-SNARE VAMP72, interacting with the SNARE
domain of VAMP72 and clathrin at the PM. The loss of
PICALM1 function resulted in faulty retrieval of VAMP72,
but general CME remained unaffected. Interestingly, during
CME in the mammalian system, VAMP7, the homolog to
plant VAMP72, is recovered from the PM, not via its inter-
action with PICALM, but with another clathrin adaptor, the
HIV Rev-binding protein (Pryor et al., 2008), which is absent
in plants. These results indicate that ANTH domain-
containing proteins recycle different types of R-SNAREs in
plants and mammals, hinting at a divergence in the endocy-
tosis mechanism between these two kingdoms.
Several other proteins, including amphiphysins and endo-

philins, which contain N-Bin, amphiphysin and Rvs (N-BAR)
domains, and SH3 domains, are implicated in mammalian
CME. The N-BAR domains bind membranes upon dimeriza-
tion and can induce membrane bending (Kirchhausen et al.,
2014). In Arabidopsis, SH3 domain-containing proteins were
identified (Mosesso et al., 2019), of which the TPC subunit
TASH3 (Gadeyne et al., 2014) and the SH3 DOMAIN-
CONTAINING PROTEIN1 (SH3P1), SH3P2, and SH3P3 pro-
teins (Lam et al., 2001; Nagel et al., 2017) have been
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implicated in CME. All SH3P proteins have a shortened
plant-specific version of the BAR domain at their N termi-
nus and a SH3 domain at their C terminus. The SH3 domain
of SH3P proteins has been reported to also bind ubiquitin
and to interact with components of the endosomal sorting
complex required for the transport (ESCRT) complex and
autophagosome (Zhuang et al., 2013; Nagel et al., 2017). The
question remains to be addressed whether plant SH3P pro-
teins function as CME adaptors to recruit DRPs (Rosendale
et al., 2019) or ubiquitinated cargoes, or whether they act in
the ESCRT pathway (Mosesso et al., 2019).

Role of membrane composition in CCV formation
Many EAPs bear interaction sites for polyphosphatidyl inosi-
tol polyphosphate (PIP) head groups. The lipid membrane
signature provides spatial landmarks for cargo selection and
recruitment of the endocytic machinery to the correct
membranes. Mammals and yeast utilize, in particular,
PI(4,5)P2, the principal species found at the PM, to recruit
clathrin through interactions with the AP-2 lipid-binding
domains and accessory APs (Traub and Bonifacino, 2013;
Kelly et al., 2014). Dynamin binds PI(4,5)P2 through its PH
domain, while AP180, epsin, endophilin, and amphiphysin
do so through their ANTH, ENTH, and BAR domains, re-
spectively (Kirchhausen et al., 2014). Acute elimination of
PI(4,5)P2 from the PM induces a nearly complete loss of
clathrin-coated structures (Boucrot et al., 2006; Zoncu et al.,
2007). Although information about EAP-to-PM recruitment
via their interaction with PIPs in plants is scarce, mapping of
the phosphoinositide locations in plants revealed notable
differences between plants and mammals (Simon et al.,
2016; Noack and Jaillais, 2017). A prime example is the mas-
sive accumulation of phosphatidylinositol 4-phosphate
(PI4P) at the plant PM, instead of the prominent presence
of PI4P in the mammalian Golgi/TGN compartments and,
to a lesser extent, at the mammalian PM. In addition, phos-
phatidylinositol 3-phosphate (PI3P) labels LEs in plants and
EEs in mammals. In contrast, the localization of PI(4,5)P2 at
the PM and of PI(3,5)P2 in LEs/MVBs is conserved in eukar-
yotes (Simon et al., 2016). Several examples in plants sup-
port the view that, as in mammals, PI(4,5)P2 serves as a
recruiting platform for the CME machinery. For example,
PI(4,5)P2 levels directly influence the mobilization of clathrin
to the PM (Zhao et al., 2010), the presence of the lipid-
binding PH domains in a number of endocytic regulatory
proteins, such as DRPs, and the binding of the accessory
APs SH3Ps to PI(4,5)P2 (Lam et al., 2001; Zhuang et al.,
2013). Inducible and tunable depletion of PI(4,5)P2 in plants
using a synthetic Inducible Depletion of PI(4,5)P2 in Plants
(iDePP) system confirmed that PI(4,5)P2 is needed to recruit
various endocytic proteins, including AP-2 to the PM, and,
hence, to regulate plant CME (Doumane et al., 2021). These
results are fully in line with the previous findings that CME
is partially impaired upon loss- or gain-of-function of the PI
monophosphate 5-kinase PIP5K (Mei et al., 2012; Ischebeck
et al., 2013), but, unlike mammalian systems, in which
PI(4,5)P2 is absolutely required for CME (He et al., 2017), it

can still occur upon PI(4,5)P2 depletion, albeit at a reduced
rate (Doumane et al., 2021). Given that PI4P is more abun-
dant in the plant PM (Simon et al., 2016), it is possible that
it plays a more prominent role in the recruitment of EAPs
during CME. Accordingly, TPC recruitment to the PM
depends more on the interaction of the TML mHD with
PI4P and, to a lesser degree, with PI(4,5)P2 (Yperman et al.,
2021a). Interestingly, the EH domains of AtEH1/Pan1 bind
strongly to phosphatidic acid (PA; Yperman et al., 2021b),
which is required to maintain the electrostatic PM field
(Platre et al., 2018), suggesting a role for PA in plant CME.

Role of actin in CCV formation
Actin assembly is a prerequisite for CME in yeast, whereas ac-
tin is needed only under conditions of high membrane ten-
sion or when large cargoes are taken up in mammalian cells
(Galletta et al., 2010). Plant cells, like yeast, are enclosed
within a cell wall and possess an even higher turgor pressure;
therefore, actin has been assumed to play a key role in mem-
brane invagination during plant endocytosis (�Samaj et al.,
2004; Robatzek et al., 2006; Chen et al., 2011), but its inhibi-
tion has no visible influence on CME kinetics or efficiency
(Narasimhan et al., 2020). Whereas yeast and mammals have
an actomyosin network that strongly accumulates at the
endocytic spot (Collins et al., 2011; Picco et al., 2015), actin
and its associated proteins are not stored at plant CME loci.
Moreover, plants do not possess the myosin class involved in
yeast CME (Narasimhan et al., 2020). Altogether, these obser-
vations challenge the existing models for membrane invagina-
tion under turgor and simply that plants have evolved a
unique mechanism of membrane bending against turgor.
Clathrin polymerization energy, in addition to other mem-
brane deforming proteins, such as the TPC, might provide
enough force to overcome turgor pressure (Narasimhan et al.,
2020; Johnson et al., 2021). Actin, nonetheless, is important
for the “collection” of post-endocytic vesicles, for the move-
ment of EEs, and for cargo sorting (Narasimhan et al., 2020).
Interestingly, in addition to CME, the TPC subunit AtEH/Pan1
was demonstrated to function in actin-regulated autophagy
and in recruiting several components of the endocytic ma-
chinery to the AtEH/Pan1-positive autophagosomes (Wang et
al., 2019), suggesting that autophagy from the ER–PM contact
sites depends on actin.

Scission for CCV departure and uncoating
The pinching off CCPs from the PM to form CCVs is con-
trolled by DRPs (large GTPases) through an oligomerization
cycle and GTP hydrolysis (Kaksonen and Roux, 2018;
Mettlen et al., 2018). Two DRP families in plants are in-
volved in endocytosis, of which the DRP2 family is the most
similar to metazoan DRPs and is involved in CME, whereas
the DRP1 family is plant-specific (Bednarek and Backues,
2010; Fujimoto and Tsutsumi, 2014). Live-cell imaging
revealed that DRP2 and DRP1 arrive and depart to and
from CCPs in tandem (Fujimoto et al., 2010), suggesting
that these two distinct DRP families function coordinately in
CME through their ability to self-associate (Fujimoto et al.,
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2008) and through their association with SH3 domain-
containing proteins and PM lipids. In mammals, the SH3
domain-containing proteins bind dynamin and recruit it to
CCPs (Rosendale et al., 2019), whereas in plants, the TASH3
subunit of the TPC interacts with members of the DRP2
and DRP1 families (Gadeyne et al., 2014). Furthermore,
SH3P2 forms a complex with DRP1, affecting its accumula-
tion at the cell plate (Ahn et al., 2017). Whether such an in-
teraction between SH3P2 and DRP1 might be important for
CME remains to be resolved. However, despite their coordi-
nated function in CME, the DRP1 and DRP2 proteins also
play clathrin-independent roles and might be regulated in
distinct manners (Reynolds et al., 2018).
In both yeast and mammals, following scission, CCVs rap-

idly shed their clathrin coat through the coordinated action
of the ATPase/chaperone heat shock cognate 70 (Hsc70) and
its cofactor proteins, such as auxilin (Merrifield and Kaksonen,
2014). Two auxilin-related proteins have been identified in
Arabidopsis (Lam et al., 2001; Adamowski et al., 2018), with
AUXILIN-LIKE1 and AUXILIN-LIKE2 being part of a complex
with clathrin and the ANTH domain protein CAP1/
PICALM4b. AUXILIN-LIKE1 interacts with SH3P1 and stimu-
lates vesicle uncoating in the presence of Hsc70 (Lam et al.,
2001; Adamowski et al., 2018). Overexpression of either the
AUXILIN-LIKE1 or AUXILIN-LIKE2 gene inhibits CME most
probably by destabilizing clathrin recruitment to CCPs. In
contrast, loss-of-function of AUXILIN-LIKE1 and AUXILIN-
LIKE2 did not visibly interfere with plant development or
CME, implying that uncoating may function differently in
plants (Adamowski et al., 2018). Live imaging showed that
the removal of the clathrin coat of plant CCVs is delayed and
that coat components are only gradually discarded on their
path to EEs (Narasimhan et al., 2020). This observation is in
contrast to the existing models of CME in mammals and
yeast and remains another unique feature of plant CME.

Post-Golgi traffic via maturation of
endomembrane organelles
Post-Golgi trafficking to the vacuole involves organelle matu-
ration and membrane fusion, implicating the TGN, plant
PVCs, and the vacuole. At least four pathways have been
identified for vacuolar cargo targeting in plants, some of
which appear to be specific to plants, but only a few targeting
domains and vacuolar sorting receptors are known (reviewed
in Di Sansebastiano et al., 2017; Minamino and Ueda, 2019).
The best-characterized vacuolar targeting pathway includes a
conserved recruitment of cargo via the TGN, PVCs/MVBs,
and the sequential action of the GTPases RAB5 and RAB7
(Figure 4; Xiang et al., 2013; Uemura and Ueda, 2014; Uemura,
2016). Rab GTPases function as molecular switches between
an inactive GDP-bound and an active GTP-bound state, inter-
acting with downstream effectors. Guanine nucleotide ex-
change factors (GEFs) and GTPase-activating proteins (GAPs)
promote the GDP-to-GTP exchange of Rab GTPases and GTP

hydrolysis, respectively. The expansion of the Rab GTPase
family in plants is thought to contribute to specificity in
endomembrane fusion reactions (Minamino and Ueda, 2019).
A second pathway that also involves the TGN and PVCs and
requires RAB5, but not RAB7, is necessary for the targeting of
SYNTAXIN OF PLANTS22 (SYP22; Ebine et al., 2014) and the
vacuolar H+ ATPase subunit VHA-a3 (Feng et al., 2017a). A
third pathway that is independent of the Golgi entails the de-
livery of vacuolar cargoes directly from the ER to the vacuole.
Only a few proteins have been described to be targeted in
this manner based on the lack of Golgi-specific glycosylation
or insensitivity to brefeldin A (Park et al, 2004; Isayenkov et
al., 2011). A fourth pathway depends on the AP-3, a multi-
meric coat adaptor involved in cargo selection between the
TGN and LEs or vacuoles (Feraru et al., 2010; Zwiewka et al.,
2011). The AP-3 pathway is independent of RAB5 and RAB7
and, thus far, shown to target the SNARE protein VAMP713
(Ebine et al., 2014; Uemura and Ueda, 2014), the sucrose
transporter SUC4, and PROTEIN S-ACYL TRANSFERASE10
(PAT10; Wolfenstetter et al., 2012; Feng et al., 2017b). How
different proteins are sorted into these various pathways and
which other regulatory elements are involved are still
unknown.
The RAB5- and RAB7-dependent pathways for vacuolar

cargo are conserved in all eukaryotes and involve protein
transport via the TGN and PVCs/MVBs. Vacuolar cargo traf-
ficking from the TGN to the PVC was thought to occur by
vesicle budding and fusion, but recent studies have provided
support for the maturation of specific TGN domains and
bulk flow of cargo proteins (Scheuring et al., 2011; Cui et al.,
2016). Due to the complexity of vacuolar trafficking path-
ways, more research is needed to determine in which organ-
elles cargoes are recruited and sorted (Di Sansebastiano et
al., 2017). PVC maturation entails the budding of intralumi-
nal vesicles (ILVs) that carry integral membrane proteins
destined for degradation in the vacuole. Targeting of these
proteins to the ILVs is regulated by ubiquitination. The
ESCRT machinery is responsible for the recruitment of the
ubiquitinated cargo and membrane budding for ILV forma-
tion (Zhuang et al., 2015; Cui et al., 2016). Plant genomes
appear to encode most subunits of the ESCRT-I, ESCRT-II,
and ESCRT-III subcomplexes and the AAA ATPase
VACUOLAR PROTEIN SORTING4 (VPS4), but not ESCRT-0
(Gao et al., 2017), whose role is seemingly fulfilled by TOM-
Like (TOL) proteins. TOL2 and TOL6 bind polyubiquitin
chains as well as VPS23, a subunit of ESCRT-I, and degrade
ubiquitinated proteins (Moulinier-Anzola et al., 2020). In ad-
dition, plant-specific components have been identified, such
as FYVE DOMAIN PROTEIN REQUIRED FOR ENDOSOMAL
SORTING1 (FREE1) needed for vacuole traffic and biogene-
sis, degradation of membrane-associated ubiquitinated pro-
teins, and seedling viability (Gao et al., 2015; Kolb et al.,
2015; Zhuang et al., 2015). FREE1, also named FYVE1, binds
to the ESCRT-I and ESCRT-III subunits VPS23A and SNF7A,
respectively, and has been suggested to function in ESCRT-
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I–III bridging (Belda-Palazon et al., 2016). Unlike other eukar-
yotes, where ILVs form one by one, plant cells develop a
network of concatenated vesicles, in which the ESCRT-III
component SNF7 remains attached to the ILV membrane
(Buono et al., 2017). SNF7 typically oligomerizes into spirals
at the ILV budding site and its retention at the
concatenated vesicles in plants might possibly form a diffu-
sion barrier to prevent cargo protein escape (Buono et al.,
2017). Furthermore, SNF7 is stabilized at the endosomal
membrane by FYVE4, a novel FYVE-domain-containing
plant-specific protein (Liu et al., 2021). Significant crosstalk
between the ESCRT function, phytohormonal, and stress re-
sponse pathways are starting to emerge (Ge et al., 2019; Li
et al., 2019; Xiao et al., 2020).
The RAB5- and RAB7-dependent vacuolar pathways,

which are important for the trafficking of the storage pro-
teins aleurain, phaseolin, and 12S globulin, involve the se-
quential activity of RAB5/RabF2a and RAB7/RabG3c
GTPases (Figure 4). RAB5 is activated by its GEF, VPS9a,
resulting in the recruitment of the GTPase to the PVC
membrane (Goh et al., 2007). ENDOSOMAL RAB EFFECTOR
WITH PX-DOMAIN (EREX), a protein-containing the Phox
homology (PX) domain, is recruited to the PVC by its inter-
action with the GTP-bound form of the RAB5 protein ARA7
and with PI3P. However, the role of EREX, EREX-LIKE1
(EREL1), or EREL2 in PVC maturation is still unknown
(Sakurai et al., 2016). A homolog of EREX, GLUTELIN
PRECURSOR ACCUMULATION5 (GPA5), is required for
storage protein trafficking to vacuoles in rice endosperm via
dense vesicles. GPA5 was proposed as a RAB5 effector in
rice that mediates the fusion of dense vesicles with protein
storage vacuoles (PSVs) (Ren et al., 2020). A RAB5 for RAB7
exchange is promoted by a conserved complex formed by
CALCIUM CAFFEINE ZINC SENSITIVITY1 (CCZ1) and
MONENSIN SENSITIVITY1 (MON1, also named SAND)

(Uemura and Ueda, 2014) that acts as an effector of RAB5-
GTP and as the GEF of RAB7. Activation of RAB7 by CCZ1/
MON1 is the last step prior to PVC fusion to the vacuole,
which is mediated by the HOMOTYPIC FUSION AND
VACUOLE PROTEIN SORTING (HOPS)-tethering complex
and SNAREs.
Tethering factors are large multi-subunit complexes that

mediate the initial contact between two organellar mem-
branes prior to fusion (Ravikumar et al., 2017). The plant
vacuolar traffic is regulated by two tethering complexes,
CLASS C CORE VACUOLE/ENDOSOME TETHERING
(CORVET) and HOPS (Figure 4; Rojo et al., 2003; Niihama et
al., 2009; Hao et al., 2016; Vuka�sinovi�c and �Zársk�y, 2016;
Brillada et al., 2018; Takemoto et al., 2018). Both complexes
are conserved in eukaryotes and consist of six subunits, of
which four, VPS16, VPS18, VPS11, and VPS33, form a shared
core (Nickerson et al., 2009; Wickner, 2010; Solinger and
Spang, 2013; van der Kant et al., 2015) with the addition of
the two specific subunits VPS39 and VPS41 (HOPS) and
VPS3 and VPS8 (CORVET), as detected in Arabidopsis by
co-immunoprecipitation experiments (Takemoto et al.,
2018). The specific regulatory functions of each complex are
expected to be encoded in the complex-specific subunits.
HOPS plays an important role in the promotion of a trans-
SNARE complex assembly between two fusogenic mem-
branes and this function is mainly mediated by the Sec1/
Munc18 (SM) protein VPS33 (Baker et al., 2015; Baker and
Hughson, 2016). HOPS may further facilitate membrane fu-
sion by lowering the energy barrier for membrane pore for-
mation (D’Agostino et al., 2017). Interactions between
different subunits of HOPS and SNAREs support a conserved
role for HOPS in the plant SNARE complex association and
have been detected in planta between VPS16 (also named
VACUOLELESS [VCL1]) and the Qa SNARE protein SYP22
(Rojo et al., 2001, 2003; Hicks et al., 2004), between VPS33

Figure 4 Post-Golgi trafficking to the vacuole. Trafficking to the vacuole involves the maturation of prevacuolar compartments (PVCs) in prepara-
tion for fusion. The recruitment of fusiogenic proteins starts with the activation of the GTPase RAB5 and is followed by RAB7 activation and
HOPS recruitment. The SNARE complex mediates the final membrane fusion step. PVC maturation also involves the formation of intraluminal
vesicles carrying ubiquitinated cargo proteins for vacuolar degradation. This process initiates with the recruitment of ubiquitinated cargo by TOL
proteins and the activity of the plant-specific component FREE1, followed by the sequential action of the ESCRT-I to III complexes, resulting in the
inward bending of the membrane to form internal vesicles.
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and SYP22 (Brillada et al., 2018) or between all HOPS subu-
nits and the R SNARE VAMP713 (Takemoto et al., 2018).
Furthermore, interactions between VPS39 and RAB7, co-
localization studies, and genetic analyses have led to the sug-
gestion that HOPS might be involved in the RAB5- and
RAB7-dependent pathways for vacuolar traffic (Takemoto et
al., 2018). All plant HOPS subunits are essential in
Arabidopsis (Rojo et al., 2003; Niihama et al., 2009; Hao et
al., 2016; Vuka�sinovi�c and �Zársk�y, 2016; Brillada et al., 2018;
Takemoto et al., 2018) and loss-of-function alleles for VPS33
and VPS41 are male-sterile (Hao et al., 2016; Brillada et al.,
2018; Takemoto et al., 2018). The mechanisms that regulate
HOPS function in plants is not well characterized, but its in-
teraction with RAB7 suggests that it functions as a RAB7 ef-
fector (Takemoto et al., 2018). How this interaction
regulates the recruitment to the membrane and the link
with SNAREs is still unknown. Recently, the interaction be-
tween RAB7/RABG3f-GTP and the retromer subunit VPS35
at the PVC has been shown to be necessary for HOPS com-
plex assembly, highlighting a putative checkpoint between
anterograde and retrograde pathways (Rodriguez-Furlan et
al., 2019b). Silencing of most HOPS subunit genes by
dexamethasone-inducible artificial microRNAs results in vac-
uolar fragmentation phenotypes that substantiate a role for
HOPS in homotypic vacuole fusion in plants (Brillada et al.,
2018; Takemoto et al., 2018).
Whereas HOPS and CORVET are conserved in eukaryotes

and tether similar organellar membranes, CORVET-mediated
fusion events have shifted in plants. In yeast and metazoans,
CORVET tethers endosomal membranes by binding to
RAB5-GTP and, therefore, appears to mediate homotypic
endosomal fusion before endosomes mature into MVBs
(Balderhaar and Ungermann, 2013). In contrast, plant
CORVET functions in membrane tethering between LEs/
PVC and the vacuole (Takemoto et al., 2018) downstream
of RAB5 activation, but independently from the CCZ1/
SAND complex. Therefore, CORVET mediates tethering for
the RAB5-dependent and RAB7-independent pathways.
Mistargeting of SYP22 in vps3 mutants is consistent with
this model.

PVC and vacuolar homotypic fusions
Fusion between the PVC and the vacuole is the last step in
vacuolar transport (Figure 4; Uemura and Ueda, 2014;
Zhuang et al., 2015; Peixoto et al., 2016). SNARE complex as-
sembly follows the membrane tethering by HOPS or
CORVET. SNAREs belong to a highly conserved protein fam-
ily that mediates membrane fusion between two organelles.
According to the SNARE hypothesis, one SNARE from the
vesicle membrane (R SNARE) and two or three SNAREs
from the target membrane (Qa, Qb, and Qc SNAREs) form
a four-helical bundle designated a trans-SNARE complex. By
zippering of the trans-SNARE complex, the two opposing
membranes are brought together to promote fusion and
the transition to a cis-SNARE complex at the newly formed

membrane (Chen and Scheller, 2001; Wickner, 2010). SEC17
and the SEC18 ATPase unfold the cis-SNARE complex into
individual SNAREs, allowing SNARE recycling for another
round of fusion. The identity of the SNARE protein comple-
ment contributes to the specificity of the organellar fusion
events. In plants, a vacuolar SNARE complex has been iden-
tified that contained SYP22 (Qa), VTI11 (Qb), SYP51 (Qc),
and either VAMP727 (R) (Ebine et al., 2008) or VAMP713/
VAMP711 (Ebine et al., 2011; Fujiwara et al., 2014; Uemura
and Ueda, 2014). Mutant phenotypes indicate functional re-
dundancy between SYP21 and SYP22 (Uemura et al., 2010),
but either protein is necessary, because the double mutant
could not be isolated. A large paralog expansion of the
SNARE complement in seed plants hints at SNARE function
diversification (Kanazawa et al., 2016). Loss-of-function
mutants in VTI11 have fragmented vacuolar phenotypes due
to the abnormal activity of the vacuolar SNARE complex
and results in VPS41-green fluorescent protein (GFP) accu-
mulation at small aggregated vacuoles (Zheng et al., 2014b;
Brillada et al., 2018; Cui et al., 2019). As HOPS has been
shown to proofread the fidelity of the SNARE complex in
yeast (Starai et al., 2008), these phenotypes may be the con-
sequence of VPS41 within the HOPS complexes binding to
mismatched SNARE complexes at vacuolar or prevacuolar
membranes in these mutants (Brillada et al., 2018).
Membrane lipids are key regulators of vacuole traffic, bio-

genesis, and dynamics (Heilmann and Heilmann, 2015).
Phosphoinositides play important roles in pollen development
(Heilmann and Ischebeck, 2016; Ugalde et al., 2016), homo-
typic vacuole fusion (Zheng et al., 2014a), endosome matura-
tion (Hirano et al., 2015), and vacuole morphology (Hirano et
al., 2017). Sterols and sphingolipids are also essential for vacu-
olar transport (Li et al., 2015). Biosynthesis of these lipids is in-
duced by auxin and is regulated by the large cytosolic
ribosomal protein subunit RPL4. As information about the
abundance of sterols and sphingolipids along with the endo-
membrane system is lacking, it is still not clear how lipid
composition regulates protein trafficking to the vacuole
(Zhang et al., 2015b), implying that additional studies are re-
quired to understand how phosphoinositides and other lipids
control vacuolar biogenesis and dynamics. Phosphoinositides
are critical for HOPS recruitment in both yeast (Stroupe et al.,
2006) and plants (Brillada et al., 2018), but membrane curva-
ture may couple with phosphoinositides to act as proxies to
control VPS41 recruitment. In a protein overlay assay, recom-
binant glutathione-S-transferase (GST)-VPS41 binds to phos-
phoinositides, including PI3P and PI(3,5)P2 (Brillada et al.,
2018), suggesting that VPS41 is recruited to the vacuole by
phosphoinositides, but in a liposome assay, both VPS41 and
VPS33 bound only in their absence. Live-cell imaging demon-
strated that VPS41-GFP normally accumulates at the vacuolar
membrane and revealed that VPS41 dissociates from the vac-
uole after wortmannin treatment, which inhibits phosphatidy-
linositol 3-kinase, an enzyme that synthesizes PI3P (Stack and
Emr, 1994) found in LEs and vacuoles. Remarkably, VPS41-
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GFP did not dissociate from LEs after treatment with wort-
mannin. These observations suggest that the role of PI3P role
recruiting VPS41 depends on membrane curvature, with
phosphoinositide promoting recruitment to the flat vacuolar
membranes and abolishing recruitment to the highly curved
endosome membrane. In plants, wortmannin induces the fu-
sion of vacuoles (Zheng et al., 2014a) and LEs (Wang et al.,
2009), but this effect was not observed in yeast (Wang et al.,
2009). Regulation of vacuole fusion by phosphoinositides may
be important for stomatal movements because wortmannin
triggers rapid vacuole fusion in guard cells (Zheng et al.,
2014a).

Trafficking to PSVs or lytic vacuoles
Plant cell vacuoles are unique because they are dynamic in
structure and composition depending on the plant develop-
mental stage and cell type. The vacuolar pH in developing
embryos is neutral, consistent with their function for the stor-
age of protein reserves. These PSVs are the main storage com-
partments of proteins from seeds and are, therefore, very
important for human nutrition. Seed germination triggers the
transition from PSVs to lytic vacuoles (LVs), involving changes
in protein composition and acidification, resulting in the
breakdown of storage proteins. The mechanisms that mediate
this transition are not well understood, but changes in gene
expression induce the accumulation of hydrolytic enzymes
and transporters typical of the LVs. An important question is
how plants manage to sort events to vacuoles that are under-
going this transition, because a shift in cargo starts to occur.
Previous work in Arabidopsis embryos showed that vacuolar
markers carrying PSV or LV targeting signals as well as PSV-
or LV-resident Tonoplast Intrinsic Proteins (TIPs) are trans-
ported to either type of vacuole and that their accumulation
into a specific vacuole type is driven by the timing of expres-
sion of their encoding genes during development (Hunter et
al., 2007). Several recent reviews describe ongoing research to
characterize vacuolar sorting signals and cognate receptors for
PSV and LV cargoes (Zhang et al., 2021; Ashnest and Gendall,
2018). The Arabidopsis protein CALCIUM-DEPENDENT
PROTEIN KINASE1 ADAPTOR PROTEIN2 (CAP2), important
for LV traffic during the LV-to-PSV transition in germinating
seeds has been identified (Kwon et al., 2018). The CAP2 pro-
teins of Arabidopsis and crystalline ice-plant
(Mesembryanthemum crystallinum) are predicted to form a
coil–coil structure and were proposed as members of the syn-
taxin family (Chehab et al., 2007), but this activity has yet to
be tested, because no conserved domains are apparent. cap2
mutant phenotypes in Arabidopsis included delayed vacuole
maturation and acidification, delayed degradation of the 12S-
globulin a and b subunits, and reduced trafficking of LV car-
goes, including the two soluble proteins sporamin and aleur-
ein, and the two membrane proteins b fructosidase 4 and
the aquaporin cTIP. Furthermore, CAP2 also recruits GAPC2
to the PVC. GAPC2 is a glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) isoform that converts glyceraldehyde-3-
phosphate to 1,3-bisphospho-D-glycerate in the presence of
NAD and inorganic phosphate (Pi) and is involved in the

glycolytic pathway. Glycolytic enzymes have been implicated
in protein trafficking in plant and mammalian cells (Jaquinod
et al., 2007; Parsons et al., 2012; Heard et al., 2015;
Hinckelmann et al., 2016), but none of the plant proteins
have been shown to actively regulate trafficking. As gapc2
mutants delay vacuolar protein trafficking, the phenotypes of
cap2 mutants might in part result from abnormal GAPC2 ac-
cumulation at the PVC.
Is the function of GAPC2 at the PVC related to its meta-

bolic activity as part of glycolysis? A complete glycolytic
pathway, including GAPDH, was detected in neuronal secre-
tory vesicles, in which the ATP generated by these enzymes
is used by motors to propel these vesicles along microtu-
bules (Hinckelmann et al., 2016). In the case of plant LV bio-
genesis, a large demand of energy would arise from the
membrane fusion events between the PVC and the vacuole,
especially in the PSV-to-LV transition during seed germina-
tion. Interestingly, other glycolytic enzymes in the same
pathway have been discovered in organellar proteomes, in-
cluding phosphoglycerate kinases in the Golgi, LEs, and
vacuoles (Jaquinod et al., 2007; Parsons et al., 2012; Heard et
al., 2015), enolase in LEs and vacuoles (Shimaoka et al., 2004;
Yoshida et al., 2013; Heard et al., 2015), and pyruvate kinases
in the TGN and vacuoles (Shimaoka et al., 2004; Drakakaki
et al., 2012). The identification of GAPC2 points to the pos-
sibility that plants may also have co-opted energy-generating
pathways to energize the demanding mechanisms of vacuo-
lar biogenesis.

Autophagy is a membrane trafficking
pathway
Macroautophagy (hereafter autophagy) is a potent quality
control mechanism by which damaged or unwanted cellular
components are rapidly degraded to maintain cellular ho-
meostasis (Marshall and Vierstra, 2018). Autophagy is in-
duced by various biotic and abiotic stress responses and
keeps the cell in tune with a changing environment
(Rodriguez-Gallardo et al., 2020). Studies over the last de-
cade have shown that autophagy is highly selective. Modular
proteins, termed selective autophagy receptors or cargo
receptors, recognize specific cargoes and mediate their deg-
radation (Stolz et al., 2014). Although a plethora of cargo
receptors have been identified in mammals, cargo receptors
that mediate selective organelle recycling in plants have
remained elusive thus far (Stephani and Dagdas, 2020). As
selective autophagy receptors have been reviewed in detail
(Stephani and Dagdas, 2020), we will focus on the mem-
brane trafficking aspects of autophagy, namely the biogene-
sis and maturation of the autophagic organelle. We will also
highlight the crosstalk mechanism between autophagy and
other endomembrane trafficking pathways.

Two multiprotein kinase complexes initiate
autophagosome biogenesis
The hallmark of autophagy is autophagosomes, the double-
membrane vesicles formed de novo that engulf the
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autophagic cargoes and deliver them to the vacuoles for
recycling (Nakatogawa, 2020; Chang et al., 2021).
Autophagosomes start with a cup-shaped isolation mem-
brane or phagophore that expands and surrounds the cargo.
Upon closure, autophagosomes are then delivered to the
vacuole, where the outer membrane fuses with the vacuolar
membrane to supply a single membrane autophagic body
to the vacuolar lumen. Resident hydrolytic enzymes degrade
the autophagic body and the building blocks are released
back to the cytosol to feed various anabolic reactions. Here
we summarize recent advances in autophagosome biogene-
sis, highlighting the crosstalk between autophagy and the
endomembrane trafficking pathways.
Pioneering work has shown that the core autophagy ma-

chinery is also conserved in plants (Marshall and Vierstra,
2018). Autophagosome biogenesis is coordinated by a set of
approximately 20 autophagy-related (ATG) proteins that
had previously been discovered in yeast (Matoba and Noda,

2021) and is initiated by a kinase complex, including the ser-
ine–threonine kinase ATG1 and the APs ATG11 and ATG13
(Figure 5; Li et al., 2014; Huang et al., 2019). The ATG1 ki-
nase complex is enriched in intrinsically disordered proteins
that form liquid-like phase-separated compartments to or-
chestrate the autophagy machinery (Fujioka et al., 2020).
Upstream regulators, such as the Target of Rapamycin ki-
nase or AMP-activated protein kinase, control these phase
separation events via phosphorylation, thereby modulating
autophagy (Fujioka et al., 2020).
An emerging theme in the mammalian autophagy field is

that autophagosome biogenesis is induced by the cargo
macromolecules (Zaffagnini and Martens, 2016). Cargo
receptors that recognize the bulky autophagic cargo interact
with the mammalian ATG11 counterpart, the focal adhesion
kinase family interacting protein of 200 kDa (FIP200; Hara et
al., 2008), to drive the cargo in close proximity to the core
autophagy machinery (Turco et al., 2020). Thus far,

Figure 5 Overview of autophagosome biogenesis. Autophagy-inducing conditions activate signaling pathways with the ATG1 kinase (ATG1K)
complex (consisting of ATG1, ATG11, ATG13, and ATG101) as a common target to initiate autophagosome biogenesis. The ATG1 complex phos-
phorylates the PI3 kinase (PI3K) complex (consisting of ATG6, ATG14, VPS15, and VPS34) that drives the nucleation of the isolation membrane,
also termed the phagophore. Phosphatidylinositol 3-phosphate (PI3P) production leads to the recruitment of the PI3P-binding proteins ATG18
and ATG2. ATG9-containing vesicles serve as membrane seeds for the phagophore, whose development is maintained by the lipid transfer activity
of ATG2, while the lipid scramblase activity of ATG9 ensures the even distribution of transferred phospholipids between the inner and outer phag-
ophore membranes. During phagophore elongation, ATG8 is covalently bound to phosphatidylethanolamine (PE) via the ubiquitin-like (UBL) pro-
tein conjugation system, composed of an E1 (ATG7), E2 (ATG3), and E3 (ATG5-ATG12-ATG16 complex), allowing its insertion into the growing
phagophore. Phagophore closure is mediated by ESCRT complexes: the ESCRT-I subunit VPS37 can recruit the ESCRT-III subunits CHMP1/CHMP2
and the ATPase VPS4, while VPS23, another ESCRT-I subunit, interacts with the FYVE domain-containing proteins CFS1 and FREE1, enabling the
recruitment of SH3P2 proteins. Upon closure, autophagosomes are delivered to the vacuole. The inner membrane-bound autophagosome struc-
ture, known as an autophagic body, is released into the vacuolar lumen and is degraded by resident hydrolases, allowing recycling of its
constituents.
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aggrephagy, mitophagy, and ER-phagy receptors have been
shown to interact with FIP200 (Smith et al., 2018; Ravenhill
et al., 2019; Turco et al., 2019; Vargas et al., 2019; Stephani
et al., 2020). A cargo-induced autophagosome biogenesis
model elucidates how the cell selects and recycles only the
damaged or unwanted cellular components within a
crowded cytoplasm.
Until very recently, the source and the growth of the

phagophore membrane had remained controversial.
Previous studies in yeast, human cells, and plants, have
revealed that another multiprotein kinase complex,
designated phosphoinositide 3-kinase (PI3K) complex,
generates PI3P on autophagosome biogenesis sites
(Nakatogawa, 2020; Liu et al., 2020b). The PI3K complex
comprises several proteins, including VPS34, ATG6, and
ATG14. VPS34 can also associate with another protein,
VPS38 (also named UV radiation resistance-associated
gene protein or UVRAG), to form the PI3K complex II
that regulates the endosomal function, illustrating the
close connection between autophagy and endosomal traf-
ficking (Chang et al., 2021). PI3P production recruits sev-
eral PI3P-binding proteins, such as the b-PROPELLERS
THAT BIND POLYPHOSPHOINOSITIDES (PROPPIN) pro-
teins ATG18 and ATG2 (Fracchiolla et al., 2020; Sawa-
Makarska et al., 2020). Recent studies in yeast indicated
that ATG2 bridges the ER with the developing phago-
phore and transfers lipid from the ER to the phagophore
for sustained growth around the cargo (Maeda et al.,
2019; Osawa et al., 2019; Valverde et al., 2019). In vitro re-
constitution studies with purified yeast ATG proteins and
liposomes revealed that the phagophore is seeded by
ATG9 vesicles originating from the TGN (Figure 5; Sawa-
Makarska et al., 2020). ATG9 is the only transmembrane
domain protein among ATG proteins; cryo-EM analysis of
yeast, plant, and human ATG9 proteins showed that they
all form a homotrimeric complex with two distinct pores
on each side of the membrane (Guardia et al., 2020; Lai et
al., 2020; Maeda et al., 2020). Further reconstitution assays
showed that ATG9 functions as a lipid scramblase equili-
brating the transferred phospholipids on each membrane
of the autophagosome (Maeda et al., 2020; Matoba et al.,
2020). Altogether, these dynamic lipid fluxes and distribu-
tion events underlie the rapid growth of the phagophore
around the cargo.
Phagophores originate from ER sub-compartments that

are rich in phospholipids. Recent studies in mammalians
and plants have revealed that ER-derived COPII vesicles also
contribute to autophagosome biogenesis. In mammals, a
specific SEC23 isoform, SEC23B, is redirected to phagophores
under autophagy-inducing conditions (Jeong et al., 2018).
Similarly, in plants, a unique SAR1 isoform, SAR1D, partici-
pates in autophagosome biogenesis in concert with the Rab
GTPase RABD2A (Zeng et al., 2021). Although the molecular
details remain scarce, the exocyst complex also plays a role
in autophagosome biogenesis in both mammals and plants.
In mammals, the GTPase RalB interacts with EXOCYST84

(EXO84) and promotes autophagosome biogenesis by
recruiting its machinery (Bodemann et al., 2011), whereas in
Arabidopsis, another exocyst component, SEC5, and another
GTPase, RHO-RELATED PROTEIN FROM PLANTS8 (ROP8),
localize to phagophores under autophagy-inducing condi-
tions (Lin et al., 2021). These examples clearly highlight the
intricate balance between the autophagic and exocytic traf-
ficking pathways.

Two conjugation systems ensure rapid growth of
the phagophore
One of the key steps in autophagosome biogenesis is the
lipidation of the ubiquitin-like protein ATG8 with phos-
phatidylethanolamine (PE). ATG8 lipidation is mediated
by two ubiquitination-like conjugation reactions: the E1-
like and E2-like enzymes ATG7 and ATG10 catalyze iso-
peptide bond formation between ATG5 and the
ubiquitin-like protein ATG12 (Thompson et al., 2005;
Phillips et al., 2008). The ATG5–ATG12 conjugate then
interacts with ATG16 to form a complex that is carried to
the phagophore by PI3P-binding proteins and functions
as the E3 enzyme for the next ubiquitination reaction,
culminating in the lipidation of ATG8 family proteins
(Nakatogawa, 2020; Chang et al., 2021). ATG7, ATG3, and
the ATG5–ATG12–ATG16 complex act as E1, E2, and E3
enzymes, respectively, and mediate the conjugation of
ATG8 to a lipid moiety, PE, allowing the insertion of
ATG8 proteins into the developing phagophore (Phillips
et al., 2008; Chung et al., 2010). Before conjugation, ATG8
is activated by ATG4 cysteine proteases that cleave the
ATG8 C terminus and exposes glycine residues for lipida-
tion (Figure 5; Woo et al., 2014).
ATG8 acts as an organizer of the autophagy pathway.

Through a short linear motif, designated ATG8-interacting
motif (AIM), ATG8 interrelates with various proteins, includ-
ing (1) core autophagy proteins, such as ATG1 or ATG4; (2)
SNARE proteins and adaptors that mediate vesicle fusion
and trafficking; and (3) selective autophagy receptors that
are responsible for selective cargo recruitment (Kellner et al.,
2017). In yeast and mammals, atg8 mutants still form auto-
phagosomes, but they are reduced and less efficient in terms
of cargo degradation (Martens, 2016). In conjunction with
the cargo-induced autophagosome biogenesis model, the
ATG8 family of proteins probably facilitates autophagosome
expansion by concentrating critical proteins at the autopha-
gosome biogenesis sites. In addition, this protein family plays
key roles in compartmentalization of autophagic degrada-
tion. Unlike yeast, in which autophagosome biogenesis takes
place at the vacuolar membrane, mammals and plants have
multiple ATG8 isoforms that interact with different sets of
receptor and APs (Wirth et al., 2019; Zess et al., 2019).
Functional specialization of these ATG8 isoforms allows
compartmentalization of different selective autophagy
mechanisms that occur simultaneously in a cell while shar-
ing the core autophagy machinery.
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Recent research has challenged the long-standing view
that ATG8 is conjugated only to double-membrane phago-
phores. Although thus far not studied in plants, in mam-
mals, ATG8 conjugation complexes can attach ATG8
proteins to single-membrane compartments, such as phago-
somes or endosomes (Codogno et al., 2012; Jacquin et al.,
2017). The ATG1 kinase complex is dispensable for these
noncanonical autophagy processes. Accumulating evidence
suggests that the WD40 domain of ATG16 recruits the
ATG8 conjugation machinery to different endolysosomal
compartments to facilitate ATG8 conjugation to these
membranes (Fletcher et al., 2018; Durgan et al., 2021).
During noncanonical autophagy, ATG8 can be modified by
phosphatidylserine instead of PE (Durgan et al., 2021). In
light of the crucial roles of phosphatidylserine in plant PM
organization (Platre et al., 2019), it will be interesting to in-
vestigate whether noncanonical autophagy plays a role in
plant signaling processes.

ESCRTing autophagosome closure
For the phagophore to completely encapsulate the cargo,
the membrane between the two leaflets needs to be sev-
ered, so that the opposing membranes can fuse together.
This membrane remodeling process is topologically identical
to the membrane scission events that occur during MVB
biogenesis (Isono, 2021). Recently, in mammals, similarly to
MVB biogenesis, membrane scission during phagophore clo-
sure has shown to be mediated by ESCRT complexes. The
ESCRT-I subunit VPS37A localizes at the phagophore edges
and recruits other ESCRT proteins, such as the ESCRT-III
subunit Charged Multivesicular Body Protein 2A (CHMP2A)
or the ATPase VPS4 (Takahashi et al., 2018, 2019; Zhen et
al., 2020).
Although the molecular details are still limited, ESCRT-

mediated phagophore closure appears to be conserved in
plants as well (Isono, 2021). Two FYVE domain-containing
proteins, FREE1 and CELL DEATH-RELATED ENDOSOMAL
FYVE/SYLF PROTEIN1 (CFS1), interact with the ESCRT-I sub-
unit VPS23 (Gao et al., 2015; Sutipatanasomboon et al.,
2017). Autophagic flux assays revealed that both APs are
critical for autophagic degradation. Another FREE1-
interacting protein, SH3P2, also plays a crucial role in
autophagy (Zhuang and Jiang, 2014). As in mammalian cells,
the ESCRT-III component CHMP1 or the ATPase VPS4 is
also associated with selective autophagy processes (Figure 5;
Spitzer et al., 2015; Zess et al., 2019). Altogether, these stud-
ies indicate that plant ESCRT complexes mediate phago-
phore closure as well. Whether there are autophagy-specific
ESCRT complexes or how ESCRT recruitment to the phago-
phore edges is coordinated with the phagophore expansion
machinery is still unknown.

Autophagosome–vacuole fusion is a black box in
plants
Once autophagosomes are formed, they need to be deliv-
ered to the vacuolar membrane and fuse with the tonoplast.
These processes have been studied in depth in yeast and

mammals. Autophagy adaptors, which directly interact with
ATG8 proteins, facilitate the trafficking and fusion of auto-
phagosomes. Autophagic SNARE proteins that directly inter-
act with ATG8 proteins and the HOPS complex mediate the
fusion of autophagosomes with lytic compartments (Zhao
and Zhang, 2019).
However, how autophagosomes are transported to and

fuse with the tonoplast remains mostly unknown.
Systematic analyses of the autophagy adaptors or
autophagy-specific SNARE proteins are missing in plants.
Considering the large volume occupied by vacuoles in
plants cells, it will be interesting to know whether the
tonoplast is compartmentalized in terms of autophagic
and endocytic cargo deliveries as well as to understand
how vacuolar trafficking regulates the autophagosome
biogenesis.

Autophagy as a quality control mechanism for
endomembrane trafficking
In addition to the crosstalk mechanisms that coordinate
autophagosome biogenesis and trafficking, autophagy also
oversees membrane trafficking pathways to remove mal-
functioning units. In mammals, several studies revealed that
autophagy mediates the degradation of damaged or super-
fluous ER, Golgi, lysosomes, or endocytic vesicles. Recently,
autophagy has been found to play a role in endomembrane
quality control in plants and AtEH1/Pan1, a component of
the TPC essential for CME in Arabidopsis, has been shown
to regulate autophagosome biogenesis. Under autophagy-
inducing conditions, AtEH1/Pan1 recruits other TPC mem-
bers and endocytic protein trafficking regulators to autopha-
gosomes (Wang et al., 2019). Interestingly, AtEH1/Pan1
autophagosomes are localized in close proximity to
VESICLE-ASSOCIATED PROTEIN27 (VAP27)-labeled ER-PM
contact sites. Genetic perturbation of both the VAP27 and
AtEH1/Pan1 genes seem to affect autophagy dynamics
(Wang et al., 2019). How and when AtEH1/Pan1 shifts from
an endocytic regulator to an autophagy inducer remains un-
known. Similarly, EXO70, a part of the exocytosis-regulating
octameric exocyst complex, can also be deployed as an
autophagy receptor. EXO70B and EXO70D interact with
ATG8 via AIMs to control the immune and cytokinin signal-
ing pathways, respectively (Acheampong et al., 2020; Brillada
et al., 2021). EXO70B isoforms colocalize with ATG8 upon
immune signaling activation and probably dampen secretory
activity to monitor pathogen infections (Brillada et al.,
2021). In contrast, EXO70D mediates the degradation of
type-A response regulators, which negatively regulate cytoki-
nin signaling (Acheampong et al., 2020). These examples il-
lustrate how plant cells utilize known membrane trafficking
players as autophagy receptors to control adaptive signaling
responses.

Conclusions and perspectives
Although our understanding of plant endomembrane
trafficking pathways has increased significantly over the
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last decade, large gaps are still waiting to be filled.
Recent advances in imaging, the adoption of new genet-
ics and biochemical techniques, and the establishment of
new model systems, offer unprecedented opportunities
to address these challenges in plant cell biology. In
Table 1, we highlight some of the key questions and sug-
gest applications by which their answers might be
facilitated.

Accession numbers
For reference, all proteins mentioned in this review are listed
in Supplemental Data Set S1 with their full names, abbrevia-
tions and accession numbers.

Supplemental data
The following materials are available in the online version of
this article.

Table 1 Key questions in plant cell biology and approaches or model systems that may facilitate their investigations

Question Approach/Model System References

What is the nature of COPII carriers and
ER–Golgi transport in plants?

Whole-cell focused ion beam (FIB)-SEM, com-
bined with cryogenic-structured illumination
microscopy used recently in mammalian cells
to re-examine the ultrastructural features of
ERES and transport intermediates at the
ER–Golgi interface at isotropic nanoscale
resolution through an entire cell. These
techniques have challenged the current view
of ER–Golgi transport and the function of
COPII proteins and might be applied to
further dissect the peculiarities of ER–Golgi
transport in plants

Hoffman et al. (2020); Xu et al. (2017); Weigel
et al. (2021)

Are COPI and COPII isoforms functionally
specialized?

The diversity of COPI and COPII isoforms in
widely used model plants, such as Arabidopsis,
adds complexity to functional studies. The use
of alternative model systems, with less com-
plex genetics, such as the liverwort
Marchantia polymorpha, may help elucidate
whether gene expansion has functional
implications

Kanazawa et al. (2016)

Can cargo trafficking be visualized in live cells? Retention Using Selective Hooks can be used to
synchronize cargo trafficking under
physiological conditions without stressing cells
and may be a promising tool in plants

Pacheco-Fernandez et al. (2021)

How can essential processes be studied in a
spatiotemporally controlled manner?

In mammalian cells, inducible degron systems
based on auxin degrons or plant
photoreceptors are available, although their
equivalent does not exist for plant cells.
Inducible systems in plants include inducible
clustered regularly interspaced short
palindromic repeats (CRISPRs) or gene
silencing modules to probe the function of
essential proteins in a time-dependent
manner

Nishimura et al. (2009); Tischer and Weiner
(2014)

Can endomembrane trafficking be analyzed in
crop model systems?

Studies of endomembrane trafficking in crop
plants are challenging, partly due to the
difficulty of plant transformation. The maize
(Zea mays) fluorescence tagging collection
from the Cold Spring Harbor Laboratory (Cold
Spring Harbor, NY, USA) includes 117
translational fusions, many of which represent
cargo targeted to different organelles that may
be used as a starting point for protein
trafficking studies in this important crop

Krishnakumar et al. (2015)

Are there organ- or cell-type-specific
endocytosis and autophagy trafficking
pathways?

There is a wealth of knowledge in Arabidopsis
regarding cell type-specific promoters. With
the invention of CRISPR-Tissue-specific
genome editing tools, we can now address cell
type-specific endocytic and autophagic
pathways

Decaestecker et al. (2019)

How do autophagosomes fuse with the
tonoplast?

A reductionist approach, such as in vitro
reconstitution using purified proteins and
compartments, may help address this highly
challenging but fundamental question

Bas et al. (2018)
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Supplemental Data Set S1. List of all proteins mentioned
in this review.
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Aniento F (2008) In vivo trafficking and localization of p24 pro-
teins in plant cells. Traffic 9: 770–785

Lerich A, Hillmer S, Langhans M, Scheuring D, van Bentum P,
Robinson DG (2012) ER import sites and their relationship to ER
exit sites: a new model for bidirectional ER-Golgi transport in
higher plants. Front Plant Sci 3: 143

Li F, Chung T, Vierstra RD (2014) Autophagy-related11 plays a criti-
cal role in general autophagy- and senescence-induced mitophagy
in Arabidopsis. Plant Cell 26: 788–807

Li H, Li Y, Zhao Q, Li T, Wei J, Li B, Shen W, Yang C, Zeng Y,
Rodriguez PL, et al. (2019) The plant ESCRT component FREE1
shuttles to the nucleus to attenuate abscisic acid signalling. Nat
Plants 5: 512–524

Li X, Pan SQ (2017) Agrobacterium delivers VirE2 protein into host
cells via clathrin-mediated endocytosis. Sci Adv 3: e1601528

Li R, Sun R, Hicks GR, Raikhel NV (2015) Arabidopsis ribosomal
proteins control vacuole trafficking and developmental programs
through the regulation of lipid metabolism. Proc Natl Acad Sci
USA 112: E89–E98

Lin Y, Zeng Y, Zhu Y, Shen J, Ye H, Jiang L (2021) Plant Rho
GTPase signaling promotes autophagy. Mol Plant 14: 905–920

Liu F, Hu W, Li F, Marshall RS, Zarza X, Munnik T, Vierstra RD
(2020b) AUTOPHAGY-RELATED14 and Its associated phosphatidy-
linositol 3-kinase complex promote autophagy in Arabidopsis.
Plant Cell 32: 3939–3960

Liu D, Kumar R, Claus LAN, Johnson AJ, Siao W, Vanhoutte I,
Wang P, Bender KW, Yperman K, Martins S, et al. (2020a)
Endocytosis of BRASSINOSTEROID INSENSITIVE1 is partly driven
by a canonical Tyr-based motif. Plant Cell 32: 3598–3612

Liu C, Zeng Y, Li H, Yang C, Shen W, Xu M, Xiao Z, Chen T, Li B,
Cao W, et al. (2021) A plant-unique ESCRT component, FYVE4,
regulates multivesicular endosome biogenesis and plant growth.
New Phytol 231: 193–209

168 | THE PLANT CELL 2022: 34: 146–173 F. Aniento et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/article/34/1/146/6373906 by D

 H
 H

ill Library - Acquis D
ept S user on 24 M

ay 2022



Lopez S, Rodriguez-Gallardo S, Sabido-Bozo S, Mu~niz M (2019)
Endoplasmic reticulum export of GPI-anchored proteins. Int J Mol
Sci 20: 3506

Maeda S, Otomo C, Otomo T (2019) The autophagic membrane
tether ATG2A transfers lipids between membranes. eLife 8:
e45777

Maeda S, Yamamoto H, Kinch LN, Garza CM, Takahashi S,
Otomo C, Grishin NV, Forli S, Mizushima N, Otomo T (2020)
Structure, lipid scrambling activity and role in autophagosome for-
mation of ATG9A. Nat Struct Mol Biol 27: 1194–1201

Majoul I, Sohn K, Wieland FT, Pepperkok R, Pizza M, Hillemann
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JH, Traub LM, Wendland B (2009) Syp1 is a conserved endocytic
adaptor that contains domains involved in cargo selection and
membrane tubulation. EMBO J 28: 3103–3116

Ren Y, Wang Y, Pan T, Wang Y, Wang Y, Gan L, Wei Z, Wang F,
Wu M, Jing R, et al. (2020) GPA5 encodes a Rab5a effector re-
quired for post-Golgi trafficking of rice storage proteins. Plant Cell
32: 758–777

Renna L, Brandizzi F (2020) The mysterious life of the plant
trans-Golgi network: advances and tools to understand it better. J
Microsc 278: 154–163

Reynolds GD, Wang C, Pan J, Bednarek SY (2018) Inroads into in-
ternalization: five years of endocytic exploration. Plant Physiol.
176: 208–218
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