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Abstract

Seed storage proteins (SSPs) are of great importance in plant science and agriculture, particularly in cereal crops, due
to their nutritional value and their impact on food properties. During seed maturation, massive amounts of SSPs are
synthesized and deposited either within protein bodies derived from the endoplasmic reticulum, or into specialized
protein storage vacuoles (PSVs). The processing and trafficking of SSPs vary among plant species, tissues, and even
developmental stages, as well as being influenced by SSP composition. The different trafficking routes, which affect
the amount of SSPs that seeds accumulate and their composition and modifications, rely on a highly dynamic and
functionally specialized endomembrane system. Although the general steps in SSP trafficking have been studied in
various plants, including cereals, the detailed underlying molecular and regulatory mechanisms are still elusive. In this
review, we discuss the main endomembrane routes involved in SSP trafficking to the PSV in Arabidopsis and other
eudicots, and compare and contrast the SSP trafficking pathways in major cereal crops, particularly in rice and maize.
In addition, we explore the challenges and strategies for analyzing the endomembrane system in cereal crops.

Keywords: Cereal, endomembrane system, protein body, protein sorting, protein storage vacuole, seed storage proteins,
trafficking pathways.

Introduction

During seed maturation, flowering plants store their long-term  as protein bodies (PBs), or be exported to specialized protein
nitrogen reserves mainly in the form of seed storage proteins storage vacuoles (PSVs) (Miintz, 1998).To be able to accom-
(SSPs), which are then remobilized during germination to modate such a massive production of different types of SSPs,
support the growing seedling. Once synthesized in the endo- the endomembrane system in developing seeds undergoes
plasmic reticulum (ER), SSPs can either remain inside the ER  drastic changes to elevate its synthetic and trafficking capacity.

© The Author(s) 2021. Published by Oxford University Press on behalf of the Society for Experimental Biology. All rights reserved.
For permissions, please email: journals.permissions@oup.com

2202 UDIBIN 8Z UO JoSN Salieiqi UOSIPBI-UISUOISIAN JO AYISIanIuN AQ 9197 19/Z L€ L/G/E /9101 /aX]/woo"dnoolwapeo.//:sdjly WoJy papeojumod


mailto:otegui@wisc.edu?subject=
mailto:fqli@scau.edu.cn?subject=

Role of endomembrane trafficking in seed protein deposition | 1313

Depending on the species, SSPs accumulate either in the
embryo or in the endosperm, a specialized tissue that re-
sulted from a double fertilization event. Arabidopsis embryo
cells develop PSVs by remodeling the pre-existing embryonic
vacuole during seed maturation (Feeney ef al., 2018).Very few
endosperm cells remain in the mature Arabidopsis seed and,
therefore, they are not a major site for SSP accumulation. In
cereals, different types of SSPs are synthesized in embryo and
endosperm tissues, and their subcellular storage compartments
also differ among cell types. For example, the SSPs in the
epidermal layer (aleurone) of the maize and sorghum endo-
sperms are mainly stored in PSVs, whereas the SSPs in the
inner endosperm (starchy endosperm) accumulate exclusively
in PBs. In contrast, rice SSPs predominantly accumulate in the
subaleurone layer (1-2 layers underneath the aleurone) in both
PBs and PSVs, also referred to as type-1 PB (PB-I) and PB-II,
respectively (Fig. 1). Embryo cells in the cereal grains form ex-
clusively PSVs.

At least three major SSP trafficking pathways to the PSVs
have been identified in flowering plants (see Fig. 2;Vitale and
Hinz, 2005; Xiang ef al., 2013; Ashnest and Gendall, 2018). All
SSPs bear an N-terminal signal peptide that mediates their
translocation into the ER lumen during protein synthesis.
Once vacuolar SSPs are synthesized, folded, and assembled in-
side of the ER lumen, they are most commonly transported
to the Golgi, to the frans-Golgi network (TGN), and to pre-
vacuolar compartments (PVCs)/multivesicular endosomes
(MVEs) that fuse with PSVs, releasing their content into the
vacuolar lumen. Some proteins are packed into ER-derived
precursor-accumulating (PAC) vesicles and delivered directly
to PSVs in a Golgi-independent manner (Hara-Nishimura
et al., 1998). The third pathway delivers portion of the ER

containing SSP aggregates to the vacuole through a poorly
characterized autophagic mechanism (Reyes et al., 2011).

Besides serving as a major repository of nitrogen for plants,
SSPs in cereal crops represent a major protein source in the
human diet, as they provide nearly 50% of the global food
protein (faostat.fao.org). Moreover, the capacity to accumulate
large amounts of proteins makes cereal grains an attractive plat-
form for the production of recombinant proteins of pharma-
ceutical or industrial value. In this review, we discuss the main
endomembrane routes involved in SSP trafficking to the PSV,
highlighting studies performed in Arabidopsis and in major
cereal crops, particularly in rice (Oryza sativa) and maize (Zea
mays). We also explore and contrast the known regulatory fac-
tors that control SSP trafficking pathways. Finally, we discuss
challenges and strategies in the analysis of endomembrane traf-
ficking pathways in cereal crops.

Seed storage proteins in flowering plants

Based on their solubility in various solvents, SSPs have been
traditionally classified as albumins (soluble in water), globulins
(soluble in saline solution), glutelins (soluble in diluted acids
or alkali), and prolamins (soluble in water/alcohol mixtures)
(Osborne, 1924). The 2S albumins are widely present in di-
cotyledonous plants and have been extensively studied in the
model plant Arabidopsis, whereas prolamins and glutelins are
only present in grasses, including major cereals.

Globulins are widely present in flowering plants and even in
some fern spores (Templeman et al., 1987). They can be fur-
ther divided into two subgroups: the trimeric and predomin-
antly glycosylated 7S vicilin-type globulins and the hexameric
and mostly non-glycosylated 11-12S legumin-type globulins.
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Fig. 1. Schematic comparison of the seed storage organelles found in Arabidopsis embryonic tissues, rice subaleurone layer, and maize aleurone and

starchy endosperm tissues.
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Fig. 2. Model depicting the sorting and trafficking of storage proteins in Arabidopsis, rice, and maize. In Arabidopsis (A), precursors of 2S albumins

and 128 globulins are transported to the protein storage vacuole (PSV) via several Golgi-dependent routes. During Golgi-dependent trafficking, storage
proteins are firstly transported from the ER to the Golgi via COPII vesicles (D), and then targeted to the PSV via clathrin-coated vesicles (CCVs) or
transported via dense vesicles (DVs). Vacuolar sorting receptors (VSRs) recognize and bind storage proteins at early endomembrane compartments

to promote their trafficking, and dissociate at late endomembrane compartments and recycle back by retromer (E) for a new round of sorting. The
maturation of the multivesicular endosome (MVE) and its fusion with the PSV is regulated by a Rab5 and Rab7 cascade (F). In rice (B), prolamins directly
aggregate inside the ER lumen to form type | protein bodies (PB-I), whereas glutelins are targeted to the type Il protein bodies (PB-Il) or PSVs through a
DV-mediated pathway, which is regulated by a Rab5 cascade (G). In developing maize endosperm (C), prolamins in the ER lumen gradually deposit to
form PBs, and an ATG8-independent autophagy route was found to be involved in the trafficking of zeins in aleurone cells.
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In Arabidopsis and other crucifers, the predominant SSPs
are the 2S albumins and 12S globulins (Heath et al., 1986).
Interestingly, Arabidopsis mutants lacking either of these ca-
nonical major SSPs show no significant differences in seed size,
seed germination, or seedling vigor compared with the wild
type (Withana-Gamage ef al., 2013), indicating that, at least in
some conditions, either SSP can act as the energy source for
germination.

Prolamins represent a large superfamily of related SSPs with
different amino acid composition and molecular weight. In
rice, prolamins can be further classified into three subgroups
(10,13,and 16 kDa prolamins) based on their composition and
molecular weights (Shewry et al., 1995). Prolamins from maize
(zeins) and related panicoid cereals such as sorghum (Sorghum
bicolor) and pearl millet (Pennisetum glaucum) are usually clas-
sified in four groups (a, B, v, and 0) (Shewry et al., 1995).
Although zeins represent 50% of the total seed protein con-
tent, they are deficient in several essential amino acids, such as
lysine, tryptophan, and methionine, which reduce their nutri-
tional value.

Glutelins are related to the 11-12S globulins and represent a
major component of the protein mixture called gluten, com-
monly used in the making of bread and malts. Glutelins, just
like prolamins, accumulate in the endosperm but not in the
embryo of cereal grains. The rice grain contains glutelins (60—
80%) and prolamins (20-30%) as the most abundant storage
proteins (Kawakatsu et al., 2010). In the maize kernel, >60%
of the total SSP in the endosperm consist of zeins, whereas
10-20% of the total proteins in the embryo are globulins-1 and
-2 (Larkins et al.,2017).

SSPs are also different in their sorting, post-translational
processing, and trafficking pathways. Prolamins in the cereal
starchy endosperm directly aggregate inside the ER lumen as
protein granules that eventually develop into PBs (also known
as PB-I in rice) of 1-3 um in diameter (Larkins and Hurkman,
1978; Krishnan et al., 1986). Prolamin synthesis and accumula-
tion are restricted to specialized ER subdomains (Li et al., 1993;
Choi et al., 2000). In the maize starchy endosperm, PBs consist
of a core region containing a 19 kDa and 22 kDa a-zein-
rich middle layer, and a y-zein-rich outermost layer (Holding,
2014). The composition and segregation of prolamins within
maize PBs are important not only for the stable accumulation
of PBs but also for the texture of the endosperm and, there-
fore, for grain yield and quality (Holding, 2014). The prolamin
PB-Is in rice endosperm also are spherical, with a concentric
arrangement of proteins and the 10 kDa prolamin at the core
surrounded by layers of 13b, 13a, and 16 kDa prolamins (Saito
et al., 2012).

Unlike prolamins, the other three groups of SSPs are initially
synthesized as long and sometimes oligomeric precursors at
the ER and sequentially undergo post-translational cleavage
by vacuolar proteases at PSVs or while en route to the PSVs
(Gruis et al., 2002, 2004; Otegui et al., 2006; Wang et al., 2009;
Mylne et al., 2014). For example, the Arabidopsis 12S globulin

precursors are first synthesized and translocated into the ER
lumen where disulfide bonds are formed between the a- and
B-chains (Chrispeels et al., 1982; Mylne et al., 2014). After
reaching MVEs via an ER—Golgi—TGN pathway, 12S globulin
precursors are proteolytically processed by vacuolar processing
enzymes (VPEs) to promote the formation of intra- and inter-
chain disulfide bonds and the subsequent formation of 12S
hexamer or octamer complexes (Adachi ef al., 2003; Gruis ef al.,
2004; Otegui et al.,2006). Proteolytic processing of Arabidopsis
2S albumins is more extensive and more complex, and is ini-
tiated at the MVEs before reaching the PSV.The 2S albumin
precursors undergo four rounds of cleavage events that result in
two disulfide-linked mature polypeptides (Mylne et al., 2014).
Like Arabidopsis 2S albumins and 12S globulins, rice glutelins
are also initially synthesized as 57 kDa precursors at the ER
(Yamagata et al., 1982) and sequentially delivered to the PSVs
through the Golgi and TGN (Krishnan et al., 1986;Yamagata et
al., 1986). Proglutelins are proteolytically processed by VPEs to
form irregular PB-II/PSVs that also store globulins (Yamagata
et al., 1982; Krishnan et al., 1992). Thus, the trafficking path-
ways controlling SSP deposition varies substantially depending
on plant species, cell types, and the biophysical properties of
the SSPs.

Golgi-independent routes to the protein
storage vacuole

The classical route (ER—Golgi-TGN-MVE), described above
for Arabidopsis 2S albumins and 12S globulins, is generally
considered as the most prevalent pathway for delivering SSPs
to the PSVs in seed plants. However, other alternative routes
have been reported to deliver SPPs from the ER to the PSV
bypassing the Golgi (as summarized in Fig. 2). Basically, the
routes rely on the budding of ER vesicles that carry SSPs to
the vacuole directly or on different autophagy modalities.

Precursor-accumulating (PAC) vesicle

PAC vesicles were first discovered in the developing cotyle-
dons of pumpkin (Cucurbita maxima) and the endosperm of
castor bean (Ricinus communis) (Hara-Nishimura et al., 1998),
and later in other plant species, such as soybean (Glycine max)
(Mori et al., 2004) and rice (Takahashi et al., 2005). PAC
vesicles contain densely packed aggregates of storage proteins,
such as albumins, globulins, and glutelins, together with ER
chaperones (Levanony ef al., 1992; Hara-Nishimura ef al., 1998;
Takahashi et al., 2005). They are 200-400 nm (up to 1 pum
in rice) in diameter, and frequently observed in close prox-
imity to the rough ER, sometimes surrounded by ribosomes.
For these reasons, PAC vesicles are thought to derive from the
ER and transport SSPs directly to the PSVs. The presence of
Golgi-derived glycosylated vacuolar sorting receptors (VSRs)
in PAC vesicles, however, suggests that PAC vesicles may not
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carry SSPs solely from the ER. For example, PV72,a VSR in
pumpkin seeds, recruits 2S albumin precursors and is present in
PAC vesicles (Shimada et al.,2002). Moreover, PV72 molecules
isolated from PAC vesicles contain Golgi-processed, complex
oligosaccharides, indicating that PAC vesicles may recruit at
least a small proportion of 2S albumin precursors at the Golgi
apparatus (Vitale and Hinz, 2005). Therefore, the origin and
nature of PAC vesicles and the contribution(s) of the Golgi in
this pathway still needs to be investigated.

The mechanisms mediating SSP aggregation inside the ER
and sequestration into PAC vesicles are still unclear. We do
know, though, that the quality and quantity of SSP cargo pro-
teins influence their propensity to aggregation. For example,
developing soybean cotyledons containing higher amount of’
glycinin (11S globulin) tend to form PAC-like vesicles more
frequently than wild-type cotyledons (Mori et al., 2004).
There is abundant evidence that the prevalent SSP trans-
port route is determined not only by the SSP itself but also
by other factors specific to developmental stages, cell types,
and species. For example, wheat (Triticum aestivum) prolamins
generally follow conventional Golgi-dependent traffic to the
PSVs at early stages of seed development, while they aggre-
gate inside the ER and are prominently transported to the
PSVs by PAC vesicles at later stages (Shy et al., 2001; Tosi
et al., 2009). The identity of the machinery involved in the
formation, budding, and fusion of PAC vesicles is as yet un-
known, but it has been suggested that PAC vesicles may be
engulfed by PSVs through an autophagy-like process (see
below) or fuse with PSVs directly (Hara-Nishimura ef al.,
1998; Robinson et al., 2005).

Autophagy

Autophagy (meaning self-eating) is a highly conserved cata-
bolic pathway in eukaryotes, by which unwanted or dysfunc-
tional cytoplasmic materials are degraded by the vacuole/
lysosome to maintain cellular homeostasis (Yang and Bassham,
2015; Masclaux-Daubresse et al., 2017; Marshall and Vierstra,
2018). Thus far, studies with Arabidopsis and other plant spe-
cies have identified three distinct types of autophagy: micro-,
macro-, and mega-autophagy (Marshall and Vierstra, 2018).
In microautophagy, cytoplasmic materials are engulfed dir-
ectly by invaginations of the vacuolar membrane. During
macroautophagy, cargo becomes sequestered into a double-
membrane organelle called an autophagosome, which
subsequently fuses to the vacuole releasing its internal cargo-
containing core also called an autophagic body. When these
two autophagic pathways converge to degradation and recyc-
ling, the engulfed cargoes are degraded by a set of vacuolar
hydrolases so breakdown products can be then exported back
to the cytoplasm for nutrient recycling (Marshall and Vierstra,
2018). The third type of autophagy in plant cells, mega-
autophagy, represents an extreme form of massive degradation

at the end of programmed cell death (PCD) that occurs during
plant development or during biotic stress [e.g. the hypersen-
sitive response (HR)]. During mega-autophagy, the vacuolar
hydrolases are released into the cytoplasm through permeabil-
ization or rupture of the tonoplast, where they break cyto-
plasmic material directly (van Doorn and Papini, 2013).

Besides its role in degradation and recycling, autophagy
seems to play a role in the deposition of other metabolites such
as anthocyanins (Chanoca ef al., 2015) and SSPs. The first in-
dication of such a role came from a study in developing wheat
endosperm (Levanony et al., 1992). Wheat prolamins aggregate
inside the ER in small PBs that are then sequestered into PSVs
through a process reminiscent of microautophagy (Levanony
et al., 1992). A later study in developing maize endosperm
employing electron tomography showed that whereas maize
prolamins (zeins) accumulate in ER PBs in both aleurone and
starchy endosperm cells, PBs in aleurone cells are delivered to
the PSV through a autophagy-like mechanism (Reyes ef al.,
2011), possibly related to microautophagy, that does not depend
on canonical autophagy factors such as ATG12 (Li ef al., 2015).
Thus, whereas starchy endosperm cells accumulate large quan-
tities of prolamins in PBs, aleurone cells only form prolamin-
containing PBs transiently and then sequester them into PSVs.
This is also the case when maize zeins are expressed in trans-
genic tobacco (Nicotiana tabacum) seeds, which do not naturally
accumulate prolamins. The tobacco plants form ER-derived
PBs containing zeins but they are ultimately delivered to PSVs
(Coleman et al., 1996), presumably by a microautophagic
mechanism similar to that reported in the wheat endosperm
cells. Interestingly, similar microautophagic mechanisms seem
to mediate the vacuolar sequestration of some specialized
metabolites, such as rubber (Backhaus and Walsh, 1983) and
anthocyanins (Chanoca et al., 2015). These observations have
led to the interesting speculation that microautophagy may be
a highly efficient method for vacuolar deposition of various
bulky compounds, including PBs.

Whereas several lines of evidence support a role for
microautophagy in the vacuolar deposition of SSPs, the par-
ticipation of macroautophagy in SSP trafficking is less clear.
Arabidopsis mutants deficient in macroautophagy (e.g. atg5)
accumulate fewer storage proteins, more specifically mature
forms of 12S globulins, than the wild type. This reduction
seems to be due, at least in part, to the incomplete processing
of the 12S globulin precursors (D1 Berardino et al.,2018).The
proteolytic processing of the Arabidopsis SSPs has been docu-
mented to start in MVEs and to be completed inside PSVs
(Otegui et al., 2006), thus how exactly macroautophagy con-
trols SSP processing is unclear. However, many mutants af-
fected in different aspects of endomembrane trafficking result
in the abnormal mis-sorting of SSP precursors (see below),
and thus the abnormal accumulation of SSP precursors in
macroautophagy mutants could be due to a general disruption
in endomembrane fluxes.
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Golgi-dependent routes to the protein
storage vacuole

Vacuolar protein sorting machine: determinants and
receptors

The default location for ER-synthesized proteins is released
to the cell exterior through exocytosis. For vacuolar delivery,
most SSPs are recognized by membrane-bound sorting recep-
tors in the early secretory pathway, directed to the Golgi, TGN,
and MVEs, and ultimately reach the vacuole. Such receptor-
mediated sorting depends on signals in the cargo amino acid
sequences known as vacuolar sorting determinants (VSDs).
Three different types of VSDs have been described in plants;
sequence-specific VSDs, C-terminal VSDs, and physical and
structural VSDs.

The sequence-specific VSDs were first identified in barley
(Hordeum vulgare) aleurain and sweet potato (Dioscorea esculenta)
sporamin as sorting signals for lytic vacuoles (Holwerda et al.,
1992; Nakamura ef al., 1993). They contain the core signal se-
quence Asn—Pro—Ile-Arg (NPIR) or a similar motif. Similar
signal sequences were also later described in SSPs targeted to
PSVs, such as the castor bean storage protein ricin and 2S al-
bumins (Frigerio et al., 2001; Brown et al., 2003).

The C-terminal VSDs are normally comprised of 8-20
highly hydrophobic amino acids (Pereira et al., 2013) and
were first discovered in barley lectin and tobacco chitinase
(Bednarek and Raikhel, 1991; Neuhaus et al., 1991). Similar to
the sequence-specific VSDs, the C-terminal VSDs are sufficient
to target a cargo protein to the vacuole. As their name im-
plies, the C-terminal VSDs must be placed at the C-terminus
of a cargo protein to function as sorting signals, whereas the
sequence-specific VSDs can function independently of their
position within the protein (Koide et al., 1997). C-terminal
VSDs have been reported for many SSPs, including the 7S
globulin f-conglycinin o-subunit from soybean (Nishizawa
et al., 2003), the 11S globulin amaranthin from Amaranthus,
and the rice glutelin B-subunit (W. Li et al., 2013). Although
the sorting mechanism of the Arabidopsis 2S albumins has not
been analyzed in detail, they bear hydrophobic C-terminal
sequences similar to those of soybean B-conglycinins, and may
function as C-terminal VSDs (Fuji ef al., 2007).

The physical and structural VSDs are not well conserved at
the amino acid sequence level and often consist of multiple in-
ternal sorting determinants within the storage protein, which
probably form higher structures to promote sorting (Saalbach
et al., 1991; Hegedus et al., 2015). For example, Arabidopsis
12S globulins contain both a C-terminal VSD plus internal
sequences needed for vacuolar sorting (Shimada et al., 2003;
Hegedus et al., 2015).Thus, the Arabidopsis 12S globulins were
first shown to interact with VSR1 through their C-terminal
region in a Ca*"-dependent manner (Shimada et al., 2003),
while a more recent study revealed the presence of multiple
internal sorting determinants within the 12S globulin AtCruA

that are required for its vacuolar deposition (Hegedus et al.,
2015). These internal sorting sequences are hydrophobic with
a Leu or Ile residue at the core and usually within or adjacent
to a surface-exposed hydrophilic loop (Hegedus et al., 2015).

Thus far, two different types of vacuolar receptors have
been described in plant cells: the BP-80/VSR family and
the receptor homology domain—transmembrane sequence—
RING-H2 (RMR) protein family. The BP-80/VSR family
are type I integral membrane proteins, with a large lumenal
ligand-binding domain, a single transmembrane domain, and a
short cytosolic C-terminal tail (Robinson and Neuhaus, 2016).
The lumenal region, which recognizes and binds the VSD in
cargo proteins, consists of an N-terminal protease-associated
(PA) domain, a central domain, and three epidermal growth
factor repeats. The PA domain has been shown to bind the
residues preceding the NPIR motif of barley aleurain, favoring
the binding of the NPIR motif to the central domain (Luo ef
al., 2014). The cytosolic C-terminal domain of VSR contains
aYxx¢ (where x is any amino acid and ¢ is a hydrophobic
amino acid) motif that interacts with a clathrin adaptor com-
plex (see below) and mediates their incorporation into vesicles
(Gershlick et al., 2014). Although first isolated as sorting re-
ceptors for lytic vacuolar cargo, growing biochemical and gen-
etic evidence later revealed their roles in SSP trafficking to the
PSV (Kirsch et al., 1994; Robinson and Neuhaus, 2016).VSRs
can recognize the VSDs of several SSPs from different dicoty-
ledonous species, including 2S albumins of castor bean and
pumpkin (Cao ef al., 2000; Shimada et al., 2002; Brown ef al.,
2003), 7S B-conglycinins of soybean (Fuji ef al.,2007), and 12S
globulin of Arabidopsis (Shimada et al., 2003).

The VSR family in Arabidopsis thaliana is encoded by seven
genes (V'SR1-VSR7) that show some level of functional spe-
cialization (Shimada et al., 2003; Zouhar et al., 2010). Genetic
studies have shown that a significant proportion of 2S albumin
and 12S globulin precursors are mis-sorted to the apoplast in
the vsr1 mutant, but not in the vsr2-7 mutant (Shimada et al.,
2003; Delgadillo et al., 2020), indicating that AtVSR1 is the
major player responsible for proper sorting of the SSPs to the
PSVs in developing seeds. In addition, processing defects in
the vsr1vsr3 and vsrivsr4 double mutants are more severe for 2S
precursors than for 12S precursors, suggesting specialization in
cargo selection within the VSR family (Zouhar ef al., 2010).

RMR proteins were originally identified based on the se-
quence similarity to the PA domain of VSRs, suggesting a
role as sorting receptors (Cao et al., 2000; Wang et al., 2011).
Although molecularly and functionally distinct, RMRs have a
domain structure similar to that of VSRS, as they consist of a
lumenal ligand-binding domain, a single transmembrane do-
main, and a long cytoplasmic tail containing a typical C3H2C3
RING-H2 domain (Wang et al., 2011). Genome analysis
showed that RMR proteins generally are encoded by a small
gene family in higher plants, with five members in Arabidopsis
(ACRMR 1-AtRMR5, Park et al.,2005) and two in rice (Shen
et al.,2011).
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The exact role of RMRs in the vacuolar delivery of SSPs
is controversial. Immunofluorescence and immunoelectron
microscopic studies showed that the AtRMR 1 receptor mainly
localizes to the PSVs of developing embryos (Park et al., 2005),
whereas AtRMR 2 was detected not only in the PSV, but also in
the Golgi apparatus and storage protein-loaded dense vesicles,
coinciding with the distribution of the 12S globulin cruciferin
(Hinz et al., 2007). OsRMR1 was also found in the PB-II/
PSVs of the developing rice endosperm, as well as in the Golgi
apparatus, TGN, and MVEs (Shen et al., 2011). In addition,
in vitro binding assays showed that Arabidopsis RMR proteins
are able to interact with the C-terminal VSDs of several PSV-
resident proteins, including barley lectin, bean phaseolin, and
tobacco chitinase (Park et al., 2005, 2007). Moreover, when
co-expressed with AtRMR1 deletion mutants lacking either
the luminal domain or the cytosolic tail, bean phaseolin par-
tially failed to reach the vacuoles of Arabidopsis leaf proto-
plasts (Park et al., 2005). These observations suggested a role for
RMRs as SSP receptors in vacuolar sorting. However, the gen-
etic studies by Zouhar et al. (2010) showed that the processing
of 28 or 128 precursors and the morphology of PSVs were not
affected in either rmr single or double mutants, indicating that
RMR receptors in Arabidopsis either function redundantly
with VSRs or do not have significant roles in the SSP traf-
ficking. Further investigation of the SSP processing phenotype
and PSV dynamics of mutants eliminating all 'SR or RMR
genes, or combination of vsr rmr mutants through CRISPR/
Cas9 genome editing, would be useful to address the question.

ER and Golgi trafficking

ER -synthesized proteins are transported to the Golgi appar-
atus via a coat protein complex II (COPII)-dependent route,
whereas ER -resident proteins are retrieved from the Golgi back
to the ER via COPI vesicles. COPII consists of five compo-
nents: secretion-associated R AS-related 1 (Sar1), Sec23, Sec24,
Sec13, and Sec31 (Fig. 2D; Brandizzi, 2018). Sarl is a small
GTPase responsible for switching on and off the assembly of
COPII coats, while the heterodimers Sec23/24 and Sec13/31
form the membrane-bound inner layer and the cage-like outer
layer of the COPII coat, respectively, to promote COPII ves-
icle budding (Barlowe ef al., 1994). The participation of Sarl
in ER export of SSPs has been experimentally shown in rice,
where the simultaneous suppression of three of the four rice
Sar1 genes (OsSarla/b/c) impaired the export of glutelin pre-
cursors and a-globulin from the ER, leading to their accumu-
lation in abnormal ER PBs (Tian et al., 2013).

Critical contributions to elucidating the role of the ER to
Golgi transport in SSP trafficking came from the analysis of
the maigo (mag, means a stray or lost child in Japanese) mu-
tants in Arabidopsis, which are deficient for accessory fac-
tors involved in vesicle budding, tethering, and fusion (Li et
al., 2006; Takahashi et al., 2010; Takagi et al., 2013). In three
of these maigo mutants, mag2, mag4, and mag5, SSP precursors

overaccumulate in electron-dense, ER -derived structures, in-
stead of being released to the extracellular space like in other
mutants defective in later steps of the conventional secretory
pathway (Li et al., 2006; Takahashi et al., 2010; Takagi et al.,
2013). MAG?2 interacts with ER-localized SNAREs and with
MIP1-MIP3 (MAIGO2-interacting proteins 1-3) to form an
ER-localized tethering complex, similar to the yeast Dsllp
complex, which is required for retrograde transport from the
Golgi apparatus to the ER (L. Li ef al., 2006, 2013). MAGH4
encodes a cis-Golgi-localized tethering factor, with similarities
to the animal bovine vesicular transport factor p115 and yeast
Vsolp required for the anterograde transport from the ER to
the Golgi (Takahashi ef al., 2010). MAG5, an ortholog of yeast
and human Sec16, was recently shown to mediate protein ex-
port from the ER through controlling COPII coat turnover
(Takagi et al., 2013).

Another important regulator of COPII vesicle assembly re-
quired for SSP export was characterized in rice. GPA4 (glutelin
precursor accumulation 4) is a conserved membrane protein
homologous to the yeast Golgi transport 1B (GOT1B), also
known as GLUP2 (Fukuda ef al., 2016;Y. Wang et al., 2016).
In rice gpa4/glup2/got1b mutants, the subcellular distribution
of Sarl is drastically altered, and the ER export of glutelin
precursors is repressed. Rice GPA4 interacts with the COPII
component Sec23 and is required for the proper assembly of
the COPII vesicles and, therefore, export of SSPs from the ER
(Y. Wang et al., 2016).

Given that the ER—Golgi anterograde transport represents
the first step of SSP trafficking along the secretory pathway, it
was assumed that VSRs engage their SSP cargo at the ER and
release them in later compartments, such as the TGN or MVEs.
However, where exactly VSRs bind their cargo proteins has re-
mained controversial (Niemes et al., 2010a). The expression of
ER -retained VSR mutant proteins results in the accumulation
of soluble vacuolar proteins in the ER, suggesting that VSR
can bind to their cargoes at the ER or cis-Golgi (daSilva et al.,
2004; Watanabe et al., 2004; Niemes et al., 2010a). However,
more recent studies by Gershlick et al. (2014) and Fritholz et
al. (2018) showed that VSR—ligand binding seems to occur at
the cis-Golgi, leaving the open question of how SSPs are sorted
for export at the ER.

Receptor recycling

SSPs move through the Golgi bound to their VSRs but, before
reaching the PSV, at least some of the receptors disengage from
the cargo and are recycled for new rounds of cargo binding
and sorting. The VSRs have been shown to be recycled by the
retromer, an evolutionarily conserved complex involved in
retrograde transport and cargo/receptor recycling (Oliviusson
et al., 2006; Yamazaki et al., 2008; Niemes et al., 2010b; Kang
et al., 2012). It consists of a ‘core’ complex which recognizes
the VSR cytoplasmic tails, and the peripheral sorting nexins,
which sense and/or induce membrane curvature to facilitate

2202 UDIBIN 8Z UO JoSN Salieiqi UOSIPBI-UISUOISIAN JO AYISIanIuN AQ 9197 19/Z L€ L/G/E /9101 /aX]/woo"dnoolwapeo.//:sdjly WoJy papeojumod



Role of endomembrane trafficking in seed protein deposition | 1319

vesicle formation (Fig. 2F; and see review by Heucken and
Ivanov, 2018). In Arabidopsis, the retromer is composed of
three core proteins:VPS26 (VPS26A and VPS26B),VPS29, and
VPS35 (VPS35A, VPS35B, and VPS35C). Additionally, three
nexin-encoding genes have been identified in the Arabidopsis
genome (AtSNX1, AtSNX2a, and AtSNX2b) (Jaillais et al.,
2006; Shimada et al., 2006;Yamazaki et al., 2008).

The retromer complex is required for the normal transport
of SSPs to the PSVs, as abnormal SSP processing and traf-
ficking are often found in Arabidopsis retromer mutants at the
late stage of seed development. For example, the vps29 and
vps35a vps35b mutants deliver 2S and 12S precursors to the
apoplast instead of the PSV. This leads to the accumulation of
SSP precursors and the formation of smaller PSVs in embryos
(Shimada et al., 2006;Yamazaki et al.,2008; Durand et al.,2019).
Accumulation of SSP precursors in mature seeds has also been
reported in the mutants for 'PS26 and the sorting nexins,
SNX1 and SNX2 (Yamazaki et al., 2008; Pourcher et al., 2010;
Zelazny et al., 2013), suggesting that all retromer components
are required for vacuolar trafficking of SSPs. However, mul-
tiple genetic evidence suggests functional diversification of
some of the retromer subunit isoforms in Arabidopsis. For ex-
ample, vps35a single mutants deliver SSP to the PSVs, but fail
to traffic plasma membrane proteins such as the auxin efflux
carrier PIN1 (Nodzynski et al., 2013), whereas VSP35b and
VPS35¢ are required for SSP transport in developing embryos
(Yamazaki et al., 2008). Furthermore, the snx1 snx2a snx2b
triple mutant is partially impaired in the processing of 12S
globulin but not the 2S albumin precursors (Pourcher ef al.,
2010), whereas the processing of both proteins is abnormal in
the vps29 mutant (Shimada et al., 2006).

A conserved role for the retromer in SSP trafficking of cereal
crops has yet to be demonstrated. Positional cloning of a maize
quantitative trait locus (QTL) affecting kernel morphology re-
vealed that Zm1/PS29 plays an important role in kernel shape
and development. Overexpression of Zml/PS29 resulted in
a slender kernel morphology, probably by regulating kernel
auxin accumulation (Chen et al., 2019). However, whether
SSP deposition is affected by ZmVPS29 overexpression has
not been determined.

Adaptor proteins mediate receptor trafficking

Once VSR bind cargo proteins via their luminal domain, the
receptor—ligand complex is sorted by an adaptor protein (AP)
complex, which recognizes the cytosolic domain of VSRs. The
AP complexes are evolutionarily conserved machineries that
are responsible for the formation of transport vesicles and cargo
sorting in all eukaryotes (Robinson, 2015; Mettlen et al., 2018).
Thus far, five types of AP complexes have been identified in
eukaryotic cells, AP-1 to AP-5 (Hirst er al., 2011). Each AP
complex consists of two large subunits (3135 and one each
of y/0/0/¢/T, respectively), one medium subunit (u1—u5),
and one small subunit (01-05). Although they all seem to be

involved in cargo sorting, these AP complexes operate at distinct
subcellular localizations or even in different subdomains of the
same organelle. For example, both AP-1 and AP-4 localize to
the TGN, but AP-1 strongly interacts with clathrin (Hirst et al.,
2012; Park et al., 2013) and co-localizes with the SNARE pro-
tein VAMP (vesicle-associated membrane protein)-721, while
AP-4 only interacts with clathrin weakly and co-localizes with
VAMP727 (Shimizu et al., 2021). Experimental evidence sup-
ports that whereas AP-1/VAMP721 are involved in clathrin-
dependent exocytosis/secretion (Zhang et al., 2011; Park et al.,
2013; Shimada et al., 2018a), AP-4/VAMP727 participates in
vacuolar trafficking, including transport of SSPs. Gershlick et
al. (2014) reported that the p subunits of AP-1 and AP-4 com-
plexes are able to interact with the cytosolic tail of AtVSR1
in a yeast two-hybrid assay. Moreover, Fuji et al. (2016) un-
covered that mutations in genes coding for three subunits of
the AP-4 complex (AP4p, p, and 0) led to accumulation of
VSR 1 and abnormal trafficking of 12§ globulin precursors, but
not 2S albumin precursors, indicating once again that the 2S
and 12S SSPs may be targeted to the PSV via different sorting
mechanisms.

Dense vesicles

The molecular identity of the vesicles that carry storage proteins
from the Golgi/ TGN to the MVEs for vacuolar delivery is still
unclear. Dense vesicles containing an electron-dense core and
no discernible coat were first discovered by TEM in common
bean (Phaseolus vulgaris) (Chrispeels, 1983), and have subse-
quently been identified in rice (Krishnan et al., 1986), wheat
(Kim ef al., 1988), faba bean (Vicia faba L.) (Hohl et al., 1996),
pea (Pisum sativum) (Hinz et al., 1999), and Arabidopsis (Otegui
et al., 2006; Hinz et al., 2007). In the pea and Arabidopsis coty-
ledon cells, dense vesicle buds were identified in peripheral
bulges of the cis-Golgi using immunogold electron microscopy
(Hinz et al., 1999, 2007; Otegui et al., 2006). The SSP pre-
cursors accumulate within these buds and progressively form
electron-dense protein aggregates. As Golgi cisternae mature,
dense vesicles ultimately reach the TGN where they bud off
(Robinson and Hinz, 2007). Both dense vesicles and PAC
vesicles share some common structural characteristics: both
have an electron-dense core consisting of SSPs and no discern-
ible coats; however, dense vesicles are slightly smaller than PAC
vesicles (150—200 nm in diameter) and bud from the TGN in-
stead of the ER (Shimada et al., 2018b).

There are many open questions regarding the formation,
sorting, budding, and fate of dense vesicles. For example, al-
though VSRs have been identified in dense vesicles, their
exact function and nature have been controversial. They
might facilitate protein aggregation or recover ‘escaped’ pro-
tein for delivery to the PSVs. In addition, some reports in-
dicated that BP-80/VSRs were enriched in clathrin-coated
vesicles and excluded from dense vesicles, which instead
contain RMRs (Hillmer ef al., 2001; Hinz et al., 1999,2007).
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A study by Otegui et al. (2000), however, found that dense
vesicles in Arabidopsis embryos carry both SSP and VSRs,
which is consistent with the later reports on AP-4 acting
on clathrin-free domains of the TGN (Shimizu et al., 2021),
and interacting with the VSR for the vacuolar delivery of
SSPs. However, how dense vesicles are connected with VSR
and AP-4 sorting is presently unclear. Finally, in Arabidopsis,
dense vesicles deliver their SSP-enriched cores to MVEs by
fusion (Otegui et al., 2000), whereas in rice, dense vesicles
carrying glutelins seem to fuse directly with the PSVs (Ren
et al., 2020).

Factors involved in targeting, tethering,
and fusion of trafficking vesicles to protein
storage vacuoles

Rab GTPases

Post-TGN trafficking of SSP-carrying vesicles involves a com-
plex set of proteins to regulate targeting, docking, and fusion
with acceptor compartments (MVEs or PSVs, see Fig. 2E G).
RAB GTPases are key regulators of membrane trafficking that
act as a molecular switch cycling between active (GTP-bound)
and inactive states (GDP-bound). RAB5 and RAB7 are two
evolutionarily conserved subgroups of Rab GTPase that act
in early and late endosomal trafficking in mammalian cells, re-
spectively (Langemeyer ef al., 2018). The plant counterparts of
RAB5 and RAB7 localize to late/multivesicular endosomes
and vacuoles, respectively, and are involved in SSP trafficking
in Arabidopsis and rice (Minamino and Ueda, 2019). There
are three RAB5 GTPases in Arabidopsis, two canonical-type
ones (ARA7 and RHAT1), and a plant-specific isoform, ARA6
(Ebine et al.,2011). Although the gametophytic lethality of the
double mutant, ara7 rhal, has precluded any direct study on
the role of RAB5 in SSP trafficking, the characterization of
mutants for either the RAB5 activator VPS9a or RAB5 ef-
fectors indicates a role for RAB5 in SSP transport (Goh et al.,
2007; Sakurai et al., 2016). As a guanine nucleotide exchange
factor (GEF),VPS9a controls the exchange from GDP to GTP
in the Arabidopsis RAB5 GTPases. The vps9-2 mutant seeds
abnormally accumulate 12S and 2S precursors (Ebine et al.,
2011; Sakurai ef al., 2016), whereas double mutant plants for
two redundant Rab5 effectors, Endosomal Rab Effector with
PX-domain (EREX) and EREX-like 1 (EREL1), fail to pro-
cess 12S globulin but not 2S albumin precursors (Sakurai et al.,
2016). In addition, green fluorescent protein (GFP)—CT24, an
artificial seed protein generated by fusing GFP to the vacuolar
targeting signal CT24 of soybean B-conglycinin, was found to
be mis-sorted to the apoplast of embryo cells in both vps9a-2
and erex erel1 mutants (Sakurai ef al., 2016).

Likewise, genetic analyses of mutants for rice Rab5 GTPases,
their activator, and effectors have revealed the importance
of Rab5 in dense vesicle-mediated traffic in rice. The rice

gpal/rabsa (also known as glup4) mutant overaccumulates
proglutenin precursors and partially mistargets dense vesicles to
the apoplasts, resulting in a reduction in PSV/PB-II size (Wang
et al., 2010; Fukuda et al., 2011). Similar SSP mis-sorting de-
fects were also found in several mutants for the Rab5 activator
and effectors, including gpa2/glup6/Osvps9a, gpa3, and gpa5/
Oserex mutants (Fukuda et al.,2013; Liu et al.,2013; Ren et al.,
2020). GPA3 encodes a plant-specific kelch-repeat-containing
protein and can interact directly with VPS9a to form a regula-
tory complex for OsRab5 (see Fig. 2G/ Ren et al., 2014).

The RAB7 subfamily has also been implicated in PSV traf-
ficking. The Arabidopsis genome encodes eight putative RAB7
homologs (RABG1, G2, and G3a-f) and RABG3a-f share a
common GEF complex consisting of MON1 (MONENSIN
SENSITIVITY1) and CCZ1 (CALCIUM CAFFEINE ZINC
SENSITIVITY1) (Cui et al.,2014). Studies on rabg3 quintuple
mutants, as well as mon1, and ccz1a ccz1b mutants showed that
Rab7 activity is essential for correct vacuolar targeting of 12S
globulins and GFP—CT24, and for normal PSV morphology
(Cui et al., 2014; Ebine et al., 2014; Singh et al., 2014). Rice
contains five Rab7-encoding genes, which play multiple roles
in plant growth, tolerance to heat, drought and salt stresses, and
regulation of leaf senescence and grain yield (Langemeyer et
al., 2018; El-Esawi and Alayafi, 2019). A recent study by Pan
et al. (2021) showed that mutation in rice CCZ1/GPA7 leads
to abnormal accumulation of storage PVC-like structures
and mistargeting glutelins to the apoplast, indicating a con-
served role for the Rab7 complex in SSP trafficking in both
Arabidopsis and rice.

SNARE proteins

SNARE proteins are another key component of the protein
machinery that mediates fusion between vesicles and target
membranes. Our understanding of the role of SNAREs in
SSP trafficking has mostly come from studies in Arabidopsis.
Two distinct SNARE complexes are known to be involved
in vacuolar trafficking in Arabidopsis: one complex is com-
posed of SYP (Syntaxin)-22, SYP5, VTI (Vesicle transport
v-SNARE)-11,andVAMP727,and the other involvesVAMP71
instead of VAMP727. The first complex works with canonical
RAB5 GTPases and the tethering complex CORVET (class
C core vacuole/endosome tethering) to facilitate the fusion
between endosomes and vacuoles, whereas the latter prob-
ably works with RAB7 and the HOPS (homotypic fusion
and vacuole protein sorting) tethering complex to mediate
homotypic vacuolar fusion (Takemoto et al., 2018). However,
the VAMP71-containing SNARE complex and HOPS also
control membrane fusion between the MVEs and the PSV
in embryo cells during the transport of 12S globulin and
GFP—-CT24 (Ebine et al., 2014; Singh et al., 2014; Takemoto
et al., 2018; Minamino and Ueda, 2019). In contrast, the rice
RABS5 eftector GPA5/OSEREX was shown to associate with
CORVET and the VAMP727-containing SNARE complexes
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in developing endosperm cells to mediate the fusion between
dense vesicles and PSVs (Fig. 2G; Ren et al., 2020).

The SNARE VTI11 and its paralog VTI12 also participate
in PSV trafficking. A report by Sanmartin et al. (2007) indi-
cated that VTI11 and VTI12 have distinct roles in trafficking
to lytic and storage vacuoles, respectively. However, more re-
cent studies showed that VTI11 is required for the homotypic
fusion of not only lytic vacuoles but also PSVs (Zheng et al.,
2014), suggesting the function of the two SNARES overlap
more than previously thought.

Endosomal sorting complexes required for transport

SSPs and their processing proteases have been detected inside
MVE:s in Arabidopsis embryo cells (Otegui ef al., 2006). MVEs
do not act just like passive carriers to the vacuole as the pro-
teolytic processing of at least the 2S albumin precursors start
within endosomes (Otegui et al., 2006). The characteristic fea-
ture of these organelles in the transmission electron micro-
scope 1is the presence of intralumenal vesicles involved in the
sorting of membrane proteins for degradation in the vacuole
(Paez Valencia et al., 2016). This sorting and vesiculation event
at endosomes required the ESCRT (endosomal sorting com-
plex required for transport) machinery. The Arabidopsis
ESCRT mutant chmpla chmp1b, which is drastically impaired
in the endosomal sorting and vacuolar degradation of plasma
membrane proteins, is able to transport SSPs to PSVs in em-
bryo cells (Spitzer et al., 2009), suggesting that the capability of
sorting membrane proteins into intralumenal vesicles is inde-
pendent from endosomal transport of soluble cargo. However,
the plant-unique ESCRT protein FREE1 (known as FYVE
domain protein required for endosomal sorting 1), which
acts upstream of CHMP1, is required for processing and PSV
targeting of 25 and 12§ storage proteins as well as the sorting
of the soluble vacuolar cargo GFP-CT24 (Gao et al.,2014).

In cereal crops, ESCRT complexes have been implicated
in drought, heat, and salt stress response (see review by Ibl,
2019) as well as in seed development (Shen ef al., 2003; Zhang
et al., 2013). A proteomic study by Roustan et al. (2020) in
developing barley endosperm suggested a potential role for
ESCRT proteins in SSP trafficking, but experimental evidence
is still lacking.

Other endomembrane proteins involved in SSP
trafficking

During the screening of mutants mis-sorting the artificial
soluble vacuolar cargo GFP—-CT24, a protein named GFS9
(GREEN FLUORESCENT SEED 9) was identified as a factor
critical for vacuolar targeting of SSPs (Fuji ef al., 2007). GFS9 is
a peripheral protein associated with the Golgi membranes, but
its molecular function is unknown. Besides mis-sorting vacu-
olar cargo, the ¢fs9 mutant also has smaller vacuoles, including

PSVs, which supports a role for GSF9 in vacuolar biogenesis
and homeostasis (Ichino et al., 2014).

The ionic balance within the endomembrane system is crit-
ical for cargo transport. For example, the sodium (Na")—proton
(H") antiporters NHX5 and NHX6 localize to the TGN
and MVEs, and are required for SSP targeting to the PSV.
Mutations in NHX5 and NHX6 cause the overaccumulation
of the 28 and 12S SSP precursors through their mistargeting to
the apoplast (Ashnest ef al.,2015; Reguera ef al.,2015;Wu et al.,
2016). In the nhx5 nhx6 double mutant, the binding between
VSR and 12S globulins is reduced and the lumen of the TGN
and MVEs is more acidic, highlighting the importance of the
ionic environment of the endomembrane system in the regula-
tion of VSR—ligand association and SSP sorting (Reguera et al.,
2015). Similarly, disruption of rice NHXS5, which also localizes
to the TGN and MVEs, results in the abnormal accumulation
of proglutelins and their mis-sorting to the apoplast in rice
endosperm (Zhu et al., 2019). Another example emphasizing
the importance of ionic balance within the endomembrane
system came from the study of the rice gpa8 mutant, which
shows disruption of the function of subunit E isoform 1 of
vacuolar H'-ATPase (OsVHA-E1) (Zhu et al., 2021). In the
gpa8 mutant, the lumenal pH of the TGN and vacuole is sig-
nificantly increased and TGN-derived dense vesicles loaded
with proglutelins are misdirected to the apoplast.

Conclusions and future perspectives

The coordinated synthesis, trafficking, and accumulation of
SSPs is a complex and dynamic process that requires an ex-
tremely flexible and efficient endomembrane system. As sum-
marized here, it has become clear that the cellular mechanisms
that regulate SSP trafficking are strikingly different depending
on species, tissues, and even developmental stages. For ex-
ample, prolamins in starchy endosperm cells of cereals such
as rice and maize directly aggregate inside the ER lumen to
develop into PBs. Arabidopsis SSPs and rice glutelins are ini-
tially synthesized at the ER, transported through the Golgi,
and deposited into the PSVs, whereas in pumpkin and castor
bean, some SSPs traffick directly from the ER to the PSVs.
However, the regulation of these trafficking mechanisms and
how different proteins are sorted into these different pathways
are still largely unknown. It has become clear, though, that the
intrinsic properties of SSPs, their interaction with each other,
and the cell type where they are expressed all affect their traf-
ficking. Thus, the same prolamins that accumulate inside ER
PBs in starchy endosperm cells of maize are transported to
PSVs in aleurone cells.

There is also much to be learned about the molecular
identity of SSP-containing vesicles as they have been mostly
characterized by their morphological features as seen in the
transmission electron microscope. For example, are the VSR~
positive dense vesicles that carry SSPs from the TGN to
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MVE;s in Arabidopsis embryo cells equivalent to the glutelin-
containing dense vesicles that fuse directly with the PSVs in
rice endosperm (Fig. 2)? Interestingly, these trafficking routes
share some conserved components, such as COPII, Rab5 cas-
cade, CORVET, SNARE, and NHX, for targeting, tethering,
and fusion to the PSVs, indicating that they may have evolved
from canonical pathways in response to the unique challenges
posed by the massive synthesis and transport of SSPs in seed
tissues.

An additional avenue for future study involves the proteomic
analysis of SSP trafficking vesicles and PSVs. G.Wang et al. (2016)
identified multiple non-zein PB-associated proteins through a
proteomic analysis of maize PBs. A similar approach can also be
applied to study the PSV and other SSP-containing vesicles. A
thorough proteomic investigation would not only allow the iden-
tification of PSV- or vesicle-resident proteins and sorting signals
for targeting these proteins, but also help to clarify the substruc-
tures of these complex organelles and their changes in response
to environmental/physiological cues. In summary, these future
studies will enhance our knowledge of the molecular mechan-
isms of SSP trafficking in Arabidopsis and cereal crops.
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