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Abstract
Dense vesicles (DVs) are Golgi-derived plant-specific carriers that mediate post-Golgi transport of seed storage proteins in
angiosperms. How this process is regulated remains elusive. Here, we report a rice (Oryza sativa) mutant, named glutelin
precursor accumulation8 (gpa8) that abnormally accumulates 57-kDa proglutelins in the mature endosperm. Cytological
analyses of the gpa8 mutant revealed that proglutelin-containing DVs were mistargeted to the apoplast forming electron-
dense aggregates and paramural bodies in developing endosperm cells. Differing from previously reported gpa mutants
with post-Golgi trafficking defects, the gpa8 mutant showed bent Golgi bodies, defective trans-Golgi network (TGN), and
enlarged DVs, suggesting a specific role of GPA8 in DV biogenesis. We demonstrated that GPA8 encodes a subunit E iso-
form 1 of vacuolar H + -ATPase (OsVHA-E1) that mainly localizes to TGN and the tonoplast. Further analysis revealed that
the luminal pH of the TGN and vacuole is dramatically increased in the gpa8 mutant. Moreover, the colocalization of
GPA1 and GPA3 with TGN marker protein in gpa8 protoplasts was obviously decreased. Our data indicated that OsVHA-
E1 is involved in endomembrane luminal pH homeostasis, as well as maintenance of Golgi morphology and TGN required
for DV biogenesis and subsequent protein trafficking in rice endosperm cells.
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Introduction
Rice (Oryza sativa) seeds accumulate large amounts of storage
proteins, including glutelins, prolamins, and a-globulin, which
supply nutrients for seed germination and seedling growth
(Yamagata and Tanaka, 1986). Up to 80% of total seed storage
proteins are made up of glutelins, which are important protein
sources for human consumption. Seed storage proteins de-
posit in two types of protein bodies (PBs): PBI and PBII
(Bechtel and Juliano, 1980; Pernollet and Mossé, 1983). PBI
mainly accumulates prolamins. In electron microscopy obser-
vation, PBI has a low electron density and a round shape with
a diameter of 1–2 lm. The surface is surrounded by a layer of
rough endoplasmic reticulum (RER; ribosomes are easy to see
on its surface; Tanaka et al., 1980; Ogawa et al., 1987). PBII has
a high electron density and is irregular in shape, with a diame-
ter of about 3–4 lm. It mainly accumulates glutelins and glob-
ulins (Bechtel and Juliano, 1980; Tanaka et al., 1980). Glutelins
are synthesized as 57-kDa precursors on the RER and trans-
ported to PBIIs by the dense vesicle (DV)-mediated post-Golgi
trafficking pathway or endoplasmic reticulum (ER)-derived
precursor-accumulating compartments that bypass the Golgi
apparatus (Yamagata et al., 1982; Krishnan et al., 1986;
Takemoto et al., 2002; Takahashi et al., 2005; Liu et al., 2013;
Ren et al., 2014). Within PBIIs, proglutelins are cleaved into
mature subunits by VACUOLAR-PROCESSING ENZYME1
(OsVPE1)/GLUTELIN PRECURSOR3 (GLUP3; Wang et al., 2009;
Kumamaru et al., 2010).

DVs are the important carriers containing a single mem-
brane with a diameter of 100–200 nm and are responsible for
transporting a variety of seed storage proteins in angiosperms,
such as faba bean (Vicia faba), pea (Pisum sativum), rice (O.
sativa), and Arabidopsis (Arabidopsis thaliana; Krishnan et al.,
1986; Hohl et al., 1996; Hinz et al., 1999; Otegui et al., 2006).
The vacuolar storage proteins first aggregate at the cis-Golgi,
being transported through the Golgi, and budded from the
trans-Golgi network (TGN) in the form of DVs (Hillmer et al.,
2001; Hinz et al., 2007; Wang et al., 2012). It is generally be-
lieved that DVs fuse with prevacuolar compartments (PVCs)
and then the PVCs fuse with protein storage vacuoles (PSVs)
to complete the transportation of cargos (Otegui et al., 2006;
Shen et al., 2011). However, DVs appear to directly fuse with
PSVs to transport proglutelins in rice endosperm cells (Liu
et al., 2013; Ren et al., 2020).

Angiosperm seeds with over-accumulated precursors of stor-
age proteins, such as globulins and albumins in Arabidopsis (A.
thaliana) and glutelins in rice (O. sativa), are excellent genetic
resources to dissect the vacuolar transport pathway (Shimada
et al., 2003; Cui et al., 2014; Ren et al., 2014, 2020; Wang et al.,
2016). In Arabidopsis, a series of factors, including VACUOLAR
SORTING RECEPTOR1 (AtVSR1), MONENSIN SENSITIVITY1-
CALCIUM CAFFEINE ZINC SENSITIVITY1 (AtMON-AtCCZ1),
VACUOLAR PROTEIN SORTING9A (AtVPS9A), Na + /H +

ANTIPORTER5/6 (AtNHX5/6), and MEDIUM SUBUNIT OF
ADAPTOR PROTEIN COMPLEX4 (AtAP4M) are required for
the post-Golgi trafficking of storage proteins (Shimada et al.,
2003; Cui et al., 2014; Ebine et al., 2014; Reguera et al., 2015;

Fuji et al., 2016). In rice, at least five genes have been shown to
regulate DV-mediated post-Golgi proglutelin trafficking events.
GLUTELIN PRECURSOR ACCUMULATION3 (GPA3), a plant-
specific kelch-repeat domain-containing protein, is postulated
to recruit guanine–nucleotide exchange factor GPA2/GLUP6/
OsVPS9A, which in turn activates a small GTPase GPA1/GLUP4/
RAS-RELATED PROTEIN RAB-5A (OsRab5a; Wang et al., 2010;
Fukuda et al., 2011, 2013; Liu et al., 2013; Ren et al., 2014). The
GPA3, GPA2, and GPA1 proteins form a functional complex to
regulate vacuolar trafficking of proglutelins (Ren et al., 2014).
GLUTELIN PRECURSOR ACCUMULATION6 (GPA6)/Na+/H+

ANTIPORTER5 (OsNHX5) encoding the Na+/H+ antiporter func-
tions in endomembrane luminal pH homeostasis (Zhu et al.,
2019). Recently, Ren et al. (2020) reported that GPA5 functions
as a plant-specific effector of Rab5a required for mediating teth-
ering and membrane fusion of DVs with PSVs. Mutations of
these genes all resulted in the missorting of DVs to the apoplast.
Despite these advances, the regulatory mechanisms underlying
the DV-mediated post-Golgi trafficking remain largely unknown
in plants, especially DV biogenesis.

Vacuolar H+-ATPases (V-ATPases) conserved in eukaryotes
consist of two subcomplexes (V1 and V0; Nishi and Forgac, 2002;
Schumacher and Krebs, 2010). The cytosolic V1 subcomplex
includes eight subunits (A–H) and is responsible for ATP hydro-
lysis. The membrane-integrated V0 consisting of six subunits (a,
c, c0, c00, d, e) is responsible for proton translocation (Nishi and
Forgac, 2002; Schumacher and Krebs, 2010). V-ATPase uses the
energy released by ATP hydrolysis to pump protons into endo-
membrane compartments to maintain acidic pH compared
with the cytosol. In addition, the membrane potential generated
by V-ATPase is required for secondary transport (Schumacher
and Krebs, 2010). In plants, V-ATPases are essential for cellular
pH and ion homeostasis. They play important roles in various
cellular processes, such as pH homeostasis (Luo et al., 2015), ve-
sicular trafficking (Dettmer et al., 2006), cell expansion
(Schumacher et al., 1999), stomatal aperture (Zhang et al., 2013),
salt tolerance (Batelli et al., 2007), and plant growth and devel-
opment (Padmanaban et al., 2004; Dettmer et al., 2005;
Strompen et al., 2005; Zhou et al., 2016). AtVHA-E1 is required
for Golgi organization and vacuole function (Strompen et al.,
2005). In addition, PREMATURE LEAF SENESCENCE1 (OsPLS1)/
OsVHA-A1 is closely associated with leaf senescence and seed
dormancy (Yang et al., 2016). However, the functions of V-
ATPases in plants are still to be addressed.

In this study, we reported the functional characterization
of a rice gpa8 mutant that accumulated a large amount of
proglutelins in the endosperm. Cytological observation
revealed that the DV-mediated post-Golgi trafficking was de-
fective in the gpa8 mutant. We demonstrated that GPA8
encodes a subunit E isoform 1 of vacuolar H + -ATPase
(OsVHA-E1). The luminal pH of TGN and vacuole is in-
creased in the gpa8 mutant. Our data indicated that
OsVHA-E1 is involved in endomembrane luminal pH ho-
meostasis and DV-mediated proglutelin vacuolar trafficking
in rice.
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Results

Phenotypic characterization of the gpa8-1 mutant
In order to better dissect the glutelin trafficking pathway in
rice, we isolated two allelic proglutelin overaccumulation
mutants (57H mutant, 57-kDa proglutelin overaccumulation
mutants) named gpa8-1 and gpa8-2. gpa8-2 exhibited a seed-
ling lethal phenotype (Figure 1A). The gpa8-1 mutant exhib-
ited a lesion-mimic phenotype in basal leaves of 1-month-old
seedlings and the symptoms became more severe at the mat-
uration stage, Moreover, gpa8-1 mature plants were much
shorter than the wild-type (WT). Tiller numbers were also sig-
nificantly reduced. These results suggested that GPA8 is crucial
for plant growth and development (Supplemental Figure S1).
After grain filling, gpa8-1 mutant endosperm appeared floury
compared with transparent WT endosperm (Figure 1B).
Scanning electron microscopy analysis revealed that gpa8-1 en-
dosperm comprised round, loosely packaged compound starch
granules instead of the tightly packaged, crystal-like structures
observed in the WT (Figure 1, C and D). In addition, 1,000-
grain weight was significantly decreased in the gpa8-1 mutant
(Supplemental Table S1). Compared with WT, the gpa8-1 mu-
tant accumulated approximately two-fold higher levels of 57-
kDa proglutelin, accompanied by significant reductions in 40-
kDa acidic and 20-kDa basic subunits typical of the mature
glutelins (Figure 1, E and F; Supplemental Figure S2). Storage
protein accumulation in wild-type and gpa8-1 mutant seeds
began at �6 d after flowering (DAF), but the gpa8-1 seeds de-
posited higher amounts of 57-kDa proglutelin than the WT
seeds from �12 DAF (Supplemental Figure S3). The expression
of representative genes coding for storage proteins in 12 DAF
endosperm showed no obvious change between WT and the
gpa8-1 mutant (Supplemental Figure S4). We compared the
protein levels of ER lumen BINDING PROTEIN1 (BiP1) and
PROTEIN DISULFIDE ISOMERASE1-1 (PDI1-1) to assess
whether the ER was affected in the mutant, but there was no
difference between mutant and WT seeds (Figure 1F,
Supplemental Figure S2B). These results suggested that the
gpa8-1 mutant was defective in trafficking of proglutelins, pos-
sibly after the ER exit process.

Glutelins are missorted in gpa8-1 mutant
endosperm cells
To obtain a view of glutelin deposition, we prepared semi-thin
sections (1 lm) of the WT and gpa8-1 mutant endosperm at
12 DAF. Coomassie blue staining showed that abnormal
protein-filled structures indicated by red arrowheads were
readily observed in the gpa8-1 mutant (Supplemental Figure
S5), which resembled paramural bodies (PMBs) in gpa1/glup4,
gpa2/glup6, gpa3, gpa5, and gpa6 genotypes (Wang et al.,
2010; Fukuda et al., 2011, 2013; Liu et al., 2013; Ren et al., 2014,
2020; Zhu et al., 2019). Immunofluorescence experiments using
specific antibodies against glutelins and prolamins in the 12-
DAF endosperm showed that the PMB structures were abnor-
mally filled with glutelins (Figure 2, A–H). The PBIIs were
smaller in the gpa8-1 mutant, whereas the PBIs were almost
the same size as the WT (Figure 2, I and J; Supplemental

Figures S6 and S7). In addition, a-globulin was also partially
transported to the PMBs in gpa8-1 (Supplemental Figure S8).
Consistent with the defects in proglutelin and a-globulin traf-
ficking, pectins labeled with the JIM7 antibody were accumu-
lated within the PMBs in the mutant rather than displaying
an even distribution along the cell wall as in the WT
(Supplemental Figure S9; Chebli et al., 2012). These results indi-
cated that glutelins, a-globulin, and certain cell wall compo-
nents were missorted to the apoplast.

DV biogenesis and trafficking were defective in the
gpa8-1 mutant
In order to further clarify the origin and the formation of
PMBs in the gpa8-1 mutant, we initiated transmission elec-
tron microscopy studies. We observed irregularly shaped
PBIIs and round spherical PBIs in the WT endosperm cells
(Figure 3A), but the PBIIs were smaller in the gpa8-1 mutant
(Figure 3B). WT endosperm cells showed normal morpholo-
gies of Golgi and TGN (Figure 3C), but the Golgi stacks were
severely bent and fragmented in the mutant and contained
electron-dense deposits (Figure 3D). Abnormal clustering of
many Golgi bodies in the mutant (Figure 3, E and F) was con-
firmed by immunofluorescence labeling with the JIM 84 anti-
body (Supplemental Figure S10; Kaida et al., 2008). The
number of TGN bodies was reduced in the gpa8-1 mutant
(16.5± 3.3 per Golgi stack [n = 30] in the WT versus 7.8± 1.5
per Golgi stack [n = 35] in the gpa8-1 mutant).

Proglutelins are delivered to the PBIIs via the DV-mediated
trafficking pathway (Krishnan et al., 1986). A large number of
DVs were surrounded by bent Golgi apparatus and failed to
reach the TGN in the gpa8-1 mutant (Figure 3, D–F). The
diameters of DVs in the vicinity of Golgi apparatus were in-
creased in the gpa8-1 mutant (157.24± 37.63 nm [n = 42] in
the WT vs. 295.57± 40.36 nm [n = 49] in the gpa8-1 mutant).
Compared with the WT, numerous DVs aggregated around
the Golgi to form clusters in the cytosol in the gpa8-1 mutant
(Figure 3G) with wider variation in size and electron density.
In addition, large amounts of DVs were mistargeted to
around the cell wall in the mutant compared with WT
(Figure 3H). Interestingly, these DVs could fuse with the
plasma membrane and cargos were transported to the apo-
plast (Figure 3, I and J), resulting in the formation of the com-
plex PMBs (Figure 3, K and L). Immunoelectron microscopy
was performed to establish the subcellular localization of glu-
telins. Compared with the WT, glutelins were found in large
clusters of DVs in the cytosol and PMBs in the mutant. Only
a small portion of glutelins was transported to the PBIIs in
gpa8-1 (Figure 4, A–F). These results indicated that DV bio-
genesis and trafficking were defective in the gpa8-1 mutant,
leading to the formation of enlarged and clustered DVs, com-
plex PMBs, and smaller PBIIs.

Map-based cloning of GPA8
The gpa8-1 mutant was isolated from an N-methyl-N-nitro-
sourea (MNU)-treated population of japonica variety Ninggeng
1. Genetic analysis revealed that the mutant phenotype was
inherited as a single nuclear recessive mutation (Supplemental
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Figure 1 Characterization of the gpa8 mutant. A, Images of WT (japonica variety Ninggeng 1), gpa8-1 and gpa8-2 seedlings grown for 6 d. Bars =
1 cm. B, Transverse sections of representative WT and gpa8-1 mutant dry seeds. Bars = 1 mm. C and D, Scanning electron microscopy images of
transverse sections of WT (C) and gpa8-1 mutant (D) seeds. Bars = 10 lm. E, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) profiles of total seed storage proteins of WT and the gpa8-1 mutant. pGlu, 57-kDa proglutelins; aGlu, 40-kDa glutelin acidic subunits; aGlb,
26-kDa a-globulin; bGlu, 20-kDa glutelin basic subunits; Pro, prolamins. F, Immunoblot analysis of glutelins and molecular chaperones BiP1 and
PDI1-1. Arrowhead represents the glutelin basic subunits. Arrows indicate the 57-kDa proglutelins (red) and the glutelin acidic subunits (black).
EF-1a was used as the loading control.
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Table S2). For map-based cloning, we crossed the gpa8-1 mu-
tant with the indica variety N22 and isolated 506 recessive F2

individuals. The GPA8 locus was initially mapped to chromo-
some 1 and further fine-mapped to a 59-kb genomic region
(Figure 5A). DNA sequencing revealed a 2-bp deletion at the
beginning of the fifth intron of LOC_Os01g46980, generating a
premature stop codon that led to a putatively translated prod-
uct of 222 amino acids (Figure 5B). In gpa8-2, a single nucleo-
tide substitution in the first exon of LOC_Os01g46980 caused a
premature stop codon that led to a putatively truncated prod-
uct with only 10 amino acids, resulting in a seedling lethal phe-
notype. Complementation experiment was made with the
entire coding region of LOC_Os01g46980 driven by the
UBIQUITIN promoter. All positive transgenic lines rescued the
gpa8-1 mutant phenotypes, including the lesion-mimic leaves,
floury endosperm appearance, amount of proglutelins, and pat-
tern of deposited storage proteins (Figure 5, C–F; Supplemental
Figure S11). In addition, clustered regularly interspaced short pal-
indromic repeats (CRISPR)/Cas9 alleles (the 20-bp gene-specific

target sequence in the fourth exon) showed similar seed phe-
notypes with gpa8-1 (Supplemental Figure S12), while CRISPR-
alleles exhibited a little more severe phenotypes than gpa8-1 in
vegetative stages, such as lesion mimic in basal leaves and tiller
numbers. Therefore, LOC_Os01g46980 is the responsible gene
for gpa8 phenotypes. Moreover, gpa8-2 is most probably a
knockout mutant of LOC_Os01g46980, while gpa8-1 and the
CRISPR alleles are knockdown mutants of LOC_Os01g46980.

GPA8 encodes subunit E1 of vacuolar H + -ATPase
GPA8 encodes a subunit E isoform 1 (VHA-E1) of vacuolar
H + -ATPase that is homologous with AtVHA-E1, which con-
tains a vATP-synt_E domain (Supplemental Figure S13A). We
named GPA8 as OsVHA-E1. Phylogenetic analysis indicated
that genes homologous to OsVHA-E1 exist in other eukaryotes
and that the rice genome has two other isoforms of subunit
E of vacuolar H + -ATPase (OsVHA-E2, LOC_Os05g40230 and
OsVHA-E3, LOC_Os01g12260; Supplemental Figures S13, B and
S14). Reverse transcription quantitative PCR (RT-qPCR)

Figure 2 Immunofluorescence microscopy of protein bodies in subaleurone cells of WT and the gpa8-1 mutant. A–H, Immunofluorescence mi-
croscopy images of storage proteins in WT (A–D) and gpa8-1 (E–H) 12 DAF seeds. A and E, Secondary antibodies conjugated with Alexa fluor 488
(green) were used to trace the antigens recognized by anti-glutelin antibodies. B and F, Secondary antibodies conjugated with Alexa fluor 555
(red) were used to trace antigens recognized by the anti-prolamin antibodies. D and H, Merged images. White arrowheads in (E, G, and H) indicate
the PMB structures. Bars = 10 lm (A–H). I and J, Statistical analysis of the diameters of PBIIs (I) and PBIs (J). Green and red protein bodies indicate
PBIIs and PBIs, respectively. Values are means ± SD. **P 50.01 (n 4230, Student’s t test).
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Figure 3 Ultrastructure of subaleurone cells of developing endosperm of WT and the gpa8-1 mutant. A and B, Two types of protein bodies were
observed in WT (A) and gpa8-1 mutant (B) endosperm. Irregular and round shape protein bodies indicate PBIIs and PBIs, respectively. Bars = 2
lm. CW, cell wall. C and D, Golgi apparatus in WT (C) and gpa8-1 mutant (D) endosperm cells. G, Golgi apparatus. Red arrows indicate DVs; blue
arrows indicate TGN bodies. Bars = 300 nm. E and F, Different kinds of abnormal Golgi apparatus in gpa8-1. Large clusters of DVs aggregated
around the Golgi apparatus in the gpa8-1 mutant. Blue arrowheads indicate abnormal electron-dense materials in Golgi apparatus. Bars = 600
nm. G, Large clusters of DVs in the cytosol. Bars = 1 lm. H, Numerous DVs accumulate near the PM in the gpa8-1 mutant. Bars = 1 lm. I and J,
Electron micrographs showing that DVs can fuse with the PM (I) and release their contents into the apoplast forming electron-dense granules
(arrowheads) (J). Bars = 1 lm. K and L, The PMB structures in 12 DAF endosperm cells (dotted boxes). Bars = 1 lm.
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analysis revealed that OsVHA-E1 was expressed in all tissues
examined, including roots, leaves, leaf sheaths, stems, spikelets,
and endosperm, with relatively higher expression in the roots
and leaves. Expression of OsVHA-E1 was high during early en-
dosperm development and much lower at the late stages
(Supplemental Figure S15). OsVHA-E2 is mainly expressed in
panicles. OsVHA-E3 was also expressed in all tissues examined.
However, OsVHA-E3 was much lower expressed than the
OsVHA-E1.

To determine the subcellular localization of OsVHA-E1, the
OsVHA-E1 coding sequence was fused to the N-terminus of
GFP to obtain a p35S::OsVHA-E1-GFP construct. Transformation
into the gpa8-1 mutant completely rescued the mutant pheno-
type, indicating that OsVHA-E1-GFP was functional in vivo
(Supplemental Figure S16). We observed fluorescence signals of
OsVHA-E1-GFP in protoplasts and root tip cells of gpa8-1-com-
plemented plants. By colocalization analyses in protoplasts of
gpa8-1-complemented plants, OsVHA-E1-GFP were localized to
the TGN and tonoplast (Figure 6, A–H). In addition, our
immunoelectron microscopy analysis using high pressure fro-
zen/freeze substituted (HPF/FS) biological samples with anti-
GFP antibodies further confirmed that OsVHA-E1-GFP were
also localized to the TGN and tonoplast in root tip cells of
gpa8-1-complemented plants (Figure 6, I–K).

We performed immunoprecipitation-mass spectrometry
(IP-MS) using OsVHA-E1-GFP complemented transgenic
lines to confirm that OsVHA-E1 is an integral part of the V-

ATPase complex (Figure 7A). Most of the V-ATPase com-
plex members were identified, including OsVHA-A1,
OsVHA-A2, OsVHA-B1, OsVHA-B2, OsVHA-C, OsVHA-D,
OsVHA-E1, OsVHA-E3, OsVHA-F, OsVHA-G, OsVHA-H1,
OsVHA-H2, OsVHA-a1, OsVHA-a2, OsVHA-c, and OsVHA-d
(Figure 7, A and B; Supplemental Table S3). We also mea-
sured the V-ATPase activity in 12 DAF endosperm of the
WT and gpa8-1 mutant. As expected, V-ATPase activity in
the gpa8-1 mutant was lower (Figure 7C). Together, these
data indicated that OsVHA-E1 is indeed a functional com-
ponent of the V-ATPase complex.

The luminal pH of TGN and the vacuole is increased
in gpa8-1 protoplasts
Previous studies showed that V-ATPase regulates the pH ho-
meostasis of some cell organelles, such as TGN and vacuoles
(Krebs et al., 2010; Luo et al., 2015). In order to determine
whether cellular pH was affected in the gpa8-1 mutant, we
used live-cell imaging to measure pH of the TGN and vacu-
ole by the pHluorin-based pH sensor and pH-sensitive fluo-
rescent dye BCECF-AM (Krebs et al., 2010; Martinière et al.,
2013; Shen et al., 2013). The pH sensor PRpHluorin-BP80
(Y612A) was used to measure the pH of TGN in rice proto-
plasts (Shen et al., 2013). The calibration curve was acquired
by calculating pH-dependent fluorescence ratios (Figure 8A).
Our results showed that the pH of TGN and the vacuole
was increased in the gpa8-1 mutant (TGN: 6.79± 0.19;

Figure 4 Immunoelectron microscopy localization of glutelins in rice endosperm cells. A, Glutelins accumulated in PBIIs in WT endosperm cells.
Bars = 500 nm. B, PBIIs in the gpa8-1 mutant were partially filled with glutelins. Bars = 500 nm. Irregular and round shape protein bodies indicate
PBIIs and PBIs, respectively. C, Large clusters of DVs (red arrows) in the cytosol. Bars = 800 nm. D–F, Glutelins in DVs (red arrows), electron-dense
granules (arrowheads), and PMB structures (dotted boxes) in gpa8-1. CW, cell walls. Bars = 1 lm in (D) and (F), Bars = 800 nm in (E). The 10-nm
gold particle conjugated secondary antibodies were used in (A–F).
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vacuole: 6.36± 0.17) compared with the WT (TGN:
6.28± 0.15; vacuole: 5.72± 0.13; Figure 8, A–F).
Representative pseudocolored images of PRpHluorin-BP80
(Y612A) are shown in Figure 8, B and C. These results indi-
cated that OsVHA-E1 plays an important role in the pH ho-
meostasis of the TGN and vacuole in rice protoplasts.

Subcellular localization of GPA1 and GPA3 are
altered in gpa8-1
Previous studies showed that GPA1 and GPA3 regulate
DV-mediated post-Golgi traffic in rice. GPA1 and GPA3
are partially localized to the TGN (Wang et al., 2010; Ren
et al., 2014). As OsVHA-E1 regulates the pH homeostasis
of the TGN, it is interesting to determine whether
OsVHA-E1 is required for the localization of GPA1 and
GPA3. We observed subcellular colocalization of GPA1
and GPA3 with mRFP-SYP61 (TGN marker) by transient

expression in leaf protoplasts isolated from WT and gpa8-
1 (Wu et al., 2016; Lee et al., 2017). We found that al-
though GFP-GPA1 and GPA3-GFP remain punctate pat-
terns, they were less colocalized with mRFP-SYP61
in gpa8-1 than in WT (Pearson’s correlation coefficient
[PSC], GPA1: PSC = 0.31± 0.06 [WT], PSC = 0.05± 0.02
[gpa8-1], GPA3: PSC = 0.28± 0.07 [WT], PSC = 0.04± 0.02
[gpa8-1]; Figure 9). When protoplasts were incubated in
an acidic equilibration buffer at pH 6.2 (Reguera et al.,
2015), the lowered colocalization in gpa8-1 was recovered
to the WT level (GPA1: PSC = 0.32± 0.06 [WT], PSC =
0.27± 0.09 [gpa8-1], GPA3: PSC = 0.25± 0.08 [WT], PSC =
0.21± 0.09 [gpa8-1]; Supplemental Figure S17). Together,
the endosomal pH value is essential for proper protein lo-
calization, such as GPA1 and GPA3. The altered localiza-
tion of both proteins might lead to post-Golgi trafficking
defects in gpa8-1.

Figure 5 Map-based cloning of GPA8. A, Fine mapping of the GPA8 locus. Molecular markers and numbers of recombinants are shown. B, Gene
structure and the mutation site in LOC_Os01g46980 comprising six exons (closed boxes) and five introns (lines). ATG and TGA represent the start
and stop codons, respectively. C–F, LOC_Os01g46980 coding sequence under the control of maize ubiquitin promoter rescues grain appearance
(C), the storage protein composition pattern (D), the ultrastructures of endosperm cells in the WT (E), and L1 (F). Irregular and round shape pro-
tein bodies indicate PBIIs and PBIs, respectively. CW, cell wall. L1–L3 denote grains from three independent T1 transgenic lines. Red arrow indicates
the 57-kDa proglutelins. Bars = 1 mm in (C). Bars = 2 lm in (E) and (F).
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OsVHA-E1 is essential for post-Golgi transport pathways
In order to determine whether V-ATPase is involved in the se-
cretory and vacuolar trafficking of other proteins in rice, we
chose two marker proteins (tonoplast: AtVIT1; plasma mem-
brane: OsSCAMP1) and observed their subcellular localization in
protoplasts (Kim et al., 2006; Lam et al., 2007). AtVIT1 and
OsSCAMP1 in the WT were correctly localized to the tonoplast
and plasma membrane, respectively (Figure 10, A and C).
However, in the gpa8-1 mutant, they exhibited incorrect cyto-
plasmic localizations and were not targeted to the tonoplast or
plasma membrane (Figure 10, B and D). In order to determine
whether V-ATPase was involved in endocytic trafficking we used
the endocytotic tracer FM4-64 (Ueda et al., 2001). Within 20
min, FM4-64 labeled both plasma membranes of WT and gpa8-
1 root tip cells (Figure 10E). Then FM4-64 did not differentially
label the endosomes/TGN after treatment for 90 min in both
WT and gpa8-1 (Figure 10F). However, after treatment for 180
min, FM4-64 reached the vacuolar membrane in WT, but
remained in punctate structures in the gpa8-1 mutant
(Figure 10G). This indicated that endocytic trafficking from the
TGN to vacuoles was delayed in the mutant. Therefore, these
results suggested that OsVHA-E1 functions in post-Golgi trans-
port pathways in rice.

Discussion

gpa8 is defective in post-Golgi trafficking of storage
proteins in rice endosperm cells
Characterization of 57H mutants facilitated an understanding
of the molecular mechanism of proglutelin trafficking and proc-
essing in rice endosperm cells. In this study, we isolated a 57H
mutant gpa8-1 that accumulated large amounts of proglutelins
in rice endosperm. Similar protein levels of BiP1 and PDI1-1 in
WT and the gpa8-1 mutant suggested a normal ER function in
the mutant (Figure 1F). The mutant also developed normal
ER-derived PBIs. Differing from previously reported 57H (gpa)
mutants defective in post-Golgi trafficking (Takemoto et al.,
2002; Wang et al., 2009, 2010; Fukuda et al., 2011, 2013; Liu
et al., 2013; Ren et al., 2014, 2020; Zhu et al., 2019) the gpa8-1
mutant formed bent Golgi stacks, reduced TGN bodies, and
enlarged DVs (Figure 3, C and D). Numerous DVs varying in
size and electron density aggregated around the Golgi appara-
tus to form large clusters (Figure 3, E and F). The smaller DVs
with lower electron density seemed to be immature. All these
features suggested that DV biogenesis was delayed in the gpa8-
1 mutant. Finally, some DVs were missorted to the apoplast
forming complex PMBs, leading to smaller PBIIs in the gpa8-1

Figure 6 Subcellular localization of OsVHA-E1. A–H, Subcellular localization of OsVHA-E1 in protoplasts of gpa8-1-complemented plants.
OsVHA-E1-GFP were localized to the TGN and tonoplast. I–L, Subcellular localization of OsVHA-E1 in root tip cells of gpa8-1-complemented
plants. Sections were prepared by the HPF/FS method. Immunoelectron microscopy analysis with anti-GFP antibodies revealed that OsVHA-E1-
GFP were also localized to the TGN and tonoplast. Bars = 8 lm in (A–H). Bars = 600 nm in (I), 200 nm in (J, L), and 800 nm in (K). G, Golgi, T,
TGN, V, vacuole. The 10-nm gold particle conjugated secondary antibodies were used in (I–L).
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mutant as in other 57H mutants (Figure 3, H–L). Taken to-
gether, the gpa8-1 mutant is defective in DV biogenesis and
the subsequent DV-mediated proglutelin post-Golgi vacuolar
trafficking pathway in endosperm cells.

GPA8 encodes subunit E1 of V-ATPase and is homolo-
gous to AtVHA-E1. In Arabidopsis, V-ATPases are localized
to the TGN and tonoplast that are marked by different
localization isoforms (VHA-a1: TGN; VHA-a2 and VHA-a3:
tonoplast; Dettmer et al., 2006). AtVHA-E1 was also local-
ized to the TGN and tonoplast by immunoelectron mi-
croscopy (Strompen et al., 2005; Dettmer et al., 2006).
OsVHA-E1-GFP were also localized to the TGN and tono-
plast in protoplasts and root tip cells of gpa8-1-comple-
mented plants (Figure 6). In Arabidopsis, knockout
mutant of subunit E isoform 1 (tuff/atvha-E1) is embry-
onic lethal, exhibiting horseshoe-shaped Golgi stacks, large
vacuoles, and cells with multiple nuclei and abnormal cell
wall deposition (Strompen et al., 2005). The homozygous
gpa8-1 mutant is a knockdown mutant of OsVHA-E1.
Bent Golgi stacks were similar in tuff embryos and gpa8-1
endosperm cells. However, DV budding and subsequent
DV-mediated proglutelin post-Golgi vacuolar trafficking
pathways were defective in the gpa8-1 mutant.

pH homeostasis of endomembrane compartments is
important for vacuolar transport pathway in rice
Intracellular pH is regulated by the activity of H + pumps
and the H + -leak pathway (Paroutis et al., 2004; Schumacher,

2014). Pumps including the plasma membrane P-type H + -
ATPase, V-ATPase, and H + -pyrophosphatase have been ex-
tensively reported. The H + -leak pathway including NHX-
type Na + /H + antiporters is responsible for alkalinizing
mechanisms of pH homeostasis. Like animals, plant cells also
have specific pH levels in different endomembrane compart-
ments along the secretory pathway (ER: pH 7.1; Golgi: pH
6.8; TGN: pH 6.3; PVC: pH 6.2; vacuole: pH 5.9 in
Arabidopsis; Shen et al., 2013). In this study, we found that
the pH values of TGN and vacuole in WT rice protoplasts
were similar to their counterparts in Arabidopsis protoplasts.
However, TGN and the vacuole had a higher pH (TGN:
DpH = 0.51; vacuole: DpH = 0.64) in gpa8-1 (Figure 8), indi-
cating that OsVHA-E1 plays an important role in acidifica-
tion of these compartments.

The precise regulation of intracellular pH is indispensable
to various biological processes in all organisms, such as pro-
tein sorting, enzyme activity, endocytosis, receptor–cargo in-
teraction, and posttranslational modifications or processing
of secreted proteins (Paroutis et al., 2004). The membrane
trafficking pathways comprise three major types: the biosyn-
thetic–secretory pathway, the endocytic pathway, and the
vacuolar transport pathway (Uemura and Ueda, 2014).
Previous studies implicated that acidification of TGN by V-
ATPase was required for endocytic and secretory trafficking
in Arabidopsis (Dettmer et al., 2006; Luo et al., 2015).
However, whether V-ATPases are involved in the vacuolar
transport pathway is unclear. In addition, alkalization of

Figure 7 GPA8 encodes a functional subunit E1 of vacuolar H + -ATPase. A and B, Mass spectrometry analysis of the rice V-ATPase complexes. A,
Coomassie brilliant blue-stained SDS–PAGE of p35S::GFP transgene (left lane) and p35S::OsVHA–GFP transgene immunoprecipitates (right lane). B,
Some OsVHA-E1-interacting proteins identified by mass spectrometry analysis. C, V-ATPase activity. Three biological replicates were performed,
values are means ± SD. **P 50.01; Student’s t test.
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endomembrane compartments by AtNHX5/6 and OsNHX5
is required for protein trafficking to the vacuole in
Arabidopsis and rice (Reguera et al., 2015; Zhu et al., 2019).
In an atnhx5 atnhx6 double mutant, a lowered pH led to a
compromised receptor–cargo association. Considering that
storage proteins were missorted to apoplasts in osvha-E1
and atnhx5 atnhx6, the altered pH of TGN might result in
reduced VSR–proglutelin association, although the receptors
for proglutelins remain to be characterized. The altered pH
influences the recruitment of the small GTPase Arf6 and
ARNO from cytosol to endosomal membranes in animal cells
(Maranda et al., 2001; Hurtado-Lorenzo et al., 2006). We
found that GFP-GPA1 and GPA3-GFP were less colocalized
with mRFP-SYP61 in gpa8-1 (Figure 9). The colocalization was
recovered when protoplasts were incubated in an acidic equil-
ibration buffer. These results suggested that the subcellular lo-
calization of GPA1 and GPA3 is pH dependent (Supplemental
Figure S17). DVs are unique carriers for proglutelin transport
in rice presumably budded from the TGN (Liu et al., 2013;

Ren et al., 2014). The changed subcellular localization of
GPA1 and GPA3 might affect post-Golgi trafficking efficiency
of DVs in gpa8-1. The average size of DVs newly budded
from TGN is enlarged to about 295 nm in gpa8-1, which is
much bigger than 157 nm in the WT. Therefore, pH of TGN
may influence biogenesis of DVs in rice, although the detailed
mechanism remains to be further explored. In addition, the
altered pH of the TGN in the gpa8-1 mutant had an impact
on other proteins of post-Golgi transport pathways in rice,
such as AtVIT1 and OsSCAMP1 (Figure 10, A–D). An FM4-64
staining experiment also showed that OsVHA-E1 was involved
in the endocytic trafficking pathway (Figure 10, E–G).
Notably, IP-MS analysis showed that OsVHA-E1 together with
some actin filaments and tubulins might form a complex
in vivo, indicating that the bent Golgi in the gpa8-1 mutant
was related to actin filaments and tubulins (Supplemental
Table S3; Ma et al., 2012).

The gpa8-1 mutant exhibited a lesion-mimic phenotype
similar to the leaf tip necrosis observed for atvha-a2 atvha-

Figure 8 OsVHA-E1 regulates pH of TGN and vacuole. A, In vivo calibration curve of pH. pH calibration was achieved by equilibrating intracellular
pH with 10 mM nigericin, 60-mM KCl, and 10-mM MES/HEPES Bis–Tris–propane, pH 5.0–8.0 (means ± SD; n 525 protoplasts). B and C,
Representative pseudocolored images of PRpHluorin-BP80 (Y612A) in WT (B) and gpa8-1 (C) protoplasts. Bars = 5 lm. D, pH of the TGN (means
± SD; n 5 25 protoplasts; **P 5 0.01; Student’s t test). E, In vivo calibration curve of pH of BCECF-AM dye. pH equilibration buffers contain 50-
mM Mes-BTP (pH 5.0–6.5) or 50-mM HEPES-BTP (pH 7.0–7.5) and 50-mM ammonium acetate (means ± SD; n 5 15 roots). F, Vacuolar pH (means
± SD; n 5 15 roots; **P 5 0.01; Student’s t test).

2202 | PLANT PHYSIOLOGY 2021: 187; 2192–2208 Zhu et al.

https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab099#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab099#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab099#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab099#supplementary-data


a3 (Krebs et al., 2010). As AtVHA-a2 and AtVHA-a3 are lo-
calized to the tonoplast, the increased vacuolar pH might be
connected with the lesion-mimic phenotype (Supplemental
Figure S1), although the detailed mechanism needs to be
determined.

In summary, our studies demonstrated that OsVHA-E1
maintains Golgi and TGN morphology as well as pH homeo-
stasis of TGN, a requirement for DV biogenesis and subse-
quent protein trafficking in rice endosperm.

Materials and methods

Plant materials and growth conditions

The rice (O. sativa) gpa8-1 and gpa8-2 mutants were gener-
ated by MNU treatment of japonica variety Ninggeng 1. All
plants were grown in paddy fields during the normal grow-
ing seasons or in a greenhouse at Nanjing, China.
Developing seeds of the WT (Ninggeng 1) and gpa8-1 mu-
tant at 6–21 DAF were used in the experiments.

Figure 9 Subcellular localization of GPA1 and GPA3 are altered in gpa8-1. A and B, Localization of GFP-GPA1 in WT (A) and gpa8-1 (B) proto-
plasts. C and D, Localization of GPA3-GFP in WT (C) and gpa8-1 (D) protoplasts. mRFP-SYP61 serves as a TGN marker. Bars = 5 lm in (A–D).
E and F, PSC of GPA1 (E) and GPA3 (F) with mRFP-SYP61. Values are means ± SD. **P 50.01 (n = 45 protoplasts, Student’s t test).
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Measurement of starch and total protein contents
Rice grains were processed in a drying oven and ground
into fine flour with a miller. Amylose and total protein con-
tents were subsequently measured according to previous re-
port (Han et al., 2012).

Protein extraction from rice seeds and immunoblot
analysis
Total protein extraction and immunoblot assay were per-
formed as described previously (Wang et al., 2016).

Microscopy
Scanning electron microscopy, TEM, light, and immunofluo-
rescence microscopy were performed as described previously
(Wang et al., 2010; Liu et al., 2013; Ren et al., 2014).

For immunogold electron microscopy, root tips of 5-d-old
seedlings were HPF/FS, followed by ultrasection and immu-
nogold labeling as described previously (Ren et al., 2014,
2020). Briefly, root tips of gpa8-1-complemented seedlings
were fixed by high-pressure freezing (EMPACT2, Leica) and
freeze substituted with 0.2% (w/v) uranyl acetate in acetone
at –85�C for 24 h, followed by a series of gradient dehydra-
tion. The samples were embedded in LOWICRYL HM20
resin after dehydration. Ultrathin sections (70 nm in thick-
ness) were acquired using an EM UC7 microtome (Leica).
Immunogold labeling sections were obtained with anti-GFP

antibodies. The 10-nm gold particle conjugated secondary
antibodies were used.

Map-based cloning
An F2 population was generated from a cross between the
gpa8-1 mutant and an indica variety N22 to map the GPA8
locus. Total proteins were extracted from the distal halves
of individual rice seeds and subjected to SDS–PAGE to mon-
itor the accumulation of the proglutelins. The other halves
of identified mutant seeds were grown for DNA extraction.
A total of 506 individuals with the recessive phenotype were
used for fine mapping of GPA8. The primers used in fine
mapping are listed in Supplemental Table S4.

RT-qPCR analysis
Total RNA was extracted from various tissues using an RNA
Prep Pure Plant Kit (TIANGEN). First strand cDNA was syn-
thesized using oligo(dT)18 as the primer (TaKaRa, Japan).
Three biological replicates of RT-qPCR were performed with
SYBR Premix Ex Taq II (TaKaRa) on an Applied Biosystems
7500 Real-Time PCR System. The primer sequences used for
PCR are listed in Supplemental Table S5.

Subcellular localization
To determine the subcellular localization of OsVHA-E1, rice
protoplasts were isolated from OsVHA-E1-GFP transgenically
complemented seedlings (Chen et al., 2006; Supplemental

Figure 10 OsVHA-E1 is critical for protein sorting in the post-Golgi trafficking pathway. A and B, Localization of mCherry-VIT1 in WT (A) and
gpa8-1 (B) protoplasts. C and D, Localization of SCAMP1-mCherry in WT (C) and gpa8-1 (D) protoplasts. Bars = 5 lm in (A–D). E–G, Roots of
WT and gpa8-1 seedlings were stained with FM4-64. Root tip cells were observed at 20 min (E), 90 min (F), and 180 min (G) after staining. Bars =
10 lm in (E–G). Arrowheads represent vacuolar membranes and arrows indicate FM4-64 labeled endosomes.

2204 | PLANT PHYSIOLOGY 2021: 187; 2192–2208 Zhu et al.

https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab099#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab099#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab099#supplementary-data


Table S6). To determine the subcellular localization of GFP-
GPA1, GPA3-GFP, mCherry-VIT1, and SCAMP1-mCherry,
the protoplasts were isolated from 10-d-old WT and gpa8-1
mutant seedlings. gpa8-1 protoplasts were incubated for 5
min in acidic equilibration buffer, pH 6.2. pH was equili-
brated with 10-mM nigericin, 60-mM KCl, and 10-mM MES/
HEPES Bis–Tris–propane. The transient expression con-
structs were separately transformed into rice protoplasts
and incubated in darkness at 28�C for 16 h prior to exami-
nation (Chen et al., 2006). Fluorescence was observed using
a confocal laser scanning microscope (Leica TCS-SP8). GFP
signals with white light laser at emission wavelength of 505–
530 nm were recorded with the excitation wavelength at
488 nm, mCherry signals with white light laser at emission
wavelength of 600–630 nm were recorded with the excita-
tion wavelength at 587 nm.

Immunoprecipitation and mass spectrometry
Two-week-old OsVHA-E1-GFP T1 transgenically comple-
mented seedlings or GFP transgenic seedlings were pulver-
ized in liquid nitrogen and NB1 buffer (50-mM Tris-MES, pH
8.0, 0.5-M sucrose, 1-mM MgCl2, 10-mM EDTA, 5-mM DTT,
20-mM NaF, and complete proteinase inhibitors) and centri-
fuged at 12,000g for 30 min at 4�C. Extracts were incubated
with anti-GFP-agarose beads for 2 h and centrifuged at 500g
for 2 min at 4�C. The agarose beads were washed three
times with NB1 buffer; then boiled in the 5� loading buffer
for SDS–PAGE. The gels were excised for mass spectrometry.

Measurements of enzyme activity
Microsomal membrane proteins were extracted from WT
and gpa8-1 mutant endosperm at 12 DAF (Krebs et al.,
2010). The V-ATPase (VHA) activity of 10 lg of microsomal
membranes was obtained as a Pi release after 40 min of in-
cubation at 28�C. A 10-lg bovine serum albumin was used
as the negative control and reactions were terminated by
using 40-mM citric acid. VHA activity assays were performed
as described previously (Krebs et al., 2010; Zhang et al.,
2013).

pH measurements in the TGN
Rice protoplasts were isolated from 10-d-old WT and gpa8-1
seedlings. pH sensor PRpHluorin-BP80 (Y612A) was trans-
formed into rice protoplasts as previously described (Chiu
et al., 1996; Chen et al., 2006). Fluorescence images were ac-
quired using a confocal laser scanning microscope (Leica
TCS-SP8).

PRpHluorin signals at emission wavelength of 500–550 nm
were recorded with the dual-excitation wavelength at 405
and 488 nm, respectively, and used to calculate the pH us-
ing the calibration curve. Ratio values were acquired using
ImageJ. In vivo calibration was achieved from the same pro-
toplasts expressing PRpHluorin for pH measurement.
Protoplasts were incubated in WI buffer (0.5-M mannitol
and 20-mM KCl) with 25 mM of nigericin, 60-mM KCl, and
10-mM MES/HEPES Bis–Tris–propane adjusted to pH values
ranging from 5.0 to 8.0 for each calibration point

(Martinière et al., 2013; Shen et al., 2013; Reguera et al.,
2015; Fan et al., 2018).

Vacuolar pH measurement
Vacuolar pH of 4-d-old seedlings was measured using the
pH-sensitive fluorescent dye BCECF-AM (Krebs et al., 2010).
Seedlings were stained in liquid medium containing 1/10
murashige skoog (MS) medium, 0.5% w/v sucrose, 10-mM
MES (pH 5.8), 10-lM BCECF-AM and 0.02% pluronic F-127
(Molecular Probes) for 1 h at 22�C in darkness. The seed-
lings were washed once for 10 min. BCECF-AM was exci-
tated at 488 and 458 nm, and emission was detected
between 530 and 550 nm, respectively. The ratio values
were acquired using ImageJ. For pH calibration, seedlings
were incubated in pH equilibration buffers containing 50-
mM MES-BTP (pH 5.0–6.5) or 50-mM HEPES-BTP (pH 7.0–
7.5) and 50-mM ammonium acetate for 15 min. Fluorescent
images were acquired using a confocal laser scanning micro-
scope (Leica TCS-SP8).

Accession numbers
Sequence data from this article can be found in the
GenBank/EMBL databases under the following accession
numbers: VHA-E1 (Os01g0659200), BiP1 (Os02g0115900),
PDI1-1 (Os11g0199200), and TIP3 (Os10g0492600).
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The following materials are available in the online version of
this article.

Supplemental Figure S1. Phenotypic characterization of
wild type and gpa8-1.

Supplemental Figure S2. Relative intensities of protein
bands in SDS-PAGE and immunoblotting assays.

Supplemental Figure S3. Time-course analysis of storage
protein accumulation during endosperm development of
wild-type Ninggeng 1 and the gpa8-1 mutant.

Supplemental Figure S4. RT-qPCR assay of the expression
of representative genes coding for storage proteins in 12
DAF endosperm.

Supplemental Figure S5. Light microscopy of protein
bodies in subaleurone cells of wild-type and the gpa8-1
mutant.

Supplemental Figure S6. Size of PBI in wild-type and the
gpa8-1 mutant.

Supplemental Figure S7. Size of PSV/PBII in wild-type
and the gpa8-1 mutant.

Supplemental Figure S8. Immunofluorescence micros-
copy of protein bodies in the sub-aleurone cells of wild-type
and the gpa8-1 mutant.

Supplemental Figure S9. Distribution of cell wall materi-
als in 12 DAF endosperm cells.

Supplemental Figure S10. Distribution of Golgi stacks in
12 DAF endosperm cells.

Supplemental Figure S11. Genetic complementation.
Supplemental Figure S12. CRISPR/Cas9 lines of

OsVHA-E1.
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Supplemental Figure S13. Sequence and phylogenetic
analyses of OsVHA-E1.
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