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We report a functional characterization of AtVPS45 (for vacuolar protein sorting 45), a protein from the Sec1/Munc18 family in
Arabidopsis (Arabidopsis thaliana) that interacts at the trans-Golgi network (TGN) with the SYP41/SYP61/VTI12 SNARE
complex. A null allele of AtVPS45was male gametophytic lethal, whereas stable RNA interference lines with reduced AtVPS45
protein levels had stunted growth but were viable and fertile. In the silenced lines, we observed defects in vacuole formation
that correlated with a reduction in cell expansion and with autophagy-related defects in nutrient turnover. Moreover, transport
of vacuolar cargo with carboxy-terminal vacuolar sorting determinants was blocked in the silenced lines, suggesting that
AtVPS45 functions in vesicle trafficking to the vacuole. These trafficking defects are similar to those observed in vti12 mutants,
supporting a functional relationship between AtVPS45 and VTI12. Consistent with this, we found a decrease in SYP41 protein
levels coupled to the silencing of AtVPS45, pointing to instability and malfunction of the SYP41/SYP61/VTI12 SNARE
complex in the absence of its cognate Sec1/Munc18 regulator. Based on its localization on the TGN, we hypothesized that
AtVPS45 could be involved in membrane fusion of retrograde vesicles recycling vacuolar trafficking machinery. Indeed, in the
AtVPS45-silenced plants, we found a striking alteration in the subcellular fractionation pattern of vacuolar sorting receptors,
which are required for sorting of carboxy-terminal vacuolar sorting determinant-containing cargo. We propose that AtVPS45 is
essential for recycling of the vacuolar sorting receptors back to the TGN and that blocking this step underlies the defects in
vacuolar cargo trafficking observed in the silenced lines.

Vesicle trafficking through the endomembrane sys-
tem is important for plant growth, development, and
responses to the environment (Surpin and Raikhel,
2004). Proteins containing a signal peptide enter the
endoplasmic reticulum, are transported through the
Golgi apparatus (Donohoe et al., 2007), and finally
reach the trans-Golgi network (TGN), a reticular com-
partment at the trans face of the Golgi stack. Vesicles
budding from the TGN have several possible destina-
tions, including the plasmamembrane and vacuoles. It
has been proposed that at the TGN two major sorting
pathways diverge to transport different sets of pro-
teins to the vacuole (Jolliffe et al., 2005). These separate
pathways could account for the presence of vacuoles

with distinct functions and protein composition coex-
isting in certain plant cells (Hoh et al., 1995; Paris et al.,
1996; Di Sansebastiano et al., 2001; Epimashko et al.,
2004; Frigerio et al., 2008). The best-characterized
examples of these distinct vacuoles are the storage
and lytic vacuoles that play important roles in nutrient
accumulation and mobilization during embryogenesis
and seed germination, respectively. Moreover, even
when only one vacuole is present in a particular cell,
separate transport pathways may still be fully func-
tional (Matsuoka et al., 1995; Pimpl et al., 2003; Otegui
et al., 2006; Sanmartin et al., 2007; Sohn et al., 2007).
However, few components involved in vacuolar traf-
ficking have been characterized, and the existence of
distinct pathways remains to be unequivocally proven
(Frigerio et al., 2008; Rojo and Denecke, 2008). A key
aspect to resolve is how proteins are sorted at the TGN
to their respective destinations. It is widely accepted
that soluble proteins require positive sorting signals in
their sequence to be transported to the vacuole (Vitale
and Hinz, 2005). Two main classes of vacuolar sorting
determinants (VSDs) have been identified in soluble
proteins. The sequence-specific VSDs (ssVSDs) are found
in lytic and storage cargo, whereas the C-terminal
VSDs (ctVSDs) are so far specific for storage cargo. It is
thought that these VSDs are recognized by membrane-
bound receptors on the TGN for their sorting into
particular vesicles. Targeting of the ssVSD-containing
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proteins may require the VSR family of vacuolar
sorting receptors (Kirsch et al., 1994; Ahmed et al.,
2000; daSilva et al., 2005; Foresti et al., 2006). Sorting of
storage proteins with ctVSDs also seems to be receptor
mediated, and candidates for the storage protein re-
ceptor include the VSR and RMR families of receptors
(Shimada et al., 2003; Park et al., 2005; J. Zouhar, A.
Muñoz, and E. Rojo, unpublished data).

A fundamental event in any trafficking pathway is
the fusion of a cargo vesicle with its target membrane.
This membrane fusion reaction requires members of
the SNARE family of proteins, which catalyze the
fusion reaction itself, and of the Sec1/Munc18 (SM)
family, which may regulate the fusion process (Toonen
and Verhage, 2003; Hong, 2005; Jahn and Scheller,
2006). SNARE proteins are characterized by the pres-
ence of a SNARE motif consisting of a helical heptad
repeat. Four SNARE helices, usually present in four
individual polypeptides, form a coiled coil that is
essential for membrane fusion. Three SNAREs
(t-SNAREs) are present on the target organelle and
one (v-SNARE) is present on the transport vesicle;
interaction between the t-SNAREs and v-SNARE pull
the membranes into close proximity and drive fusion
between them (Whiteheart et al., 1993; Parlati et al.,
2000). SNAREs may also provide specificity to fusion
reactions, as distinct isoforms of SNARE proteins are
present on different organelles and vesicle types
(Söllner et al., 1993; McNew et al., 2000). The activity
of SM proteins in membrane fusion is less clear,
although in many cases it may be exerted through
regulation of SNARE complex formation. However,
there is no consensus on the way SM proteins interact
with their corresponding SNAREs and on the effect
they may have on a particular fusion reaction (Toonen
and Verhage, 2003).

We have previously identified a protein complex on
the TGN of Arabidopsis (Arabidopsis thaliana) that may
function in fusion of recycling vesicles from the
prevacuolar compartment (PVC; Bassham et al.,
2000). Components of the complex include SYP41,
SYP61, and VTI12 as the Q-SNAREs, possibly YKT6 as
the R-SNARE, and AtVPS45 (for vacuolar protein
sorting 45) as the regulatory SM protein (Bassham
et al., 2000; Sanderfoot et al., 2001a; Chen et al., 2005).

Figure 1. AtVPS45 is required for cell expansion. A, Structure of the
AtVPS45 gene, with boxes representing coding regions. The triangles
indicate the sites of the T-DNA insertions in the Atvps45 knockout
mutants. B, Individuals from the T3 generation of four independent

homozygous RNAi transgenic lines are shown, with wild-type plants
for comparison. Line 1 corresponds to siVPS45-1a, line 3 to siVPS45-
8b, and line 4 to siVPS45-10d. Below are shown immunoblots of total
protein extracts from each line probed with antibodies against
AtVPS45. The size estimated for the AtVPS45 band was 66 kD. C,
Cells of siVPS45-10d plants are smaller than those of wild-type plants.
Wild-type or siVPS45-10d leaves were stained with chlorazol black E
and observed by microscopy. The top panels show epidermal cells, and
the bottom panels show mesophyll cells. Bar = 50 mm. D, Wild-type or
siVPS45-10d seeds were germinated in the dark for 4 d. Longitudinal
sections of hypocotyls of the etiolated seedlings were stained with
toluidine blue and observed by light microscopy. Bar = 100 mm. WTor
Wt, Wild type; si10d, siVPS45-10d.

Function of the Vesicle Trafficking Protein AtVPS45

Plant Physiol. Vol. 149, 2009 1669



Genetic analyses of the SNAREs have indicated that
mutants in the individual SNARE genes show differ-
ing phenotypes. A knockout mutant in SYP41 is ga-
metophyte lethal, with defects in pollen tube growth
leading to an inability to transmit the mutant genotype
through the pollen (Sanderfoot et al., 2001b). By con-
trast, mutants in SYP61 and VTI12 are viable, although
in the case of VTI12 this may be due to functional
compensation by the related gene VTI11 (Surpin et al.,
2003). The syp61 mutants show sensitivity to abiotic
stresses (Zhu et al., 2002), but analysis of intracellular
trafficking in this mutant has not been reported. The
vti12 mutants have defects consistent with a role in
autophagy (Surpin et al., 2003) and also function in
trafficking of ctVSD-containing proteins to the vacuole
(Sanmartin et al., 2007). These differences in pheno-
types may indicate varying degrees of functional re-
dundancy and multifunctionality among the TGN
SNARE proteins as well as the intriguing character
of the TGN (Lam et al., 2007).

Here, we examine the role of AtVPS45 in vesicle
trafficking processes. Our results demonstrate that the
AtVPS45 protein is essential very early in develop-
ment, being necessary for pollen germination. Deplet-
ing AtVPS45 levels by RNA interference (RNAi)
results in severely stunted plant growth due to re-
duced cell expansion that correlates with diminished
vacuolar size. Our results suggest that AtVPS45 pos-
itively regulates the SYP41/SYP61/VTI12 complex
activity, which may be required for recycling VSRs to
the TGN to participate in additional rounds of sorting
of ctVSD-containing vacuolar cargo.

RESULTS AND DISCUSSION

AtVPS45 Is Essential for Pollen Growth

AtVPS45 is encoded by a single gene containing 13
exons on chromosome I. As an initial approach to
deciphering the function of AtVPS45, a mutant with a
T-DNA insertion in the AtVPS45 gene was isolated by
PCR from pools of mutagenized seeds. An individual
line, Atvps45-1, with a single insertion in the last intron
of AtVPS45 was identified (Fig. 1A), and the insertion
site was confirmed by sequencing of the PCR product.
All of the plants containing the T-DNA insertion
isolated from the initial screen were heterozygous for
the insertion. Two plants were allowed to self-fertilize,

and their progeny were analyzed by PCR for the
presence of the insertion. Of 190 progeny analyzed, no
plants homozygous for the insertion were identified
(Table I). Moreover, we also failed to obtain homozy-
gous mutants from a second T-DNA insertional allele,
Atvps45-2, suggesting that the homozygous null mu-
tations are lethal and thatAtVPS45 is an essential gene.
To confirm this, heterozygous Atvps45-1mutant plants
were transformed with an AtVPS45 cDNA driven by
the native AtVPS45 promoter. Homozygous mutants
could now be generated that expressed the AtVPS45
transgene, demonstrating that the lethal phenotype is
due to the disruption of the AtVPS45 gene.

In the progeny from self-fertilized heterozygous
mutants, an approximately 1:1 ratio of heterozygous
to wild-type progeny was obtained (Table I), indicat-
ing a potential gametophyte-lethal phenotype. Similar
results have been reported previously for knockout
mutants in the AtVPS45-interacting t-SNAREs SYP41
and SYP42, which were shown to be required for
pollen function (Sanderfoot et al., 2001b). To determine
whether the Atvps45-1 mutant has a defect in the
function of a gamete, reciprocal crosses of AtVPS45/
Atvps45-1 heterozygous mutant plants with wild-type
plants were performed and the progeny of the crosses
were screened by PCR to determine their genotype.
Crosses of wild-type pollen onto heterozygous mutant
ovules resulted in both wild-type and heterozygous
mutant progeny, indicating that the mutant allele can
be transmitted via the ovule. In contrast, the reciprocal
crosses of heterozygous mutant pollen onto wild-type
ovules resulted in no plants containing the T-DNA
insertion out of 50 progeny screened, suggesting
that pollen containing the mutant allele is not viable
(Table II).

To analyze the potential pollen defect more directly,
in vitro pollen germination assays were performed.
Pollen from several independent AtVPS45/Atvps45-1
heterozygous mutant or wild-type plants was plated
onto pollen germination medium (Li et al., 1999) and
incubated overnight to allow germination. While no
obvious morphological differences could be seen be-
tween pollen from wild-type and mutant plants, on
average only 46% of the pollen grains from mutant
plants germinated compared with 75% of wild-type
pollen (Table III). These data are consistent with a
defect in Atvps45-1 mutant pollen germination, sug-
gesting that a functional AtVPS45 gene is required for
pollen growth.

Table I. Segregation of T-DNA insertion

Progeny from two heterozygous Atvps45-1 mutant individuals were
genotyped by PCR. The number of each genotype is indicated.

Individual
VPS45/

vps45

vps45/

vps45

VPS45/

VPS45

Percentage

with T-DNA

1 47 0 47 50
2 43 0 53 45
Total 90 0 100 47

Table II. Reciprocal crosses

Progeny from reciprocal crosses between Atvps45-1 heterozygous
mutants and wild-type Col-0 plants were genotyped by PCR. The
number of each genotype is indicated.

Cross
VPS45/

VPS45

VPS45/

vps45

Percentage

with T-DNA

Col-0 male 3 vps45-1 female 18 9 33
vps45-1 male 3 Col-0 female 50 0 0
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AtVPS45 Is Required for Cell Expansion

The inability to generate homozygous knockout
mutants for AtVPS45 precluded further functional
analysis using the null mutants. Therefore, transgenic
plants were generated that contain reduced amounts
of the AtVPS45 protein. An RNAi construct was gen-
erated consisting of an inverted repeat of a 500-bp
fragment of the AtVPS45 cDNA, with a portion of the
GUS gene as a linker (Chuang and Meyerowitz, 2000).
The AtVPS45 cDNA region used for silencing has no
sequence homology to other SM genes or to any other
gene in the Arabidopsis genome, ensuring that the
silencing would be specific for AtVPS45. The RNAi
construct was introduced into Arabidopsis plants, and
transformants were screened for reduced protein ex-
pression by immunoblotting using AtVPS45 anti-
bodies (Bassham and Raikhel, 1998). We obtained

several independent AtVPS45-silenced (siVPS45) lines
with a range of degrees of silencing (Fig. 1B). Pheno-
typic analysis of the RNAi lines revealed that plants
with reduced AtVPS45 protein levels are severely
dwarfed. The severity of the dwarf phenotype corre-
lated well with the amount of AtVPS45 protein de-
tected by immunoblot (Fig. 1B), suggesting that
AtVPS45 is required for normal plant growth. Al-
though the RNAi construct does not target other SM
genes, we nevertheless checked the levels of the SM
protein AtVPS33 as an additional control. As expected,
no changes in AtVPS33 levels were observed in the
transgenic lines (see Fig. 5C below). Despite their
reduced size, the siVPS45 lines were fertile and pro-
duced flowers and seeds that were normal in appear-
ance. The phenotype was stable and heritable, being
still apparent at least to the T5 generation. We chose
several independent transgenic lines homozygous for
a single insertion of the transgene and with different
extents of silencing for further experiments. The phe-
notypes of representative lines with strongly reduced
(siVPS45-10d and siVPS45-8b) or weakly reduced
(siVPS45-1a) levels of AtVPS45 protein are shown in
the subsequent experiments.

The dwarf phenotype of siVPS45 lines could poten-
tially be due to reduced cell size. To analyze this
possibility, mature, fully expanded leaves of wild-type
or siVPS45-10d plants were stained using chlorazol

Figure 2. The AtVPS45-silenced lines have vacuolar
defects. A, Cross sections of hypocotyls from 4-d-old
etiolated wild-type or siVPS45-10d seedlings were
analyzed by electron microscopy. B, The protein
storage vacuoles of epidermal cells from embryos of
wild-type, siVPS45-10d, and siVPS45-8b seeds were
imaged by confocal microscopy. Bar = 5 mm. C, The
first and second true leaves from 24-d-old plants
grown on soil were excised, placed on water in 24-
well plates, incubated in the dark, and imaged at the
indicated days after detaching. Wt, Wild type; si10d,
siVPS45-10d; si8b, siVPS45-8b.

Table III. In vitro pollen germination assays

Pollen from flowers of the indicated genotype was placed onto agar
plates for germination. The percentage of pollen grains with a visible
pollen tube was determined for at least 100 pollen grains per exper-
iment.

Genotype Experiment 1 Experiment 2 Experiment 3 Average

Col-0 58% 81% 86% 75%
VPS45/vps45-1 29% 50% 60% 46%
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black to delineate the cell walls, cleared to remove
chlorophyll, and observed by microscopy. Both the
epidermal pavement cells (Fig. 1C, top panels) and
mesophyll cells (Fig. 1C, bottom panels) were reduced
in size in the siVPS45-10d leaves compared with wild-
type leaves. To confirm a role of AtVPS45 in cell
expansion, we analyzed the growth of hypocotyls of
etiolated seedlings, which occurs solely by cell en-
largement (Gendreau et al., 1997). In wild-type seed-
lings germinating in the dark, the hypocotyl cells
elongated very rapidly, reaching a length of approxi-
mately 2 cm within a few days. In contrast, siVPS45-
10d hypocotyls remained very short, reaching only 2
mm in length at most (Fig. 1D). Longitudinal sections
of the hypocotyls were analyzed by light microscopy
after staining with toluidine blue. Lack of cell elonga-
tion is evident in the siVPS45 seedlings, with cells
remaining almost cuboid (Fig. 1D). Similar results were
obtained with independent silenced lines (data not
shown), demonstrating that AtVPS45 silencing causes
a block in cell expansion.

AtVPS45-Silenced Lines Show Defects in Vacuole
Formation and Function

AtVPS45 is a member of the SM family of proteins
that regulate SNARE-mediated membrane fusion.
Thus, the developmental alterations of siVPS45 lines
are probably a consequence of primary defects in
vesicular trafficking. We analyzed the subcellular mor-
phology of etiolated seedling cells to determine if
AtVPS45 silencing affects the size or shape of endo-
membrane compartments. In wild-type seedlings, the
cells have large central vacuoles, containing granular
or fibrous material and occupying the majority of the
cell volume, with a thin layer of dense cytoplasm
surrounding them. In siVPS45-10d seedlings, the cells
lack large central vacuoles and instead are full of many
small vacuoles or vesicles, which often lack visible
contents (Fig. 2A). Cell expansion in plants is mainly
due to vacuole enlargement, and thus defective vacu-
ole biogenesis is the likely cause of the reduced cell
size in the silenced lines. To substantiate these results,
we analyzedwhether vacuole formation was altered in
other tissues. In seeds, protein storage vacuoles (PSVs)
can be directly visualized due to their intrinsic auto-
fluorescence (Sanmartin et al., 2007). The PSVs in
mature wild-type embryos were large, irregularly
shaped, and compressed against each other, filling
the whole cell volume (Fig. 2B). PSVs in siVPS45
embryos were smaller and more numerous, rounded,
and with intervening spaces between them, indicating
that AtVPS45 is required for normal PSV biogenesis.
The changes in PSV morphology and distribution are
similar to those observed in the enhanced vti12 mutant
(Sanmartin et al., 2007), supporting a common func-
tion of AtVPS45 and VTI12 in trafficking to these
compartments.

In addition to smaller vacuoles, numerous starch
grains and lipid droplets are maintained in the si-

lenced lines during germination (Fig. 2A), suggesting
that AtVPS45 is required for their turnover, which may
involve autophagy into the vacuole (Toyooka et al.,
2001; Poxleitner et al., 2006). This is consistent with
evidence implicating VTI12, an interacting partner of
AtVPS45, in autophagy (Surpin et al., 2003). However,
by staining autophagosomes with the fluorescent dye
monodansylcadaverine (Contento et al., 2005), we did

Figure 3. The AtVPS45-silenced plants secrete the VAC2 cargo. A,
Plants from the F1 generation of crosses between a line homozygous for
VAC2 (L1) and siVPS45-1a or siVPS45-10d display terminated flower
and shoot meristems. B, Plants from the F2 generation of crosses
between siVPS45-1a or siVPS45-10d and the L1 line. The plants shown
were homozygous for VAC2 and either wild type (Wt) or AtVPS45
silenced (si1a and si10d). Arrows indicate flowers without carpels, and
arrowheads indicate terminated shoot meristems.
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not find any differences in their cytosolic accumulation
in siVPS45 lines or vti12 mutants compared with the
wild-type plants (A.L. Contento and D.C. Bassham,
unpublished data). This suggests that VTI12 and
AtVPS45 are not involved in autophagosome forma-
tion but may still function at a later stage of autophagy,
possibly during the breakdown of autophagosomes.
To gain additional evidence that AtVPS45-silenced
plants are defective in nutrient turnover, we analyzed
their response to starvation conditions that induce
autophagy. Detached leaves incubated in the dark
activate autophagy and eventually senesce. A com-
mon phenotype of mutants affected in nutrient turn-
over is an earlier senescence in this detached leaf assay
(Surpin et al., 2003; Xiong et al., 2005). We observed a
clear acceleration of senescence in siVPS45 lines rela-
tive to wild-type lines (compare the total chlorosis
after 4 d in leaves from the silenced lines with the
presence of chlorophyll in wild-type leaves after 6 d;
Fig. 2C), similar to that reported for vti12 mutants
(Surpin et al., 2003), supporting a role for AtVPS45 in
nutrient recycling.

We conclude from these results that AtVPS45 is
likely involved in vesicle trafficking to the vacuole and
that reduced levels of this protein result in defective
vacuole formation and function.

AtVPS45 Participates in Trafficking of ctVSD-Containing

Cargo to the Vacuole

In addition to a function in the starvation response
(Surpin et al., 2003) and in PSV biogenesis (Sanmartin
et al., 2007), VTI12 participates in trafficking of ctVSD-
containing vacuolar cargo (Sanmartin et al., 2007), so
we hypothesized that AtVPS45 would also share this
function.

We have previously developed an assay for detect-
ing missorting of vacuolar cargo via morphological
changes in transgenic plants expressing VAC2. The
VAC2 transgene codes for the CLAVATA3 protein
fused to the ctVSD from barley (Hordeum vulgare)
lectin and is expressed in Arabidopsis under the
control of the constitutive 35S promoter. VAC2 is
localized in the vacuole in wild-type plants, where it
has no activity. When trafficking is blocked or satu-
rated, VAC2 is secreted to the apoplasm, where it
negatively regulates stem cell proliferation in shoot
apical meristems (Sanmartin et al., 2007). This VAC2-
secretion assay is semiquantitative, as different de-

Figure 4. The AtVPS45-silenced plants secrete ctVSD-containing
cargo. A, Lines expressing GFP-CHI and ALEU-GFP were crossed
with wild-type and siVPS45-10d plants, and the adaxial side of leaves
from F1 plants was analyzed by confocal microscopy. Bars = 10 mm. B,
Samples of apoplastic fluids (Apo) collected from rosette leaves of wild-

type and siVPS45-10d plants were analyzed with the indicated anti-
bodies. Total proteins (Total) from leaves of the same plants were
analyzed to determine the expression levels of the proteins. The
precursor (p), intermediate (i), and mature (m) forms of CPYare marked.
C, The apoplastic fluids and total proteins from rosette leaves of
the indicated mutants were analyzed with anti-AtAleurain antibodies
(ALEU). evti11, enhanced vti11; evti12, enhanced vti12 (Sanmartin
et al., 2007). Positions of molecular mass markers (in kD) are shown at
left in B and C. Wt, Wild type; si10d, siVPS45-10d.
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grees of secretion cause a graded range of phenotypes,
ranging from termination of a few of the floral meri-
stems before carpel formation in weak secretors to
plants in which the meristems are terminated prior to
the production of any shoot or flower organs in strong
secretors. To test if AtVPS45 is also involved in the
transport of VAC2, we crossed the RNAi lines and the
Atvps45-2 mutant with two transgenic lines homozy-
gous for the VAC2 marker, L1 and L2 (Sanmartin et al.,
2007). As a control, we also crossed the wild-type
ecotype Columbia (Col-0) with L1 and L2. Similar
results were obtained for the crosses with L1 and L2,
and only the former are shown. In the F1 population
resulting from the cross of siVPS45 lines with L1 and
L2, we observed already a weak meristem phenotype
indicative of VAC2 secretion. The primary meristem of
the F1 plants from the cross of siVPS45-10d with L1 or
L2 was terminated before bolting, but secondary mer-
istems produced shoots in which a few flowers lacked
carpels (Fig. 3A). In the F1 population of the cross of
siVPS45-1a with L1 and L2, there was no termination
of any of the shoot apical meristems, but some of the
flowers lacked carpels. In the F2 population from the
cross siAtVPS45-1a by L1 or L2, the silenced plants
genotyped as VAC2/VAC2 showed termination of the
primary meristem and bolted only from secondary
meristems (Fig. 3A). In those inflorescences, many
flowers developed without carpels. In the F2 popula-
tion from the cross siVPS45-10d by L1 or L2, we
recovered AtVPS45-silenced plants that had all the
meristems terminated prior to bolting or that eventu-
ally bolted from lateral meristems but had inflores-
cence shoots terminated before producing flowers
(Fig. 3B). Consequently, no offspring from these plants
was available to determine the VAC2 zygosity. How-

Figure 5. AtVPS45 is required for the stability of SYP41 and the proper
subcellular distribution of VSRs. A, Protein samples from wild-type and

AtVPS45-silenced lines (as in Fig. 1) were analyzed with the indicated
antibodies. B, Total protein samples from rosette leaves of 4-week-old
wild-type and siVPS45-10d plants were analyzed with an anti-VSR
antibody. C, Left panels, Wild-type and siVPS45-10d seedlings were
grown in vitro for 2 weeks in liquid Murashige and Skoog medium
supplemented with 1% Suc and homogenized in 100 mM Tris, pH 8, 5
mM EDTA, and complete protease inhibitor cocktail. Pellet (P16) and
soluble (S16) fractions after centrifugation at 16,000g were analyzed
with an anti-VSR antibody. Right panels, Pellet (P8) and soluble (S8)
fractions after centrifugation at 8,000g were analyzed with the indi-
cated antibodies. D, Microsomes were prepared from wild-type and
siVPS45-1a plants grown in liquid for 20 d, separated in a step Suc
gradient as described (Bassham and Raikhel, 1998), and analyzed with
the indicated antibodies. Estimated in-gel sizes of the bands detected
by the antibodies: AtVPS45, 66 kD; VSR, 80 kD; SYP21, 36 kD; SYP41,
39 kD; VCL1, 100 kD; VPS33, 70 kD. E, Wild-type, siVPS45-1a, and
siVPS45-10d plants transgenic for a GFP-VSR3 construct (Miao et al.,
2008) were obtained by crossing to a stable transgenic GFP-VSR3 line.
Roots were incubated in liquid Murashige and Skoog medium with 50
mM wortmannin (Wortmannin) or a similar amount of dimethyl sulfox-
ide used as a solvent (Control), and epidermal cells of the root tip were
imaged 5 h later. Green signal indicates VSR3-GFP, and red signal
indicates propidium iodide. Bars = 10 mm. Wt, Wild type; si10d,
siVPS45-10d; si1a, siVPS45-1a.
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ever, we assumed them to correspond to the homozy-
gous VAC2 plants, as similar phenotypes were not
found in the F1 generation or in any of the other
crosses made. Notably, we did not observe any mer-
istem termination phenotypes in the F1 or F2 genera-
tion from the crosses between Col-0 or the Atvps45-2
mutant and the L1 or L2 line. These results show that
VAC2 secretion, measured by its effect in meristem
proliferation, is directly related to the degree of AtVPS45
silencing. Hemizygous T-DNA mutant plants do not
show a meristem phenotype, suggesting that a single
copy of the gene is sufficient for efficient vacuolar
targeting of VAC2. Only when the expression was
further lowered through the RNAi approach could we
observe the VAC2 secretion.
Subsequently, we studied the role of AtVPS45 in

trafficking of the well-characterized ctVSD-containing
vacuolar marker GFP-CHI and the ssVSD-containing
vacuolar marker ALEU-GFP. The GFP-CHI protein
consists of GFP carrying a signal peptide fused to the
ctVSD from tobacco (Nicotiana tabacum) chitinase
(Di Sansebastiano et al., 1998), while the ALEU-GFP
marker consists of the N-terminal part of barley
aleurain, containing the signal peptide and the ssVSD,
fused to GFP (Di Sansebastiano et al., 2001). There
were two noticeable changes in the GFP-CHI fluores-
cence pattern in the silenced lines. First, a general
decrease in diffuse fluorescence, which corresponds to
the vacuole-localized GFP (Sanmartin et al., 2007), was
observed in the AtVPS45-silenced plants (Fig. 4A, top
panels), indicating that less fusion protein was reach-
ing the vacuole. Second, the GFP signal was found
delineating the cell boundaries in those same plants,
suggesting that GFP-CHI was secreted (Fig. 4A, mid-
dle panels). As a comparison, in the wild-type plants,
the cell boundaries were not marked by GFP and
instead a punctate pattern was observed at the cell
periphery that corresponded to GFP localized in the
cortical endoplasmic reticulum. In contrast to these
results, we did not observe changes in the pattern of
ALEU-GFP fluorescence in the silenced plants (Fig.
4A, bottom panels). We conclude from these data that

AtVPS45 is a limiting factor required for trafficking of
GFP-CHI to the vacuole and is either dispensable or
required at lower levels for vacuolar trafficking of
ALEU-GFP. These results support a role for AtVPS45
in the transport of cargo containing ctVSDs.

To determine whether AtVPS45 silencing provokes
the secretion of endogenous vacuolar proteins, we
isolated extracellular fluid from rosette leaves of soil-
grown plants and analyzed the protein profiles with
antibodies against AtVPEg, AtCPY, AtAleurain, and
the myrosinase TGG2. As shown in Figure 4B, we
could not detect secretion of the lytic cargo AtCPY,
AtVPEg, or TGG2 in siVPS45-10d plants, indicating
that these proteins do not require AtVPS45 for their
transport to the vacuole. Interestingly, we detected
AtAleurain in the extracellular fluids from siVPS45-
10d plants. AtAleurain, similar to barley aleurain,
contains both a putative ssVSD and a ctVSD that could
act as dual vacuole-targeting signals (Hinz et al., 2007).
Importantly, trafficking of the ALEU-GFP construct,
which has the GFP fused at the C terminus of barley
aleurain, masking the putative ctVSD, is not altered in
siVPS45 plants, suggesting that AtVPS45 is required
for ctVSD-dependent sorting of AtAleurain. Similarly,
AtAleurain but not ALEU-GFP is secreted in enhanced
vti12 plants (Fig. 4C; Sanmartin et al., 2007) and vsr
mutants (J. Zouhar, A. Muñoz, and E. Rojo, unpub-
lished data), which are also affected specifically in
trafficking of ctVSD-containing proteins.

Taken together, these data suggest that AtVPS45
silencing does not lead to general secretion of endog-
enous vacuolar proteins but specifically affects traf-
ficking of the ctVSD-containing proteins like VAC2,
GFP-CHI, and AtAleurain.

AtVPS45 Silencing Destabilizes SYP41 and Redistributes

Vacuolar Sorting Receptors

Our results indicate a common function of AtVPS45
and VTI12 in trafficking of ctVSD-containing cargo, in
nutrient recycling in the vacuole, and in PSV biogen-
esis, consistent with the observed interaction between

Table IV. Primers used

Experiment Primer Sequence

Atvps45-1 Forward AGAACGGTCCAATTAAACTGTACCACGA
Forward nested TCTCTGGTGGGGTAATCATCATCATGTA
T-DNA CGCACTCAAGTCTTTCATCTACGGCAATGACC
T-DNA nested GGGGATTATTTTGTGACGCCGATTACATACGG

Atvps45-2 Forward GTCTCCCAAGTACAAACCAG
Reverse TCACCAGTGCGCTTCTCCAT
T-DNA GCAATCAGCTGTTGCCCGTCTCACTGGTG

AtVPS45 complementation Forward GCAATTGAATCATAATAAGCTTAG
Reverse GGAGAGCTTTCAGTCCGTCTAAA

AtVPS45 RNAi F-EcoRV AGCGGATATCTGGGGATATTGGAATGAACATC
F-EcoRI AGCGGAATTCTGGGGATATTGGAATGAACATC
R-XbaI TCGCTCTAGAGCCATGTTACGTGCTATATTCAAA
R-BamHI ACGCGGATCCGCCATGTTACGTGCTATATTCAAA
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AtVPS45 and a SNARE complex containing VTI12,
SYP41, and SYP61 (Bassham et al., 2000). In accordance
with these results, we found that the levels of SYP41
were reduced in parallel to the levels of AtVPS45 in the
RNAi-silenced lines (Fig. 5A). Importantly, the SYP41
mRNA is present at similar levels in wild-type and
silenced lines (data not shown), suggesting that the
SYP41 protein is unstable in the absence of its inter-
acting partner. This is consistent with data obtained in
yeast, where Tlg2p, a putative ortholog of SYP41, is
unstable in a vps45 mutant (Bryant and James, 2001).
As a control, we analyzed the accumulation of SYP21,
a Q-SNARE that is localized in the PVC, where it forms
a complex with SYP51 and VTI11 but not with
AtVPS45 (Bassham et al., 2000). The levels of SYP21
remain unchanged in the silenced lines (Fig. 5A),
demonstrating that AtVPS45 silencing destabilizes
specifically SYP41.

These results provide further in vivo evidence for a
role of AtVPS45 in regulating the activity of the
VTI12/SYP41/SYP61 SNARE complex. This SNARE
complex is localized on the TGN (Bassham et al., 2000;
Sanderfoot et al., 2001a), where it colocalizes with
VSRs, which have to be recycled from the PVC to the
TGN to ensure full vacuolar sorting capacity (daSilva
et al., 2005). Moreover, recent results show that VSRs
are the sorting receptors for the same ctVSD-containing
proteins that are mislocalized in the siVPS45 lines
(J. Zouhar, A. Muñoz, and E. Rojo, unpublished data).
We thus hypothesized that defects in trafficking of
ctVSD-containing vacuolar cargo in the siVPS45 plants
could be due to perturbed recycling of the VSR pro-
teins to the TGN. Consistent with a relationship be-
tween AtVPS45 function and VSR homeostasis, we
observed increased levels of the VSR proteins in inde-
pendent siVPS45 lines (Fig. 5B; data not shown). This
implies that the trafficking defects in siVPS45 lines
cannot be ascribed to a decrease in VSR levels, but they
could be due to alterations in VSR localization and/or
activity. Mislocalization of the sorting receptors may
reduce their turnover, leading to increased VSR protein
levels. In this regard, mutants in VPS29 and VPS35,
components of the retromer complex that is likely
involved in VSR recycling from the PVC (Oliviusson
et al., 2006), also show increased accumulation of VSR
protein levels (Yamazaki et al., 2008).

Direct evidence of altered localization was obtained
by cell fractionation studies that showed that a larger
fraction of VSRs remained in the soluble fraction after
low-speed centrifugations in extracts from silenced
lines than from wild-type plants (Fig. 5C). In contrast,
markers for the TGN (SYP41) and the PVC (SYP21),
which are the organelles through which VSRs cycle
in wild-type plants, did not change in fractionation
pattern, indicating that there was no change in the
sedimentation properties of those organelles and im-
plying that the VSRs were partially localizing to a
different compartment/vesicle in the silenced lines.
Similar changes in cell fractionation of VSRs were
obtained in samples from siVPS45-8b plants (data not

shown), indicating that AtVPS45 silencing was caus-
ing the alteration of VSR localization. To increase the
resolution of cell fractionation, we separated mi-
crosomes in step Suc gradients and compared the dis-
tribution of VSRs with that of known markers of
endomembrane compartments. To exclude differences
due to gross cellular and developmental alterations,
we used for these experiments the siVPS45-1a plants
that are macroscopically similar to the wild-type
plants but still show protein-trafficking defects (Figs.
1B and 3A). As shown in Figure 5D, in the silenced
lines, there was a shift of VSRs toward lighter mem-
brane compartments and a concomitant reduction of
VSR levels in the fractions corresponding to TGN and
PVC (Fig. 5D, lane 5), indicating that VSRs are dis-
placed from these compartments.

To check for mislocalization of VSRs in planta, we
analyzed the subcellular localization of a GFP-VSR3
marker driven by the constitutive 35S promoter, which
at steady state labels mainly the PVC (Miao et al.,
2008). As reported in that study, this construct gives a
typical punctate signal in Arabidopsis wild-type cells.
Moreover, treatment with wortmannin induces the
formation of large vacuolated PVCs that are intensely
labeled by this protein (Fig. 5E). In the siVPS45-1a line,
we also observed punctate GFP labeling in untreated
plants and in vacuolated PVCs in wortmannin-treated
plants, but in these the GFP signal appeared lower
than in wild-type plants. This was even more evident
in the siVPS45-10d line, where the signal in the vacu-
olated PVCs was very low. In untreated siVPS45-10d
roots, GFP-VSR3 was found in punctate compartments
but also as a more diffusely distributed signal (Fig. 5E).

We hypothesize from these analyses that AtVPS45
silencing may block recycling from the PVC to the
TGN and displace VSRs to other compartments/ves-
icles. This in turn causes a depletion of VSRs from the
PVC-TGN recycling route, resulting in the backup and
missorting of the vacuolar cargo. The wortmannin-
induced PVC enlargement is thought to occur in part
through PVC-TGN heterotypic fusions (Lam et al.,
2007). A reduced GFP-VSR3 signal in a wortmannin-
induced TGN-PVC hybrid compartment would be
consistent with the depletion of VSRs in the PVC-
TGN recycling route in the silenced lines due to
disruption of the TGN SNARE complex.

MATERIALS AND METHODS

Antibodies

The antibodies used in this work were described previously: anti-AtVPS45

(Bassham and Raikhel, 1998), anti-SYP41 (Oliviusson et al., 2006), anti-SYP21

(da Silva Conceicao et al., 1997), anti-TGG2 3D7 monoclonal antibody

(Andreasson et al., 2001), anti-AtAleurain and anti-VSR (Ahmed et al.,

2000), and anti-AtCPY and anti-VPE (Rojo et al., 2003).

Identification of the Atvps45-1 Mutant

Pools of T-DNA mutant Arabidopsis (Arabidopsis thaliana) seeds obtained

from the Arabidopsis Functional Genomics Center were screened for muta-
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tions in the AtVPS45 gene (At1g77140) with the assistance of Mendel Bio-

technology as described (Sanderfoot et al., 2001b). Insertions were amplified

by PCR using nested gene-specific primers and primers corresponding to the

T-DNA ends (see Table IV for primer sequences). Products were sequenced to

confirm the insertion sites, and individual plants containing an insertion in the

AtVPS45 gene were identified from the pools (named Atvps45-1). The T-DNA

insertion in the Atvps45-1 mutant confers resistance to kanamycin. Segrega-

tion of the T-DNAwas analyzed by growth on 50 mg L21 kanamycin and by

PCR using the above primers

Complementation of the Atvps45-1 Mutant Phenotype

The AtVPS45 promoter and the first two introns and exons of the AtVPS45

gene were amplified by PCR (see Table IV for primer sequences), and the

products were digested using HindIII (introduced in the forward primer) and

PvuI (present within the gene sequence). This genomic fragment was

subcloned along with a PvuI/BamHI fragment of the AtVPS45 cDNA into

HindIII/BglII sites of the binary vector pCAMBIA1300MCS to recreate the

AtVPS45 coding sequence driven by its endogenous promoter. The construct

was introduced into the Atvps45-1 heterozygous mutant by Agrobacterium

tumefaciens-mediated transformation using the floral dip method (Clough and

Bent, 1998). Transformants were selected by growth on hygromycin at 50 mg

L21, and genotypes were determined by PCR amplification of the T-DNA

insertion and transgene.

Generation of AtVPS45-RNAi Transgenic Lines

AtVPS45 gene-specific sense and antisense fragments (approximately 500

bp each) were amplified using the primers shown in Table IV, with restriction

sites introduced as indicated, as described (Chuang and Meyerowitz, 2000).

The fragments were cloned into the binary vector pCGN, separated by a

spacer consisting of a 1-kb fragment of the GUS gene, and driven by the 35S

promoter of the Cauliflower mosaic virus. The construct was introduced into

Arabidopsis accession Col-0 by Agrobacterium-mediated transformation using

the floral dip method (Clough and Bent, 1998). Transformants were selected

by growth on 50 mg L21 kanamycin, and homozygous plants were identified

in the T2 generation by analysis of segregation of the kanamycin resistance

gene.

Pollen Germination Assays

Pollen was collected from wild-type and Atvps45-1 heterozygous plants

onto pollen germination medium (Li et al., 1999) and incubated overnight at

room temperature to allow germination. Pollen was then scored by light

microscopy for the presence or absence of a pollen tube. At least 100 pollen

grains were counted per genotype in three independent experiments.

Chlorazol Black E Staining of Leaves

Leaves from wild-type and AtVPS45-RNAi plants were cleared in bleach

for 30 min, followed by dehydration in an ethanol series to 95% (v/v).

Chlorazol black E (1% [w/v] in 95% ethanol) was added for 3 h, and the leaves

were washed several times with ethanol before mounting for microscopy.

Microscopy

For transmission electron microscopy, samples were collected and fixed

with 2% (w/v) glutaraldehyde and 2% (w/v) paraformaldehyde in 0.1 M

cacodylate buffer, pH 7.2, for 48 h at 4�C. Samples were rinsed three times in

0.1 M cacodylate buffer and then postfixed in 1% osmium tetroxide in 0.1 M

cacodylate buffer for 1 h at room temperature. The samples were rinsed in

deionized distilled water and en bloc stained with 2% (w/v) aqueous uranyl

acetate for 30 min, dehydrated in a graded ethanol series, cleared with

ultrapure acetone, and infiltrated and embedded using Spurr’s epoxy resin

(Electron Microscopy Sciences). Resin blocks were polymerized for 48 h at

65�C. Thick and ultrathin sections were made using a Reichert Ultracut S

ultramicrotome (Leeds Precision Instruments). Thick (1 mm) sections were

collected onto slides, stained with 1% (w/v) toluidine blue, and imaged using

a Zeiss Axioplan II light microscope (Carl Zeiss). Ultrathin sections were

collected onto copper grids and counterstained with 5% (w/v) uranyl acetate

in deionized distilled water for 15min followed by Sato’s lead stain for 10min.

Images were captured using a JEOL 1200EX II scanning and transmission

electron microscope (Japan Electron Optic Laboratories). Imaging of PSVs

from dried seeds was done as described (Sanmartin et al., 2007).
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