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Posttranscriptional gene silencing (PTGS) mediated by siRNAs is an
evolutionarily conserved antiviral defense mechanism in higher
plants and invertebrates. In this mechanism, viral-derived siRNAs
are incorporated into the RNA-induced silencing complex (RISC) to
guide degradation of the corresponding viral RNAs. In Arabidopsis,
a key component of RISC is ARGONAUTE1 (AGO1), which not only
binds to siRNAs but also carries the RNA slicer activity. At present
little is known about posttranslational mechanisms regulating
AGO1 turnover. Here we report that the viral suppressor of RNA
silencing protein P0 triggers AGO1 degradation by the autophagy
pathway. Using a P0-inducible transgenic line, we observed that
AGO1 degradation is blocked by inhibition of autophagy. The en-
gineering of a functional AGO1fluorescent reporter protein further
indicated that AGO1 colocalizes with autophagy-related (ATG) pro-
tein 8a (ATG8a) positive bodies when degradation is impaired.
Moreover, this pathway also degrades AGO1 in a nonviral context,
especially when the production of miRNAs is impaired. Our results
demonstrate that a selective process such as ubiquitylation can
lead to the degradation of a key regulatory protein such as AGO1
by a degradation process generally believed to be unspecific. We
anticipate that this mechanismwill not only lead to degradation of
AGO1 but also of its associated proteins and eventually small RNAs.

RNA silencing involves the processing of dsRNA by the en-
zyme Dicer into small RNAs, 21 to 25 nucleotides in length

(1–3). One of the two RNA strands is then incorporated into
a protein complex called RNA-induced silencing complex (RISC)
that invariably contains a member of the highly conserved
ARGONAUTE protein family (4, 5). The incorporated small
RNA then guides the complex to partially or fully silence com-
plementary RNA. RNA silencing is important for the regulation
of development in animals and plants, but also plays an antiviral
role in plants and invertebrates (including worms and flies). In
this mechanism viral-derived small RNAs are incorporated into
the RISC complex to guide degradation of the corresponding
viral RNA (6). As a counter defense, viruses have evolved viral
suppressors of RNA silencing (VSRs) that suppress the antiviral
PTGS defense response (2, 7). VSRs counter host defense by
different strategies, including binding to small interfering RNA
(siRNA) or double-strand RNA (dsRNA) and inactivating com-
ponents of the RNA silencing machinery.
Previous work has revealed that the VSR protein P0 from

polerovirus encodes an F-box protein that hijacks the host S-
phase kinase-associated protein1 (SKP1)-cullin 1 (CUL1)-F-box
protein (SCF) ubiquitin-protein ligase (E3) to promote the
degradation of AGO1, the key component of RISC (8–10). Al-
though AGO1 ubiquitylation was not directly demonstrated in
these studies, its degradation by the ubiquitin-proteasome system
(UPS) was expected as it is well known that this system plays
numerous and crucial roles in various pathogenic conditions,
including interactions with pathogenic viruses (11, 12). However,
the targeted degradation of AGO1 by P0 was discovered to be
insensitive to inhibition of the proteasome (10) and is suspected
to occur before RISC assembly by a still unknown process (13).

Results and Discussion
To investigate the mechanism of P0-mediated AGO1 degradation,
we used stably transformed Arabidopsis XVE-P0BW transgenic
lines in which P0 expression can be induced upon β-estradiol
treatment (9). A kinetic analysis revealed a perfect correlation
between P0 appearance and AGO1 protein turnover (Fig. S1).
However, we also noticed that the process of AGO1 degradation
requires several hours and does not lead to a total disappearance
of the protein. Next we tested a panel of protease inhibitors. We
found that the cysteine protease inhibitor E64d known to inhibit
the degradation of autophagic cargo inside autolysosomes (14) led
to AGO1 stabilization despite the presence of P0 (Fig. 1A).
Overaccumulation of AGO1 protein in presence of E64d results
from both a higher AGO1 transcript level in P0-induced plants
(Fig. 1B) and impaired protein turnover.
The higher AGO1 transcript level is likely mediated by the

regulatory loop consisting of miR168-guided AGO1-catalyzed
cleavage of AGO1 mRNA (15, 16), but it is noteworthy that the
drug had no significant effect on miR168 accumulation (Fig. 1C).
To further support the function of autophagy in the turnover of
AGO1, we used 3-methyladenine (3-MA) that blocks autopha-
gosome formation via the inhibition of type III phosphatidyli-
nositol 3-kinases (PI-3K). Similar to the effect of E64d, 3-MA
also led to a massive accumulation of AGO1 protein despite the
presence of P0 (Fig. 1D).
The possibility that autophagy mediates P0-dependent AGO1

degradation is intriguing with respect to the proposed role of P0
in mediating ubiquitylation. Indeed previous work has shown
that the viral F-box protein P0 interacts with the Arabidopsis
SKP1-like1 and 2 (ASK1/2) both in vitro and in yeast cells, and
that this interaction is required for the silencing suppressor
activity of P0 (8). To further investigate the function of ubiq-
uitylation in this process we immunoprecipitated AGO1 from
extracts of plants treated with E64d in which P0 expression was
induced or not (mock treated). These assays revealed that AGO1
efficiently coprecipitates with P0 as well as CUL1, suggesting
that indeed P0 is a component of an E3 ligase targeting AGO1
in planta (Fig. 1E). It is noteworthy that in the absence of P0,
AGO1 also precipitates CUL1, although less efficiently, suggesting
that endogenous SCF-type ubiquitin E3 ligases may also regulate
AGO1 as recently proposed (17). Furthermore, we observed an
enrichment of polyubiquitin conjugates in AGO1 immunopre-
cipitates in the presence of P0. Specific ubiquitin antibodies re-
vealed a significant enrichment in K63-linked chains (Fig. 1F).
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Whether AGO1 is directly ubiquitylated in a P0-dependent man-
ner or whether other proteins that coimmunoprecipitate together
with AGO1 are modified by ubiquitin remains unknown. Next
we tested whether SCF-mediated ubiquitylation is required for
P0-dependant AGO1 protein turnover. We took advantage of
MLN-4924, a selective inhibitor of the neural precursor cell ex-
pressed, developmentally down-regulated 8 (NEDD8)/ubiquitin-
related protein 1 (RUB1) conjugation pathway that controls the
activity of cullin-really interesting new gene (RING) types of
ubiquitin ligases in both mammals and plants (18, 19). P0 ex-
pression was induced in the Arabidopsis transgenic line in ab-
sence and in presence of 25 μMMLN-4924. In these conditions,
the drug efficiently inhibited CUL1 neddylation and impaired
AGO1 degradation (Fig. 1G). From these results we conclude
that the process of AGO1 degradation requires ubiquitylation
by an SCF-type E3 ligase.

The subcellular localization of hmAGO2, the only human
AGO protein that possesses endoribonuclease activity, was found
localized in the cytosol and enriched at discrete cytoplasmic foci
corresponding to P bodies (20–22). At present, very little is known
about AGO1 subcellular localization in plants. To get insights on
the AGO1 degradation process at the cellular level, we engi-
neered a construct in which the GFP is fused to the N terminus of
AGO1 and expressed the chimeric protein in an AGO1-defficient
genomic context (Fig. 2A and Fig. S2). This construct was used
to transform heterozygous weak (ago1-27) and strong (ago1-11)
mutant alleles, respectively. Full suppression of both mutant

Fig. 1. P0-mediated degradation of AGO1 is blocked by autophagy inhib-
itors. AGO1 degradation kinetics were performed on 7-d-old XVE-P0BW-myc
seedlings treated with β-estradiol (5 μM) for P0-myc induction. Autophagy
was inhibited in its last steps using E64d (20 μM) (A) and AGO1, P0-myc, and
CDC2 (loading control) protein accumulation levels were assayed by Western
blot on a 24-h period. In a similar manner, AGO1 mRNA (B) and miR168
accumulation (C) was assayed by Northern blot analyses along P0-mediated
degradation of AGO1 in presence or in absence of E64d (20 μM). Loading
controls are methylene blue staining of the membrane for mRNA and U6 for
small RNA blots. (D) Autophagy was inhibited in its first steps using the
specific PI-3-kinase class III inhibitor 3-MA (5 mM) and AGO1, P0-myc, and
CDC2 (loading control) protein accumulation levels were assayed by Western
blot on a 24-h period. (E) Coimmunoprecipitation of AGO1 and SCFP0. XVE-
P0BW-myc seedlings were treated with β-estradiol (5 μM) for P0-myc in-
duction and E64d (20 μM) for at least 6 h before protein extraction. Plant
extract were immunoprecipitated with an anti-AGO1 antibody and with
normal rabbit serum (NRS). IP fractions were submitted to Western blot
analysis using antibodies raised against the myc tag for P0 detection and
against CUL1, AGO1, and ATG8a. (F) Ubiquitylation status of AGO1 was
determined by Western blot analysis of IP fractions using an antibody spe-
cifically raised against K63-Ub. (G) Inhibition of SCF activity prevents P0-
mediated degradation of AGO1. Seven-day-old XVE-P0BW-myc seedlings
were pretreated with MLN-4924 (25 μM) for 3 h before P0-myc induction
with β-estradiol (5 μM). The accumulation level of AGO1, P0-myc, CUL1, and
CDC2 (loading control) was assayed by Western blot 24 h after P0 induction.
Anti-CUL1 antibody detects two bands, the upper one corresponding to the
NEDD8/RUB1-modified form of CUL1.

Fig. 2. Subcellular localization of AGO1 along its degradation process. (A)
The pAGO1:GFP-AGO1 construct complements ago1-27 allele phenotype. (B)
Subcellular localization of functional GFP-AGO1 assayed by confocal mi-
croscopy. Seven-day-old seedlings were transferred from MS-agar plates to
liquid MS medium supplemented with the indicated drugs and observed
after overnight incubation (16–18 h). In the root tip of XVE-P0BW/GFP-AGO1
reporter lines GFP-AGO1 is localized exclusively in the cytoplasm of cells
(Left). After P0 induction, the GFP-AGO1 signal decreases with a non-
homogenous pattern from cell to cell and is relocalized in vesicular-shaped
structures (Middle). When P0 induction is combined with E64d (20 μM)
treatment, GFP-AGO1 is stabilized and massively accumulates in these ve-
sicular-shaped structures (Right). These speckles colocalize with acidic vesi-
cles labeled with LysoTracker Red DND-99 (LyTr) (C) and their formation is
significantly reduced if P0 induction and E64d treatment are combined with
3-MA (5 mM) (D). (Scale bars: 10 μm.)
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phenotypes indicated that GFP-AGO1 protein is functional (Fig.
2A and Fig. S2). In both mutant backgrounds, the GFP signal was
clearly visible in root tissues, where the GFP-AGO1 protein was
detected in the cytosol, but excluded from the nucleus. It is
noteworthy that the GFP-AGO1 signal was enriched in proximity
of the nuclear envelope and this was especially visible in the ago1-
11 complemented mutant line, in which endogenous AGO1 is
entirely replaced by the GFP-AGO1 fusion protein (Fig. S2). It is
interesting to note that the subcellular localization of GFP-AGO1
resembles HASTY, the Arabidopsis homolog of the mammalian
transport receptors exportin 5 (23), suspected to be located at
sites of nucleocytoplasmic mRNA export.
We subsequently introduced the pAGO1:GFP-AGO1 con-

struct in the LexA-VP16-ER (XVE)-P0BW line. Similarly to en-
dogenous AGO1, the induction of P0 by β-estradiol triggered the
degradation of the GFP-AGO1 fusion protein, although β-es-
tradiol alone had no effect on GFP-AGO1 subcellular localiza-
tion and/or stability (Fig. S3A). Note that the process of AGO1
degradation was not homogenous throughout the root, but oc-
curred stepwise in some cells or group of cells (Fig. 2B), which
most likely reflects a spatiotemporal variation in P0 induction by
estradiol. Nevertheless, after long periods of P0 induction, we
noticed that most (although not all) GFP-AGO1 protein dis-
appeared from the root (Fig. S3A). P0 induction in the presence
of E64d resulted in a massive appearance of GFP-AGO1 speckles
in the cytosol (Fig. 2B and Fig. S3B). Confocal fluorescence
studies showed that a number of these GFP-AGO1 bodies colo-
calized with LysoTracker Red (Fig. 2C and Fig. S3B), a red
fluorescent dye that stains acidic compartments in live cells, in-
cluding lysosomes, autolysosomes, and vacuoles. In agreement
with 3-MA acting upstream of autophagic vesicle formation, we
observed that this drug suppressed the formation of the GFP-
AGO1 bodies in the presence of both P0 and E64d (Fig. 2D).
To further investigate the nature of these structures where

AGO1 concentrate consecutively to P0 induction, we analyzed the
XVE-P0BW/GFP-AGO1 reporter line treated with β-estradiol
and E64d using transmission electron microscopy and immuno-
gold labeling. This revealed that P0 triggered the accumulation of
electron-dense, membrane-containing material inside vacuoles
(Fig. 3). Moreover, GFP-AGO1 massively localized in this dense
material often in close association with membranes (Fig. 3 D–F).
These observations support the function of autophagy in P0-

mediated AGO1 degradation, as proteins following this pathway
terminate in the vacuole where they are degraded.
In Arabidopsis, it was recently shown that AGO1 is a periph-

eral membrane protein and that isoprenoid biosynthesis, im-
portant for membrane protein localization and trafficking, is
required for miRNA function (24). Although it is still unknown
to which membranes AGO1 associates in plant cells, we noticed
its enrichment at proximity of the Golgi apparatus (Fig. S4). This
is reminiscent of the situation in animal cells where both AGO
and Dicer-like (DCL) localize and fractionate with membranes
of the Golgi apparatus (25, 26). It is important to note that in
none of our EM images did we observe a localization of AGO1
to multivesicular bodies (MVBs; as exemplified in Fig. S4), ar-
guing against their involvement in routing AGO1 to the vacuole.
This situation is different from receptor proteins of the plasma
membrane such as Arabidopsis FLAGELLIN-SENSING 2
(FLS2), which upon flagellin perception becomes ubiquitylated
and translocated into intracellular vesicles including MVBs to be
eventually degraded in the vacuole (27–29).
Autophagic vesicles can be visualized in plant cells using GFP-

ATG8a (30). ATG8 is covalently attached to the lipid phos-
phatidylethanolamine (PE) to produce ATG8-PE that is bound
to autophagic membranes via its lipid moiety. To further address
the identity of the GFP-AGO1 bodies, we coexpressed GFP-
AGO1 and red fluorescence protein (RFP)-ATG8a fusion pro-
teins in Nicotania benthamiana cells. Under these conditions,
GFP-AGO1 signal was observed in the cytosol of transformed
cells and only a few small structures of less than 1 μm in which
both fluorescent proteins colocalized could be detected in
transformed cells (Fig. S5). However, E64d induced the emer-
gence of larger bodies (3 μm and above) containing both GFP-
AGO1 and RFP-ATG8a proteins. Therefore, even in the ab-
sence of P0, inhibition of the autophagy pathway leads to AGO1
accumulation in autophagic vesicles (Fig. S5). These structures
were also observed consistently when P0 was induced in these
assays. In line with these results, we found that ATG8a coim-
munoprecipitates with AGO1 in E64d-treated Arabidopsis plants
whether P0 was induced or not (Fig. 1E).
AMSH3, an Arabidopsis deubiquitinating enzyme processing

both polyubiquitin K48- and K63-linked chains, was recently
shown to be essential for vacuole biogenesis and its mutation
leads to the accumulation of autophagosomes (31). AGO1 pro-
tein amount was at least fourfold enriched in this mutant,

Fig. 3. P0 expression leads to an accumulation of
vacuolar inclusions containing GFP-AGO1. (A) Root-
tip cells in which P0 expression was induced with
β-estradiol (+βestr) for 12–16 h display electron-
dense inclusions in several vacuole-like structures
(arrows), and in mock treated cells (B) vacuoles do
not contain this kind of inclusions. (A and B, scale
bars: 2 μm). (C) The vacuolar identity of the com-
partments containing the inclusions was confirmed
by immunodetection of the vacuolar pyrophos-
phatase (V-PPase); nanogold particles coupled to
secondary antibodies uniformly label the limiting
membrane (arrowheads). (D–F ) Immunogold la-
beling of GFP-AGO1 after P0 induction and addi-
tional treatment with the protease inhibitor E64d
(+βestr+E64d) revealed that AGO1 is present on
membranous structures within the inclusions
(arrows). V, vacuoles. (C–F, scale bars: 200 nm.)
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suggesting that its degradation in a nonviral context depends on
AMSH3 function (Fig. S6A). When the pAGO1:GFP-AGO1
construct was expressed in homozygous amsh3-1 mutant, we
consistently observed a strong accumulation of GFP-AGO1 in
the root (Fig. S6B). Moreover, although GFP-AGO1 was diffi-
cult to detect in the upper parts of wild type Arabidopsis seed-
lings including cotyledon and primary leaves (Fig. S6C), the
protein was stabilized in the cotyledons of the homozygous
amsh3-1 mutant (Fig. S6D). A closer inspection of these cells
revealed that GFP-AGO1 accumulated in vesicles that colo-
calized with the lipophilic dye FM4-64 (Fig. S6E), which were
previously shown to accumulate in the amsh3-1 mutant. Next we
investigated whether P0-dependent degradation of AGO1 was
compromised in this mutant. Therefore, the XVE-P0BW-myc
construct was introduced in the amsh3-1 mutant. Hence, P0
accumulation led only to a weak reduction in AGO1 protein
amount even after 10 d of induction (Fig. 4A).
In environmental favorable conditions, the target of rapamy-

cin (TOR) pathway promotes plant growth and restrains cata-
bolic processes such as mRNA degradation and autophagy in all
eukaryotes (32). Thus, we introduced XVE-P0BW-myc construct
in a TOR-overexpressing mutant line [G548 (33)] showing re-
duced autophagy activity. Although P0 induction was slightly
delayed in the P0-myc/G548 line, its expression was unable to
promote AGO1 degradation (Fig. 4B). Overall, our data support
a role of autophagy in P0-mediated degradation of AGO1.
Next, we asked whether AGO1 degradation by the autophagy

pathway is restricted to P0 function or whether this pathway in a
nonviral context may also degrade endogenous AGO1, as sug-
gested by a higher accumulation of the protein in the amsh3-1
mutant (Fig. S6) and its colocalization with ATG8a in E64d-in-
duced vesicles in the absence of P0 (Fig. S5). In line with this
assumption, we noticed a higher accumulation of AGO1 protein
level in wild-type seedlings when autophagy was chemically
inhibited (Fig. 4C).
Because P0 was proposed to promote AGO1 degradation more

efficiently before it is incorporated in the RISC complex (13), we
speculated that disturbing normal RISC assembly might lead to
AGO1 degradation. Efficient RISC assembly requires the in-
corporation of small RNAs in both animal and plant cells (34–36).
Thus, we selected mutations that are known to affect miRNA
biogenesis and accumulation, including mutations in the double-
stranded RNA-binding protein DRB1 (also known as HYL1) and
Dicer homolog DCL1 mediating processing of most miRNA
precursors (37, 38), the RNA methyltransferase HEN1 (39)
critical for miRNA stability and HASTY (HST), the Arabidopsis
ortholog of Exp5 required for the nuclear export and/or stability
of miRNAs (40). RNA and protein samples were extracted from
wild type and the respective mutant lines and subjected to mRNA
and protein analyses. It is striking to note that AGO1 protein
abundance was strongly reduced in all mutants that affect miRNA
biogenesis and accumulation (Fig. 4D). This reduction of AGO1
protein accumulation was not the consequence of decreased
AGO1 transcript levels, as the AGO1 mRNA level was similar to
wild type in dcl1-9 and hyl1 and was even significantly increased
in hen1 and hst. To determine whether the decrease in AGO1
protein accumulation was the result of its active turnover by the
autophagy pathway, we treated hen1-1 seedlings with E64d. In-
deed blocking autophagy by this drug at least partially reestab-
lished AGO1 protein accumulation in this mutant background
(Fig. 4E). From these results we conclude that AGO1 is also
degraded by the autophagy pathway in a nonviral context, at least
when miRNA production or stability is compromised. Altogether
our results support a model (Fig. 4F) in which a viral SCFP0 E3
ligase promotes the degradation by autophagy of a specific pro-
tein such as AGO1. We also provide evidence that in the absence
of P0 endogenous SCF(s) trigger(s) AGO1 degradation by the
same pathway, particularly under conditions in which RISC

assembly is compromised. Further experiments will reveal
whether AGO1 and eventually other ARGONAUTE proteins
are also targeted to the same pathway during cellular stress,
a situation where miRNA/siRNA populations quickly change and
RISC reprogramming is expected.

Materials and Methods
Chemical Treatments. Constructs and quantitative PCR are indicated in SI
Experimental Procedures and the corresponding list of primers in Table S1.
For chemical treatments, plants were germinated on Murashige and Skoog
(MS)-agar plates. Seven-day-old seedlings were then transferred onto liquid
MS medium-containing drugs. E64d (Sigma) was used at the final concen-
tration of 20 μM; 3-MA (Sigma) was prepared freshly for each experiment
following this procedure: powder was solubilized in deionized water under

Fig. 4. P0-mediated degradation of AGO1 is compromised in amsh3-1
mutant and in TOR-overexpressing plants and the endogenous pathway for
AGO1 degradation also relies on autophagy. (A) P0-dependant degradation
of AGO1 in XVE-P0BW-myc/amsh3-1 line. (Left) AGO1 protein accumulation
level 24 h after P0 induction (10 μM β-estradiol) on 11-d-old seedlings. (Right)
AGO1 accumulation level in 10-d-old seedlings that have been germinated
and grown on MS-agar dish containing 10 μM β-estradiol. (B) AGO1 degra-
dation kinetics performed on 7-d old XVE-P0BW-myc and XVE-P0BW-myc/
G548 seedlings treated with β-estradiol (5 μM) for P0-myc induction. Because
P0 induction is delayed in the XVE-P0BW-myc/G548 line, we extended this
kinetic to 24 h. AGO1, P0-myc, and CDC2 (loading control) protein contents
were assayed by Western blot. (C) E64d treatment (20 μM for 24 h) on wild-
type Col-0 seedling leads to a higher accumulation of AGO1 protein. (D)
Mutants affected in miRNA maturation and production pathways show re-
duced level of AGO1. (Upper) AGO1 protein accumulation in mutants and
wild-type controls assayed by Western blot using the anti-AGO1 antibody.
Coomassie blue staining is given as loading control. (Lower) AGO1 mRNA
accumulation in each mutant assayed by quantitative RT-PCR. (E) The hen1-1
seedlings treated with E64d (20 μM) show AGO1 protein reaccumulation.
AGO1 and CDC2 (loading control) protein contents were assayed by Western
blot at the indicated time point. (F) Model for AGO1 turnover in a viral and
nonviral context.
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gentle heating (45 °C) to a concentration of 100 mM and immediately di-
luted in liquid MS medium to a concentration of 5 mM. MLN-4924 (Active
BioChem) was used at the final concentration of 25 μM. β-Estradiol was used
at final concentration of 5 or 10 μM.

Protein Immunoprecipitation. Plant samples were homogenized in the ex-
traction buffer [50 mM Tris at pH 7.6, 150 mM NaCl, 0.1% Nonidet P-40, GM-
132 proteasome inhibitor (Sigma), complete protease inhibitors mixture
(Roche)] and insoluble material was removed by centrifugation (30 min,
12,000 g, 4 °C). Lysate was precleaned by incubation with protein A-agarose
beads (Roche) at 4 °C for 30 min. The supernatant was then incubated with
either normal rabbit serum (RS; Sigma) or anti-AGO1 (Agrisera) serum pre-
bound to protein A-agarose beads overnight at 4 °C. Immunoprecipitates
were washed three times with the extraction buffer, eluted from the beads
with sample buffer and analyzed by Western blot.

Protein Analysis and Western Blotting. Total proteins were extracted from 7 d-
old seedlings or from plant leaves using denaturing buffer as described in
Büche et al. (2000) (41); 10 μg of total protein extracts were separated on
SDS–PAGE [15% (wt/vol) acrylamide] gels and blotted onto Immobilon-P
membrane (Millipore). For ATG8a detection, total protein extracts were
separated on 15% acrylamide gels containing 8 M urea or on Novex NuPAGE
Bis-Tris 4–12% gradient gels (Invitrogen). AGO1 protein was detected using
the anti-AGO1 antibody (Agrisera) diluted 1:40,000 (v:v). P0-3xMyc protein
was detected using anti-myc antibody (Roche) diluted 1:10,000 (v:v). CDC2
protein was detected using anti-PSTAIR antibody (Santa Cruz Biotechnology)
diluted 1:5,000 (v:v). ATG8a protein was detected using anti-ATG8A anti-
body (Abcam) diluted 1:1,000. Cullin-1 protein was detected using anti-CUL1
antibody (42) diluted 1:10,000. K63-ubiquitilation was detected using anti-
Ub-K63 antibody (eBioscience) diluted 1:500 (v:v).

Microscopy. Confocal plan images were acquired using a Zeiss LSM700
confocal laser microscope (Carl Zeiss). propidium iodide (Sigma) was used

for cell-wall staining at a concentration of 50 μg/mL For FM4-64 (Invitrogen)
staining, seedlings were incubated in MS medium containing 1 μM FM4-64
for 10 min in the dark and then transfer into fresh MS medium without
FM4-64 for at least 30 min before observation. In case of Lysotracker Red
DND-99 (Invitrogen) staining, the molecule was added directly to the liq-
uid MS medium (100 nM final) in which plantlets were incubated 10 min
before observation.

For transmission electron microscopy, 4- to 5-d-old Arabidopsis root tips
were cut from the seedlings and submerged in freezing media (200 mM
sucrose, 10 mM trehalose, 10 mM Tris buffer, pH 6.6), transferred into
planchettes (Wohlwend) and frozen in a high-pressure freezer (HPM010;
Bal-Tec). Freeze substitution was performed in a Leica EM AFS2 freeze
substitution unit (Leica Microsystems) in dry acetone supplemented with
0.4% uranyl acetate at −85 °C for 16 h before gradually warming up to
−60 °C over a 5-h period. After washing with 100% ethanol for 60 min, the
roots were infiltrated and embedded in Lowicryl HM20 (intermediate steps
of 30, 50, and 70% HM20 in ethanol, 1 h each). The resin was polymerized
with UV light in the freeze substitution apparatus (−60 °C 24 h, from −60 °C
to 0 °C 24 h, 0 °C 24 h). Ultrathin sections were cut on a Leica Ultracut
S (Leica) and incubated with antibodies against GFP (Agrisera) or the
V-PPase (CosmoBio) at a dilution of 1:2,000 or 1:4,000, respectively, fol-
lowed by incubation with 10-nm gold-coupled secondary antibodies
(BBInternational) at a dilution of 1:50 in PBS supplemented with 1% BSA.
Sections were examined in a JEM1400 transmission electron microscope
(JEOL) operating at 80 kV. Micrographs were recorded with a FastScan
F214 digital camera (TVIPS).
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