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ABSTRACT

Macroautophagy/autophagy, an evolutionarily conserved degradative process essential for cell
homeostasis and development in eukaryotes, involves autophagosome formation and fusion with
a lysosome/vacuole. The soluble N-ethylmaleimide-sensitive factor attachment protein receptor
(SNARE) proteins play important roles in regulating autophagy in mammals and yeast, but relatively
little is known about SNARE function in plant autophagy. Here we identified and characterized two
Arabidopsis SNAREs, ATAG15780/VAMP724 and AT1G04760/VAMP726, involved in plant autophagy.
Phenotypic analysis showed that mutants of VAMP724 and VAMP726 are sensitive to nutrient-starved
conditions. Live-cell imaging on mutants of VAMP724 and VAMP726 expressing YFP-ATG8e showed
the formation of abnormal autophagic structures outside the vacuoles and compromised autophagic
flux. Further immunogold transmission electron microscopy and electron tomography (ET) analysis
demonstrated a direct connection between the tubular autophagic structures and the endoplasmic
reticulum (ER) in vamp724-1 vamp726-1 double mutants. Further transient co-expression, co-
immunoprecipitation and double immunogold TEM analysis showed that ATG9 (autophagy related 9)
interacts and colocalizes with VAMP724 and VAMP726 in ATG9-positive vesicles during autophago-
some formation. Taken together, VAMP724 and VAMP726 regulate autophagosome formation likely
working together with ATG9 in Arabidopsis.

Abbreviations: ATG, autophagy related; BTH, benzo-(1,2,3)-thiadiazole-7-carbothioic acid S-methyl
ester; Conc A, concanamycin A; EM, electron microscopy; ER, endoplasmic reticulum; FRET, Forster/
fluorescence resonance energy transfer; MS, Murashige and Skoog; MVB, multivesicular body; PAS,
phagophore assembly site; PM, plasma membrane; PVC, prevacuolar compartment; SNARE, soluble
N-ethylmaleimide-sensitive factor attachment protein receptor; TEM, transmission electron micro-
scopy; TGN, trans-Golgi network; WT, wild-type.
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Introduction Sso2, Tlg2, Sec22, and Ykt6) are required for the homotypic

Macroautophagy (hereafter referred to as autophagy) is
a well-defined and highly conserved catabolic process among
all eukaryotes, which plays essential roles in degradation and
recycling of intracellular materials such as protein and orga-
nelles, as well as protecting cells from pathogen attacks and
unfavorable conditions [1-3].

Soluble N-ethylmaleimide-sensitive factor attachment pro-
tein receptor (SNARE) proteins are a large protein family
known to control fusion events in membrane trafficking. In
yeast and mammalian cells, there are more than 60 evolutio-
narily conserved members. In the case of Arabidopsis, there
are 60 SNAREs [4]. SNAREs have been reported to play
important roles in the autophagy pathway, including regula-
tions of autophagosome formation and autophagosome-
vacuole/lysosome fusion. In yeast, several SNAREs (Sec9,

fusion of Atg9-containing vesicles, the autophagic precursors
[5], whereas Vam3, Vam7, Vtil, and Ykt6 form a SNARE
complex to mediate autophagosome-vacuole fusion [6-8]. In
mammalian cells, the homotypic fusion of phagophore pre-
cursors is regulated by VAMP7, STX7, STX8, and VTI1B [9],
whereas the autophagosome-lysosome fusion is driven by
STX17 by forming a SNARE complex with SNAP29 and
VAMPS8 [10]. Independently of STX17, YKT6 also forms
a complex with SNAP29 and STX7 to mediate autophago-
some-lysosome fusion [11].

Despite the findings on the roles of SNAREs in regulating
the autophagy pathways in both yeast and animal systems,
relatively little is known about the function of SNAREs in
plant autophagy. Only one Arabidopsis SNARE, VTI12, has
been shown to play a role in autophagy, possibly in mediating
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fusion between autophagosomes and the vacuole [12].
Silencing of VPS45, a regulator of VTI12, also leads to early
senescence phenotype [13]. In this study, we hypothesized
that the Arabidopsis genome contains other SNAREs that
function in mediating the autophagy pathway in plants. We
therefore used a screening system of transient expression of
protoplasts to identify SNAREs functioning in the autophagy
pathway for further functional characterization in plants.

YFP fusions with the Arabidopsis SNAREs were transiently
co-expressed individually with the autophagosome marker
mCherry-ATG8e in Arabidopsis protoplasts. Using this
approach, we identified two Arabidopsis SNAREs VAMP724
and VAMP726 that show colocalization with mCherry-
ATGS8e upon their transient co-expression in Arabidopsis
protoplasts. Using Arabidopsis mutants, we further showed
that depletion of VAMP724 and VAMP726 leads to defects
in the autophagy pathway. Mutants of VAMP724 and
VAMP726 displayed sensitivity towards nutrient-starved con-
ditions, whereas YFP-ATG8e showed the formation of abnor-
mal autophagic structures outside the vacuoles and
compromised autophagic flux in the mutants. By using live-
cell imaging, immunogold TEM and ET analysis on the
mutant cells, we further showed that the abnormal autophagic
structures have direct connection with the endoplasmic reti-
culum (ER). Interestingly, VAMP724 and VAMP726 showed
partial colocalization with ATG9 (autophagy related 9) in
ATG8e-positive autophagosomes upon their co-expression
in Arabidopsis protoplasts. Further co-immunoprecipitation
(IP), Forster/fluorescence resonance energy transfer (FRET)
and immunogold TEM analysis demonstrated that VAMP724
and VAMP?726 are closely associated with ATG9 and ATG9-
containing vesicles, likely working together in regulating auto-
phagosome formation in Arabidopsis.

Results

VAMP724 and VAMP726 knockout mutants are sensitive
to nutrient-limited conditions

Previous studies showed that autophagic SNAREs STX17 and
YKTG6 colocalize with the autophagsosome marker MAP1LC3/
LC3 in mammalian cells under starvation conditions [10,11].
To identify other autophagy-related SNAREs in Arabidopsis,
we first used our well-established transient expression system
of Arabidopsis suspension culture protoplasts [14,15] to
screen and identify autophagy-related SNARE candidates.
YFP fusions with various plant SNAREs were co-expressed
individually with the autophagosome marker mCherry-
ATGS8e in Arabidopsis protoplasts for subsequent analysis of
colocalization by confocal laser scanning microscopy (CLSM).
Here we used the screening of VAMP72 family SNAREs as
examples (Figure S1). Most of the YFP-tagged SNAREs
showed a separation from the autophagosome marker
mCherry-ATG8e, but VAMP72-family SNARE proteins,
VAMP724 and VAMP726, showed a partial colocalization
with mCherry-ATG8e as puncta (indicated by arrows as
examples in Figure S1), indicating that these two SNARE
proteins are likely to function in the autophagic pathway in
plants, they are thus selected for further characterization.
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Both VAMP724 and VAMP726 are R-SNAREs that belong
to the VAMP72 SNARE family, which consists of 7 members
[16]. To study the possible roles of VAMP724 and VAMP726
in plant autophagy, we used a loss-of-function approach.
T-DNA insertional mutants of VAMP724 (vamp724-1,
SAIL_569_E12 and wvamp724-2, SALK 032219) and
VAMP726 (vamp726-1, SALK_082690 and vamp726-2,
SALK_147419) were identified (Figure S2A). Real-time PCR
analysis using gene-specific primers revealed an extremely low
accumulation of VAMP724 and VAMP726 transcripts in
vamp724-1 and vamp726-1 mutants, respectively (Figure
S2B). However, VAMP724 and VAMP726 transcripts were
detectable at a relatively high level in vamp724-2 and
vamp726-2 mutants, respectively. In addition, a detached
leaf assay was performed on the mutants [17,18].
Accelerated senescence of the detached leaves was observed
in vamp724-1 and vamp726-1 mutants (Figure S2C).
Therefore, vamp724-1 and vamp726-1 were chosen for further
studies. Considering that VAMP724 and VAMP726 were
homologous proteins that belonged to the VAMP72 clade
and shared 70.8% identity in amino acid sequence, they
might be functionally redundant in Arabidopsis. Therefore,
a double mutant vamp724-1 vamp726-1 was also generated
by crossing of the two mutants, followed by genotyping selec-
tion of the F2 generation. Phenotypic analysis was performed
on vamp724-1, vamp726-1, and vamp724-1 vamp726-1 under
normal growth conditions. All three mutant plants showed
similar phenotypes in comparison to the wild-type (WT)
plants at various developmental stages, including a 6-day-old
seedling stage on plate, 3-week-old and 6-week-old plant stage
on soil (Figure S2D,E).

Hypersensitive phenotypes towards nutrient-limited con-
ditions were observed in well-characterized autophagy-
defective mutants like atg5-1, atg7-2, as well as the mutant
of SNARE VTI12 [12,19,20]. We thus wanted to find out if
the depletion of VAMP724 or VAMP726 would lead to similar
phenotypes. Firstly, we performed a nitrogen starvation assay
as described previously [21-24]. Plants (WT and various
mutants) were grown on nitrogen-rich (N+) Murashige and
Skoog (MS) plates for 6 days and then transferred to either
fresh nitrogen-rich (N+) medium or nitrogen-deficient (N-)
medium for an additional 14 days before observation. WT
(control), vamp724-1, vamp726-1, vamp724-1 vamp726-1 and
atg7-2 were tested. Indeed, similar to the atg7-2 mutant, both
vamp724-1 and vamp726-1 mutants showed enhanced sensi-
tivity to nitrogen starvation as compared to WT plants, while
the double mutant vamp724-1 vamp726-1 showed a more
enhanced effect than the single mutants, as indicated by
more-yellowish appearance and lower chlorophyll levels
(Figure 1A,C).

Previous studies showed that carbon-starved etiolated
autophagy-defected mutant seedlings displayed shorter hypo-
cotyls in comparison to WT plants, and the suppressed elon-
gation was presumably due to impaired mobilization of
nutrient reserves when autophagy was blocked [25,26].
Thus, an etiolated hypocotyl elongation test was also per-
formed. WT (control), vamp724-1, vamp726-1, vamp724-1
vamp726-1 and atg7-2 were kept in darkness for 7 days
from the onset of germination on MS plates without sucrose



1408 Y. HE ET AL.

vamp726-1

A WT atg7-2 vamp724-1 vamp724-1 vamp726-1

B WT atg7-2 vamp724-1 vamp726-1 vamp724-1 vamp726-1

C ,\150-' D — 2.0+
S :
= < 1.5
_8_100- -'EJD bl kK
9 c *okk
5 9 1.0- T
_C e -~ LT
O i 3 T
Q 504 . (@) —
> ] - 8 0.5
E : ke &
) 1 -
] I
m D- 0.0— | T
N+ N- 1 2 3 4 5
B WT 1.WT
= atg7-2 2. atg7-2
vamp724-1 3. vamp724-1
1 vamp726-1 4.vamp726-1
B vamp724-1vamp726-1 5.vamp724-1 vamp726-1

Figure 1. The VAMP724 and VAMP726 knock-out (KO) mutants display sensitive phenotypes under nutrient-deficient conditions. (A) vamp724-1 or vamp726-1
mutants showed enhanced sensitivity to nitrogen starvation. 6-day-old seedlings of WT and various indicated mutants from MS plate (+N) were transferred to fresh



(C-) prior to observation. Similar to the atg7-2 mutant, the
lengths of etiolated hypocotyls of both vamp724-1 and
vamp726-1 mutants were shorter than those of the WT,
whereas the double mutant vamp724-1 vamp726-1 appeared
even shorter (Figure 1B). Further statistical analysis confirmed
these observations (Figure 1D). Taken together, mutation of
VAMP724 or VAMP726 resulted in enhanced sensitivity to
nutritional stress.

Depletion of VAMP724 and VAMP726 affected
autophagy pathway in Arabidopsis, forming abnormal
autophagic structures

To further investigate the roles of VAMP724 and VAMP726 in the
autophagy pathway at subcellular level, we next transformed the
autophagosome marker YFP-ATGS8e into the three mutants of
vamp724-1, vamp726-1, and vamp724-1 vamp726-1. Upon auto-
phagic induction by benzo-(1,2,3)-thiadiazole-7-carbothioic acid
S-methyl ester (BTH, a salicylic acid agonist that triggers the
autophagic pathway in Arabidopsis), the YFP-ATG8e-labeled
puncta increased in all three mutants (vamp724-1, vamp726-1,
and vamp724-1 vamp726-1) (Figure 2A, middle and Figure 2B),
which was similar to that in WT plants. However, extended
tubular structures decorated by YFP-ATG8e were also observed
in these three mutants (indicated by arrows as examples in
Figure 2A, middle), which were rarely seen in WT plants
(Figure 2C).

To further examine the effect of VAMP724 or VAMP726
depletion on the autophagic flux, we next treated the plants
with BTH and concanamycin A (Conc A), a V-ATPase inhi-
bitor, which leads to vacuole deacidification, and thus preven-
tion of vacuolar degradation of autophagic bodies [22,27-29].
After BTH+Conc A treatment for 6 h, numerous autophagic
bodies (indicated by arrowheads) accumulated within the
vacuole of the WT plant (Figure 2A, right). Similar results
were also observed in these three mutants (Figure 2A, right),
albeit the numbers of the autophagic bodies were fewer in the
vamp724-1 vamp726-1 double mutant (Figure 2D). ATG8e-
positive tubular structures could also be observed in these
three mutants after BTH+Conc A treatment, especially in
vamp724-1 vamp726-1 double mutant (Figure 2A, right, indi-
cated by arrows). To confirm whether these abnormal struc-
tures can also be formed in other autophagy conditions like
nitrogen starvation (N-), we performed N- treatment on
vamp724-1 vamp726-1 mutant, followed by confocal imaging
analysis and quantification. Indeed, similar YFP-ATGS8e-
positive autophagic tubules were also observed in vamp724-1
vamp726-1 double mutant under nitrogen starvation (Figure
S3A), which is similar to BTH induction (Figure S3B). To
distinguish whether the tubular structures reside within or
outside the vacuole, we performed an FM 4-64 uptake study
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in vamp724-1 vamp726-1 seedlings to label the tonoplast
under nitrogen starvation condition, followed by Conc
A treatment and confocal imaging analysis. As shown in
Figure 2E, abnormal autophagosomes (indicated by arrows)
were clearly detected outside the tonoplast, with less autopha-
gic bodies accumulated inside the vacuole compared to that of
WT cells, implying that the delivery of the abnormal autopha-
gosomes to the vacuole is compromised in vamp724-1
vamp726-1 mutant. It is very likely that the abnormal auto-
phagosomes also reside outside the vacuoles in single mutants
of vamp724-1 and vamp726-1.

To further confirm these results, we performed a YFP-
ATGS8e processing assay, which reflects the delivery of auto-
phagic membrane to the vacuole [20,30]. Protein fractions
isolated from YFP-ATG8e and YFP-ATGS8e vamp724-1
vamp726-1, with or without BTH treatment at different time
points, were subjected to immunoblot analysis with GFP
antibodies. Consistent with the confocal observations, much
less YFP core was detected in YFP-ATG8e vamp724-1
vamp726-1 as compared with that of the YFP-ATG8e WT,
which was also supported by quantification analysis
(Figure 2F). These results demonstrated that the transport of
autophagosomes to the vacuole was partially defective in the
vamp724-1 vamp726-1 double mutant.

Moreover, we conducted a lipidation assay to examine the
phosphatidylethanolamine-conjugated ATG8 (ATG8-PE) levels
in the WT plants vs. the mutants. The ATG8-PE is a faster
migrating species upon SDS-PAGE of membrane preparations
in the presence of urea [19,26,30]. Therefore, membrane frac-
tions of WT, vamp724-1, vamp726-1, and vamp724-1 vamp726-
1, as well as the autophagy deficiency mutant atg5-1, in which
ATGS8-PE could not be detected [19], were extracted and sub-
jected to immunoblot analysis with ATGS8 antibodies. As shown
in Figure 2G, vamp724-1, vamp726-1, and vamp724-1 vamp726-
I showed similar ATG8-PE levels as compared to the WT,
suggesting that VAMP724 and VAMP726 are not necessary for
the lipidation of ATGS.

Autophagosome-related tubules in vamp724-1
vamp726-1 mutants are in association with the ER
membrane

Interestingly, the morphology of the ATGS8-positive tubular
structures in VAMP724- or VAMP726-deficient mutants were
similar to those observed in autophagy defected mutants such
as atg9-3, atgll-1 and atgl3ab [26,30]. Previous studies have
demonstrated a close relationship between the ER and pha-
gophore membrane [28,30,31]. We thus hypothesized that
these YFP-ATG8e-labeled structures might also be related to
the ER. We thus tried to visualize the two organelles and
analyze their correlation under WT or mutant backgrounds.

MS medium (+N) or N-deficient (-N) medium for 2 weeks before photography. Bar: 1 cm. (B) Phenotype of suppressed hypocotyl elongation. Seedlings of WT and
various indicated mutants were grown in continuous darkness on MS solid medium without sucrose (-C) for 1 week before photography. Representative photographs
of the etiolated seedlings are shown. Bar: 1 cm. (C) Relative chlorophyll contents of seedlings from WT and various mutants shown in (A). Each seedling bundle
contained 30 seedlings and the results were obtained from three independent experiments (error bars + SD). *P < 0.05, **P < 0.01, ***P < 0.001, two-sided Student’s
t-test. (D) Quantification of hypocotyl length shown in (B). Results were obtained from three independent experiments of 10 seedlings each (error bars + SD).

*P < 0.05, **P < 0.01, ***P < 0.001, two-sided Student’s t-test.
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Figure 2. Depletion of VAMP724 and VAMP726 affects the autophagy pathway in Arabidopsis. (A) Detection of YFP-ATG8e-positive autophagic tubules in vamp724-1
and vamp726-1 mutants upon BTH-induced autophagy. 5-day-old seedlings of WT, as well as vamp724-1 and vamp726-1 mutants expressing YFP-ATG8e were
incubated in medium without BTH (Left panel, Control), with BTH (Middle panel) or with BTH+Conc A (Right panel) for 6 h, followed by confocal imaging. Arrows
indicated examples of the ATG8e-positive tubular structures with enlargement in the insets, while arrowheads indicated examples of autophagic bodies inside the



Since the results obtained so far showed that more severe
autophagy-defective phenotypes and more abnormal tubular
structures were observed in the vamp724-1 vamp726-1 double
mutants, possibly due to an additional effect, we next gener-
ated YFP-ATG8e CNX-mRFP WT and YFP-ATG8e CNX-
mRFP vamp724-1 vamp726-1 transgenic plants and subjected
to BTH treatment to induce autophagy, followed by confocal
imaging analysis (Figure 3). In vamp724-1 vamp726-1 mutant,
the YFP-ATGB8e-labeled ring-like signals were detected in
close proximity to the CNX-mRFP signal (Figure 3B), similar
to previous studies [28,30,31], indicating that the tubular
structures are related to the ER. The result is further con-
firmed by transient expression experiment using the leaf pro-
toplast system (Figure S3D). We co-expressed the
autophagosome marker YFP-ATG8e and the ER marker
CNX-mRFP in leaf protoplasts isolated from WT or
vamp724-1 vamp726-1 mutant. In vamp724-1 vamp726-1
mutant cells, the YFP-ATG8e-labeled ring-like signals were
detected in close proximity to the CNX-mRFP signal (Figure
S3D), consistent with the former results (Figure 3). Notably,
we found that the YFP-ATGS8e-labeled tubules were sur-
rounded by CNX-mRFP signals (Figure 3B and S3D), suggest-
ing that these tubular structures may be the consequence of
defective autophagosome formation.

To gain further insights into these tubular structures at the
ultrastructural level, immunogold-TEM analysis was per-
formed using ultrathin sections prepared from autophagy-
induced YFP-ATGS8e vamp724-1 vamp726-1 transgenic plants
after high pressure freezing/freeze substitution (HPEF/FS).
Large, extended tubular structures were observed
(Figure 4A-B as indicated by open arrows). The autophagic
identity of these tubular structures was confirmed by immu-
nolabeling with anti-ATG8 antibodies (indicated by arrow-
heads) in BTH-treated root cells of YFP-ATGS8e vamp724-1
vamp726-1 seedlings (Figure S4A-F). These tubular autopha-
gic structures likely represent the YFP-ATG8e-positive tubu-
lar structures in the confocal observations (Figure 2A,
middle). We also carried out double-immunogold labeling
using anti-ATG8 and anti-calreticulin (ER marker) [32] to
examine the possible correlation between the autophagosome-
related tubular structures and ER membranes (Figure 4C-E
and S4G-J). Consistent with the confocal observations, both
antibodies (10-nm gold particles for anti-ATG8 and 6-nm
gold particles for anti-calreticulin) labeled the same
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autophagosome-like structures with rough ER nearby. The
sequestration of apparent cargoes by these tubular autopha-
gosomes can also be observed (Figure S4E, S4F, and S4I).

A direct connection between developing autophagic
membranes and the ER in vamp724-1 vamp726-1
mutant is displayed by three-dimensional (3D) electron
tomographic reconstruction

The results above suggested a close proximity between the
autophagic tubule and the ER membrane in vamp724-1
vamp726-1 mutants. Previous studies indicated that there
are only one or few connections between the ER and phago-
phore or autophagosome [30,33]. It is challenging to observe
the direct connection between the ER and autophagosome
using conventional 2D TEM analysis. We thus performed
3D electron tomography (ET) analysis. A representative
example of the tubule-like autophagosome structure in auto-
phagy-induced vamp724-1 vamp726-1 mutant is shown in
Figure 5A. A 3D tomographic model was generated using
the 3dmod program of the IMOD software package
(Figure 5B,C). The multi-layer autophagosome contains
tubules likely representing the ER fragments, as well as
another cup-shaped phagophore. A connection between the
autophagosome and ER was observed (Figure 5D-G, indicated
by arrowhead). Interestingly, connection between multivesi-
cular body (MVB) and autophagosome was also observed
(Figure 5H-K, indicated by arrow). To investigate the
dynamics between autophagosomes and MVBs, autophago-
some marker YFP-ATG8e and MVB marker mRFP-VSR2
were transiently co-expressed in leaf protoplasts isolated
from WT or vamp724-1 vamp726-1 mutants, followed by
a time-lapse confocal imaging analysis. Indeed, possible fusion
events between autophagosomes and MVBs were observed in
vamp724-1 vamp726-1, while the autophagosomes are sepa-
rated from MVBs in WT (Figure S5). We hypothesize that the
connection between the two organelles (Figure 5H-K) might
represent a fusion event. A 3D ET analysis was also performed
in the BTH-treated WT root cells to investigate the relation-
ship between autophagosome and the ER membrane (Figure
S6A-E). A close proximity but no direct connection between
the autophagosome and the ER membrane was observed
(Figure S6F-G). Taken together, these data demonstrate
a direct connection between the autophagic tubular structures

vacuoles. Bar: 10 um. (B) Quantification of the numbers of YFP-ATG8e-positive autophagosomes in BTH-treated or untreated WT, vamp724-1, vamp726-1, and
vamp724-1 vamp726-1 shown in (A). Results were obtained from three independent experiments (error bars + SD). *P < 0.05, **P < 0.01, two-sided Student's t-test.
(€) Quantification of the numbers of YFP-ATG8e-positive tubular structures in WT, vamp724-1, vamp726-1, and vamp724-1 vamp726-1 upon BTH treatments shown in
(A). Results were obtained from three independent experiments (error bars + SD). *P < 0.05, **P < 0.01, two-sided Student’s t-test. (D) Quantification of the numbers
of autophagic bodies inside the vacuoles of WT, vamp724-1, vamp726-1, and vamp724-1 vamp726-1 upon BTH+Conc A treatments shown in (A). Results were
obtained from three independent experiments (error bars + SD). *P < 0.05, ns: not significant (P > 0.05), two-sided Student’s t-test. (E) 5-day-old seedlings of YFP-
ATG8e and YFP-ATG8e vamp724-1 vamp726-1 were incubated in MS medium without nitrogen (N-) for 24 h in dark, followed by FM 4-64 uptake for 1 h and
subsequent Conc A treatment for 6 h prior to confocal imaging. v, vacuole. Bar: 10 pm. (F) Immunoblot detection of vacuolar turnover of YFP-ATG8e WT and YFP-
ATG8e vamp724-1 vamp726-1 upon BTH-induced autophagy. Five-day-old seedlings of YFP-ATG8e and YFP-ATG8e vamp724-1 vamp726-1 were subjected to BTH
treatments, followed by total protein extraction at indicated time points and subsequent immunoblot analysis with GFP antibodies whereas cFBPase antibodies were
used as a loading control. For quantification analysis, protein band intensities were quantified using ImageJ software and all values were normalized according to the
protein loading control (cFBPase) before calculation of vacuolar import ratio (YFP:total). Relative vacuolar import ratio of different time points was normalized to time
0 (which is set to 1). (G) Immunoblot detection of the ATGS lipidation levels in WT, vamp724-1, vamp726-1, vamp724-1 vamp726-1, and atg5-1. 5-day-old seedlings of
WT and various mutants were incubated in medium without (control) or with BTH and Conc A for 6 h, followed by extraction of membrane proteins fractions and
subsequent immunoblot analysis with ATG8 antibodies, whereas cFBPase antibodies were used as a loading control.
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Figure 3. Autophagosome-related tubular structures are associated with the ER membranes in vamp724-1 vamp726-1 double mutant. (A) YFP-ATG8e-positive
structures are formed in a close proximity to the ER membrane in WT. 5-day-old YFP-ATG8e CNX-mRFP seedlings were incubated in MS medium with BTH for 6
h before confocal imaging analysis. The dashed square regions are enlarged and shown respectively in the right panels. Arrows indicated examples of association
between autophagosome and the ER marker. (B) YFP-ATG8e-positive tubules are accompanied with the ER membrane in vamp724-1 vamp726-1 double mutant.
5-day-old YFP-ATG8e CNX-mRFP vamp724-1 vamp726-1 seedlings were incubated in MS medium with BTH for 6 h before confocal imaging analysis. The dashed
square regions are enlarged and shown respectively in the right panels. Arrows indicated examples of association between the YFP-ATG8e-positive tubules and the
ER. Bar: 10 pym.
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Figure 4. Immunogold-TEM analysis of tubular autophagic structures in root cells of YFP-ATG8e vamp724-1 vamp726-1 upon autophagy induction. Ultrathin sections were
prepared from high-pressure frozen/freeze-substituted root cells of YFP-ATG8e vamp724-1 vamp726-1 seedlings upon 6 h BTH treatment, followed by immunogold labeling
with indicated antibodies. (A) An overview of BTH-treated root cells of transgenic YFP-ATG8e vamp724-1 vamp726-1 seedlings. Open arrows indicate examples of the tubular
autophagic structures. Bar: 2 um. (B) Enlargement of the dashed box shown in (A). (C) Double immunogold labeling with anti-ATG8 and anti-calreticulin antibodies on
autophagosome-related tubular structures in BTH-treated root cells of transgenic YFP-ATG8e vamp724-1 vamp726-1 seedlings. Bar: 500 nm. (D and E) Enlargement of the
dashed boxes shown in (C). Arrowheads and arrows indicate gold particles for anti-ATG8 (10 nm) and anti-calreticulin (6 nm), respectively.

and the ER in the vamp724-1 vamp726-1 mutant, implying
that VAMP724 and VAMP726 are involved in autophago-
some progression from the ER membrane.

VAMP724 and VAMPZ726 partially colocalized with an
autophagosome marker upon autophagy induction in
transgenic plants

VAMP724 and VAMP726 partially colocalized with ATG8e in
Arabidopsis protoplasts (Figure S1). We also generated

transgenic Arabidopsis plants expressing YFP-VAMP724 and
YFP-VAMP726, driven by a constitutive ubiquitin (UBQ)
promoter, followed by crossing into the autophagosome mar-
ker line mCherry-ATG8e to generate double transgenic
Arabidopsis plants YFP-VAMP724 mCherry-ATG8e and
YFP-VAMP726 mCherry-ATG8e. Under normal condition,
both VAMP724 and VAMP726 displayed plasma membrane
(PM) plus puncta patterns, showing rare colocalization with
the limiting mCherry-ATG8e puncta (Figure 6A). However,
upon autophagic induction by BTH treatment, both
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Figure 5. A 3D Electron tomography (ET) analysis reveals direct connection between the autophagic tubule and the ER membranes in root cells of vamp724-1
vamp726-1 mutant upon autophagy induction. A 3D tomographic analysis was performed on the high-pressure frozen root tip cells of vamp724-1 vamp726-1 mutant
after 6-h BTH treatment. (A) Tomographic slice showing a representative example of the abnormal autophagic structure in BTH-treated root cells of vamp724-1
vamp726-1 mutant. (B and C) The 3D tomographic models of the autophagic structure shown in (A). (D to G) The 3D model and tomographic slices showing direct
connection between the autophagic tubule and the ER as indicated by the arrowhead. (H to K) The 3D model and tomographic slices showing connection between
MVB and autophagosome as indicated by the arrow. ER, endoplasmic reticulum; G, Golgi apparatus. MVB, multivesicular body. Bar: 500 nm.



VAMP724 and VAMP726 showed partial colocalization with
the mCherry-ATG8e-labeled puncta (Figure 6B) and the colo-
calization ratio increased significantly (Figure 6C). To exam-
ine the possible effects of VAMP724 and VAMP726
overexpression on autophagosome formation and autophagic
flux, transgenic seedlings of mCherry-ATG8e, YFP-VAMP724
mCherry-ATG8e, and YFP-VAMP726 mCherry-ATG8e were
subjected to autophagic induction by BTH treatment, fol-
lowed by confocal imaging and quantification analysis. The
results showed that, upon BTH induction, the numbers of
autophagosomes formed in YFP-VAMP724 mCherry-
ATG8e, and YFP-VAMP726 mCherry-ATG8e were similar
to that of the control mCherry-ATG8e (Figure S7F). No
abnormal autophagic structures were observed in BTH-
treated root cells of YFP-VAMP724 mCherry-ATG8e and
YFP-VAMP726 mCherry-ATG8e (Figure 6B), indicating that
overexpression of VAMP724 and VAMP726 did not affect
autophagosome formation. Quantification of the numbers of
autophagic bodies showed that, upon BTH + Conc
A treatments, the numbers of autophagic bodies inside the
vacuoles in YFP-VAMP724 mCherry-ATG8e and YFP-
VAMP726 mCherry-ATG8e were similar to that of the con-
trol mCherry-ATG8e (Figure S7E and S7G), which was
further confirmed by immunoblot detection of vacuolar turn-
over of mCherry-ATGS8e in these transgenic plants (Figure
S7H). In addition, upon BTH treatment, the ratio of vacuolar
import of mCherry-ATG8e in YFP-VAMP724 mCherry-
ATG8e and YFP-VAMP726 mCherry-ATG8e showed no sig-
nificant difference from the control mCherry-ATG8e (Figure
S7I). Taken together, the autophagic flux was not affected by
over-expression of VAMP724 and VAMP726.

In addition, under normal growth condition, both YFP-
VAMP724 and YFP-VAMP726 showed a dual localization in
PM and trans-Golgi network (TGN) (Figure S7A,B), consis-
tent with previous results [34]. Taken together, YFP-
VAMP724 and YFP-VAMP726 showed a dual localization in
PM and TGN under normal condition, while a population
respond to autophagy induction and colocalize with ATG8e.

VAMP724 and VAMP726 associate with ATG9 and are
involved in the formation of autophagosome

Similar autophagosome-related tubular structures with direct
connection to the ER were previously observed in an ATG9
mutant afg9-3 [30]. ATGY-containing vesicles were also
shown to be in close proximity to the TGN and late endosome
[30]. In addition, the recruitment of ATG9-containing vesicles
to the phagophore assembly site (PAS) is required for the
initiation of autophagosome formation and it has been
reported that the ATG9-containing vesicles transiently inter-
acted with the ATGS8-positive autophagic membrane, moving
away after a short period of interaction [30]. Therefore, we
hypothesized that there might be a relationship between
ATGY9 and VAMP724 or VAMP726 in plant autophagy.

To gain an insight into the possible link between ATG9
and VAMP724 or VAMP726 in autophagy, transient expres-
sion in Arabidopsis protoplasts was used to analyze the sub-
cellular association among ATG9, ATG8e, and VAMP724 or
VAMP726. When ATG9-CFP and mCherry-ATG8e were co-
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expressed together with YFP-VAMP724 or YFP-VAMP726
respectively, overlapping of the three signals was observed in
both cases (Figure 7A). To find out whether the overlapping
signals represent the ATG9-containing vesicles or TGN, we
next transiently co-expressed ATG9-CFP, YFP-ATG8e, and
the TGN marker RFP-SYP61 together in protoplasts for con-
focal imaging analysis. As shown in Figure S8B, a population
of ATG9 puncta was associated with the TGN marker (indi-
cated by arrowheads) but separated from the autophagosome
marker ATG8e, whereas the ATG8e-associated ATG9 puncta
were separated from the TGN marker SYP61 (indicated by
arrows). Thus, the overlapping signals of ATG9, ATG8e, and
VAMP724 or VAMP726 were not the TGN but likely repre-
senting the transient interaction between the ATG9-
containing vesicle and the ATG8e-positive PAS. In addition,
the co-immunoprecipitation (Co-IP) assay, using the protein
extracts from Arabidopsis cells co-expressing ATG9-5FLAG
and VAMP724 or VAMP726, showed that ATG9-5FLAG was
immunoprecipitated by both VAMP724 and VAMP726
(Figure 7B), indicating the association of ATG9 and the two
SNAREs. Moreover, FRET analysis suggested an in vivo inter-
action between ATG9 and VAMP724 or VAMP726 as their
FRET efficiency was significantly higher than the control
(Figure 7C,D).

Next, we also investigated the possible relationship
between VAMP726 and ATG9 at the ultrastructural level via
immunogold-TEM analysis. We first crossed the ATGY-
mCherry line into YFP-VAMP726 to generate double trans-
genic plants YFP-VAMP726 ATG9-mCherry. We then pre-
pared ultrathin sections from autophagy-induced YFP-
VAMP726 ATG9-mCherry after high pressure freezing/freeze
substitution (HPF/ES) for double-immunogold labeling using
anti-GFP and anti-RFP antibodies to examine the correlation
between ATG9 and VAMP726 during autophagy (Figure 8).
Indeed, ATGY-positve 10-nm gold particles (indicated by
arrowheads) resided on the TGN which was also labeled by
VAMP726-positive 6-nm gold particles (indicated by arrows)
(Figure 8A,B). In addition, both VAMP726 and ATG9 were
detected at the edge of an expanding autophagosome, as
labeled by anti-GFP (arrows) and anti-RFP (arrowheads) anti-
bodies, respectively (Figure 8C,D), which is similar to the
observation in yeast where Atg9-GFP was confined to the
edges of phagophores [35].

We speculate two possibilities for the functional relation-
ship between ATG9 and VAMP724 or VAMP726: 1)
VAMP724 or VAMP726 may regulate the trafficking of
ATGY9-containing vesicles, and 2) ATG9-containing vesicles
may carry and deliver VAMP724 or VAMP726. We next
performed transient expression experiment using the leaf
protoplast system (Figure S8C-I). YFP-ATG8e and mCherry-
ATG9 were transiently co-expressed in leaf protoplasts iso-
lated from WT or vamp724-1 vamp726-1 mutants, followed
by a time-lapse confocal imaging analysis (Figure S8C,D). In
WT cells, transient association between ATG9 and ATGS8e
was observed (Figure S8C), which is consistent with previous
observations [30]. However, in vamp724-1 vamp726-1 mutant
cells, the ATG9 and ATG8e puncta were relatively separated
and the association between ATG9 and ATG8e was decreased
(Figure S8D,E). YFP-VAMP724 or YFP-VAMP726 was also
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Figure 6. VAMP724 and VAMP726 partially colocalized with the autophagosome marker ATG8e upon autophagy induction in transgenic Arabidopsis plants. Transgenic
Arabidopsis plants expressing YFP-VAMP724 or YFP-VAMP726 were crossed into the autophagosome marker line mCherry-ATG8e to generate the double transgenic plants
of YFP-VAMP724 mCherry-ATG8e and YFP-VAMP726 mCherry-ATG8e respectively. Root cells of 5-day-old double transgenic seedlings were incubated in medium without
(A) or with BTH (B) to induce autophagy, followed by confocal imaging analysis. Arrows indicated examples of colocalization between the two fusion proteins with
enlargement in the insets. Bar: 10 pm. (C) Quantification of the colocalization ratio of VAMP724 or VAMP726-colocalized autophagosomes over total autophagosomes
shown in (A) and (B). Results were obtained from three independent experiments (error bars + SD). *P < 0.05, two-sided Student’s t-test.

transiently co-expressed with the TGN marker RFP-SYP61 in
leaf protoplasts isolated from WT or atg9-3 mutant [30]. Both
YFP-VAMP724 and YFP-VAMP726 displayed PM and TGN
localization in atg9-3 mutant cells, similar to the WT cells

(Figure S8F-I). Thus, ATGY trafficking may be regulated by
VAMP724 and VAMP726. Taken together, VAMP724 and
VAMP726 are closely associated with ATG9, likely mediating
its trafficking for autophagosome formation.
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Figure 7. VAMP724 and VAMP726 are associated with ATG9 in Arabidopsis. (AR) Subcellular localization analysis among ATG9, ATG8 and VAMP724 or VAMP726. The
triple-constructs were transiently expressed together in Arabidopsis protoplasts and incubated for 12 h, followed by confocal imaging analysis. Arrows indicated
examples of colocalization among the three fusions proteins with enlargement in the inset. Bar: 10 pm. (B) Immunoprecipitation (IP) assay shows association
between ATG9 and VAMP724 or VAMP726. Arabidopsis protoplasts co-expressing ATG9-5FLAG with YFP (lane 1), YFP-VAMP724 (lane 2), or YFP-VAMP726 (lane 3)
were subjected to protein extraction and IP with GFP-trap, followed by immunoblot analysis with indicated antibodies. Arrowhead indicates the ATG9 proteins
immunoprecipitated by VAMP724 or VAMP726. (C) FRET analysis of the colocalized puncta between VAMP724 and ATG9 (left) or VAMP726 and ATG9 (right). The
dashed oval represents the region for photobleaching. Bar: 10 um. (D) Quantification of FRET efficiency using the acceptor photobleaching approach. 10 individual
protoplasts were used for the statistical analysis. Error bars are the S.D. ****P < 0.0001, two-sided Student’s t-test.
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Figure 8. ATG9 resides on TGN and traffics together with VAMP726 to the forming autophagosome upon autophagy-induction. Ultrathin sections were prepared
from high-pressure frozen/freeze-substituted root cells of YFP-VAMP726 ATG9-mCherry seedlings upon 6-h BTH treatment, followed by double immunogold labeling
with anti-GFP (6-nm gold, indicated by arrows) and anti-RFP antibodies (10-nm gold, indicated by arrowheads). (A) ATG9 resides on the TGN (trans-Golgi network)
labeled by VAMP726. (B) Enlargement of the indicated box in (A). (C) A membrane expanding phagophore. (D) Enlargement of the indicated box in (C), both anti-
ATG9 and anti-VAMP726 antibodies labeled the edge of an expanding phagophore. Bar: 500 nm.

Discussion

In this study, using a combination of genetic, cellular and
biochemical approaches, we have demonstrated the role of two
SNARE proteins VAMP724 and VAMP726 in the autophagy
pathway in Arabidopsis. We have shown that genetic depletion
of VAMP724 and VAMP726 results in nutrient-sensitive phe-
notypes (Figure 1) and reduction of autophagy flux (Figure 2A-
F). Confocal and immuno-EM analysis revealed the formation
of tubular autophagic structures in the mutants (Figure 2AE,
and 4A). A direct connection between the tubular structure and
ER was visualized by 3D-ET analysis (Figure 5). Under normal
conditions, VAMP724 and VAMP726 showed PM and TGN
localization (Figure S7A,B), but upon autophagy induction,
a population of VAMP724 and VAMP726 colocalized with
ATG8e (Figure 6). Furthermore, we have illustrated that
VAMP724 and VAMP726 are closely associated with ATG9
(Figure 7 and Figure 8). The defected autophagic flux and ER-
connected abnormal autophagosomes observed in this study are
similar to those in ATG9-defected mutants [30]. Thus,
VAMP724 and VAMP726 function in autophagosome

formation in close proximity with ATG9. Future study will
need to be carried out to examine and compare the autophago-
some formation and the relative autophagic phenotypes among
the vamp724-1 vamp726-1, atg9, and vamp724-1 vamp726-1
atg9 mutants, which will further illustrate the possible correla-
tions between ATG9 and VAMP724 or VAMP726 in plant
autophagy.

ATG9 is a six-TMD (transmembrane domain) protein
which plays a key role in autophagosome formation. In
yeast, Atg9-containing vesicles (30-60 nm in diameter) are
derived from the Golgi apparatus and may shuttle between
the Golgi and endosomes dependent on the TRAPPIII com-
plex [36,37]. Atg9-containing vesicles nucleate on the PAS
upon autophagic induction. After nucleation on the PAS,
Atg9 is embedded in the phagophore outer membrane, and
it may be recycled back into the cytoplasm for cargo recruit-
ment by new Atg9-containing vesicles before autophagosome-
vacuole fusion [36]. On the other hand, the mammalian
ATGY9 compartments cycle from the Golgi apparatus to endo-
somes dynamically [38]. Using correlative light electron



microscopy (CLEM) and super-resolution imaging, ATG9-
positive tubular-vesicular clusters are visualized on the
RABI11-positive recycling endosomes or adjacent to the
ATG13-positive ER subdomains upon starvation [39].
Recently, extensive studies in yeast and mammalian systems
suggest that ATGY is more of a scramblase of phospholipids
than a transporter of lipids [40]. Instead, the yeast Atg2 and
human ATG2A protein was shown to be the lipid transporter,
which links the growing phagophores to membrane sources
such as the ER [41-43]. It is suggested that Atg9-containing
vesicles are not the membrane source, but rather the seeds of
phagophore growth, as confirmed by a recent reconstitution
study of yeast autophagosome nucleation [44]. In Arabidopsis,
ATGY-containing vesicles also traffic through the early secre-
tory pathway and closely associate with post-Golgi endosomes
and may reside on motile compartments [30,45]. In
Arabidopsis, ATG9-containing vesicles display transient inter-
actions with the autophagosome membrane [30]. In this
study, ATG9 was found to partially colocalize with autopha-
gosome marker ATGS8e, together with VAMP724 and
VAMP726 in Arabidopsis protoplasts (Figure 7A), likely
representing the transient interaction of ATG9-containing
vesicles with PAS, and with the involvement of VAMP724
and VAMP?726. In addition, ATG9 was detected on the TGN
labeled by VAMP726 (Figure 8B), suggesting that Arabidopsis
ATGY residing on motile endosomal compartments and
Golgi-endosomal system is a key route for the production of
ATGY-containing vesicles as implied by previous findings
[30,46]. Moreover, both ATG9 and VAMP726 labeled the
edge of an expanding phagophore (Figure 8C-D), likely repre-
senting the remaining of the seed of autophagosome develop-
ment. Previous studies have shown that, by using correlative
light electron microscopy (CLEM) approaches, ATG9 loca-
lizes to vesicular-tubular clusters that are tightly associated
with an ER subdomain in both mammalian cells [39] and
yeast cells [47]. It will thus be interesting to use similar
approaches to study the intercellular behavior of ATGOY,
VAMP724, and VAMP726 during autophagy in future study.

VAMP724 and VAMP726 may function similarly in
Arabidopsis autophagy. In this study, double mutant
vamp724-1 vamp726-1 showed enhanced sensitivity towards
autophagy conditions compared to single mutant vamp724-1
or vamp726-1 (Figure 1 and 2), indicating the possible func-
tional overlap of these two proteins. 70.8% identical in amino
acid sequence, VAMP724 and VAMP726 belong to the
VAMP72 SNARE family, which consists of 7 proteins:
VAMP721 to VAMP727 [16]. It has been shown that
VAMP721 and VAMP722, which share 96% identity in
amino-acid sequence, function redundantly in the secretory
pathway, as well as in pathogen resistance [48-51]. This
further indicates the possibility that VAMP724 and
VAMP726 may have a redundant function in autophagy in
a similar manner. However, additional experiments are
required to verify this possibility. The localization of the 7
SNAREs in the VAMP72 clade has been demonstrated [34]
and our observations are consistent with previous results: PM
plus  endosome (VAMP721, VAMP722, VAMP724,
VAMP725 and VAMP726), PVC/MVB (VAMP727) and ER
(VAMP?723). The subcellular targeting of the VAMP?7 proteins
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in Arabidopsis is dependent on their longin domains as dis-
played by domain swap experiments [52]. As shown in this
study, the autophagy-related phenotypes in the double mutant
vamp724-1 vamp726-1 appear to be less severe as compared to
the atg7-2 mutant (Figure 1). It is possible that, in the absence
of VAMP724 and VAMP726, other SNAREs (possibly other
VAMP72 SNAREs) may replace their function in autophagy
conditions. It would thus be interesting to characterize these
SNARE: for their possible involvement in autophagy in plants
in future studies.

Our study also suggests the possible involvement of
VAMP724 and VAMP726 in the interplay between the auto-
phagy and endocytic pathways. Although the mechanism of
interplay between the autophagosome and late endosome in
yeast and mammalian cells is still elusive, evidence has shown
that autophagosome formation as well as autophagic activity
are severely affected upon malfunction of some regulators in
the conventional MVB-vacuole/lysosome pathway [53].
Similarly, in Arabidopsis, dysfunction of ESCRT-III and
related factors (e.g., VPS2.1 and AMSH3) results in defected
autophagy pathway [54]. In yeast and animal cells, besides
directly fusing with the vacuolar/lysosomal membrane, auto-
phagosomes may also fuse with late endosomal compartments
like MVBs to become an amphisome for expansion or
maturation before their fusion with vacuole/lysosomes
[53,55]. It has been reported that, in a cell line that is specia-
lized towards exosome secretion, the mammalian SNARE
protein VAMP3 mediates the fusion between autophagosome
and MVB [56]. In addition, STX17 is also shown to mediate
the fusion between autophagosome and late endosome [10].
In plants, the fusion between autophagosomes and late endo-
somal compartments is not well characterized [57,58].
However, hybrid structures between autophagosomes and
MVBs have been observed in the freel mutants, although
the mechanism for their fusion is still unknown [29,59]. In
this study, we have shown that VAMP724 and VAMP726 are
PM- and TGN-localizing SNAREs (Figure S7A,B), with the
same localization with VAMP721 and VAMP722.
Additionally, it has been reported that VAMP724 interacts
with the PM-localized Qa-SNARE SYP123, Qa-SNARE
SYP121 and SYP132, which is similar to VAMP721 and
VAMP722 [48,60]. In Petunia inflate, a homolog of
VAMP726 showed a tip-focused localization in the growing
pollen tube, suggesting its possible role in the recycling of
endocytic vesicles in tip growth [61]. These indicate that
VAMP724 and VAMP726 are involved in the conventional
endocytic pathway. As shown in this study, depletion of
VAMP724 and VAMP726 results in reduction of autophagy
flux (Figure 2A-F) and the formation of tubular autophagic
structures (Figure 2A,E, and 4A). Interestingly, connection
between autophagosome and MVB was observed in the
vamp724-1 vamp726-1 double mutant (Figure 5H-K). In addi-
tion, possible fusion between autophagosome and MVB was
also observed in leaf protoplasts derived from the vamp724-1
vamp726-1 mutant plants (Figure S5). Thus, VAMP724 and
VAMP726 may also play a role in the crosstalk between
autophagy pathway and the endocytic pathway in plant, and
it will be interesting to unravel the underlying mechanism in
future studies.
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Materials and methods
Plasmid construction

The YFP fusion constructs used for transient expression in
protoplasts were created by cloning the PCR-amplified cDNA
into the pBI221 backbone containing the constitutive 35S
promoter [62] by restriction digestion. For the YFP-
VAMP724 and YFP-VAMP726 transgenic plants, the full-
length ¢cDNA of VAMP724 or VAMP726 was amplified and
cloned into the pBI121 backbone containing the ubiquitin
(UBQ) promoter for construction of the YFP fusion [63].
Primers used for cloning are listed in Table S1.

Plant materials and growth conditions

All mutants and transgenic lines used in this study are in the
Arabidopsis ecotype Columbia-0 background. To generate the
transgenic plants, all the resulting constructs were introduced
into Agrobacterium tumefaciens strain GV3101 and trans-
formed into WT Arabidopsis Columbia-0 plants by the floral
dip method [64]. The following previously published marker
lines were crossed into the transgenic plants expressing YFP-
VAMP724 and YFP-VAMP726 as described in the results
section: the trans-Golgi marker (ST-RFP), PVC/late endo-
some marker (mCherry-RHA1), TGN marker line (VHA-al-
RFP), the autophagosome marker line (mCherry-ATG8e) and
the transgenic line expressing ATG9-mCherry [30].

The T-DNA insertional lines vamp724-1 (SAIL_569_E12),
vamp724-2 (SALK_032219), vamp726-1 (SALK_082690), and
vamp726-2 (SALK_147419) were obtained from the
Arabidopsis Information Resource (TAIR) (https://www.arabi
dopsis.org/). The atg7-2 (GABI_655B06) [65] T-DNA inser-
tional mutant was obtained from the Nottingham Arabidopsis
Stock Centre. Genotyping was performed to obtain homozy-
gous mutant lines according to instructions from Salk
Institute Genomic Analysis Laboratory (http://signal.salk.
edu). Homozygous double mutant vamp724-1 vamp726-1
was generated by crossing of the two single mutants
vamp724-1 and vamp726-1, followed by genotyping selection
of the F2 generation. All the primers used for genotyping are
listed in Table S1. The 1300-UBQ-YFP-ATGS8e construct [30]
was used to generate various mutants expressing YFP-ATG8e.

For normal growth conditions, Arabidopsis seeds were
sterilized and germinated on Murashige and Skoog (MS)
[66] plates (full-strength MS salts [Sigma-Aldrich, M5524],
0.8% [w:v] phyto agar [PlantMedia, 40100072], and 1% [w:v]
sucrose [ATCG Limited, SO11], pH 5.7). The plates were kept
at 4°C for 2 days, followed by incubation in the growth
chamber at 22°C under a long-day (16 h light/8 h dark)
photoperiod. Adult plants were grown on soil in a growth
room at 22°C under a long-day (16 h light/8 h dark) cycle.
The light intensity is ~150 pmol/m?*/s.

Transient expression and confocal microscopy imaging

Transient expression in Arabidopsis PSBD protoplasts was
performed as described previously [14,15,30]. Confocal fluor-
escence images were acquired 14 h after transformation using

a Leica SP8 confocal microscope (Leica, Wetzlar, Germany)
with a 63x water lens. A sequential acquisition was applied for
observing fluorescent proteins. The Pearson-Spearman corre-
lation for colocalization relationships was calculated using
Image] software (Wayne Rasband, NIH, https://imagej.nih.
gov/) and the PSC plug-in as described previously [67].
Images were processed using Adobe Photoshop software
(https://www.adobe.com/) as described previously [68,69].

For transient expression analysis in leaf-derived proto-
plasts, mesophyll protoplasts preparation and plasmid trans-
formation were performed as described previously [70].
Transformed protoplasts were cultured in dark for 16 h and
were subsequently visualized by confocal microscopy.

FM 4-64 staining

For staining PM and endosomes, seedlings were washed with
liquid MS medium and then stained with FM 4-64
(Invitrogen, T-3166) at a final concentration of 12 mM in
liquid MS for 30 min. For tonoplast staining, seedlings were
washed with liquid MS medium and then stained with FM
4-64 at a final concentration of 12 mM in liquid MS for 7 h.

Chemical treatments

For autophagic treatments, 4- or 5-day-old seedlings were
transferred in liquid MS with methanol (1:100) as control or
100 uM BTH (Sigma-Aldrich, 32,820) for 6 h before observa-
tion or as indicated. Conc A (Santa Cruz Biotechnology, sc-
202111) was used at a concentration of 0.5 uM.

RNA extraction and Real-time PCR

Total RNA was extracted from plate-grown plants by grinding
the tissues in liquid nitrogen in the presence of TRIzol reagent
(Invitrogen, 15596-026) according to the manufacturer’s
instructions. First-strand cDNA was synthesized from 2 mg
of total RNA using M-MLYV reverse transcriptase (Promega,
M170A) following the manufacturer’s protocols. The cDNA
from WT or mutant seedlings was used as a template for real-
time PCR. Gene specific primers are listed in Table S1. The
mRNA expression level was normalized with reference gene
ACTIN2.

Phenotypic assays

Etiolated hypocotyl elongation assay and hypocotyl length
measurement was performed as described previously [25,26].
Briefly, seeds were sterilized and germinated on MS plates
without sucrose (C-). The plates were kept at 4°C for 2 days,
followed by incubation in dark for 7 days at 22°C. The length
of hypocotyls was measured using Image] software.

Nitrogen starvation assay was performed essentially as
described previously [21-24]. Briefly, 6-day-old seedlings
grown on nitrogen-rich (N+) MS plates under a long-day
(16 h light/8 h dark) photoperiod were transferred for an
additional 2 weeks to either nitrogen-rich (N+) MS liquid
medium or nitrogen-deficient (N-) MS liquid medium.
Chlorophyll contents were measured as described previously
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[71,72]. Briefly, chlorophyll of the seedling bundle was
extracted by immersion in 3 mL of N,N-dimethylformamide
(Sigma-Aldrich, D4254) for 48 h in the dark at 4°C.
Absorbance was measured at 664 and 647 nm, and the total
chlorophyll content was normalized to gram fresh weight per
sample.

For detached leaf assay, 5th and 6th rosette leaves from
4-week-old soil-grown plants under a long-day (16 h light/8
h dark) photoperiod were detached and soaked in water. After
0 or 5 days of dark treatment, the leaves were photographed.

Protein extraction and immunoblot analysis

Protein isolation and blotting were performed as described
previously [30,73,74]. Briefly, 5-d-old seedlings were ground
in liquid nitrogen and extracted with the lysis buffer contain-
ing 25 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1%
SDS, and 1x Complete Protease Inhibitor Cocktail (Roche,
11873580001). The total cell extracts were centrifuged at
20,000 x g for 30 min at 4°C. The supernatant protein samples
were boiled in 1xSDS sample loading dye at 95°C and sub-
jected to SDS-PAGE followed by immunoblotting. For immu-
noblot analysis, rabbit GFP antibodies (home-made) were
used at a concentration of 4 pg/mL, and cFBPase (Agrisera,
AS04043) was used at a dilution of 1:1,000. For quantification
analysis, protein band intensities were quantified using Image]
software, and all values were normalized according to the
protein loading control before calculation.

ATGS lipidation assay

An ATGS8 lipidation assay was carried out essentially as described
previously [20,30]. Briefly, 5-day-old seedlings were transferred in
liquid MS with methanol (1:100) as control, or with 100 uM BTH
and 0.5 uM Conc A for 6 h, respectively, followed by extraction in
lysis buffer containing 25 mM Tris-HCI, pH 7.5, 150 mM Na(l, 1
mM EDTA, and 1x Complete Protease Inhibitor Cocktail (Roche,
11873580001). The total cell extracts were centrifuged at 500 x
g for 5 min at 4°C. The supernatant was centrifuged at 100,000 x
g for 30 min, and the membrane pellets were solubilized in an
equal volume of lysis buffer with additional 1% Triton X-100
(Sigma-Aldrich, T8787). Protein samples were subjected to SDS-
PAGE in the presence of 6 M urea (USB Corporation, 75826),
followed by immunoblotting with anti-ATG8 (Agrisera,
AS142769) antibodies at a dilution of 1:1,000.

TEM analysis and immunogold labeling

The general procedures for preparing TEM samples and ultra-
thin sectioning of samples have been described previously
[30,59,74,75]. Briefly, for high-pressure freezing, root tips of
4- or 5-day-old seedlings were dissected and immediately
frozen in a high-pressure freezing apparatus (HPM100, EM
PACT2, Leica), with subsequent freeze substitution in dry
acetone containing 0.1% uranyl acetate at -85°C. Infiltration
with HM20, embedding, and UV polymerization were per-
formed stepwise at -35°C. For immunolabeling, standard pro-
cedures were performed as described previously [30,59,74,75].
The rat anti-ATGS8e [28] was used at 40 ug/mL, RFP
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antibodies (ChromoTek, 5F8) at 1:100, and calreticulin anti-
bodies [32] at a dilution of 1:200. Gold-coupled secondary
antibodies were used at 1:40 dilution. Sections were examined
using a Hitachi H-7650 transmission electron microscope
with a charge-coupled device camera operating at 80 kV
(Hitachi High-Technologies).

Electron tomography, 3D reconstruction, and modeling

The general procedures for performing electron tomography
have been described previously [30,75]. In brief, 300-nm-thick
sections were cut and poststained with uranyl acetate and lead
citrate. Electron tomography observations were performed
with Tecnai F20 electron microscope (FEI Company) oper-
ated at 200 kV. For each grid, a tilt image stack from +60° to
—-60° with 1.5° increments was collected, and the second tilt
image stack was collected by rotating the grid by 90°. Dual-
axis tomograms were calculated from pairs of image stacks
with the Etomo program of the IMOD software package
(bio3d.colorado.edu). For model generation, the contours
were drawn manually and meshed with the 3dmod program
in the IMOD software package.

Immunoprecipitation

Protein extraction and immunoprecipitation (IP) were per-
formed as described previously [30,73,74]. In brief, trans-
formed protoplasts (~10”) were first diluted threefold with
250 mM NaCl and then harvested by centrifugation at 100 x
g for 10 min. Total cell lysates of the harvested protoplasts
were prepared in lysis buffer (50 mM Tris-HCI, pH 7.4, 150
mM NaCl, 0.5 mM EDTA, 0.4% Nonidet P-40 [USB
Corporation, 19626], 5% glycerol, and 1xComplete Protease
Inhibitor Cocktail), followed by centrifugation at 20,000 x
g for 30 min at 4°C. The supernatant was incubated with
GFP-Trap agarose beads (ChromoTek, gtma) for 4 h at 4°C
in IP buffer (50 mM Tris-HCIL, pH 7.4, 150 mM NaCl, 0.5 mM
EDTA, 0.2% Nonidet P-40, 5% glycerol, and 1xComplete
Protease Inhibitor Cocktail) in a top to end rotator. After
incubation, the beads were washed four times with ice-cold
washing buffer (10 mM Tris-HCI, pH 7.4, 150 mM NaCl, 0.5
mM EDTA, 0.05% Nonidet P-40, and 5% glycerol) and boiled
in SDS sample buffer. Samples were analyzed by SDS-PAGE
and immunoblot using the anti-GFP (home-made) or anti-
FLAG (Sigma-Aldrich, F1804) antibodies.

FRET analysis

FRET analysis was performed using the Leica SP8 confocal
microscope as described previously [29,69]. Arabidopsis PSBD
protoplasts were used to express the target proteins. Before
FRET analysis, fixation was performed by incubation of pro-
toplasts in 3% formaldehyde (Sigma-Aldrich, P-6148) for 15
min at room temperature, followed by two rounds of washing
using PBS. Before and after photobleaching on the region of
interest, the signal intensity of the donor and acceptor pro-
teins was measured and FRET efficiency was calculated
through the built-in SP8 algorithm.
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Statistical analysis

Statistical analyses were performed using GraphPad Prism 8
(GraphPad Software). Data were presented as mean + SD
(standard deviation) and statistical significance was analyzed
by two-sided Student’s t-test (*P < 0.05, **P < 0.01, **P <
0.001, ***P < 0.0001). The colocalization relationship of two
fluorescent signals was quantified using the PSC colocaliza-
tion plug-in in the ImageJ program and results were presented
by scatterplot images as previously described [67].

Accession numbers

The Arabidopsis Genome Initiative locus identifiers for the genes
mentioned in this article are as follows: VAMP721 (AT1G04750),
VAMP722 (AT2G33120), VAMP723 (At2G33110), VAMP724

(ATAG15780),  VAMP725  (AT2G32670),  VAMP726
(AT1G04760), VAMP727 (AT3G54300), ATGSe (AT2G45170),
ATGY9 (AT2G31260), SH3P2 (AT4G34660), and FREEI
(AT1G20110).
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