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Vacuoles are essential for cellular metabolism and growth and the
maintenance of internal turgor pressure. They sequester lytic enzymes, ions
and secondary metabolites that, if leaked into the cytosol, could lead to cell
death. Despite their pivotal roles, quality control pathways that safeguard
vacuolar integrity have remained elusive in plants. Here we describe a
conserved vacuolar quality control pathway that is activated upon cell wall
damage in aturgor-pressure-dependent manner. Cell wall perturbations
induce a distinct modification—ATG8ylation—on the vacuolar membrane
(tonoplast) that is regulated by the V-ATPase and ATG8 conjugation
machinery. Genetic disruption of tonoplast ATG8ylation impairs vacuolar
integrity, leading to cell death. Together, our findings reveal a homeostatic
pathway that preserves vacuolar integrity upon cell wall damage.

Plant cells are pressurized compartments, encased within a rigid wall
that must simultaneously resist turgor pressure and accommodate
growth through flexibility'” The cell wall, adynamic matrix of structural
polysaccharidesincluding cellulose, hemicelluloses and pectin, along
with asuite of structural and modulatory proteins, is critical for defin-
ing cellmorphology and maintaining cellular integrity®*. Moreover, it
serves as the primary defence barrier against pathogens and abiotic
stresses’®. Consistent with its role in cellular viability and function,
plants have evolved elaborate cell wall integrity (CWI) pathways that
closely surveil disruptions in wall composition and mechanics to initi-
ate homeostatic mechanisms that restore CWI*°. So far, CWI studies
have mainly focused on cell wall homeostasis. The impact of cell wall

damage on cellular organelles and the contribution of these organelles
to maintaining CWI remain largely unknown®.

Vacuoles account for up to 80% of the cellular volume”®. The
expansion of the vacuole within the inflexible cell wall generates tur-
gor pressure that is characteristic of plant cells and is required for
growth’ ", Thereceptor-like kinase FERONIA, akey sensor of CWI, has
been implicated in the modulation of vacuolar morphology during
cell expansion’, suggesting a potential link between CWI sensing and
vacuolarintegrity. Furthermore, CWIsignalling is sensitive to osmotic
fluctuations; for instance, osmolytes such as sorbitol can dampen
CWIresponses®. A pressing question that remains unexplored is how
plants preserve vacuolar integrity when faced with sudden changes
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in cell wall structure. Without the protection of the rigid cell wall, the
turgor pressure imbalance could lead to the rupture of the tonoplast
and cell death®. Identifying quality control pathways that safeguard
vacuolar integrity is therefore essential to improving plant resilience
and adaptability.

Ahallmark of macroautophagy (hereafter autophagy) is the con-
jugation of the ubiquitin-like protein ATG8 to the lipid phosphatidyle-
thanolamine and its subsequentinsertioninto the double-membrane
phagophore viathe combined action of conserved autophagy-related
(ATG) proteins™. ATGS conjugation to the phagophore membrane
involves a ubiquitination-like cascade. First, ATG8 gets activated by
the ATG4 protease, exposing the carboxy-terminal glycine residue®.
Processed ATGS8 is activated by the E1-like enzyme ATG7, transferred
to the E2-like enzyme ATG3 and conjugated to the phagophore mem-
brane by the E3-like enzyme ATG5-ATG12-ATG16 (ref.15). Here ATG16
isparticularlyimportant, because it has an ability to bind membranes
and thereby defines the site of ATGS lipidation®. While investigat-
ing how cell wall damage influences autophagy, we unexpectedly
discovered that cell wall damage triggers the conjugation of ATG8
to the single-membrane tonoplast in both Arabidopsis thaliana and
Marchantia polymorpha. Genetic characterization of this conjugation
of ATG8 to single membranes (CASM) process reveals the V-ATPase-
ATG16 axis as a key module regulating tonoplast ATG8ylation. Ultra-
structural analysis of CASM-deficient plants shows that tonoplast
ATGS8ylation is essential for vacuolar integrity and cell viability.
Altogether, our findings reveal that ATG8ylation is a vacuolar quality
control (VQC) mechanism that protects vacuolar integrity upon cell
wall damage.

Results

Cellwall damage triggers ATG8ylation of the tonoplast

To investigate whether cell wall damage triggers autophagy, we per-
formed confocal microscopy analysis on ATG8 reporter lines upon cell
wall damage. First, we tested the colocalization of mCherry-ATG8A
with the tonoplast markers VAMP711-YFP and y-TIP-GFP under control
conditions. Few autophagic punctathat we detected did not colocalize
with the tonoplast under basal conditions (Pearson’s colocalization
value (R"), 0.12 + 0.05; Spearman’s colocalization value (R%), 0.15 + 0.07)
(Fig.1aand Extended Data Fig.1a). We then used the TOR kinase inhibi-
tor Torinl (hereafter Torin) toinduce bulk autophagy'. Torin increased
the number of autophagic puncta, but these puncta did not coloca-
lize with the tonoplast (R* = 0.11 £ 0.02, R=0.21 + 0.08) (Fig.1a,b and
Extended Data Fig.1).

To test the effect of cell wall damage on autophagy, we first per-
formed pectin methylesterase inhibitor epigallocatechin gallate
(EGCG) treatment. EGCGincreases cell wall stiffness by changing pec-
tin methylation and polymerization’. EGCG treatment increased the
number of autophagic puncta, and, similar to Torin treatment, they

did not colocalize with the tonoplast (R"=0.08 + 0.02,R°= 0.13 + 0.04)
(Fig. 1a,b and Extended Data Fig. 1). By contrast, when we inhibited
cellulose biosynthesis and loosened the cell wall with ES20, ES20-1
or isoxaben treatments”, we observed a loss of autophagic puncta
and a notable relocalization of mCherry-ATG8A to the tonoplast
(ES20-1: R°=0.96 + 0.04, R° = 0.93 + 0.05; isoxaben: R*=0.95 + 0.03,
R®=0.87 £ 0.11). Similarly, treatment with Driselase, a fungal enzy-
matic cocktail that is used to mimic fungal infection', also led to the
labelling of the tonoplast with mCherry-ATGS8A (R"=0.92 + 0.03,
R®=0.91+0.05) (Fig. 1a,b and Extended Data Fig. 1). Tonoplast label-
ling upon cell wall damage is not specific to the ATG8A isoform or an
artefact of the mCherry tag, since all nine Arabidopsis GFP-labelled
ATG8 isoforms showed similar tonoplast relocalization upon ES20-1
treatment (Extended Data Fig. 2a).

We nextimplemented ascorbate peroxidase 2 (APEX2)-based elec-
tron microscopy to study tonoplast ATG8ylation at the ultrastructural
level. APEX2 is a plant peroxidase enzyme that has been engineered
asagenetically encoded electron microscopy tag. The addition of the
substrate diaminobenzidine (DAB) leads to localized reactive oxygen
species production and increases contrast in electron micrographs'®.
Without DAB, there was minimal background labelling in Arabidopsis
root samples (Fig.1c). The addition of the substrate led to some back-
ground labelling at the Golgi apparatus, suggesting thatinherent plant
peroxidase activity could lead to the labelling of the Golgi apparatus
(Extended Data Fig. 2b). Nevertheless, the substantial increase in the
contrast prompted us to test the APEX2-ATG8A samples upon Torin
and ES20-1 treatments. We could visualize typical autophagosome
structuresin Torin-treated samples (Fig. 1c). By contrast, upon ES20-1
treatment, we saw clear labelling of the tonoplast owing to APEX2 activ-
ity (Fig. 1c). In micrographs obtained from ES20-1-treated samples,
we could also detect invaginations of the tonoplast that were densely
labelled with APEX2-ATGS8A (Fig. 1c). Altogether, consistent with
our confocal microscopy results, APEX2-based electron microscopy
showed relocalization of ATG8A to the tonoplast upon cell wall damage.

In canonical macroautophagy, ATG8 is conjugated to the growing
double-membraned phagophore via a lipid modification. Through a
ubiquitination-like reaction, the C-terminal glycine residue gets lipi-
dated for membraneinsertion®. To test whether ATGS is conjugated to
the tonoplast, we tested the relocation of the terminal glycine mutant
ATG8A-G117A, which cannot get lipidated. GFP-ATG8A-G117A had a
diffuse pattern and failed to relocate to the tonoplast upon ES20-1
treatment (Fig. 1d). Collectively, these findings suggest that cell wall
damage induces CASM at the tonoplast.

Finally, weinvestigated the evolutionary conservation of this path-
way by testing whether cell wall damage induces tonoplast ATG8ylation
intheearly-diverging land plant M. polymorpha. We labelled Marchantia
GFP-MpATG8A and GFP-MpATG8B and showed that upon ES20-1treat-
mentboth ATG8 isoforms relocate from puncta-like autophagosomes

Fig.1| Cell wall damage induces ATG8ylation of the tonoplast. a, Confocal
micrographs of root cellsin the early elongation zone of A. thaliana, showing
mCherry-ATG8A (mCh-ATG8A, magenta) to illustrate the relocalization of ATG8
to the tonoplast upon cell wall damage. A single optical slice and a maximum
intensity projection (max. project.) of awhole cell (20 um depth), alongside a
merged image with VAMP711-YFP (tonoplast marker) and a corresponding bright
field (BF) image, are shown. Pearson and Spearman colocalization values indicate
the association between ATG8A and the tonoplast. The treatment conditions
include mock, Torin (1.5h, 9 uM), EGCG (30 mins, 50 uM), ES20-1(8 h,100 pM),
isoxaben (3 days, 3 nM) and Driselase (1 h,1%). Scale bars, 10 um. b, Quantification
of autophagosomes under the treatment conditions depicted in a. One-sided
Wilcoxon tests compared the treatments (n = 10) to mock; significant differences
(P<0.01) areindicated with asterisks. In each box plot, the central line

indicates the median, and the upper and lower bounds represent quartile 3

(75th percentile) and quartile 1 (25th percentile), respectively. The whiskers
denote the minima and maxima of the data points. ¢, Electron microscopy

images displaying APEX2-ATG8A localization after Torin (1.5h, 9 uM) or ES20-1
treatments (8 h,100 uM), with (mock) or without DAB staining (negative control).
The Torin-treated samples show typical autophagosome structures, whereas
ES20-1treatments lead to the labelling of the tonoplast. The insets show densely
labelled tonoplast invaginations. N, nucleus; V, vacuole; A, autophagosome
(orange arrowheads). Representative images from three seedlings were analysed
under each treatment. Scale bars, 1 pm. d, Confocal micrographs of A. thaliana
root cells expressing the GFP-ATG8A-G117A mutant, which isincapable of
conjugating to membranes. Images are shown after treatment with Torin (1.5 h,

9 uM) or ES20-1 (8 h, 100 pM). Representative images from ten seedlings were
analysed under each treatment. Scale bars, 10 um. e, Confocal micrographs

of M. polymorpha, comparing GFP-ATG8A localization under mock or ES20-1

(8 h,100 pM) treatment conditions. MDY-64 (1 h, 1 uM) staining is used to mark
tonoplastlocalization. Representative images from ten gemmae were analysed
under each treatment. Scale bars, 10 pm.
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Fig. 2| Genetic basis of tonoplast ATG8ylation. a, Confocal micrographs of
GFP-ATG8A expressed in the atg$, atgll and atgl16 mutant backgrounds of
A.thalianaroot cells treated with Torin (1.5 h, 9 pM) or ES20-1(8 h, 100 pM).
Asingle optical slice, a maximume-intensity projection (20 pm depth) and a bright
field image are shown. Representative images from ten seedlings were analysed
under each treatment. Scale bars, 10 pm. b, Same setup asinabut showing the
atglé mutant complemented with ACASM, which retains canonical autophagy
but lacks non-canonical autophagy. Representative images from ten seedlings
were analysed under each treatment. Scale bars, 10 pm. ¢, Schematic of ATG16
protein domains (coiled-coil domain (CCD) and WD40) showing the truncations
used to complement atglé mutants, with colours indicating the retained regions:
1-195 (green), 1-253 (blue), 1-295 (purple, ACASM), 1-379 (yellow) and full-length
(FL) (orange). d, Carbon starvation assay across three replicates for wild-type
(Col0), atgs, atgl6 and complemented lines. ACASM and longer variants resist
carbon starvation, unlike atg16 and other mutants. e, Western blot analysis

of plant material expressing GFP-ATG8A in the Col0, ACASM/atg16 and atg16

backgrounds under mock, Torin (4 h, 9 uM) or ES20-1 (8 h,100 uM) treatments.
Theblots were probed with anti-NBR1and anti-GFP. Amido black staining (ABS)
was used as the loading control. NBR1intensity values are normalized to the
loading control and presented as the average of three replicates. ATG8 intensity
values are the ratio of GFP-ATG8A against free GFP and are the average of three
replicates. f, Confocal micrographs showing NBR1-GFP localization (green) and
mCh-ATGS8F (magenta) in Arabidopsis root cells, under mock, Torin (1.5 h, 9 pM)
and ES20-1(8 h,100 puM) treatments. The images include separate channels for
NBR1-GFP and mCh-ATG8F, amerged image and a corresponding bright field
image. Scale bars, 10 pm. g, Quantification of NBR1 puncta across treatments.
One-sided Wilcoxon tests compared the treatments (n =10) to mock; significant
differences (P < 0.01) areindicated with asterisks. In each box plot, the central
lineindicates the median, and the upper and lower bounds represent quartile

3 (75th percentile) and quartile 1 (25th percentile), respectively. The whiskers
denote the minima and maxima of the data points.

tothetonoplast (Fig. 1e and Extended Data Fig. 2c). These results sug-
gest that cell-wall-damage-induced tonoplast ATG8ylation is conserved
acrossland plants. Additionally, we found that alkaline stressinduces
the same phenotype (Extended Data Fig. 2d).

Genetic basis of tonoplast ATG8ylation

Next, we sought to dissect the genetic basis of tonoplast ATG8ylation.
Previous studies in mammalian cells have shown that unlike autophagy,
CASM requires only a subset of the ATG proteins®°. We generated
stable transgenic Arabidopsis lines that express GFP-ATG8A in the
mutant background of the core ATG proteins ATG2, ATG5, ATG11 and
ATGl6. As expected, autophagosome formation is blocked in all four
mutant backgrounds (Fig. 2a and Extended Data Fig. 3a). By contrast,
tonoplast ATG8ylation is inhibited only in atg5 and atgl6 mutants,
while it is not affected in atgll mutants and only slightly affected in
atg2 mutants (Fig. 2a and Extended Data Fig. 3a). This suggests that
tonoplast ATG8ylation requires the ATG8 conjugation machinery but
isindependent of the ATG1 kinase complex that initiates autophago-
some formation. In the atg2 mutant background, ATG8 decorates the
tonoplast, though the signal is less uniform than that of the wild type
(Extended DataFig. 3a). The ATG2-ATG18 complex, whichisinvolved
inlipid transfer to the newly formed autophagosome', may still con-
tribute to this process but appears to be non-essential for tonoplast
ATG8ylation. We also checked ATG8ylation in the atg4 mutant back-
ground using two different ATG8 isoforms, GFP-ATG8F and GFP-ATGSI.
ATG4 isaprotease that cleaves ATG8 to expose the C-terminal glycine
residue that gets lipidated®. Interestingly, in Arabidopsis, the ATGSI
isoform naturally ends with a glycine residue and therefore does not
require ATG4 processing®.. Consistently, while ATGSF conjugation to
the tonoplast wasinhibited in the atg4a/b double mutant background,
ATGS8I conjugation was not affected (Extended Data Fig. 3b).

Mammalian ATG16L1 has akey rolein determining the site of LC3/
ATGS8 conjugation. During autophagy, the mammalian ATG16L1
coiled-coil domaininteracts with the phosphatidylinositol 3-phosphate
binding protein WIPI2 to conjugate LC3/ATGS to the growing phago-
phore*?, During CASM, the WD40 domain of mammalian ATG16L1
mediates ATGS conjugation to single membranes®. Given the role
of ATG16 in defining the site of ATG8 conjugation, we hypothesized
that complementation of the atgl6 mutant with truncated ATG16
variants could provide a genetic tool whereby autophagy could still
happen, but CASM is inhibited (Extended Data Fig. 4a-c). To test
this, we complemented the atgl6 mutant with different C-terminal
truncations of ATG16 where the WD40 domain is located and tested
autophagic flux, carbon starvation sensitivity and autophagosome
biogenesis (Fig. 2b-e). Complementation with ATG16'2* (hereafter
ACASM) restored canonical autophagy: (1) GFP-ATG8A formed punc-
tate structures upon Torin treatment (Fig. 2b); (2) unlike the atg16 or
atgs mutants, complemented seedlings were insensitive to carbon
starvation (Fig. 2d); and (3) there was an increase in free GFP and a
decrease in the autophagy receptor NBR1 protein® levels upon Torin
treatment, indicative of functional autophagic flux (Fig. 2e and
Extended DataFig.4d). By contrast, tonoplast ATG8ylation was inhib-
itedinACASM cells (Fig.2b). These results suggest that the ATG16 WD40
domain is essential for CASM in Arabidopsis. Crucially, the ACASM
line provides us a genetic tool that bypasses the pleiotropic effects
seen with atg mutants, thus allowing for targeted investigation into
the physiological and cellular significance of tonoplast ATG8ylation
following cell wall damage.

We next tested whether all autophagic processes are rerouted to
the tonoplast, by checking the localizations of the archetypical selec-
tive autophagy receptor NBR1 (ref. 25) and the recently characterized
plantselective autophagy adaptor CFS1 (ref. 26). Both proteinsinteract

Fig. 3| Tonoplast ATG8ylation maintains vacuolar integrity upon cell wall
damage in a turgor-pressure-dependent manner. a, Confocal micrographs of
Arabidopsisroot cells expressing mCh-ATG8A and VAMP711-YFP, highlighting
ATG8A localization and tonoplast integrity under mock, ES20-1(8 h,100 pM),
sorbitol (8 h, 50 mM) and combined sorbitol (8 h, 50 mM) + ES20-1(8 h,100 pM)
treatments. A single slice of mCh-ATG8A, a maximum projection, amerged
image with VAMP711-YFP and a corresponding bright field image are shown.
Pearson and Spearman colocalization analyses are presented to quantify
colocalization under each condition. Scale bars, 10 um. b, Fluorescence lifetime
imaging microscopy (FLIM) analysis of the Col0 and ACASM backgrounds
treated with CarboTag-BDP, a fluorescent cell wall mechanoprobe, for 30 min at
10 puM concentration, following mock or ES20-1(8 h,100 pM) treatments. The
fluorescence lifetime of the probe across three biological replicates is shown,
with average lifetimes reported in nanoseconds. Four comparative graphs detail
thelifetime variance for each treatment and genotype. Scale bars, 40 pm.

¢, FLIM analysis using Sulfo-BDP, a vacuolar mechanoprobe, to assess vacuolar

crowding under the same conditions. Lifetime measurements in nanoseconds
highlight differences in vacuolar crowding between treatments and genetic
backgrounds. Average lifetime was measured for all values below 2 ns (peak 1)
and above 2 ns (peak 2). Scale bars, 40 um. d, Transmission electron micrographs
demonstrating vacuolar morphology changes in the ColO and ACASM
backgrounds under mock and ES20-1 (8 h, 100 pM) treatments. The images reveal
the significant fragmentation and invaginations upon cell wall damage in the
ACASMline.Scalebars, 5 um. e, Electron tomography analysis of aACASM root
cell treated with ES20-1(8 h,100 uM), providing a detailed 3D visualization of
vacuolar morphology and the surrounding cellular environment. The tomogram
is presented with a180° rotation to enhance structural observation. Scale bar,

5 um. f, PIstaining of root cells from the Col0 and ACASM backgrounds under
mock and ES20-1(8 h,100 pM) treatments, assessing cell viability and membrane
integrity. Three replicates are shown for each genotype and treatment.
Scalebars, 10 pm.
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with ATGS directly via their conserved ATG8-interacting motifs®*°,
NBR1is located within the autophagosomes together with its cargo,
whereas CFSl1 is located on the outer autophagosome membrane
and interacts with ESCRT machinery for autophagosome sorting®.
Although both proteins responded to Torin treatment and formed
more punctate structures, they did not relocate to the tonoplast upon
ES20-1treatment (Fig. 2f,g and Extended Data Fig. 5a,b). Notably, we
observed some CFS1vacuolarlocalization, although rather weak, upon
ES20-1treatment (Extended Data Fig. 5a,b). Since CFSl is located on
the outer autophagosome membrane, a blockage of the autophagic
flux could lead to weak vacuolar localization of this protein. Neverthe-
less, these findings indicate that cell wall damage does not reroute
all autophagic processes; rather, it triggers selective ATG8ylation of
the tonoplast.

Since the CWI sensor FERONIA and its interacting partners LRX
(leucine rich repeat extensin) family proteins were previously shown
tolink CWIto vacuolar morphology’, we next tested whether FERONIA
regulates tonoplast ATG8ylation. We expressed GFP-ATGS8A in fer-4
and [rx3/4/5 mutants. GFP-ATG8A localization after Torin or ES20-1
treatment was indistinguishable from that in the wild-type Colum-
bia (Col0) background in both mutant backgrounds (Extended Data
Fig. 6a,b), indicating that the FERONIA signalling pathway does not
functionintonoplast ATG8ylation. Mutant backgrounds were checked
for their known vacuolar morphology phenotype for validation
(Extended DataFig. 6¢).

Together, these findings demonstrate that CASM and canonical
autophagy are two independent pathways that are regulated by dif-
ferent protein networks.

Therole of tonoplast ATG8ylation

Our main hypothesisis that cell wall damage will weaken the counterbal-
ance that the cell wall provides against the turgor pressure contained
withinthe vacuole and threaten vacuolar integrity. Wefirst tested this
hypothesis by combining ES20-1 treatments with osmolyte sorbitol
treatment. Consistent with our hypothesis, sorbitol treatment, which
lowers turgor pressure, suppressed tonoplast ATG8ylation upon ES20-1
treatment (Fig. 3a).

We then sought to determine whether cell wall damage affects
cellular mechanics by taking advantage of the recently estab-
lished cell wall, vacuole and cytoplasm targeted BODIPY-based
mechanoprobes??, First, we measured the fluorescence lifetime of
the cell wall porosity reporter CarboTag-BDP upon ES20-1 treatment
in the wild-type ColO and ACASM lines. The CarboTag-BDP probe had
increased lifetime in both Col0O and ACASM seedlings (mock, -2 ns;
ES20-1, -3 ns), which indicates decreased cell wall porosity and dem-
onstrates cell wall defects caused by ES20-1 treatment (Fig. 3b). We
then tested the fluorescence lifetime of the vacuolar mechanoprobe

Sulfo-BDP to test molecular crowding inside the vacuole. Sulfo-BDP
showed two peaks in our lifetime measurements (one peak below 2 ns
and a second peak above 2 ns). ACASM seedlings already had vacu-
oles emitting higher lifetime signals under control conditions (first
peak: ColO, ~1.8 ns; ACASM, ~1.7 ns; second peak: Col0O, none; ACASM,
~2.7 ns), suggesting that the vacuoles are already damaged in ACASM
cells (Fig. 3¢). Upon ES20-1treatment, all vacuoles had increased life-
times in both genotypes tested (second peak: ColO, ~2.8 ns; ACASM,
~2.6 ns), further demonstrating the vacuolar damage triggered by
cell wall damage (Fig. 3¢). We realized that ACASM and ES20-1-treated
samples had awider distribution in their histograms than ColO under
mock conditions. So, we recorded single cells treated with Sulfo-BDP
to check whether these wider histograms were due to differences
inside the vacuole or due to different vacuoles having different viscos-
ity (Extended Data Fig. 7a). In ColO, the viscosity inside the vacuole is
tightly controlled. Vacuole lumens are homogeneous (narrow peaks)
and very similar between different cells. After ES20-1 treatment the
average lifetimeis higher, and the peaks are wider. Inthe ACASMmutant
background, the vacuoles themselves are more heterogeneous, and
thereis also more variation between cells. This is suggestive of issues
in maintaining vacuolar integrity. After ES20-1treatment all vacuoles
look damaged, leading to a homogeneous distribution of lifetime
measurements. Altogether, these results suggest that ES20-1treatment
causes cell wall damage and impedes vacuolar integrity.

Finally, we tested the cytoplasmic mechanoprobe PEG-BDP upon
ES20-1treatment. Both Col0 and ACASM hadincreased lifetimes (mock:
Col0, 3.5 ns; ACASM, -3.7 ns; ES20-1: ColO0, ~3.8 ns; ACASM, ~4.1ns)
(Extended Data Fig. 7b). However, the PEG-BDP fluorescence lifetime
was consistently higher in ACASM than in ColO, suggesting that cyto-
solic viscosity is more severely affected in cells that lack tonoplast
ATG8ylation, which is indicative of defects in turgor mechanostasis
due to vacuolar defects (Extended Data Fig. 7b). In-depth studies are
necessary to understand the molecular basis of the increased cytosolic
viscosity in the ACASMline, but these findings prompted us to further
investigate vacuolar integrity upon cell wall damage.

To further assess vacuolar integrity, we visualized vacuolar mor-
phology using transmission electron microscopy and electron tomog-
raphy. Compared with the mock condition, ES20-1treatmentinduced
vacuolar invaginations in the wild-type Col0 background (Fig. 3d).
The ACASM mutant already showed altered vacuolar morphology and
invaginations under control conditions, which became more severe
upon ES20-1treatment (Fig. 3d,e, Extended Data Fig. 8a and Supple-
mentary Video 1). On some occasions, we even observed vacuoles
traversing to the adjacent cells through the holes formed upon ES20-1
treatment (Extended Data Fig. 8b).

Finally, we tested the contribution of tonoplast ATG8ylation to cel-
lularintegrity with propidiumiodide (PI) staining. Pl cannot permeate

Fig. 4| Molecular basis of tonoplast ATG8ylation. a, Proximity-dependent
biotin labelling of ATG8A-interacting proteins during cell-wall-damage-induced
tonoplast ATG8ylation. TID, TurbolD. b, Venn diagram summarizing the results
of TurbolD-based proximity-labelling proteomics of TurbolD-ATG8A under
Torin (4 hs, 9 pM) and ES20-1(8 h,100 uM) treatments, highlighting overlap

and unique proteins. TurbolD alone is used as a negative control. ¢, Volcano

plot of TurbolD-ATG8A ES20-1treatment versus Torin (n = 3 replicates, 348
total proteins). The yellow dots indicate proteins enriched in ES20-1 (Student’s
t-test, P < 0.05, n = 81); the blue dots indicate those enriched in Torin (P < 0.05,
n=34).d,Proteinsin five categories shown as dot plots. Circle colour represents
log fold change; edge colour indicates confidence (Student’s t-test with false
discovery rate (FDR) correction, FDR < 0.05, grey; FDR < 0.01, black). e, Confocal
micrographs showing the localization of TBC/RabGAP1-GFP and mCh-ATG8E
inA. thalianaroot cells, under mock or ES20-1(8 h,100 uM) treatments. A single
optical slice,amaximum projection, amerged image and a bright field image
are shown. Representative images from ten seedlings were analysed under

each treatment. Scale bars, 10 pm. f, PS biosensor mCITRINE-2xPH-EVECTIN2

changes localization upon cell wall damage. Confocal micrographs of A. thaliana
root cells under mock, Torin (1.5 h, 9 uM) and ES20-1(8 h, 100 pM) treatments
are shown. Maximum-intensity projections are shown in green and inverted
greyscale. Representative images from ten seedlings were analysed under each
treatment. Scale bars, 10 pm. g, Confocal micrographs depicting the localization
of six different PIP sensorsin A. thalianaroot cells, under mock and ES20-1

(8 h,100 pM) treatments. IXFYVE"™ and 1xPX"*° target phosphatidylinositol
3-phosphate (PI3P), IxPH™"™ and 1xPHS®" target phosphatidylinositol
4-phosphate (PI4P) and 1xPH™® and 1xTUBBY-C target phosphatidylinositol
4,5-bisphosphate (PI(4,5)P,). Allimages are represented as inverted greyscale.
Representative images from ten seedlings were analysed under each treatment.
Scale bars, 10 pm. h, Cell wall damage increases vacuolar pH. Confocal images of
ColOroots treated with LysoSensor Yellow/Blue DND-160 under mock or ES20-1
(8 h,100 uM) conditions are presented, showing dual emission (Em) in yellow and
blue on the basis of pH. Representative images from ten seedlings were analysed
under each treatment. Scale bars, 10 pm.
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Fig. 5| Vacuolarionophore monensin changes vacuolar pH and triggers
tonoplast ATG8ylation. a, Confocal images of Col0, ACASM and atgI6 roots
treated with LysoSensor Yellow/Blue DND-160 under mock or ES20-1(8 h,

100 pM) conditions, showing dual emission in yellow and blue on the basis of pH.
Representative images from ten seedlings were analysed under each treatment.
Scale bars,10 pm. b, Confocal micrographs of root cells in the early elongation
zone of A. thaliana, highlighting the localization of mCh-ATG8A (magenta)
illustrating tonoplast ATG8ylation. The panelincludes a single optical slice and
amaximum-intensity projection of a whole cell (20 pm depth), alongsidea
merged image with VAMP711-YFP (tonoplast marker) and a corresponding bright
field image. Scale bars, 10 pm. Pearson and Spearman colocalization values

are presented, showing the association between ATG8A and the tonoplast.

The treatment conditions include mock, Torin (1.5 h, 9 uM) and monensin
(0.5h,200 pM) treatments. ¢, Quantification of autophagosomes under the

treatment conditions depicted in b. One-sided Wilcoxon tests compared the
treatments (n = 10) to mock; significant differences (P < 0.01) are indicated with
asterisks. In each box plot, the central line indicates the median, and the upper
and lower bounds represent quartile 3 (75th percentile) and quartile 1 (25th
percentile), respectively. The whiskers denote the minima and maxima of the
data points. d, Western blot analysis of NBR1 flux under mock, Torin (4 h, 9 pM)
and monensin (0.5h,200 pM) treatments. NBR1 intensity values are normalized
to theloading control and presented as the average of three replicates. e, Two
replicates of the westernblot in d. f, Confocal micrographs of GFP-MpATG8A
and GFP-MpATGS8B expressing M. polymorpha cells under mock or monensin
(0.5hs, 200 pM) treatments. MDY-64 (1 h, 1 uM) staining was used to mark
tonoplast localization. Representative images from ten gemmae were analysed
under each treatment. Scale bars, 10 pm.

living cells and is commonly used as a cell viability assay'>*. Upon
ES20-1treatment, we observed an increase in Pl staining, indicative
of increased cell death, in both Col0 and the ACASM mutant (Fig. 3f
and Extended Data Fig. 8c). However, cell death after ES20-1 treat-
mentwas significantly exacerbated in the ACASM mutant. Altogether,
these findings demonstrate that tonoplast ATG8ylation is essential to
maintaining vacuolar integrity and cell survival upon cell wall damage.

Molecular basis of tonoplast ATG8ylation
Next, we sought to determine the molecular playersinvolved in tono-
plast ATG8ylation. Membrane repair is typically coordinated by the
ESCRT complex®**, Toinvestigate a possible link between ESCRT and
cell-wall-damage-induced tonoplast ATG8ylation, we visualized the
key ESCRT proteins FREE1, ALIX and VPS23 upon ES20-1treatment®
We observed nosignificant alterationsin thelocalization of these pro-
teins (Extended Data Fig. 9), suggesting that the ESCRT machinery is
notinvolved in tonoplast ATG8ylation triggered by cell wall damage.
Toidentify proteins that regulate tonoplast ATG8ylation, we per-
formed proximity-labelling proteomics of a TurbolD-tagged ATGSA
line upon Torin and ES20-1 treatments (Fig. 4a-d and Supplemen-
tary Table 1). We used TurbolD alone as a negative control to deduct
non-ATG8A-specific interactors and Torin treatment to remove gen-
eral autophagy regulators. Consistent with our genetics findings,
ATGIc and ATG18f were downregulated in ES20-1-treated samples,
compared with Torin samples (Fig. 4d and Supplementary Table 1).
The ATG8 proxitome upon ES20-1treatment revealed several specific
proteins that could be groupedinto vacuolarion homeostasis, vesicle
trafficking, cell wall homeostasis and cell surface signalling (Fig. 4d).
One of the ES20-1-specific interactors was a TBC/RabGAP protein,
a homologue of which was recently shown to coordinate lysosomal
repair upon damage in mammalian cells®”. Phylogenetic analysis has
shown that TBC/RabGAP1is asingletoninA. thaliana (Extended Data
Fig.10). To test whether it is recruited to the tonoplast upon cell wall
damage, we generated stable lines that co-express TBC/RabGAP1 and
ATGS. Unlike NBR1 or ESCRT proteins, TBC/RabGAP1is recruited to the
tonoplast upon cell wall damage (Fig. 4e). Further studies are neces-
sary to functionally characterize the role of TBC/RabGAP1, but these
findings demonstrate that the ES20-1 proxitome is a useful resource
to identify the regulators of tonoplast ATG8ylation.

Since we found many candidates involved in lipid trafficking and
previousstudies have suggested lipid transfer asanimportant part of
lysosomal repair, we decided to check the localizations of phosphoi-
nositide biosensors that mark phosphatidylinositol 3-phosphate, phos-
phatidylinositol 4-phosphate, phosphatidylinositol 4,5-bisphosphate
and phosphatidylserine (PS) upon cell wall damage***°. We found that
only the PS biosensor changes localization after ES20-1 treatment
(Fig. 4f). Under mock and Torin treatments, PS is localized to small
vesicles distributed throughout the cytoplasm. Upon ES20-1treatment,
PS localizes to larger vesicles, resembling intravacuolar vesicles that
we observe during CASM (Fig. 4g). Consistently, PS has been shown to
be involved in CASM in mammalian cells®.

Another group of proteins that caught our attention were
V-ATPase subunits, VHA-a3 and VHA-d (Fig. 4¢,d). V-ATPase is the pri-
mary proton pump at the vacuole that acidifies the vacuolar lumen
and regulates a wide range of vacuolar functions, including CASM
at the lysosomes”?**°, To test whether V-ATPase also regulates tono-
plast ATG8ylation, we first tested vacuolar pH upon cell wall damage.
We measured the vacuolar pH upon ES20-1 treatment using the Lys-
oSensor probe, which emits a fluorescence signal at 440 nm (blue)
in compromised vacuoles*. We saw an increase in blue fluorescence,
indicating that ES20-1treatmentincreases the vacuolar pH (Fig. 4h). To
furtherlink vacuolar morphology changesto the pH of the vacuole, we
checked for changesin the vacuolar pHinthe ACASM and atg16 mutant
backgrounds. Consistent with a vacuolar homeostasis defect, in these
mutants we observed higher pHthaninthe ColO wild type (Fig. 5a). To
directly test whether the assembly of V-ATPase is the driver of tonoplast
ATG8ylation, we used theionophore monensin, which serves asa pro-
ton-sodiumantiporter and increases vacuolar pH, thereby promoting
the assembly of V-ATPase*>. Monensin treatment mimicked cell wall
damage and (1) induced tonoplast ATG8ylation (Fig. 5b), (2) reduced
autophagic puncta (Fig. 5¢) (3) and blocked autophagic flux of NBR1
(Fig.5d,e). Monensin-induced tonoplast ATG8ylationis also conserved
in Marchantia (Fig. 5f). Similar to ES20-1treatment, monensininduced
the conjugation of all nine Arabidopsis ATG8 isoforms to the tonoplast
(Fig. 6a,b). Atime-course analysis of GFP-ATG8A upon monensin treat-
mentrevealed that within~20 min, ATG8 is conjugated to the tonoplast,
whichis followed by fragmentation of the tonoplast at ~60 min (Fig. 6¢).
This aligns with recent findings that demonstrate the ability of ATG8

Fig. 6 | Vacuolarionophore monensin triggers tonoplast ATG8ylation.

a, Confocal micrographs displaying the localization of all nine GFP-tagged

ATG8 isoforms (ATG8A to ATG8I) of A. thaliana under monensin (0.5 h, 200 pM)
treatment. Representative images from ten seedlings were analysed under each
treatment. Scale bars, 10 um. b, Confocal micrographs of the GFP-ATG8A-G117A
mutant, highlighting its localization in response to monensin (0.5 h, 200 uM)
treatment. The images include single optical slices and maximum intensity
projections. Representative images from ten seedlings were analysed under each
treatment. Scale bars, 10 um. ¢, Confocal micrographs of mCh-ATG8A (magenta)
colocalized with the tonoplast marker VAMP711-YFP illustrating the recruitment

of ATG8 to the tonoplast upon monensin treatment. The panel includes a single
opticalsslice alongside amerged image with VAMP711-YFP and a corresponding
bright field image. The images follow a time course treatment (0, 10, 20,30 and
60 min) with monensin (200 pM). Representative images from ten seedlings were
analysed under each treatment. Scale bars, 10 pum. d, Venn diagram summarizing
the results of a TurbolD-based proximity-labelling proteomics experiment with
TurboID-ATG8A under Torin (1.5h, 9 uM), ES20-1(8 h,100 uM) and monensin
(2h,200 uM) treatments, highlighting the overlap and unique proteinsidentified
across conditions. TurbolD alone is used as a negative control.
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to alter the morphology of the membranes it attaches to*, suggesting
that ATG8-mediated restructuring of the tonoplast could be crucial
for preserving vacuolar integrity under stress conditions. Finally, we
performed proximity-labelling proteomics of the TurbolD-tagged
ATG8A line upon monensin treatment. We found a significant overlap
with the ES20-1 proxitome, further supporting our live cell imaging
results (Fig. 6d).

We next sought to functionally probe the role of V-ATPase in tono-
plast ATG8ylation. V-ATPase function is essential in plants, and the avail-
able genetic mutants have pleiotropic phenotypes*:. To functionally
probe the role of V-ATPase in tonoplast ATG8ylation, we decided to
develop the Legionella effector protein SidK asatool to study V-ATPase
functioninaspatiotemporally controlled manner. SidK binds the bud-
ding yeast VHA-A subunit and triggers the constitutive assembly of the
V,and V,subcomplexes, leading to the inhibition of V-ATPase activity*.
First, we tested whether SidK interacts with the plant V-ATPase. We
expressed Flag-tagged SidK and its non-V-ATPase-binding mutant,
SidK-F62A, in Escherichia coli and performed immunoprecipita-
tion with A. thaliana lysates. Western blot analysis of the pull-down
revealed that SidK but not SidK-F62A interacts with the VHA-A subunit
of V-ATPase (Fig. 7a). Further mass spectrometry analysis of the immu-
noprecipitants also confirmed the presence of other V-ATPase subunits,
demonstrating that SidK is a potential tool to study V-ATPase function
inplants (Fig. 7b and Supplementary Table 2).

We then expressed SidK and SidK-F62A in Arabidopsis in a dexa-
methasone (DEX)-inducible manner (Fig. 7c). Lysosensor staining
showed that SidK expressionincreased vacuolar pH, while SidK-F62A
expression did not have a measurable effect (Fig. 7d). Crucially, SidK
expression mimicked ES20-1 and monensin treatments and led to
the colocalization of GFP-ATG8A with the tonoplast stain MDY-64
(Fig. 7e). This effect was dependent on binding to V-ATPase, since the
expression of SidK-F62A did not change the localization of GFP-ATG8A.
Altogether, these results demonstrate that SidK is a valuable tool for
dissecting V-ATPase function in plants, and V-ATPase has a key role in
tonoplast ATG8ylation.

Discussion

Here we define a conserved VQC mechanism that protects plant
cells against the deleterious intracellular consequences of cell wall
damage (Fig. 8). In contrast to cell wall stiffening (which induces
autophagy), the inhibition of cellulose biosynthesis or enzymatic
degradation of the cell wall (which mimics fungal infection) triggers
turgor-pressure-dependent ATG8ylation of the tonoplast (Fig. 1). This
is a clear example of CASM, which has been demonstrated for vari-
ous cellular compartments in mammalian cells as a stress response
mediating membrane remodelling and in plant cells mediating
Golgirecovery after heat stress*****. Notably, tonoplast ATG8yla-
tion is different from the vacuolar ATG8 localization observed in
yeast during stress*®*’, since ATGS is covalently conjugated to the
tonoplast and depends on the ATG8 conjugation pathway (Fig. 2).
Interestingly, cell wall damage does not trigger the relocation of the

key ESCRT proteins VPS23 or ALIX to the tonoplast (Extended Data
Fig.9). Considering the well-established role of ESCRT in membrane
repair®®, further systematic studies are necessary to test whether
other ESCRT proteins have arole in cell-wall-damage-induced VQC
or whether ESCRT-dependent branches of VQC are activated under
other stress conditions.

Genetic analyses of tonoplast ATG8ylation revealed that ATGI1,
anessential protein for selective autophagy, is not required, but ATG8
conjugation machinery, particularly the WD40 domain of ATG16, is
essential (Fig. 2). Ultrastructural analysis of the ACASM line, which is
defective only in tonoplast ATG8ylation, but notin autophagy, showed
that cell wall damage triggers alterations of the vacuolar morphology
and cell death (Fig. 3). A previous study using yeast ATG8 has shown
that ATG8 lipidationand membrane attachment could cause tubulation
and budding of liposomes*. ATG8ylation of the tonoplast could isolate
damaged compartments of the vacuole from the rest to maintain vacu-
olarintegrity. Consistently, we saw fragmented vacuolesinthe ACASM
line (Fig. 3). Further characterization of the ACASMline, together with
various proteins that we identified in our proximity-labelling experi-
ments, will be crucial to uncovering other molecular playersinvolved
inVQC (Fig. 4b-d).

Themaintrigger for tonoplast ATG8ylation is probably anincrease
invacuolar pHlinked to V-ATPase assembly. All threeinducers of tono-
plast ATG8ylation—cell wall damage, ionophore treatment and SidK
expression—increase vacuolar pH (Figs. 4-7). Similar to mammalian
cells, the V-ATPase-ATG16 axis executes tonoplast ATG8ylation upon
pH changes®***?, However, how the plant cell senses the changes in
vacuolar pH needs further investigation.

Moving forward, akey gap that needs to befilled is the molecular
connection between CWIland VQC. The mechanical stability of aplant
cell is safeguarded by intricate mechanostasis (mechanical homeo-
stasis) pathways that balance two opposing mechanical forces: the
outward turgor pressure of the cell and the inward forces of the elastic
cellwall”. Defects in one of the two balancing factors will destabilize the
balance and threaten plant fitness. So far, the effect of cell wall damage
has been studied in relation to the repair of the cell wall. How the cell
adjuststhe turgor pressure upon cell wall damage has remained elusive.
Our findings suggest a vacuolar mechanostasis pathway that promptly
adjusts the turgor pressure upon cell wall damage to prevent cellular
rupture (Fig. 3). Consistently, the key mechanosensory channel protein
PIEZO localizes at the tonoplast rather than the plasma membrane in
plants®. Although further studies are necessary to test whether PIEZO
is sensitive to cell wall damage or whether tonoplast ATG8ylation is
regulated by PIEZO, these findings place vacuoles as central hubs for
mechanostasis in plants.

Our findings suggest that tonoplast ATG8ylationisindependent
of FERONIA. A systematic analysis of the CWI sensors (particularly
the cellulose integrity sensor THESEUS), sensors that respond to
pH changes and mechanosensitive ion channels will be crucial to
uncovering the links between CWIand ATG8ylation**. Further elucida-
tion of VQC pathways will reveal the connections between VQC, the

Fig.7|SidK expression induces tonoplast ATG8ylation in A. thaliana.

a, Western blot analysis from immunoprecipitation (IP) experiments using
Flag-GFP, Flag-SidK or Flag-SidK-F62A to pull down the VHA-A subunit of
V-ATPase. The blots were probed with anti-Flag and anti-VHA-A antibodies to
detect the presence of VHA-A in the pull-down from each bait protein. b, IP
followed by mass spectrometry (IP-MS) results, presenting the identification of
V-ATPase subunits co-immunoprecipitated with Flag-SidK and Flag-SidK-F62A.
Aschematic representation of the V-ATPase complex is also shown, detailing all
its subunits. The ones marked with bold letters were detected in the SidK IP-MS
experiment. ¢, Inducible expression of SidK as a tool to probe V-ATPase function
in Arabidopsis cells. Western blot analysis of GFP-ATG8A lines expressing either
mCh-SidK or mCh-SidK-F62A under a DEX-inducible promoter is presented,
showing protein levels with and without DEX induction. The blots were probed

for anti-GFP and mCh to detect the fusion proteins. d, SidK expression changes
vacuolar pH. Confocal micrographs of mCh-SidK or mCh-SidK-F62A expressing
lines treated with LysoSensor Yellow/Blue DND-160 are shown, displaying

blue, yellow and red emissions, alongside bright field images, with and without
DEX induction. Representative images from ten seedlings were analysed

under each treatment. Scale bars, 10 pm. e, SidK expression induces tonoplast
ATG8ylation. Confocal micrographs of GFP-ATG8A co-expressing mCh-SidK
or mCh-SidK-F62A, treated with the tonoplast marker MDY64 displayed in
magenta, are shown. Images show the GFP channel, amerge of the magenta and
green channels, red emissions and bright field, with and without DEX induction.
Representative images from ten seedlings were analysed under each treatment.
Scalebars, 10 pm.
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1. Cell wall damage

Fig. 8| Model of the plant response to vacuolar damage upon cell wall damage
through ATGS8ylation of the tonoplast. Tonoplast ATG8ylation is a vacuolar quality
control mechanism. After cell wall damage (1), the vacuole gets damaged (2).

2. Tonoplast damage
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Thisinduces the assembly of the V-ATPase (3) and subsequent tonoplast
ATG8ylation (4). This facilitates tonoplast repair (5). Figure created with
BioRender.com.

cell wall and other cellular compartments that play a role in mecha-
nostasis and reveal how they trigger VQC mechanisms to maintain
cellular homeostasis.

Methods

Plant material and cloning procedure

All A. thalianalines used in this study originate from the ColO ecotype
background and are listed in Supplementary Table 3. All transgenic
lines were generated by floral dipping™, and plasmid constructs
were cloned with the GreenGate cloning method*®. The coding
sequences of genes of interest were ordered from Twist Biosciences.
Alist of the plasmids producedis provided in Supplementary Table 4.
PATGSE::mCherry-TurbolD, pATG8E::mCherry-TurbolD-ATGS8E and
PATGSE::mCherry-TurbolD-ATG8E*™ lines were subjected to reverse
transcription PCR (RT-PCR), and homozygous plants with similar
expression levels of TurbolD were selected. For DEX-induced expres-
sion of SidK in Arabidopsis roots, the full-length sequence of SidK
or SidK-F62A was synthesized (Twist) and subsequently cloned by
GreenGate cloning with a C-terminal mCherry tag under the con-
trol of 3xOPp into Module N. GR-LhG4 expression was driven by the
UBI10 promotor and cloned in Module M. Modules M and N were
combined in the destination vector pGGZ003 and transformed into
Arabidopsis following Agrobacterium-mediated standard protocols.
APEX2-ATG8A was cloned via GreenGate cloning into pGGSun with
a UBI10 promoter. Homozygous plants with similar expression levels
of APEX2 were selected. The knockout mutant atgl6 was created via
CRISPR-Cas9-mediated mutation®. The plasmid pCBCDT1T2 was
used as the scaffold template and pHEE4O0IE as the destination vec-
tor. The guides, designed via CRISPR-P v.2.0 (http://crispr.hzau.edu.
cn/cgi-bin/CRISPR2/CRISPR), are GATCGGGAAACCATTGGCAT and

GGTACAGGAGGAGAAAGCTA, which target the beginning of the sec-
ond exon and the end of the fifth and last exon, respectively. Amutant
lacking the whole region was obtained, A107-2183. After homozygous
lines were obtained in T,, Cas9 was crossed out with a ColO line, and a
new homozygous T, Cas9-free plant was selected. ATGI6 was cloned via
GreenGate cloning into pGGZ003 with a UBI10 promoter. ATG16 com-
plementation constructs were cloned via PCR from the previous vec-
tor. Each PCR (ATG16" ', ATG16" *, ATG16" ** and ATG16' *"°) became
amodule, which was cloned via GreenGate cloning into pGGSun with
a UBI10 promoter. ATGI6 and the four other delta C deletions were
transformed into the atgl6 mutant background, and homozygous
plants were selected in T, generation.

Male M. polymorpha Takaragaike-1 plants were maintained asex-
ually and cultured through gemma on half-strength Gamborg’s B5
medium supplemented with 0.5 g I MES, 1% sucrose and 1% agar under
50 uM m~2s™ continuous white light at 21°C. The plant lines used are
listed in Supplementary Table 3.

Plant growth and plant treatments
For standard plant growth, seeds were sown on water-saturated soil
and kept undera16 hlight/8 hdark photoperiod with165 pmol m2s™
light intensity. For in vitro seedling growth, Arabidopsis seeds were
surface-sterilized in 70% ethanol and 0.05% SDS for 15 min, rinsed in
ethanol absolute and dried on sterile paper. Seeds were plated in V2
Murashige and Skoog (MS) salts (Duchefa)/1% agar/1% sucrose plates
and stratified for 48 hin the dark at 4 °C. The plates were then kept
under LEDs with 50 pM m~2s™and a 16 h light/8 h dark photoperiod
for the indicated amount of time.

For drug treatments, all drugs used were dissolved in DMSO
(unless stated otherwise) and added to the desired concentration:
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9 uM Torinl (CAS 1222998-36-8, Santa Cruz), 50 pM EGCG (E4143,
Sigma-Aldrich), 100 pM ES20 and ES20-1 (ref. 17), 3 nM isoxaben on
MS agar plates (82558-50-7, Sigma-Aldrich), 1% Driselase in PBS (85186-
71-6, Sigma-Aldrich), 50 mMsorbitol,200 uM monensin (22373-78-0,
Sigma-Aldrich) and DEX on MS agar plates (50-02-2, Sigma-Aldrich). An
equal amount of pure DMSO, or the respective solvent, was added to
the controlsamples. For pH treatments, different buffers were applied.
For low pHs (5 and 6), the main component was 50 mM MES; for high
pHs (7, 7.5and 8), it was 50 mM HEPES. All buffers were enriched with
50 mM ammonium acetate and BTP or HCI to reach the desired pH.

Carbon starvation assay

Atotal of 30-40 A. thaliana seeds were surface-sterilized with etha-
nol, vernalized for two days at 4 °C in the dark and grown in 2 MS
media (MS salt + Gamborg B5 vitamin mixture (Duchefa) supple-
mented with 0.5 g " MES and 1% sucrose, pH 5.7) for nine days at 21 °C
under LEDs with 85 pM m™2 s with a14 hlight/10 h dark photoperiod.
Nine-day-old seedlings were rinsed twice with new carbon-depleted
15 MS media (MS salt + Gamborg B5 vitamin mixture (Duchefa) sup-
plemented with 0.5 g "' MES, pH 5.7) and incubated for four days with
the carbon-depleted mediain the dark. Control seedlings were rinsed
twice with 2 MS media and incubated for four days under LEDs with
85 uM m~2 s with a 14 h light/10 h dark photoperiod. Pictures were
taken on the fourth day of treatment with a Canon EOS 80D.

Preparation of M. polymorpha samples for confocal
microscopy

The M. polymorpha asexual gemmae were incubated in liquid 2 Gam-
borgB5 mediafor two days beforeimaging. Two-day-old M. polymorpha
thalli were placed on a microscope slide with deionized water and
covered with a coverslip. The meristem region was used for image
acquisition.

Confocal microscopy
Allimages were acquired viaaninverted point laser scanning confocal
microscope (LSM800, Carl Zeiss) equipped with high-sensitive GaAsP
(Gallium Arsenide, like LSM780 and 880) detectors, atransmitted light
detector,a x20/0.8 plan-apochromat DIC, a x63/1.2 plan-apochromat
(water immersion) and ZEN software (blue edition, Carl Zeiss).
The x63 objective was used for all images except Fig. 3f, for which
the x20 objective was used instead. GFP and YFP fluorescence were
excited at 488 nm and detected between 488 and 545 nm. MDY 64
fluorescence was excited at 405 nm and detected between 465 and
550 nm. RFP, mCherry and Pl fluorescence were excited at 561 nmand
detected between 570 and 617 nm. Yellow/Blue DND-160 was excited
at 405 nm and detected between 400 and 500 nm for blue detection
and 500 and 600 nm for yellow detection. For Z-stack imaging, the
interval between the layers was set at 1 um. For each experiment, all
replicate images were acquired using identical confocal microscopic
parameters. The confocal images were processed with Fiji (v.1.54, Fiji).
Different markers were applied for 10 min before visualizing the
sampleswhen indicated in the figures: 50 pg ml™Plin PBS (25535-16-4,
Sigma-Aldrich), 1 uM MDY-64 (Y7536, Invitrogen) and 20 mM Lysosen-
sor Yellow/Blue DND-160 (L22460, Invitrogen). Mechanoprobes were
also applied before measurements: 10 pM CarboTag-BDP for 30 min,
10 uM Sulfo-BDP for 30 min and 10 uM PEG-BDP for 90 min.

Image processing and quantification

Pearson’s and Spearman’s colocalization analyses were performed with
Fiji (v.1.54, Fiji). Puncta quantification was performed with Fiji (v.1.54,
Fiji). Z-stack images (at least five layers) were background-subtracted
with 25 pixels of rolling ball radius. Each Z-stack image was subse-
quently thresholded using the MaxEntropy method and was converted
toan eight-bit greyscaleimage. Threshold values were adjusted accord-
ingtothe punctasignalsinthe original confocalimages. The number of

punctainthethresholded images was counted via the Analyze Particles
functioninFiji. For all puncta quantification, punctawith sizes between
0.10 and 4.00 pm?were counted.

The vacuolar morphology index was quantified in six-day-old
seedlings. Confocal images were analysed using Fiji (v.1.54). To calcu-
late the vacuolar morphology index, the longest and widest distance
of the biggest luminal structure was measured and multiplied.

APEX2 labelling and electron microscopy sample preparation
After the respective plant treatments (Torin or ES20-1), the roots of
seedlings were dissected (onice) in2.5% glutaraldehydein 0.1 M caco-
dylate buffer (pH 7.4) and incubated in this fixative solution for1h
under vacuum. After the samples were washed thoroughly with 0.1M
cacodylate buffer (pH 7.4; four or five times), the specimens were
incubated in fresh prepared DAB solution with H,0, (DAB 0.5 mg ml ™,
H,0,10 mM) in 0.1 M cacodylate buffer™ for 50 min (on ice covered
with tinfoil). Some samples were left without DAB treatment in this
step to use as a negative control. Then, the DAB solution was gently
removed, and the specimens were washed with 0.1 M cacodylate buffer
three times for 1 min. After that, the specimens wereincubatedin fresh
prepared 1% (w/v) OsO, in 0.1 M cacodylate buffer for 40 min at room
temperature. Excess 0sO, was washed with deionized water (four or
five times, 15 min for each step); then, the deionized water was gently
removed, and the specimens were submergedin 2% (w/v) uranyl acetate
solution for 50 min covered with tinfoil. The excess uranyl acetate was
then washed with deionized water (four or five times, 15 min for each
step), and the specimens were dehydrated with a graduated acetone
series in deionized water (from 10% to 100% acetone; 30 min for each
step). The samples were then embedded in Embed-812 resin (cat. no.
14120, Electron Microscopy Sciences) and polymerizedina 60 °C oven
for24 h. Ultrathin sections (70 nm thick) were prepared from the sam-
ple blocks. The sections were examined with a transmission electron
microscope (Morgagni268) operated at 80 kV.

Observation of the tonoplast via transmission electron
microscopy and electron tomography

After the respective plant treatments, the roots of seedlings were
dissected (onice) in 2.5% glutaraldehyde in 0.1 M cacodylate buffer
(pH7.4) and incubated in this fixative solution overnight at4 °C. After
the samples were washed thoroughly with 0.1 M cacodylate buffer
(pH 7.4; four or five times), the specimens were postfixed by incuba-
tionin fresh prepared 1% (w/v) OsO, in 0.1 M cacodylate buffer for 1 h
at room temperature. Excess OsO, was washed with deionized water
(four or five times, 15 min for each step), and the samples were dehy-
drated with a graduated acetone series in deionized water (from 10%
to100%acetone; 30 min for each step). The samples were then embed-
dedinEmbed-812resin and polymerizedina 60 °C ovenfor 24 h. Thin
sections (90 nm thick) were prepared from the sample blocks. The
sections were post-stained and examined with a transmission electron
microscope (Morgagni268) operated at 80 kV.

A series of semi-thick sections (250 nm) were collected on a cop-
perslotgrid (cat. no. GS2010-Cu, Electron Microscopy Sciences). After
post-staining and gold particle coating, tilt series were collected with
a200 kV Tecnai G2 20 electron microscope (+50° to —50° at an inter-
val of 1° around two orthogonal axes). Tomogram calculation and 3D
model rendering were performed with the IMOD software package as
described previously®*’.

FLIM

The FLIM imaging experiments were performed on a Picoquant Flu-
orescent Lifetime Imaging Microscope equipped with an Olympus
iX71inverted microscope frame, a PL x20 Plan Achromat Objective,
numerical aperture (NA) = 0.4, NA =1.2 (water immersion), a Hybrid
Photomultiplier Detection Assembly with <50 ps time resolution and
SymPhoTime 64 (Picoquant). The samples were excited with a488 nm
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pulsed laser source (pulse duration, <1 ps). Acquisition time was fixed at
120 sforeach 256 x 256 pixelimage. The FLIMimages were processed
using SymPhoTime 64 software to fit the fluorescence decay curvesin
each pixel with a two-component exponential decay. The images are
reportedinafalse-colour scale that represents the mean fluorescence
lifetime for each pixel, expressed in nanoseconds. Three technical
replicates were measured by session, and their average is represented
inthe finalgraph. Threebiological replicates were measured on differ-
ent days, and their average mean value is provided as the final value.

Protein extraction and westernblotting

Atotal of 20-40 A. thaliana seeds were surface-sterilized with ethanol,
vernalized for two days at 4 °C in the dark and grown in V2 MS media
(MS salt + Gamborg BS vitamin mixture (Duchefa) supplemented with
0.5gI"MESand 1% sucrose, pH 5.7) for seven days at 21 °C under LEDs
with 85 pM m2s™ with a 14 h light/10 h dark photoperiod. For drug
treatments, monensin (CAS 22373-78-0, Sigma-Aldrich) was dissolved
inpure ethanol, and Torinl (CAS1222998-36-8, Santa Cruz) and ES20-1
(refs. 60) were dissolved in DMSO; they were then added to the desired
concentrations: 200 mM monensin, 3 uM Torinl and 100 pM ES20-1.
Equalamounts of pure ethanol or DMSO were added to mock samples.
Seedlings were harvested in safe-lock Eppendorf tubes containing
2 mm @ glass beads, flash-frozen in liquid nitrogen and ground using
aSilamat S7 (Ivoclar vivadent). Total proteins were extracted in 2x
Laemmlibuffer by shaking again in the Silamat S7 for 20 s. The samples
were boiled for 10 min at 70 °C and shaken, then centrifuged for 5 min
at maximum speed. Total proteins were quantified with the amido
black method. Next, 10 pl of supernatant was mixed with 190 pl of
deionized water and added to 1 ml of amido black buffer (10% acetic
acid, 90% methanol, 0.05% (w/v) amido black (Naphtol Blue Black,
SigmaN3393)), mixed and centrifuged for 10 minat maximum speed.
The pellets were then washed with1 ml of wash buffer (10% acetic acid
and 90% ethanol), mixed and centrifuged for 10 min at maximum
speed and resuspended in 0.2 N NaOH. ODg;, ,, Was measured, with
NaOH solution as the blank, and protein concentration was calculated
using the OD = a[C] + b determined curve. Then, 2.5-40 pg of total
protein extracts were separated on SDS-PAGE gels and blotted onto
PVDF Immobilon-P membrane (Millipore). GFP was detected using the
anti-GFP antibody (mouse monoclonal, 11814460001, Roche) diluted
1:5,000 (v/v). NBR1 was detected using the anti-NBR1 antibody (rab-
bit polyclonal, AS14 2805, Agrisera) diluted 1:5,000 (v/v). Subunit A
of V-ATPase was detected using the anti-V-ATPase-A antibody (rabbit
polyclonal) diluted 1:5,000 (v/v). Flag was detected using anti-Flag
M2 antibody (mouse monoclonal, F3165, Sigma) diluted to 10 pg mI ™.
mCherry was detected using anti-RFP (mouse monoclonal, AB_2631395,
Chromotek) diluted 1:2,000 (v/v). Mouse monoclonal antibodies were
detected with goat anti-mouse IgG HRP-linked antibody (61-6520, Inv-
itrogen) diluted 1:5,000 (v/v). Rabbit polyclonal antibody was detected
with goat anti-rabbit IgG HRP-linked antibody (65-6120, Invitrogen)
diluted 1:5,000. Hybridized membranes were reacted with SuperSignal
West Pico PLUS Chemiluminescent Substrate (Thermo Fisher Scien-
tific) andimaged using aniBright CL1500 Imaging System (Invitrogen).

Pull-down of plant V-ATPase from plant extracts
To pull down native V-ATPase from plant extracts, Arabidopsis leaf tis-
suewas collected and ground to fine powder inliquid nitrogen using a
pestle and mortar. The leaf powder was mixed with two times volume/
weightice-cold extraction buffer (10% glycerol, 25 mM TrispH7.5,1 mM
EDTA, 150 mM NaCl, 2% w/v PVPP, 10 mM DTT, 0.2% IGEPAL (Merck))
supplemented with EDTA-free protease inhibitor tablets (Roche) and
centrifuged at 5,000 g at 4 °C for 20-30 min. The supernatant was
passed through a 0.45 pm Minisart syringe filter.
Forimmunoprecipitation, 6xHis-GFP-3xFlag, 6xHis-SidK-3xFlag
or 6xHis-SidKF62A-3xFlag protein was added to1 ml of filtered extract
toafinal concentration of 2.5 uM and incubated in arotatory mixer at

4 °Cwith 25 pl of Anti-Flag M2 Magnetic Beads (Merck). Then, 30 pl of
the mixture was taken asinput for western blot analysis before adding
magnetic beads. After 2.5 h the beads were pelleted using a magnetic
rack, and the supernatant was removed. The pellets were washed by
resuspensioninl mlof IP buffer (10% glycerol, 25 mM Tris pH7.5,1 mM
EDTA, 150 mM NaCl, 0.2% IGEPAL (Merck)) and pelleted again in the
magnetic rack. The washing steps were repeated three times with IP
buffer and three times with 50 mM Tris pH 7.5,150 mM NaCl.

Finally, the beads were pelleted by centrifugation and incubated
for 10 min at 70 °C with SDS loading buffer. The beads were then pel-
leted again, and the supernatant was loaded on SDS-PAGE gels prior
to western blotting. Membranes were probed with anti-Flag M2 anti-
body (Merck) to detect SidK and anti-A (AS09 467, Agrisera) to detect
subunit A of V-ATPase.

Invivo co-immunoprecipitation

For co-immunoprecipitation, 14 mg of seeds per sample were grown
in2MS media for seven days. Proteins were extracted by adding three
equivalent volumes of extraction buffer (10% glycerol, 10 mM DTT,
10 mM Tris pH 7.4, 50 mM KCI, 5 mM MgCl2, 5mM ATP, 0.5% dodecyl
beta-D-maltoside, 20 pg ml™ Pepstatin, 1 tablet per 50 ml cOmplete
EDTA-free Protease Inhibitor Cocktail (Roche)). Lysates were cleared
by centrifugation at 1,500 g at 5 °C for 15 min three times. After the
first centrifugation, the supernatant was filtered with Miracloth
(Sigma-Aldrich). The supernatant was incubated with 30 pl of GFP-Trap
Agarose beads (Chromotek) for 1.5 h. The beads were washed three
times with wash buffer (10% glycerol, 10 mM DTT, Tris pH 7.4, 50 mM
KCI,2 mMMgCl2,1mMATP, 0.1% dodecyl beta-pD-maltoside, 20 pg ml™
Pepstatin, 1 tablet per 50 ml cOmplete EDTA-free Protease Inhibitor
Cocktail (Roche)) before and after incubation with lysate. The beads
wereelutedin100 plof 2x Laemmli buffer, boiled for 5 minat 95 °Cand
subjected to western blot with indicated antibodies.

ES20-1synthesis

o-Methyl benzoyl hydrazine (3.00 g, 20 mmol, 1.00 equiv.) was dis-
solved in 80 ml of absolute ethanol under stirring, and benzoyl iso-
thiocyanate (3.26 g,20 mmol, 1.00 equivalent) was added. After some
minutes of stirring, a precipitate formed. The mixture was heated to
reflux for 15 min. The solution was then allowed to cool to room tem-
perature, at which point colourless crystals started to form. To com-
plete crystallization, the flask containing the crystals and the mother
liquorwas cooledinanice bath. The product was filtered, washed with
cold ethanol and dried in vacuo. The product (4.90 g, 15.6 mmol, 78%
yield) was obtained as an off-white crystalline solid.

'HNMR (700 MHz, CDCI3): 6 =13.45(s,1H),9.48 (s,1H),9.05 (s, 1H,),
7.92-7.88(m,2H),7.69-7.62(m,1H),7.59 (d,1H,/=7.55Hz),7.56-7.51(m,
2H), 7.45-7.39 (m,1H), 7.31-7.27 (m, 2H), 2.56 (s, 3H) ppm.

BCNMR (176 MHz, CDCI3): 6=171.35,166.56,164.46,137.87,133.83,
131.60,131.46,131.40,131.06,129.21,127.61,127.53,126.03, 20.19 ppm.

High-resolution mass spectrometry (electrospray ionization): m/z
calculated. For [C16H15N302S, M+Na]+: 336.0777; found: 336.0767.

Phylogenetic analysis of TBC/RabGAP1

To build a phylogeny of TBC/RabGAP1, we first used BLASTP from the
BLAST+suite® to search for sequences closely related to AT5G52580.1
in the Arabidopsis Information Resource database, the Solanaceae
Genomics Network (https://solgenomics.net; genomes: Niben101
and Capang) and Phytozome (https://phytozome-next.jgi.doe.
gov; genomes: A.thaliana_Araportll, A.lyratav2.1, C.rubellavl.1,
E.salsugineumv1.0, T.cacaov2.1, P.vulgarisv2.1, G.maxWm82.a4.v1,
M.truncatulaMt4.0v1, L.japonicusLjl.0v1, S.lycopersicumITAGS5.0,
S.tuberosumvé.1, A.comosusv3, A.trichopodavl.0, P.virgatumv5.1,
S.bicolorv3.1.1, Z.maysRefGen_V4, O.sativav7.0, H.vulgare_
MorexV3, T.aestivumv2.2, B.distachyonv3.1, M.polymorphav3.1,
S.moellendorffiivl.0, C.reinhardtii_CC-4532v6.1 and P.patensv3.3).
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In total, we collected 49 non-redundant sequences from 26 species
(Supplementary Dataset 1). Amino-acid-based alignment was gener-
ated using MUSCLE®* and was subsequently trimmed from poorly
aligned positions using Gblocks®® with less stringent parameters as
implemented in http:/phylogeny.lirmm.fr/phylo_cgi/. The resulting
blocks were used to compute a maximum likelihood phylogenetic
tree using IQ-Tree v.2 (ref. 64). The best-scoring tree was visualized
using the iToL tool v.6.9 (refs. 35,36,65) and is publicly available at
https://itol.embl.de/export/1931711883132731712669776.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source dataare provided with this paper. These data are also available
viaZenodo at https://doi.org/10.5281/zenod0.10993280 (ref. 66). The
Arabidopsis reference genome was obtained from TAIR10 (https://
www.arabidopsis.org). The other reference genomes were obtained
from Phytozome 13 (https://phytozome-next.jgi.doe.gov/) and the
Solanaceae Genomics Network (https://solgenomics.sgn.cornell.eduy).
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Extended Data Fig. 1| Cell wall damage triggers ATG8ylation of the tonoplast.

(a) Confocal micrographs of the early elongation zone root cells of Arabidopsis
thaliana, depicting the co-localization of mCherry-ATG8A (magenta) with

the tonoplast marker y-tip-GFP. The set includes a single optical slice and a
maximum intensity projection of an entire cell (20 pm depth), along witha
merged image incorporating y-tip-GFP and a corresponding bright field image.
Scale bar, 10 pm. Pearson and Spearman co-localization scores are provided to
quantify the association between ATG8A and the tonoplast, under treatment
conditions including mock, Torin (1.5 hours, 9 pM), EGCG (30 minutes, 50 pM),
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ES20 (8 hours, 100 pM), ES20-1 (8 hours, 100 pM), Isoxaben (3 days, 3 nM), and
Driselase (1 hour, 1%). (b) Quantitative analysis of autophagosome numbers
under the treatment conditions shown in Supplementary Fig. 1a. One-sided
Wilcoxon test compared treatments (n = 10) to mock; significant differences
(p<0.01) areindicated as asterisks. The central line indicates the median, and
the upper and lower bounds represent quartile 3 (75th percentile) and quartile 1
(25th percentile), respectively. The whiskers denote the minima and maxima of
the data points.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2| All Arabidopsis and Marchantia ATG8 isoforms are
recruited to the tonoplast upon cell wall damage. (a) Confocal micrographs
displaying the localization of all nine GFP-tagged ATG8 isoforms (GFP-ATG8A to
GFP-ATG8I) in Arabidopsis thaliana root cells. For each isoform, images under
mock conditions include asingle optical slice, a maximum intensity projection
ofanentire cell 20 um depth), and a corresponding bright field image. The
same set of images is presented for cells treated with ES20-1 (8 hours, 100 pM).
Representative image from 10 seedlings analyzed under each treatment. Scale
bar, 10 pm. (b) Electron microscopy (EM) images displaying APEX2-ATG8A
localization post DAB staining to highlight unspecific labeling of the Golgi stacks
in APEX2-ATG8A lines. N: Nucleus, G and orange arrowheads: Golgi apparatus.
Representative image from 3 seedlings analyzed under each treatment.

Scale bar,1pum. (c) Confocal micrographs of Marchantia polymorpha, comparing

GFP-ATG8B localization under mock or ES20-1 (8 hours, 100 pM) treatment
conditions. MDY-64 (1 hour, 1 uM) staining is used to mark tonoplast localization.
Representative image from 10 gemmae analyzed under each treatment. Scale
bar, 10 pm. (d) Alkaline pH treatment induces ATG8ylation of the tonoplast.
Confocal micrographs of root cells in the early elongation zone of Arabidopsis
thaliana, highlighting the localization of mCherry-ATG8A (magenta) to illustrate
re-localization of ATG8 to the tonoplast upon alkaline stress. The panelincludes
asingle optical slice and a maximum intensity projection of awhole cell

(20 pm depth), alongside a merged image with VAMP711-YFP (tonoplast marker)
and a corresponding bright field image. Treatment conditionsinclude pH5, 6,
7,7,5and 8 for 3 hours. Representative image from 10 seedlings analyzed under
each treatment. Scale bar, 10 pm.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3| Genetic basis of tonoplast ATG8ylation. (a) Confocal
micrographs of GFP-ATG8A expressed in atg2 mutant background of Arabidopsis
thalianaroot cells treated with Torin (1.5 hours, 9 pM) or ES20-1(8 hours,

100 puM). Each panel includes a single optical slice and a corresponding bright
field image toillustrate ATG8A behavior. Representative image from 10 seedlings
analyzed under each treatment. Scale bar, 10 um. (b) Confocal micrographs of

GFP-ATGS8F or GFP-ATGSI expressed in wild-type or atg4 mutant background

of Arabidopsis thaliana root cells treated with Torin (1.5 hours, 9 uM) or ES20-1
(8 hours, 100 puM). Each panelincludes a single optical slice and a corresponding
bright field image to illustrate ATG8A behavior. Representative image from

10 seedlings analyzed under each treatment. Scale bar, 10 pm.
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Extended Data Fig. 4 | Generation of the atgl6 mutant and the
complementation lines. (a) Diagram showing a representation of the ATG16
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to complement the atgl6 phenotype. The position of the gRNAs for CRISPR
(orange) and the primers for two qPCRs (blue - qPCR1- and green-qPCR2-) are
indicated. (b, ¢) Bar graph showing the relative gene expression levels of ATG16
on different genotypes: Col0, atgl6 ATG16 FL, atgl6 ATG16">"”°, atgl6 ATG16"*,
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targeting the end of Exon 3 and beginning of Exon 4 (b) and targeting the middle
of Exon 5 (c). Gene expression is presented as fold changes normalized to the
reference gene (ACT2) and calculated using the AACt method. Data are presented
as mean values from threeindependent biological replicates, each with three
technical replicates, plus SEM. Statistical significance was determined by a two-
tailed Student’s t-test (p < 0.05) and represented with an asterisk. (d) Replicates
of the western blot analysis of plant material expressing GFP-ATG8A in ColO,
ACASMy/atgl6, and atglé backgrounds of Fig. 2e.
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Extended DataFig. 5| Autophagy adaptor CFS1is not recruited to the
tonoplast upon cell wall damage. (a) Confocal micrographs obtained from
GFP-ATG8A mCh-CFS1stably co-expressing Arabidopsis thaliana root cells under
mock, Torin (1.5 hours, 9 uM), and ES20-1(8 hours, 100 pM) treatments. The
panel sequence includes single optical slices for GFP-ATG8A and mCh-CFS1, an
additional panel for mCh-CFS1 with oversaturation to enhance visualization, a
merge of both channels, corresponding bright field images and insets to enhance
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visualization. Scale bar, 10 pm. (b) Quantification of CFS1 punctaacross the
different treatment conditions used in (A). One-sided Wilcoxon test compared
treatments (n =10) to mock; significant differences (p < 0.01) are indicated

as asterisks. The central line indicates the median, and the upper and lower
bounds represent quartile 3 (75th percentile) and quartile 1 (25th percentile),
respectively. The whiskers denote the minima and maxima of the data points.
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Extended Data Fig. 6 | Tonoplast ATG8ylation does not require FERONIA.

(a) Confocal micrographs of GFP-ATG8A expressed in Arabidopsis thaliana
Irx3/4/5 triple mutant background (a) or fer4 mutant background (b), treated
with mock, Torin (1.5 hours, 9 pM), and ES20-1 (8 hours, 100 pM). The set
includes a single optical slice, a maximum intensity projection, and a bright field
image for each treatment condition. Representative image from 10 seedlings
analyzed under each treatment. Scale bar, 10 um. (c) Representative images and
quantification of vacuolar morphology of late meristematic atrichoblast cells of

B GFP-ATGSA fer-4
Single Slice Max. Project. BF

mock

Torin

ES20-1

Vac. morphology index

GFP-ATG8A, GFP-ATG8A fer-4 and GFP-ATG8A [rx3/4/5. MDY-64 (yellow)

staining depicts vacuolar membrane. One-sided Wilcoxon test compared
treatments (n =10) to GFP-ATG8A line; significant differences (p < 0.01) are
indicated as asterisks. Scale bar, 10 um. The central line indicates the median, and
the upper and lower bounds represent quartile 3 (75th percentile) and quartile 1
(25th percentile), respectively. The whiskers denote the minima and maxima of
the data points. Mean values are represented with ‘x’.

Nature Plants


http://www.nature.com/natureplants

Article

https://doi.org/10.1038/s41477-025-01907-z

A Col0 ACASM

S5 )
T4
33
8
w2
4 = X
S 3 ¢ S
£ Y0gundnonounane g
OO —c—AANMMT TN
o &S o
o - 4 [m]
Gt 33 @
o 2 o
= 2 =
> S >
2] go )
Quomnononono Tom
Q< SSccRdmmesn 2
] o 5 o
3 =3 3
g g y
> 33 >
8
w2
51
S o
YO5ugmgmngungung e
OO —r—AANMMT TN
Lifetime (ns)

Col0 ACASM

oO=NWhAUVO

Counts (a.u.)- 10°

o=NWhUO

Counts (a.u.) - 10°

Qunounongounaoung

OO —e—ANANMME N
Lifetime (ns)

Vacuole (Sulfo-BDP) ES20-1
Counts (a.u.) - 10°
oO=NWhAUNON

0.0
0.5
1

1

20
25
3.0
35
40
45
5.0

Vacuole (Sulfo-BDP) ES20-1

w
o
e
S

ACASM

~3.5ns
~3.7ns

mock
[su] awnaji iseq
Counts (a.u.)- 107

Lifetime (ns)

~4.1ns

Cytosol (PEG-BDP)

ES20-1

Counts (a.u.)- 107

Lifetime (ns)

~3.7ns
~4.1ns

Counts (a.u.)- 107
Counts (a.u.)- 107

Lifetime (ns) Lifetime (ns)
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crowding. (a) FLIM analysis of Sulfo-BDP mechanoprobe to assess vacuolar
crowdingin single cells. Analysis of Col0 and ACASM backgrounds treated with
Sulfo-BDP, a fluorescent vacuolar mechanoprobe, for 90 minutes at 10 uM
concentration, following mock or ES20-1 (8 hours, 100 pM) treatments.
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and minimum are provided in a supplemental table. Scale bar, 20 pm. (b) FLIM
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mechanoprobe, for 30 minutes at 10 pM concentration, following mock or
ES20-1(8 hours, 100 puM) treatments. The fluorescence lifetime of the

probe across three biological replicates, with average lifetimes reported in
nanoseconds. Four comparative graphs detail the lifetime variance per treatment
and genotype. Scale bar, 40 pm.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8| Tonoplast ATG8ylation contributes to vacuolar and
cellular homeostasis upon cell wall damage. (a) Vacuolar morphology analyses
upon cell wall damage. Representative images and quantification of vacuolar
morphology of Col0, ACASM and atglé root cells from the early elongation zone.
MDY-64 (green) staining depicts vacuolar membrane. One-sided Wilcoxon test
compared treatments (n =10) to ColO wild-type; significant differences (p < 0.01)
areindicated as asterisks. The central line indicates the median, and the upper
and lower bounds represent quartile 3 (75th percentile) and quartile 1 (25th
percentile), respectively. The whiskers denote the minima and maxima of the
data points. Scale bar, 10. (b) Transmission Electron Microscopy (EM) images

visualizing the vacuole in Col0 and ACASM backgrounds under mock and ES20-1
(8 hours, 100 pM) treatments. The images reveal vacuolar fusion between cells
inresponse to cell wall damage. Insets of cell wall damage upon ES20-1treatment
arealsoincluded. Representative image from 3 seedlings analyzed under each
treatment. Scale bar, 5 um for the zoom out images and 0,5 pm for the insets
ofthe cell wall. (c) ACASM root cells are more sensitive to cell wall damage.
Propidium lodide (PI) staining of root cells from Col0 and ACASM backgrounds
under mock and ES20-1 (8 hours, 100 uM) treatments, assessing cell viability and
membrane integrity. Seven more replicates of Fig. 3f are shown for each genotype
and treatment. Scale bar, 10 um.
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Extended Data Fig. 9| Key ESCRT proteins are not recruited to the tonoplast treatments. Each set comprises a single optical slice, amaximum intensity

upon cell wall damage. Confocal micrographs depicting the localization projection, and a corresponding bright field image, facilitating the comparative
of ESCRT (Endosomal Sorting Complex Required for Transport) machinery analysis of ESCRT component dynamics under torin and ES20-1treatments.
components GFP-FREE1, GFP-ALIX, and VPS23-RFP in Arabidopsis thaliana Representative image from 10 seedlings analyzed under each treatment.

root cells, under mock, Torin (1.5 hours, 9 uM), and ES20-1 (8 hours, 100 pM) Scalebar,10 pm.
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Sample size

Data exclusions

Replication

Randomization

Blinding

Sample sizes were selected based on guidance from prior literature and experimental logistics. Similar studies examining the vacuole or other
organelles in Arabidopsis thaliana (e.g., Dunser et al., 2019, EMBO J; Cui et al., 2019, Nature Plants) used comparable sample sizes to ensure
robust data acquisition while accommodating practical constraints. Additionally, the consistency of results within and between replicates was
closely monitored, and the variability observed was minimal. This confirmed that our chosen sample size was sufficient to draw reliable
conclusions for the scope of this study.

No data were excluded.

All experiments (Western blots, colP and mass spec analysis, carbon starvation assays, mechanoprobe sensors measurements, qPCRs and the
TurbolD) in this study were measured at least 3 times with comparable results and no unsuccessful replication.

For all confocal microscopy imaging at least 10 biological replicas were performed. All attempt at replication were successful.

For EM microscopy at least 3 biological replicates were performed. All attempt at replication were successful.

No experimental group was used in this study. In the carbon starvation assay, to avoid possible positional and developmental effectsn, each
genotype to be tested was grown in a different position of the multi well plate for each replica.

Blinding was not performed in this study because the experimental design inherently minimized the risk of bias. All images and raw data from
all samples were acquired and stored systematically, enabling transparent re-analysis at any time. Additionally, the nature of the experiments
—such as the use of predefined, quantifiable metrics for image analysis (e.g., puncta counting, vacuolar morphology index)—limited the
potential for subjective interpretation. The consistency of results within and between replicates further supports the reliability of our
conclusions. If necessary, stored data could be scored independently by additional researchers to confirm findings.
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Antibodies used (1) GFP was detected using the anti-GFP antibody (Mouse monoclonal, IgG1k (clones 7.1 and 13.1), 11814460001; Roche) diluted 3
1:5000 (v/v).
(2) NBR1 was detected using the anti-NBR1 antibody (Rabbit polyclonal, AS14 2805; Agrisera) diluted 1:5000 (v/v).
(3) The subunit A of the V-ATPase was detected using the anti-V-ATPase-A antibody (Rabbit polyclonal, AS09 467; Agrisera) diluted
1:5000 (v/v).
(4) FLAG was detected using anti-FLAG M2 antibody (Mouse monoclonal, M2 clone, F3165, Sigma) diluted to 10 pug/mL.
(5) mCherry was detected using anti-RFP (Mouse monoclonal, IgG2c 6G6 clone, AB_2631395, Chromotek) diluted 1:2000 (v/v).
Mouse monoclonal antibodies were detected with goat anti-mouse IgG HRP-linked antibody (61-6520; Invitrogen) diluted 1:5000
(v/v).
Rabbit polyclonal antibody was detected with a goat anti-rabbit IgG HRP-linked antibody (65-6120; Invitrogen) diluted 1:5000.
Validation All the antibodies used in this study were commercial antibodies to standard epitope tags, validated by manufacturers. Reference
papers provided by manufacturers:
(1) Chi C Wong et al. Blood, 118(16), 4305-4312 (2011-08-02)
(2) Mosesso et al. Nat Commun. 2024 Jun 19;15(1):5188. doi: 10.1038/s41467-024-49485-6.
(3) Vera-Estrella et al. Planta. 2017 Apr 28. doi: 10.1007/s00425-017-2700-1.
(4) Brizzard, B.L., et al. BioTechniques, 16, 730-735 (1994)
(5) Jha el al. Nature. 2017 Jun 29;546(7660):651-655. doi: 10.1038/nature22814
Plants
Seed stocks No plant specimen was collected from the field. All seed stocks are described in Supplementary Table S3.

pUbi::mCherry-ATG8A At4g21980 Stephani et al. (2020) elLife.
pUbi::GFP-ATG8A At4g21980 Stephani et al. (2020) elLife.
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GFP-ATG8I AT3G15580 Zou et al. (2024) Bioarxiv
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