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Introduction

Summary

¢ The ubiquitin-like protein ATG8 is a central component of the autophagy process and is
required at multiple steps during both bulk and selective autophagy. Currently, our under-
standing of the roles of ATG8 in plants and the possible functional specialization of its family
members is limited by genetic redundancy.

e Here, we employed clustered regularly interspaced short palindromic repeats (CRISPR)/
CRISPR-associated (Cas)9 targeting technology to systematically inactivate all nine Arabidopsis
thaliana ATGS8 loci. Subsequent analyses of the resulting mutants revealed that, unlike mamma-
lian ATG8 family members, which have distinct roles, Arabidopsis isoforms largely overlap in their
functions controlling autophagic flux. Notably, combinatorial mutations have similarly impaired
autophagy and misregulated proteomes much like other autophagy mutants.

e We further examined the functional redundancy of Arabidopsis ATG8s in late autophagy
stages by investigating their interactions with Rab GTPase (RABG)3/RAB7 proteins. We found
that all ATG8 representatives could interact with RABG3 proteins via ATG8-interacting motif—
LC3-interacting region-docking site interfaces. Such interactions are crucial for RABG3 bind-
ing to the autophagosome membrane and probably for the fusion of autophagosomes with
the vacuole. However, they are not necessary for endosomal trafficking.

o With this collection of multiple high-order atg8 mutants, we provide a venue to selectively
study the roles of individual ATG8 isoforms during both canonical and noncanonical autop-
hagy in Arabidopsis.

autophagy can also be highly selective for specific intracellular
components, which are recruited to autophagosomes via dedi-

Autophagy is an intracellular catabolic pathway, which plays cri-
tical roles in maintaining cellular homeostasis, enabling meta-
bolic recycling, promoting growth and development, and helping
organisms overcome nutrient deprivation. During macroauto-
phagy (refered to here as autophagy), cytoplasmic material is
engulfed into double membrane-bound vesicles called autopha-
gosomes, which then fuse with the lysosomes (metazoans) or the
vacuoles (yeast and plants) for breakdown (Marshall & Vier-
stra, 2018; Nakatogawa, 2020; Qi et al, 2021; Zhao et al.,
2021). Initially, it was thought that autophagy is a nonselective,
bulk degradative process essential for survival under stress.
However, studies in the last two decades have revealed that
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cated receptors/adaptors (Johansen & Lamark, 2020).

The formation of autophagosomes depends on the sequential
orchestration of a set of conserved autophagy-related (ATG) pro-
teins (Nakatogawa, 2020). One of the central components of this
autophagy machinery is the ubiquitin-like protein ATGS8, which
plays vital roles during most, if not all, steps of the autophagic
process, including phagophore expansion, autophagosome clo-
sure and trafficking, fusion with a lysosome/vacuole, and selective
cargo recruitment (Kriegenburg ez /., 2018). Similar to ubiqui-
tin, ATGS8 is modified by conjugation, in this case to the lipid
phosphatidylethanolamine (PE) via its C-terminal glycine resi-
due, and then recruited to the membranes of autophagic vesicles.
Those bound to the rim and outer surface of the phagophore
facilitate its growth by recruiting other core autophagy proteins
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(Xie et al, 2008; Nakatogawa, 2020), and promote the
autophagosome-lysosome/vacuole fusion by enrolling the core
fusion machinery, including the regulator MONENSIN SENSI-
TIVITY1 (MON1)-CALCIUM CAFFEINE ZINC SENSITIV-
ITYl] (CCZ1) complex, soluble N-ethylmaleimide-sensitive
factor attachment protein receptor (SNARE) proteins, and
tethering factors (Itakura ez al., 2012; McEwan et al., 2015; Gao
et al., 2018). By contrast, lipidated ATG8 decorating the inner
membrane acts as a hub for recruiting autophagic receptors and/
or cargoes during selective autophagy. These ATG8-interacting
receptors/cargoes often contain one or more ATG8-binding sites,
such as the ATGS8-interacting motif/LC3-interacting region
(AIM/LIR), which recognizes the LIR-docking site (LDS) in
ATGS, or possibly the ubiquitin-interacting motif (UIM) pro-
posed to bind an adjacent UIM-docking site (UDS) (Marshall
et al., 2019; Johansen & Lamark, 2020).

In addition to its essential roles, which are commonly
described as ‘canonical’ functions, a growing number of studies
in mammalian cells have found that ATG8 can be incorporated
into divergent single-membrane vesicles that are involved in
degradation or secretion, which act independently of canonical
autophagy (Nieto-Torres er al., 2021). Interestingly, recent stu-
dies have potentially uncovered such noncanonical routes in
plants whereby ATGS is translocated to swollen Golgi cisternae
to aid in their reassembly after heat stress (Zhou ez al., 2023),
and to the tonoplast to help maintain vacuolar integrity following
cell wall damage (Zheng er al, 2024; preprint Julian
et al., 2025). Furthermore, ATG8 has been found to directly
interact with the late endosome-resident transporter ABNOR-
MAL SHOOT3 (ABS3) to facilitate its vacuolar degradation
through a lipidation-independent process (Jia ez al., 2019).

Although highly conserved across eukaryotes, ATG8 has diver-
sified from a single protein in fungi and algae to multiple iso-
forms in metazoans and seed plants (Kellner ez al., 2017). At least
eight ATGS isoforms have been identified in mammals, which
can be divided into two subfamilies light chain3 (LC3) and
GABA type A receptor-associated protein (GABARAP) based on
their amino acid sequence homology and apparent subfunctiona-
lization, as identified by genetic and interaction analyses. Simi-
larly, ATG8 in seed plants is often encoded by small gene
families with possible evidence of subfunctionalization; for exam-
ple, Arabidopsis thaliana and rice (Oryza sativa) express nine and
five ATGS8 isoforms, respectively, with distinct expression pat-
terns (Slavikova ez al, 2005; Xia et al., 2011). The Arabidopsis
isoforms can be further grouped phylogenetically into two clades.
Clade I members (ATG8a-ATG8g) are more closely related to
that in yeast and are synthesized with extra amino acids beyond
the C-terminal glycine, thus requiring processing by the ATG4
protease to release the active polypeptide. By contrast, Clade II
members (ATG8h and ATGS8i) are more closely related to the
animal relatives and lack this C-terminal extension, making them
immediately available for lipidation (Kellner ez al., 2017).

Currently, full understandings of ATGS in plants and the pos-
sible functional specialization of its family members are limited
due to genetic redundancy. While numerous genetic analyses
focusing on other components in the Arabidopsis conjugation
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machinery (e.g., ATG5, ATG7, ATG12, and ATG10), as well as
on plants that overexpress ATGS, have shown that ATG8 and its
lipidation are critical for plant growth, development, and survival
under stress conditions (Doelling ez al, 2002; Thompson
et al., 2005; Phillips ez al., 2008; Chung ez al., 2010; Xia ez al.,
2012; Wang et al., 2016; Chen ez al., 2019; Fan er al., 2020;
Zhen et al., 2021; Kanne et al., 2022), how individual ATGS iso-
forms and the Clade I and II variants act is unclear. Toward this
goal, several studies have described high-order mutants. For
example, Lan et al. (2024) reported that the simultaneous inacti-
vation of Arabidopsis ATG8h and ATGSi led to enhanced resis-
tance against the biotrophic fungal pathogen Golovinomyces
cichoracearum, likely through specific interactions with the CLA-
THRIN LIGHT CHAIN (CLC) subunits 2 and 3, while simul-
taneous disruption of multiple rice A7G8 loci was found to delay
flowering, likely due to a block in the autophagy-mediated break-
down of the central flowering regulator Hd1 (Hu et 4/, 2022).
Additionally, by characterizing ATGS8-interacting proteins,
including SH3 DOMAIN-CONTAINING PROTEIN2
(SH3P2) (Zhuang ez al., 2013; Sun et al., 2022), FREE1/FYVE1
(Zeng er al, 2023), FYVE2 (also known as CFS1) (Kim
et al., 2022; Zhao et al., 2022), and SAR1d (Zeng ez al., 2021),
possible roles for specific ATGS8 proteins in phagophore expan-
sion, autophagosome closure, and maturation have emerged,
strengthening the notion that diversity within the plant ATG8
family has expanded autophagic functionality/capacity.

One such expansion might be through the Rab GTPase RAB7
and its yeast counterpart Ypt7, which are essential for endocytic
membrane trafficking from late endosome to lysosome/vacuole,
and for the autophagosome-lysosome fusion (Guerra &
Bucci, 2016). As triggered by the ATG8-binding guanine nucleo-
tide exchange factor MON1-CCZ1 complex, RAB7/Ypt7 target
to autophagosomes, and then interact with multiple downstream
effectors to drive membrane fusion (Hegedls et al., 2016; Gao
et al., 2018; Zhao et al., 2021). Similarly, plant RAB7 GTPases
are recruited to prevacuolar compartments (PVCs) and activated
by the MONI1-CCZ1 complex to regulate vacuolar trafficking,
vacuole biogenesis, and plant growth (Cui er al, 2014; Singh
et al., 2014). However, the precise role(s) of RAB7 in plant
autophagy and the manner in which it is recruited to autophago-
somal membranes, possibly through ATG8, remain unclear.

To investigate the roles of ATGS8 isoforms in plants, we used
clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated (Cas)9 technology to systemati-
cally inactivate all nine of the corresponding genes. Through their
phenotypic analyses, we found that, unlike mammalian ATGS,
in which the LC3 and GABARAP subfamilies act differentially at
the early and late stages of autophagy, respectively, the Arabidop-
sis ATGS proteins have overlapping roles in controlling autopha-
gic flux. Combinatorial mutations of Clade I and Clade II
isoforms showed severely impaired autophagy under nutrient
starvation conditions. Additionally, we investigated the func-
tional redundancy of Arabidopsis ATGS8s at the late stages of
autophagy by examining their interactions with Rab GTPase
(RABG)3/RAB7 proteins and found that the representative

ATGS8s from all major clades/subclades could interact with
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RABG3 proteins through AIM-LDS interfaces. These interac-
tions are essential for the association of RABG3 proteins with
autophagosomes and likely for the autophagosome—vacuole
fusion, but not for endosomal trafficking pathways. With the
available collection of high-order mutations impacting ATG8
and RABGS3, studying specific ATG8 isoforms during canonical
and noncanonical autophagy in Arabidopsis is now possible.

Materials and Methods

Vector construction

For the constructions used for transient expression in Arabidopsis
protoplasts, the coding sequences (CDS) of SH3P2, NBRI, ABS3,
RABG3f, and several ATG genes (ATGla, ATGY, ATGI4a, ATGS5,
and ATG8a) were PCR-amplified using specific oligonucleotide pri-
mers (Supporting Information Table SI) and cloned into the
pBI221 vector modified to either contain in-frame N-terminal green
fluorecent protein (GFP) or mCherry tag, and expressed under the
control of the 358 promoter (Li ez al, 2022). The pBI221-mCherry-
RABG3™™"2 construction was generated by PCR mutagenesis to
introduce point mutations (F94A/L99A/F167A/1172A) in the AIM
sequences of RABG3f, and cloned into the pBI221 vector with a
mCherry tag. The Aleu-GFP construction was described previously
(Cui et al,, 2017). The tonoplast marker mCherry-VAMP711 was
obtained from Professor Liwen Jiang’s lab.

To generate constructions for investigating RABG3-ATG8
protein interactions in tobacco (Nicotiana benthamiana) via luci-
ferase (LUC) complementation imaging (LCI) assays, the CDS
of RABG3f, RABG3b, RABG3d, RABG3e, ATG8a, ATGSe,
and ATGS8h were amplified and cloned in-frame into
pCAMBIA1300-nLUC and pCAMBIA1300-cLUC, respectively
(Chen er al, 2008). The constitutively active (CA, QG67L),
dominant-negative (DN, T22N), and various AIM-mutated var-
iants of RABG3f, RABG3f(CA), RABG3f(DN), RABG3f™™!,
RABG3f™AM2 and RABG3fAMI2 were generated from
RABG3f-nLUC by PCR-based mutagenesis.

To generate transgenic plants co-expressing GFP-ATG8a and
mCherry-RABG3f ~ (or  mCherry-RABG3f™™1b2) | their
full-length CDSs were inserted into a modified pCAMBIA1300
vector harboring two different expression cassettes for in-frame
N-terminal fusion with GFP or mCherry tags expressed by the
constitutive AzUBQI0 promoter. The resulting constructions
(pUBQI10:mCherry-RABG3f~-NOS-pUBQ10:GFP-ATG8a-NOS
and  pUBQI0:mCherry-RABG3f*"™"2_NOS-p UBQ10:GFP-
ATG8a-NOS) were transformed into the Agrobacterium tumefa-
ciens strain GV3101 and then introduced into sextuple rab¢3a,b,
odyef (rabg3f-6m; Ebine er al., 2014) plants using the floral-dip
method (Clough & Bent, 1998). Homozygous r2bg3-6m plants
carrying the transgene were identified in the T3 generation based
on hygromycin resistance and confocal fluorescence microscopy.

Plant materials and growth conditions

The A. thaliana (L.) Heynh ecotype Col-0 was used as the
wild-type (WT) in this study. The T-DNA insertion mutants

© 2025 The Author(s).
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atg5-1 (Thompson ez al., 2005), azg7-2 (Chung ez al., 2010),
¢fs9-3 (Ichino et al., 2014), and rabg3-6m (Ebine et al., 2014), as
well as transgenic plants expressing the p355:GFP-ATG8a
(Thompson et al, 2005), ProUBQI0:GFP-ATG8a (Shin
et al., 2014), and pUBQI0:mCherry-RabG3f (Geldner et al.,
2009) transgenes, all in the Col-0 background, were described
previously. The gfs9-4/129 mutant (Ichino ez al., 2014) was in the
Landsberg erecta (Ler) background. Fluorescent protein expres-
sion cassettes p358:GFP-ATG8a and pUBQ10:mCherry-RABG3f
were introgressed into the gfs9-4//t9 mutant by crossing. Segre-
gants containing the Col-0 allele of GFS9 were used as controls.
To determine the effect of the RABG3 mutations on autophagic
activity, a construction harboring ProUBQI10:GFP-ATG8a
(hygromycin resistance; Shin ez al., 2014) was transformed into
the rabg3-6m lines by the floral-dip method. Homozygous rabg3-
6m plants carrying the transgene were identified in the T3 gen-
eration based on hygromycin resistance and confocal fluorescence
microscopy.

Unless otherwise indicated, all Arabidopsis seeds were
surface-sterilized by the vapor-phase method and stratified in
water for 2 d at 4°C in the dark before sowing on Murashige and
Skoog (MS) solid medium supplemented with 1% (w/v) sucrose
(Suc). Plants were grown at 22°C under a long-day (LD;
16 h : 8 h, light : dark) photoperiod for 10 d before being
transferred to soil for further growth. For senescence assays,
plants were grown in soil under LD conditions for 7 wk or under
a short-day (SD; 8 h : 16 h, light : dark) photoperiod at 22°C
for 10 wk.

For N starvation treatments, 7-d-old seedlings grown on MS
solid medium with 1% (w/v) Suc were transferred to MS liquid
medium with or without nitrogen. Seedlings were grown under
continuous white light irradiation for the indicated times before
imaging and measurement of Chl content as previously described
(Suttangkakul e al., 2011). Alternatively, seeds were germinated
on solid MS medium containing 1% (w/v) Suc and 1.4% (w/v)
agar with or without nitrogen and grown vertically. After 7 d,
the seedlings were imaged, and root lengths were measured as
described previously (Xiao ez al., 2020).

For carbon starvation, 2-wk-old seedlings grown on solid MS
medium without Suc were wrapped in aluminum foil and kept in
the dark for the indicated times before recovery under LD condi-
tions. After 2 wk, seedlings were imaged, and survival rates were
determined as previously described (Suttangkakul ez af, 2011).
Alternatively, seedlings were grown for 7 d on solid MS medium
containing 1% (w/v) Suc. Those of uniform size were transferred
to solid MS medium without Suc and grown vertically in contin-
uous darkness for the indicated time before imaging and Chl
measurements.

Generation of the atg8 nonuple mutants

The constructions for CRISPR mutagenesis were generated using
an egg cell-specific promoter-controlled CRISPR/Cas9 genome
editing system (Xing et al, 2014; Wang ez al, 2015). Three
CRISPR/Cas9 vectors were engineered to selectively disrupt the
ATG8abcd, ATG8efg, and ATGS8hi loci using guide RNAs
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specific for the target ATG8 genes as designed by the
CRISPR-GE website (http://skl.scau.edu.cn/) and cloned into
the pHEE401E vector. Information related to the cloning pri-
mers, the arrangement of the sgRNAs in three CRISPR/Cas9
vectors, and the sequences of the CRISPR plasmids are available
in Table S1 and Notes S1. The generated constructions were then
introduced into the WT Col-0 plants by the A. tumefaciens
mediated floral-dip method. The resulting T1 transformants
were selected by hygromycin resistance, and positive plants were
transferred to soil after 2 wk. Mutations were identified by PCR
amplification of the genomic regions encompassing the DNA tar-
get sites and confirmed by DNA sequence analysis (see Table S1,
for PCR primer sequences). In the next generation, mutants were
further confirmed by PCR and DNA sequencing to identify
homozygous mutants absent of the hygromycin resistance and
CRISPR/Cas9 vector sequences. After obtaining homozygous
plants free of these loci, the CRISPR/Cas9 constructions target-
ing ATG8abcd and ATG8bi were introduced into the azg8efg tri-
ple mutant (a2g8-3m) to generate the atg8efghi quintuple (azg8-
5m) and the atg8abcdefy septuple mutants (azg8-7m), respec-
tively. The atg8abcdefghi nonuple mutant (a2¢8-9m) was then
generated using a CRISPR/Cas9 construction to simultaneously
inactivate ATG8h and ATGSi in hygromycin-sensitive Cas9-free
homozygous atg8-7m plants.

Transient expression in Arabidopsis protoplasts

The Arabidopsis leaf protoplast preparation and transient
expression were performed according to a standard procedure
(Yoo et al, 2007). Briefly, confocal images were collected at
12-16 h or at the indicated times. To detect autophagic
bodies in protoplasts, 1 pM concanamycin (ConA) (BVT-
0237-M001; AdipoGen Life Sciences, San Diego, CA, USA)
or an equivalent volume of dimethyl sulfoxide (DMSO) was
added to the protoplasts for 12 h before observation.

Fluorescence confocal microscope imaging and analysis

Fluorescence cell images were collected using a Leica Stellaris 5
confocal microscope (Leica, Wetzlar, Germany). Confocal ima-
ging of stable transgenic lines expressing GFP-ATGS8a in WT
and rabg3-6m and gfs9-4 mutant backgrounds was performed as
described previously (Suttangkakul ez al, 2011; Huang er al.,
2019). Briefly, 6-d-old seedlings grown on nitrogen-containing
solid MS medium were transferred to either fresh nitrogen-rich
medium or nitrogen-deficient medium supplemented with 1 pM
ConA for the indicated time before image capture of root cells.
To acquire the GFP signal, a 488-nm laser was used for excita-
tion, and fluorescence was detected in the range of 490-540 nm.
To image the co-expression of the GFP and mCherry reporters in
leaf protoplasts and the root cells of stable transgenic lines, excita-
tion wavelengths of 488 nm for GFP and 543 nm for mCherry
were used alternately in the multitrack mode of the microscope
with line switching. Quantitative analyses of the confocal micro-
scopic images were conducted in IMAGE] (https://imagej.nih.
gov/) as described by Kim et al. (2022).
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Luciferase complementation imaging assays

Interactions between RABG3 and ATG8 were investigated by
luciferase complementation imaging (LCI) assays as described
previously (Chen ez al., 2008). Briefly, different combinations of
RABG3 and ATGS8 constructions or empty vectors were
introduced into the A. tumefaciens strain GV3101 and then co-
infiltrated into tobacco leaves. The plants were immediately cul-
tured in the dark for 16 h followed by exposure to LD conditions
for an additional 2 d at 23°C. The infiltrated leaves were further
infiltrated with 500 uM  D-luciferin, and the resulting
luminescence signals were captured using a low-light cooled
charge-coupled device camera (Night owl LB985; Berthold Tech-
nologies, Bad Wildbad, Germany). After observation, the infil-
trated leaves were collected and examined for the expression of
nLUC- and cLUC-fusion proteins by immunoblotting with anti-
LUC antibodies.

GST pull-down assays

GST-ATG8e was synthesized in Escherichia coli BL21 (DE3) after
induction with 1 mM isopropyl-B-D-thiogalactoside (IPTG) for
16 h at 16°C. Total E. coli proteins were then extracted and incu-
bated with Glutathione Sepharose beads (C650031; Sangon Bio-
tech Co. Ltd., Shanghai, China) to enrich for the fusion. For the
pull-down analysis, the GFP-nLUC, RABG3f-nLUC, and
RABG3f™*™"2nLUC proteins were individually expressed in
tobacco leaves by agroinfiltration of the vectors. After 3 d, «
500 mg of infiltrated leaves was harvested and homogenized with
2 ml of lysis buffer (50 mM Tris—-HCI (pH 7.4), 150 mM NaCl,
1 mM MgCl,, 20% glycerol, 0.2% NP-40, and 1x protease inhi-
bitor cocktail (04693132001; Roche)). Cell lysates were clarified
twice by centrifugation at 13 000 g for 10 min at 4°C and then
incubated with GST-ATGS8e-bound beads for 1 h at 4°C. The
beads were washed five times with 1 ml of wash buffer (140 mM
NaCl, 2.7 mM KClI, 10 mM Na,HPO4, and 1.8 mM KH,PO4
(pH 7.4)) for 1 min each time. Proteins bound to the beads were
released in SDS-PAGE sample buffer (100 mM Tris-HCl
(pH 6.8), 4% (w/v) SDS, 0.2% (w/v) bromophenol blue, and
20% (v/v) glycerol) by heating the mixture to 95°C for 5 min
before use in immunoblot assays.

Pollen analyses

Pollen germination in vitro was performed as described (Liu
et al., 2020). To detect pollen viability, fresh anthers from mature
flowers were collected and mounted with 50 pl of Alexander
stain solution (G3050; Solarbio Science & Technology Co. Ltd.,
Beijing, China) on glass microscope slides. The slides were incu-
bated at 4°C for 5-10 h and then observed with a microscope
(Leica DM2500; Leica Microsystems, Wetzlar, Germany). For
4,6-diamidino-2-phenylindole (DAPI) staining, mature pollen
grains were isolated from freshly opened flowers by vortexing and
stained with 1 pg ml™" DAPI solution (E607303; Sangon Bio-
tech) for 1 h. Then, the grains were observed using a confocal
laser microscope (Stellaris 5; Leica).
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Protein extraction and immunoblot assays

To detect the various ATG proteins and GFP/mCherry-tagged
fusions by immunoblot assays, 100 mg of seedlings was homoge-
nized in 200 pl of 2x SDS-PAGE sample buffer followed by
heating at 95°C for 5 min. The plant lysates were clarified twice
by brief centrifugation at 14 000 g for 10 min at room tempera-
ture, and the resulting supernatants were subjected to SDS-
PAGE and immunoblot analysis. Antibodies against the
autophagy-related 1a, a serine/threonine-protein kinase (ATG1a)
(Suttangkakul ez al, 2011), ATG5, ATG8a (Thompson
et al., 2005), PBA1 (Smalle ez 4/, 2002), GFP (ab290; Abcam,
Cambridge, UK), mCherry (B1153; Biodragon, Beijing, China),
GST (B1007; Biodragon), and LUC (L0159; Sigma-Aldrich)
were previously described. Protein levels were quantified by Ima-
GEJ according to Kim ez al. (2022).

Protein sample preparation for MS analysis

To prepare seedling samples for MS analysis, sterilized WT and azg
mutant seeds were germinated and grown under continuous light in
250-ml flasks containing 50 ml of liquid MS medium supplemen-
ted with 1% Suc for 7 d. For nitrogen starvation, the plants were
transferred to liquid MS medium with or without nitrogen for 3 d.
For fixed-carbon starvation, the plants were transferred to liquid MS
medium with or without Suc for 2 d, during which time the flasks
containing carbon-starved plants were covered with aluminum foil.
Seedlings were harvested and homogenized in liquid nitrogen and
extraction buffer (50 mM HEPES (pH 7.5), 5 mM Na,EDTA,
2 mM DTT, and 1x protease inhibitor cocktail). Total extracted
proteins were precipitated usinga 4 : 1 : 3 (v/v) methanol : chloro-
form : water mixture, collected by centrifugation, washed once with
methanol, and then lyophilized to dryness. The precipitates were
then resuspended in 100 pl of 8 M urea and reduced with 10 mM
dithiothreitol for 1 h at room temperature. For trypsin digestion,
100 pg of protein was alkylated with 20 mM iodoacetamide for
1 h, and the reaction was quenched with 20 mM dithiothreitol.
The sample was diluted with 900 pl of 25 mM ammonium bicar-
bonate to reduce the urea concentration below 1 M and digested
overnight at 37°C with sequencing grade-modified porcine trypsin
(Promega) at a trypsin : protein ratio of 1 : 50. The resulting pep-
tides were lyophilized to a volume of < 50 pl, acidified with 10%
trifluoroacetic acid to a pH below 3.0, and desalted and concen-
trated using Pierce C18 tips (Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s instructions. Peptides
were eluted in 50 pl of 75% acetonitrile and 0.1% acetic acid, lyo-
philized again, and resuspended in 15 pl of 5% acetonitrile and
0.1% formic acid for LC-MS/MS analysis.

Tandem mass spectrometric analysis and data processing

Full mass spectrometric (MS/MS) scans were performed in the
mass range of 380—1500 m/z at a resolution of 70 000, with an
automatic gain control target of 3 x 10° and a maximum injec-
tion time of 200 ms. Data-dependent acquisition was applied to
fragment the top 15 most intense peaks using high-energy
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collision-induced dissociation at a normalized collision energy of
28. An intensity threshold of 4 x 10* counts and an isolation
window of 3.0 m/z were applied. Precursor ions with unassigned
charges or charges between +1 and +7 were excluded. MS/MS
scans were collected at a resolution of 17 500, with an automated
gain control (AGC) target of 2 x 10° and a maximum fill time
of 300 ms. Dynamic exclusion was performed with a repeat
count of 2 and an exclusion duration of 30 s, while the mini-
mum MS ion count to trigger tandem MS was set to 4 x 10°
counts. Raw sequencing data were deposited in the PRoteomics
IDEntifications Database (PRIDE; accession no.: PXD059803).

The resuling MS/MS spectra were analyzed using Proteome
Discoverer (v.2.5; Thermo Fisher Scientific) against the A. thaliana
Col-0 proteome database (Araportll_pep_20220914) down-
loaded from The Arabidopsis Information Resource (TAIR)
(http://www.tair.com/). Peptide assignments were performed using
SEQUEST HT with the following parameters: trypsin digestion
allowing a maximum of two missed cleavages, a minimum peptide
length of six residues, a precursor mass tolerance of 10 ppm, and a
fragment mass tolerance of 0.02 Da. Carbamidomethylation of
cysteines and oxidation of methionines were specified as static and
dynamic modifications, respectively. False discovery rates (FDRs)
of 0.01 (high confidence) and 0.05 (medium confidence) were
used to validate peptide spectral matches. Label-free quantification
based on MS1 precursor ion intensities was performed in Pro-
teome Discoverer with a minimum Quan value threshold set to
0.0001 for unique peptides; the ‘3 Top N’ peptides were used for
area calculation. All genotypes and treatments were analyzed by
four biological replicates, each with two technical replicates.

Protein abundances were normalized using the values of the
150 least variable proteins (determined by the SD : average ratio)
across samples for each run (McLoughlin er 4/, 2018). Protein
abundances were further adjusted based on protein content per
weight of plant tissue for each biological replicate. Normalization
was validated by comparing the abundances of tubulin peptides
(Figs 3a, S7). Standardized data were used to filter proteins, each
of which must be present in at least one technical replicate of
each of the four biological replicates for at least one genotype. To
generate volcano plots, data were first transformed to Log, values,
with missing value imputation and statistical calculations con-
ducted in the PERSEUS software, followed by visualization using
GRrAPHPAD PrisM (v.10). Statistic differences between the azg
mutants and WT were determined based on four biological repli-
cates using Student’s rtest (Logy FC > 1 or < —1, P < 0.05).
Gene Ontology (GO) analyses were performed using the Arabi-
dopsis profile database in g:Profiler v.3.10.178 as part of the ELIXIR
INFRASTRUCTURE package (http://biit.cs.ut.ee). The GO annota-
tion categories shown here were selected based on their unique-
ness, P-values of significance, and degrees of completeness.

Results

Multigene inactivation of Arabidopsis ATG8 genes

The Arabidopsis ATG8 protein family consists of nine members
(ATG8a to ATGSi), which can be divided into two major clades
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based on their sequence homology and genomic structure (Kellner
et al., 2017). Clade II includes the ATG8h and ATGSi isoforms,
whereas Clade I encompasses ATG8a-g, which can be further split
into two subclades (I-1, ATG8a-d; I-2, ATG8e-g) by sequence
homology (Kellner ez al, 2017). To investigate the significance of
the various ATGS isoforms during autophagy, we used an egg cell-
specific CRISPR/Cas9 mutagenic approach to systematically edit
each of the nine ATG8 genes (Wang et al, 2015). Three
CRISPR/Cas9 vectors were constructed to selectively target the
CDSs of the ATG8 loci within subclade I-1 (A7G8a-d), subclade I-
2 (ATG8e-g), and Clade II (ATG8h-i), respectively, in ways that
should abrogate the expression of the full-length ATG8 polypep-
tides (Fig. la,b; Notes S1). Through A. tumefaciens mediated,
floral-dip transformation of WT Col-0 plants, first-generation Ara-
bidopsis seedlings were obtained that harbored specific mutations in
the ATG8e-g loci. Additional CRISPR/Cas9 vectors were then intro-
duced to further inactivate the ATG84a-d and ATG8h-i loci in the
Cas9-free atg8-3m to generate the atg8-5m and the ag8-7m, respec-
tively. Finally, we generated an 4#¢8-9m in the Cas9-free azg8-7m
background using a CRISPR/Cas9 construction to disrupt A7G8h
and ATG8i. Mutations in the double (a2¢8h7, also referred to as
atg8-2m), triple, quadruple (atg8abcd, also referred to as atg8-4m),
quintuple, septuple, and nonuple mutants were confirmed by PCR
and DNA sequencing as shown in Fig. S1. Based on nucleotide
sequence analyses, all the mutations in the impacted A7G8 loci were
expected to compromise the expression of the corresponding genes.

To define how different 2z¢8 mutations affected the ATG8
protein accumulation, we performed an immunoblot analysis of
total protein extracts from seedlings using antibodies raised
against the recombinant Arabidopsis ATG8a protein, which also
readily detects the most divergent ATG8 isoform, ATG8i (Doel-
ling et al., 2002). As shown in Fig. 1(c), ATGS8 protein levels
remained high in protein extracts obtained from atg8-2m, atg§8-
3m, atg8-4m, and atg8-5m seedlings, whereas the levels of detect-
able ATG8 became significantly reduced in homozygous azg8-7m
lines. In the nonuple 27¢8-9m seedlings, only trace amounts of
ATGS8 were possibly detected, which could represent a truncated
remnant of one or more ATGS8 isoforms, the most likely being
mutated ATG8g derived from the CRISPR/Cas9 editing
(Fig. 1b,c). In any case, the nonuple mutant expressed little to
none of the full-length ATG8 polypeptides.

As an indirect measure of the effects of the #7¢8 mutations on
autophagy, we measured the levels of ATG1, which is not only a
regulator but also a cargo of autophagic degradation whose levels
rise in various afg mutant backgrounds (Suttangkakul
et al., 2011). In atg8-7m and a1g8-9m seedlings, ATGI levels
were constitutively upregulated as compared with the WT, simi-
lar to that observed for the azg7-2 mutant, suggesting that ATG1
degradation, and by inference overall autophagy, was substan-
tially impaired in both backgrounds with the stronger effect seen
in the a7g8-9m lines as predicted (Fig. 1c). By contrast, the «
48-Da ATG12-ATG5 conjugate, which is required for ATG8
lipidation but not for free ATGS5, was readily detected using anti-
ATGS5 antibodies in all the 228 mutant backgrounds, similar to
that seen in the WT. Notably, the amount of free ATG5
increased subtly in a2g8-9m seedlings (Figs 1c, 71), suggesting that
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a complete removal of ATG8 genes somehow affects the assembly
of ATG12-ATGS.

To further understand how our collection of 78 mutants
compromises autophagy in general, we used protoplast transient
assays to investigate whether the mutations alter the subcellular
localizations of other ATG proteins, the selective autophagy
receptor NBR1, or the multidrug and toxic compound extrusion
(MATE) transporter ABS3. Unlike the WT protoplasts, no GFP-
ATGla- and GFP-ATG14-decorated puncta were seen in azg/-2
or a1g8-9m cells treated with the v-ATPase inhibitor ConA,
which stabilizes autophagic bodies (Fig. S2a,b), consistent with
the notion that both ATG1 and ATG14 need ATGS for associa-
tion with autophagosomes/autophagic bodies (Suttangkakul
et al., 2011; Liu et al., 2020). Conversely, the subcellular distri-
butions of other ATG components, including ATG9, SH3P2,
and ATGS5, were unperturbed in azg7-2 or arg8-9m protoplasts
compared with those seen with WT, implying ATGS-
independent binding to the vesicles (Fig. S2c).

For NBR1-GFD, its fluorescence appeared as punctate spots in
the cytoplasm of all mutant protoplasts, including az¢7-2 and a1g8-
9m cells before ConA treatment (Fig. S3a). However, after ConA
treatment, NBR1-GFP puncta were now readily detected in the
vacuolar lumen of WT, atg8-2m, atg8-3m, atg8-4m, atg8-5m, and
atg8-7m cells, but not in atg7-2 or aw8-9m cells (Fig. 1d).
Cotransformation of NBRI-GFP with the tonoplast marker
mCherry-VAMP711 further confirmed the deficiency of NBR1
transport to the vacuole in the #¢8-9m mutant (Fig. S3b), imply-
ing that at least some ATGS is required for the encapsulation of
this cargo receptor. For ABS3-GFP, we detected endosomal
ABS3-GFP puncta in all DMSO-treated protoplasts and found
punctate ABS3-GFP signals in the vacuoles of ConA-treated WT
and arg7-2 protoplasts (Fig. S4), consistent with a previous study
showing that the vacuolar trafficking of ABS3-GFP is independent
of the ATGS8 conjugation machinery (Jia ez al, 2019). However,
the deposition of ABS3-GFP in the vacuole was completely abol-
ished in the 22g8-9m background, as ABS3-GFP maintained a pre-
dominantly endosomal distribution at the cell periphery (Fig. $4).
Taken together, these results demonstrate that the 42¢8-9m seed-
lings behave as a functionally null 22¢8 mutant in which both non-
selective autophagy and selective autophagy, and the autophagy-
independent proteolysis of ABS3 are severely impaired. Further-
more, given that the lesser level mutant combinations specifically
impacting members of the I-1 and I-2 subclades from Clade I
(atg8-4m and ag8-3m eliminating ATG8abed, and ATGSefg,
respectively), and both members of Clade II (ATG8h,i) did not
selectively increase ATG1 levels nor impacted the intracellular
localizations of ATG1 and ATG14 (Figs 1cf, S2a,b), we con-
cluded that the various Arabidopsis ATG8 isoforms are functionally
redundant, at least with regard to canonical autophagy.

Plants lacking ATG8 senesce early and are hypersensitive to
nutrient starvation

To determine how a lack of ATG8 might compromise Arabidopsis
plants phenotypically, we monitored their growth and development
under nitrogen- and fixed carbon-rich and -depleted condidons
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Fig. 1 Generation of Arabidopsis atg8 nonuple mutants. (a) Generation of Arabidopsis atg8 nonuple mutants. Three clustered regularly interspaced short
palindromic repeats (CRISPR)/CRISPR-associated (Cas)9 constructions targeting ATG8abcd, ATG8efg, or ATG8hi were constructed and transformed into
wild-type (WT) Col-0 to generate atg8abcd quadruple mutant (atg8-4m), atg8efg triple mutant (atg8-3m), and atg8hi double mutant (atg8-2m),
respectively. Subsequently, CRISPR/Cas9 constructions targeting ATG8abcd and ATG8hi were transferred into the atg8-3m mutant to generate the
atg8efghi quintuple mutant (atg8-5m) and the atg8abcdefg septuple mutant (atg8-7m), respectively. To generate atg8 nonuple mutants, a CRISPR/Cas9
construction targeting ATG8hi was transferred into the atg8-7m mutant. (b) Diagram illustrating the ATG8 genes and the selected target sites. Exons are
shown as black boxes, 5'-untranslated region (5’-UTR), 3’-UTR as white boxes, and sgRNA target sites as green triangles. (c) Immunoblot detection of
multiple ATG proteins from WT, atg7-2, and various atg8 mutants using antibodies against ATG8, the autophagy-related 1a, a serine/threonine-protein
kinase (ATG1a), and ATG5, respectively. Antibody against H3 was used as a loading control. Numbers below bands indicate the ATG1a/H3 or free ATG5/
H3 ratios in the label lanes. For ATG1a/H3 ratios, the WT ratio is normalized to 1.0. For free ATG5/H3 ratios, the ratios of WT and atg7-2 are normalized
to 0.0 and 1.0, respectively. (d) Effects of different atg8 mutations on the vacuolar transport of green fluorecent protein (GFP)-NBR1. Leaf protoplasts of
WT, atg7-2, or various atg8 mutants were transformed with the GFP-NBR1 construct and treated with 1 WM concanamycin A for 12-14 h before confocal
imaging analysis. Bars, 10 um. (e) Quantification of the number of vacuolar GFP-NBR1 puncta per 800 um?, using images (n = 18-22) similar to those
shown in (d). Data are presented as mean =+ SD Asterisked columns represent atg8 mutants that are significantly different from WT, according to Student'’s
t-test. *0.01 < P < 0.05; **P < 0.01.

GFP-NBR1

Merge

(Huang er al, 2019) along with mutants missing ATG5 and normally in nutrienc-rich soil under glasshouse condidons
ATGY essential for ATGS lipidation. Similar to azg5-1 and azg7-2  (Fig. S5). Most of the pollens produced by a1¢8-7m and atg8-9m
plants (Thompson ez al., 2005; Chung ez al., 2010), the septuple =~ mutants were viable, as judged by vital staining with Alexander’s
arg8-7m and nonuple az8-9m plants germinated and grew  stain (Fig. S6¢). However, their pollen germination rates were
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lower than those of the WT and the lesser order 28 mutants  partially compromised in the 22¢8-7m and a1g8-9m mutants, as well
(atg8-2m, atg8-3m, atg8-4m, and atg8-5m) as measured by an iz as in the azg7-2 mutant (Fig. S6g,h), which is consistent with the
vitro germination assay (Fig. S6e,f). Moreover, seed formation was previous observatons in the a#g5 and afg/ mutants (Yan
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Fig. 2 Phenotypic analyses of Arabidopsis atg8 mutants. The various homozygous atg8 mutants, the autophagy mutants atg5-7 and atg7-2, and the wild-
type (WT) Col-0 were included for comparisons. (a) Accelerated senescence. Plants were grown on soil at 22°C under a long-day (LD) photoperiod

(16 h : 8 h, light : dark) for 5 wk. Bar, 1 cm. (b) Enhanced sensitivity to nitrogen starvation. Seeds were germinated in 1x Murashige and Skoog (MS)
liquid medium and grown under constant white light conditions for 1 wk, and then transferred to either fresh MS (+N) or nitrogen-deficient (-N) liquid
medium for an additional 1 wk. (c) Total Chl content of the plants shown in (b). Data are presented as mean =+ SD (n = 3 biological replicates, 80—120
seedlings per genotype in each independent experiment). (d) Short primary root phenotype of atg8-9m in response to nitrogen deficiency. Seeds were
germinated and grown vertically on MS medium with (+N) or without nitrogen (~N) under LD conditions for 1 wk. Bars, 1 ¢cm. (e) Quantification of root
length of the plants shown in (d). Data are presented as mean & SD (n = 3 biological replicates, > 50 seedlings per genotype in each independent
experiment). (f, h) Enhanced sensitivity to fixed-carbon starvation. Seedlings were grown under an LD photoperiod on MS solid medium without sucrose (—
C) for 2 wk, transferred to darkness for 10 d (f) or 7 d (h), and then allowed to recover under LD conditions for 12 d. (g, i) Quantification of the effects of
fixed-carbon starvation based on seedling survival after 10 d (f) or 7 d (h) in darkness followed by 12 d in LD. Data are presented as mean + SD (n = 3
biological replicates, 60-120 seedlings per genotype in each independent experiment). (j) Senescence phenotypes of the atg8-9m after dark treatment.
Seedlings were germinated and grown on ¥2MS solid medium with 1% sucrose under LD conditions for 1 wk, then transferred to 2MS medium without
sucrose (-C) and grown vertically in the dark for another 7 d. (k) Total Chl content of the plants shown in (j). Data are presented as mean + SD (n = 3
biological replicates, 80—120 seedlings per genotype in each independent experiment). Different letters in (c, e, g, i, k) indicate significant differences

(P < 0.05) as determined using two-way ANOVA followed by Tukey's multiple comparison test.

et al., 2024). Similar to arg5-1 and arg7-2 plants, atg8-7m and
arg8-9m plants also prematurely senesced when grown under LD
conditions with early leaf yellowing seen as soon as 5 wk after
planting. This yellowing occurred ¢. 1.5 wk earlier than that seen
for the WT and the lesser order 2#¢8 mutants, implying that this
senescence phenotype requires the inactivation of most, if not all
ATG8loci (Fig. 2a).

We next challenged the 4#¢8 mutants with nitrogen- and fixed-
carbon-limiting conditions to assess their sensitivity to nutrient
stress. Similar to atg7-2 seedlings, atg8-9m plants grew poorly and
displayed stunted root growth, and the rosettes became strongly
chlorotic when grown without nitrogen (Fig. 2b,e). Under fixed-
carbon starvation, both @#g8-7m and a1¢8-9m plants also grew
poorly relative to the WT; in fact, nearly all of the mutants died
after 10 d of darkness as judged by severe bleaching on the cotyle-
dons and first true leaves, while only 4-7% of the WT plants and
lesser order az¢8 mutants did so (Fig. 2f,g). Strikingly, az¢8-9m
seedlings showed an even higher sensitivity to fixed-carbon starva-
tion than the ag5-1 and atg7-2 mutants; after 7 d in darkness,
very few of the a#¢8-9m mutants survived as compared with 62%
survival for azg5-1 and 81% for atg7-2 seedlings, which resumed
growth after returning to fixed-carbon-replete conditions (Fig. 2h,
i). This increased sensitivity was also demonstrated through a
shorter fixed-carbon starvation treatment, in which light-grown 7-
d-old seedlings were transferred to ¥2MS medium without Suc and
kept in darkness (Jia ez al, 2019). Compared with WT and azg7-2
seedlings, the 22¢8-9m seedlings displayed greatly accelerated senes-
cence (Fig. 2j,k). Taken together, our phenotypic data with the les-
ser order 478 mutants and the complete inactivation of all nine
ATG8 loci agreed with the biochemical analyses and strongly sug-
gest that the nine ATGS8 isoforms are functionally redundant in
Arabidopsis and that most, if not all, canonical autophagic activity
is completely absent in the 4#¢8-9m mutant background, as in
other mutants that abrogate ATG8 lipidation.

atg8 Nonuple mutant substantially altered the Arabidopsis
proteome after nitrogen and fixed-carbon starvations

To thoroughly describe how the Arabidopsis proteome was altered
by the absence of ATGS8 and to relate the resulting phenotypic
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changes to specific cellular dysfunctions, we compared the global
protein profiles of @2¢8-9m, atg5-1, and atg7-2 seedlings to that
of WT by shotgun LC-MS/MS. Here, 7-d-old seedlings grown
under normal conditions, as well as under nitrogen- or fixed-
carbon starvation conditions, were digested with trypsin, and
their total proteomes were then analyzed in bulk by label-free
quantification using the precursor ion intensities obtained from
the MSI scans as a semi-quantitative measure of protein abun-
dance (McLoughlin er al, 2018). Each genetic background/
treatment was analyzed by four biological replicates, each of
which was assessed by two technical replicates. To be included in
the analyses, each protein had to be detected by at least one pep-
tide in each of the four biological replicates from at least one gen-
otype when comparing the a2¢8-9m mutant to the WT or the
atg5-1 or arg7-2 mutants. When comparing a1¢8-9m vs W'T, our
MS/MS data quantified a total of 5928 and 4322 individual pro-
teins in nitrogen- and fixed-carbon-starved samples, respectively
(Tables S2-S4).

Consistent with previous Arabidopsis and maize proteomic stu-
dies (Avin-Wittenberg et al., 2015; McLoughlin ez al, 2018;
Havé et al., 2019), principal component analysis (PCA) showed
that both genotype and nutrient starvation profoundly affected
the Arabidopsis proteome profiles. Here, the proteome of azg8-
9m seedlings behaved similarly to those of a#g5-1 and atg7-2
mutants under both nonstarved and starved conditions (Fig. S7).
In fact, all three mutant genotypes clustered with each other by
PCA and well away from the WT for both treatments (Fig. S7a),
indicating that the proteomes of seedlings missing ATG8 gener-
ally respond similatly to those missing ATG5 and ATG7. While
ATGS8 peptides were easily detected in the arg5-1 and arg7-2
samples, they were not detected in the a£8-9m samples
(Fig. S7d,e), which is consistent with the effects of the mutations
and supported by the lack of detectable ATGS8 seen by immuno-
blotting seedling samples (Fig. 1c).

To better define how the Arabidopsis proteome was altered by
atg8 mutation and/or nutrient starvation, we generated volcano
plots to analyze the behavior of all detected proteins of azg8-9m
seedlings against WT, as compared to azg5-1 and azg7-2 plants.
As shown in Figs 3(a), S7(c), and S8, whereas the total detected
proteins in the plots were evenly distributed between the WT
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Fig. 3 Arabidopsis proteome is strongly affected by the atg8-9m mutation. (a) Volcano plots showing the preferential accumulation of proteins
categorized by Gene Ontology (GO) to autophagy process, 26S proteasome complex, and specific cellular compartments in atg8-9m vs wild-type (WT)
seedlings under N or C starvation. Protein abundances were measured using MS1 precursor ion intensities based on the average of three biological
replicates, each analyzed in quadruplicate. Proteins assigned to the autophagy, proteasome, mitochondria, and peroxisome are colored in red, green,
orange, and purple, respectively. Detected tubulins and proteins within other GO categories are labeled in yellow and gray, respectively. (b) Log4o fold
enrichment/depletion using a singular enrichment of specific GO terms for proteins that were consistently altered in abundance in the atg mutants
compared with that in the WT (N or —C). (c) Specific GO terms for proteins that were significantly enriched or depleted only in the atg8-9m plants. (d)
Levels of representative Golgi proteins specifically affected by the atg8-9m mutant. Each value was normalized to the average value of the WT and
presented as mean + SD (n = 3 biological replicates, each analyzed in quadruplicate by MS).
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and a21¢8-9m in nonstarved seedlings, the protein distribution was
remarkably skewed toward the a2¢8-9m ledger under both nitro-
gen and fixed-carbon starvation, indicating that the azg8-9m
mutant stabilized a subset of the total proteome under these stres-
ses. For example, 17.3% (1030) and 34.9% (1511) of the
detected proteins were significantly more abundant in nitrogen-
and  fixed-carbon-starved  a2g8-9m  samples, respectively
(P < 0.05; FDR < 0.05), whereas only 14.4% (854) and 9.5%
(414) were significantly less abundant (Fig. 3a). A similar skew of
the proteome profile was also observed in starved azg5-1 and
arg7-2 samples (Fig. S7d,e). Many of the same proteins showed
similar shifts in relative abundance in the a2¢8-9m, arg5-1, and
atg7-2 seedlings as compared with those in the WT, consistent
with similar impacts of the mutations on autophagy and pro-
teome dysfunction (Fig. S9). A good example was the autophagic
receptor NBR1, which was more abundant in all three mutant
backgrounds than in the WT after starvation (Figs S7c—e, S8).
Preferential enrichments were also seen for proteins associated
with the chloroplasts, endoplasmic reticulum (ER), mitochon-
dria, ribosomes, peroxisomes, proteasomes, and peroxisomes in
the mutant backgrounds, with the most robust increases seen for
ER, mitochondria, peroxisomes, and proteasome proteins during
starvation (Fig. S9), which is consistent with prior studies show-
ing that these compartments/complexes are robust targets of
starvation-induced autophagy (McLoughlin er al, 2018, 2020;
Havé et al., 2019; Barros et al., 2023; Muhammad ez /., 2024).
Several notable proteins increased substantially in starved azg8-
9m samples, especially under fixed-carbon conditions, including
the 20S proteasome alpha subunit G1 (PAG1), 20S proteasome
alpha subunit E1 (PAE1), and 26S proteasome regulatory particle
AAA-ATPase 2a (RPT2a) subunits of the proteasome; peroxi-
some isocitrate lyase (ICL) and peroxisomal biogenesis factor 7
(PEX7) from the peroxisome; MEE4 and TIM13 from mito-
chondria; and the autophagic cargoes/receptors 26S proteasome
non-ATPase regulatory subunit 4 (RPN10), ubiquitin-binding
protein  DOMINANT SUPPRESSOR of KAR2 (DSK2a),
ATGla, and peroxisome biogenesis protein 6 (PEX6) (Fig. S8).
The global effects of the
compartment/complex profiles and their similarity to those seen
for the atg5-1 and atg7-2 proteomes were further highlighted by
GO term enrichment analyses (Fig. 3b). Terms related to the
cytoplasm, peroxisome, ER, vacuole, plastid, intracellular vesicle,
Golgi, and endosomes were prominent in nitrogen-starved sam-
ples from all three mutant backgrounds, with the addition of the

atg8-9m  mutations on

mitochondria term for fixed-carbon-starved samples. To further
uncover the specific effects of the 27¢8 mutations on compart-
ments/processes, we performed a GO enrichment analysis of the
proteins whose abundances were altered by the 27¢8-9m muta-
tions but not paralleled by the azg5-1 or azg7-2 mutations
(14.3% of total proteins analyzed in +/~N samples and 18.7% in
+/—C samples). As shown in Fig. 3(c), a number of GO terms
became prominent in the a1¢8-9m-specific datasets. Of particular
interest were proteins associated with the #rans-Golgi network
and the Golgi apparatus regardless of nutrient stress (Fig. 3d),
consistent with the proposed noncanonical role of ATGS8 in
maintaining Golgi homeostasis (Zhou ez al, 2023). Specific
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examples of interest include RR130, BIG4, coatomer B2, coato-
mer 3, GRA2 B-glucosidase, TMN2, PMT14, and UXS4, with
several showing dramatically increased levels in the azg8-9m
mutant relative to the azg5-1 and arg7-2 mutants (Fig. 3d).

All ATG8 representative isoforms interact with RABG3
proteins via the AIM-LDS interfaces

To further examine the functional redundancy of Arabidopsis
ATGSs, we then focused on the late stages of autophagy and
investigated ATGS8-interacting partners involved in the
autophagosome—vacuole fusion. Of particular interest was
RABG3f, a member of the RAB7 GTPase family, that
was recently shown to interact with ATG8 by yeast two-hybrid
(Marshall er al, 2019) and co-immunoprecipitation assays
(Rodriguez-Furlan ez al, 2019). A study on its yeast and
metazoan counterparts, Ypt7 and RAB7 respectively, revealed
that they are important regulators of multiple endocytic and
autophagic processes, including trafficking, maturation, lysoso-
mal biogenesis and maintenance, and fusion (Zhao et al., 2021).
Here, we first confirmed that RABG3( specifically interacts with
ATG8a in planta by LCI assays (Chen ez al., 2008), using con-
structions expressing RABG3f C terminally fused to the N-
terminal fragment of the LUC reporter (RABG3{-nLUC) and
ATGS8a N terminally fused to the C-terminal fragment of the
LUC  reporter (cLUC-ATGS8a). When RABG3{-nLUC,
cLUC-ATG8a, and empty nLUC and cLUC control vectors were
co-expressed in tobacco leaves via A. rumefaciens-mediated trans-
fection, only the combination simultaneously expressing
RABG3f-nLUC and cLUC-ATG8a showed a strong interaction
as measured by the bioluminescence signal, whereas combina-
tions expressing RABG3f-nLUC or cLUC-ATG8a with control
vectors did not (Fig. 4a). This RABG3f/ATGS interaction was
then confirmed by in vitro pull-down assays with the tobacco leaf
samples transfected with RABG3-nLUC and then pulled down
after extraction with beads coated with GST-ATGS8a (Fig. 4b).

Additional LCI assays demonstrated that this interaction is
conserved between these two protein families, as RABG3f could
interact with the representatives from other major ATGS clades/-
subclades, ATG8e and ATG8h, and that ATG8a could interact
with other members of the RABG3 family, including RABG3b,
RABG3d, and RABG3e (Fig. S10). Furthermore, we examined
the interactions of ATG8a with RABG3f in its two nucleotide-
binding states. When the WT RABG3{, its GTP-bound, CA
RABG3f(CA) variant, and its GDP-bound, DN RABG3f(DN)
variant were co-expressed together with ATG8a, they all showed
strong LUC complementation by the LCI assay (Fig. S11a), sug-
gesting that the interaction between ATG8a and RABG3f is
independent of RABG3f activation. The expression of
RABG3/RABG3(CA)-nLUC, RABG3(DN)-nLUC, and cLUC-
ATGS8a fusions was subsequently validated by immunoblotting
with ant-LUC antbodies (Fig. S11b), thus ruling out differen-
tial expression or stability.

To identify the residues in RABG3(f that bind to ATG8a, we
searched for possible AIMs using the iLIR database (Kalvari
et al., 2014; https://ilir.warwick.ac.uk/index.php), which yielded

New Phytologist (2025)
www.newphytologist.com

K.

85U8017 SUOLILLIOD BATea10 3(eal|dde ayp Aq peuseno aJe ssjpie YO ‘SN JO Sa|n I0j ARIqiT8uljuO A8|IA UO (SUONIPUOD-PpUR-SLLIBYLIOD"AB| 1M ARIq 1 BUlUO//:SANY) SUORIPUOD PUe SWiB | 8L 88S *[5202/60/T0] U0 AriqiTauliuO A8]IM eIquinod ushig JO AsieAlun Aq 8T02 ydu/TTTT 0T/I0p/wWoo A8 | imArelq 1t juo yduy/sdny Woy pepeoumo


https://ilir.warwick.ac.uk/index.php

(b)
nLUC ; GFP-nLUG + - - +
LUC-ATGS ‘
© 2 RABG3f-nLUC — + - -
RABG3f™™2nLUC —  — + —
GST-ATG8e + + + +

L L

kDa
55—

RABG3f-nLUC RABG3f-nLUC

cLUC-ATG8a | cLUC
Input IP:GST
(c)
AIM1[94,99] KSFENL  AIM2[167,172] EAFQCI
v A4
RabG3f i -0 206aa
(e)
(d) RABG3f-nLUC  + - -
1 RABG3frAMi2.nLUC ~ — - - +
RABG3f-nLUC | RABG3f™™'2nLUC,..,
cLUC-ATG8a ir cLUC-ATG8a RABG3fmM2.nLUC  — - + -
. ; RABG3f™™'.nLUC ~ — + - -
?% cLUC-ATGBa  + + + +
. =
e Various
8
£
o 37—
2 <IcLUC-ATG8a
o 25—
8 ]
o
] ‘ =
RABG3f™".nLUC"; § RABG3fmAM2.nLUC
: w0 W s . PBA1
cLUC-ATG8a i ¥ cLUC-ATG8a ’ 25-

two candidate AIM sequences that are well-conserved within the
RABG3 GTPase family, namely AIM1 (KSFENL, Residues
94-99 in RABG3f) and AIM2 (EAFQCI, Residues 167—-172 in
RABG3f), respectively (Fig. S12). To confirm their roles
in ATGS binding, we mutated the key residues to alanine in
AIM1 (RABG3f™™!: FI6A L99A) and AIM2 (RABG3fA™?2:
F169A 1172A), then tested full-length RABG3f for its ability to
bind to ATG8a using the LCI assay (Fig. 4c). While the muta-
tions in AIM1 or AIM2 individually decreased RABG3f binding
to ATG8a, the mutations in both AIMs completely abolished the
interaction (Fig. 4d,e), indicating that both AIMs promote
ATGS binding. We discounted the possibility of differential
expression levels or protein stability as both RABG3f and its
AIM-mutated variants accumulated well in planta when transi-
ently expressed by the 35S promoter in tobacco leaves and
observed by immunoblotting (Fig. 4e).

RABG3f localizes to autophagosomal membrane

Given that RABG3f interacts with ATGS8s through an AIM-
LDS interface, we hypothesized that ATG8 might recruit
RABG3f to autophagosomes during fusion with the vacuole.
To test this notion, we attempted to colocalize mCherry-
RABG3f to GFP-ATGS8a by confocal fluorescence microscopy
of stable transgenic Arabidopsis lines expressing both reporters
in planta. As shown in Fig. 5, much of the mCherry-RABG3f
signal appeared as puncta in N-starved root tip cells, c. 66%
of which colocalized with GFP-ATG8a (Fig. 5a,d). Remark-
ably, these mCherry-RABG3f-labeled  structures
appeared as rings (Fig. 5b,c). However, after combining N
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Fig. 4 Arabidopsis Rab GTPase (RABG)3f
interacts with ATG8 through its ATG8-Interacting
Motifs (AIMs). (a) Luciferase (LUC)
complementation imaging (LCI) assay to detect
the interaction between RABG3f and ATG8a. N-
terminal fragment (nLUC) and a C-terminal
fragment (cLUC) were used as negative controls.
(b) In vitro pull-down assay. Protein extracts
obtained from tobacco leaves infiltrated with the
indicated constructions were incubated with the
recombinant GST-ATG8e proteins coupled with
glutathione beads to analyze the interaction
between ATG8 and RABG3f. Both the input and
- pull-down samples were subjected to western
blotting using anti-LUC or anti-GST. (c) Structure
of the RABG3f gene including the AIMs and the
corresponding mutations in the AIMs. (d)
Luciferase complementation between RABG3f
and ATG8a was diminished by the AIM mutations
in RABG3Hf. (e) The abundance of cLUC and nLUC
fusion proteins in (d) was validated by
immunoblotting with anti-LUC antibody, which
recognizes both nLUC and cLUC of luciferase.
Antibody against PBA1 was used as a loading
control.

. awes
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starvation with ConA treatment, the colocalization dissolved.
The ratio of GFP-ATGS8a colocalized with mCherry-RABG3f
puncta to total GFP-ATG8a puncta dropped significantly to
c. 4% (Fig. 5d), as most of the GFP-ATGS8 signal localized
to vacuole-deposited autophagic bodies, while the mCherry-
RABGS3 signal remained in the cytoplasm.

To better visualize the localization of RABG3 relative to autop-
hagosomes, we introduced the mCherry-RABG3f and mCherry-
ATGS8a reporters into the gfs9-4 mutant. A previous study has
shown that GFS9 is a peripheral protein of the Golgi apparatus
whose deficiency induces membrane trafficking defects, including
the abnormal accumulation of dilated late endosomes and
autophagosome-like structures (Ichino ez af, 2014). When GFP-
ATG8a was introduced alone into the gf9-4 mutant, confocal
fluorescence microscopy revealed enlarged GFP-ATG8a dots that
aggregated around the perivacuolar regions of root cells after nitro-
gen starvation and ConA treatment. These dots contrasted with
the smaller, vacuolar-resident dots found in the WT (Fig. S13).
Under similar conditions, GFP-ATG8a- and mCherry-RABG3-
positive structures were observed in the gfs9-4 mutant; here, the
mCherry-RABG3f signals appeared as rings surrounding the
ATGS8a-positive dots, suggesting that the RABG3{ protein associ-
ates with autophagosome membranes (Fig. 5e).

Loss of RABG3 GTPases confers hypersensitivity to nutrient
stress

To help define the roles of RABG3 proteins during autophagy,
we then phenotypically analyzed the sextuple mutant rzbg3a,b,c,
dye,f, which lacks all six RABG3 isoforms (abbreviated as rabg3-
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Fig. 5 Arabidopsis Rab GTPase (RABG)3f associates with autophagic vesicles. (a) mCherry-RABG3f colocalizes with green fluorecent protein (GFP)-ATG8a
in autophagic vesicles. Wild-type (WT) plants stably expressing both reporters were grown on Murashige and Skoog (MS) medium for 6 d and then
transferred to nitrogen-deficient medium plus 1 pM concanamycin A (-N + ConA) or dimethyl sulfoxide (DMSO) (-N-ConA) for 8 h before confocal
microscopy. Insets show 3x magnifications of the dashed boxes. Bars, 10 um. (b, c) Enlarged split-channel images corresponding to the dashed boxes in
(a). Intensity profiles along the indicated white lines are plotted in (c). Bars, 5 um. (d) Quantification of the colocalization ratio between RABG3f and
autophagosomal marker ATG8. A total of n = 674 (-N-ConA) and n = 978 (-N + ConA) particles were used for colocalization ratio calculations. (e)
mCherry-RABG3f forms ring-like structures and colocalizes with GFP-ATG8a in the gfs9-4 mutant. Mutant seedlings stably expressing both reporters were
grown on MS medium for 6 d and then exposed to nitrogen-deficient medium containing 1 pM ConA for 8 h before confocal microscopy. The far-right
panels show the magnifications of the white dashed boxes. V, vacuole. Bars, 5 um.

6m) (Ebine er al., 2014), and compared it with the azg7-2 and
arg8-9m mutants. When grown in nutrient-rich soil, rabg3-6m
plants senesced earlier than the WT but slightly later than the
atg7-2 and atg8-9m controls grown under a LD photoperiod
(Fig. 6a). Such early senescence phenotypes became more
pronounced when grown under SD conditions. Premature leaf
yellowing was seen after ¢. 10 wk in the rabg3-6m, atg7-2, and
arg8-9m mutants, whereas WT plants remained relatively green

and healthy (Fig. S14).

When grown on nitrogen-limited MS medium, the rzbg3-6m
mutant also displayed phenotypically accelerated senescence-like
symptoms compared with the WT, and its Chl content declined
significantly faster than that of the WT but slower than those of
the atg7-2 and atg8-9m mutants. (Fig. 6b,e). Notably, the rabg3-
6m mutant developed shorter roots than the WT when grown on
a nitrogen-depleted medium, resembling the az¢7-2 and a1g8-9m
mutants. Additionally, transient fixed-carbon starvation experi-
ments revealed that the rabg3-6m seedlings, such as azg5-1 and
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Fig. 6 Phenotypic analyses of the Arabidopsis rabg3a,b,c,d,e,f (rabg3-6m) sextuple mutant. The homozygous rabg3-6 m mutant, the autophagy mutants
atg7-2 and atg8-9m, and wild-type (WT) were included for comparison. (a) Accelerated senescence. Plants were grown at 22°C in nutrient-rich soil under
long-day (LD) conditions for 6 wk. Bar, 1 cm. (b) Enhanced sensitivity to nitrogen starvation. Seeds were germinated in 1x Murashige and Skoog (MS)
liquid medium and grown under constant white light conditions for 1 wk, and then transferred to either fresh MS (+N) or nitrogen-deficient (-N) liquid
medium for an additional 1 wk. (c) Short primary root phenotype of rabg3-6m in response to nitrogen starvation. Seeds were germinated and grown
vertically on MS medium with (+N) or without nitrogen (—N) under LD conditions for 1 wk before imaging and root length quantification. Bars, 5 mm.

(d) Senescence phenotypes of the rabg3-6m mutant after dark treatment. Seedlings were germinated and grown on %2MS solid medium with 1% sucrose
under LD conditions for 1 wk, then transferred to ¥2MS medium without sucrose (-C) and grown vertically in the dark for another 7 d before imaging.

(e) Total Chl content of the plants shown in (b). Data are presented as mean + SD (n = 3 biological replicates, 80—120 seedlings per genotype in each
independent experiment). (f) Quantification of root length of plants shown in (c). Data are presented as mean + SD (n = 3 biological replicates, 30-40
seedlings per genotype in each independent experiment). (g) Total Chl content of the plants shown in (d). Data are presented as mean + SD (n = 3
biological replicates, 80-120 seedlings per genotype in each independent experiment). Different letters in (e, f, g) indicate significant differences (P < 0.05)
as determined using two-way ANOVA followed by Tukey's multiple comparison test.

atg7-2 seedlings, were hypersensitive to fixed-carbon stress (Jia ~ medium supplemented with Suc under an LD photoperiod for
et al., 2019; Sun et al., 2023). As compared with the WT, all 1 wk, and then transferred to ¥2MS medium without added Suc
three mutants senesced prematurely when grown on ¥2MS  and kept in the dark for 10 d (Fig. 6d,g). Taken together, the loss
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of all six RABG3 isoforms resulted in early senescence and
increased sensitivity to nutrient stress, similar to that observed in
mutants lacking core autophagy components.

Autophagic activity is downregulated in rabg3-6m mutant

Given that RABG3f might be involved in autophagy, we investi-
gated this possibility by examining the behavior of GFP-ATG8a
when it was transiently expressed in the leaf protoplasts prepared
from WT and rabg3-6 m plants (Fig. 7a). Notably, upon ConA
treatment, GFP-ATGB8a-labeled puncta localized to vacuoles
were substantially fewer in 7abg3-6m cells (c. 3.5-fold less) than
in the WT (Fig. 7b). Next, we examined the localization of GFP-
ATGS8a relative to the lytic vacuole marker Aleu-GFP. This mar-
ker was created by a fusion of GFP to the vacuolar sorting signal
of the batley (Hordeum vulgare) protease Aleurain (Di Sansebas-
tiano et al., 2001), which, when expressed in planta, is trafficked
to the central vacuole via the ER, Golgi, and PVC route. When
Aleu-GFP  was transiently expressed in protoplasts, most
WT cells displayed a diffuse vacuolar fluorescence. By contrast,
bright punctate structures were detected in rabg3-6m cells in
addition to the faint diffuse vacuolar fluorescence (Fig. S15a).
These punctate structures might represent Aleu-GFP abnormally
accumulating in early endocytic compartments when its vacuolar
trafficking is blocked, which has been observed in several Arabi-
dopsis endocytic mutants (Sanmartin ez al, 2007; Zeng
et al., 2015; Kim ez al., 2022). The block of Aleu-GFP transport
in the rabg3-6m mutant was further validated using a GFP release
immunoblot assay. As shown in Fig. S15(b), while GFP was
almost completely released in WT cells 8 h after transfection,
indicating endocytic transport of the marker to the vacuole, a
substantial amount of the intact Aleu-GFP fusion was still evi-
dent in rabg3-6m cells, indicating a block in endocytosis. Unlike
the autophagic marker GFP-ATGS8a and the vacuolar marker
Aleu-GFP, the vacuolar trafficking of ABS3-GFP was unaffected
in rabg3-6 m protoplasts, suggesting that the ABS3-ATGS8 pro-
teolysis pathway does not require the RABG3 GTPase
(Fig. S15¢,d).

To further confirm this notion, we stably introduced by con-
ventional A. tumefaciens-mediated transformation GFP-ATG8a
into the rabg3-6m background to monitor the autophagic flux.
After combined nitrogen starvation and ConA treatment, GFP-
ATG8a puncta were readily detected in WT root cells, whereas
in rabg3-6m, vacuolar deposition of GFP-ATG8a puncta was
inhibited; here, ¢. 2.5-fold fewer GFP-ATG8a puncta accumu-
lated in 7abg3-6m roots than in WT roots (Fig. 7¢,d). Autophagic
flux was suppressed as well, as evidenced by the decreased ratio of
free GFP to GFP-ATG8a fusion in the 72b6¢3-6m mutant com-
pared with that in the WT in response to nitrogen starvation
(Fig. 7¢). We also measured the levels of several ATG proteins by
immunoblotting of total seedling extracts to determine how
RABG3 affects the autophagy system generally. As shown in
Fig. 7(f), levels of ATG8 and ATG1la hyperaccumulated in the
rabg3-6m mutant as compared with that in the WT, consistent
with the evidence showing that autophagic defects suppress their

© 2025 The Author(s).
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turnover (Thompson er al., 2005; Phillips er al., 2008; Chung
et al., 2010; Li et al., 2014; Huang et al., 2019). However, the
levels of ATG5 and its conjugation to ATG12 remained unaf-
fected in this mutant (Fig. 7f). Collectively, the data support a
role for the RABG3 GTPase in plant autophagy.

RABG3-ATGS interaction is essential for the vacuolar
deposition of autophagic vesicles

In light of our discovery of the RABG3-ATG8 interaction and
the association of RABG3f with the autophagosome, we ask
whether this interaction is essential for the vacuolar deposition of
autophagosomes. To test this possibility, we first transiently co-
expressed GFP-ATG8a with either mCherry-RABG3f or
mCherry-RABG3f™™?"? (an AIM mutant) in the protoplasts
prepared from rabg3-6m leaves. As shown in Fig. 8(a,b), the
accumulation of GFP-ATG8a puncta in the vacuole was readily
observed in the rabg3-6m cells expressing mCherry-RABG3f after
ConA treatment, whereas much fewer GFP-ATG8a puncta (c.
12-fold fewer) were detected in similarly treated protoplasts
expressing the mCherry-RABG3f™*™?"2 variant, indicating that
the expression of mCherry-RABG3f, but not of mCherry-
RABG3f™™?!2 " can complement the 72bg3-6 m defect that
compromises the vacuolar deposition of autophagosomes.

The importance of the AIM motifs of RABG3f for the vacuo-
lar trafficking of ATG8 was further confirmed by a GFP-ATG8
cleavage assay as shown in Fig. 8(c). Conversely, when the vacuo-
lar marker Aleu-GFP was co-expressed with either the mCherry-
RABG3f or mCherry-RABG3f™™"? variant, most rabg3-6m
protoplasts showed a strong diffuse green vacuolar fluorescence
regardless of which RABG3f version was expressed (Fig. 8d).
Moreover, the block of Aleu-GFP fusion processing in the r2bg3-
6 m mutant could be reversed by expressing either mCherry-
RABG3f or mCherry-RABG3f™*™"? (Fig. 8¢), suggesting that
the endocytic trafficking of Aleu-GFP is independent of the
RABG3{-ATGS interaction.

To further investigate whether the RABG3-ATG8 interaction
is essential for the autophagic pathway in Arabidopsis, and to con-
firm the rabg3-6 m phenotypes by complementation, we tested
two RABG3(f vectors expressed under the control of the Arabi-
dopsis UBQ10 promoter in plants expressing GFP-ATG8a: One
was WT RABG3f while the other was complemented with the
AIM-mutated RABG3f™*™"2 yariant (Fig. S16a). Immunoblot
analysis of representative transgenic plants showed that both
RABG3f reporters and GFP-ATG8a were co-expressed
(Fig. S16b). Phenotype analyses revealed that the line comple-
mented with the WT RABG3f grew similarly to WT under all
tested conditions, including senescence, nitrogen-limiting, and
carbon-limiting conditions. By contrast, the line complemented
with the AIM-mutated RABG3f™*™"? variant still behaved
similarly to the ra6¢3-6 m mutant (Fig. 9a—g). Interestingly, this
reporter successfully rescued the trafficking and processing defects
of 12§ globulin precursor in the r2bg3-6m mutant (Fig. S16¢),
which is consistent with the trafficking and processing observa-

tions for Aleu-GFP, and further suggests that this RABG3f

New Phytologist (2025)
www.newphytologist.com

85U8017 SUOLILLIOD BATea10 3(eal|dde ayp Aq peuseno aJe ssjpie YO ‘SN JO Sa|n I0j ARIqiT8uljuO A8|IA UO (SUONIPUOD-PpUR-SLLIBYLIOD"AB| 1M ARIq 1 BUlUO//:SANY) SUORIPUOD PUe SWiB | 8L 88S *[5202/60/T0] U0 AriqiTauliuO A8]IM eIquinod ushig JO AsieAlun Aq 8T02 ydu/TTTT 0T/I0p/wWoo A8 | imArelq 1t juo yduy/sdny Woy pepeoumo



New

m&u‘ Phytologist

—
D

~
U'

~

rabg3-6m

60 1 +ConA

45 4 L

WT rab‘36m WT

304 o

15

GFP-ATG8a+BF GFP-ATG8a
GFP-ATG8a punctum number

— ConA + ConA Col-0 rabg3-6m
(c) (d)
WT rabg3-6m
< g 600 -
: :
o o
| g 400 KKK
° .
c
\ 2
©
S 2004
- E 3
- ° ':t
© o
* G o
Col-0 rabg3-6m
) A o ©
© ® P LR A
WT rabg3-6m ! 2
-N o0 4 8 12 24 0 4 8 12 24 h m
15—
< 50- - - i <ATG8
— -
g ———— T — —— <ATG8a % 75_ <«ATG1a
@3- 8 . 100 & 414 504 5.07%
© © _
E, e anes oh o anas e <crr £ — S <ATG12-ATG5
S 3 -— . = 4ATG5
3 8 37- 000 100 003 005 016
2 15_ D S W S — ——— — w— 4H3 g

"D G @D ey < cA1

25—

Fig. 7 Lack of Rab GTPase (RABG)3 blocks the deposition of autophagic body in the vacuole. (a, b) Effects of rabg3 mutations on the vacuolar transport of
green fluorecent protein (GFP)-ATG8a in leaf protoplasts. Leaf protoplasts of Arabidopsis wild-type (WT) and rabg3-6m mutant were transformed with
the GFP-ATG8a constructions and treated with 1 uM concanamycin (ConA) for 12 to 14 h before confocal imaging analysis. Bars, 10 um. Quantification
of GFP-ATG8a puncta shown in (b). Images (n = 15) were collected to measure the number of puncta. Data are presented as mean & SD and asterisked
columns represent rabg3-6m mutants that are significantly different from WT, according to Student's ¢-test. ***, P < 0.001. Bars, 10 pm. (c, d) Effects of
rabg3 mutations on the vacuolar deposition of GFP-ATG8a in stably transgenic plants. Seedlings expressing GFP-ATG8a were grown on nitrogen-
containing Murashige and Skoog (MS) solid medium for 6 d and then transferred to nitrogen-deficient medium supplemented with 1 pM ConA (-

N + ConA) or dimethyl sulfoxide (DMSQO) (-N-ConA) for another 8 h before confocal fluorescence microscopy analysis of root cells. Quantification of
GFP-ATG8a puncta shown in (d). Images (n = 15) were collected to measure the number of puncta. Data are presented as mean + SD and asterisked
columns represent rabg3-6m mutants that are significantly different from WT, according to Student's ¢-test. ***, P < 0.001. Bars, 10 um. (e) Immunoblot
detection of the free GFP released during the vacuolar degradation of GFP-ATG8a. One-week-old WT and rabg3-6m seedlings described in (c) were
transferred to fresh liquid MS medium without nitrogen (-N) for the indicated time. Total protein was subjected to immunoblot analysis using anti-GFP
antibodies. The GFP-ATG8a fusion and free GFP are indicated by closed and open arrowheads, respectively. H3 was used to confirm approximately equal
protein loading. (f) Immunoblot detection of multiple ATG proteins from WT, rabg3-6m, atg7-2, atg11-1, and atg8-9m mutants using antibodies against
ATGS8, the autophagy-related 1a, a serine/threonine-protein kinase (ATG1a), and ATG5, respectively. Antibody against PBA1 was used as a loading
control. Numbers below bands indicate the ATG1a/PBA1 or free ATG5/PBA1 ratios in the labeled lanes. For ATG1a/PBA1 ratios, the WT ratio is
normalized to 1.0. For free ATG5/PBA1 ratios, the ratios of WT and atg7-2 are normalized to 0.0 and 1.0, respectively.

variant can still participate in the endocytic function of Arabidop-  autophagy pathway between the complementation lines. As
sis RAB7/RABG3s, but not in its autophagic functions. We  shown in Fig. 9(h—j), confocal imaging analysis and quantifica-
further investigated whether there was a difference in the tion revealed that, under nitrogen-limiting conditions, most of
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Fig. 8 Arabidopsis Rab GTPase (RABG)3f mediates the vacuolar deposition of green fluorecent protein (GFP)-ATG8a via its ATG8-interacting motif
(AIMs). (a, b) Confocal images of protoplasts prepared from rabg3-6m transiently coexpressing GFP-ATG8a with either mCherry-RABG3f or mCherry-
RABG3f™M1:2 | eaf protoplasts were incubated in liquid medium containing dimethyl sulfoxide (DMSO) (~ConA) or concanamycin A (+ConA) for 12 h
before observation. Bars, 10 um. Quantification of vacuolar puncta of ABNORMAL SHOOT3 (ABS3)-GFP shown in (b). Images (n = 20) were collected to
measure the number of puncta. Data are presented as mean + SD and asterisked columns represent protoplasts expressing the mCherry-RABG3f™AM1.2
construction that are significantly different from those expressing the wild-type (WT) form RABG3f, according to Student's t-test. ***, P < 0.001. (c)
Immunoblot analysis of rabg3-6m protoplasts transiently expressing GFP-ATG8a with either mCherry-RABG3f or mCherry-RABG3f™'™12 a5 shown in (a)
using anti-GFP antibodies. The GFP-ATG8a fusion and free GFP are indicated by closed and open arrowheads, respectively. H3 was used to confirm
approximately equal protein loading. (d) Confocal images of rabg3-6m protoplasts transiently expressing Aleu-GFP with either mCherry-RABG3f or
mCherry-RABG3f™M12 | eaf protoplasts were incubated in liquid medium for 8 h before observation. Bars, 10 um. (e) Immunoblot analysis of rabg3-

6 m protoplasts transiently expressing Aleu-GFP with either mCherry-RABG3f or mCherry-RABG3f™™"2 a5 shown in (d) using anti-GFP and anti-
mCherry antibodies. PBA1 was used to confirm approximately equal protein loading.

the mCherry-RABG3f reporter (74%) colocalized with the GFP- complementation line, further confirming the importance of the
ATGS8a reporter, whereas only 6% of the colocalized foci withn  RABG3-ATGS8 binding and the association of RABG3 with
both reporters were found in the RABG3f™™"2  autophagic vesicles.

© 2025 The Author(s). New Phytologist (2025)

New Phytologist © 2025 New Phytologist Foundation. www.newphytologist.com

K.

5UB0 17 SUOLWILIOD BAITERID 3|ed1 e aU) AQ peLLBA0B .6 ORI VO ‘3N J0 S3N. 10} ARIdII 2UIIUO 431 UO (SUONIPUOD-PUE-SLLIBIALI0D A3 M AReJc]1[pUIIUO//SCIY) SUOIPUOD PUE SWLB | aU1 95 *[520Z/60/T0] U0 ARRIqITaUIIUO AB]IM BIGWN|oD Ushug JO AISIeAN Ad 8T, UdU/TTTT OT/10p/wed" ] 1m AR.q1eu|uo™ydu// Sy WoJy popeojumo



B

Discussion

Defining the full roles of ATGS8s in plant autophagy has been dif-
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ATGS genes in plants. To date, most of the knowledge about
plant ATGS8s has come from studies using mutants defective in
ATGS lipidation or plants overexpressing specific isoforms. Here,
we overcame this hurdle in Arabidopsis by systematically
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Fig. 9 Complementation analysis of Arabidopsis wild-type (WT) and ATG8-interacting motif (AIM)-mutated Rab GTPase (RABG)3f. (a—g) Wild-type (WT)
but not AIM-mutated RABG3f rescues the early senescence and nutrient hypersensitivity of rabg3-6m. (a) Senescence assay. Plants were grown on soil at
22°C under a long-day (LD) conditions for 7 wk. Bar, 1 cm. (b) Primary root phenotypes under nitrogen-depleted conditions. Seeds were germinated and
grown vertically on Murashige and Skoog (MS) medium with (+N) or without nitrogen (~N) under LD conditions for 1 wk. Bars, 1 ¢cm. (c) Enhanced
sensitivity to nitrogen starvation. Seeds were germinated in 1x MS liquid medium and grown under constant white light conditions for 1 wk, and then
transferred to either fresh MS (+N) or nitrogen-deficient (-N) liquid medium for an additional 1 wk. (d) Senescence phenotypes after dark treatment.
Seedlings were germinated and grown on %>2MS solid medium with 1% sucrose under LD conditions for 1 wk, then transferred to 2MS medium without
sucrose (-C) and grown vertically in the dark for another 7 d. (e) Quantification of root length of the plants shown in (b). Data are presented as mean +
SD (n = 3 biological replicates, > 50 seedlings per genotype in each independent experiment). (f-g) Total Chl content of the plants shown in (c, d),
respectively. Data are presented as mean + SD (n = 3 biological replicates, 80-120 seedlings per genotype in each independent experiment). Different
letters in (e, f, g) indicate significant differences (P < 0.05) as determined using two-way ANOVA followed by Tukey's multiple comparison test. (h—j)
Confocal fluorescence images of rabg3-6m root cells coexpressing green fluorecent protein (GFP)-ATG8a with either mCherry-RABG3f or mCherry-
RABG3f™™M1:2_Six.day-old seedlings were transferred to nitrogen-deficient medium supplemented with or without 1 uM concanamycin A for another
12 h before confocal microscopic observation. Quantification of GFP-ATG8a puncta is shown in (j). Images (n = 15) were collected to measure the

number of puncta. Bars, 10 pm.

eliminating the entire A7G8 family through CRISPR/Cas9-
mediated mutagenesis (Figs 1, S1). Phenotypic analyses of var-
ious a#¢8 mutant combinations, as well as analyses of protein—
protein interactions between the ATG8 and RABG3 families,
suggest that Arabidopsis ATGS8s function redundantly in bulky
autophagy. This differs from the situation in mammals, in which
ATGS8 members play distinct roles in the process of autophago-
some biogenesis (Weidberg er al, 2010). The double, triple,
quadruple, and quintuple mutants did not exhibit obvious differ-
ences from the WT roots or shoots either during growth under
normal or all nutrient-starved conditions tested, or during senes-
cence. They displayed normal rosette development, flowering
times, pollen development, and fecundity (Figs 2, S5, S6). How-
ever, we acknowledge that we examined only a few growth condi-
tions, tissue types, and cells, leaving open the possibility that
highly specific functions/activities for individual ATG8 isoforms
remain to be uncovered with more in-depth phenotypic analyses.
Notably, we discovered that 22¢8-9m are more sensitive to
fixed-carbon starvation than those mutants that abolish
ATG8/12 conjugation (e.g. azg7-2 and arg5-1), suggesting that
ATGS plays additional roles in carbon starvation-induced senes-
cence which do not involve ATGS8 lipidation. A recent study
reported that the ABS3 subfamily of MATE proteins promotes
carbon starvation-induced senescence through an ATG8-ABS3
interaction and subsequent deposition of ABS3 in the vacuole via
a route that does not require the ATG8 conjugation machinery
(Jia ez al., 2019). However, it remains unclear whether the hyper-
sensitivity to carbon starvation in 42g8-9m is due to disrupted
trafficking of ABS3. In the future, it will be of interest to investi-
gate the molecular mechanism of the noncanonical ATG8-ABS3
interaction that regulates carbon starvation-induced senescence.
Structurally, all ATGS8s have ubiquitin-like cores with an N-
terminal extension that forms two deep hydrophobic pockets for
docking the AIMs of various cargoes/receptors (Johansen &
Lamark, 2020). Thus, the structural differences in the hydropho-
bic pockets and the N termini of ATG8s determine their binding
specificity for interacting proteins during selective autophagy.
Similar to the metazoan ATGSs, recent studies have begun to
reveal the functional specialization of plant ATGS8s. Interactome
studies and domain swap analysis have shown that a single amino
acid polymorphism at the N-terminal B-strand of potato ATG8CL
confers binding specificity to a pathogen effector protein (Zess

© 2025 The Author(s).
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et al., 2019). CLC2, a light chain subunit of the Arabidopsis cla-
thrin complex, has been reported to interact specifically with Clade
IT ATGS isoforms and to mediate plant immunity against the fun-
gal pathogen G. cichoracearum (Lan ez al., 2024). The specificity of
Clade IT ATGS isoforms was also demonstrated through the over-
expression of ATGS8I in the atg4a/b mutant, which is sufficient to
restore the normal rate of autophagosome formation, although it
produces smaller autophagosomes (Zou ez al., 2025). Using NBR1
as a representative autophagic receptor, we showed that its traffick-
ing was only impaired in a#g8-7 m and a1g8-9m protoplasts, but
not in other 478 mutants (Fig. 1d,f). This probably reflects the
broad binding specificity of NBR1 AIMs, as reported previously
(Svenning er al, 2011). Nevertheless, the series of Arabidopsis
mutants generated here lacking different combinations of ATGSs,
generated in this study, now allows for the study of their functional
specialization.

One possible specialization was through interactions during
the autophagosome-lysosome/vacuole fusion possibly through
the critical regulator RAB7. It is, therefore, interesting to ask
how RAB7 and/or its Rab-specific guanine nucleotide exchange
factor (GEF), the MON1-CCZ1 complex, are recruited to the
autophagosomal membrane. A yeast study showed that the
MONI1-CCZ1 complex is targeted to the autophagosome
through the interaction between CCZ1 and Atg8 and subse-
quently promotes RAB7/Ypt7 recruitment (Gao ez al., 2018).
Another study of fruit fly (Drosophila melanogaster) adipocytes
proposed that phosphatidylinositol 3-phosphate, produced by
the ATGl14-containing PI3K complex, is required for the
autophagosomal association between the MON1-CCZ1 com-
plex and RAB7 (Hegedls ez a/, 2016). Similar findings were
observed in tobacco, in which ATG14, paired with ultraviolet
resistance-associated gene (UVRAG), another subunit of the
class IIT PI3K complexes, was found to regulate autophagosome
maturation by recruiting RAB7 and homotypic fusion and pro-
tein sorting complex (HOPS) (Wang er al, 2022). Recently,
Zhang et al. (2024) reported that the rice MON1-CCZ1 com-
plex is involved in autophagy, most likely through the direct
interaction of ATG8 with MONI rather than with CCZI1.
Likewise, rice RAB7 was also found to interact directly
with ATGS.

Here, we identified Arabidopsis RABG3f as an interacting part-
ner of ATGS via the AIM-LDS interfaces, which is critical for
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targeting RABG3f to the autophagosome membrane and likely
for the autophagosome—vacuole fusion. Interestingly, we found
that this interaction is highly conserved between the RABG3 and
ATGS8 families (Fig. S10), implying the possible functional
redundancy of Arabidopsis ATGS isoforms in the late autophagy
stages. Moreover, we discovered that the interaction of RABG3f
with ATG8 is independent of its GTP-binding state in the LCI
assay (Fig. S11), although this may not represent its physiologi-
cally natural state, as both RABG3f and ATG8 were transiently
overexpressed. Of course, we cannot exclude the possibility that
other factors, such as the MONI1-CCZ1 complex and/or
UVRAG, are required for the recruitment and/or activation of
RABY7 to autophagosomes. Nevertheless, the precise mechanisms
by which RAB7 is recruited and activated during plant autophagy
remain an area of active investigation.

In conclusion, we have succeeded in generating a nonuple
mutant line (22¢8-9m) eliminating all nine isoforms of ATGS8 in
Arabidopsis by combining mutations that disrupt the Clades I
and II ATGSs. By using the mutants that lack different ATGSs,
we demonstrated that the two ATGS clades redundantly control
the autophagy activity in Arabidopsis. In addition, we discovered
that the GTPase RABG3(f interacts with ATGS, enabling its asso-
ciation with autophagosome membranes. Further investigations
of how ATGS, the MON1-CCZ1 complex, and other factors
such as UVRAG and ATGI14 act in concert to regulate the
recruitment and activation of RAB7 to autophagosomes should
autophagosome—

improve our understanding of the

lysosome/vacuole fusion in plants.
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Fig. S11 Mutations in the GTPase region of RABG3f do not
affect the RABG3f-ATG8a interaction.

Fig. S12 Sequence alignment of the Arabidopsis Rab GTPase
(RABG) proteins.

Fig. S13 Intracellular distribution of the autophagy marker
GFP-ATGS8a in the root elongation and maturation zones of

gfs9-4 seedlings.

Fig. $14 The rabg3-6m mutant exhibited an early leaf senescence
phenotype under short-day conditions.

Fig. S15 RABG3 is required for the vacuolar deposition of Aleu-
GFP but not for ABS3-GFP.

Fig. S16 Genetic complementation of Arabidopsis rabg3-6m
with wild-type or aim-mutated RABG3f.

Notes S1 Sequences of the CRISPR/Cas9 binary vectors target-
ing Arabidopsis ATGS8 genes.
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