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1. Abstracts 

1.1. English abstract 

Autophagy is an evolutionarily conserved degradation pathway essential for cellular 
homeostasis, stress adaptation, and development in eukaryotes. While the core 
autophagy machinery is well-characterized, key aspects of plant autophagy–
particularly autophagosome maturation and cell-type-specific regulation—remain 
poorly understood. This thesis addresses these gaps through two interconnected 
projects investigating selective autophagy in Arabidopsis thaliana. 

The first project identifies CELL DEATH RELATED ENDOSOMAL FYVE/SYLF 
PROTEIN 1 (CFS1) as a novel plant-specific autophagy adaptor. Using affinity 
purification-mass spectrometry (AP-MS), we discovered that CFS1 interacts with ATG8 
via an ATG8-interacting motif (AIM) and localizes to autophagosome membranes. 
Functional studies revealed that CFS1 does not participate in autophagosome 
biogenesis but instead mediates autophagosome-vacuole delivery by bridging 
autophagosomes with the ESCRT-I component VPS23A. Disrupting the CFS1-
VPS23A interaction impaired autophagic flux, leading to defective cargo degradation 
and stress sensitivity. Ultrastructural and biochemical analyses demonstrated that 
CFS1 promotes the formation of amphisomes–hybrid organelles resulting from 
autophagosome-multivesicular body (MVB) fusion–revealing a previously unknown 
maturation step in plant autophagy.  

The second project explores cell-type-specific autophagy in the root epidermis, where 
trichoblasts (root hair-forming cells) exhibit higher autophagic flux than adjacent 
atrichoblasts (non-hair cells). Genetic dissection showed this disparity arises from 
developmental programming rather than morphological differences, as mutants 
disrupting trichoblast-atrichoblast identity abolished the autophagy asymmetry. Tissue-
specific CRISPR knockout and complementation experiments demonstrated that 
trichoblast autophagy is essential for salt stress tolerance, enabling preferential 
vacuolar sodium sequestration. Disrupting autophagy solely in trichoblasts impaired 
ion compartmentalization and increased salt sensitivity, while restoring it rescued these 
defects. These findings establish how developmental pathways spatially regulate 
autophagy to optimize stress resilience. 

Collectively, this thesis advances our understanding of plant autophagy by (1) 
elucidating CFS1’s role in amphisome formation and (2) revealing how cell-type-
specific autophagy contributes to salt stress adaptation. These findings not only 
deepen fundamental knowledge of autophagy regulation but also offer potential 
strategies for improving crop stress tolerance through targeted autophagy modulation. 
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1.2. Zusammenfassung 

Die Autophagie ist ein evolutionär konservierter Abbauweg, der für die zelluläre 
Homöostase, die Anpassung an Stress und die Entwicklung von Eukaryonten 
wesentlich ist. Während der Kern der Autophagie-Maschinerie gut charakterisiert ist, 
sind Schlüsselaspekte der pflanzlichen Autophagie - insbesondere die Reifung von 
Autophagosomen und die zelltypspezifische Regulierung - nach wie vor schlecht 
verstanden. In dieser Arbeit werden diese Lücken durch zwei miteinander verbundene 
Projekte zur Untersuchung der selektiven Autophagie in Arabidopsis thaliana 
geschlossen. 

Das erste Projekt identifiziert CELL DEATH RELATED ENDOSOMAL FYVE/SYLF 
PROTEIN 1 (CFS1) als einen neuartigen pflanzenspezifischen Autophagie-Adaptor. 
Mithilfe von Affinitätsreinigungs-Massenspektrometrie (AP-MS) entdeckten wir, dass 
CFS1 über ein ATG8-interagierendes Motiv (AIM) mit ATG8 interagiert und an 
Autophagosomenmembranen lokalisiert ist. Funktionelle Studien zeigten, dass CFS1 
nicht an der Autophagosomen-Biogenese beteiligt ist, sondern stattdessen den 
Transport von Autophagosomen zu Vakuolen vermittelt, indem es eine Brücke 
zwischen Autophagosomen und der ESCRT-I-Komponente VPS23A schlägt. Die 
Unterbrechung der Interaktion zwischen CFS1 und VPS23A führte zu einer 
Beeinträchtigung des autophagischen Flusses und damit zu einem gestörten Abbau 
der Ladung und einer erhöhten Stressempfindlichkeit. Ultrastrukturelle und 
biochemische Analysen zeigten, dass CFS1 die Bildung von Amphisomen fördert - 
hybride Organellen, die aus der Fusion von Autophagosom und multivesikulärem 
Körper (MVB) entstehen - und damit einen bisher unbekannten Reifungsschritt in der 
pflanzlichen Autophagie aufzeigt.  

Das zweite Projekt untersucht die zelltypspezifische Autophagie in der 
Wurzelepidermis, wo Trichoblasten (Wurzelhaar bildende Zellen) einen höheren 
Autophagiefluss aufweisen als benachbarte Atrichoblasten (Nicht-Haar-Zellen). 
Genetische Untersuchungen zeigten, dass diese Ungleichheit eher auf eine 
Entwicklungsprogrammierung als auf morphologische Unterschiede zurückzuführen 
ist, da Mutanten, die die Identität von Trichoblasten und Atrichoblasten stören, die 
Autophagie-Asymmetrie aufheben. Gewebespezifische CRISPR-Knockout- und 
Komplementationsexperimente zeigten, dass die Trichoblasten-Autophagie für die 
Salzstresstoleranz wesentlich ist und eine bevorzugte vakuoläre Natriumbindung 
ermöglicht. Die Unterbrechung der Autophagie ausschließlich in Trichoblasten 
beeinträchtigte die Ionenkompartimentierung und erhöhte die Salzempfindlichkeit, 
während die Wiederherstellung der Autophagie diese Defekte wieder beheben konnte. 
Diese Ergebnisse zeigen, wie Entwicklungswege die Autophagie räumlich regulieren, 
um die Stressresilienz zu optimieren. 

Insgesamt trägt diese Arbeit zu unserem Verständnis der pflanzlichen Autophagie bei, 
indem sie (1) die Rolle von CFS1 bei der Bildung von Amphisomen aufklärt und (2) 
zeigt, wie zelltypspezifische Autophagie zur Anpassung an Salzstress beiträgt. Diese 
Erkenntnisse vertiefen nicht nur das grundlegende Wissen über die Regulierung der 
Autophagie, sondern bieten auch potenzielle Strategien zur Verbesserung der 
Stresstoleranz von Pflanzen durch gezielte Modulation der Autophagie.  
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2. Introduction  

2.1. Autophagy: a conserved cellular degradation pathway  

Macroautophagy (hereafter referred to as autophagy) is an evolutionarily conserved 
catabolic process in eukaryotes that facilitates the degradation of superfluous or 
damaged cellular components and eliminates pathogenic invaders (Marshall et al., 
2018; Gross et al., 2025). The study of autophagy has a rich historical foundation, with 
the term first emerging in the 1860s to describe a self-sustaining nutrient recycling 
system essential for survival under starvation conditions (Mizushima et al., 2018). The 
modern conceptualization of autophagy, however, was established following Christian 
de Duve’s discovery of lysosomes in 1955 and his subsequent redefinition of 
autophagy in 1963 as a process in which intracellular materials are delivered to 
lysosomes for degradation (Mizushima et al., 2018). A pivotal advancement in the field 
occurred in the 1990s with Yoshinori Ohsumi’s identification of autophagy-related 
genes (ATGs) in yeast, a breakthrough that earned him the 2016 Nobel Prize in 
Physiology or Medicine (Kirkin et al., 2020).   

Initially characterized as a non-selective “bulk” degradation mechanism, autophagy 
was understood to indiscriminately degrade large portions of the cytoplasm, including 
proteins and organelles, in response to cellular stress such as nutrient deprivation 
(Gross et al., 2025). This process serves as a critical survival strategy by recycling 
macromolecules to sustain energy and nutrient homeostasis (Gross et al., 2025). Over 
recent decades, research has revealed the existence of selective autophagy, a 
specialized branch of the pathway that targets specific substrates for degradation via 
autophagy receptors such as p62/SQSTM1, NBR1, and OPTN (Stephani et al., 2020; 
Mizushima et al., 2023). These receptors recognize cargo and tether it to the 
autophagic machinery through interactions with ATG8 family proteins (e.g., LC3, 
GABARAP) via ATG8-interacting motifs (AIMs) [Vargas et al., 2023]. So far, extensive 
studies have elucidated core ATG proteins and their roles in autophagosome formation, 
membrane elongation, and substrate degradation, highlighting the complexity of 
selective autophagy and its critical functions in cellular quality control, immunity, and 
disease pathogenesis (Cadena‐Ramos et al., 2024).   

2.2. Autophagy in plants: roles in development and stress adaptation 

In plant cells, autophagy operates as a conserved quality control mechanism, 
mediating the targeted degradation of damaged organelles, misfolded proteins, and 
invasive pathogens (Wang et al., 2021). This process is indispensable for plant 
development, stress resilience, and immune defense (Wang et al., 2018).   

During plant development, autophagy plays a regulatory role across multiple stages, 
from seed formation to senescence (Yoshimoto et al., 2024). In seed development, 
autophagy facilitates nutrient remobilization from senescing tissues to the developing 
embryo, ensuring proper storage protein processing and maturation (Guiboileau et al., 
2012; Lornac et al., 2020). During germination, autophagy mobilizes stored reserves 
to support seedling establishment (Erlichman et al., 2023). Throughout vegetative 
growth, autophagy maintains cellular homeostasis by degrading damaged organelles 
and proteins, thereby sustaining tissue and organ function (Yoshimoto et al., 2024). In 
reproductive development, autophagy influences flowering time and pollen 
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development, with defects leading to male sterility due to impaired nutrient supply and 
dysregulated programmed cell death (PCD) in tapetal cells (Kurusu et al.,2014; Kurusu 
et al., 2017). Additionally, autophagy contributes to somatic cell reprogramming, 
facilitating dedifferentiation and callus formation, processes essential for tissue 
regeneration and stress responses (Rodriguez et al., 2020).   

Under stress conditions, autophagy is crucial for plant survival, mitigating damage 
caused by nutrient deprivation, oxidative stress, drought, salinity, and pathogen 
invasion (Han et al., 2011). During nutrient limitation, autophagy-related genes such 
as AtATG4a, AtATG8a-AtATG8i, and AtATG7 are upregulated in Arabidopsis, 
promoting nutrient recycling and survival (Rose et al., 2006; Han et al., 2011; Chen et 
al., 2021). Under oxidative stress, autophagy degrades oxidized proteins, as 
evidenced by the hypersensitivity of atg2 and atg5 mutants to oxidative damage 
(Minibayeva et al., 2012). Similarly, autophagy is activated in response to high salinity 
and drought, with AtATG18a induction being critical for stress tolerance (Liu et al., 
2009).   

Autophagy also exhibits a dual role in plant-pathogen interactions. In incompatible 
interactions, autophagy restricts hypersensitive response (HR) cell death, as 
demonstrated in tobacco infected with tobacco mosaic virus, where ATG6/Beclin1 
silencing leads to uncontrolled cell death (Hofius et al., 2017; Sertsuvalkul et al., 2022). 
Conversely, in compatible interactions, autophagy can either enhance or suppress 
resistance depending on the pathogen type. For instance, Arabidopsis atg mutants 
display increased susceptibility to necrotrophic pathogens but enhanced resistance to 
biotrophic pathogens such as Pseudomonas syringae pv. tomato (Lenz et al., 2011). 
These findings underscore the multifaceted role of selective autophagy in maintaining 
cellular homeostasis and enhancing plant resilience across developmental and 
environmental contexts.   

Given its pivotal functions, plant autophagy holds significant potential for improving 
agricultural productivity and stress resilience (Li et al., 2023). Emerging strategies, 
such as nanoparticle-based autophagy modulation and synthetic biology approaches 
to engineer cargo-specific receptors, offer non-transgenic avenues to enhance 
autophagy efficiency (Thanthrige et al., 2021). Integrating these advances with 
precision breeding and agroecological practices could mitigate yield losses, reduce 
fertilizer dependency, and improve climate adaptation (Thanthrige et al., 2021; Li et al., 
2023). However, a comprehensive understanding of the selective autophagy 
machinery in plants is a prerequisite for such applications.   

2.3. The autophagy machinery in plant cells  

In plant cells, autophagy is initiated by developmental or stress signals, including 
nutrient starvation, salinity, drought, or pathogen attack, etc (Zhuang et al., 2024). 
Upon induction, a cup-shaped isolation membrane forms, marking the onset of 
autophagosome biogenesis (Figure 1). This process is orchestrated by the ATG1 
kinase complex, which is regulated by the AMP-activated protein kinase (AMPK) and 
target of rapamycin (TOR) kinase pathways (Marshall et al., 2018; Gross et al., 2025). 
The ATG1 complex, comprising ATG1, ATG13, ATG11, and ATG101, initiates 
phagophore assembly site (PAS) formation, where autophagic machinery components 
converge (Suttangkakul et al., 2013; Gross et al., 2025). Following initiation, the 
phosphatidylinositol-3 kinase complex, consisting of ATG6/VPS30/Beclin1, VPS15, 
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and VPS34, is recruited to the PAS to facilitate membrane expansion (Liu et al., 2020; 
Gross et al., 2025). The endoplasmic reticulum (ER) serves as a primary lipid source, 
with proteins such as SH3P2 and ORP2A mediating ER-autophagosome membrane 
contact sites (EACS) to support autophagosome formation (Zhuant et al., 2013; Ye et 
al., 2022; Gross et al., 2025). ATG9, the sole integral membrane protein in the 
autophagy apparatus, delivers lipids and regulatory molecules to the PAS via cytosolic 
vesicles (Zhuang et al., 2017). ATG9 also acts as a scramblase, ensuring phospholipid 
symmetry (Zhuang et al., 2017; Gross et al., 2025). The lipid-binding protein ATG18 
recruits ATG2 to the expanding phagophore, where ATG2 functions as a lipid 
transporter, shuttling phospholipids from the ER to the autophagosome membrane 
(Xiong et al., 2005; Luo et al., 2023).  

As the autophagosome matures, the ubiquitin-like conjugation systems ATG8 and 
ATG12-ATG5-ATG16 mediate ATG8 lipidation with phosphatidylethanolamine (PE), 
facilitating membrane closure (Phillips et al., 2008; Gross et al., 2025). The endosomal 
sorting complex required for transport (ESCRT) machinery, including FREE1 and 
AMSH3, plays a critical role in autophagosome maturation and sealing (Nagel et al., 
2017; Gao et al., 2015; Gao et al., 2017; Zeng et al., 2023). Finally, mature 
autophagosomes are transported to and fused with the vacuole, releasing their inner 
vesicles (autophagic bodies) for degradation by vacuolar hydrolases, thereby recycling 
cellular components (Figure 1). This tightly regulated hierarchical assembly ensures a 
tightly regulated process that is essential for plant development and stress resilience. 

 

Figure 1. Schematic graph of the plant autophagy pathway. Autophagy receptors 
and adaptors bind ATG8 proteins on autophagosome membranes. In contrast to 
autophagy receptors, autophagy adaptors bind ATG8 at the outer membrane of the 
autophagosome and do not undergo autophagic degradation. 

2.4. The cytoplasm-to-vacuole journey of the autophagosomes 
remains unrevealed as autophagy adaptors are missing in plant cells 

A key mediator of autophagic cargo selection is ATG8, a ubiquitin-like protein 
conjugated to PE on both sides of the isolation membrane (Bu et al., 2020). During 
membrane expansion, ATG8-PE interacts with autophagy receptors on the inner 
membrane to recruit specific cargo (Kim et al., 2012). While numerous plant autophagy 
receptors (e.g., NBR1, ATI1, ATI2) have been identified (Youshimoto et al., 2018), 
autophagy adaptors, which bind ATG8-PE on the outer autophagosome membrane 
without undergoing autophagic degradation, remain elusive in plants (Stolz et al., 
2014). Both autophagy receptors and adaptors bind to ATG8 via AIMs, which are 
denoted as [W/F/Y]XX[L/I/V] (X represents any amino acid) [Liu et al., 2021]. However, 
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unlike receptors, adaptors do not participate in cargo recognition but instead regulate 
autophagosome biogenesis and transport (Galluzzi et al., 2017). For instance, in 
human cells, sorting nexin 18 (SNX18) facilitates autophagosome formation while no 
homolog of SNX18 is found in plants (Knævelsrud et al., 2013; Stolz et al., 2014). In 
addition, FYCO1 (FYVE and coiled-coil domain-containing protein 1) mediates 
autophagosome-lysosome transport via interactions with ATG8 and PI3P in 
mammalian (Pankiv et al., 2010; Olsvik et al., 2015). However, although Arabidopsis 
possesses a FYCO1 homolog, it appears nonfunctional in autophagosome transport 
(Youshimoto et al., 2018). Consequently, fundamental questions remain unresolved: 
How autophagosomes are transported to and fused with the vacuole in plant cells? 
And how these events are coordinated with other vacuolar trafficking pathways? Do 
autophagosomes in plant cells also fuse with multivesicular bodies (MVBs) to form 
amphisomes prior to vacuolar delivery? Addressing these gaps is critical for 
understanding plant autophagy regulation.   

2.5. CFS1: A candidate autophagy adaptor in plants 

My first PhD project aims to figure out whether there are plant-specific autophagy 
adaptors functioning during the transportation of autophagosomes to the vacuole. As 
described in detail in Chapter 4.1 (Zhao et al., 2022), I and my colleagues performed 
an affinity purification-mass spectrometry (AP-MS) assay of mCherry-fused ATG8E in 
Arabidopsis and identified a novel Arabidopsis FYVE domain-containing protein called 
CELL DEATH RELATED ENDOSOMAL FYVE/SYLF PROTEIN 1 (CFS1). CFS1 
harbors a putative AIM for ATG8 interaction, a FYVE (Fab1, YOTB, Vac1, and EEA1) 
domain for PI3P binding, and a SYLF domain (SH3YL1 Ysc84/Lsb4p Lsb3p plant 
FYVE) that interacts with PI3P and actin (Figure 2, Sutipatanasomboon et al., 2017). 
Additionally, CFS1 contains a PSAPP motif mediating VPS23 interaction (Figure 2, 
Bilodeau et al., 2003).    

 

Figure 2. Schematic graph showing the structure of Arabidopsis CFS1. 

Previous studies have implicated CFS1 in autophagy-related processes in Arabidopsis 
thaliana. Disruption of CFS1 results in premature senescence, a phenotype 
reminiscent of known autophagy-deficient mutants (Sutipatanasomboon et al., 2017), 
suggesting a potential role in autophagic regulation. Furthermore, transcriptomic 
analyses revealed a strong correlation between CFS1 expression levels and ATG11 
(Li et al., 2014), a key mediator of selective autophagy, further supporting its 
involvement in this pathway. However, the precise mechanistic role of CFS1 in 
selective autophagy remains unclear. Given that plant FYVE-domain proteins are 
known to integrate phosphoinositide signaling with membrane trafficking processes, 
we hypothesize that CFS1 functions as a novel autophagy adaptor, modulating 
autophagic flux through interactions with the ESCRT machinery. How we decipher the 
roles of CFS1 in Arabidopsis selective autophagy pathway is comprehensively 
described in Chapter 3.1, 4.1 and 5.1 (Zhao et al.,2022). 
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2.6. Cell-type-specific autophagy in plants 

Plant autophagy serves as a vital adaptive mechanism, promoting survival under 
environmental stressors by reallocating cellular resources to maintain essential 
metabolic processes and delay senescence (Bassham et al., 2012; Avin-Wittenberg, 
2019). The functional significance of autophagy is evident in autophagy-deficient 
mutants, which display developmental abnormalities, premature aging, heightened 
sensitivity to biotic/abiotic stresses, and disrupted metabolic homeostasis (Yoshimoto 
et al., 2004; Minina et al., 2018; Yagyu & Yoshimoto, 2024).  

Beyond these organism-wide effects, recent studies highlight autophagy’s cell-type-
specific roles, enabling localized regulation of physiological and developmental 
processes. For instance, in Arabidopsis root cap, autophagy mediates the programmed 
death and removal of border cells, a mechanism essential for coordinated cell 
separation and root growth (Feng et al., 2022; Goh et al., 2022). Targeted knockout of 
ATG5 in this tissue via CRISPR mutagenesis inhibits vacuolization and clearance of 
dying cells, underscoring autophagy’s developmental precision in spatially restricted 
contexts (Feng et al., 2022). Similar tissue-specific autophagy mechanisms govern 
petal abscission, further illustrating its nuanced regulatory roles (Htwe et al., 2011; 
Furuta et al., 2024). Despite these insights, the extent to which cell-type-specific 
autophagy pathways contributes to stress tolerance remains poorly characterized, 
presenting a critical gap in understanding its adaptive versatility. 

2.7. Trichoblasts and atrichoblasts: a model for cell-type-specific 
autophagy  

In Arabidopsis thaliana, the developmental specification of root epidermal cells into 
trichoblasts (root hair-forming cells, T cells) and atrichoblasts (non-hair cells, A cells) is 
governed by a position-dependent signaling cascade that integrates intrinsic 
transcriptional regulation and extrinsic environmental cues (Datta et al., 2011). 
Epidermal cell fate determination follows a type III patterning system, where 
trichoblasts and atrichoblasts are organized into distinct, alternating longitudinal files 
(Salazar-Henaoet al., 2016). This spatial arrangement is dictated by the positional 
relationship between epidermal cells and the underlying cortical tissue: trichoblasts 
arise from epidermal cells overlying the junction between two cortical cells (T position), 
while atrichoblasts develop from cells contacting a single cortical cell (A position) 
[Balcerowicz et al., 2015; Salazar-Henaoet al., 2016]. The molecular basis of this 
patterning involves a competitive regulatory network centered on R2R3 MYB 
transcription factors (Figure 3). In A-positioned cells, the WEREWOLF (WER) MYB 
protein forms a complex with bHLH partners GL3/EGL3 (GLABRA3 /ENHANCER OF 
GLABRA3) and the WD40 protein TRANSPARENT TESTA GLABRA1 (TTG1), which 
activates GLABRA2 (GL2) expression to suppress root hair fate and promote 
atrichoblast differentiation (Balcerowicz et al., 2015; Salazar-Henaoet al., 2016). 
Conversely, T-positioned cells exhibit reduced WER activity due to positional signaling 
mediated by SCRAMBLED (SCM), a leucine-rich repeat receptor-like kinase. This 
allows dominance of R3 MYB inhibitors like CAPRICE (CPC), which translocate from 
T-positioned cellss to A-positioned cells, sequestering the bHLH-TTG1 complex and 
derepressing root hair initiation (Balcerowicz et al., 2015; Salazar-Henaoet al., 2016). 
Notably, this developmental program exhibits phenotypic plasticity, as a series of 
Arabidopsis mutants of which the root-hair development related genes were 
mutagenized showed distinct T/A cell patterning. 
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Despite their proximity, T and A cells exhibit distinct morphological and physiological 
traits. Trichoblasts are shorter, wider, and divide more frequently in the meristematic 
zone compared to atrichoblasts (Löfke et al., 2013). In addition, trichoblasts display 
delayed vacuolization and retain a denser cytoplasm, while atrichoblasts undergo 
earlier vacuole expansion (Löfke et al., 2013). During elongation, both cell types 
polarize and elongate significantly, but trichoblasts initiate elongation later and achieve 
shorter final lengths than atrichoblasts (Löfke et al., 2013).  

 

Figure 3. Spatially regulated cell fate determination in the Arabidopsis root 
epidermis (adapted from Salazar-Henaoet al., 2016). 

Given the striking morphological and physiological distinctions between trichoblasts 
and atrichoblasts, we sought to investigate whether autophagic activity also differs 
between these two cell types. Intriguingly, our preliminary experiments revealed a 
significantly higher autophagic flux in trichoblasts compared to atrichoblasts (Figure 4). 
This finding aligns with prior observations (Guichard et al., 2024), reinforcing the notion 
that the trichoblast-atrichoblast system in Arabidopsis serves as an excellent model for 
studying cell-type-specific selective autophagy in plants. In my second PhD project, 
using the trichoblast-atrichoblast system as research model, I demonstrate that 
Arabidopsis trichoblasts exhibit cell-type specific autophagy essential for salt stress 
tolerance. The details of this project are comprehensively described in Chapter 3.2, 
4.2 and 5.2 (Zhao et al., 2025). 
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Figure 4. Preliminary results showed trichoblasts possess significantly higher 
autophagic flux than atrichoblasts. Five-day-old Arabidopsis seedlings were treated 
with liquid 1/2 MS media containing 2 μM concanamycin A for 3 h before confocal 
imaging. Green fluorescent puncta indicated GFP-ATG8A-labeled autophagosomes. 
Red fluorescence indicated cell wall. T, trichoblasts. A, atrichoblasts. 
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3. Aims of the thesis 

This thesis comprises two independent yet interrelated projects, both focusing on 
autophagy in Arabidopsis thaliana. The first project elucidates the role of CFS1 in the 
Arabidopsis autophagy pathway, while the second investigates cell-type-specific 
autophagy using the trichoblast-atrichoblast system of the Arabidopsis root epidermis 
as a model. 

3.1. Characterization of CFS1 as a novel autophagy adaptor in 
Arabidopsis 

As described in Chapter 2.5, we identified CFS1 as a potential autophagy adaptor via 
affinity purification-mass spectrometry (AP-MS). To validate its role, we employed live-
cell confocal microscopy, electron microscopy, and biochemical assays to assess three 
key aspects: 

(1) Autophagosome recruitment – whether CFS1 localizes to autophagosomes. 
(2) ATG8 interaction – whether CFS1 binds ATG8 via an AIM (ATG8-interacting motif). 
(3) Subcellular localization and stability – whether CFS1 could reside on the outer 
autophagosome membrane and evades autophagic degradation. 

To further dissect CFS1’s functional role, we conducted autophagic flux assays and 
phenotypic analyses to determine its regulatory impact on autophagy. Additionally, 
phylogenetic and functional comparisons between CFS1 and its homolog CFS2 
confirmed that only CFS1 functions as an autophagy adaptor. To explore evolutionary 
conservation, we extended our study to Marchantia polymorpha, assessing whether 
CFS1’s autophagy-related function is conserved across plant species. 

Through yeast two-hybrid screening, we identified VPS23A, an ESCRT-I component 
involved in endocytic trafficking, as a novel CFS1 interactor. Subsequent protein-
protein interaction assays, confocal microscopy, and phenotypic analyses were 
performed to elucidate how CFS1 mediates crosstalk between autophagy and the 
ESCRT machinery. 

3.2. Dissecting autophagic flux differences between trichoblasts and 
atrichoblasts in Arabidopsis root maturation zone 

As outlined in Chapter 2.7, prior study and our preliminary data indicate that 
trichoblasts exhibit higher autophagic flux than atrichoblasts at root maturation zone. 
In this project, we systematically employed all ATG8 isoforms as autophagic flux 
markers under various conditions, using confocal microscopy to robustly confirm this 
phenomenon in the root maturation zone. Furthermore, we utilized root-hair 
development mutants to determine whether the observed flux difference stems from 
cell-type identity or morphological variation. 

To explore the physiological significance of this disparity, we developed two kinds of 
tool plant lines: 

(1) CRISPR-TSKO (tissue-specific knockout) lines, where autophagy is selectively 

disrupted in trichoblasts of Arabidopsis wild-type Col-0. 
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(2) ATG5-complementation lines, where autophagy is specifically restored in 
trichoblasts of atg5 mutants. 

Through confocal imaging and phenotypic characterization of these genetic tools, we 
aim to uncover the cell-type-specific role of selective autophagy in trichoblasts and its 
contribution to Arabidopsis adaptation. 
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ARTICLE

Plant autophagosomes mature into amphisomes
prior to their delivery to the central vacuole
Jierui Zhao1,2*, Mai Thu Bui1*, Juncai Ma3*, Fabian Künzl1, Lorenzo Picchianti1,2, Juan Carlos De La Concepcion1, Yixuan Chen1, Sofia Petsangouraki1,
Azadeh Mohseni1, Marta Garćıa-Leon1, Marta Salas Gomez1, Caterina Giannini4, Dubois Gwennogan5, Roksolana Kobylinska1, Marion Clavel1,
Swen Schellmann6, Yvon Jaillais5, Jiri Friml4, Byung-Ho Kang3, and Yasin Dagdas1

Autophagosomes are double-membraned vesicles that traffic harmful or unwanted cellular macromolecules to the vacuole for
recycling. Although autophagosome biogenesis has been extensively studied, autophagosome maturation, i.e., delivery and
fusion with the vacuole, remains largely unknown in plants. Here, we have identified an autophagy adaptor, CFS1, that
directly interacts with the autophagosome marker ATG8 and localizes on both membranes of the autophagosome.
Autophagosomes form normally in Arabidopsis thaliana cfs1 mutants, but their delivery to the vacuole is disrupted. CFS1’s
function is evolutionarily conserved in plants, as it also localizes to the autophagosomes and plays a role in autophagic flux in
the liverwort Marchantia polymorpha. CFS1 regulates autophagic flux by bridging autophagosomes with the multivesicular
body-localized ESCRT-I component VPS23A, leading to the formation of amphisomes. Similar to CFS1-ATG8 interaction,
disrupting the CFS1-VPS23A interaction blocks autophagic flux and renders plants sensitive to nitrogen starvation.
Altogether, our results reveal a conserved vacuolar sorting hub that regulates autophagic flux in plants.

Introduction
Macroautophagy (hereafter autophagy) is a conserved vacuolar
trafficking pathway that mediates three Rs in eukaryotic cells,
including plants: (i) It remodels the cellular environment for
developmental and temporary reprogramming events that un-
derlie cellular differentiation and adaptation. In plants, for
example, autophagy is essential for callus regeneration in
Arabidopsis thaliana, wound-induced de-differentiation in Phys-
comitrium patens, sperm maturation in Marchantia polymorpha,
and pollen formation in rice (Rodriguez et al., 2020; Norizuki
et al., 2021 Preprint; Kurusu et al., 2014). Autophagy-mediated
cellular adaptation is also crucial for stress tolerance including
drought, infection, and high temperature stress. Studies in-
volving Arabidopsis, maize, and rice have shown that autophagy
mutants such as atg2, atg5, and atg7 are highly susceptible to
biotic and abiotic stress factors and undergo early senescence
(Signorelli et al., 2019; McLoughlin et al., 2018; Wada et al.,
2015). (ii) At the cellular level, autophagy renovates the cell by
removing the organelles, protein complexes, and other dys-
functional macromolecules that would otherwise reduce cellular
fitness (Dikic, 2017; Marshall and Vierstra, 2018). Finally, (iii)
during nutrient limitation, autophagy replenishes cellular energy

pools and prolongs survival by recycling surplus cellular mate-
rial (McLoughlin et al., 2020; Rabinowitz and White, 2010).
Thus, autophagy is a major degradation and recycling pathway
that keeps the cell in tune with the ever-changing environment
and maintains cellular homeostasis.

The main vehicle of autophagy is a de novo formed, double-
membrane vesicle termed the autophagosome. Autophagosomes
capture their cargo and deliver them to the vacuole (or lyso-
somes in metazoans) for recycling. Autophagosome biogenesis
involves the concerted action of highly conserved autophagy-
related gene (ATG) proteins that coordinate the nucleation and
growth of a cup-shaped phagophore around the autophagic
cargo (Nakatogawa, 2020; Chang et al., 2021; Weidberg et al.,
2011). The two opposing membranes are then sealed with en-
dosomal sorting complex required for transport (ESCRT) pro-
teins to form the autophagosome (Chang et al., 2021). Both
autophagosome membranes are labeled with lipidated ATG8
family proteins that interact with (i) other ATG proteins to co-
ordinate autophagosome formation, (ii) cargo receptors that
selectively recruit cargo macromolecules and underlie se-
lective autophagy, and (iii) adaptor proteins that mediate the
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trafficking and vacuolar fusion of autophagosomes (Stolz et al.,
2014). Most of these ATG8-interacting proteins contain highly
conserved short linear motifs termed as the ATG8-interacting
motif (AIM). The core AIM is denoted as [W/F/Y]xx[L/I/V],
where x represents any amino acid. The AIM peptide is bound
by the highly conserved W and L loops, collectively known as
the AIM-docking site (ADS), on ATG8 (Birgisdottir et al., 2013).
Despite recent advances in cargo receptor identification and
characterization, no autophagy adaptors have been charac-
terized in plants. As a result, we have only a limited under-
standing of how autophagosomes are delivered to the vacuole
in plants.

Autophagosome maturation is logistically different in yeast,
metazoans, and plants. In yeast, autophagosome biogenesis and
maturation happen in the vicinity of the vacuole; the coordi-
nation of these processes is aided by spatial proximity (Zhao and
Zhang, 2019). In metazoans, autophagosomes are formed at
various sites around the cell and subsequently fuse with endo-
somes or lysosomes (Zhao et al., 2021). Autophagosome-
endosome fusions create amphisomes, which mature into
autolysosomes by acquiring lytic enzymes (Sanchez-Wandelmer
and Reggiori, 2013). Despite these logistical differences, in both
yeast and metazoans, the concerted action of dedicated soluble
N-ethylmaleimide-sensitive factor attachment protein receptor
(SNARE) proteins, tethering factors, and adaptors mediate the
fusion of autophagosomes with the lytic compartments (Zhao
et al., 2021). In plants, autophagosomes are formed at sites
around the cell and are then delivered to the central vacuole,
which can occupy as much as 80% of the cell volume (Marshall
and Vierstra, 2018). The molecular details of autophagosome
trafficking, fusion with the vacuole, and how these events are
coordinated with other vacuolar trafficking pathways are cur-
rently unknown in plants. Whether or not plant autophagosomes
converge into amphisomes before arriving to the central vacuole
also remains unknown.

To address these questions, we focused on the identification
of autophagy adaptors. We developed a differential centrifuga-
tion protocol to enrich for intact autophagosomes prior to af-
finity purification-mass spectrometry (AP-MS) with ATG8 as
bait. This approach identified CFS1 (cell death related endosomal
FYVE/SYLF protein 1), a highly conserved FYVE (Fab-1, YGL023,
Vps27, and EEA1) and SYLF (SH3YL1, Ysc84p/Lsb4p, Lsb3p, and
plant FYVE) domain-containing protein that was previously
linked to autophagy (Sutipatanasomboon et al., 2017; Kim et al.,
2022). Characterization of CFS1 revealed that it interacts with
ATG8 in an AIM-dependent manner and specifically regulates
autophagic flux in both A. thaliana and M. polymorpha.
Genome-wide yeast two hybrid screening showed that CFS1
also interacts with the multivesicular body-localized ESCRT-I
complex protein VPS23A. Live cell imaging and electron mi-
croscopy analyses demonstrate that CFS1 colocalizes with
VPS23A at amphisomes. Further flux assays and phenotypic
studies showed that the CFS1-VPS23A interaction is crucial for
autophagic flux. Altogether, our data suggest that plants em-
ploy a prevacuolar sorting hub to coordinate vacuolar traf-
ficking pathways in plants.

Results
Differential centrifugation coupled to affinity purification-
mass spectrometry (AP-MS) revealed autophagosome-
associated proteins in A. thaliana
Since autophagy adaptors play crucial roles in autophagic flux
but are unknown in plants, we first set out to identify autophagy
adaptors. We induced autophagy in GFP-ATG8A expressing A.
thaliana seedlings with Torin1 treatment and performed differ-
ential centrifugation experiments to enrich for small membra-
nous compartments, including intact autophagosomes, while
removing larger, bulkier compartments such as organelles (Liu
and Bassham, 2010; LaMontagne et al., 2016; Fig. 1 A). To test
whether the membrane-associated fractions (P4) contain intact
autophagosomes, we performed protease protection assays. Both
NBR1, a well-characterized autophagy receptor that is localized
within the autophagosomes, and ATG8, which localizes on both
sides of the autophagosome, were protected in these assays
(Svenning et al., 2011; Stolz et al., 2014; Fig. S1, A and B). After
addition of Triton X-100, a detergent that destabilizes mem-
branes, both proteins became sensitive to protease treatment
(Fig. S1 B). These experiments suggested that we could enrich for
intact autophagosomes (Borner et al., 2005). We then combined
this approach with AP-MS of mCherry-ATG8E expressing lines
and screened for protease-sensitive proteins (i.e., those localized
on the outer autophagosome membrane) in the membrane-
enriched fractions (Fig. 1 A). Mass spectrometry analysis re-
vealed 48 proteins that are ATG8E-associated, P4-enriched, and
proteinase K-sensitive, including SH3P2, FRA3, NUP93A, and
NUP98A (Fig. 1, B and C; and Tables S1 and S2). One of these 48
proteins was the FYVE and SYLF domain-containing protein
CFS1 (At3g43230; Fig. 1, B and C). Since CFS1 has previously been
linked to autophagy and FYVE and SYLF domain-containing
proteins are well-known players in vesicle trafficking
(Sutipatanasomboon et al., 2017; Kim et al., 2022; Melia et al.,
2020), we decided to characterize CFS1 in depth.

CFS1 localizes to the autophagosomes
To map the cellular distribution of CFS1, we generated trans-
genic Arabidopsis lines that stably co-express mCherry-CFS1 with
endomembrane compartment markers, including NAG1-EGFP
(Golgi bodies), VHAa1-GFP (trans-Golgi network), GFP-ARA7
(late endosomes), and GFP-ATG8A (autophagosomes; Geldner
et al., 2009; Bassham, 2015). Live-cell confocal imaging and
quantification under control and two different autophagy in-
ducing conditions (nitrogen starvation and salt stress) showed
that mCherry-CFS1 puncta specifically colocalize with the au-
tophagosomes (Thompson et al., 2005; Liu et al., 2009; Fig. S1, C
and E; and Fig. 1 D). Mander’s colocalization coefficients showed
that both the M1 and M2 between mCherry-CFS1 and GFP-
ATG8A are higher than 0.4, while the M1 and M2 between
mCherry-CFS1 and other GFP markers are <0.2 (Fig. S1, D, F, and
E). We also performed microscopy experiments with the am-
phiphilic styryl dye FM4-64, a stain that is widely used for
tracing endocytic vesicles (Rigal et al., 2015). CFS1 did not co-
localize with FM4-64 even under autophagy-inducing con-
ditions (Fig. S1, G and H).
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Figure 1. Differential centrifugation coupled to affinity purification-mass spectrometry (AP-MS) revealed autophagosome-associated proteins in A.
thaliana. (A) Schematic diagram showing the differential centrifugation coupled to affinity purification-mass spectrometry (AP-MS) workflow. Total lysate of
Arabidopsis seedlings underwent several differential centrifugation steps, where each time the supernatant (S) was transferred, and the pellet (P) was left
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To further corroborate the autophagosome localization of
CFS1, we visualized it with two other autophagosome-localized
proteins: ATG11, a core autophagy protein that is crucial for
recruitment of selective autophagy receptors and cargoes to the
autophagosome, and NBR1 (Zientara-Rytter and Subramani,
2020; Svenning et al., 2011). mCherry-CFS1 colocalized with
both GFP-ATG11 and NBR1-GFP upon induction of autophagy
with salt stress (Fig. S1, I and J). Finally, we performed spinning
disc time-lapse imaging of Arabidopsis lines that stably co-express
mCherry-CFS1 with GFP-ATG8A or NBR1-GFP. Consistent with
our confocal microscopy data, these time course experiments
showed that CFS1 moves together with ATG8 and NBR1 puncta
(Videos 1 and 2). Altogether, these results demonstrate that CFS1
specifically labels autophagic compartments.

A previous study analyzing FYVE domain-containing pro-
teins in Arabidopsis identified another protein (CFS2, At1g29800)
that also has FYVE and SYLF domains and shares 57.3% identity
with CFS1 (Wywial and Singh, 2010; Fig. S2 A). Our phylogenetic
analysis of CFS1 proteins across the plant kingdom detected no
homology between CFS1 and CFS2 (Fig. S2 B). CFS1 and CFS2
formed separate, well-supported clades with different evolu-
tionary histories. Nevertheless, we tested whether CFS2 plays a
role in autophagy. We first carried out microscopy experi-
ments similar to those described above. Although CFS2 was
stably expressed, it did not form any puncta and had a diffuse
localization pattern, even under autophagy inducing con-
ditions (Fig. S2, C and D). Nitrogen starvation plate assays,
which are typically used to evaluate autophagy defects in
Arabidopsis, showed no difference between cfs2 mutants and
wild-type Col-0 plants (Phillips et al., 2008; Fig. S2 E). In
contrast, cfs1 mutants showed early senescence after 10 d of
nitrogen starvation, similar to the autophagy-deficient atg5
mutant (Thompson et al., 2005; Fig. S2 E). We then compared
autophagic flux in cfs1 and cfs2mutants. NBR1 is degraded upon
induction of autophagy, and this is used as a proxy for

autophagic flux measurements (Bassham, 2015). Under both
nitrogen starvation and salt-stress conditions, cfs1 mutants had
higher NBR1 levels compared to wild-type plants (Fig. S2, F–I).
However, cfs2 mutants showed no significant difference, and
cfs1cfs2 double mutants were comparable to cfs1 (Fig. S2, F–I).
Altogether, these results suggest that CFS2 is not involved in
autophagy and prompted us to focus on CFS1 for further
characterization.

CFS1 interacts with ATG8 in an AIM-dependent manner
Autophagy adaptors interact with ATG8 directly through an
AIM (Birgisdottir et al., 2013; Stolz et al., 2014; Zaffagnini and
Martens, 2016). To investigate whether CFS1 interacts with
ATG8, we first performed GST pull-down assays with Arabi-
dopsis lysates expressing mCherry-CFS1 and Escherichia coli
crude extracts expressing all nine GST-tagged Arabidopsis ATG8
isoforms or GST alone. mCherry-CFS1 interacted with GST-
ATG8A to GST-ATG8F with similar affinities, but did not in-
teract with GST-ATG8G, GST-ATG8H, and GST-ATG8I (Fig. S3
A). To further study whether CFS1 interacts with ATG8 in an
AIM-dependent manner, we mixed crude extracts from E. coli
expressing WT GST-ATG8A, an ADS mutant of ATG8 (GST-
ATG8AADS), or GST alone with Arabidopsis lysates expressing
mCherry-CFS1 and performed GST pull-down assays. mCherry-
CFS1 interacted with GST-ATG8A, but not with GST-ATG8AADS

or GST alone (Fig. 2 A). Consistently, the interaction between
CFS1 and ATG8 could be outcompeted with a high-affinity AIM
peptide, but not with an AIM mutant peptide (Stephani et al.,
2020; Fig. 2 A). We then set out to identify the AIM in CFS1.
Amino acid sequence alignments revealed a highly conserved
candidate AIM between the FYVE and SYLF domains of CFS1
(Fig. S4). To test whether this motif is important for ATG8 in-
teraction, we mutated the core AIM residues into alanine
(WLNL-267-ALNA) and expressed the resulting mCherry-
CFS1AIM in the cfs1 mutant. This mutation did not affect CFS1

untouched. Samples were spun for 10 min at 1,000 g (S1), to remove intact cells, nuclei, and cell debris; 10 min at 10,000 g, to remove bigger organelles like
mitochondria and chloroplasts (S2); 10 min at 15,000 g, to further remove organelles (S3) and finally 60 min at 100,000 g (S4 and P4; LaMontagne et al., 2016).
The P4 fraction, containing small vesicles and microsomes (microsomal fraction), i.e., autophagosomes, was further subjected to 30 ng/μl proteinase K
treatment (P4 + proteinase K). All S4, P4, and P4 + proteinase K samples were processed for AP-MS. (B) Venn diagram showing the overlap between ATG8E-
associated, P4-enriched, and protease K-sensitive proteins that were identified by the AP-MS workflow described in A. 7-d-old Arabidopsis seedlings expressing
pUBQ::mCherry or pUBQ::mCherry-ATG8E were treated with 3 μM Torin 1 for 90 min for autophagy induction before lysing. Diagram was generated using
Venny 2.1.0 (Oliveros, 2016). (C) Volcano plots of mCherry-ATG8E AP-MS datasets identified CFS1 in all three pairwise comparisons. Upper panel, volcano plot
of the pairwise comparison of “mCherry P4” and “mCherry-ATG8E P4” shows proteins enriched by the bait mCherry-ATG8E. X- and Y-axis displays log2 fold-
change (log2[FC]) and −log10(P value), respectively. Dashed lines represent threshold for log2(FC) > 1 and P value <0.05. Only proteins passing both P value
<0.05 and log2(FC) < 0 filter were considered in the first set “ATG8E-associated” in B. Middle panel, volcano plot of the pairwise comparison of “mCherry-
ATG8E S4” and “mCherry-ATG8E P4,” shows proteins enriched by mCherry-ATG8E in the pellet (P4) relative to the supernatant (S4). X-axis and Y-axis display
log2(FC) and −log10(P value), respectively. Dashed lines represent threshold for log2(FC) > 1 and P value <0.05. Only proteins passing both P value <0.05 and
log2(FC) < 0 filter were considered in the second set “P4-enriched” in B. Lower panel, volcano plot of the pairwise comparison of “mCherry-ATG8E P4 +
proteinase K” and “mCherry-ATG8E P4”, shows proteins enriched by mCherry-ATG8E in the pellet (P4) before proteinase K treatment. X-axis and Y-axis display
log2(FC) and −log10(P value), respectively. Dashed lines represent threshold for log2(FC) > 1 and P value <0.05. Only proteins passing both P value <0.05 and
log2(FC) < 0 filter were considered in the third set “Proteinase K-sensitive” in B. For all volcano plots, CFS1, interested proteins, and ATG8E are labeled by green,
orange, or light blue dots, respectively. (D) Confocal microscopy images of Arabidopsis root epidermal cells co-expressing pUBQ::mCherry-CFS1 with either
Golgi body marker p35S::NAG1-EGFP, trans-Golgi network marker pa1::VHAa1-GFP, MVB marker pRPS5a::GFP-ARA7 or autophagosome marker pUBQ::GFP-
ATG8A under nitrogen starvation. 5-d-old Arabidopsis seedlings were incubated in nitrogen-deficient 1/2 MS media for 4 h for autophagy induction before
imaging. Representative images of 10 replicates are shown. Area highlighted in the white-boxed region in the merge panel was further enlarged and presented
in the inset panel. Scale bars, 5 μm. Inset scale bars, 2 μm. (E) Quantification of confocal experiments in D showing the Mander’s colocalization coefficients
between mCherry-CFS1 and the GFP-fused marker proteins NAG1, VHAa1, ARA7, or ATG8A. M1, fraction of GFP-fused marker signal that overlaps with
mCherry-CFS1 signal. M2, fraction of mCherry-CFS1 signal that overlaps with GFP-fused marker signal. Bars indicate the mean ± SD of 10 replicates.
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stability as both proteins accumulate to similar levels (Fig. 2 B).
Pull-down experiments showed that, in contrast to mCherry-
CFS1, mCherry-CFS1AIM interacted significantly less with
GST-ATG8A (Fig. 2 B). We then performed in vivo co-
immunoprecipitation (co-IP) experiments using plants stably
co-expressing mCherry-CFS1 with GFP-ATG8A. We observed a
strong association between CFS1 and ATG8A (Fig. 2 C). This
association was further strengthened during nitrogen starva-
tion, suggesting recruitment of CFS1 to the autophagosomes
upon autophagy induction (Fig. 2 C). In contrast, mCherry-
CFS1AIM-GFP-ATG8A association was substantially weaker
under both control and nitrogen-starved conditions (Fig. 2 C).

We then performed nitrogen starvation plate assays to test
the physiological relevance of the CFS1 AIM. Expression of wild-
type mCherry-CFS1 rescued the nitrogen-sensitivity phenotype
of cfs1 mutants. mCherry-CFS1AIM expressing plants remained
sensitive to nitrogen starvation, similar to the cfs1 and atg5
mutants (Fig. 2 D). Finally, we compared the localization pat-
terns of mCherry-CFS1 and mCherry-CFS1AIM relative to GFP-
ATG8A. mCherry-CFS1 formed a significantly higher number of
colocalizing puncta compared to mCherry-CFS1AIM under both
control and autophagy-inducing conditions (Fig. 2, E and F).
Collectively, these results suggest that CFS1 interacts with ATG8
in an AIM-dependent manner and that the CFS1–ATG8 inter-
action is essential for CFS1 function and autophagosome
localization.

To further study the residual puncta formed by mCherry-
CFS1AIM, we crossed mCherry-ATG8E with the atg5 mutant,
which does not form autophagosomes (Thompson et al., 2005).
mCherry-CFS1 was still able to form a limited number of puncta
in both basal and autophagy-inducing conditions, indicating that
CFS1 forms puncta independently of autophagosomes (Fig. 2, G
and H). To understand how CFS1 could still form puncta in the
absence of autophagy, we looked at the other functional domains
on CFS1. CFS1 has well-defined FYVE and SYLF domains that bind
phosphatidylinositol-3-phosphate (Pi3P) and actin, respectively
(Sutipatanasomboon et al., 2017; Fig. S2, A and B). We point-
mutated the FYVE domain (RHHCR-195-AHACA) or the SYLF
domain (K282A, R288A, K320A) of CFS1 to generatemCherry-
CFS1FYVE and mCherry-CFS1SYLF. We also combined the
mutations from mCherry-CFS1AIM, mCherry-CFS1FYVE, and
mCherry-CFS1SYLF to generate a triple CFS1 mutant, mCherry-
CFS1tri. Confocal microscopy results showed that mutating
these domains, either individually or in combination, did not
alter protein stability but did lead to diffuse localization pat-
terns and disrupted ATG8A co-localization (Fig. S3, C and D),
suggesting that CFS1 bridges Pi3P-rich endomembrane
compartments with autophagosomes. In addition, in vivo co-
IP experiments showed that compared to the wild-type mCherry-
CFS1, mCherry-CFS1FYVE, mCherry-CFS1SYLF, and mCherry-CFS1tri

associated less with GFP-ATG8A (Fig. S3 D). Altogether, these re-
sults suggest that in addition to the AIM, FYVE and SYLF domains
are also important for CFS1–ATG8 interaction.

CFS1 functions as an autophagy adaptor
We next explored the molecular function of CFS1 in autophagy.
Three types of autophagy-related proteins contain AIMs: (i) core

autophagy proteins involved in autophagosome biogenesis, (ii)
autophagy receptors that mediate selective cargo recruitment
and undergo autophagic degradation together with their re-
spective cargoes, and (iii) autophagy adaptors, which interact
with ATG8 on the outer autophagosome membrane and mediate
autophagosome trafficking and maturation (Stolz et al., 2014).
To determine whether CFS1 is involved in autophagosome bio-
genesis, we performed transmission electron microscopy (TEM)
experiments in Arabidopsis root cells. Ultrastructural analysis of
autophagosomes in cfs1 mutants showed fully formed autopha-
gosomes, indistinguishable from those in wild-type cells, ruling
out a role for CFS1 in autophagosome biogenesis (Fig. 3 A). To
test whether CFS1 functions as an autophagy receptor or adap-
tor, we performed comparative vacuolar flux analysis, using
NBR1 as a representative autophagy receptor. We stained the
vacuolar lumen with BCECF-AM and blocked vacuolar degra-
dation with the vATPase inhibitor concanamycin A (conA; Krebs
et al., 2010; Bassham, 2015), which enabled us to quantify puncta
within the vacuolar lumen. Upon induction of autophagy with
salt stress, we found significantly less CFS1 puncta compared to
ATG8 or NBR1 puncta (Fig. 3, B and C). Consistently, although
both CFS1 and NBR1 colocalize with ATG8E at cytosolic
autophagosomes, upon conA treatment there were fewer co-
localizing CFS1-ATG8E puncta inside the vacuole compared to
NBR1-ATG8E puncta (Fig. 3, D and E). These results suggest that
CFS1 functions as an autophagy adaptor. Since autophagy
adaptors should localize on the outer autophagosome mem-
brane, we performed immunogold-labeling TEM experiments
on Arabidopsis seedlings expressing mCherry-CFS1. We could
readily detect gold particles on the outer autophagosome
membranes (Fig. 3, F and G), consistent with CFS1 having an
adaptor function. Of note, we also detected gold particles at the
inner autophagosome membrane (Fig. 3 F), suggesting CFS1 is
recruited to the autophagosomes during phagophore growth. In
sum, the comparative vacuolar flux analysis and the ultra-
structural localization experiments support the role of CFS1 as
an autophagy adaptor.

CFS1 is crucial for autophagic flux
Autophagy adaptors regulate the delivery or fusion of auto-
phagosomes to the vacuole, known as autophagic flux (Stolz
et al., 2014). We next examined the role of CFS1 in this pro-
cess. First, we expressed mCherry-ATG8E in wild-type Col-0,
cfs1, or atg5, and quantified the number of mCherry-ATG8E-
labeled autophagosomes in root epidermal cells of these lines.
Upon autophagy induction with salt stress, significantly more
autophagosomes accumulated in the cytosol of cfs1 cells com-
pared to Col-0 (Fig. 4, A and B). However, after treatment with
conA, which stabilizes autophagic bodies in the vacuole, cfs1
mutants had significantly less mCherry-ATG8E puncta (Fig. 4, A
and B). atg5mutants had no autophagosomes in either condition
(Fig. 4, A and B). These results suggest that cfs1 mutants have
defects in the delivery of autophagosomes to the vacuole, which
leads to the accumulation of autophagosomes in the cytosol. To
support these data, we performed GFP-release assays under the
same conditions. When GFP-ATG8 is delivered to the vacuole, a
stable GFP fragment is released due to vacuolar protease activity.
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Figure 2. CFS1 interacts with ATG8A in an AIM (ATG8 Interacting Motif)-dependent manner. (A) GST pull-down coupled with peptide competition with
E. coli lysates expressing either GST, GST-ATG8A, or GST-ATG8AADS and A. thalianawhole-seedling lysates expressing mCherry-CFS1. The peptides were added
to a final concentration of 200 µM. Proteins were visualized by immunoblotting with anti-GST and anti-RFP antibodies. Representative images of three
replicates are shown. Reference protein sizes are labeled as numbers at the left side of the blots (unit: kD). ADS, AIM docking site. (B) GST pull-downwith E. coli
lysates expressing either GST or GST-ATG8A and A. thaliana whole-seedling lysates expressing either mCherry, mCherry-CFS1, or mCherry-CFS1AIM. Proteins
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The ratio of free GFP to GFP-ATG8 can thus be used to quantify
autophagic flux (Bassham, 2015; Yoshii and Mizushima, 2017).
Quantification of five independent experiments showed that cfs1
had higher levels of full-length GFP-ATG8A and lower levels of
free GFP under nitrogen starvation or salt-stress conditions
compared to wild type (Fig. 4, C and D). As mentioned above, the
rate of NBR1 degradation can be also used to measure autophagic
flux (Bassham, 2015; Yoshii and Mizushima, 2017). Following
autophagy induction with salt stress, NBR1 levels remained high
in cfs1 compared to wild type (Fig. S2, F–I; and Fig. 4, C and E).
Collectively, these results show that CFS1 is crucial for auto-
phagic flux in A. thaliana.

We then tested whether CFS1 is involved in autophagic flux
during selective autophagy. Using our recently established
uncoupler-induced mitophagy assays, we compared mitophagic
flux in wild type and cfs1 cells (Ma et al., 2021). Ultrastructural
analysis of uncoupler-treated cfs1 cells showed fully formed
mitophagosomes, further confirming that CFS1 does not play a
role in autophagosome biogenesis (Fig. 4 F). We then measured
mitophagic flux using western blots. Uncoupler treatment led to
a decrease in levels of the mitochondrial matrix protein isoci-
trate dehydrogenase (IDH). This decrease was restored upon
conA treatment, confirming the induction of mitophagy. cfs1
mutants had higher IDH levels upon uncoupler treatment, sug-
gesting a defect in mitophagic flux (Fig. 4, G and H). When we
examined mitochondrial ultrastructure in cfs1 by electron mi-
croscopy, we saw accumulation of damaged mitochondria with
distinctive electron dense precipitates, which were rare in wild
type, but common in atg5 mutant (Fig. 4 I). Altogether, these
results suggest CFS1 is also crucial for selective autophagy flux in
A. thaliana.

We next asked whether the function of CFS1 is conserved
across plants by studying theM. polymorpha (Mp) CFS1 homolog.
StableM. polymorpha plants co-expressing mScarlet-MpCFS1 with
GFP-MpATG8A or GFP-MpATG8B showed that MpCFS1 colo-
calizeswith bothMpATG8 isoforms (Fig. 5, A and B). Heterologous
expression of MpCFS1 in A. thaliana also showed colocalization of
MpCFS1 with GFP-ATG8A (Fig. 5, C and D). Finally, GFP-release

assays inMarchantia showed thatMpcfs1 mutants have a defect in
GFP-ATG8 degradation (Fig. 5, E and F). Together, these results
suggest that CFS1 function is conserved across plants.

Since autophagic flux measurements assess vacuolar deliv-
ery, we decided to test if other vacuolar trafficking pathways are
also affected in cfs1 mutants. First, we measured the endocytic
delivery of FM4-64 in Col-0, cfs1, cfs2, cfs1cfs2, and cfs1 comple-
mentation lines. We quantified FM4-64 positive puncta upon
conA treatment, which stabilizes endocytic vesicles. There was
no difference between Col-0 and the mutant lines (Fig. 6, A and
B). We then measured the uptake of a proteinaceous endocytic
cargo, the auxin efflux carrier protein PIN2, in Col-0 and cfs1
(Kleine-Vehn et al., 2008). Similar to FM4-64, upon induction of
PIN2 endocytosis with dark treatment, we did not observe any
difference between Col-0 and cfs1 (Fig. 6, C and D). In addition,
we compared the vacuolar morphology in Col-0, cfs1, cfs2, cfs1cfs2,
and cfs1 complementation lines, using BCECF-AM staining. We
observed multiple small vacuoles in the epidermal cells of the
root meristematic zone (Fig. 6 E) and intact central vacuoles at
the transition zone in all lines (Fig. 6 F). Altogether, these results
indicate that CFS1 specifically regulates autophagic flux without
affecting other vacuolar pathways or vacuolar morphology.

CFS1 interacts with VPS23A and mediates the formation
of amphisomes
How then does CFS1 regulate autophagic flux? We hypothesized
that it may interact with tethering factors, such as the CORVET
or the HOPS complex, and thereby bridge the autophagosomes
with the tonoplast (Takemoto et al., 2018). To test this hypoth-
esis, we generated Arabidopsis lines that co-expressed mCherry-
CFS1 with the CORVET complex component VPS3, the HOPS
complex component VPS39, and the tonoplast localized SNARE
protein VAMP711 (Takemoto et al., 2018; Geldner et al., 2009).
Under both control and autophagy-inducing conditions, CFS1 did
not colocalize with any of those proteins, negating out our hy-
pothesis (Fig. S5, A–F).

This prompted us to step back and investigate the CFS1 in-
teractome. We performed a genome-wide yeast two hybrid

were visualized by immunoblotting with anti-GST and anti-RFP antibodies. Representative images of three replicates are shown. Reference protein sizes are
labeled as numbers at the left side of the blots (unit: kD). (C) RFP-Trap pull-down of Arabidopsis seedlings co-expressing pUBQ::GFP-ATG8A with either pUBQ::
mCherry-CFS1 or pUBQ::mCherry-CFS1AIM. 7-d-old seedlings were incubated in either control (+) or nitrogen-deficient (−) 1/2 MS media for 12 h. Protein
extracts were immunoblotted with anti-GFP and anti-RFP antibodies. Representative images of four replicates are shown. Reference protein sizes are labeled
as numbers at the left side of the blots (unit: kD). (D) Phenotypic characterization of Col-0, atg5, cfs1, cfs1 complemented with pUBQ::mCherry-CFS1 or cfs1
complemented with pUBQ::mCherry-CFS1AIM upon nitrogen starvation. 25 seeds per genotype were grown on 1/2 MS media plates (+1% plant agar) for 1-wk
and 7-d-old seedlings were subsequently transferred to nitrogen-deficient 1/2 MS media plates (+0.8% plant agar) and grown for 2 wk. Plants were grown at
21°C under LEDs with 85 µM/m2/s and a 14 h light/10 h dark photoperiod. d0 depicts the day of transfer. Brightness of pictures was enhanced ≤19% with
Adobe Photoshop (2020). Representative images of four replicates are shown. (E) Confocal microscopy images of Arabidopsis root epidermal cells co-
expressing pUBQ::GFP-ATG8A with either pUBQ::mCherry-CFS1 or pUBQ::mCherry-CFS1AIM. 5-d-old Arabidopsis seedlings were incubated in either control,
nitrogen-deficient (−N) or 150 mM NaCl-containing 1/2 MS media before imaging. Representative images of 10 replicates are shown. Area highlighted in the
white-boxed region in the merge panel was further enlarged and presented in the inset panel. Scale bars, 5 μm. Inset scale bars, 2 μm. (F) Quantification of
confocal experiments in E showing the number of mCherry-CFS1 puncta per normalized area (10,000 μm2). Bars indicate the mean ± SD of 10 replicates. Two-
tailed and paired Student t tests were performed to analyze the significance differences of the mCherry-CFS1 puncta number. ***, P value <0.001. (G) Confocal
microscopy images of root epidermal cells of cfs1 expressing pUBQ::mCherry-CFS1 or pUBQ::mCherry-CFS1AIM, or cfs1 × atg5 expressing pUBQ::mCherry-CFS1.
5-d-old Arabidopsis seedlings were incubated in either control or 150 mM NaCl-containing 1/2 MS media for 2 h before imaging. Representative images of 10
replicates are shown. Scale bars, 5 μm. (H) Quantification of confocal experiments in G showing the number of mCherry-CFS1 puncta per normalized area
(10,000 μm2). Bars indicate the mean ± SD of 10 replicates. Brown–Forsythe andWelch one-way ANOVA test were performed to analyze the differences of the
mCherry-CFS1 puncta number between each group. Unpaired t tests withWelch’s correction were used for multiple comparisons. Family-wise significance and
confidence level, 0.05 (95% confidence interval), were used for analysis. Source data are available for this figure: SourceData F2.
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Figure 3. CFS1 functions as an autophagy adaptor. (A) Transmission electron microscopy (TEM) micrographs showing fully formed autophagosomes in the
root cells of Col-0 and cfs1. 7-d-old Arabidopsis seedlings were incubated in 150 mM NaCl-containing 1/2 MS media for 1 h for autophagy induction before
cryofixation. Scale bars, 500 nm. AP, autophagosome. M, mitochondrion. (B) Confocal microscopy images of Arabidopsis root epidermal cells expressing either
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screens, which revealed 51 confident interactors (Table S4).
Notably, one of these interactors was VPS23A, an ESCRT-I
complex component that is known to regulate endomembrane
trafficking (Nagel et al., 2017; Shen et al., 2018; Gao et al., 2015).
Confocal microscopy analyses showed that CFS1 colocalize with
VPS23A under both control and salt-stressed conditions (Fig. 7,
A and B). To further test the association between CFS1 and the
ESCRT-I complex, we colocalized CFS1 with two other ESCRT-
localized adaptor proteins, FREE1 and ALIX (Gao et al., 2015;
Kalinowska et al., 2015). Similar to VPS23A, both proteins
partially colocalized with CFS1 (Fig. S5, G and H). Interestingly,
our airyscan and spinning disc microscopy analysis showed
that two GFP-CFS1 puncta localized on distinct regions of
VPS23A-TagRFP puncta (Fig. 7 C) and CFS1 move together with
VPS23A (Video 3). These results suggest that CFS1 could bridge
autophagosomes with VPS23A-labeled multivesicular bodies.

We then performed immunogold labeling TEM experiments
to visualize the compartments where CFS1 and VPS23A colo-
calize. We used two differently sized gold particles conjugated to
anti-GFP or anti-RFP antibodies, recognizing GFP-CFS1 and
VPS23A-TagRFP, respectively. Electron micrographs obtained
from cryo-fixed Arabidopsis root cells revealed that CFS1 and
VPS23A colocalized at amphisomes, hybrid structures where au-
tophagosomes fuse with intraluminal vesicle containing multi-
vesicular bodies (Sanchez-Wandelmer and Reggiori, 2013; Fig. 7 D)
This demonstrates that, similar to metazoans, plants have am-
phisomes where CFS1 colocalizes with VPS23A.

This prompted us to test the significance of amphisomes in
autophagic flux. We first measured autophagic flux in vps23
mutants. Arabidopsis has two VPS23 isoforms, VPS23A/VPS23.1
and VPS23B/VPS23.2 (Nagel et al., 2017). Since Arabidopsis
vps23avps23b double mutants are lethal, wemeasured autophagic
flux on single vps23a or vps23b mutants (Nagel et al., 2017). We
expressed GFP-ATG8A in Col-0, cfs1, vps23a, and vps23b and
quantified the GFP-ATG8A-marked autophagic bodies with and
without salt stress and conA treatment. Neither vps23a nor
vps23bmutants showed a significant difference compared to Col-0
(Fig. 7, E and F). Consistently, neither vps23a nor vps23bmutants

showed autophagic flux defects in NBR1 degradation assays
(Fig. 7, G and H). Finally, vps23a and vps23b were indistin-
guishable from wild type in nitrogen starvation plate assays
(Fig. 7 I). Altogether, these data indicate that VPS23A and
VPS23B may act redundantly or do not play a role in autophagy.

To circumvent the potential redundancy between VPS23A
and VPS23B, we mutated CFS1 residues likely to mediate the
CFS1–VPS23A interaction. Previous studies have shown that
VPS23 interacting proteins contain a “PSAPP” motif, which
docks into the ubiquitin E2 variant domain on VPS23 (Pornillos
et al., 2003; Sutipatanasomboon et al., 2017). Consistently, Al-
phafold prediction suggested CFS1 and VPS23A interacted in a
PSAPP-dependent manner (Jumper and Hassabis, 2022; Fig. 8
A). We thus generated the mCherry-CFS1PSAPP mutant, where
the PSAPPmotif ismutated to alanines (PSAPP-145-AAAAA) and
expressed it in the cfs1 background. We also generated the
mCherry-CFS1AIM+PSAPP doublemutant, where both the AIM and
the PSAPP motifs were mutated. The PSAPP mutation did not
affect the stability of mCherry-CFS1 and its interaction with
GFP-ATG8A (Fig. 8 B). We then tested whether the PSAPP
motif is important for CFS1–VPS23A interaction. We stably
co-expressed VPS23A-mTurquoise2 and GFP-ATG8A with
mCherry-CFS1 or mCherry-CFS1PSAPP. RFP pull-down experi-
ments showed that mCherry-CFS1, mCherry-CFS1PSAPP had
similar association levels with GFP-ATG8A. However, the PSAPP
mutant associated significantly less with VPS23A (Fig. 8 C).
Furthermore, confocal microscopy experiments on Arabidopsis
lines co-expressing GFP-VPS23A with either mCherry-CFS1 or
mCherry-CFS1PSAPP showed that mCherry-CFS1PSAPP did not
colocalize with GFP-VPS23A anymore (Fig. 8, D and E). Of note,
in several cases, mCherry-CFS1PSAPP puncta were in close prox-
imity of the VPS23 puncta, but were unable to fully colocalize,
consistent with the loss of association that we observed in the co-
IP experiments (Fig. 8, C and D). Altogether, these findings
suggest that CFS1 interacts with VPS23A in a PSAPP-dependent
manner.

We next wanted to understand the physiological importance
of the CFS1–VPS23A interaction in Arabidopsis. We measured

pUBQ::mCherry-ATG8E, pNBR1::TagRFP-NBR1 or pUBQ::mCherry-CFS1. 5-d-old seedlings were first incubated in 5 μM BCECF-AM-containing 1/2 MS media
for 30 min for vacuole staining and were subsequently transferred to 1/2 MS media containing 90 mM NaCl and 1 μM concanamycin A (conA) for 2 h before
imaging. Representative images of 10 replicates are shown. Scale bars, 5 μm. (C) Quantification of confocal experiments in B showing the ratio between the
number of mCherry-ATG8E, TagRFP-NBR1, or mCherry-CFS1 puncta inside the vacuole, compared to the total number of mCherry-ATG8E, TagRFP-NBR1, or
mCherry-CFS1 puncta. Bars indicate the mean ± SD of 10 replicates. Two-tailed and unpaired t tests with Welch’s corrections were performed to analyze the
differences of puncta numbers between mCherry-ATG8E and mCherry-CFS1 or between TagRFP-NBR1 and mCherry-CFS1. ***, P value <0.001. (D) Confocal
microscopy images of Arabidopsis root epidermal cells co-expressing pUBQ::mCherry-ATG8E with either pUBQ::GFP-CFS1 or pNBR1::NBR1-GFP. 5-d-old
Arabidopsis seedlings were incubated in 1/2 MS media containing either 150 mM NaCl (without conA; -conA), or 90 mM NaCl and 1 μM conA (+conA) for 2 h
before imaging. Representative images of 10 replicates are shown. Area highlighted in the boxed region in the merge panel was further enlarged and presented
in the inset panel. Scale bars, 10 μm. Inset scale bars, 5 μm. (E) Quantification of confocal experiments in D showing the mCherry-ATG8E colocalization ratio of
NBR1-GFP and GFP-CFS1 to mCherry-ATG8E under +conA treatment conditions. The mCherry-ATG8E colocalization ratio is calculated as the ratio between the
number of mCherry-ATG8E puncta that colocalize with NBR1-GFP or GFP-CFS1 puncta compared with the number of total mCherry-ATG8E puncta. Bars
indicate the mean ± SD of 10 replicates. Two-tailed and unpaired t tests with Welch’s corrections were performed to analyze the differences of mCherry-
ATG8E colocalization ratio between GFP-CFS1 and NBR1-GFP. ***, P value <0.001. (F) TEM images showing immuno-gold labeled GFP-CFS1 at the auto-
phagosomes in Arabidopsis root cells. 7-d-old seedlings were incubated in 150 mM NaCl-containing 1/2 MS media for 2 h for autophagy induction before
cryofixation. Sections from pUBQ::GFP-CFS1 expressing samples were labeled with an anti-GFP primary antibody and a secondary antibody conjugated to 10
nm gold particles. Yellow arrowheads mark the gold particles associated with autophagosomes. Scale bars, 500 nm. AP, autophagosome. (G) Quantification of
the localization of the GFP-specific gold particles imaged in the experiment shown in F. Approximately 900 gold particles in 50 TEM images captured from five
independent samples were grouped into autophagosomes, cytosol or other organelles according to their locations. One-way ANOVA was performed to analyze
the significant difference between different gold particle locations. ****, P value <0.0001.
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Figure 4. CFS1 is crucial for autophagic flux in A. thaliana. (A) Confocal microscopy images of root epidermal cells of Col-0, cfs1, or atg5 expressing pUBQ::
mCherry-ATG8E under NaCl or NaCl + conA treatment. 5-d-old Arabidopsis seedlings were incubated in 1/2 MS media containing either 150 mM NaCl (NaCl) or
90 mM NaCl and 1 μM conA (NaCl + conA) for 2 h before imaging. Representative images of 10 replicates are shown. Scale bars, 5 μm. (B) Left panel,
quantification of the mCherry-ATG8E puncta per normalized area (10,000 μm2) of the NaCl-treated cells imaged in A. Right panel, quantification of the
mCherry-ATG8E puncta inside the vacuole per normalized area (10,000 μm2) of the NaCl + conA-treated cells imaged in A. Bars indicate the mean ± SD of 10
replicates. Two-tailed and unpaired Student t tests with Welch’s correction were performed to analyze the significance of mCherry-ATG8E puncta density
differences between Col-0 and cfs1, Col-0 and atg5, or cfs1 and atg5. ***, P value <0.001. (C)Western blots showing GFP-ATG8A cleavage level and endogenous
NBR1 level in Col-0 or cfs1 mutants under control, nitrogen-deficient (−N) or salt-stressed (NaCl) conditions. Arabidopsis seedlings were grown under con-
tinuous light in 1/2 MSmedia for 1-wk and 7-d-old seedlings were subsequently transferred to 1/2 MSmedia ±1 µM conA, nitrogen-deficient (−N) 1/2 MSmedia
±1 µM conA, or 1/2 MS media containing 150 mM NaCl ±1 µM conA for 12 h. 15 μg of total protein extract was loaded and immunoblotted with anti-GFP and
anti-NBR1 antibodies. Representative images of five replicates are shown. Reference protein sizes are labeled as numbers at the left side of the blots (unit: kD).
(D)Quantification of the relative autophagic flux in C. Values were calculated through protein band intensities of GFP divided by GFP-ATG8A and normalized to
untreated (Control) Col-0. Results are shown as the mean ± SD of five replicates. One-tailed and paired Student t tests were performed to analyze the
significance of the relative autophagic flux differences. ns, not significant. *, P < 0.05. **, P < 0.01. (E)Quantification of the relative NBR1 level in C compared to
untreated (control) Col-0. Values were calculated through normalization of protein bands to Ponceau S and shown as the mean ± SD of five replicates. One-
tailed and paired Student t tests were performed to analyze the significance of the relative NBR1 level differences. **, P < 0.01. ***, P < 0.001. (F) Serial
sections of transmission electron microscopy micrographs showing a mitophagosome engulfing a mitochondrion. 7-d-old Arabidopsis cfs1 seedlings were
incubated in 1/2 MS media containing 50 μM DNP for 1 h before cryofixation. Scale bar, 500 nm. MPh, mitophagosome. M, mitochondrion. (G) Immunoblot
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autophagic flux in mCherry-CFS1 and mCherry-CFS1PSAPP ex-
pressing A. thaliana lines, using three different assays. First, we
quantified vacuolar GFP-ATG8A puncta under autophagy in-
ducing salt stress conditions. mCherry-CFS1PSAPP lines had sig-
nificantly fewer autophagic bodies in the vacuole (Fig. 8, G and
H). Consistently, GFP-release assays showed that mCherry-
CFS1PSAPP lines phenocopied the mCherry-CFS1AIM lines, with
an autophagic flux defect under nitrogen starvation conditions
(Fig. 8, I and J). NBR1 flux measurements also indicated a defect
in autophagic flux (Fig. 8, I and K). Ultimately, to test the
physiological importance of the CFS1–VPS23A interaction, we
performed nitrogen starvation plate assays. Similar to the ex-
pression of mCherry-CFS1AIM, the expression of mCherry-
CFS1PSAPP failed to rescue the nitrogen starvation-sensitivity
phenotype of cfs1 (Fig. 8 L). Altogether, these findings dem-
onstrate that the CFS1–VPS23A interaction is critical for
autophagic flux.

Discussion
Autophagosome maturation involves the trafficking and fusion
of double-membraned autophagosomes with lytic compart-
ments. Studies in yeast and metazoans have shown that this
maturation step has several similarities with endocytic vesicle
fusion and trafficking. Tethering complexes, RAB GTPases,
SNARE proteins, and adaptors facilitate the trafficking and fu-
sion of autophagosomes with the endolysosomal compartments
(Zhao and Zhang, 2019; Zhao et al., 2021). While well studied in
yeast and metazoans, a systematic analysis of autophagosome
maturation is still missing in plants. In addition, plant genomes
lack homologs of key maturation proteins, such as the auto-
phagic SNARE, Syntaxin 17, suggesting plants have evolved
different components for autophagosome maturation. Here, we
show that CFS1 is an autophagy adaptor that bridges autopha-
gosomes with multivesicular bodies and mediates the formation
of amphisomes. We propose that CFS1 functions as a licensing
factor that tethers autophagosomes to multivesicular bodies
through the ESCRT-I complex. This is reminiscent of COPII
tethering factor p115 that targets a subpopulation of COPII
vesicles to cis-Golgi (Allan et al., 2000).

Previous studies in Arabidopsis showed that ESCRT-III sub-
units VPS2.1 and CHMP1A and B are involved in autophagy and
regulate carbon starvation-induced bulk and selective autopha-
gic degradation (Spitzer et al., 2015; Katsiarimpa et al., 2013).
Similarly, in mammalians, ESCRT-III complex have been shown
to mediate the closure of autophagosomes (Takahashi et al.,
2018; Takahashi et al., 2019). Our findings now further extend

ESCRT-autophagy crosstalk and show that ESCRT-I subunits are
also involved in autophagic degradation.

Our findings are consistent with a role of CFS1 in autopha-
gosome maturation as opposed to autophagosome biogenesis,
which was suggested recently (Kim et al., 2022): (i) our differ-
ential centrifugation-based autophagosome enrichment proce-
dure selects for proteins that associate with closed, mature
autophagosomes. AP-MS did not identify biogenesis components
but did identify trafficking-related proteins such as Myosin 14
(Fig. 1 B and Table S3); (ii) we observe fully formed autopha-
gosomes in micrographs obtained from cfs1 mutants indistin-
guishable from and in similar numbers to wild type (Fig. 3 A and
Fig. 4 F); and (iii) we observe a clear colocalization with the
ESCRT-I protein VPS23A in both confocal and electron micro-
graphs (Fig. 7). Although we see significant defects in bulk and
selective autophagic flux in cfs1, CFS1AIM, and CFS1PSAPPmutants,
autophagic flux is not fully blocked in any of them. These
findings suggest two, not mutually exclusive, explanations: (i)
There could be other autophagy adaptors that mediate the
maturation of a sub-population of autophagosomes. Consis-
tently, in metazoans, there are several autophagy adaptors that
are either involved in SNARE recruitment, Rab GTPase activa-
tion or autophagosome trafficking (Zhao et al., 2021). Perform-
ing autophagosome enrichment experiments in a GFP-ATG8A/
cfs1 line or using reporter lines of GFP-ATG8G, H or I that do not
interact with CFS1 could reveal these adaptors. (ii) Some auto-
phagosomes may be trafficked directly to the vacuole without an
intermediary amphisome step. A systematic characterization of
the autophagosome fusion machinery would shed light on both
of these possibilities.

There are multiple trafficking routes to the vacuole: endo-
cytic trafficking, post-Golgi trafficking, ER to vacuole transport,
and autophagy (Aniento et al., 2022). Althoughwe are starting to
understand how these routes operate individually, how distinct
vacuolar trafficking pathways are coordinated in response to
changes in metabolic demands and external stimuli remains
elusive. Here, based on our findings, we propose that vacuolar
trafficking is organized as a “hub and spoke” type distribution
system, where amphisomes serve as sorting hubs for multi-
vesicular bodies and autophagosomes (Fig. 9). The “hub and
spoke” model was developed by Delta Airlines in the 1950s and
has since been successfully employed by various types of supply
chain logistics and aviation industry. The model implies that,
rather than transportation taking place from A to B as in the
point-to-point system, all materials transit through centralized
hubs. It thereby reduces logistical costs as fewer routes are
necessary. It also permits economies of scale, since complicated

assay of uncoupler-induced mitochondrial protein degradation in Arabidopsis Col-0 and cfs1 seedlings. 7-d-old seedlings were incubated in 1/2 MS media
containing 50 μM DNP ±1 μM conA for 4 h before protein extraction. A mitochondrial matrix protein, isocitrate dehydrogenase (IDH), was immunoblotted by
anti-IDH antibodies. Actin (ACT) was immunoblotted by anti-ACT antibodies and was used as a loading control. Representative images of three replicates are
shown. Reference protein sizes are labeled as numbers at the left side of the blots (unit: kD). (H) Quantification of relative IDH intensities in G compared to
untreated (control) Col-0. Values were calculated via normalization of protein bands to ACT and shown as the mean ± SD of three replicates. One-tailed and
paired Student’s t tests were performed to analyze the significance of the relative IDH level differences. ns, not significant. *, P < 0.05. **, P < 0.01. (I) TEM
micrographs of mitochondria in Arabidopsis Col-0, cfs1 and atg5 root cells. 7-d-old seedlings were incubated in 150 mMNaCl-containing 1/2 MSmedia for 2 h for
autophagy induction before cryofixation. Yellow arrowheads mark the distinctive electron dense precipitates of compromised mitochondria that appear after
NaCl treatment. Scale bars, 500 nm. M, mitochondria. Source data are available for this figure: SourceData F4.
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Figure 5. CFS1 function is conserved in M. polymorpha. (A) Confocal microscopy images of M. polymorpha thallus cells co-expressing pEF1::mScarlet-
MpCFS1 with either pEF1::GFP-MpATG8A or pEF1::GFP-MpATG8B. 2-d-old thalli were incubated in 1/2 Gamborg B5 media before imaging. Representative
images of 10 replicates are shown. Area highlighted in the white-boxed region in the merge panel was further enlarged and presented in the inset panel. Scale
bars, 5 μm. Inset scale bars, 2 μm. (B) Quantification of confocal experiments in A showing the Mander’s colocalization coefficients between mScarlet-MpCFS1
and GFP-fused MpATG8A or MpATG8B. M1, fraction of the GFP-fused MpATG8A or MpATG8B signals that overlaps with mScarlet-MpCFS1 signal. M2, fraction
of mScarlet-MpCFS1 signal that overlaps with GFP-fused MpATG8A or MpATG8B signals. Bars indicate the mean ± SD of 10 replicates. (C) Confocal microscopy
images of Arabidopsis root epidermal cells co-expressing pUBQ::mCherry-MpCFS1 and pUBQ::GFP-AtATG8A. 5-d-old seedlings were incubated in either control
or 150 mM NaCl-containing 1/2 MS media for 1 h before imaging. Representative images of 10 replicates are shown. Scale bars, 5 μm. Inset scale bars, 2 μm.
(D) Quantification of confocal experiments in (C) showing the Mander’s colocalization coefficients between mCherry-MpCFS1 and GFP-AtATG8A under control
or salt-stressed (NaCl) conditions. M1, fraction of the GFP-AtATG8A signal that overlaps with the mCherry-MpCFS1 signal. M2, fraction of the mCherry-MpCFS1
signal that overlaps with the GFP-AtATG8A signal. Bars indicate the mean ± SD of 10 replicates. (E) GFP cleavage assay of pEF1::GFP-MpATG8A inM. polymorpha
wild type (Tak-1) or cfs1 mutants. 10-d-old propagules were treated with 12 μM Torin for 5 h before protein extraction. 15 μg of total protein extract was loaded
and immunoblottedwith anti-GFP antibodies. Representative images of two replicates are shown. Reference protein sizes are labeled as numbers at the left side of
the blots (unit: kD). (F) GFP cleavage assay of pEF1::GFP-MpATG8B in M. polymorpha wild type (Tak-1) or cfs1 mutants. 10-d-old propagules were treated with
12 μMTorin for 5 h before protein extraction. 15 μg of total protein extract was loaded andwas immunoblottedwith anti-GFP antibodies. Representative images of
two replicates are shown. Reference protein sizes are labeled as numbers at the left side of the blots (unit: kD). Source data are available for this figure: SourceData
F5.
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Figure 6. Endocytic trafficking or vacuolar morphology is not affected in cfs1 mutants. (A) Confocal microscopy images of Arabidopsis root epidermal
cells of Col-0, cfs1, cfs2, cfs1cfs2, and cfs1 complemented with pCFS1::gCFS1(pCFS1::gCFS1 in cfs1). 5-d-old Arabidopsis seedlings were first incubated in 4 μM FM
4-64-containing 1/2 MSmedia for 30min and then transferred to 1 μM concanamycin A-containing 1/2 MSmedia for 2 h before imaging. Representative images
of 10 replicates are shown. Scale bars, 10 μm. (B)Quantification of the FM 4-64 stained puncta inside the vacuole per normalized area (10,000 μm2) of the cells
imaged in A. Bars indicate the mean ± SD of 10 replicates. One-way ANOVA tests were performed to analyze the differences of the number of FM 4-64 stained
puncta between each group. Tukey’s multiple comparison tests were used for multiple comparisons. Family-wise significance and confidence level, 0.05 (95%
confidence interval). (C) Representative microscopy images showing PIN2 endocytosis in the epidermal cells in the root tip meristem region of Col-0 and cfs1
under light or 6 h dark conditions. 5-d-old Arabidopsis seedlings expressing pPIN2::PIN2-GFP were grown on 1/2 MSmedia plates (+1% plant agar) under light or
6 h dark conditions before imaging. Scale bars, 10 μm. (D) Quantification of PIN2 endocytic activities in Col-0 and cfs1 shown in C. The Arabidopsis seedlings
with at least five root epidermal cells that contained visible PIN2-GFP in the vacuole were considered as high PIN2 endocytic activities. The percentage of Col-0
and cfs1 with high PIN2 endocytic activities under light or 6-h dark conditions are shown in the graph. Numbers inside the bars represent the exact value (4
decimals) of each bar. N represents the total number of the Col-0 or cfs1 seedlings used for imaging and quantification in three independent experiments.
(E) Confocal microscopy images showing the BCECF-AM-stained root epidermal cells in the meristem region of Col-0, cfs1, cfs2, cfs1cfs2, or pCFS1::gCFS1 in
cfs1. 5-d-old Arabidopsis seedlings were incubated in 1/2 MS media containing 5 μM BCECF-AM for 30 min before imaging. Samples were mounted on slides
with 0.002 mg/ml propidium iodide. Representative images of three replicates are shown. Green signals indicate the BCECF-AM-stained vacuole. Magenta
signals indicate the propidium iodide-stained cell wall. Scale bars, 5 μm. (F) Three-dimensional images showing the vacuolar structure of the BCECF-AM-
stained root epidermal cells in the transition region of Col-0, cfs1, cfs2, cfs1cfs2, or pCFS1::gCFS1 in cfs1. 5-d-old Arabidopsis seedlings were incubated in 1/2 MS
media containing 5 μΜ BCECF-AM for 30 min before imaging. Samples were mounted on slides with 0.002 mg/ml propidium iodide. Representative images of
three replicates are shown. Green signals indicate the BCECF-AM-stained vacuole. Magenta signals indicate the propidium iodide-stained cell wall. Scale bars,
10 μm.
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Figure 7. Functional analysis of CFS1-VPS23 interaction revealed the amphisome in A. thaliana. (A) Confocal microscopy images of Arabidopsis root
epidermal cells co-expressing pUBQ::mCherry-CFS1 with pUBQ::GFP-VPS23A. 5-d-old Arabidopsis seedlings were incubated in either control or 150 mM NaCl-
containing 1/2 MS media for 1 h before imaging. Representative images of 10 replicates are shown. Area highlighted in the white-boxed region in the merge
panel was further enlarged and presented in the inset panel. Scale bars, 5 μm. Inset scale bars, 2 μm. (B) Quantification of confocal experiments in A showing
the Mander’s colocalization coefficients between mCherry-CFS1 and GFP-VPS23A. M1, fraction of GFP-VPS23A signal that overlaps with mCherry-CFS1 signal.
M2, fraction of mCherry-CFS1 signal that overlaps with GFP-VPS23A signal. Bars indicate the mean ± SD of 10 replicates. (C) Airyscan time-lapse microscopy
images of Arabidopsis root epidermal cells showing the partial colocalization between GFP-CFS1 and VPS23A-TagRFP. 5-d-old Arabidopsis seedlings co-
expressing pVPS23A::VPS23A-TagRFP and pUBQ::GFP-CFS1 were incubated in 150 mM NaCl-containing 1/2 MS media for 1 h for autophagy induction be-
fore imaging. 10 continuous layers from one Z-stack image are shown separately in order. Interval of the Z-stack image, 0.15 μm. Scale bars, 1 μm. (D) Left
panel, transmission electron microscopy micrographs showing the colocalization of VPS23A-TagRFP and GFP-CFS1 in Arabidopsis root cells co-expressing
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operations can be performed in the hubs rather than separately
organized in each node (Oti, 2013). Organizing vacuolar traf-
ficking through hubs (i) could allow the cell to intricately bal-
ance the anabolic and catabolic needs and seamlessly integrate
various intrinsic and extrinsic signals, (ii) could facilitate the
crosstalk between post-Golgi trafficking, endocytosis, and au-
tophagy, and (iii) could provide a route for loading and secretion
of extracellular vesicles.

One well-known drawback of “hub and spoke” distribution
models is that the hub represents a single point of failure. Any
congestion in the hub can severely impact the whole system.
Therefore, building a robust hub is critical for a successful
supply chain (Oti, 2013). This could be informative for transla-
tional approaches that aim to increase plant stress tolerance by
engineering plant endomembrane trafficking.

Speculation
One of our time-lapse videos analyzing CFS1-NBR1 co-trafficking
showed an intriguing pattern: A CFS1-NBR1 positive punctum
squeezed through a membrane, which looks like movement
from one cell to another, and separated from each other after
moving to the adjacent cell (Video 4). We would like to share it
with the community and discuss the implications of cell-to-cell
movement of autophagosomes: (i) In Arabidopsis roots, central
vacuoles mature and acidify by fusion of small vacuoles in a
developmentally regulated manner (Cui et al., 2019; Cui et al.,
2020; Krüger and Schumacher, 2018). So, in meristematic cells,
vacuoles may not be hydrolytically active. Autophagosomes in
such cells may need to traffic to the neighboring cells to deliver
autophagic cargo to an active lytic compartment. Intriguingly,
we observed that mCherry-CFS1 highly accumulates in the
quiescent center cells of Arabidopsis, where vacuoles have not
matured yet (Fig. 10). (ii) Alternatively, they may be loaded with
cargo that are involved in cell-to-cell communication. In both
cases, the amphisomes formed through CFS1–VPS23A interac-
tion may act as the “porter” role (Fig. 9). However, as the title of

the section implies, these scenarios need to be supported or
refuted by further studies.

Materials and methods
Plant material and cloning procedure
All Arabidopsis thaliana lines used in this study originate from
the Columbia (Col-0) ecotype and are listed below (Table 1). The
primers used for genotyping are listed in Table 3. Coding se-
quences from gene of interest were amplified from Col-0 cDNA
with primers listed in Table 3. Plasmids were assembled through
the GreenGate cloning method (Lampropoulos et al., 2013). In
short, CFS1 (At3g43230) and CFS2 (At1g29800) were cloned into
two parts to remove internal BsaI sites (see Table 3 for primers).
For introducing point mutations in mCherry-CFS1AIM (WLNL-
267-ALNA), mCherry-CFS1FYVE (RHHCR-195-AHACA), and
mCherry-CFS1PSAPP (PSAPP-145-AAAAA), site-directed muta-
genesis was applied using primers listed in Table 3. For
mCherry-CFS1SYLF (K282A, R288A, K320A), the SYLF domain
was mutagenized by ordering a synthetic DNA sequence carry-
ing point mutations (Table 3) and replaced by restriction enzyme
digestion with NcoI (NEB) and XbaI (NEB). All constructs used
in this study are listed in Table 2. Transgenic plant lines were
generated through the Agrobacterium-mediated floral-dip
method (Clough and Bent, 1998) and are listed in Table 1.

ForM. polymorpha, all lines are derived from the Takaragaike-1
(Tak-1) ecotype. Plants were maintained and cultivated asex-
ually on half-strength (1/2) Gamborg B5 media (Gamborg B5
medium basal salt mixture [Duchefa] supplemented with 0.5 g/l
MES and 1% sucrose, pH 5.5) plates (+1% plant agar [Duchefa])
under continuous white light with a light intensity of 50 µM/m2/s
at 21°C. For cloning, MpATG8A (Mp1g21590) and MpATG8B
(Mp5g05930) primers are listed in Table 3. For MpCFS1
(Mp3g11370), a synthetic DNA construct (Table 3) with Green-
Gate compatible BsaI overhangs was ordered. Plasmids were
assembled through the Gateway (Ishizaki et al., 2015) or

pVPS23A::VPS23A-TagRFP and pUBQ::GFP-CFS1. 5-d-old seedlings were incubated in 150 mM NaCl-containing 1/2 MS media for 2 h for autophagy induction
before cryofixation. Sections were labeled with rabbit anti-RFP and chicken anti-GFP primary antibodies and secondary antibodies conjugated to 6- or 10-nm
gold particles. Yellow and red arrowheads mark the representative RFP and GFP-specific gold particles, respectively. MVB, multivesicular bodies; Amp,
amphisome; AP, autophagosome. Scale bars, 400 nm. Right panel, the three-dimensional model of the amphisome and its associated compartments shown in
the left panel. The model was generated from serial sections flanking the section shown in the left panel. Autophagosome (white), autophagosome-associated
vesicles (purple), amphisome (yellow), multivesicular bodies (orange), and internal vesicles (blue) were rendered into 3D surfaces. (E) Confocal microscopy
images of root epidermal cells of Col-0, cfs1, vps23a, or vps23b seedlings expressing pUBQ::GFP-ATG8A under NaCl + concanamycin A (conA) treatment. 5-d-old
Arabidopsis seedlings were incubated in 1/2 MSmedia containing 90mMNaCl and 1 μΜ conA for 2 h before imaging. Representative images of 10 replicates are
shown. Scale bars, 10 μm. (F) Quantification of the number of GFP-ATG8A puncta inside the vacuole per normalized area (10,000 μm2) of the cells imaged in E.
Bars indicate the mean ± SD of 10 replicates. Two-tailed and unpaired Student t tests were performed to analyze the significance of GFP-ATG8A puncta density
differences between Col-0 and cfs1, Col-0 and vps23a, or Col-0 and vps23b. ns, not significant. ***, P value <0.001. (G)Western blot showing the endogenous
NBR1 level in Col-0, cfs1, vps23a, or vps23b under control or nitrogen-deficient ± conA conditions. Arabidopsis seeds were first grown in 1/2 MS media under
continuous light for 1-wk and 7-d-old seedlings were subsequently transferred to 1/2 MS media (Control), nitrogen-deficient 1/2 MS media (−N) or nitrogen-
deficient 1/2 MS media containing 1 µM conA (−N + conA) for 12 h. 10 μg of total protein extract was loaded and immunoblotted with anti-NBR1 antibodies.
Representative images of four replicates are shown. Reference protein sizes are labeled as numbers at the left side of the blots (unit: kD). (H) Quantification of
the relative NBR1 level in G compared to untreated (control) Col-0. Values were normalized to untreated (Control) Col-0 and calculated through normalization
of protein bands to Ponceau S and shown as the mean ± SD of four replicates. One-tailed and paired Student t tests were performed to analyze the significance
of the relative NBR1 level difference. ns, not significant. *, P < 0.05. (I) Phenotypic characterization of Arabidopsis cfs1, vps23a, and vps23b mutants during
nitrogen starvation. 25 seeds per genotype were grown on 1/2 MS media plates (+1% plant agar) for 1-wk and 7-d-old seedlings were subsequently transferred
to nitrogen-deficient 1/2 MSmedia plates (+0.8% plant agar) and grown for 2 wk. Plants were grown at 21°C under LEDs with 85 µM/m2/s and a 14 h light/10 h
dark photoperiod. d0 depicts the day of transfer. Brightness of pictures was enhanced ≤30% with Adobe Photoshop (2020). Representative images of four
replicates are shown. Source data are available for this figure: SourceData F7.
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Figure 8. PSAPPmotif of CFS1 is crucial for CFS1-VPS23A interaction and autophagic flux. (A) Homology modeling of CFS1/VPS23A complex. Prediction
of CFS1-VPS23A heterocomplex formation generated by AlphaFold2 as implemented by ColabFold (Jumper et al., 2021; Mirdita et al., 2022). Structure of CFS1
and VPS23A is represented as ribbons and colored in light blue and orange, respectively. The predicted complex interaction interface involving AtCFS1 PSAPP
motif is highlighted as a zoom in with the side chains of relevant residues represented as sticks. (B) RFP-Trap pull-down of Arabidopsis seedlings co-expressing
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GreenGate (Lampropoulos et al., 2013) system and introduced
through Agrobacterium tumefaciens transformation (Kubota
et al., 2013). cfs1 knockout mutants were achieved through
CRISPR/Cas9 gene editing through 2 gRNAs. gRNAs were in-
serted at the BsaI (NEB) sites of the pMpGE_En03 entry vector
and subsequently inserted into the pMpGE010 destination
vector through LR clonase II reaction (Invitrogen; Sugano
et al., 2018). Successful transformants were verified through
sequencing of PCR products from amplified genomic DNA.
Stable plant lines and constructs used are listed in Tables 4
and 2, respectively.

Plant phenotypic assays
Arabidopsis seedlings were grown as described in Jia et al. (2019).
Briefly, 25 Arabidopsis seeds per bundle were vapor-phase ster-
ilized (90% sodium hypochlorite 13 and 10% HCl 36%) and sown
on plates which were layered with a thin nylon mesh on top of
1/2 MS media (Murashige and Skoog salt + Gamborg B5 vitamin
mixture [Duchefa] supplemented with 0.5 g/liter MES and 1%
sucrose, pH 5.7) plates (with 1% plant agar [Duchefa]) followed
by 3 d of vernalization at 4°C in dark. Vernalized seeds were
grown at 21°C under LEDs with 85 µM/m2/s with a 14 h light/
10 h dark photoperiod for 7 d. 7-d-old seedlings were subse-
quently transferred to 1/2 MS media (CaissonLabs) or nitrogen-

deficient 1/2 MS media (Murashige and Skoog salt without ni-
trogen [CaissonLabs] + Gamborg B5 vitamin mixture [Duchefa]
supplemented with 0.5 g/liter MES and 1% sucrose, pH 5.7)
plates (+0.8% plant agar [Duchefa]) and grown for 2 wk.

Sample preparation before protein extraction
Unless stated otherwise, 20–40 A. thaliana seeds were grown in
1/2 MS media in 12-well plates under continuous light and
constant shaking at 80 rpm for 7 d. 7-d-old seedlings were
subjected to indicated treatments. For nitrogen starvation, 1/2 MS
media was replaced with nitrogen-deficient 1/2 MS media. For
salt stress, 150 mM NaCl was added to 1/2 MS media. For drug-
treatments, all drugs used were dissolved in DMSO and added
to the desired concentration (3 μM Torin1 (CAS 1222998-36-8;
Santa Cruz); 1 μM concanamycin A (conA; CAS 80890-47-7; Santa
Cruz); and 50 μM 2,4-dinitrophenol (DNP; CAS 51-28-5; Sigma-
Aldrich). Equal amount of pure DMSO was added to control
samples. Seedlings were harvested in microcentrifugation tubes
with different-sized glass beads (2.85–3.45, 1.7–2.1, and 0.75–1.00
mm; Lactan GmbH) and flash-frozen in liquid nitrogen. Plants
were ground with a mixer mill MM400 (3 × 30 s, 30 Hz;
Retsch).

For protein extraction ofM. polymorpha, the propagules were
grown for 10 d in 1/2 Gamborg B5 media under continuous light

pUBQ::GFP-ATG8A with either pUBQ::mCherry-CFS1, pUBQ::mCherry-CFS1AIM, pUBQ::mCherry-CFSPSAPP or pUBQ::mCherry-CFS1AIM+PSAPP. 7-d-old seedlings
were incubated in either control (+) or nitrogen-deficient (−) 1/2 MS media for 12 h. Protein extracts were immunoblotted with anti-GFP and anti-RFP an-
tibodies. Representative images of two replicates are shown. Reference protein sizes are labeled as numbers at the left side of the blots (unit: kD). (C) RFP-Trap
pull-down of Arabidopsis seedlings co-expressing pUBQ::GFP-ATG8A and pUBQ::VPS23A-mTurquoise2 with either pUBQ::mCherry-CFS1 or pUBQ::mCherry-
CFS1PSAPP. 7-d-old seedlings were incubated in either control (+) or nitrogen-deficient (−) 1/2 MS media for 12 h. Protein extracts were immunoblotted with
anti-GFP and anti-RFP antibodies. Representative images of two replicates are shown. Reference protein sizes are labeled as numbers at the left side of the
blots (unit: kD). (D) Confocal microscopy images of Arabidopsis root epidermal cells co-expressing either pUBQ::GFP-ATG8A or pUBQ::GFP-VPS23A with either
pUBQ::mCherry-CFS1 or pUBQ::mCherry-CFS1PSAPP under salt stress. 5-d-old Arabidopsis seedlings were incubated in 150mMNaCl-containingmedia for 1 h for
autophagy induction before imaging. Representative images of 10 replicates are shown. Area highlighted in the white-boxed region in the merge panel was
further enlarged and presented in the inset panel. Arrows point out the partial colocalization of GFP-VPS23A puncta and mCherry-CFS1PSAPP puncta. Scale
bars, 10 μm. Inset scale bars, 5 μm. (E)Quantification of confocal experiments in (D) showing the Mander’s colocalization coefficients between GFP-ATG8A and
either mCherry-CFS1 or mCherry-CFS1PSAPP. M1, fraction of GFP-ATG8A signal that overlaps with mCherry-CFS1 or mCherry-CFS1PSAPP signal. M2, fraction of
mCherry-CFS1 or mCherry-CFS1PSAPP signal that overlaps with GFP-ATG8A signal. Bars indicate the mean ± SD of 10 replicates. (F) Quantification of confocal
experiments in D showing the Mander’s colocalization coefficients between GFP-VPS23A and either mCherry-CFS1 or mCherry-CFS1PSAPP. M1, fraction of GFP-
VPS23A signal that overlaps with mCherry-CFS1 or mCherry-CFS1PSAPP signal. M2, fraction of mCherry-CFS1 or mCherry-CFS1PSAPP signal that overlaps with
GFP-VPS23A signal. Bars indicate the mean ± SD of 10 replicates. (G) Confocal microscopy images of Arabidopsis root epidermal cells co-expressing pUBQ::GFP-
ATG8A with either pUBQ::mCherry-CFS1 or pUBQ::mCherry-CFS1PSAPP under NaCl + concanamycin A (conA) treatment. 5-d-old Arabidopsis seedlings were
incubated in 1/2 MS media containing 90 mM NaCl and 1μΜ conA for 2 h before imaging. Scale bars, 10 μm. Inset scale bars, 5 μm. (H) Quantification of GFP-
ATG8A puncta inside the vacuole per normalized area (10,000 μm2) of the cells imaged in G. Bars indicate the mean ± SD of 10 replicates. Two-tailed and
unpaired Student’s t test were performed to analyze the significance of difference between mCherry-CFS1 and mCherry-CFS1PSAPP. ***, P value <0.001.
(I) Western blots showing the GFP-ATG8A cleavage level and the endogenous NBR1 level in Arabidopsis cfs1 mutants co-expressing pUBQ::GFP-ATG8A with
either pUBQ::mCherry-CFS1, pUBQ::mCherry-CFS1AIM, or pUBQ::mCherry-CFS1PSAPP under control ± conA or nitrogen-deficient (−N) ± conA conditions.
Arabidopsis seeds were first grown in 1/2 MS media under continuous light for 1-wk and 7-d-old seedlings were subsequently transferred to 1/2 MS media ±1
µM conA or nitrogen-deficient 1/2 MS media ±1 µM conA for 12 h. 10 μg of total protein extract was loaded and immunoblotted with anti-GFP and anti-NBR1
antibodies. Representative images of five replicates are shown. Reference protein sizes are labeled as numbers at the left side of the blots (unit: kD).
(J) Quantification of I showing the relative autophagic flux. Values were calculated as the protein band intensities of GFP divided by the protein band intensity
of GFP-ATG8A and were normalized to untreated (Control) Col-0. Results are shown as the mean ± SD of five replicates. One-tailed and paired Student’s t tests
were performed to analyze the significance of the relative autophagic flux differences. ns, not significant. **, P < 0.01. ***, P < 0.001. (K) Quantification of I
showing the relative NBR1 level in respect to untreated (Control) Col-0. Values were calculated through normalization of protein bands to Ponceau S and
shown as the mean ± SD of five replicates. One-tailed and paired Student t tests were performed to analyze the significance of the relative NBR1 level
difference. ns, not significant. *, P < 0.05. **, P < 0.01. (L) Phenotypic characterization of Arabidopsis cfs1mutants complemented with either pUBQ::mCherry-
CFS1, pUBQ::mCherry-CFS1AIM, pUBQ::mCherry-CFS1PSAPP, or pUBQ::mCherry-CFS1AIM+PSAPP upon nitrogen starvation. 25 seeds per genotype were grown on
1/2 MS media plates (+1% plant agar) for 1-wk and 7-d-old seedlings were subsequently transferred to nitrogen-deficient 1/2 MS media plates (+0.8% plant
agar) and grown for 2 wk. Plants were grown at 21°C under LEDs with 85 µM/m2/s and a 14 h light/10 h dark photoperiod. d0 depicts the day of transfer.
Brightness of pictures was enhanced ≤19% with Adobe Photoshop (2020). Representative images of four replicates are shown. Source data are available for
this figure: SourceData F8.
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with a light intensity of 50 µM/m2/s at 21°C and subjected to
indicated treatments. Samples were flash-frozen in liquid ni-
trogen and ground using a mortar and pestle.

Western blotting
Arabidopsis protein extraction was achieved by adding 250 μl of
protein extraction buffer (100 mM Tris [pH 7.5], 200 mM NaCl,
1 mM EDTA, 2% 2-Mercaptoethanol, 0.2% Triton X-100 and
1 tablet/50 ml Complete, EDTA-free Protease Inhibitor Cocktail
[Sigma-Aldrich], pH 7.8) to grinded samples. Samples were
subsequently well mixed and centrifuged at 15,000 rpm at 4°C
for 10 min. The whole supernatant was transferred to a new
tube. After another round of centrifugation at 15,000 rpm at 4°C
for 10 min, resulting supernatant was diluted with 2× Laemmli
buffer (4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.004%

bromophenol blue and 0.125 M Tris HCl, pH 6.8) and boiled at
95°C for 10 min as the final protein extract sample.

For M. polymorpha protein extraction, grinded plant powder
was weighed and added with 2× volume of buffer (10% glycerol,
25 mMTris [pH 7.5], 150 mMNaCl, 1 mM EDTA, 2% PVPP, 1 mM
DTT, 0.2% Nonidet P-40/Igepal and 1 tablet/50 ml cOmplete,
EDTA-free Protease Inhibitor Cocktail [Sigma-Aldrich]) for lys-
ing. Protein lysates were cleared through centrifuging samples
at 12,000 rpm twice. Resulting supernatant was diluted in 4×
Laemmli buffer and boiled at 70°C for 10 min as the final protein
extract sample.

For Arabidopsis, protein concentration was measured using
the Amido black method (Popov et al., 1975). 10 μl of protein
sample was diluted in 190 μl water and added with 1 ml Amido
black staining solution (90% methanol, 10% acetic acid, 0.005%

Figure 9. Current working model: Vacuolar trafficking is organized as a “hub and spoke” type distribution system. CFS1 interacts with both ATG8 and
VPS23A and mediates the formation of amphisomes—hybrid prevacuolar compartments that are formed by the fusion of multivesicular bodies and
autophagosomes.
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[w/v] Amido black 10B [Sigma-Aldrich]). Samples were mixed
thoroughly and centrifuged at 15,000 rpm for 10 min. After
removal of supernatant, pellets were washed with 1-ml washing
solution (90% ethanol and 10% acetic acid) and centrifuged at
15,000 rpm for 10 min. Resulting pellets were dissolved in 1 ml
0.2 N NaOH and the corresponding optical density (OD) at 630
nm was measured through a plate reader (Synergy HTX Multi-
ModeMicroplate Reader; BioTek). Protein concentration (C) was
calculated through the formula C = (OD−b)/10a, where a and b
were calibrated by the Bovine Serum Albumin (BSA) standard
curve of the staining solution. For Marchantia, protein concen-
tration was quantified using Bradford assay (Sigma-Aldrich).
Chemiluminescence was acquired through iBright Imaging
System (Invitrogen).

ForWestern blotting, indicated amount of protein was loaded
on 4–20%Mini-PROTEAN TGX precast gel (Bio-Rad) and blotted
on nitrocellulose using the semi-dry Trans-Blot Turbo Transfer
System (Bio-Rad). Protein extract was immunoblotted with ei-
ther rabbit anti-NBR1 (1:2,000, AS14 2805; Agrisera), rabbit
anti-IDH (1:5,000, AS06 203A; Agrisera), rabbit anti-ACT
(1:5,000; Agrisera, AS13 2,640), mouse anti-GFP (1:3,000,
11814460001; Roche), or mouse anti-RFP (1:3,000, AB_2631395;
Chromotek) antibodies. Images were captured through Chem-
iDoc Touch Imaging System (Bio-Rad) or iBright Imaging System
(Invitrogen) by developing with SuperSignal West Pico PLUS
Chemiluminescent Substrate (Thermo Fisher Scientific). Protein
band intensities were quantified through Image Lab 6 (Bio-Rad)
as previously described in Stephani et al. (2020).

Protease protection assay
Roughly 5–10 mg of Arabidopsis seeds were grown in 6-well
plates under continuous light and continuous shaking for 7 d.

7-d-old Arabidopsis seedlings were subjected to Torin1 treatment
(3 μM for 90 min) for autophagy induction and immediately
grinded in GTEN-based buffer (GTEN [10% glycerol, 30 mMTris
[pH 7.5], 150mMNaCl, 1 mMEDTA [pH 8], 0.4 M sorbitol, 5 mM
MgCl2, 1 mM Dithiothreitol [DTT], 100× liquid protease inhibi-
tor cocktail [Sigma-Aldrich], and 1% Polyvinylpolypyrrolidon
[PVPP]) in a 3:1 v/w ratio. Afterwards lysates underwent several
differential centrifugation steps where each time the superna-
tant was transferred. Samples were spun for (i) 10 min at
1,000 g, to remove cell debris and nuclei; (ii) 10 min at 10,000 g,
to remove bigger organelles like mitochondria and chloroplasts;
(iii) 10 min at 15,000 g, to further remove organelles (S3 frac-
tion); and finally (iv) 60 min at 100,000 g (S4 and P4 fraction;
LaMontagne et al., 2016). Protein concentration in S3 was nor-
malized through Bradford (Sigma-Aldrich) to ensure that equal
amount of protein was loaded before ultracentrifugation step.
The P4 fraction was dissolved gently in GTEN-based buffer
(without PVPP) andwas further subjected to 30 ng/μl proteinase
K (Sigma-Aldrich) and 1% Triton X-100 treatment for 30 min on
ice. The reaction was stopped with 5 mM phenylmethylsulfonyl
fluoride (PMSF). Proteins were then precipitated overnight with
0.1% sodium deoxycholate (NaDOC) and 11% trichloroacetic acid
(TCA). Resulting pellets were washed twice with 100% acetone
and dissolved in 2× Laemmli buffer. Proteins were quantified
again through the Amido black method as described above and
5 μg were loaded on the gel.

In vitro pull-down assays
Recombinant proteins were expressed using Rosetta2(DE3)
pLysS E. coli strain. Bacteria were grown to an OD600 of 0.6–0.7
followed by induction with 300 μM IPTG and overnight incu-
bation at room temperature (RT). 50 ml of culture was pelleted

Figure 10. CFS1 accumulates at the quiescent center cells of A. thaliana. Confocal microscopy images showing that pUBQ::mCherry-CFS1 strongly ac-
cumulates at the quiescent center cells of A. thaliana. 5-d-old Arabidopsis seedlings were incubated in either control or 150 mM NaCl-containing 1/2 MS media
for 1 h before imaging. Representative images of three replicates are shown. Area highlighted in the white-boxed region was further enlarged and presented in
the inset panel. Scale bars, 20 μm. Inset scale bars, 5 μm.

Zhao et al. Journal of Cell Biology 19 of 29

Autophagosomes sorted at amphisomes in plants https://doi.org/10.1083/jcb.202203139

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/221/12/e202203139/1440905/jcb_202203139.pdf by M

ax Perutz Library user on 19 O
ctober 2022

31

https://doi.org/10.1083/jcb.202203139


Table 1. A. thaliana lines used in this study

Name Accession Number Source or reference

Col-0

cfs1-2 At3g43230 SALK_024058; Sutipatanasomboon et al.
(2017) Sci. Rep.

cfs2-1 At1g29800 SALK_02775; this study

atg5-1 At5g17290 SAIL_129B07L; Thompson et al. (2005) Plant
Physiol.

vps23.1-3 At3g12400 SAIL_1233E07_2-4; Nagel et al. (2017) PNAS.

vps23.2-1 At5g13860 SAIL_237G05_3-4; Nagel et al. (2017) PNAS.

cfs1-2 × cfs2-1 At3g43230 (CFS1); At1g29800 (CFS2) This study

pUBQ::mCherry Geldner et al. (2009) Plant J.

pUBQ::mCherry This study

pUBQ::GFP-ATG8A At4g21980 Munch et al. (2015) The Plant Cell.

pUBQ::GFP-ATG8A × cfs1-2 At4g21980 (ATG8A); At3g43230 (CFS1) This study

pUBQ::mCherry-ATG8E At2g45170 Hu et al. (2020) J. Integr. Plant Biol.

pUBQ::mCherry-ATG8E × cfs1-2 At2g45170 (ATG8E); At3g43230 (CFS1) This study

pUBQ::mCherry-ATG8E × atg5-1 At2g45170 (ATG8E); At5g17290 (ATG5) This study

pCFS1::gCFS1 in cfs1-2 At3g43230 Sutipatanasomboon et al. (2017) Sci Rep.

pUBQ::mCherry-CFS1 in cfs1-2 At3g43230 This study

pUBQ::mCherry-CFS1AIM in cfs1-2 At3g43230 This study

pUBQ::GFP-CFS1 in cfs1-2 At3g43230 This study

pUBQ::mScarlett-CFS2 in pUBQ::GFP-CFS1 in cfs1-2 At1g29800 (CFS2); At3g43230 (CFS1) This study

pUBQ::mCherry-CFS1FYVE in pUBQ::GFP-ATG8A × cfs1-2 At3g43230 (CFS1); At4g21980 (ATG8A) This study

pUBQ::mCherry-CFS1SYLF in pUBQ::GFP-ATG8A × cfs1-2 At3g43230 (CFS1); At4g21980 (ATG8A) This study

pUBQ::mCherry-CFS1tri in pUBQ::GFP-ATG8A × cfs1-2 At3g43230 (CFS1); At4g21980 (ATG8A) This study

pUBQ::mCherry-CFS1PSAPP in cfs1-2 At3g43230 This study

pUBQ::mCherry-CFS1PSAPP in pUBQ::GFP-ATG8A × cfs1-2 At3g43230 (CFS1); At4g21980 (ATG8A) This study

pUBQ::mCherry-CFS1AIM+PSAPP in cfs1-2 At3g43230 This study

pUBQ::mCherry-CFS1AIM+PSAPP in pUBQ::GFP-ATG8A × cfs1-2 At3g43230 (CFS1); At4g21980 (ATG8A) This study

pUBQ::GFP-VPS23A in pUBQ::mCherry-CFS1 in cfs1-2 At3g12400 (VPS23A); At3g43230 (CFS1) This study

pUBQ::GFP-VPS23A in pUBQ::mCherry-CFS1PSAPP in cfs1-2 At3g12400 (VPS23A); At3g43230 (CFS1) This study

pUBQ::VPS23A-mTurquoise2 in pUBQ::GFP-ATG8A × pUBQ::
mCherry-CFS1 in cfs1-2

At3g12400 (VPS23A); At4g21980 (ATG8A);
At3g43230 (CFS1)

This study

pUBQ::VPS23A-mTurquoise2 in pUBQ::mCherry-CFS1PSAPP in
pUBQ::GFP-ATG8A × cfs1-2

At3g12400 (VPS23A); At4g21980 (ATG8A);
At3g43230 (CFS1)

This study

pUBQ::mCherry-MpCFS1 in pUBQ::GFP-ATG8A × cfs1-2 Mp3g11370 (CFS1); At4g21980 (ATG8A);
At3g43230 (CFS1)

This study

p35S::GFP-FREE1 in pUBQ::mCherry-CFS1 in cfs1-2 At1g20110 (FREE1); At3g43230 (CFS1) This study

atg5-1 × pUBQ::mCherry-CFS1 in cfs1-2 At5g17290 (ATG5); At3g43230 (CFS1) This study

pUBQ::GFP-ATG8A × pUBQ::mCherry-CFS1 in cfs1-2 At4g21980 (ATG8A); At3g43230 (CFS1) This study

pUBQ::GFP-ATG8A × pUBQ::mCherry-CFS1AIM in cfs1-2 At4g21980 (ATG8A); At3g43230 (CFS1) This study

pUBQ::mCherry-ATG8E × pUBQ::GFP-CFS1 in cfs1-2 At2g45170 (ATG8E); At3g43230 (CFS1) This study

pVPS3::mGFP-VPS3 At1g22860 Takemoto et al. (2018) PNAS.

pVPS3::mGFP-VPS3 × pUBQ::mCherry-CFS1 in cfs1-2 At1g22860 (VPS3); At3g43230 (CFS1) This study

pVPS39::VPS39-mGFP At4g36630 Takemoto et al. (2018) PNAS.

pVPS39::VPS39-mGFP × pUBQ::mCherry-CFS1 in cfs1-2 At4g36630 (VPS39); At3g43230 (CFS1) This study

pUBQ::YFP-VAMP711 At4g32150 Geldner et al. (2009) Plant J.
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and resuspended in 5 ml of EDTA-free buffer (10% Glycerol,
25 mM Tris/HCl pH 7.5, 150 mM NaCl, 0.1 mM TCEP, 0.1%
Nonidet P-40/Igepal, 10 μM ZnCl2 and 1 tablet/50 ml cOmplete,
EDTA-free Protease Inhibitor Cocktail [Sigma-Aldrich]) con-
taining 10× FastBreak Cell Lysis reagent (Promega) and Benzo-
nase. Cells were broken open through incubation on a spinning
wheel at room temperature for 10–20 min. Lysates were clari-
fied through centrifugation at 15,000 rpm at 4°C for 10 min. For
proteins expressed in planta, 40 seeds per genotypewere grown.
Frozen plant tissue was homogenized as described above and
700 μl EDTA-free buffer containing 2% PVPPwas added. Lysates
were centrifuged twice at 15,000 rpm at 4°C for 10min. 100 μl of
E. coli lysate and 400 μl of plant lysate weremixed and incubated
with 10 μl of equilibrated Glutathione High-Capacity Magnetic
Agarose Beads (Sigma-Aldrich) for 1 h at 4°C on a spinning
wheel. For peptide competition, peptides were added to a final
concentration of 200 μM as described in Stephani et al. (2020).
Beads were washed five times with EDTA-free buffer, without
TCEP, eventually eluted in 50 μl 2× Laemmli buffer and boiled
for 10 min at 95°C. Gels were loaded with 15 μl of sample per
well. Anti-GST HRP conjugate (Sigma-Aldrich) was used in a
1:2,000 dilution.

In vivo co-immunoprecipitation
For co-immunoprecipitation, 40 seeds per genotype were grown
in 1/2 MS media for 7 d. Proteins were extracted by adding

800 μl of EDTA-free buffer with 2% PVPP. Lysates were cleared
by centrifugation at 15,000 rpm at 4°C for 10 min twice. 500 μl
supernatant was incubated with 20 μl RFP-Trap Magnetic Ag-
arose beads (Chromotek) for 1 h. Beads were washed three and
five times with EDTA-free buffer, without TCEP, before and
after incubation with lysate, respectively. Beads were eluted in
50 μl 2× Laemmli buffer, boiled for 10 min at 95°C and subjected
to Western blot analysis with indicated antibodies.

Affinity purification-mass spectrometry (AP-MS)
For affinity purification, S4, P4, and P4 + proteinase K samples
described in Fig. 1 A were prepared as same as the method de-
scribed above for the protease protection sample preparation,
except that 0.1% Nonidet P-40/Igepal was added and samples
were incubated for 1 h with 40 μl RFP-Trap Magnetic Agarose
beads (Chromotek) after proteinase K treatment. Mass spec-
trometry sample preparation andmeasurement were performed
as previously described in Stephani and Picchianti et al., 2020
(Stephani et al., 2020).

Mass spectrometry data processing
The total number of MS/MS fragmentation spectra was used to
quantify each protein (Table S1). The data matrix of spectral
count values (Table S2) was submitted to a negative-binomial
test using the R package IPinquiry4 (https://github.com/
hzuber67/IPinquiry4) that calculates fold change and P values

Table 1. A. thaliana lines used in this study (Continued)

Name Accession Number Source or reference

pUBQ::YFP-VAMP711 × pUBQ::mCherry-CFS1 in cfs1-2 At4g32150 (VAMP711); At3g43230 (CFS1) This study

p35S::NAG1-EGFP At4g38240 Grebe et al. (2003) Curr Biol.

p35S::NAG1-EGFP × pUBQ::mCherry-CFS1 in cfs1-2 At4g38240(NAG1); At3g43230 (CFS1) This study

pa1::VHA-a1-GFP At2g28520 Dettmer et al. (2006) The Plant Cell.

pa1::VHA-a1-GFP × pUBQ::mCherry-CFS1 in cfs1-2 At2g28520 (VHA-a1); At3g43230 (CFS1) This study

pRPS5a::GFP-ARA7 At4g19640 Richter et al. (2007) Nature.

pRPS5a::GFP-ARA7 × pUBQ::mCherry-CFS1 in cfs1-2 At4g19640 (ARA7); At3g43230 (CFS1) This study

pPIN::PIN2-GFP At5g57090 Xu and Scheres (2005) The Plant Cell.

pPIN2::PIN2-GFP × cfs1-2 At5g57090 (PIN2); At3g43230 (CFS1) This study

pNBR1::TagRFP-NBR1 At4g24690 Provided by Alyona Minina

pNBR1::NBR1-GFP At4g24690 Hafrén et al. (2017) PNAS.

pNBR1::NBR1-GFP × pUBQ::mCherry-CFS1 in cfs1-2 At4g24690 (NBR1); At3g43230 (CFS1) This study

pUBQ::mCherry-ATG8E × pNBR1::NBR1-GFP At2g45170 (ATG8E); At4g24691 (NBR1) This study

pUBQ::GFP-ATG11 At4g30790 Li et al. (2014) The Plant Cell.

pUBQ::GFP-ATG11 × pUBQ::mCherry-CFS1 in cfs1-2 At4g30790 (ATG11); At3g43230 (CFS1) This study

pALIX::GFP-3Gly-ALIX At1g15130 Cardona-López et al. (2015) The Plant Cell.

pALIX::GFP-3Gly-ALIX × pUBQ::mCherry-CFS1 in cfs1-2 At1g15130 (ALIX); At3g43230 (CFS1) This study

pVPS23A::VPS23A-TagRFP At3g12400 Nagel et al. (2017) PNAS.

pVPS23A::VPS23A-TagRFP × pUBQ::GFP-CFS1 in cfs1-2 At3g12400 (VPS23A); At3g43230 (CFS1) This study

pVPS23A::VPS23A-TagRFP × pUBQ::GFP-ATG8A At3g12400 (VPS23A); At4g21980 (ATG8A) This study

pUBQ::GFP-ATG8A × vps23.1-3 At4g21980 (ATG8A); At3g12400 (VPS23A) This study

pUBQ::GFP-ATG8A × vps23.2-1 At4g21980 (ATG8A); At3g13860 (VPS23B) This study
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using the quasi-likelihood negative binomial generalized log-
linear model implemented in the edgeR package. The pairwise
comparisons were the following: (i) mCherry P4 vs. mCherry-
ATG8E P4, (ii) mCherry-ATG8E S4 vs. mCherry-ATG8E P4,
and (iii) mCherry-ATG8E P4 + protease K vs. mCherry-ATG8E
P4. In each case, comparisons were obtained from two inde-
pendent biological replicates. Only proteins with log(FC) > 0
and P value <0.05 were considered to build the Venn diagram
in Fig. 1 B. Venn diagram was built using the Venny 2.1.0
online tool (https://bioinfogp.cnb.csic.es/tools/venny/index.
html) and then redrawn manually. Analysis results are
shown in Table S3. The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium

through the PRIDE (Perez-Riverol et al., 2019) partner
repository.

Yeast two hybrid screening
The screening was performed by Hybrigenics against the Ara-
bidopsis cDNA library. Results are shown in Table S4.

Preparation of A. thaliana samples for confocal microscopy
For all experiments except PIN2 endocytosis imaging, Arabi-
dopsis seeds were vapor-phase sterilized by chlorine (generated
by a 10:1 mixture of 13% sodium hypochlorite and 36% HCl) for
15 min and were subsequently stored at 4°C for 2 d for vernal-
ization. Vernalized seeds were spread on 1/2 MS media plates

Table 2. List of plasmids used in this study

Name Accession
number

Expression
system

Backbone Additional information Source or reference

pUBQ::mCherry A. thaliana pGGZ003 This study

pUBQ::mCherry-CFS1 At3g43230 A. thaliana pGGZ003 This study

pUBQ::GFP-CFS1 At3g43230 A. thaliana pGGZ003 This study

pUBQ::mCherry-CFS1AIM At3g43230 A. thaliana pGGZ003 WLNL267ALNA This study

pUBQ::mCherry-CFS1FYVE At3g43230 A. thaliana pGGZ003 RHHCR195AHACA This study

pUBQ::mCherry-CFS1SYLF At3g43230 A. thaliana pGGZ003 K282A, R288A, K320A This study

pUBQ::mCherry-CFS1tri At3g43230 A. thaliana pGGZ003 RHHCR195AHACA (FYVE); K282A, R288A, K320A
(SYLF); WLNL267ALNA (AIM)

This study

pUBQ::mCherry-CFS1PSAPP At3g43230 A. thaliana pGGZ003 PSAPP145AAAAA (PSAPP) This study

pUBQ::mCherry-
CFS1AIM+PSAPP

At3g43230 A. thaliana pGGZ003 PSAPP145AAAAA (PSAPP); WLNL267ALNA (AIM) This study

pUBQ::mScarlett-CFS2 At1g29800 A. thaliana pGGZ003 This study

pUBQ::mCherry-MpCFS1 Mp3g11370 A. thaliana pGGZ003 This study

p35S::GFP-FREE1 At1g20110 A. thaliana pMDC43 Provided by Pedro L.
Rodriguez

pUBQ::GFP-VPS23A At3g12400 A. thaliana pGGZ003

pUBQ::VPS23A-
mTurquoise2

At3g12400 A. thaliana pGGZ003

GST E. coli Stephani et al. (2020)

GST-ATG8A At4g21980 E. coli Stephani et al. (2020)

GST-ATG8AADS At4g21980 E. coli YL50AA Stephani et al. (2020)

GST-ATG8B At4g04620 E. coli Stephani et al. (2020)

GST-ATG8C At1g62040 E. coli Stephani et al. (2020)

GST-ATG8D At2g05630 E. coli Stephani et al. (2020)

GST-ATG8E At2g45170 E. coli Stephani et al. (2020)

GST-ATG8F At4g21980 E. coli Stephani et al. (2020)

GST-ATG8G At3g60640 E. coli Stephani et al. (2020)

GST-ATG8H At3g06420 E. coli Stephani et al. (2020)

GST-ATG8I At3g15580 E. coli Stephani et al. (2020)

pEF::GFP-ATG8A Mp1g21590 M. polymorpha pMpGWB303

pEF::GFP-ATG8B Mp5g05930 M. polymorpha pMpGWB303 This study

pEF::mScarlet-CFS1 Mp3g11370 M. polymorpha pGGSUN This study

pMpGE010_CFS1g1g2 Mp3g11370 M. polymorpha pMpGE010 This study
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Table 3. Primer and synthetic sequences used in this study for genotyping, cloning, and mutagenesis

Name Sequence Additional
information

Source or
reference

LBb1.3 (SAIL) 59-ATTTTGCCGATTTCGGAAC-39 For genotyping SIGnAL. 2017.

cfs1-2 (LP) 59-GCTCGACTAAGAACAGCATGC-39 For genotyping SIGnAL. 2017.

cfs1-2 (RP) 59-TACATGGGTTTGGATGAGCG-39 For genotyping This study

cfs2-1 (LP) 59-TGGTGAGTTTTACGCTTACCG-39 For genotyping SIGnAL. 2017.

cfs2-1 (RP) 59-TTGGTCCATCAAATAAGGCTG-39 For genotyping SIGnAL. 2017.

LB3 (SALK) 59-AATTTCATAACCAATCTCGATACAC-39 For genotyping Nagel et al. (2017)
PNAS.

vps23.1-3 (LP) 59-AACTTTGGACTTTGGAACATGTCCACTCCTTACA-39 For genotyping Nagel et al. (2017)
PNAS.

vps23.1-3 (RP) 59-AGGAACCATCATCACACGCATAGCCACAG-39 For genotyping Nagel et al. (2017)
PNAS.

vps23.2-1 (LP) 59-TCGTCATCTGTCGTCGTCTTCAAG-39 For genotyping Nagel et al. (2017)
PNAS.

vps23.2-1 (RP) 59-GTATCACGAATGCAACCTAGCTGCAATGGAAG-39 For genotyping Nagel et al. (2017)
PNAS.

CFS1_part1_fwd 59-AACAGGTCTCAGGCTCTATGGCTACTCTCAACGGAAA-39 For cloning CDS, part 1 This study

CFS1_part1_rev 39-AACAGGTCTCACGAGATATTACCAGACCAGT-59 For cloning CDS, part 1 This study

CFS1_part2_fwd 59-AACAGGTCTCTCTCGTAGACCAGACGGGTCATGG-39 For cloning CDS, part 2 This study

CFS1_part2_rev 39-AACAGGTCTCACTGACGGGCGCAAACGAGCATA-59 For cloning CDS, part 2 This study

CFS2_part1_fwd 59-ACCCTCTGCCATCTCTTCATTTGGT-39 For cloning CDS, part 1 This study

CFS2_part1_rev 39-AACAGGTCTCAGGGTGGTGACCAGGAGCCATCATCT-59 For cloning CDS, part 1 This study

CFS2_part2_fwd 59-TCCTGGTCTCCACCCTCTGC-39 For cloning CDS, part 2 This study

CFS2_part2_rev 39-AACAGGTCTCACTGAGTCTTCAGACAATGGAGAAATTGCCGGTGACCGAACAGTTTCA-59 For cloning CDS, part 2 This study

MpCFS1 59-AACAGGTCTCAGGCTCTATGGAGGAGAATGAGTACAACGGACTCTGCCGGACAGATACCG
TCGAAGAGGAGAAATATTCTGAGAAAAGTGGTCGATACAAGGGTGTCATTCGTGATGAGA
AACCCACTTGTGCTGTCTGTATGGAAGTTCTAGGAACTCATGGTGGGCCTGCATCTCTCGCCT
GCGGCCACAATGGATGTCTCGAGTGCTTACAACAGGTCCAGATGCACTCGAACATGCCTG
TCTGTCCTCTTTGTCGTACACCCTTTGATGGAGATATCAATTTGGCCCCGAACTTAGACTTAC
GGGCTGCACTCGAGTGTGCCGAACAAGCCGCCGCAGCTGCGCGAGCTGCCGAGGATCGGA
GGATGGTTGCTGTGTACAATTCTAAGCAGATTGTGAAGCCGAGCAGAGATAAAACCACCA
GGTCACACCAACAGCGATTCATCTATGATTTGCCCTATCCTGAGGAAACAGGACCTTGGATTC
CGGTGTCAATTCCGCCCAAGGGCTCGAAGGACTTTGATGGGCCTGACATGGGCAGTATAT
ATGGAGATGTTTTTCCGGAACCCTTGATGACAGTGGGTGTCCGACAAGGGGCTCCGGACA
TCAACCTTTGGAATGTTTTGAGTGGATTTCTTGCAATCATATCGGGAAGGGGTGGTACACAAA
GCCAGAATTTCCACTCACAGTCCGGTTATTCTGATAGTAGAACATCTACGTACTACCGAGAAA
GTTCTGGTCATGGAAGATCTAACAGCAATTCATGGAGTGGGAATTTACACAGGCCAAGTG
CACCTCCACTGCTCCTTGGCACTAATGATTCCGATGTCAGCCTCATACGAGCTATTCTCGAAG
CAGAGCCCCCGGACTGGATGCCTGACAGTTCGGCCCTTTCCTGTATGCTCTGTGGCGCTG
CCTTTAGGGCAATAACTTGTGGAAGACATCATTGTCGGTTCTGCGGGGGAATTTTTTGTAGGA
GATGCTCTTCCGGGAGATGTCTTTTACCTGTGAAGTTCCGGGACAGGGACCCGAAAAGAG
TTTGCGATACCTGCTGGGAGAGACTGGAACCTGTACAGAAGAATCTTGCCGACCGAGTTA
GTAATGCAGCACAAATCGCTCTACATGATGTGACTGACTTCAGCTGTATGACAGCATGGATAA
ACAGTCCACTTGGGCTTTCGATGGAGCAAGAAATTTTTAAGGCAACAAATGCCTTGCGTAGCT
ATTTGGAGATTGGAGTACTCAAACCAGAAAGATCCATCCCCGACGCTGTTCTGAAAGGAG
CCTGTGGCTTGGCAATCATCACAGTGTTCAAGGCCGGGTTTATGATGACCTACAAATTTGGTA
CGGGATTGGTTGTTTCACGGAGGAGAGATGGGTCCTGGTCTGCACCATCAGCTATCGCAT
CGTGTGGTCTGGGATGGGGAGCTCAGGCTGGTGGGGAGCTGACTGATTTCATCATAGTCC
TAAGGACAGAAGAAGCTGTGAAGGCCTTTAGTGGGAGAGTACATTTGTCAGTTGGTGCCG
GCCTAAGCGTCGCTGCCGGACCTGTTGGAAGAGCTGCGGAAGCAGATCTTAGAGCTGGTG
ATGGGGGTACTGCAGCTTGTTACACTTACAGTCGAAGCAAAGGAGCGTTCGTCGGATGTT
CAATCGAAGGCAATGTTGTGGCGACACGGTCCTCCGCCAACATGCGCTTTTATGGAGAAT
CTGGTGTCACTGCAGTCGACATTCTTCTTGGAGACGTTCCAAGACCTCGGGCTGCAGCTC
CGCTTTATAGTGCTTTGGATGAACTTTTTGTAAAGGTGGACACATCAGTGAGACCTGTT-39

For cloning CDS This study

MpATG8A_fwd 59-AACAGGTCTCAGGCTCCATGGGAGAGAGCGAGTTTCAAT-39 For cloning CDS This study
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(+1% plant agar [Duchefa]) and grown at 21°C at 60% humidity
under LEDs with 50 mM/m2s a and a 16 h light/8 h dark pho-
toperiod for 5 d. Plates were placed vertically to let the roots
elongate along the media surface. 5-d-old seedlings were
placed in 1/2 MS media and treated with salt or chemicals as
indicated in each experiment before confocal imaging. For
nitrogen starvation, 1/2 MS media was replaced by nitrogen-
deficient 1/2 MS media. For PIN2 endocytosis imaging,
Arabidopsis seeds were vapor-phase sterilized by chlorine
(generated by a 25:1 mixture of 2.6% sodium hypochlorite and
36% HCl) for 3–4 h. The sterilized seeds were spread on 1/2 MS
media plates (+1% plant agar [Duchefa]). The plated seeds
were subsequently stored at 4°C for 2 d for vernalization.
Vernalized seeds were then grown at 21°C at 60% humidity
under LEDs with 50 mM/m2s a and a 16 h light/8 h dark
photoperiod for 5 d. Plates were placed vertically to let the
roots elongate along the media surface. 5-d-old Arabidopsis

seedlings were grown on 1/2 MS media plates under light or
6-h dark conditions before imaging.

For confocal microscopy, Arabidopsis seedlings were placed on
a microscope slide with water or water with 0.002 mg/ml pro-
pidium iodide and covered with a coverslip. The epidermal cells of
root meristem zonewere used for CFS1 and FM 4-64 colocalization
imaging, PIN2 endocytosis imaging, or vacuolar morphology
imaging. The epidermal cells of root elongation zonewere used for
confocal imaging in Fig. 3 D and time-lapse imaging in Videos 1, 2,
and 3. For all other experiments, the epidermal cells of root
transition zone were used for image acquisition.

Preparation ofM. polymorpha samples for confocal microscopy
The M. polymorpha asexual gemmae were incubated in 1/2 Gam-
borg B5media for 2 d before imaging. 2-d-oldM. polymorpha thalli
were placed on a microscope slide with water and covered with a
coverslip. The meristem region was used for image acquisition.

Table 3. Primer and synthetic sequences used in this study for genotyping, cloning, and mutagenesis (Continued)

Name Sequence Additional
information

Source or
reference

MpATG8A_rev 39-AACAGGTCTCACTGATCAGCCAACGAGGGCGAC-59 For cloning CDS This study

MpATG8B_fwd 59-AACAGGTCTCAGGCTCCATGACGGGGAAGAGGAGTTC-39 For cloning CDS This study

MpATG8B_rev 39-AACAGGTCTCACTGACTAAACCAGAGGAAGGCAATTG-59 For cloning CDS This study

gRNA_MpCFS1_1_fwd 59-CTCGAAGTTCTAGGAACTCATGGT-39 For CRISPR/Cas9 This study

gRNA_MpCFS1_1_rev 59-AAACACCATGAGTTCCTAGAACTT-39 For CRISPR/Cas9 This study

gRNA_MpCFS1_2_fwd 59-CTCGACTTCAGCTGTATGACAGCA-39 For CRISPR/Cas9 This study

gRNA_MpCFS1_2_rev 59-AAACTGCTGTCATACAGCTGAAGT-39 For CRISPR/Cas9 This study

CFS1_mutAIM_fwd 59-TGGACTTGCTCAAGAGGAGCGTTGAATGCCCCTGTTGGTCTATCCAT-39 For site-directed
mutagenesis

PrimerX. 2017.

CFS1_mutAIM_rev 39-ATGGATAGACCAACAGGGGCATTCAACGCTCCTCTTGAGCAAGTCCA-59 For site-directed
mutagenesis

PrimerX. 2017.

CFS1_mutFYVE_fwd 59-GGTGCTCATGCTTGTGCTTTCTGCGGAGGGATATTTTGTAGA-39 For site-directed
mutagenesis

PrimerX. 2019.

CFS1_mutFYVE_rev 39-GAAAGCACAAGCATGAGCACCACACGTAATTGCAGTAAAAGG-59 For site-directed
mutagenesis

PrimerX. 2019.

CFS1_mutSYLF 59-AGTCTCCATGGAAGATGAGATATACGCAGCTGCTAATACGTTGGCAGGTTACTGCCAGGT
AGCAAGACTAGACCCTGAGAAATCCATACCGCATGCTGTTCTTAGTCGAGCTAAAGGTTTGGC
AATCATAACGGTTGCCGCTGCTGGGGCTTTACTGTCATACAAACTCGGGACTGGTCTGGTAAT
ATCTCGTAGACCAGACGGGTCATGGTCTGCTCCATCTGCCATACTATCAGTAGGTCTTGGATG
GGGTGCACAGATTGGAGGTGAGTTGATGGACTTCATAATAGTGCTTCATGATGTGAAAGC
CGTGAAGACATTCTGCAGCAGAATGCACTTCTCTCTAGGCGCGGGATGCAGTGCAGCAGC
AGGGCCTATCGGGAGAGTGTTGGAGGCTGACCTTCGAGCTGGTGACAAAGGCTCTGGTGT
CTGCTATACTTACAGCCGCAGCAAAGGGGCATTTGTGGGAGTATCTCTAGAGAGACT-39

For mutagenesis This study

CFS1_mutPSAPP_fwd 59-CATTCGTCTGTTTACATAGCGGCTGCTGCGGCTCTACTTGAACCTAGTG-39 For site-directed
mutagenesis

PrimerX. 2018.

CFS1_mutPSAPP_rev 39-CACTAGGTTCAAGTAGAGCCGCAGCAGCCGCTATGTAAACAGACGAATG-59 For site-directed
mutagenesis

PrimerX. 2018.

VPS23A_fwd 59-AACAGGTCTCAGGCTCTATGGTTCCCCCGCCGTCTAATCC-39 For cloning CDS, part 1 This study

VPS23A-Bsa1_rev 39-AACAGGTCTCAGAAACGAGGCCAGAAGGAGTGACAT-59 For cloning CDS, part 1 This study

VPS23A-Bsa1_fwd 59-AACAGGTCTCATTTCTCTTCCGTACCTTCAGAATTGG-39 For cloning CDS, part 2 This study

VPS23A_rev 39-AACAGGTCTCACTGATGAATGTAACCTACCTGCGATGGCTG-59 For cloning CDS, part 2 This study
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Confocal microscopy
All images except for Airyscan imaging, PIN2 endocytosis
imaging and time-lapse imaging were acquired by an upright
point laser scanning confocal microscope ZEISS LSM800 Axio
Imager.Z2 (Carl Zeiss) equipped with high-sensitive GaAsP de-
tectors (Gallium Arsenide), a LD C-Apochromat 40X objective
lens (numerical aperture 1.1, water immersion), and ZEN soft-
ware (blue edition, Carl Zeiss). For Fig. 10, a Plan-Apochromat
20X objective lens (numerical aperture 0.8, dry) is used instead
of the 40X one. GFP and BCECF-AM fluorescence were excited at
488 nm and detected between 488 and 545 nm. TagRFP,
mCherry, and mScarlet fluorescence were excited at 561 nm and
detected between 570 and 617 nm. FM 4-64 fluorescence was
excited at 561 nm and detected between 656 and 700 nm (Fig. S4
A) or 576 and 700 nm. For Z-stack imaging, interval between the
layers was set as 1 μm. For each experiment, all replicate images
were acquired using identical confocal microscopic parameters.
Confocal images were processed with Fiji (version 1.52, Fiji)
and Imaris (version 9.0.1, BITPLANE). For Airyscan imaging,
Z-stack images were acquired by an inverted point laser
scanning confocal microscope ZEISS LSM980 Axio Ob-
server.Z1/7 (Carl Zeiss) equipped with a hexagonal GaAsP
detector Airyscan II (Gallium Arsenide), a plan-Apochromat
63x objective lens (numerical aperture 1.40, oil immersion),
and ZEN software (blue edition, Carl Zeiss) under room
temperature. GFP fluorescence was excited at 488 nm and
detected between 495 and 550 nm. TagRFP fluorescence was
excited at 561 nm and detected between 573 and 627 nm.
Interval between layers was set as 0.15 μm. Original images
were deconvoluted by ZEN software using the default mode
(blue edition, Carl Zeiss). Deconvoluted images were pro-
cessed with Fiji (version 1.52, Fiji).

For PIN2 endocytosis imaging, images were acquired by an
inverted Zeiss microscope AxioObserver Z1 (Carl Zeiss) equipped
with a spinning disk module CSU-W1-T3 (Yokogawa), a
Prime 95B camera (http://www.photometrics.com/), a Plan-
Apochromat 63× objective lens (numerical aperture 1.4, oil
immersion), and the Metamorph acquisition software (Molec-
ular Devices). GFP was excited with a 488 nm laser (150 mW)

andwas detected by a 525/50 nmBrightLine single-band bandpass
filter (Semrock). Confocal images were processed with Fiji (ver-
sion 1.52, Fiji).

For time-lapse imaging, images were acquired by an Andor
Dragonfly confocal platform (Andor) equipped with a spinning
disc confocal microscope (Nikon Ti2E inverted microscope). A
40X objective lens (numerical aperture 1.15, water immer-
sion) was installed for acquiring images. The pinhole disk
pattern was set as 40 μm. Green fluorescence signals were
excited by 488 nm laser and detected through an Andor Zyla
sCMOS camera. Red fluorescence signals were excited by 561
nm laser and detected through an Andor iXon 888 EMCCD
camera. The two cameras acquired the image at the same time.
For time-lapse mode imaging, the total imaging time is 60 s,
with an interval of 1 s. Confocal images were processed with
Fiji (version 1.52, Fiji).

Image processing and quantification
Mander’s colocalization analyses were performed by Fiji (ver-
sion 1.52, Fiji). Confocal images were background-subtracted
with 25 pixels of rolling ball radius. Mander’s coefficients M1
and M2 were calculated through JACoP plugin (Bolte and
Cordelières, 2006). Thresholds in JACoP plugin settings were
adjusted according to the puncta signals in original confocal
images.

Puncta quantification was performed by Fiji (version 1.52,
Fiji). Z-stack images (at least five layers) were background-
subtracted with 25 pixels of rolling ball radius. Each Z-stack
image was subsequently thresholded using the MaxEntropy
method and was converted to an 8-bit grayscale image.
Threshold values were adjusted according to the puncta signals
in original confocal images. The number of puncta in thresh-
olded images was counted by the Analyze Particles function in
Fiji. For all puncta quantification, puncta with the size between
0.10 and −4.00 μm2 were counted.

Imaris (version 9.0.1, BITPLANE) was used for 3D construc-
tion of the vacuole structure. Default settings were used for 3D
construction while the surface signals were smoothed with a
surface detail of 0.25 μm.

TEM
For TEM samples preparation, high-pressure freezing, freeze
substitution, resin embedding, and ultramicrotomy were
performed as described before (Ma et al., 2021; Kang, 2010;
Wang et al., 2017). Briefly, 7-d-old Arabidopsis seedlings were
incubated in 150mMNaCl or 50 μMDNP for 1 h and were then
rapidly frozen with an EM ICE high-pressure freezer (Leica
Microsystems).

For Epon resin-embedded samples, the samples were freeze-
substituted in 2% OsO4 with acetone at −80°C for 24 h and were
then slowly warmed up to room temperature over 48 h. Excess
OsO4 was removed by rinsing with acetone at room tempera-
ture. Root samples were separated from planchettes and em-
bedded in Embed-812 resin (cat. no. 14120; Electron Microscopy
Sciences), and the resin was polymerized at 65°C. Ultrathin (100
nm) sections from the samples were collected on copper slot
grids coated with formvar.

Table 4. M. polymorpha lines used in this study

Name Accession Number Source or
reference

Tak-1

pEF::GFP-ATG8A Mp1g21590 This study

cfs1 in pEF::GFP-ATG8A Mp3g11370 (CFS1);
Mp1g21590 (ATG8A)

This study

pEF::mScarlet-CFS1 in
pEF::GFP-ATG8A

Mp3g11370 (CFS1);
Mp1g21590 (ATG8A)

This study

pEF::GFP-ATG8B Mp5g05930 This study

cfs1 in pEF::GFP-ATG8B Mp3g11370 (CFS1);
Mp5g05930 (ATG8B)

This study

pEF::mScarlet-CFS1 in
pEF::GFP-ATG8B

Mp3g11370 (CFS1);
Mp5g05930 (ATG8B)

This study
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For immuno-gold labeling samples, frozen specimens were
freeze-substituted in anhydrous acetone containing 0.25%
glutaraldehyde and 0.1% uranyl acetate at −80°C for 24 h and
were slowly warmed up to −45°C. After rinsing with precooled
acetone, the cells were embedded in Lowicryl HM20 resin at
−45°C and the resin was polymerized by ultraviolet illumina-
tion. Ultrathin (100 nm) sections from the samples were col-
lected on nickel slot grids coated with formvar. The sections
were probed with rabbit anti-ATG8 (Agrisera), rabbit anti-RFP
(Abcam), or chicken anti-GFP polyclonal primary antibodies
(Abcam) and gold particles (6, 10 nm) conjugated secondary
antibodies (Ted Pella). Sections were post-stained and exam-
ined with a Hitachi 7400 TEM (Hitachi-High Technologies)
operated at 80 kV.

For the quantification of immuno-gold labeling samples,
∼900 gold particles in 50 TEM images from 8 TEM sections
(5–10 micrographs per section) were grouped into autophago-
somes, cytosol, or other organelles according to their locations.
The sections were collected from five individual plastic-embedded
Arabidopsis roots with three times of replicates for cryo-fixation
and sample embedding.

Statistical analyses
All quantification analyses and statistical tests were performed
with GraphPad Prism 8 software. F-test was used to check
whether the variances were significantly different (P < 0.05).
For comparing the significance of differences between two ex-
perimental groups, Student’s t tests were performed as indicated
in each experiment. The significance level of differences be-
tween two experimental groups was marked as *, P < 0.05; **, P <
0.01; ***, P < 0.001; ns, not significant. For comparing the
significance of differences between multiple experimental
groups, one-way ANOVA was performed as indicated in each
experiment.

For PIN2 endocytosis qualitative quantification, the Arabi-
dopsis seedling with at least five root epidermal cells that contain
visible PIN2-GFP in the vacuole is considered as the one with
high PIN2 endocytic activities.

Phylogenic tree analysis
Coding sequences of CFS1 and CFS2 homologs were obtained
using the BLAST tool against representative species of different
plant lineages in Phytozome (Goodstein et al., 2012). The tree
was inferred from a 2283-nt-long alignment using the maximum
likelihood method and Tamura-Nei model as implemented by
MEGA X (Tamura and Nei, 1993; Kumar et al., 2018). 100 boot-
strap method and a discrete Gamma distribution were used to
model evolutionary rate differences among sites (5 categories
[+G, parameter = 0.8072]; Felsenstein, 1985). Best-scoring ML
tree (−98686.19) is shown with purple circles indicating boot-
strap values above 80 on their respective clades. The tree is
represented using Interactive Tree Of Life (iTOL) v4 (Letunic
and Bork, 2019).

Homology modeling
Cartoon representations of AtCFS1 structure and prediction of
AtCFS1-VPS23A heterocomplex formation were generated by

homology modeling using AlphaFold2 (Jumper et al., 2021) as
implemented by ColabFold (Mirdita et al., 2022).

Online supplemental material
Fig. S1 shows differential centrifugation coupled to AP-MS re-
vealed CFS1 as an autophagosome-associated protein in A.
thaliana. Fig. S2 shows that CFS2 does not play a role in auto-
phagic flux. Fig. S3 shows functional characterization of CFS1-
ATG8 interaction. Fig. S4 shows AIM between the FYVE and
SYLF domains of CFS1 is conserved in plants. Fig. S5 shows CFS1
does not colocalize with VPS3, VPS39, or VAMP711, but partially
colocalizes with FREE1 and ALIX. Source Data files include the
uncropped blots used in the corresponding figures. Table S1
shows MS dataset that is used for analysis in Fig. 1. Table S2
shows spectral count of the mass spec data used in Fig. 1. Table
S3 shows the final list of proteins identified in analysis described
in Fig. 1. Table S4 shows yeast two hybrid dataset. Video 1
shows ATG8-CFS1 co-movement. Video 2 shows NBR1-CFS1
co-movement. Video 3 shows CFS1-VPS23 co-movement. Video 4
shows autophagosome movement from one cell to another.

Data availability
All the raw images, blots, and replicates associated with fig-
ures are uploaded to the Zenodo server and can be accessed
under the DOI: doi.org/10.5281/zenodo.7139130 and doi.org/
10.5281/zenodo.7139412. Proteomics data are available via
ProteomeXchange with identifier PXD031787.
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Figure S1. Differential centrifugation coupled to affinity purification-mass spectrometry (AP-MS) revealed CFS1 as an autophagosome-associated
protein in A. thaliana. (A and B) Ultracentrifugation enriches for intact autophagosomes. (A) Western blot analysis of 7-d-old Col-0 seedlings expressing
pUBQ::GFP-ATG8A. Arabidopsis seedlings were treated with 3 μM Torin 1 for 90 min prior to differential centrifugation described in Fig. 1 A. A total of 5 μg of
protein was loaded in each lane. Protein extracts were immunoblotted with anti-GFP and anti-NBR1 antibodies. Representative images of four replicates are
shown. Reference protein sizes are labeled as numbers at the left side of the blots (unit: kD). (B) Protease protection assay of enriched autophagosomes in A.
Autophagosomes were treated with 30 ng/μl proteinase K in the absence or presence of 1% Triton X-100. A total of 5 μg of protein was loaded in each lane.
Protein extracts were immunoblotted with anti-GFP and anti-NBR1 antibodies. Representative images of 4 replicates are shown. Reference protein sizes are
labeled as numbers at the left side of the blots (unit: kD). (C and D) CFS1 localizes to the autophagosomes under control conditions. (C) Confocal microscopy
images of Arabidopsis root epidermal cells co-expressing pUBQ::mCherry-CFS1 with either Golgi body marker p35S::NAG1-EGFP, trans-Golgi network marker
pa1::VHAa1-GFP, late endosome marker pRPS5a::GFP-ARA7 or autophagosome marker pUBQ::GFP-ATG8A under control conditions. 5-d-old Arabidopsis
seedlings were incubated in control 1/2 MS media before imaging. Representative images of 10 replicates are shown. Area highlighted in the white-boxed
region in the merge panel was further enlarged and presented in the inset panel. Scale bars, 5 μm. Inset scale bars, 2 μm. (D) Quantification of confocal
experiments in C showing the Mander’s colocalization coefficients between mCherry-CFS1 and the GFP-fused marker NAG1, VHAa1, ARA7, or ATG8A. M1,
fraction of GFP-fused marker signal that overlaps with mCherry-CFS1 signal. M2, fraction of mCherry-CFS1 signal that overlaps with GFP-fused marker signal.
Bars indicate the mean ± SD of 10 replicates. (E and F) CFS1 localizes to the autophagosomes under salt stress. (E) Confocal microscopy images of Arabidopsis
root epidermal cells co-expressing pUBQ::mCherry-CFS1 with either Golgi body marker p35S::NAG1-EGFP, trans-Golgi network marker pa1::VHAa1-GFP, MVB
marker pRPS5a::GFP-ARA7 or autophagosome marker pUBQ::GFP-ATG8A under salt stress. 5-d-old Arabidopsis seedlings were incubated in 150 mM NaCl-
containing 1/2 MSmedia for 1 h for autophagy induction before imaging. Representative images of 10 replicates are shown. Area highlighted in the white-boxed
region in the merge panel was further enlarged and presented in the inset panel. Scale bars, 5 μm. Inset scale bars, 2 μm. (F) Quantification of confocal
experiments in E showing the Mander’s colocalization coefficients between mCherry-CFS1 and the GFP-fused marker NAG1, VHAa1, ARA7, or ATG8A. M1,
fraction of GFP-fused marker signal that overlaps with mCherry-CFS1 signal. M2, fraction of mCherry-CFS1 signal that overlaps with GFP-fused marker signal.
Bars indicate the mean ± SD of 10 replicates. (G and H) CFS1 does not colocalize with the endocytic marker dye FM 4-64. (G) Confocal microscopy images of
Arabidopsis root epidermal cells expressing pUBQ::GFP-CFS1 and stained with FM 4-64. 5-d-old Arabidopsis seedlings were first incubated in either control or
nitrogen-deficient (−N) 1/2MSmedia for 4 h and were then incubated in either control or nitrogen-deficient 1/2 MS media containing 4 μΜ FM 4-64 for 30min
before imaging. Representative images of 10 replicates are shown. Area highlighted in the white-boxed region in the merge panel was further enlarged and
presented in the inset panel. Scale bars, 5 μm. Inset scale bars, 2 μm. (H) Quantification of confocal experiments in G showing the Mander’s colocalization
coefficients between GFP-CFS1 and FM 4-64. M1, fraction of GFP-CFS1 signal that overlaps with FM 4-64 signal. M2, fraction of FM 4-64 signal that overlaps
with GFP-CFS1 signal. Bars indicate the mean ± SD of 10 replicates. (I and J) CFS1 colocalizes with the autophagosomemarker proteins ATG11 and NBR1 during
salt stress. (I) Confocal microscopy images of Arabidopsis root epidermal cells co-expressing pUBQ::mCherry-CFS1 with either pUBQ::GFP-ATG11 or pNBR1::
NBR1-GFP. 5-d-old Arabidopsis seedlings were incubated in 150 mM NaCl-containing 1/2 MS media for 1 h for autophagy induction before imaging. Repre-
sentative images of 10 replicates are shown. Area highlighted in the white-boxed region in the merge panel was further enlarged and presented in the inset
panel. Scale bars, 5 μm. Inset scale bars, 2 μm. (J) Quantification of confocal experiments in I showing the Mander’s colocalization coefficients between
mCherry-CFS1 and the GFP-fused marker ATG11 or NBR1. M1, fraction of GFP-fused marker signal that overlaps with mCherry-CFS1 signal. M2, fraction of
mCherry-CFS1 signal that overlaps with GFP-fused marker signal. Bars indicate the mean ± SD of 10 biological replicates. Source data are available for this
figure: SourceData FS1.
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Figure S2. CFS2 does not play a role in autophagic flux. (A) Schematic diagrams showing the domain structures of Arabidopsis CFS1 and CFS2.
(B) Maximum likelihood (ML) phylogenetic tree showing that across the plant kingdom, no homology could be detected between CFS1 homologs and CFS2
homologs. Coding sequences of CFS1 and CFS2 homologs were obtained using the BLAST tool against representative species of different plant lineages in
Phytozome (Goodstein et al., 2012). The tree was inferred from a 2283-nt-long alignment using the ML method and Tamura-Nei model as implemented by
MEGA X (Tamura and Nei, 1993; Kumar et al., 2018). 100 bootstrap method and a discrete Gamma distribution was used to model evolutionary rate differences
among sites (5 categories [+G, parameter = 0.8072]) (Felsenstein, 1985). The tree is represented using Interactive Tree Of Life (iTOL) v4 (Letunic and Bork,
2019). Best-scoring ML tree (−98686.19) is shown with purple circles indicating bootstrap values above 80 on their respective clades. The scale bar indicates
the evolutionary distance based on the nucleotide substitution rate. All CFS1 homologs are grouped in the blue region while all CFS2 homologs are grouped in
the orange region. Genes that encode A. thaliana CFS1 (AtCFS1), A. thaliana CFS2 (AtCFS2), and M. polymorpha CFS1 (MpCFS1) are highlighted with purple,
green, and orange colors, respectively. (C) Confocal microscopy images of Arabidopsis root epidermal cells co-expressing pUBQ::GFP-CFS1 and pUBQ::
mScarlet-CFS2. 5-d-old Arabidopsis seedlings were incubated in either control, nitrogen-deficient (−N) or 150 mM NaCl-containing 1/2 MS media before
imaging. Representative images of 10 replicates are shown. Note that no CFS2 puncta signals could be detected. Scale bars, 5 μm. (D)Western blot analysis of
Arabidopsis seedlings expressing pUBQ::mScarlet-CFS2 used in C. Total lysates were immunoblotted with anti-RFP antibodies. Images of two replicates are
shown. Reference protein sizes are labeled as numbers at the left side of the blots (unit: kD). (E) Phenotypic characterization of Arabidopsis cfs1 and cfs2
mutants upon nitrogen starvation. 25 Arabidopsis seeds per genotype were first grown on 1/2 MS media plates (+1% plant agar) for 1-wk and 7-d-old seedlings
were subsequently transferred to nitrogen-deficient (−N) 1/2 MS media plates (+0.8% plant agar) and grown for 2 wk. Plants were grown at 21°C under LEDs
with 85 µM/m2/s and a 14 h light/10 h dark photoperiod. d0 depicts the day of transfer. Brightness of pictures was enhanced ≤19% with Adobe Photoshop
(2020). Representative images of four replicates are shown. (F) Western blots showing the endogenous NBR1 level in Col-0, cfs1, cfs2, cfs1cfs2, or atg5 under
control or nitrogen-starved (−N) conditions. Arabidopsis seeds were first grown in 1/2 MS media under continuous light for 1 wk and 7-d-old seedlings were
subsequently transferred to control or nitrogen-deficient 1/2 MS media for 12 h. 10 μl of total seedling extract was loaded and immunoblotted with anti-NBR1
antibodies. Representative images of three replicates are shown. Reference protein sizes are labeled as numbers at the left side of the blots (unit: kD).
(G)Quantification of F showing the relative NBR1 level of Col-0, cfs1, cfs2, cfs1cfs2, or atg5 under control or nitrogen-starved conditions. Values were calculated
through normalization of protein bands to Ponceau S and to untreated (Control) Col-0 and shown as the mean ± SD of three replicates. One-tailed and paired
Student’s t tests were performed to analyze the significance of the relative NBR1 level differences between Col-0 and each mutant. ns, not significant. *, P
value <0.05. **, P value <0.01. (H)Western blot showing the endogenous NBR1 level in Col-0, cfs1, cfs2, cfs1cfs2, or atg5 under control or salt-stressed (NaCl)
conditions. Arabidopsis seeds were first grown in 1/2 MS media under continuous light for 1-wk and 7-d-old seedlings were subsequently transferred to control
or 150 mM NaCl-containing 1/2 MS media for 16 h. 10 μl of total seedling extract was loaded and immunoblotted with anti-NBR1 antibodies. Representative
images of three replicates are shown. Reference protein sizes are labeled as numbers at the left side of the blots (unit: kD). (I) Quantification of H showing the
relative NBR1 level of Col-0, cfs1, cfs2, cfs1cfs2, or atg5 under control or salt stress (NaCl) conditions. Values were calculated through normalization of protein
bands to Ponceau S and to untreated (Control) Col-0 and shown as the mean ± SD of three replicates. One-tailed and paired Student’s t tests were performed
to analyze the significance of the relative NBR1 level difference between Col-0 and each mutant. ns, not significant. *, P value <0.05. **, P value <0.01. Source
data are available for this figure: SourceData FS2.

Zhao et al. Journal of Cell Biology S3

Autophagosomes sorted at amphisomes in plants https://doi.org/10.1083/jcb.202203139

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/221/12/e202203139/1440905/jcb_202203139.pdf by M

ax Perutz Library user on 19 O
ctober 2022

44

https://doi.org/10.1083/jcb.202203139


Figure S3. Functional characterization of CFS1-ATG8 interaction. (A) GST pull-downs of E. coli lysates expressing either GST, GST-ATG8A, GST-ATG8B,
GST-ATG8C, GST-ATG8D, GST-ATG8E, GST-ATG8F, GST-ATG8G, GST-ATG8H, or GST-ATG8I and A. thaliana whole-seedling lysates expressing mCherry-CFS1.
Proteins were visualized by immunoblotting with anti-GST and anti-RFP antibodies. Representative images of two replicates are shown. Reference protein
sizes are labeled as numbers at the left side of the blots (unit: kD). (B) Homology modeling and domain representation of CFS1. CFS1 structure is shown as
ribbons, and relevant motifs and domains are highlighted as zoom-in, with the side chains of relevant residues represented as stick. For clarity, the FYVE and
SYLF domains of CFS1 are colored in brick red and orange, respectively. (C) Confocal microscopy images of cfs1mutants co-expressing pUBQ::GFP-ATG8A with
either pUBQ::mCherry-CFS1, pUBQ::mCherry-CFS1FYVE, pUBQ::mCherry-CFS1SYLF or pUBQ::mCherry-CFS1tri. 5-d-old Arabidopsis seedlings were incubated in
either control or nitrogen-deficient (−N) 1/2 MSmedia for 4 h before imaging. Representative images of 10 replicates are shown. Area highlighted in the white-
boxed region in the merge panel was further enlarged and presented in the inset panel. Scale bars, 5 μm. Inset scale bars, 2 μm. (D) RFP-Trap pull-down of
Arabidopsis seedlings co-expressing pUBQ::GFP-ATG8A with either pUBQ::mCherry-CFS1, pUBQ::mCherry-CFS1FYVE, pUBQ::mCherry-CFS1SYLF or pUBQ::
mCherry-CFS1tri. 7-d-old seedlings were incubated in either control (+) or nitrogen-deficient (−) 1/2 MS media for 12 h. Protein extracts were immunoblotted
with anti-GFP and anti-RFP antibodies. Representative images of two replicates are shown. Reference protein sizes are labeled as numbers at the left side of
the blots (unit: kD). Source data are available for this figure: SourceData FS3.
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Figure S4. The AIM between the FYVE and SYLF domains of CFS1 is conserved in plants. Multiple sequencing alignments showing the conserved AIM
(WLNL) between the FYVE and SYLF domains of CFS1. The regions that belong to FYVE or SYLF domains are labeled with black boxes.
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Figure S5. CFS1 does not colocalize with VPS3, VPS39, or VAMP711, but partially colocalizes with FREE1 and ALIX. (A) Confocal microscopy images of
Arabidopsis root epidermal cells co-expressing pVPS3::mGFP-VPS3 with pUBQ::mCherry-CFS1. 5-d-old Arabidopsis seedlings were incubated in either control,
nitrogen-deficient (−N) or 150 mM NaCl-containing 1/2 MS media before imaging. Representative images of 10 replicates are shown. Area highlighted in the
white-boxed region in the merge panel was further enlarged and presented in the inset panel. Scale bars, 5 μm. Inset scale bars, 2 μm. (B) Quantification of
confocal experiments in A showing the Mander’s colocalization coefficients between mCherry-CFS1 and mGFP-VPS3. M1, fraction of mGFP-VPS3 signal that
overlapped with the mCherry-CFS1 signal. M2, fraction of mCherry-CFS1 signal that overlapped with the mGFP-Vps3 signal. Bars indicate the mean ± SD of 10
replicates. (C) Confocal microscopy images of Arabidopsis root epidermal cells co-expressing pVPS39::VPS39-mGFP with pUBQ::mCherry-CFS1. 5-d-old
Arabidopsis seedlings were incubated in either control, nitrogen-deficient (−N) or 150 mMNaCl-containing 1/2 MSmedia before imaging. Representative images
of 10 replicates are shown. Area highlighted in the white-boxed region in the merge panel was further enlarged and presented in the inset panel. Scale bars, 5
μm. Inset scale bars, 2 μm. (D) Quantification of confocal experiments in C showing the Mander’s colocalization coefficients between mCherry-CFS1 and
VPS39-mGFP. M1, fraction of VPS39-mGFP signal that overlapped with the mCherry-CFS1 signal. M2, fraction of mCherry-CFS1 signal that overlapped with the
VPS39-mGFP signal. Bars indicate the mean ± SD of 10 replicates. (E) Confocal microscopy images of Arabidopsis root epidermal cells co-expressing pUBQ::YFP-
VAMP711 with pUBQ::mCherry-CFS1. 5-d-old Arabidopsis seedlings were incubated in either control, nitrogen-deficient (−N) or 150 mM NaCl-containing 1/2 MS
media before imaging. Representative images of 10 replicates are shown. Area highlighted in the white-boxed region in the merge panel was further enlarged
and presented in the inset panel. Scale bars, 5 μm. Inset scale bars, 2 μm. (F)Quantification of confocal experiments in E showing the Mander’s colocalization
coefficients between mCherry-CFS1 and YFP-VAMP711. M1, fraction of YFP-VAMP711 signal that overlapped with the mCherry-CFS1 signal. M2, fraction of
mCherry-CFS1 signal that overlapped with the YFP-VAMP711 signal. Bars indicate the mean ± SD of 10 replicates. (G) Representative confocal microscopy
images showing the colocalization of p35S::GFP-FREE1 and pUBQ::mCherry-CFS1 in Arabidopsis root epidermal cells. 5-d-old Arabidopsis seedlings were
incubated in either control or 150 mM NaCl-containing 1/2 MS media for 1 h before imaging. Area highlighted in the white-boxed region in the merge panel
was further enlarged and presented in the inset panel. Scale bars, 5 μm. Inset scale bars, 2 μm. (H) Representative confocal microscopy images showing the
colocalization of pALIX::GFP-3Gly-ALIX and pUBQ::mCherry-CFS1 in Arabidopsis root epidermal cells. 5-d-old Arabidopsis seedlings were incubated in either
control or 150 mMNaCl-containing 1/2 MS media for 1 h before imaging. Area highlighted in the white-boxed region in the merge panel was further enlarged
and presented in the inset panel. Scale bars, 5 μm. Inset scale bars, 2 μm.
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Video 1. Time-lapse video showing that mCherry-CFS1 (magenta) moves together with GFP-ATG8A (green) in Arabidopsis root epidermal cells. 5-d-
old Arabidopsis seedlings co-expressing pUBQ::GFP-ATG8A and pUBQ::mCherry-CFS1 were incubated in 150 mM NaCl-containing 1/2 MS media for 1 h for
autophagy induction before imaging. Total imaging time, 60 s. Interval, 1 s. Scale bar, 10 μm.

Video 2. Time-lapse video showing that mCherry-CFS1 (magenta) moves together with NBR1-GFP (green) in Arabidopsis root epidermal cells. 5-d-old
Arabidopsis seedlings co-expressing pNBR1::NBR1-GFP and pUBQ::mCherry-CFS1 were incubated in 150 mM NaCl-containing 1/2 MS media for 1 h for au-
tophagy induction before imaging. Total imaging time, 60 s. Interval, 1 s. Scale bar, 10 μm.

Video 3. Time-lapse video showing the partial colocalization and the associated movement between GFP-CFS1 (green) and VPS23A-TagRFP (ma-
genta) in Arabidopsis root epidermal cells. 5-d-old Arabidopsis seedlings co-expressing pUBQ::GFP-CFS1 and pVPS23A::VPS23A-TagRFP were incubated in
150 mM NaCl-containing 1/2 MS media for 1 h for autophagy induction before imaging. Total imaging time, 60 s. Interval, 1 s. Scale bar, 10 μm.

Video 4. Time-lapse video showing cell-to-cell movement of NBR1-GFP (green)/mCherry-CFS1 (magenta) punctum in Arabidopsis root cells. 5-d-old
Arabidopsis seedlings co-expressing pNBR1::NBR1-GFP and pUBQ::mCherry-CFS1 were incubated in 150 mM NaCl-containing 1/2 MS media for 1 h for au-
tophagy induction before imaging. Total imaging time, 60 s. Interval, 1 s. Scale bar, 5 μm.

Provided online are Table S1, Table S2, Table S3, and Table S4. Table S1 shows original mass spectromertry dataset used for
analysis. Table S2 shows spectral count of the mass spectromertry data. Table S3 shows final list of proteins identified in analysis.
Table S4 shows yeast two hybrid dataset.
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Abstract 11 

Autophagy is a vital cellular quality control pathway that enables plants to adapt to 12 

changing environments. By degrading damaged or unwanted components, autophagy 13 

maintains cellular homeostasis. While the organismal phenotypes of autophagy-14 

deficient plants under stress are well-characterized, the contribution of cell-type-15 

specific autophagy responses to whole-plant homeostasis remains poorly understood. 16 

Here, we show that root hair-forming cells (trichoblasts) of Arabidopsis thaliana exhibit 17 

higher autophagic flux than adjacent non-hair cells (atrichoblasts). This differential 18 

autophagy is genetically linked to cell fate determination during early development. 19 

Mutants disrupting trichoblast or atrichoblast identity lose the autophagy distinction 20 

between these cell types. Functional analyses reveal that elevated autophagy in 21 

trichoblasts is essential for sodium ion sequestration in vacuoles—a key mechanism 22 

for salt stress tolerance. Disrupting autophagy specifically in trichoblasts impairs 23 

sodium accumulation and reduces plant survival under salt stress. Conversely, cell-24 

type-specific complementation restores both sodium sequestration and stress 25 

tolerance. Our findings uncover a cell-type-specific autophagy program in root hairs 26 

and demonstrate how developmental cues shape autophagy to enhance stress 27 

resilience. This work establishes a direct link between cell identity, autophagy, and 28 

environmental adaptation in plants. 29 
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Introduction 30 

Autophagy, a conserved eukaryotic degradation pathway, plays a pivotal role in 31 

maintaining cellular homeostasis by recycling damaged organelles, protein 32 

aggregates, and microbes (Gross et al., 2025). It is orchestrated by a suite of 33 

autophagy-related (ATG) proteins that mediate the de novo formation of a double-34 

membraned vesicle, termed the autophagosome, which captures and delivers the 35 

cargo to the vacuole for breakdown (Avin-Wittenberg et al., 2015; Marshall & Vierstra, 36 

2018). Autophagosome biogenesis is initiated by the ATG1 kinase complex 37 

(comprising ATG1, ATG13, ATG11, and ATG101), which integrates stress signals from 38 

upstream regulators such as TOR and SnRK1 kinase complexes to initiate 39 

autophagosome biogenesis (Mizushima, 2018; Marshall & Vierstra, 2018). 40 

Phagophore expansion depends on the phosphatidylinositol 3-kinase (PI3K) complex 41 

(VPS34, ATG6, VPS15), and membrane transfer is facilitated by proteins like ATG9 42 

and ATG2 (Huang & Bassham, 2015). Autophagosome maturation requires the 43 

ubiquitin-like conjugation systems (ATG3, ATG4, ATG7, ATG12-ATG5-ATG16) 44 

responsible for ATG8 lipidation—a hallmark of autophagosome formation (Chung et 45 

al., 2010). While ATG proteins orchestrate autophagosome biogenesis, cargo selection 46 

and recruitment are mediated by selective autophagy receptors (SARs), such as NBR1 47 

and ATI1 (Stolz et al., 2014; Svenning et al., 2011; Honig et al., 2012; Michaeli et al., 48 

2014). SARs on the one hand interact with ATG8 via conserved ATG-interacting motifs 49 

(AIMs) and on the other hand contain cargo recognition domains for selective cargo 50 

recruitment (Kirkin & Rogov, 2019; Luong et al., 2022; Gross et al., 2025). 51 

Plant autophagy is a critical adaptive mechanism enabling survival during 52 

environmental stress (Bassham et al., 2012; Avin-Wittenberg, 2019). Under abiotic 53 

stress, such as nutrient deprivation, drought, and salinity, autophagy reallocates 54 

cellular resources to sustain metabolic functions and delay senescence (Guiboileau et 55 

al., 2012; Avin-Wittenberg, 2019). The functional importance of autophagy in plants is 56 

underscored by the phenotypic consequences observed in autophagy-deficient 57 

mutants (atg mutants), which exhibit abnormal organ development, premature 58 

senescence, hypersensitivity to biotic and abiotic stresses, and metabolic imbalances 59 

(Yoshimoto et al., 2004; Minina et al., 2018; Yagyu & Yoshimoto, 2024). While 60 

organismal outcomes of autophagy defects are well-established, emerging evidence 61 

emphasizes its cell type-specific functions, allowing tailored responses across plant 62 
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tissues (Feng et al., 2022). For example, in the Arabidopsis root cap, autophagy 63 

facilitates the programmed death and clearance of root cap border cells, a process 64 

critical for organized cell separation and root growth (Feng et al., 2022; Goh et al., 65 

2022). Disruption of ATG5 in the root cap via tissue-specific CRISPR mutagenesis 66 

impairs vacuolarization and the removal of dying cells, demonstrating the 67 

developmental precision of autophagy in a spatially restricted context (Feng et al., 68 

2022). Similarly, cell-type specific autophagy has been shown to play important roles 69 

in leaf abscission (Htwe et al., 2011; Furuta et al., 2024). However, the degree to which 70 

cell-type specific autophagy responses contribute to stress tolerance remains largely 71 

unknown.  72 

Arabidopsis roots offer an ideal system to investigate cell type-specific autophagy as 73 

the patterning of cell types that have very different metabolic and homeostatic 74 

demands are well established. Particularly the trichoblasts and atrichoblasts, which are 75 

adjacent to each other and differentiate into root hair and non-root hair cells (Datta et 76 

al., 2011), provides an excellent system to study cell-type specific homeostatic 77 

responses. The differentiation of trichoblasts (root hair cells) and atrichoblasts (non-78 

hair cells) in the Arabidopsis root epidermis is a complex process regulated by a 79 

combination of positional signaling, transcriptional networks, and hormonal cues 80 

(Balcerowicz et al., 2015; Salazar-Henaoet al., 2016). The fate of Arabidopsis root 81 

epidermal cells is determined by their position relative to the underlying cortical cells. 82 

Cells in contact with two cortical cells (T position) become trichoblasts, while those in 83 

contact with only one cortical cell (A position) become atrichoblasts (Balcerowicz et al., 84 

2015; Salazar-Henaoet al., 2016). The differentiation of trichoblasts and atrichoblasts 85 

are regulated by a network of transcription factors. In A-positioned cells, the MYB 86 

transcription factor WEREWOLF (WER) forms a complex with the bHLH proteins 87 

GLABRA3 (GL3) or ENHANCER OF GLABRA3 (EGL3) and the WD40 protein 88 

TRANSPARENT TESTA GLABRA1 (TTG1) (Balcerowicz et al., 2015; Salazar-Henaoet 89 

al., 2016). This complex promotes the expression of the homeodomain protein 90 

GLABRA2 (GL2), which inhibits the expression of downstream genes related to root 91 

hair formation, leading to the atrichoblast fate (Balcerowicz et al., 2015; Salazar-92 

Henaoet al., 2016). In T-positioned cells, the R3 MYB protein CAPRICE (CPC) (or its 93 

paralogs TRYPTYCHON [TRY] and ENHANCER OF TRY AND CPC1 [ETC1]) 94 

replaces WER in the complex, preventing GL2 expression and allowing the cells to 95 

adopt the trichoblast fate (Balcerowicz et al., 2015; Salazar-Henaoet al., 2016). 96 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 18, 2025. ; https://doi.org/10.1101/2025.03.18.643786doi: bioRxiv preprint 

52

https://doi.org/10.1101/2025.03.18.643786
http://creativecommons.org/licenses/by/4.0/


Previous studies  reported autophagic flux differences between root hair cells and non-97 

root hair cells (Guichard et al., 2024). However, the physiological and genetic basis 98 

underlying this difference remains unknown. Understanding how autophagy links with 99 

the cell type-specific transcriptional programs in Arabidopsis roots may reveal novel 100 

regulatory hubs that mediate stress adaptation and developmental plasticity.  101 

Here, we dissected autophagic flux pattern in trichoblasts and atrichoblasts during salt 102 

stress. Using a large suite of reporters, we showed that trichoblast cells have higher 103 

autophagic flux compared the adjacent atrichoblast cells. This is encoded by the 104 

trichoblast developmental program as autophagic flux differences disappeared in 105 

genetic mutants that change cell fate. Cell-type specific CRISPR mutagenesis and 106 

complementation experiments revealed higher autophagic flux in trichoblasts is crucial 107 

for salt stress tolerance. Altogether, by mapping autophagy dynamics at cellular 108 

resolution, we uncovered a cell-type specific autophagy response that is crucial for 109 

stress resilience. 110 

Results 111 

Trichoblasts exhibit significantly higher autophagic flux compared to 112 

atrichoblasts in the root maturation zone of Arabidopsis thaliana  113 

Trichoblasts and atrichoblasts are organized in a highly structured adjacent manner. 114 

To investigate whether these two cell types exhibit distinct autophagic activities, we 115 

first measured the autophagic flux in trichoblasts and atrichoblasts at the root 116 

maturation zone of Arabidopsis wildtype Col-0 expressing GFP-ATG8A, under control 117 

and two autophagy-inducing conditions (NaCl stress and nitrogen starvation), using 118 

confocal microscopy. To accurately identify trichoblasts and atrichoblasts in our live-119 

cell imaging experiments, we adhered to the following criteria: an epidermal cell was 120 

classified as a trichoblast if it was adjacent to two cortical cells, whereas it was 121 

classified as an atrichoblast if it was adjacent to only one cortical cell (Figure S1). 122 

Under both control and autophagy-inducing conditions, confocal microscopy revealed 123 

that trichoblasts exhibit significantly higher autophagic flux compared to the adjacent 124 

atrichoblast cells (Figure 1 and S2). Similar to ATG8A, the other eight ATG8 isoforms 125 

(ATG8B to I) also exhibited higher autophagic flux in trichoblast cells compared to 126 

atrichoblasts at the root maturation zone under control, NaCl stress, and nitrogen-127 

starvation conditions (Figure 1 and S2). Collectively, these results demonstrate that 128 
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trichoblasts in the root maturation zone exhibit significantly higher autophagic activity 129 

compared to the adjacent atrichoblast cells. This observation prompted us to further 130 

explore this cell type specific autophagic response in more detail. 131 

Genetic basis of the higher autophagic flux in trichoblast cells  132 

The development of trichoblasts and atrichoblasts is regulated by a well-characterized 133 

genetic program (Balcerowicz et al., 2015; Salazar-Henao et al., 2016). While the 134 

formation of root hairs from trichoblasts at the maturation zone results in obvious 135 

surface differences, the determination of cell type identity occurs at the meristematic 136 

zone (Löfke et al., 2013). Given that both root hair structure and cell type identity could 137 

contribute to the observed differences in autophagic activity, we investigated 138 

autophagic activity in a series of Arabidopsis root epidermal development mutants. We 139 

selected four representative mutants that were previously shown to affect cell fate and 140 

identity: rhd6 rsl1, cpc try, gl2, and wer myb23 (Figure 2A). rhd6 rsl1 exhibits ectopic 141 

non-hair cells at trichoblast positions, while gl2 displays ectopic hair cells at 142 

atrichoblast positions. However, both rhd6 rsl1 and gl2 retain meristematic cell type 143 

determination, as evidenced by meristematic vacuolar biogenesis phenotype (Löfke et 144 

al., 2013). In contrast, cpc try and wer myb23 lose cell type determination at the 145 

meristematic stage, despite cpc try having ectopic non-hair cells and wer 146 

myb23 having ectopic hair cells (Figure 2A). To test the genetic basis of higher 147 

autophagic flux in trichoblast cells, we expressed GFP-ATG8A in these four mutants, 148 

as well as in atg5 as an autophagy-defective control, and performed live-cell imaging 149 

experiments similar to those described in Figure 1. Analysis of autophagic flux in 150 

epidermal cells at trichoblast and atrichoblast positions revealed that rhd6 151 

rsl1 and gl2 maintained the autophagic flux difference, whereas cpc try and wer 152 

myb23 lost this difference. This suggests cell fate defined at the meristematic zone 153 

underlies the differential autophagic activity between trichoblasts and atrichoblasts 154 

(Figure 2B–2E and S3). However, the presence of root hair structures also appeared 155 

to slightly enhance autophagic flux, as evidenced by the slightly lower autophagic flux 156 

in trichoblast-positioned cells of rhd6 rsl1 compared to Col-0 and gl2, and the slightly 157 

higher autophagic flux in atrichoblast-positioned cells of gl2 compared to other lines 158 

(Figure 2B–2E and S3). 159 
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Notably, wer myb23 exhibited an unexpected autophagic flux pattern, with all root 160 

epidermal cells displaying very low flux (Figure 2B–2E and S3). Strikingly, GFP-ATG8A 161 

signals in wer myb23 were predominantly localized to the endoplasmic reticulum (ER) 162 

and ER bodies under both control and autophagy-inducing conditions (Figure S4A). 163 

Colocalization experiments in Col-0 and wer myb23 that co-express GFP-ATG8A with 164 

the ER marker DDRGK1-mCherry (Gerakis et al., 2019) confirmed the entrapment of 165 

GFP-ATG8A signal at the ER (Figure S4B). These findings suggest the transcriptional 166 

network that underlies root epidermal cell development impinges on autophagosome 167 

biogenesis and cell-type identity dictates the higher autophagic flux in trichoblast cells. 168 

Establishment of cell-type specific CRISPR mutagenesis and complementation 169 

lines to investigate the physiological relevance of higher autophagic flux in 170 

trichoblast cells 171 

To further investigate the physiological significance of the differential autophagic 172 

activity between trichoblasts and atrichoblasts, we established two genetic approaches 173 

to modulate autophagic flux in trichoblasts. First, using trichoblast-specific 174 

promoters ProEXP7 and ProRHD6 (Figure S5) and tissue-specific CRISPR knockout 175 

(CRISPR-TSKO) technology, we aimed to disrupt autophagic flux specifically in 176 

trichoblasts. We expressed ProEXP7-driven and ProRHD6-driven Cas9 to 177 

knockout ATG5 in Col-0 expressing ProUBQ10:mCherry-ATG8E (mCherry-ATG8E in 178 

Col-0), generating the lines TSKO-E (ProEXP7-driven) and TSKO-R (ProRHD6-driven) 179 

(Figure 3A). Interestingly, under both control and NaCl stress conditions, only TSKO-180 

R exhibited a significant reduction in mCherry-ATG8E-marked autophagic flux in 181 

trichoblasts at the maturation zone, while TSKO-E maintained autophagic flux levels 182 

similar to Col-0 (Figure S6). Given that ProEXP7 is expressed exclusively in 183 

trichoblasts at the maturation zone, whereas ProRHD6 is also expressed in 184 

trichoblasts at the meristematic and elongation zones (Figure S5), we hypothesized 185 

that pre-existing ATG5 is stable enough to reach maturation zone cells. Additionally, 186 

we confirmed that TSKO-R did not exhibit reduced autophagic flux in cells that don’t 187 

express RHD6 , such as those in the stele and cotyledon epidermis (Figure S7), 188 

indicating that autophagy remained intact in non-ProRHD6 expressing regions. Based 189 

on these results, we selected TSKO-R for further studies. 190 
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In parallel, we generated Arabidopsis lines in which autophagy was specifically 191 

rescued in trichoblasts. We expressed ProEXP7-driven and ProRHD6-driven ATG5 in 192 

Arabidopsis atg5 mutant expressing ProUBQ10:mCherry-ATG8E (mCherry-ATG8E in 193 

atg5), creating the complementation lines R-ATG5 (ProRHD6-driven) and E-ATG5 194 

(ProEXP7-driven) (Figure 3B). Subsequently, we compared mCherry-ATG8E-marked 195 

autophagic flux in Col-0, TSKO-R, R-ATG5, E-ATG5, and atg5 under control and NaCl 196 

stress conditions. TSKO-R lost the autophagic flux difference between trichoblasts and 197 

atrichoblasts, resembling atg5 mutant. In contrast, both R-ATG5 and E-ATG5 restored 198 

the autophagic flux difference to levels comparable to mCherry-ATG8E in Col-0 (Figure 199 

3C–3F). These results demonstrate that TSKO-R, R-ATG5, and E-ATG5 allow us to 200 

study the physiological relevance of higher autophagic flux in trichoblast cells. 201 

Higher autophagic flux in trichoblasts is necessary and sufficient to 202 

compartmentalize sodium ions in trichoblast vacuoles, thereby contributing to 203 

salt stress tolerance. 204 

Next, we set out to explore the physiological relevance of higher flux in trichoblast cells. 205 

Previous studies have shown that autophagy was required for sodium ion 206 

accumulation in the vacuole of root meristem cells (Luo et al., 2017). This finding 207 

inspired us to check if higher flux in trichoblast cells is correlated with the accumulation 208 

of sodium in trichoblast vacuoles. First, we measured sodium ion concentrations in the 209 

vacuoles of epidermal cells at the root maturation zone in Col-0 and three autophagy-210 

deficient mutants (atg5, atg8, and atg16), using the CoroNa Green AM staining method 211 

(Park et al., 2009; Luo et al, 2017). Notably, only trichoblasts in Col-0 exhibited 212 

significantly higher sodium ion concentrations compared to atrichoblasts (CoroNa 213 

Green AM fluorescence ratios > 1.5), whereas all autophagy-defective mutants lost 214 

this difference (CoroNa Green AM fluorescence ratios around 1) (Figure 4A and 4B). 215 

This prompted us to hypothesize that sodium accumulation in trichoblast vacuoles 216 

could help plants tolerate NaCl stress. To test our hypothesis, we grew seeds of Col-0 217 

and autophagy-deficient mutant lines on normal 1/2 MS media for 6 days, then 218 

transferred them to 1/2 MS media supplemented with 150 mM NaCl for 4 days. Col-0 219 

seedlings displayed significantly higher survival rates (measured as the percentage of 220 

non-etiolated leaves) compared to the autophagy-deficient lines (Figure 4C and 4D), 221 

supporting our hypothesis.  222 
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Next, we tested if higher flux in trichoblast cells contribute to NaCl stress tolerance, 223 

using the tools we established. CoroNa Green AM staining results revealed that TSKO-224 

R, which lacks autophagic flux differences between trichoblasts and atrichoblasts, also 225 

lost the sodium ion concentration difference (Figure 4E and 4F). Conversely, the 226 

complementation lines R-ATG5 and E-ATG5, which restored autophagic flux 227 

differences, also re-established the sodium ion concentration difference between 228 

trichoblasts and atrichoblasts (Figure 4E and 4F). Given that only a subset of cells in 229 

TSKO-R lost autophagy and only a subset in R-ATG5 and E-ATG5 regained autophagy, 230 

we predicted that these lines would exhibit intermediate survival rates between Col-0 231 

and atg5. Indeed, phenotyping assays using the same approach as described above 232 

demonstrated significantly lower survival rate for TSKO-R line and significantly higher 233 

survival rates for R-ATG5 and E-ATG5 lines (Figure 4G and 4H). 234 

Collectively, these results demonstrate that autophagy mediates sodium ion 235 

sequestration in trichoblast vacuoles, thereby contributing to NaCl stress tolerance in 236 

Arabidopsis seedlings. The precise mechanism underlying this process remains to be 237 

elucidated, but our findings highlight the importance of trichoblast-specific autophagy 238 

in salt stress responses.  239 

Discussion 240 

Our study uncovers a critical role for cell-type-specific autophagy in trichoblasts, linking 241 

higher autophagic flux to sodium ion sequestration and salt stress tolerance 242 

in Arabidopsis thaliana. Under both control and stress conditions, trichoblasts exhibit 243 

significantly higher autophagic activity than atrichoblasts and this difference is 244 

essential for vacuolar sodium accumulation and plant survival under salinity.  245 

A recent study has demonstrated that under salt stress conditions, Arabidopsis 246 

transports sodium ions to the vacuole to prevent toxicity. This compartmentalization is 247 

mediated by SOS1-transporter that is localized at the tonoplast (Ramakrishna et al., 248 

2025). Our findings suggest elevated autophagic flux in trichoblasts correlates with 249 

enhanced capacity to sequester sodium ions in vacuoles. We envision two scenarios 250 

that may explain autophagy-mediated sodium sequestration in the vacuole: (1) 251 

Autophagy could support sodium compartmentalization via modulating the turnover or 252 

activity of sodium transporters. Previous studies in mammalian cells have shown that 253 

ion channels could modulate autophagy by ion fluxes in and out of lysosomes and they 254 
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themselves could be modulated by autophagic recycling (Kondratskyi et al., 2018). It 255 

will be interesting to test if NHX family transporters, including SOS1 are regulated by 256 

autophagic turnover. (2) Alternatively, metalloproteins that can carry sodium ions in 257 

bulk could be delivered to the vacuole via autophagy. This is akin to ferritinophagy that 258 

is mediated by the NCOA4 selective autophagy receptor (Mancias et al., 2014). 259 

NCOA4 selectively binds ferritin and delivers ferritin molecules to the lysosomes to 260 

release iron (Wang et al., 2023). Similar to ferritinophagy, sodium binding 261 

metalloproteins could be targeted by autophagy to rapidly deliver sodium ions to the 262 

vacuole and prevent cytotoxicity. These two scenarios focus on degradative function 263 

of autophagy. Alternatively, higher autophagic flux could improve cellular homeostasis, 264 

enabling trichoblasts to maintain ion balance more effectively under stress. Future 265 

studies that investigate autophagic cargo under salt stress conditions could reveal 266 

which of these scenarios underlie elevated autophagic flux in trichoblasts. 267 

The differential autophagic flux between trichoblasts and atrichoblasts originates 268 

during cell fate specification at the meristematic zone, as evidenced by epidermal 269 

mutants (Figure 2 and S3). Mutants disrupting early trichoblast/atrichoblast (T/A) 270 

identity (cpc try, wer myb23) abolished autophagic differences, while those retaining 271 

cell fate (rhd6 rsl1, gl2) preserved them. This suggests that developmental programs 272 

dictating T/A identity directly regulate autophagy. Transcription factors or signaling 273 

molecules common to both pathways may mediate this crosstalk. The striking 274 

mislocalization of ATG8A to the ER in wer myb23 mutants further highlights this 275 

interplay, implying that cell fate regulators impinge on the autophagosome biogenesis 276 

machinery. This unexpected finding opens new avenues to explore how developmental 277 

signalling could spatially regulate autophagy. 278 

Our findings underscore the importance of studying autophagy at cellular resolution. 279 

Whole-organism approaches may overlook critical tissue- or cell-type-specific 280 

dynamics, as demonstrated by the stark contrast between trichoblasts and 281 

atrichoblasts. Readily available high-resolution tools such as CRISPR-TSKO, single-282 

cell omics, and live cell imaging allows us to move from whole organism to cell-type 283 

specific autophagy studies, and opens the door to address a fundamental yet 284 

unanswered question in cell biology: How autophagy responses in different cell types 285 

are coordinated to establish an organismal homeostatic response?   286 
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By manipulating autophagy specifically in trichoblasts using CRISPR-TSKO and ATG5 287 

complementation lines, we demonstrated its necessity and sufficiency for sodium 288 

accumulation and salt tolerance. Disrupting autophagy in trichoblasts (TSKO-R) 289 

abolished sodium differences and reduced survival under salt stress, while restoring it 290 

(R-ATG5, E-ATG5) reinstated both. These results suggest that enhancing autophagy 291 

in stress-responsive cell types, such as trichoblasts, could improve crop resilience 292 

without compromising growth. For agriculture, this strategy could mitigate yield losses 293 

in saline soils, particularly in staple crops where root hair function is pivotal for nutrient 294 

uptake. 295 

Materials and methods 296 

Plant material and cloning procedure 297 

All Arabidopsis thaliana lines used in this study are listed in Table 1. All the plasmids 298 

established in this study are listed in Table 2. The primers used for genotyping and 299 

cloning are listed in Table 3. Synthetic sequences for plasmid construction were also 300 

listed in Table 3.  301 

All plasmids were assembled via the GreenGate cloning method (Lampropoulos et al., 302 

2013). DNA sequences of ProEXP7 and ProRHD6 were cloned from Arbidopsis 303 

genome DNA using the primers listed in Table 3 and were subsequently ligated to 304 

pGGA000 to form the promoter entry modules pGG-A-ProEXP7-B and pGG-A-305 

ProRHD6-B, respectively. These two modules and the promoter entry module pGG-A-306 

ProUBQ10+Ω-B (Zhao et al., 2022) were further assembled with other GreenGate 307 

modules pGGB003 (Lampropoulos et al., 2013), pSW596-mTurquoise2 (Addgene 308 

plasmid # 115985; Schürholz et al., 2018), pGGD007 (Lampropoulos et al., 2013), 309 

pGGE009 (Lampropoulos et al., 2013), pGG-F-Alired-G (Zhao et al., 2022) and 310 

pGGZ003 (Lampropoulos et al., 2013) to form the plasmids ProUBQ10:mTurquoise2-311 

NLS, ProRHD6:mTurquoise2-NLS and ProEXP7:mTurquoise2-NLS, respectively. 312 

For constructing plasmids for CRISPR-TSKO, we used an adapted method from 313 

Decaestecker et al., 2019. The DNA fragments of two ProU6-26-driven guide RNAs 314 

for knocking out ATG5 (ProU6-26-gATG5-1_ProU6-26-gATG5-2; Table 3) were cloned 315 

and inserted into pGGF000 to form the entry module pGG-F-gATG5-G. This entry 316 

module, together with other GreenGate modules pGG-B-Linker-C, pGG-C-Cas9PTA*-317 
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D, pGG-D-P2A-GFP-NLS-E, pGG-E-G7T-F, pFASTR-A-G, was assmebled with either 318 

pGG-A-ProEXP7-B or pGG-A-ProRHD6-B to form the recombinant plasmids 319 

ProEXP7:Cas9-GFP_gATG5 and ProRHD6:Cas9-GFP_gATG5, respectively. 320 

The coding sequence of Arabidopsis ATG5 (Table 3) were cloned into pTwist Amp 321 

High Copy to form the entry module pTwist-C-ATG5-D (Twist Bioscience). The 322 

GreenGate modules pGGB003 (Lampropoulos et al., 2013), pTwist-C-ATG5-D (Twist 323 

Bioscience), pGGD002 (Lampropoulos et al., 2013), pGGE009 (Lampropoulos et al., 324 

2013), pGG-F-Alired-G (Zhao et al., 2022) and pGGZ003 (Lampropoulos et al., 2013) 325 

were assembled with either pGG-A-ProEXP7-B or pGG-A-ProRHD6-B to form the 326 

recombinant plasmids ProEXP7:ATG5 and ProRHD6:ATG5, respectively. 327 

All transgenic Arabidopsis lines were generated through the Agrobacterium-mediated 328 

floral-dip method (Clough and Bent, 1998). ProEXP7:Cas9-GFP_gATG5 and  329 

ProRHD6:Cas9-GFP_gATG5 were transformed into Arabidopsis wildtype Col-0 plants 330 

and the positive transformants were labeled as the line TSKO-E and TSKO-R, 331 

respectively. ProEXP7:ATG5 and ProRHD6:ATG5 were transformed into Arabidopsis 332 

atg5-1 mutant plants and the positive transformants were labeled as the line E-ATG5 333 

and R-ATG5, respectively. 334 

Plant phenotypic assays 335 

Arabidopsis seeds were sterilized with 70% ethanol + 0.5‰ Tween 20 for 15 min and 336 

then with 100% ethanol for 15 min. Sterilized seeds were subsequently stored at 4˚C 337 

for 2 d for vernalization. Vernalized seeds were sown 1/2 MS media (Murashige and 338 

Skoog salt + Gamborg B5 vitamin mixture [Duchefa] supplemented with 0.5 g/liter MES 339 

and 1% sucrose, pH 5.7) plates (+ 1% plant agar [Duchefa]) and vertically grown at 340 

21˚C at 60% humidity under LEDs with 70 mM/m2s a and a 16 h light/8 h dark 341 

photoperiod for 6 d. 6-d-old seedlings were subsequently transferred to 1/2 MS media 342 

plates (+1% plant agar [Duchefa]) containing 150 mM NaCl and vertically grown for 4 343 

d. The seedlings were imaged at the day of transfer (d0) and at the fourth day after 344 

transfer (d4). The percentage of non-etiolated leaves to total leaves (including the 345 

cotyledons) of Arabidopsis seedlings at d4 were calculated for statistical analysis. 346 

Preparation of Arabidopsis thaliana samples for confocal microscopy 347 
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Arabidopsis seeds were were sterilized with 70% ethanol + 0.5‰ Tween 20 for 15 min 348 

and then with 100% ethanol for 15 min. Sterilized seeds were subsequently stored at 349 

4˚C for 2 d for vernalization. Vernalized seeds were spread on 1/2 MS media plates (+ 350 

1% plant agar [Duchefa]) and vertically grown at 21˚C at 60% humidity under LEDs 351 

with 50 mM/m2s a and a 16 h light/8 h dark photoperiod for 5 d. 5-day-old seedlings 352 

were placed in 1/2 MS media and treated with salt or chemicals as indicated in each 353 

experiment before confocal imaging. For nitrogen starvation, 1/2 MS media was 354 

replaced by nitrogen-deficient 1/2 MS media (Murashige and Skoog salt without 355 

nitrogen [CaissonLabs] + Gamborg B5 vitamin mixture [Duchefa] supplemented with 356 

0.5 g/liter MES and 1% sucrose, pH 5.7).  357 

For confocal microscopy, 5-d-old Arabidopsis seedlings were placed on a microscope 358 

slide with either water or water with 0.002 mg/ml propidium iodide and covered with a 359 

coverslip.  360 

Confocal microscopy 361 

All images except the cotyledon epidermis imaging (Figure S7) were acquired by an 362 

upright point laser scanning confocal microscope ZEISS LSM800 Axio Imager.Z2 (Carl 363 

Zeiss) equipped with high-sensitive GaAsP detectors (Gallium Arsenide), a Plan-364 

Apochromat 20X objective lens (numerical aperture 0.8, dry) and ZEN software (blue 365 

edition, Carl Zeiss). For cotyledon epidermis imaging (Figure S7), a LD C-Apochromat 366 

40X objective lens (numerical aperture 1.1, water) was used instead of the 20X one. 367 

The GFP, mTurquoise2 and CoroNa Green AM fluorescence were excited at 488 nm 368 

and detected between 488 nm and 545 nm. The propidium iodide and mCherry 369 

fluorescence was excited at 561 nm and detected between 570 nm and 617 nm. For 370 

Z-stack imaging, interval between layers was set as 1 μm. Confocal images were 371 

processed with Fiji (version 1.54f, Fiji). 372 

Statistical analyses 373 

All quantification analyses and statistical tests were performed with GraphPad Prism 8 374 

software (version 8.1.1). For comparing the significance of differences between two 375 

experimental groups, paired and two-tailed student’s t-tests were performed as 376 

indicated in each experiment. For comparing the significance of differences between 377 
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multiple experimental groups, Paired repeated measures one-way ANOVA and 378 

Fisher’s LSD tests were performed as indicated in each experiment.  379 
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Table 1. Arabidopsis thaliana lines used in this study. 

Name Background Accession Number Source or reference 

Col-0 Col-0   

atg5-1 Col-0 AT5G17290 (ATG5) 
SAIL_129B07L; Thompson et. al. 

(2005) Plant Physiol. 

atg8 (ATG8 nonuple mutant) Col-0 

AT4G21980 (ATG8A); 

AT4G04620 (ATG8B); 

AT1G62040 (ATG8C); 

AT2G05630 (ATG8D); 

AT2G45170 (ATG8E); 

AT4G16520 (ATG8F); 

AT3G60640 (ATG8G); 

AT3G06420 (ATG8H); 

AT3G15580 (ATG8I) 

Del Chiaro et al. (2024) bioRxiv. 

atg16 Col-0 AT5G50230 (ATG16) Julian et al. (2025) Nat Plants. 

rhd6-3 rsl1-1 Col-0 
AT1G66470 (RHD6); 

AT2G26130 (RSL1) 
Menand et al. (2007) Science. 

cpc-1 try-82 Col-0 
AT2G46410 (CPC); 

AT5G53200 (TRY) 
Schellmann et al. (2002) EMBO J. 

wer-1 myb23-1 Col-0 
AT5G14750 (WER); 

AT5G40330 (MYB23) 

Lee and Schiefelbein (1999) Cell; 

Lee and Schiefelbein (2001) 

Development. 

gl2-8 Col-0 AT1G79840 (GL2） SALK_130213 

ProUBQ10:GFP-ATG8A  Col-0 AT4G21980 (ATG8A） Munch et. al. (2015) The Plant Cell. 

ProUBQ10:GFP-ATG8B Col-0 AT4G04620 (ATG8B) Stephani et al. (2020) eLife. 

ProUBQ10:GFP-ATG8C Col-0 AT1G62040 (ATG8C) Stephani et al. (2020) eLife. 

ProUBQ10:GFP-ATG8D Col-0 AT2G05630 (ATG8D) Stephani et al. (2020) eLife. 

ProUBQ10:GFP-ATG8E Col-0 AT2G45170 (ATG8E) Stephani et al. (2020) eLife. 

ProUBQ10:GFP-ATG8F Col-0 AT4G16520 (ATG8F) Stephani et al. (2020) eLife. 

ProUBQ10:GFP-ATG8G Col-0 AT3G60640 (ATG8G) Stephani et al. (2020) eLife. 

ProUBQ10:GFP-ATG8H Col-0 AT3G06420 (ATG8H) Stephani et al. (2020) eLife. 

ProUBQ10:GFP-ATG8I Col-0 AT3G15580 (ATG8I) Stephani et al. (2020) eLife. 

ProUBQ10:GFP-ATG8A x atg5 atg5-1 
AT4G21980 (ATG8A); 

AT5G17290 (ATG5) 
This study 

ProUBQ10:GFP-ATG8A x rhd6 rsl1 rhd6-3 rsl1-1 

AT4G21980 (ATG8A); 

AT1G66470 (RHD6); 

AT2G26130 (RSL1) 

This study 

ProUBQ10:GFP-ATG8A x cpc try cpc-1 try-82 

AT4G21980 (ATG8A); 

AT2G46410 (CPC); 

AT5G53200 (TRY) 

This study 

ProUBQ10:GFP-ATG8A x wer myb23 
wer-1 

myb23-1 

AT4G21980 (ATG8A); 

AT5G14750 (WER); 

AT5G40330 (MYB23) 

This study 

ProUBQ10:GFP-ATG8A x gl2-8 gl2-8 
AT4G21980 (ATG8A); 

AT1G79840 (GL2） 
This study 

ProUBQ10:mTurquoise2-NLS Col-0 AT4G05320 (UBQ10) This study 

ProEXP7:mTurquoise2-NLS Col-0 AT1G12560 (EXP7) This study 
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Table 1. Arabidopsis thaliana lines used in this study. (Continued) 

ProRHD6:mTurquoise2-NLS Col-0 AT1G66470 (RHD6) This study 

ProUBQ10:mCherry-ATG8E (mCherry-

ATG8E in Col-0) 
Col-0 AT2G45170 (ATG8E) Hu et. al. (2020) J Integr Plant Biol. 

ProUBQ10:mCherry-ATG8E x atg5 

(mCherry-ATG8E in atg5) 
atg5-1 

AT2G45170 (ATG8E); 

AT5G17290 (ATG5) 
Zhao et al. (2022) J Cell Biol. 

ProEXP7:Cas9-GFP_gATG5 (TSKO-E) Col-0 AT5G17290 (ATG5) This study 

ProRHD7:Cas9-GFP_gATG5 (TSKO-R) Col-0 AT5G17290 (ATG5) This study 

ProEXP7:ATG5 in mCherry-ATG8E in 

atg5 (E-ATG5) 
atg5-1 AT5G17290 (ATG5) This study 

ProRHD6:ATG5 in mCherry-ATG8E in  

atg5 (R-ATG5) 
atg5-1 AT5G17290 (ATG5) This study 

ProUBQ10:GFP-ATG8A x 

ProUBQ10:DDRGK1-mCherry  

in Col-0 

Col-0 
AT4G21980 (ATG8A); 

AT4G27120 (DDRGK1) 
This study 

ProUBQ10:GFP-ATG8A x 

ProUBQ10:DDRGK1-mCherry  

in wer myb23 

wer-1 

myb23-1 

AT4G21980 (ATG8A); 

AT4G27120 (DDRGK1); 

AT5G14750 (WER); 

AT5G40330 (MYB23) 

This study 
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Table 2. List of plasmids used in this study. 

Name Accession number Expression System Backbone Source or reference 

pGG-A-ProEXP7-B AT1G12560 (EXP7) Escherichia coli pGGA000 This study 

pGG-A-ProRHD6-B AT1G66470 (RHD6) Escherichia coli pGGA000 This study 

ProUBQ10:mTurquoise2-NLS AT4G05320 (UBQ10) Arabidopsis thaliana pGGZ003 This study 

ProEXP7:mTurquoise2-NLS AT1G12560 (EXP7) Arabidopsis thaliana pGGZ003 This study 

ProRHD6:mTurquoise2-NLS AT1G66470 (RHD6) Arabidopsis thaliana pGGZ003 This study 

pGG-F-gATG5-G AT5G17290 (ATG5) Escherichia coli pGGF000 

Adapted from 

Decaestecker et al. 

(2019) The Plant Cell. 

ProEXP7:Cas9-GFP_gATG5 
AT1G12560 (EXP7); 

AT5G17290 (ATG5) 
Arabidopsis thaliana pFASTR-AG 

Adapted from 

Decaestecker et al. 

(2019) The Plant Cell. 

ProRHD6:Cas9-GFP_gATG5 
AT1G66470 (RHD6); 

AT5G17290 (ATG5) 
Arabidopsis thaliana pFASTR-AG 

Adapted from 

Decaestecker et al. 

(2019) The Plant Cell. 

pTwist-C-ATG5-D AT5G17290 (ATG5) Escherichia coli 
pTwist Amp 

High Copy 
Twist Bioscience 

ProEXP7:ATG5 
AT1G12560 (EXP7); 

AT5G17290 (ATG5) 
Arabidopsis thaliana pGGZ003 This study 

ProRHD6:ATG5 
AT1G66470 (RHD6); 

AT5G17290 (ATG5) 
Arabidopsis thaliana pGGZ003 This study 
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Table 3. Primers and synthetic sequences used in this study. 

Name Sequence Note Source or reference 

LBb1.3 (SAIK) ATTTTGCCGATTTCGGAAC For genotyping SIGnAL. 2017. 

gl2-8 (LP) ACCACCGATCAGATCAGACAC For genotyping SIGnAL. 2017. 

gl2-8 (RP) GGAGTTTTCGAGGTGGAGATC For genotyping SIGnAL. 2017. 

wer-1-F TCATTAGGCTCCACAAGTTG For genotyping 
Lee and Schiefelbein 

(1999) Cell. 

wer-1-R GATGCGTGTTCCAATAGTTC For genotyping 
Lee and Schiefelbein 

(1999) Cell. 

myb23-1 (LP) AAAAGCTACAAGCAAATATTCGG For genotyping SIGnAL. 2017. 

myb23-1 (RP) TGTTCGATCCTTAGTTCACGG For genotyping SIGnAL. 2017. 

ProEXP7-F 
AACAGGTCTCAACCTCTTTGCTTTCTCCGGTTCA

ATTG 

For cloning 

ProEXP7 
This study 

ProEXP7-R 
AACAGGTCTCATGTTTCTAGCCTCTTTTTCTTTAT

TCTTAG 

For cloning 

ProEXP7 
This study 

ProRHD6-1F 
AACAGGTCTCAACCTCTCAAAGAGGGACAAGAC

CAAAG 

For cloning 

ProRHD6 part 1 
This study 

ProRHD6-1R AACAGGTCTCATACCAAAACATGCTAAAACCTT 
For cloning 

ProRHD6 part 1 
This study 

ProRHD6-2F AACAGGTCTCAGGTATCTAAACCCAAAGAATGG 
For cloning 

ProRHD6 part 2 
This study 

ProRHD6-2R 
AACAGGTCTCATGTTTAGACACTAATAAGTTTGA

TAAG 

For cloning 

ProRHD6 part 2 
This study 

ProU6-26-gATG5-1 

_ProU6-26-gATG5-2 

(Sequence inserted 

to pGGF000 to form 

the recombinant 

plasmid pGG-F-

gATG5-G) 

CTCTTTTTTTCTTCTTCTTCGTTCATACAGTTTTTT

TTTGTTTATCAGCTTACATTTTCTTGAACCGTAGC

TTTCGTTTTCTTCTTTTTAACTTTCCATTCGGAGT

TTTTGTATCTTGTTTCATAGTTTGTCCCAGGATTA

GAATGATTAGGCATCGAACCTTCAAGAATTTGAT

TGAATAAAACATCTTCATTCTTAAGATATGAAGAT

AATCTTCAAAAGGCCCCTGGGAATCTGAAAGAA

GAGAAGCAGGCCCATTTATATGGGAAAGAACAA

TAGTATTTCTTATATAGGCCCATTTAAGTTGAAAA

CAATCTTCAAAAGTCCCACATCGCTTAGATAAGA

AAACGAAGCTGAGTTTATATACAGCTAGAGTCGA

AGTAGTGATTGACTCGTACCGTTCATGACAGGTT

TTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTA

GTCCGTTATCAACTTGAAAAAGTGGCACCGAGT

CGGTGCTTTTTTTAACAGTATTCAGTCGACTGGT

ACCAACAGGCTCTCTTTTTTTCTTCTTCTTCGTTC

ATACAGTTTTTTTTTGTTTATCAGCTTACATTTTCT

TGAACCGTAGCTTTCGTTTTCTTCTTTTTAACTTT

CCATTCGGAGTTTTTGTATCTTGTTTCATAGTTTG

TCCCAGGATTAGAATGATTAGGCATCGAACCTTC

AAGAATTTGATTGAATAAAACATCTTCATTCTTAA

GATATGAAGATAATCTTCAAAAGGCCCCTGGGA

ATCTGAAAGAAGAGAAGCAGGCCCATTTATATG

GGAAAGAACAATAGTATTTCTTATATAGGCCCAT

TTAAGTTGAAAACAATCTTCAAAAGTCCCACATC

GCTTAGATAAGAAAACGAAGCTGAGTTTATATAC

Sequence for 

Greengate entry 

module cloning 

Adapted from 

Decaestecker et al. 

(2019) The Plant Cell.  
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AGCTAGAGTCGAAGTAGTGATTGAACATACTGAT

ACCATGTGAGTTTTAGAGCTAGAAATAGCAAGTT

AAAATAAGGCTAGTCCGTTATCAACTTGAAAAAG

TGGCACCGAGTCGGTGCTTTTTTT 

AtATG5 CDS 

(Sequence inserted 

to pTwist Amp High 

Copy to form the 

recombinant plasmid 

pTwist-C-ATG5-D 

ATGGCGAAGGAAGCGGTCAAGTATGTATGGGAA

GGAGCAATTCCTCTGCAGATTCATCTCCACAAAT

CCGACGTCGCTTCTCACCCTGCTCCTCCTCCTG

CTCTTGTGTTAGCACCAAGAATAGGATATTTGCC

TCTGTTGATTCCTCTTATAAAGCCTTATTTCAAGG

ATTCACTTCCTCCTGGTGAAGATTCAATTTGGTT

TGATTACAAAGGATTTCCTCTAAAATGGTATATA

CCAACAGGTGTTCTTTTCGATCTCCTTTGTGCAG

AACCCGAAAGACCATGGAATCTCACGATACACTT

TAGAGGATATCCTTGCAACATACTGATACCATGT

GAAGGAGAAGATTCTGTAAAATGGAACTTTGTTA

ATTCTTTGAAAGAGGCACAATATATCATCAATGG

AAATTGCAAGAATGTTATGAACATGTCTCAGAGT

GATCAAGAGGATCTATGGACCTCTGTCATGAAC

GGTGATCTTGATGCCTATACAAGATTATCACCCA

AGCTTAAAATGGGAACAGTCGAAGATGAGTTTTC

AAGGAAAACAAGTTTGTCATCTCCACAATCTCAA

CAAGTTGTGCCTGAGACGGAGGTGGCTGGACAA

GTTAAGACAGCAAGAATTCCTGTTCGGTTGTATG

TTCGAAGTCTAAATAAAGATTTCGAGAATCTTGA

AGATGTACCGGAGATCGATACCTGGGATGACAT

CTCGTACCTTAATCGCCCTGTTGAGTTCCTCAAA

GAAGAAGGGAAATGCTTTACGTTACGTGACGCC

ATTAAAAGTCTCCTCCCTGAGTTTATGGGAGACA

GAGCGCAAACGAGTGGTGAAGAAAGAAGCATAG

ATGATACAGAAGAAGCAGATGGGTCGAGGGAGA

TGGGTGAAATCAAATTGGTAAGGATACAAGGGA

TAGAAATGAAGCTAGAGATACCGTTTTCGTGGGT

GGTAAATAACTTGATGAACCCAGAATTCTATCTC

CATATCTCTGTCCTTGTGAAAGCTCCTCAAAGGT

GA 

Arabidopsis ATG5 

coding sequence 

for Greengate 

entry module 

cloning 

Accession number 

AT5G17290 
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Figure 1. Trichoblasts exhibit significantly higher autophagic flux than 584 
neighboring atrichoblasts under both control and NaCl treatments in 585 
Arabidopsis thaliana root maturation zone.  586 

(A) Confocal microscopy images of the trichoblasts and atrichoblasts at root maturation 587 
zone of Arabidopsis wildtype Col-0 expressing ProUBQ10:GFP-ATG8A–I isoforms 588 
under control treatment. 5-d-old Arabidopsis seedlings were incubated in control 1/2 589 
MS media containing 2 μm concanamycin A for 2 h before imaging. Representative 590 
images of 5 replicates are shown. Area highlighted in the white-boxed region in the 591 
GFP-ATG8+PI panel was further enlarged and presented in the inset panel. Scale bars, 592 
30 μm. Inset scale bars, 10 μm. Green color, GFP-ATG8A–I isoforms. Magenta color, 593 
propidium iodide dye. T, trichoblasts. A, atrichoblasts.  594 

(B) Confocal microscopy images of the trichoblasts and atrichoblasts at root maturation 595 
zone of Arabidopsis wildtype Col-0 expressing ProUBQ10:GFP-ATG8A–I isoforms 596 
under NaCl treatment. 5-d-old Arabidopsis seedlings were incubated in 1/2 MS media 597 
containing 50 mM NaCl + 1 μm concanamycin A for 40-60 min before imaging. 598 
Representative images of 5 replicates are shown. Area highlighted in the white-boxed 599 
region in the GFP-ATG8+PI panel was further enlarged and presented in the inset 600 
panel. Scale bars, 30 μm. Inset scale bars, 10 μm. Green color, GFP-ATG8A–I 601 
isoforms. Magenta color, propidium iodide dye. T, trichoblasts. A, atrichoblasts.  602 

(C) Quantification of the GFP-ATG8 puncta inside the vacuole per normalized area 603 
(10,000 μm2) of the trichoblasts and atrichoblasts imaged in A. Bars indicate the mean 604 
± SD of 5 replicates. Two-tailed and paired student t-tests were performed to analyze 605 
the significance of GFP-ATG8 puncta density differences between the trichoblasts and 606 
the atrichoblasts. ***, P < 0.001.  607 

(D) Quantification of the GFP-ATG8 puncta inside the vacuole per normalized area 608 
(10,000 μm2) of the trichoblasts and atrichoblasts imaged in B. Bars indicate the mean 609 
± SD of 5 replicates. Two-tailed and paired student t-tests were performed to analyze 610 
the significance of GFP-ATG8 puncta density differences between the trichoblasts and 611 
the atrichoblasts. ***, P < 0.001.  612 
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Figure 2. Genetic basis of the autophagic flux difference between trichoblasts 613 
and atrichoblasts.  614 

(A) Schematic diagram showing the trichoblast-atrichoblast distribution pattern in 615 
Arabidopsis wildtype Col-0, the autophagy-defective mutant atg5 and different root-616 
hair development mutant lines rhd6 rsl1, cpc try, gl2 and wer myb23.  617 

(B) Confocal microscopy images of epidermal cells at the root maturation zone of Col-618 
0, atg5, rhd6 rsl1, cpc try, gl2 and wer myb23 expressing ProUBQ10:GFP-ATG8A 619 
under control treatment. 5-d-old Arabidopsis seedlings were incubated in control 1/2 620 
MS media containing 2 μm concanamycin A for 2 h before imaging. Representative 621 
images of 5 replicates are shown. Area highlighted in the white-boxed region in the 622 
GFP-ATG8A+PI panel was further enlarged and presented in the inset panel. Scale 623 
bars, 30 μm. Inset scale bars, 10 μm. Green color, GFP-ATG8A. Magenta color, 624 
propidium iodide dye. Note, T indicates the trichoblast positions (adjacent to two cortex 625 
cells) and A indicates the atrichoblast positions (adjacent to only one cortex cell), rather 626 
than the cell identities as mutants are affected in cell identity development.  627 

(C) Confocal microscopy images of epidermal cells at the root maturation zone of Col-628 
0, atg5, rhd6 rsl1, cpc try, gl2 and wer myb23 expressing ProUBQ10:GFP-ATG8A 629 
under NaCl treatment. 5-d-old Arabidopsis seedlings were incubated in 1/2 MS media 630 
containing 50 mM NaCl + 1 μm concanamycin A for 40-60 min before imaging. 631 
Representative images of 5 replicates are shown. Area highlighted in the white-boxed 632 
region in the GFP-ATG8A+PI panel was further enlarged and presented in the inset 633 
panel. Scale bars, 30 μm. Inset scale bars, 10 μm. Green color, GFP-ATG8A. Magenta 634 
color, propidium iodide dye. Note, T indicates the trichoblast positions (adjacent to two 635 
cortex cells) and A indicates the atrichoblast positions (adjacent to only one cortex cell), 636 
rather than the cell identities as mutants are affected in cell identity development.  637 

(D) Quantification of the GFP-ATG8A puncta inside the vacuole per normalized area 638 
(10,000 μm2) of the cells at the trichoblast positions and the atrichoblast positions 639 
imaged in B. Bars indicate the mean ± SD of 5 replicates. Paired repeated measures 640 
one-way ANOVA and Fisher’s LSD tests were used to analyze the differences of the 641 
number of the GFP-ATG8A puncta between each group. Family-wise significance and 642 
confidence level, 0.05 (95% confidence interval). 643 

(E) Quantification of the GFP-ATG8A puncta inside the vacuole per normalized area 644 
(10,000 μm2) of the cells at the trichoblast positions and the atrichoblast positions 645 
imaged in C. Bars indicate the mean ± SD of 5 replicates. Paired repeated measures 646 
one-way ANOVA and Fisher’s LSD tests were used to analyze the differences of the 647 
number of the GFP-ATG8A puncta between each group. Family-wise significance and 648 
confidence level, 0.05 (95% confidence interval).  649 
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Figure 3. Tissue specific CRISPR mutagenesis and complementation of ATG5 650 
confirm higher autophagic flux in trichoblast cells.  651 

(A) Schematic diagram showing the design of the trichoblast-specific ATG5 CRISPR 652 
mutagenesis plasmid expressed in wild type Col-0 expressing ProUBQ10:mCherry-653 
ATG8E(mCherry-ATG8E in Col-0). 654 

(B) Schematic diagram showing the design of the trichoblast-specific ATG5 655 
complementation plasmid transformed to complement the autophagy-defective mutant 656 
atg5 rexpressing ProUBQ10:mCherry-ATG8E (mCherry-ATG8E in atg5). 657 

(C) Confocal microscopy images of trichoblasts and atrichoblasts of Arabidopsis lines 658 
mCherry-ATG8E  in Col-0, TSKO-R (ATG5 mutagenized using ProRHD6-driven Cas9), 659 
R-ATG5 (atg5 mutant complemented with ProRHD6-driven ATG5), E-ATG5 (atg5 660 
mutant complemented with ProEXP7-driven ATG5) and mCherry-ATG8E in atg5 under 661 
control treatment. 5-d-old Arabidopsis seedlings were incubated in control 1/2 MS 662 
media containing 2 μm concanamycin A for 2 h before imaging. Representative images 663 
of 5 replicates are shown. Area highlighted in the white-boxed region in the merge 664 
panel was further enlarged and presented in the inset panel. Scale bars, 30 μm. Inset 665 
scale bars, 10 μm. T, trichoblasts. A, atrichoblasts. 666 

(D) Confocal microscopy images of trichoblasts and atrichoblasts of Arabidopsis lines 667 
mCherry-ATG8E in Col-0, TSKO-R (ATG5 mutagenized using ProRHD6-driven Cas9), 668 
R-ATG5 (atg5 mutant complemented with ProRHD6-driven ATG5), E-ATG5 (atg5 669 
mutant complemented with ProEXP7-driven ATG5) and mCherry-ATG8E in atg5 under 670 
NaCl stress treatment. 5-d-old Arabidopsis seedlings were incubated in 1/2 MS media 671 
containing 50 mM NaCl + 1 μm concanamycin A for 1 h before imaging. Representative 672 
images of 5 replicates are shown. Area highlighted in the white-boxed region in the 673 
merge panel was further enlarged and presented in the inset panel. Scale bars, 30 μm. 674 
Inset scale bars, 10 μm. T, trichoblasts. A, atrichoblasts. 675 

(E) Quantification of the mCherry-ATG8E puncta inside the vacuole per normalized 676 
area (10,000 μm2) of the trichoblasts and atrichoblasts imaged in C. Bars indicate the 677 
mean ± SD of 5 replicates. Paired repeated measures one-way ANOVA and Fisher’s 678 
LSD tests were used to analyze the differences of the number of the mCherry-ATG8E 679 
puncta between each group. Family-wise significance and confidence level, 0.05 (95% 680 
confidence interval). 681 

(F) Quantification of the mCherry-ATG8E puncta inside the vacuole per normalized 682 
area (10,000 μm2) of the trichoblasts and atrichoblasts imaged in D. Bars indicate the 683 
mean ± SD of 5 replicates. Paired repeated measures one-way ANOVA and Fisher’s 684 
LSD tests were used to analyze the differences of the number of the mCherry-ATG8E 685 
puncta between each group. Family-wise significance and confidence level, 0.05 (95% 686 
confidence interval). 687 
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Figure 4. High autophagic flux in trichoblasts regulates sodium accumulation in 688 
the vacuole and is essential for coping with NaCl stress. 689 

(A) Confocal microscopy images showing the sodium ion accumulation in the vacuoles 690 
of trichoblasts and atrichoblasts at the root maturation zone of Arabidopsis wildtype 691 
Col-0 and the autophagy-defective mutants atg5, atg8 and atg16 indicated by CoroNa 692 
Green AM staining. 5-d-old Arabidopsis seedlings were incubated in control 1/2 MS 693 
media for 30 min and were subsequently incubated in control 1/2 MS media containing 694 
2 μm CoroNa Green AM for 30 min before imaging. Representative images of 5 695 
replicates are shown. Area highlighted in the white-boxed region in the CoroNa 696 
Green+PI panel was further enlarged and presented in the inset panel. Scale bars, 30 697 
μm. Inset scale bars, 10 μm. Green color, CoroNa Green AM sodium indicator. 698 
Magenta color, propidium iodide dye. T, trichoblasts. A, atrichoblasts.  699 

(B) Quantitative analysis of the vacuolar CoroNa Green AM fluorescence intensity ratio 700 
between trichoblasts and atrichoblasts of the Arabidopsis seedlings imaged in A. Bars 701 
indicate the mean ± SD of 5 replicates. Paired repeated measures one-way ANOVA 702 
and Fisher’s LSD tests were performed to analyze the significance of the CoroNa 703 
Green AM fluorescence intensity ratio differences between each group. Family-wise 704 
significance and confidence level, 0.05 (95% confidence interval). 705 

(C) Phenotypic characterization of the seedlings of Arabidopsis wildtype Col-0 and the 706 
autophagy-defective mutants atg5, atg8 and atg16 under NaCl stress treatment. 707 
Arabidopsis seeds were vertically grown on 1/2 MS media plates (+1% plant agar) for 708 
6 d and the 6-d-old seedlings were subsequently transferred to 1/2 MS media plates 709 
(+1% plant agar) containing 150 mM NaCl and vertically grown for 4 d. Plants were 710 
grown at 21°C under LEDs with 70 μM/m2/s and a 14 h light/10 h dark photoperiod. 711 
Representative images of 3 replicates are shown. 712 

(D) Quantitative analysis of the percentage of non-etiolated leaves of Arabidopsis 713 
seedlings imaged in C. Bars indicate the mean ± SD of 3 replicates. Paired repeated 714 
measures one-way ANOVA and Fisher’s LSD tests were performed to analyze the 715 
significance of the percentage differences between each group. Family-wise 716 
significance and confidence level, 0.05 (95% confidence interval). 717 

(E) Confocal microscopy images showing the sodium ion concentrations in the 718 
vacuoles of trichoblasts and atrichoblasts at the root maturation zone of Arabidopsis 719 
lines mCherry-ATG8E in Col-0, TSKO-R (ATG5 mutagenized using ProRHD6-driven 720 
Cas9), R-ATG5 (atg5 mutant complemented with ProRHD6-driven ATG5), E-ATG5 721 
(atg5 mutant complemented with ProEXP7-driven ATG5) and mCherry-ATG8E in atg5 722 
indicated by CoroNa Green AM staining. 5-d-old Arabidopsis seedlings were incubated 723 
in control 1/2 MS media for 30 min and were subsequently incubated in control 1/2 MS 724 
media containing 2 μm CoroNa Green AM for 30 min before imaging. Representative 725 
images of 5 replicates are shown. Area highlighted in the white-boxed region in the 726 
CoroNa Green AM+mCherry-ATG8E panel was further enlarged and presented in the 727 
inset panel. Scale bars, 30 μm. Inset scale bars, 10 μm. Green color, CoroNa Green 728 
AM sodium indicator (and the nuclear signals of Cas9-GFP in TSKO-R). Magenta color, 729 
mCherry-ATG8E. T, trichoblasts. A, atrichoblasts.  730 

(F) Quantitative analysis of the vacuolar CoroNa Green AM fluorescence intensity ratio 731 
between trichoblasts and atrichoblasts of the Arabidopsis seedlings imaged in E. Bars 732 
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indicate the mean ± SD of 5 replicates. Paired repeated measures one-way ANOVA 733 
and Fisher’s LSD tests were performed to analyze the significance of the CoroNa 734 
Green AM fluorescence intensity ratio differences between each group. Family-wise 735 
significance and confidence level, 0.05 (95% confidence interval). 736 

(G) Phenotypic characterization of the seedlings of Arabidopsis lines mCherry-ATG8E 737 
in Col-0, TSKO-R (ATG5 mutagenized using ProRHD6-driven Cas9), R-ATG5 (atg5 738 
mutant complemented with ProRHD6-driven ATG5), E-ATG5 (atg5 mutant 739 
complemented with ProEXP7-driven ATG5) and mCherry-ATG8E in atg5 under NaCl 740 
stress treatment. Arabidopsis seeds were vertically grown on 1/2 MS media plates (+1% 741 
plant agar) for 6 d and the 6-d-old seedlings were subsequently transferred to 1/2 MS 742 
media plates (+1% plant agar) containing 150 mM NaCl and vertically grown for 4 d. 743 
Plants were grown at 21°C under LEDs with 70 μM/m2/s and a 14 h light/10 h dark 744 
photoperiod. Representative images of 10 replicates are shown. 745 

(H) Quantitative analysis of the percentage of non-etiolated leaves of Arabidopsis 746 
seedlings imaged in G. Bars indicate the mean ± SD of 10 replicates. Paired repeated 747 
measures one-way ANOVA and Fisher’s LSD tests were performed to analyze the 748 
significance of the percentage differences between each group. Family-wise 749 
significance and confidence level, 0.05 (95% confidence interval).  750 
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Figure S1. Schematic confocal images illustrating the approach used to 751 
distinguish trichoblasts from atrichoblasts through confocal microscopy. To 752 
identify trichoblast and atrichoblast cells, we analyzed XZ and YZ views of Z-stack 753 
images. Trichoblast (root hair forming) cells are identified as cells that are adjacent to 754 
two cortex cells and atrichoblast (non-root hair forming) cells  as cells that are adjacent 755 
to one cortex cell. Green color, GFP-ATG8A. Magenta color, propidium iodide dye (for 756 
cell wall staining). Scale bars, 50 μm. Yellow lines show the alignment of XY, XZ and 757 
YZ views of the target cell.  758 
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Figure S2. Trichoblasts exhibit higher autophagic flux than atrichoblasts under 759 
nitrogen-starvation conditions.  760 

(A) Confocal microscopy images of the trichoblasts and atrichoblasts at the root 761 
maturation zone of Arabidopsis wildtype Col-0 expressing ProUBQ10:GFP-ATG8A–I 762 
isoforms under nitrogen-starvation conditions. 5-d-old Arabidopsis seedlings were 763 
incubated in nitrogen-deficient 1/2 MS media containing 2 μm concanamycin A for 2 h 764 
before imaging. Representative images of 5 replicates are shown. Area highlighted in 765 
the white-boxed region in the GFP-ATG8+PI panel was further enlarged and presented 766 
in the inset panel. Scale bars, 30 μm. Inset scale bars, 10 μm. Green color, GFP-767 
ATG8A–I isoforms. Magenta color, propidium iodide dye. T, trichoblasts. A, 768 
atrichoblasts.  769 

(B) Quantification of the GFP-ATG8 puncta inside the vacuole per normalized area 770 
(10,000 μm2) of the trichoblasts and atrichoblasts imaged in A. Bars indicate the mean 771 
± SD of 5 replicates. Two-tailed and paired student t tests were performed to analyze 772 
the significance of GFP-ATG8 puncta density differences between the trichoblasts and 773 
the atrichoblasts. ***, P < 0.001  774 
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Figure S3. Genetic basis of the autophagic flux difference between trichoblasts 775 
and atrichoblasts.  776 

(A) Confocal microscopy images of epidermal cells at the root maturation zone of Col-777 
0, atg5, rhd6 rsl1, cpc try, gl2 and wer myb23 expressing ProUBQ10:GFP-ATG8A 778 
under nitrogen-starvation conditions. 5-d-old Arabidopsis seedlings were incubated in 779 
nitrogen-deficient 1/2 MS media containing 2 μm concanamycin A for 2 h before 780 
imaging. Representative images of 5 replicates are shown. Area highlighted in the 781 
white-boxed region in the GFP-ATG8A+PI panel was further enlarged and presented 782 
in the inset panel. Scale bars, 30 μm. Inset scale bars, 10 μm. Green color, GFP-783 
ATG8A. Magenta color, propidium iodide dye. Note, T indicates the trichoblast 784 
positions (adjacent to two cortex cells) and the A indicates the atrichoblast positions 785 
(adjacent to only one cortex cell), rather than the cell identities as mutants are affected 786 
in cell identity development.  787 

(B) Quantification of the GFP-ATG8A puncta inside the vacuole per normalized area 788 
(10,000 μm2) of the cells at the trichoblast positions and the atrichoblast positions 789 
imaged in A. Bars indicate the mean ± SD of 5 replicates. Paired repeated measures 790 
one-way ANOVA and Fisher’s LSD tests were used to analyze the differences of the 791 
number of the GFP-ATG8A puncta between each group. Family-wise significance 792 
and confidence level, 0.05 (95% confidence interval). 793 
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Figure S4. GFP-ATG8A is trapped at the endoplasmic reticulum in wer myb23 794 
mutant. 795 

(A) Confocal microscopy images of cells from different root regions of wer myb23 796 
expressing ProUBQ10:GFP-ATG8A. 5-d-old Arabidopsis seedlings were incubated in 797 
either control 1/2 MS media (Control) for 3 h, 100 mM NaCl-containing 1/2 MS media 798 
(NaCl) for 45 min, or nitrogen-deficient 1/2 MS media (−N) for 3 h before imaging. 799 
Representative images of 3 replicates are shown. Area highlighted in the white-boxed 800 
region in the GFP-ATG8A panel was further enlarged and presented in the inset panel. 801 
Bright field scale bars, 50 μm. GFP-ATG8A panel scale bars, 10 μm. Inset scale bars, 802 
10 μm.  803 

(B) Confocal microscopy images of epidermal cells of the root transition zone of 804 
Arabidopsis wildtype Col-0 and wer myb23 mutant lines co-expressing 805 
ProUBQ10:GFP-ATG8A and the endoplasmic reticulum marker ProUBQ10:DDRGK1-806 
mCherry. 5-d-old Arabidopsis seedlings were incubated in 1/2 MS media for 3 h before 807 
imaging. Representative images of 2 replicates are shown. Area highlighted in the 808 
white-boxed region in the merge panel was further enlarged and presented in the inset 809 
panel. Scale bars, 10 μm. Inset scale bars, 5 μm.   810 
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Figure S5. Expression patterns of UBQ10, EXP7 and RHD6 promoters in 811 
Arabidopsis thaliana roots. 812 

Confocal microscopy images of root epidermal cells of different root regions of 813 
Arabidopsis wildtype Col-0 expressing either ProUBQ10:mTurquoise2-NLS, 814 
ProEXP7:mTurquoise2-NLS or ProRHD6:mTurquoise2-NLS. 5-d-old Arabidopsis 815 
seedlings were incubated in either control 1/2 MS media (Control) for 3 h, 100 mM 816 
NaCl-containing 1/2 MS media (NaCl) for 45 min, or nitrogen-deficient 1/2 MS media 817 
(−N) for 3 h before imaging. For images showing the maturation zone, an mTurquoise2-818 
single channel Z-stack image was shown. Representative images of 3 replicates are 819 
shown. Area highlighted in the white-boxed region in the mTurquoise2+PI panel was 820 
further enlarged and presented in the inset panel. Scale bars, 30 μm. Inset scale bars, 821 
10 μm. Cyan color, mTurquoise2-NLS. Magenta color, propidium iodide dye. NLS, 822 
nuclear location signal peptide.  823 
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Figure S6. RHD6 promoter was more efficient in disrupting autophagic flux in 824 
trichoblast cells compared to EXP7 promoter in tissue specific CRISPR 825 
mutagenesis experiments. 826 

(A) Confocal microscopy images of trichoblasts and atrichoblasts at the root maturation 827 
zone of Arabidopsis lines mCherry-ATG8E in Col-0, TSKO-R (ATG5 mutagenized 828 
using ProRHD6-driven Cas9), TSKO-E (ATG5 mutagenized using ProEXP7-driven 829 
Cas9) and mCherry-ATG8E in atg5 under control treatment. 5-d-old Arabidopsis 830 
seedlings were incubated in 1/2 MS media containing 2 μm concanamycin A for 2 h 831 
before imaging. Representative images of 5 replicates are shown. Area highlighted in 832 
the white-boxed region in the merge panel was further enlarged and presented in the 833 
inset panel. Scale bars, 30 μm. Inset scale bars, 10 μm. T, trichoblasts. A, atrichoblasts. 834 

(B) Confocal microscopy images of trichoblasts and atrichoblasts at the root maturation 835 
zone of Arabidopsis lines mCherry-ATG8E in Col-0, TSKO-R (ATG5 mutagenized 836 
using ProRHD6-driven Cas9), TSKO-E (ATG5 mutagenized using ProEXP7-driven 837 
Cas9) and mCherry-ATG8E in atg5 under NaCl stress treatment. 5-d-old Arabidopsis 838 
seedlings were incubated in 1/2 MS media containing 50 mM NaCl + 1 μm 839 
concanamycin A for 1 h before imaging. Representative images of 5 replicates are 840 
shown. Area highlighted in the white-boxed region in the merge panel was further 841 
enlarged and presented in the inset panel. Scale bars, 30 μm. Inset scale bars, 10 μm. 842 
T, trichoblasts. A, atrichoblasts. 843 

(C) Quantification of the mCherry-ATG8E puncta inside the vacuole per normalized 844 
area (10,000 μm2) of the cells of the trichoblasts and atrichoblasts imaged in A. Bars 845 
indicate the mean ± SD of 5 replicates. Paired repeated measures one-way ANOVA 846 
and Fisher’s LSD tests were used to analyze the differences of the number of the 847 
mCherry-ATG8E puncta between each group. Family-wise significance and 848 
confidence level, 0.05 (95% confidence interval). 849 

(D) Quantification of the mCherry-ATG8E puncta inside the vacuole per normalized 850 
area (10,000 μm2) of the cells of the trichoblasts and atrichoblasts imaged in B. Bars 851 
indicate the mean ± SD of 5 replicates. Paired repeated measures one-way ANOVA 852 
and Fisher’s LSD tests were used to analyze the differences of the number of the 853 
mCherry-ATG8E puncta between each group. Family-wise significance and 854 
confidence level, 0.05 (95% confidence interval).  855 
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Figure S7. Normal autophagosome structures can be observed in cells that 856 
donot express Cas9 in TSKO-R lines. 857 

Confocal microscopy images of cells of cotyledon epidermis and stele regions of 858 
TSKO-R (ATG5 mutagenized using ProRHD6-driven Cas9). 5-d-old Arabidopsis 859 
seedlings were incubated in control 1/2 MS media for 30 min before imaging. 860 
Representative images of 3 replicates are shown. Area highlighted in the white-boxed 861 
region in the merge panel was further enlarged and presented in the inset panel. Scale 862 
bars, 20 μm. Inset scale bars, 5 μm.  863 
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5. Discussion 

In the manuscript presented in Chapter 4.1, through differential centrifugation coupled 
with AP-MS and functional studies, CFS1 is screened out and characterized as a novel 
autophagy adaptor, which bridges autophagosomes with the ESCRT-1 component 
VPS23A to regulate autophagic flux and mediate the formation of amphisomes fused 
by autophagosomes and multivesicular bodies. This project showed first evidence that 
plants use amphisomes as intermediates during the transportation of autophagosome 
from cytoplasm to vacuole, differing from yeast and mammals but achieving similar 
cargo degradation. The details of this project will be comprehensively discussed in 
Chapter 5.1. 

In the manuscript presented in Chapter 4.2, it is demonstrated that autophagy is
specifically elevated in root hair-forming cells (trichoblasts) of Arabidopsis compared 
to neighboring non-hair cells (atrichoblasts). This difference is crucial for salt stress 
tolerance, as trichoblasts use autophagy to sequester sodium ions into vacuoles, 
preventing toxicity. The details of this project will be comprehensively discussed in 
Chapter 5.2. 

5.1. CFS1 is a novel plant-specific autophagy adaptor that mediates 
the fusion of autophagosomes and multivesicular bodies to 
amphisomes via CFS1-VPS23A interaction 

5.1.1. Identification of CFS1 as a candidate autophagy adaptor 

In this study, we utilized an innovative AP-MS approach to systematically identify 
candidate autophagy adaptors. Autophagy adaptors are distinguished from other 
proteins by three defining characteristics: (i) the ability to interact with ATG8 family 
proteins, (ii) recruitment to autophagosome membranes upon autophagy induction, 
and (iii) localization to the outer membrane of autophagosomes. Accordingly, potential 
autophagy adaptors were selected based on their association with ATG8E, enrichment 
in the microsomal fraction, and sensitivity to proteinase K digestion (Sweeney and 
Walker, 1993). Through this stringent screening process, 48 candidate proteins, 
including CFS1, were identified. 

CFS1 belongs to the plant FYVE domain-containing protein family, members of which 
are frequently implicated in vesicle trafficking processes. Given prior evidence that 
CFS1 is related to autophagy, we selected it as a prime candidate for further functional 
characterization as a putative autophagy adaptor. 

5.1.2. CFS1 specifically localizes to autophagosomes 

Under control conditions and two autophagy-inducing treatments (nitrogen deficiency 
and salt stress), mCherry-tagged CFS1 exhibited punctate structures that colocalized 
strongly with autophagosome markers (ATG8A, NBR1, and ATG11; Gross et al., 2025) 
but not with other vesicular or membrane markers, confirming its specific localization 
to autophagosomes. In contrast, CFS2, the Arabidopsis homolog of CFS1, displayed 
diffuse cytoplasmic fluorescence in confocal imaging, suggesting no functional role in 
autophagosome maturation or trafficking. Furthermore, phenotypic analysis revealed 
no discernible differences between the cfs2 mutant and wild-type Col-0, reinforcing 
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that CFS2 is not involved in autophagy. Thus, we focused exclusively on CFS1 for 
subsequent investigations. 

Notably, CFS1-marked puncta showed complete colocalization with ATG8A, indicating 
that CFS1, like ATG8, is uniformly distributed across the autophagosome membrane. 
This observation proved critical in interpreting later experiments, where partial 
colocalization of CFS1 with VPS23A reflects the connection of two distinct vesicle 
populations. 

5.1.3. CFS1 binds ATG8A–F via an AIM-dependent mechanism 

GST pull-down assays demonstrate that CFS1 specifically interacts with ATG8A–F but 
not ATG8G–I, validating the use of ATG8A and ATG8E in confocal microscopy studies. 
Further evidence from AIM peptide competition assays, GST pull-downs, and in vivo 
co-immunoprecipitation (co-IP) confirm that CFS1-ATG8 binding requires AIM, as 
mutation of this motif (CFS1AIM) abolished the interaction. Microscopic analyses 
corroborate these findings, as CFS1AIM failed to localize to autophagosomes. Moreover, 
CFS1AIM could not rescue the nitrogen deficiency-induced etiolation phenotype of cfs1 
(which phenocopies atg5), underscoring the functional necessity of the CFS1-ATG8 
interaction in autophagy. 

5.1.4. CFS1 functions as an autophagy adaptor 

To elucidate whether CFS1 acts as an autophagy adaptor involved in autophagosome 
trafficking and maturation rather than biogenesis, we performed comprehensive 
ultrastructural analysis using transmission electron microscopy (TEM). Our 
observations demonstrated that cfs1 mutants exhibited normal autophagosome 
formation, indicating that CFS1 is dispensable for autophagosome biogenesis. 

Comparative analysis of vacuolar flux revealed several key findings: (1) CFS1 puncta 
were significantly less abundant within vacuoles compared to ATG8 or the canonical 
autophagy receptor NBR1; (2) Concanamycin A treatment resulted in reduced 
colocalization of CFS1-ATG8E in vacuoles. These results collectively support the 
classification of CFS1 as an autophagy adaptor. Furthermore, immunogold-labeling 
TEM provided definitive evidence that CFS1 could steadily exist at the outer 
autophagosome membrane, consistent with its proposed adaptor function. 

Taken together with the findings presented in Chapter 5.1.2, 5.1.3, and 5.1.4, our data 
demonstrate that CFS1 serves as a bona fide autophagy adaptor which functions after 
the autophagosome biogenesis. 

5.1.5. CFS1 regulates autophagic flux but not endocytic pathway functionality 

To investigate whether CFS1 mediates autophagosome delivery to the vacuole, we 
initially compared autophagosome accumulation in the cfs1 mutant with the wild-type 
Col-0 and the autophagy-deficient atg5 mutant. Confocal microscopy quantification of 
mCherry-ATG8E-labeled autophagosomes under salt stress revealed significantly 
higher cytosolic autophagosome accumulation in cfs1 mutants compared to wild-type. 
Notably, when treated with concanamycin A under salt stress conditions, cfs1 mutants 
exhibited markedly reduced autophagic flux relative to Col-0 plants. These findings 
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demonstrate that CFS1 deficiency primarily impairs autophagosome clearance rather 
than formation. 

To validate defective vacuolar delivery, we employed GFP-cleavage assays where 
vacuolar proteases process GFP-ATG8A to generate free GFP, serving as an 
autophagic flux indicator. cfs1 mutants displayed substantially diminished free GFP 
levels during nitrogen starvation or salt stress, confirming impaired autophagosome 
degradation. Furthermore, we observed pronounced accumulation of the selective 
autophagy receptor NBR1 in cfs1 mutants, consistent with compromised autophagic 
flux. 

To assess CFS1's involvement in selective autophagy, we examined mitophagy using 
the uncoupler DNP (Ma et al., 2021). While cfs1 mutants exhibited normal 
mitophagosome formation (verified by TEM), mitochondrial protein (IDH) degradation 
was defective, resembling the atg5 phenotype. Electron microscopy further revealed 
accumulated damaged mitochondria in cfs1, underscoring that CFS1 is essential for 
efficient autophagic flux but dispensable for autophagosome biogenesis. 

5.1.6. Evolutionary conservation of CFS1 function in Marchantia polymorpha 

To evaluate the evolutionary conservation of CFS1 function, we investigated its 
ortholog in the basal land plant Marchantia polymorpha. Transgenic lines co-
expressing mScarlet-MpCFS1 with Marchantia ATG8 isoforms (GFP-MpATG8A/B) 
demonstrated strong colocalization between MpCFS1 and MpATG8 puncta, 
recapitulating the Arabidopsis interaction pattern. 

Functional complementation assays revealed that MpCFS1 expressed in Arabidopsis 
cfs1 mutants maintained colocalization with GFP-ATG8A, indicating cross-species 
functional preservation. Crucially, GFP-ATG8 cleavage assays in Mpcfs1 knockout 
mutants showed significantly reduced free GFP levels, mirroring the Arabidopsis cfs1 
phenotype. These results establish that CFS1's role in regulating autophagic flux is 
evolutionarily conserved in early-diverging plants. 

5.1.7. CFS1 does not participate in endocytosis or vacuole morphogenesis 

To exclude potential pleiotropic effects on membrane trafficking, we systematically 
evaluated endocytic function in cfs1 mutants. FM4-64 uptake assays (Jelínková et al., 
2019), which track endocytic vesicle trafficking to the vacuole, showed comparable 
internalization and vacuolar delivery patterns among cfs1, cfs2, cfs1 cfs2 double 
mutants, and wild-type Col-0. 

Using the well-characterized PIN2 endocytosis pathway for auxin transporter 
degradation, we observed normal PIN2 internalization in cfs1 mutants following dark-
induced endocytosis. Additionally, BCECF-AM staining (Ozkan et al., 2002) revealed 
no vacuolar morphology defects in cfs1 or related mutants. Collectively, these data 
demonstrate that CFS1 specifically modulates autophagy without affecting 
endomembrane trafficking or vacuolar integrity. 
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5.1.8. CFS1 colocalizes with VPS23A at amphisomes 

To elucidate the molecular mechanism by which CFS1 regulates autophagy, we sought 
to identify its interaction partners beyond ATG8. A genome-wide yeast two-hybrid 
screen identified VPS23A, a core component of the ESCRT-I complex, as a high-
confidence interactor. Given that ESCRT-I regulates MVB formation, this interaction 
suggested a potential functional link between autophagosomes and endosomal 
trafficking. 

To validate this interaction, we performed colocalization assays in Arabidopsis root 
cells co-expressing mCherry-CFS1 and GFP-VPS23A. Under both control and salt-
stress conditions, CFS1 puncta exhibited strong colocalization with VPS23A, indicating 
a physical association. Airyscan super-resolution microscopy and spinning-disk time-
lapse imaging further revealed dynamic interactions, with CFS1 and VPS23A puncta 
moving in tandem before merging, suggesting functional cooperation. 

To determine whether these colocalized puncta represent fusion events, we performed 
immunogold TEM with dual labeling. Electron micrographs confirmed that gold 
particles for both proteins co-occupied vesicular structures displaying features of 
autophagosomes (double membranes) and MVBs (intraluminal vesicles). These 
findings provide ultrastructural evidence that CFS1 and VPS23A coexist at 
amphisomes, marking the first identification of amphisomes in plant cells. 

5.1.9. The CFS1–VPS23A interaction is essential for autophagic flux 

To assess the functional significance of the CFS1–VPS23A interaction, we sought to 
disrupt this interaction and examine its impact on autophagy. However, since vps23a 
vps23b double mutants are lethal, and single vps23 mutants showed no significant 
autophagy defects (likely due to functional redundancy between the two VPS23 
isoforms), we circumvented this limitation by generating a CFS1 variant with a mutated 
VPS23A-binding motif (CFS1PSAPP). 

Pull-down assays and in vivo co-IP experiments confirmed that while CFS1PSAPP 
retained binding to ATG8, its interaction with VPS23A was severely impaired. Confocal 
microscopy further demonstrated that CFS1PSAPP puncta no longer colocalized with 
VPS23A, despite maintaining association with autophagosomes (marked by GFP-
ATG8A). These results suggest that the CFS1-VPS23A interaction is crucial for 
amphisome formation. 

Although we could not definitively conclude whether amphisome formation was 
abolished in cfs1 mutants or in cfs1 mutants expressing CFS1PSAPP, we were able to 
evaluate the functional consequences of disrupting the CFS1-VPS23A interaction. 
Using GFP-cleavage assays, NBR1 turnover assays, and phenotypic assays (as 
described in Chapter 5.1.3), we found that impairing the CFS1-VPS23A interaction led 
to a significant reduction in autophagic flux and conferred nitrogen starvation sensitivity 
comparable to cfs1 mutants. In summary, these results demonstrate that the CFS1-
VPS23A interaction is critical for efficient autophagic flux. 

96



5.1.10. Concluding remarks 

This study provides compelling evidence that plant autophagosomes mature into 
amphisomes before their delivery to the central vacuole, a process mediated by the 
autophagy adaptor CFS1. By bridging autophagosomes with the ESCRT-I component 
VPS23A, CFS1 facilitates the formation of amphisomes, ensuring efficient autophagic 
flux. Our findings reveal that CFS1 interacts with ATG8 via an AIM-dependent 
mechanism and with VPS23A through a PSAPP motif, both of which are essential for 
autophagosome-vacuole trafficking. Disruption of either interaction leads to defective 
autophagy, as demonstrated by the accumulation of autophagosomes in cfs1 mutants 
and impaired degradation of cargoes like the autophagy receptor NBR1 and 
mitochondrial proteins. Importantly, CFS1’s function is evolutionarily conserved, as its 
homolog in Marchantia polymorpha similarly regulates autophagic flux, underscoring 
its fundamental role in plant autophagy. 

The discovery of amphisomes in plants fills a critical gap in our understanding of 
autophagosome maturation, which was previously well-characterized in yeast and 
metazoans but remained elusive in plants. Our work suggests that plants employ a 
prevacuolar sorting hub, i.e. the amphisome, to coordinate autophagic and endosomal 
trafficking. This finding aligns with the unique architecture of plant cells, where the large 
central vacuole necessitates specialized mechanisms for organelle turnover. 
Furthermore, our “hub and spoke” model proposes that amphisomes act as central 
hubs integrating multiple vacuolar trafficking pathways, optimizing cellular resource 
allocation during stress responses. 

The implications of this work extend beyond fundamental cell biology. Given that 
autophagy is crucial for stress adaptation, nutrient recycling, and developmental 
transitions, understanding how CFS1 regulates autophagic flux opens new avenues 
for improving crop resilience. For instance, manipulating CFS1 or its interactors could 
enhance nitrogen remobilization under starvation or mitigate oxidative damage during 
abiotic stress. However, key questions remain, such as whether additional adaptors 
compensate for CFS1 loss and how autophagosome-ESCRT crosstalk is 
spatiotemporally regulated. Future studies should also explore the intriguing possibility 
of cell-to-cell autophagosome movement, hinted at in our live-imaging data, which 
could redefine our understanding of intercellular communication in plants. 

In summary, this study establishes CFS1 as a central regulator of plant autophagy and 
provides the first mechanistic framework for amphisome-mediated autophagosome 
maturation in plants. By linking autophagosomes to the ESCRT machinery, our work 
not only advances the plant autophagy field but also sets the stage for translational 
research aimed at harnessing autophagy for agricultural improvement. Future 
investigations into the molecular players governing amphisome formation and their 
physiological roles will further illuminate the adaptability and complexity of plant 
autophagy. 
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5.2. Cell-type specific autophagy sequesters sodium ions in the 
vacuoles of root hair forming cells for salt stress resilience in 
Arabidopsis thaliana 

5.2.1. Trichoblasts exhibit elevated autophagic flux compared to atrichoblasts in 
the root maturation zone 

To validate our preliminary observation of differential autophagic activity between root 
hair-forming cells (trichoblasts) and non-hair cells (atrichoblasts) in the root maturation 
zone, we conducted a systematic analysis of autophagic flux in Arabidopsis thaliana 
Col-0 plants expressing GFP-tagged versions of all ATG8 isoforms (ATG8A-I). Under 
both basal conditions and autophagy-inducing treatments (salt stress and nitrogen 
starvation), trichoblasts consistently exhibited a greater abundance of vacuolar GFP-
ATG8 puncta compared to adjacent atrichoblasts. These results demonstrate that 
trichoblasts maintain intrinsically higher autophagic activity independent of external 
stimuli. 

5.2.2. Genetic determinants of autophagy differences between trichoblasts and 
atrichoblasts 

To investigate whether this differential autophagy is developmentally programmed, we 
analyzed autophagy patterns in a panel of Arabidopsis mutants with disrupted root 
epidermal cell fate specification. These mutants allowed us to dissect whether the 
observed autophagic differences depend on cell identity established early in 
development or later root hair formation. 

We employed four key mutant lines (Löfke et al., 2013): 

(1) rhd6 rsl1 - forms ectopic non-hair cells in trichoblast positions while maintaining 
proper meristematic identity; 
(2) cpc try - lacks trichoblast identity due to disruption of the CAPRICE/TRYPTYCHON 
pathway; 
(3) gl2 - produces ectopic root hairs in atrichoblast positions while retaining normal 
early cell fate determination; 
(4) wer myb23 - lacks atrichoblast identity due to loss of WEREWOLF/MYB23 function. 

Our analysis revealed distinct patterns: 

In rhd6 rsl1 and gl2 mutants, which preserve correct meristematic identity, the 
autophagic disparity between trichoblast-positioned and atrichoblast-positioned cells 
persisted, albeit slightly attenuated. This suggests that while root hair structures may 
modestly augment autophagy, the primary regulation stems from developmental 
programming. Conversely, cpc try and wer myb23 mutants, which are defective in early 
cell fate specification, completely abolished the autophagy distinction. This establishes 
that trichoblast/atrichoblast identity, rather than root hair presence per se, governs 
autophagic flux. 

Notably, wer myb23 mutants displayed globally impaired autophagy, with GFP-ATG8A 
mislocalized to the endoplasmic reticulum instead of forming autophagosomes. This 
unexpected finding reveals that the WER/MYB23 transcriptional network not only 
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controls cell fate but also modulates autophagosome biogenesis, uncovering a novel 
connection between developmental pathways and autophagy machinery. 

5.2.3. Establishing the functional role of trichoblast-specific autophagy in salt 
stress tolerance 

To definitively establish whether the observed differences in autophagic flux between 
trichoblasts and atrichoblasts had functional consequences for plant stress adaptation, 
we employed a combination of tissue-specific genetic manipulations and physiological 
assays. 

We developed two strategies to selectively manipulate autophagy in trichoblasts while 
maintaining normal autophagy in other cell types. First, we created tissue-specific 
CRISPR knockout lines (CRISPR-TSKO) where ATG5, an essential autophagy gene, 
was disrupted specifically in trichoblasts using either the RHD6 or EXP7 promoters. 
The ProRHD6-driven knockout (TSKO-R) successfully reduced autophagic flux in 
trichoblasts while leaving other cells unaffected, whereas the ProEXP7-driven 
knockout had minimal effect, likely due to stable pre-existing ATG5 protein in mature 
trichoblasts. Second, we generated complementation lines where ATG5 expression 
was restored specifically in trichoblasts of atg5 mutants, using the same promoters. 
These experiments demonstrated that the differential autophagy between cell types 
could be genetically controlled and that trichoblast identity was the primary determinant 
of elevated autophagic flux. 

Building on these genetic tools, we reveal the critical physiological role of trichoblast-
specific autophagy in salt stress adaptation. Using CoroNa Green AM staining (Luo et 
al., 2017), we showed that wild-type plants preferentially accumulate higher sodium 
ion levels in trichoblast vacuoles than in atrichoblasts, while autophagy-deficient 
mutants (atg5, atg8 and atg16) lose this compartmentalization difference. Importantly, 
our tissue-specific manipulations confirmed this mechanism: TSKO-R plants (with 
trichoblast-specific ATG5 knockout) failed to sequester more sodium in trichoblasts, 
while the complementation lines (R-ATG5 and E-ATG5) restored the sodium 
accumulation. Phenotypic assays under salt stress conditions provided the ultimate 
functional validation, demonstrating that plants with disrupted trichoblast autophagy 
showed significantly reduced survival, whereas those with restored trichoblast 
autophagy maintained wild-type levels of tolerance. 

5.2.4. Concluding remarks 

This study establishes a crucial link between developmental programming, cell-type-
specific autophagy, and environmental adaptation in Arabidopsis thaliana. By 
demonstrating that trichoblasts (root hair-forming cells) exhibit higher autophagic flux 
than adjacent atrichoblasts—a difference genetically encoded during early cell fate 
determination—we reveal how developmental cues fine-tune cellular homeostasis to 
optimize stress resilience. Our findings show that elevated autophagy in trichoblasts is 
not merely correlative but functionally essential, enabling vacuolar sodium 
sequestration and thereby conferring salt stress tolerance. 

The use of tissue-specific genetic tools (CRISPR-TSKO and complementation) was 
pivotal in dissecting this mechanism, proving that autophagy localized to trichoblasts 
alone is both necessary and sufficient for salt adaptation. Strikingly, disrupting 
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autophagy specifically in trichoblasts abolished sodium compartmentalization and 
reduced survival, while restoring it rescued these phenotypes. This underscores the 
importance of studying autophagy at cellular resolution, as organism-wide approaches 
may mask critical tissue-specific adaptations. 

Beyond salt tolerance, our work opens new questions: How do developmental 
transcription factors (e.g., WEREWOLF) mechanistically regulate autophagy? Could 
similar cell-type-specific autophagy programs operate in other stress responses or 
developmental contexts? From an applied perspective, these insights suggest 
strategies to engineer stress-resistant crops by modulating autophagy in specific cell 
types, such as root hairs, without compromising overall growth. 

Ultimately, this study bridges developmental biology, cell biology, and environmental 
adaptation, illustrating how spatially restricted autophagy pathways contribute to 
organismal fitness. By decoding how developmental identity shapes cellular stress 
responses, we advance our understanding of plant resilience and provide a framework 
for exploring autophagy’s role in other multicellular systems. 
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6. Appendix  

In this chapter, a list of manuscripts of which I am the co-author are presented. These 
manuscripts are not closely related to my main projects. However, these manuscripts 
also contribute to the plant autophagy field in general and represent an essential part 
of my achievements during PhD studies.  

6.1. Functional specialization of ATG8 isoforms in Arabidopsis 

Autophagy is a conserved cellular recycling process mediated by ATG proteins, with 
ATG8 playing a central role in autophagosome formation and cargo recruitment. While 
most ATG proteins are conserved as single isoforms, Arabidopsis encodes nine ATG8 
isoforms, suggesting potential functional specialization. As detailed in Chapter 6.2 (Del 
Chiaro et al., 2024), we generate a nonuple atg8 mutant (∆atg8) lacking all ATG8 
isoforms to investigate their functional divergence. Transcriptional and translational 
reporters reveal tissue-specific expression patterns and distinct autophagosome 
subpopulations marked by different ATG8 isoforms. The ∆atg8 mutant exhibits severe 
autophagy defects, including hypersensitivity to carbon (C) and nitrogen (N) starvation, 
impaired bulk autophagy, and defective selective autophagy (mitophagy and 
pexophagy). Functional complementation reveals that ATG8A restored plant viability 
under both C and N starvation, while ATG8H complements only C deprivation. 
Proximity-dependent proteomic profiling uncovers distinct protein interaction networks 
for each isoform during N starvation, which further supported their functional 
differentiation. Our findings provide genetic evidence for ATG8 isoform specialization 
in plants, revealing distinct roles in stress adaptation and selective autophagy.   
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6.2. Appendix Manuscript 1: “Nonuple atg8 mutant provides genetic 
evidence for functional specialization of ATG8 isoforms in 
Arabidopsis thaliana” 

Authors: Alessia Del Chiaro, Nenad Grujic, Jierui Zhao, Ranjith Kumar Papareddy, 
Peng Gao, Juncai Ma, Christian Löfke, Anuradha Bhattacharya, Ramona Gruetzner, 
Pierre Bourguet, Frédéric Berger, Byung-Ho Kang, Sylvestre Marillonnet, Yasin 
Dagdas 

Contribution: For this manuscript, I performed confocal experiments, analyzed data, 
and made the figures of Figure 1 and S2. I also wrote and revised the methods part 
related to confocal microscopy and statistics. 

Status: This manuscript is currently a preprint on bioRxiv posted on December 10, 
2024.  

DOI: https://doi.org/10.1101/2024.12.10.627464  
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Abstract 

Autophagy sustains cellular health by recycling damaged or excess components through 

autophagosomes. It is mediated by conserved ATG proteins, which coordinate autophagosome 

biogenesis and selective cargo degradation. Among these, the ubiquitin-like ATG8 protein plays a 

central role by linking cargo to the growing autophagosomes through interacting with selective 20 

autophagy receptors. Unlike most ATG proteins, the ATG8 gene family is significantly expanded in 

vascular plants, but its functional specialization remains poorly understood. Using 

transcriptional and translational reporters in Arabidopsis thaliana, we revealed that ATG8 

isoforms are differentially expressed across tissues and form distinct autophagosomes within the 

same cell. To explore ATG8 specialization, we generated the nonuple Δatg8 mutant lacking all 

nine ATG8 isoforms. The mutant displayed hypersensitivity to carbon and nitrogen starvation, 

coupled with defects in bulk and selective autophagy as shown by biochemical and 

ultrastructural analyses. Complementation experiments demonstrated that ATG8A could rescue 

both carbon and nitrogen starvation phenotypes, whereas ATG8H could only complement carbon 

starvation. Proximity labeling proteomics further identified isoform-specific interactors under 30 

nitrogen starvation, underscoring their functional divergence. These findings provide genetic 

evidence for functional specialization of ATG8 isoforms in plants and lay the foundation for 

investigating their roles in diverse cell types and stress conditions. 
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Introduction 

Autophagy is an evolutionarily conserved cellular quality control mechanism essential for 

maintaining homeostasis and adapting to environmental stresses (1-3). It functions by selectively 

degrading and recycling damaged, redundant, or harmful cellular components, ensuring cellular 

integrity and energy balance (4-6). Although autophagy occurs constitutively, it is highly inducible 40 

under stress conditions such as nutrient deprivation, hypoxia, or infection (7-10). During these 

challenges, autophagy sustains survival by facilitating the degradation of intracellular material, 

which is sequestered into specialized double-membrane compartments called 

autophagosomes (11, 12). These structures subsequently fuse with lytic organelles—the vacuole 

in plants and yeast or the lysosome in animals—where their contents are broken down and 

recycled (3). 

Contrary to initial views of autophagy as a non-selective bulk degradation process, it is now 

recognized as a highly selective pathway (13-16). This selectivity is mediated by specific 

interactions between cargo receptors, known as selective autophagy receptors (SARs), and 

autophagy-related proteins such as ATG8 (17, 18). These interactions enable the precise targeting 50 

of a wide range of substrates, from protein aggregates to damaged organelles, thus tailoring 

autophagic responses to specific cellular needs (19). 

Autophagosome biogenesis progresses through three tightly regulated stages: initiation, 

expansion, and maturation. This process is orchestrated by the autophagy-related (ATG) protein 

family, comprising approximately 40 conserved members (20, 21). Central to autophagy is ATG8, 

a ubiquitin-like protein crucial for autophagosome formation, cargo recruitment, and membrane 

trafficking (22, 23). Once processed and lipidated, ATG8 associates with the autophagosome 

membrane, acting as a scaffold for the assembly of other core autophagy machinery and cargo 

receptors (24, 25). 

Interestingly, unlike most ATG proteins, which exist as single or a few isoforms, the ATG8 gene 60 

family has undergone significant expansion in vascular plants (26, 27). While yeast and 

eukaryotes from early branching groups encode a single ATG8, vascular plants possess multiple 

isoforms, with Arabidopsis thaliana containing nine distinct ATG8 genes (AtATG8a-i) forming two 

major clades. Clade I contains ATG8A-G, whereas Clade II contains ATG8H and ATG8I (28). 

Despite moderate sequence divergence and differential expression patterns (29, 30)the 

biological significance of ATG8 isoform expansion and its implications for selective autophagy 

remain poorly understood. 

Here, we present genetic evidence for the functional specialization of ATG8 isoforms in A. 

thaliana by generating a nonuple ATG8 mutant lacking all nine ATG8 genes. Our study reveals that 
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ATG8 isoforms not only exhibit distinct tissue-specific expression and subcellular localization but 70 

also differ in their ability to mediate autophagic responses under specific stress conditions. 

These findings highlight the complex regulatory landscape of autophagy in plants and provide a 

foundation for unraveling the mechanisms underlying ATG8 specialization. 

 

Results and Discussion 

Arabidopsis thaliana ATG8 isoforms exhibit tissue-specific expression patterns and form 

distinct autophagosomes within root cells 

To explore ATG8 specialization, we first checked the expression patterns of all the nine 

Arabidopsis ATG8 isoforms. We generated ATG8 promoter-GFP-GUS (pATG8X::GFP-GUS) 

expressing lines and performed β-glucuronidase (GUS) staining (Fig. 1A). Interestingly, AtATG8s 80 

exhibit distinct expression patterns and we only observed a partial overlap between different 

isoforms, indicating a certain degree of tissue specificity. ATG8E, ATG8F and ATG8G, show a more 

widespread expression pattern over different tissues and organs, whereas other isoforms, 

including ATG8A, ATG8B and ATG8I, appear to be restricted to the root (Fig. 1A). Furthermore, 

some isoforms exhibit peculiar tissue- or cell-type specificities, such as ATG8D being strongly 

induced in the apex of the cotyledon or ATG8C appearing specifically expressed in guard cells 

(Fig. 1A). These observations hint at a potential tissue- or cell-type-specific function of the 

different ATG8 isoforms.  

Then, we decided to test the subcellular compartmentalization of ATG8 isoforms. We co-

expressed mCherry-ATG8E translational fusion constructs with GFP-tagged versions of ATG8A, 90 

ATG8D and ATG8I and assessed their co-localization upon bulk autophagy inducing chemical 

Torin1 (31) and ER-stress inducer Tunicamycin (32) treatments (Fig. 1B and C). Irrespective of the 

treatment, ATG8E colocalized almost entirely with ATG8A. Conversely, ATG8D and ATG8I exhibit 

a lower degree of colocalization with ATG8E during Torin 1 treatment and even more 

pronouncedly upon Tunicamycin treatment. ATG8I, representative of the clade II of ATG8 

isoforms, has the weakest level of colocalization with ATG8E. These data indicate there are 

distinct pools of autophagosomes that are labelled with different ATG8 isoforms.  In sum, the 

expression site polymorphism as well as varying levels of colocalization upon different 

treatments, support the hypothesis that ATG8 isoforms might fulfill different functions or respond 

to different stimuli.  100 
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atg8 nonuple mutant (Δatg8) is deficient in autophagy 

The partial overlap in expression and colocalization patterns of ATG8 isoforms prompted us to 

generate an ATG8-free Arabidopsis thaliana line that we could use as a tool to investigate ATG8 

specialization. Using multiplex CRISPR mutagenesis, we combined 9 guide RNAs (one for each 

ATG8 isoform) in a construct containing an intronized Cas9 (33) and transformed it to generate a 

nonuple knock-out of atg8. We first confirmed the mutations using whole genome sequencing 

(Fig. 2A). To functionally verify Δatg8 as an autophagy deficient mutant, we performed the typical 

nutrient starvation assays (34). We transferred 9-days old Arabidopsis seedlings to carbon or 

nitrogen deprived ½ MS liquid medium for 4 or 6 days, respectively. Similar to the autophagy-110 

deficient mutants atg2 and atg5 (35, 36), Δatg8 exhibits reduced growth and discoloration of the 

cotyledons (Fig. 2B and C). To biochemically validate Δatg8 mutant, we performed autophagic 

flux assays under carbon and nitrogen starvation conditions, by measuring the endogenous 

levels of the stereotypical autophagy substrate NBR1 (Fig. 2D and E) (37). NBR1 accumulated at 

a comparable level in both Δatg8 and atg5 under all conditions and was insensitive to 

concanamycin A treatment that blocks vacuolar degradation (38), denoting that both mutants are 

defective in autophagic degradation (Fig. 2D and E). Collectively, these results suggest that atg8 

nonuple mutant is deficient in autophagy. 

Δatg8 mutant is defective in selective autophagy 

Nitrogen and carbon starvation are considered to trigger bulk autophagy (39, 40). To test if Δatg8 120 

is also defective in selective autophagy, we tested its ability to perform mitophagy and pexophagy. 

For mitophagy, we measured the levels of the outer mitochondrial membrane voltage dependent 

anion channel I (VDAC) and the matrix protein isocitrate dehydrogenase (IDH) upon 2,4-

dinitrophenol (DNP) treatment. DNP is an uncoupler that leads to mitochondrial depolarization 

and triggers mitophagy (41, 42) (Fig. 3A). Although both VDAC and IDH levels were decreased in 

the DNP treated wild type Col-0 plants, Δatg8 behaved similar to atg5 and showed no change in 

VDAC or IDH levels (41). Likewise, when we assessed peroxisome degradation using the catalase 

antibody, Δatg8 mutant behaved similar to atg5 mutant and was unable to perform pexophagy 

(43) (Fig. 3B). Altogether, these results suggest Δatg8 mutant is defective in mitophagy and 

pexophagy. 130 

Next, we performed transmission electron microscopy (TEM) analysis of mitophagy in 

Arabidopsis root cells. Although we could detect mitophagosomes in wild type Col-0 plants, we 

did not observe any mitophagosomes in Δatg8 mutant (Fig. 3C). However, we could still detect 

double-membraned structures that resemble autophagosomes in the Δatg8 mutant. These 
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vesicles appear to non-specifically engulf various types of cellular components. Although further 

studies are necessary to understand the nature of these compartments, a plausible source could 

be provacuoles, compartments that appear during vacuole biogenesis (44). Indeed, provacuole 

formation has been reported to be independent of autophagy as autophagy-deficient mutants 

can still form provacuoles (44). In summary, our data suggest Δatg8 mutant is unable to carry out 

autophagic recycling.  140 

Complementation of Δatg8 with ATG8A or ATG8H reveals functional specialization 

After confirming the autophagy-deficient phenotype of the Δatg8 mutant, to assess the functional 

specialization of ATG8 isoforms, we complemented it with GFP tagged ATG8A and ATG8H, 

representing both clades. First, we analyzed the complemented lines with confocal microscopy. 

Both GFP-ATG8A and GFP-ATG8H formed cytoplasmic bright puncta, which further accumulated 

in the vacuole upon Concanamycin A treatment and underwent autophagic flux (Fig. S2A-B).  

To assess to what extent they were able to recover the autophagic function and evaluate potential 

isoform-specific responses to different stressors, we subjected the two complementation lines 

to starvation assays. Upon carbon starvation, both complementation mutants exhibit a similar 

phenotype to Col-0 (Fig. 4A). This suggests that both ATG8A and ATG8H could mediate the 150 

autophagic recycling of cellular material that ensure survival during carbon deprivation. In 

contrast, during nitrogen starvation only GFP-ATG8A expression recovered the sensitivity to 

nitrogen starvation. GFP-ATG8H expressing lines were similar to the Δatg8 mutant (Fig. 4B). These 

results provide functional genetic evidence for ATG8H specialization in Arabidopsis thaliana. 

To support these findings, we performed autophagic flux assays under carbon and nitrogen 

starvation. Under carbon starvation conditions, both Δatg8/+GFP-ATG8A and Δatg8/+GFP-ATG8H 

had similar NBR1 flux, in contrast to the Δatg8 mutant (Fig. 4C). This is consistent with the 

phenotyping results and indicates that both ATG8A and ATG8H are able to trigger bulk autophagy 

in response to carbon deprivation. However, during nitrogen starvation NBR1 flux in Δatg8/+GFP-

ATG8H was similar to the Δatg8 mutant (Fig. 4D), further corroborating the hypothesis that ATG8H, 160 

unlike ATG8A, is not able to fully operate autophagy in response to nitrogen deprivation.  

ATG8A and ATG8H have distinct proxitomes during nitrogen starvation 

Following the observation that ATG8A and ATG8H do not respond equally to N starvation stress, 

we reasoned that the two isoforms may be interacting with different proteins that are involved in 

autophagy signaling or cargo recognition. Indeed, our results could be explained by the inability 

of ATG8H to engage with the nitrogen starvation response signaling, or its failure to associate with 
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the selective autophagy receptors recognizing the cargoes that need to be degraded to cope with 

nitrogen deprivation. To test these hypotheses, we complemented the Δatg8 mutant with the 

biotinylating enzyme TurboID fused ATG8A and ATG8H and determined the ATG8 proxitomes 

during nitrogen starvation (Fig. 4E). We used TurboID alone as negative control. 47 proteins 170 

exhibited specific association with both or only one of the two ATG8 isoforms (Supplementary 

Table 3). Among these, numerous well-known interactors were found, including several ATG 

proteins. Interestingly, whereas some ATG proteins showed similar levels of association with 

ATG8A and ATG8H, such as ATG3, ATG7, ATG14B and ATG18F, other ATG proteins appear to 

interact prevalently or exclusively with just one isoform (Supplementary Table 3). In the case of 

ATG1, ATG1A seems to interact with ATG8A uniquely, while ATG1B can associate with both 

isoforms but still exhibits a stronger association with ATG8A in the conditions tested. ATG1 kinase 

initiates autophagosome biogenesis and constitutes one of the major targets for autophagy 

regulation (45, 46). In light of this, our results may indicate that during N starvation ATG1A and 

ATG1B recruit ATG8A preferentially to promote nutrient replenishment. It is also interesting to 180 

observe that less than one third of the total ATG8 interactors are shared between ATG8A and 

ATG8H (Fig. 4F), whilst 22 proteins specifically interact with ATG8A, and 8 proteins interact with 

only ATG8H. As a proof on concept, our proximity labeling analysis suggested that the adaptor 

protein CFS1 specifically interacts with ATG8A but not with ATG8H, consistent with our previous 

results (47). While other interactors need to be further validated, these results suggest single-

isoform TurboID lines provide an effective tool to study ATG8 specialization in a wide range of 

stress conditions. 

Since the core autophagy machinery is shared across various selective autophagy pathways, the 

question of how cells achieve subcellular compartmentalization of these concurrent 

mechanisms remains unresolved. A plausible explanation is ATG8 isoform specialization, 190 

whereby distinct ATG8 variants interact with specific adaptors, receptors, or ATG proteins to 

direct and compartmentalize autophagic processes. Previous biochemical and proteomic 

analyses in potato supported this hypothesis, revealing isoform-specific interactomes (48). 

However, the co-occurrence of multiple ATG8 isoforms within individual autophagosomes (Fig. 

1) suggests that some unique interactors might have been overlooked.  

In this study, we provide genetic evidence for ATG8 specialization in plants using an Arabidopsis 

Δatg8 nonuple mutant complemented with individual ATG8 isoforms. Unlike mitophagy observed 

in HeLa cells lacking multiple ATG8 genes, the Arabidopsis Δatg8 mutant failed to perform 

mitophagy and pexophagy, as evidenced by the absence of mitophagosomes and the 

accumulation of autophagy substrates (Fig. 3). While double-membraned vesicles were 200 
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observed in Δatg8 cells, these are likely provacuolar compartments, which are independent of 

autophagy. 

Interestingly, complementation experiments revealed functional divergence among ATG8 

isoforms. While both ATG8A and ATG8H restored carbon starvation sensitivity, only ATG8A was 

able to complement nitrogen starvation sensitivity (Fig. 4). Consistent with their specialization, 

proximity labeling proteomics demonstrated distinct interactomes for ATG8A and ATG8H. Further 

studies are necessary to link the nitrogen sensitivity phenotype to the differentially interacting 

proteins. Nevertheless, our findings establish the functional specialization of ATG8 isoforms in 

plants, providing a framework for understanding how cells fine-tune autophagic processes in 

response to diverse and overlapping signals. 210 

 

Material and Methods 

Plant material and cloning 

All Arabidopsis thaliana lines used originate from the Columbia (Col-0) ecotype. The Δatg8 

mutant was generated with two rounds of CRISPR editing. First, the CRISPR/Cas9 construct 

including gRNAs for all nine AtATG8 genes and an intronized Cas9 was assembled according to a 

protocol previously described (33). The construct was assembled in binary vector pAGM62636 

(33) that contains a p15 origin of replication for low copy number replication in E. coli and an 

Agrobacterium rhizogenes A4 ori for single copy replication in Agrobacterium, resulting in 

plasmid pAGM70811. This vector backbone was chosen to minimize the risk or recombination 220 

between the 9 guides RNA cassettes present on the same plasmid. The gRNAs sequences are the 

following: 

ATG8A (AT4G21980): AGCTTACGGGAATTCTGTCA 

ATG8B (AT4G04620): GAACTCAATACAGGTGATTG 

ATG8C (AT1G62040): CAGTTAGATCAGCTGGAACA 

ATG8D (AT2G05630): AAGAGGATGTTCATGCTTG 

ATG8E (AT2G45170): CTGTTAGGTCTGATGGCACA 

ATG8F (AT4G16520): TTCAGAGAAGAGAAGGGCAG 

ATG8G (AT3G60640): GAGGAGACAGTACCGGTGGG 

ATG8H (AT3G06420): AAACGCAGATCTGCCAGACA 230 
ATG8I (AT3G15580): GATGAAAGGCTCGCGGAGTCG 

Primary transformants were genotyped by amplicon sequencing. The data was analysed using a 

custom-built pipeline to retrieve indel frequencies in the ATG8 genes, using bwa and samtools 

mpileup (49, 50). Code and documentation are available at https://github.com/pierre-
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bourguet/CRISPR_genotyping. Following sequencing, we could only confirm the successful 

mutation of eight of the nine isoforms. Therefore, a second CRISPR/Cas9 was employed to target 

the last gene (ATG8D – AT2G05630). The construct was assembled according to the protocol 

previously described (51), on pHEE401E plasmid, with the following gRNAs sequences: 

GAACAACAGAGACTCGACCA, GTGATGTCCCGGATATTGAT. The nonuple mutant Δatg8 contains 

both T-DNA CRISPR/Cas9 cassettes and is resistant to BASTA and Hygromycin. The mutations of 240 

nine ATG8 isoforms were confirmed via single cell sequencing.  

All the plasmids, except pAGM7081, were assembled through the GreenGate cloning procedure 

(52) and were constructed as follows: pGGZ003_ATG8X::GFP-GUS (X represents the 9 ATG8 

isoforms, from A to I), pGGSUN_RPS5::mCherry-TurboID; pGGSUN_RPS5::mCherry-TurboID-

ATG8A; pGGSUN_RPS5::mCherry-TurboID-ATG8H; pGGSUN_HTR5::GFP-ATG8A; 

pGGSUN_HTR5::GFP-ATG8H. Apart from pATG8X::GFP-GUS expressing plants, which are 

hygromycin resistant, transformants were selected via seed coat fluorescence. The coding 

sequences of ATG8A and ATG8H carry silent mutations to avoid CRISPR/Cas9 targeting. The point 

mutations from the start codon are the following: ATG8A, 81bp T > A, 84bp C > T, 87bp A > G, 93bp 

C > G; for ATG8H, 123bp C > T, 126bp A > C, 129bp T > C, 135bp A > G, 138bp C > T. 250 

DNA sequencing and analysis 

High-quality DNA was extracted using the cetyltrimethylammonium bromide (CTAB) method and 

used to construct Illumina-compatible libraries with the Nextera XT DNA Library Preparation Kit, 

following the manufacturer’s instructions. Sequencing was performed on an Illumina NextSeq 

instrument in paired-end 150 bp mode. 

Raw FASTQ files obtained from sequencing were quality-checked and adapter-trimmed using 

TrimGalore (https://github.com/FelixKrueger/TrimGalore) with default settings. The trimmed 

FASTQ files were aligned to the TAIR10 genome using Bowtie2 (51) with the parameters -D 15 -

R 2 -N 0 -L 22 -i S,1,1.15. The resulting aligned BAM files were sorted and indexed using 

SAMtools (52) and manually inspected for insertions or deletions using the Integrative Genomics 260 

Viewer (IGV). Deletions and insertions were manually inspected, and the corresponding changes 

in cDNA and protein sequences were catalogued (Supplementary Table 1). 

Plant growth and treatments 

For standard plant growth, Arabidopsis seeds were gas sterilized with sodium hypochlorite + HCl 

(10:1 v/v), sown on water-saturated soil and grown in 16h light/8h dark photoperiod with 165 μmol 

m^-2 s^-1 light intensity. For in vitro growth, Arabidopsis seeds were surface sterilized in 70% 
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ethanol for 10 minutes twice, then rinsed in absolute ethanol and dried on sterile paper. Seeds 

were sown in ½ MS liquid medium (Murashige and Skoog salt + Gamborg B5 vitamin mixture 

[Duchefa] supplemented with 0.5 g/liter MES and 1% sucrose, pH 5.7), vernalized at 4 °C in the 

dark for 2 days, and then grown under LEDs with 85μM/m²/s with a 14 h light/10 h dark 270 

photoperiod.  

For drug treatments, all drugs were dissolved in DMSO and added to the desired concentration: 

3 µM Torin 1 (Santa Cruz Biotechnology – CAS 1222998-36-8), 10 µg/mL Tunicamycin (Santa Cruz 

Biotechnology – CAS 11089-65-9), 1-2 µM Concanamycin A (Santa Cruz Biotechnology – CAS 

80890-47-7), 50 µM DNP (Sigma-Aldrich, D198501-1KG). An equal amount of pure DMSO was 

added to control samples.  

For confocal microscopy, Arabidopsis seeds were sterilized by 70% ethanol + 0.05% Tween 20 

(Sigma-Aldrich) for 5 min and were subsequently sterilized by 100% ethanol for 10 min. Sterilized 

seeds were stored in sterile water at 4°C for 1 d for vernalization. Vernalized seeds were spread 

on 1/2 MS media plates (+1% plant agar [Duchefa]) and vertically grown at 21°C at 60% humidity 280 

under LEDs with 50 mM/m2s a and a 16 h light/8 h dark photoperiod for 5 days. 5-days old 

seedlings were incubated in ½ MS media containing either DMSO for 2 h, 3 μM Torin 1 for 2 h,  10 

μg/mL Tunicamycin for 4 h or 2 μM Concanamycin for 2.5 h before imaging.  

Carbon and Nitrogen starvation assays 

A. thaliana seeds (~30 per sample, 3 replicates per condition) were sterilized with ethanol, sown 

in ½ MS liquid medium, vernalized at 4 °C in the dark for 2 days and grown at 21 °C under LEDs 

with 85μM/m2/s and a 14 h light/10 h dark photoperiod. The starvation treatments were 

performed on 9-days old seedlings, by replacing ½ MS liquid medium with the same medium (as 

control), ½ MS liquid medium without sucrose for C starvation or ½ MS liquid medium without 

nitrogen (Murashige & Skoog without Nitrogen, Caisson Laboratories – MSP21) for N starvation. 290 

Prior to medium replacement, the seedlings were washed twice with 1 mL of the new medium to 

ensure proper removal of the previous medium. For C starvation, the seedlings were kept in the 

dark. Pictures of the samples were taken after 4 days of C starvation and 6 days of N starvation. 

Confocal microscopy 

For confocal microscopy, Arabidopsis seedlings were placed on a microscope slide with water 

and covered with a coverslip. The epidermal cells of root transition and elongation zone were 

used for image acquisition. 
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Confocal images were acquired via an upright point laser scanning confocal microscope ZEISS 

LSM800 Axio Imager.Z2 (Carl Zeiss) equipped with high-sensitive GaAsP detectors (Gallium 

Arsenide), a LD C-Apochromat 40X objective lens (numerical aperture 1.1, water immersion), and 300 

ZEN software (blue edition 3.8, Carl Zeiss). GFP signals were excited at 488 nm and detected 

between 488 and 545 nm. mCherry signals were excited at 561 nm and detected between 570 

and 617 nm.  

Image processing and statistics 

Confocal images were processed and quantified by Fiji (version 1.52, Fiji). The mCherry-ATG8E 

colocalization ratio was calculated as the ratio of the number of mCherry-ATG8E puncta that 

colocalized with GFP-ATG8 isoforms to the total number of mCherry-ATG8E puncta. Statistics 

tests were performed via GraphPad Prism 8.1.1. 

Protein extraction and western blotting  

20-40 A. thaliana seeds per sample were surface sterilized with ethanol, sown in ½ MS liquid 310 

medium, vernalized at 4 °C in the dark for 2 days and grown for 7 days at 21 °C under LEDs with 

85μM/m2/s with a 14 h light/10 h dark photoperiod. For starvation treatments, performed 

overnight, the ½ MS liquid medium was replaced with the same medium (as control), ½ MS liquid 

medium without sucrose for C starvation or ½ MS liquid medium without nitrogen (Murashige & 

Skoog without Nitrogen, Caisson Laboratories – MSP21) for N starvation. For C starvation, the 

samples were kept in the dark. When required, 1 µM Concanamycin A (Santa Cruz Biotechnology 

– CAS 80890-47-7) was added to the new medium. The seedlings were harvested in safe lock 

Eppendorf tubes containing 2 mm Ø glass bead, flash frozen in liquid nitrogen and pulverized 

using a Silamat S7 (Ivoclar vivident). Total proteins were extracted in 2X Laemmli buffer by 

agitating the samples in the Silamat S7 for 20 s. The samples were boiled at 70 °C and 1000 rpm 320 

shaking for 10 min, then centrifuged at max speed with a benchtop centrifuge. Total proteins were 

quantified with the amido black method. 10 µl of supernatant was added to 190 µl of deionized 

water, vortexed and then mixed with 1 ml of Amido Black Buffer (10% acetic acid, 90% methanol, 

0.05% [w/v] Amido Black (Napthol Blue Black, Sigma N3393)) by inverting the tubes. After 10 min 

centrifugation at max speed, pellets were washed with 1 ml of Wash Buffer (10% acetic acid, 90% 

ethanol), mixed by inversion, and centrifuged for another 10 minutes at max speed. Pellets were 

resuspended in 0.2N NaOH and OD630 nm was measured, with NaOH solution as blank, to quantify 

protein concentration with the OD = a[C] + b determined curve. 15 µg of total protein extracts 

were separated on SDS-PAGE gels and blotted onto PVDF Immobilon-P membrane (Millipore). 

NBR1 was detected using the anti-NBR1 antibody (Rabbit polyclonal; Agrisera – AS14 2805) 330 
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diluted 1:10000. Catalase proteins were detected with Anti-Cat antibody (Rabbit polyclonal; 

Agrisera – AS09 501), diluted 1:1000. GFP was detected with the anti-GFP antibody (Mouse 

monoclonal; Roche – 11814460001), diluted 1:5000. Rabbit polyclonal antibody was detected 

with a goat anti-rabbit IgG HRP-linked antibody (Invitrogen, 65-6120) diluted 1:5000. Hybridized 

membranes were reacted with SuperSignal™ West Pico PLUS Chemiluminescent Substrate 

(Thermo Fisher Scientific) and imaged using an iBright CL1500 Imaging System (Invitrogen).  

Protein bands were quantified with ImageJ according to the protocol previously described (53) 

and normalized on the loading control. The values reported on the figures correspond to mean 

values for 3 biological replicates. 

For mitophagy assays, 5-days old Arabidopsis seedlings were treated with 50 µM DNP (Sigma-340 

Aldrich, D198501-1KG), or an equal amount of DMSO, for 2-3 hours in the dark, then moved to 

liquid ½ MS medium for 1h recovery under light. Protein extraction and immunoblot analysis was 

performed as previously reported (41). 

GUS staining 

10-days old Arabidopsis seedlings expressing pATG8X::GFP-GUS (X represents the 9 ATG8 

isoforms, from A to I) were first immersed in acetone for 20 minutes and then washed with the 

GUS buffer (50 mM NaPO4, 2 mM K-ferrocyanide, 2mM K-ferricyanide, 0.2% Triton X-100). The 

washed samples were subsequently incubated in GUS staining buffer [GUS buffer + 2 mM X-Gluc 

(Thermo Scientific)] under 37℃ until a blue coloration was visible. The stained samples were then 

washed and discolored with 100% ethanol and were ready for photographing. 350 

Affinity purification of biotinylated proteins and nanoLC-MS/MS Analysis 

A. thaliana seeds were surface sterilized with ethanol, stratified for 2 days at 4 °C in the dark and 

then grown in ½ MS (Duchefa)/0.5% MES/1% sucrose under LEDs with 85 μM/m2/s and a 14 h 

light/10 h dark photoperiod. 7-days old seedlings were washed and treated with N deficient ½ MS 

medium (or control ½ MS medium) overnight and the following morning 50 μM biotin was added 

to the medium. After 1 hour of biotin incubation, the seedlings were quickly rinsed in ice cold 

water, dried and frozen in liquid nitrogen. Around 1 gram of plant tissue was used for each sample 

and the affinity purification of biotinylated proteins was performed as previously described (54). 

For MS Analysis, the nano HPLC system (UltiMate 3000 RSLC nano system) was coupled to an 

Orbitrap Exploris 480 mass spectrometer, equipped with a Nanospray Flex ion source (all parts 360 

Thermo Fisher Scientific). Peptides were loaded onto a trap column (PepMap Acclaim C18, 5 mm 

× 300 μm ID, 5 μm particles, 100 Å pore size, Thermo Fisher Scientific) at a flow rate of 25 μl/min 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 10, 2024. ; https://doi.org/10.1101/2024.12.10.627464doi: bioRxiv preprint 

113

https://doi.org/10.1101/2024.12.10.627464
http://creativecommons.org/licenses/by/4.0/


   
 

 12 

using 0.1% TFA as mobile phase. After loading, the trap column was switched in line with the 

analytical column (PepMap Acclaim C18, 500 mm × 75 μm ID, 2 μm, 100 Å,Thermo Fisher 

Scientific). Peptides were eluted using a flow rate of 230 nl/min, starting with the mobile phases 

98% A (0.1% formic acid in water) and 2% B (80% acetonitrile, 0.1% formic acid) and linearly 

increasing to 35% B over the next 120min. This was followed by a steep gradient to 95% B in 1 

min, stayed there for 6 min and ramped down in 2 min to the starting conditions of 98% A and 2% 

B for equilibration at 30°C. The Orbitrap Exploris 480 mass spectrometer was operated in data-

dependent mode, performing a full scan (m/z range 350-1200, resolution 60,000, normalized AGC 370 

target 300%) at 3 different compensation voltages (CV -45V, -60V and -75V), followed by MS/MS 

scans of the most abundant ions for a cycle time of 0.9 seconds for each. MS/MS spectra were 

acquired using an isolation width of 1.2 m/z, normalized AGC target 200%, HCD collision energy 

of 30 %, maximum injection time mode set to custom and resolution of 30,000. Precursor ions 

selected for fragmentation (include charge state 2-6) were excluded for 45 s. The monoisotopic 

precursor selection (MIPS) mode was set to peptide and the exclude isotopes feature was 

enabled. 

MS Data processing 

For peptide identification, the RAW-files were loaded into Proteome Discoverer (version 

2.5.0.400, Thermo Scientific). All MS/MS spectra were searched using MSAmanda v2.0.0.19924 380 

(Dorfer V. et al., J. Proteome Res. 2014 Aug 1;13(8):3679- 84). The peptide mass tolerance was set 

to ±10 ppm and fragment mass tolerance to±10 ppm, the maximum number of missed cleavages 

was set to 2, using tryptic enzymatic specificity without proline restriction. The RAW-files were 

searched against the Arabidopsis database (32,785 sequences; 14,482,855 residues), 

supplemented with common contaminants and sequences of tagged proteins of interest. The 

following search parameters were used: Oxidation on methionine, phosphorylation on serine, 

threonine, and tyrosine, deamidation on asparagine and glutamine, iodoacetamide derivative on 

cysteine, beta-methylthiolation on cysteine, biotinylation on lysine, ubiquitinylation residue on 

lysine, ubiquitination on lysine, pyro-glu from q on peptide N-terminal glutamine, acetylation on 

protein N-Terminus were set as variable modifications. The result was filtered to 1 % FDR on 390 

protein level using the Percolator algorithm (Käll L. et al., Nat. Methods. 2007 Nov; 4(11):923-5) 

integrated in Proteome Discoverer. The localization of the post-translational modification sites 

within the peptides was performed with the tool ptmRS, based on the tool phosphoRS (Taus T. et 

al., J. Proteome Res. 2011, 10, 5354-62). Additionally, an Amanda score cut-off of at least 150 was 

applied. Protein areas have been computed in IMP-apQuant (Doblmann J. et. al, J Proteome Res 

2019, 18(1):535-41) by summing up unique and razor peptides. Resulting protein areas were 
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normalized using iBAQ (Schwanhäusser B. et al., Nature 2011, 473(7347):337−42) and sum 

normalization was applied for normalization between samples. Match-between-runs (MBR) was 

applied for peptides with high confident peak area that were identified by MS/MS spectra in at 

least one run. Proteins were filtered to be identified by a minimum of 2 PSMs in at least 1 sample 400 

and quantified proteins were filtered to contain at least 3 quantified peptide groups. Statistical 

significance of differentially expressed proteins was determined using limma (Smyth, G. K. - 

Linear models and empirical Bayes methods for assessing differential expression in microarray 

experiments. Statistical Applications in Genetics and Molecular Biology, 2004, Volume 3, Article 

3.) (Supplementary Table 2).  

To identify potential interactors, log2FC was calculated comparing average PSMs in TID-ATG8A 

samples (n = 3) or TID-ATG8H samples (n = 3) against the TID control (n = 3). Proteins with average 

PSMs > 3, log2FC > 1 and p-value > 0,05 were selected as potential interactors. The list of 

potential interactors is provided in Supplementary Table 3. 

TEM 410 

The TEM assay was performed following the previously established method (41, 55). Briefly, 5-

days old Arabidopsis seedlings were germinated on ½ MS plates and dissected under microscopy 

before freezing. For high-pressure freezing, the root tips were collected and immediately frozen 

with a high-pressure freezer (EM ICE, Leica). For freeze substitution, the root tips were substituted 

with 2% osmium tetroxide in anhydrous acetone and maintained at −80 °C for 24 hours using an 

AFS2 temperature-controlling system (Leica). Subsequently, the samples were subjected to 

three washes with precooled acetone and slowly warmed up to room temperature over a 60-h 

period before being embedded in EPON resin. After resin polymerization, samples were mounted 

and trimmed. For the ultrastructure studies, 100 nm thin sections were prepared using an 

ultramicrotome (EM UC7, Lecia) and examined with a Hitachi H-7650 TEM (Hitachi-High 420 

Technologies) operated at 80 kV. 

 

Data availability 

All the source data used to generate the main and supplementary figures are deposited to Zenodo 

(10.5281/zenodo.14277422). Genomic sequencing data generated in this study are deposited at 

the National Center for Biotechnology Information Gene Expression Omnibus (NCBI GEO, 

https://www.ncbi.nlm.nih.gov/geo/) under accession number GSE283481. The mass 
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spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the 

PRIDE partner repository. 
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Figure 1. Arabidopsis thaliana ATG8 isoforms exhibit tissue-specific expression patterns and 

form distinct autophagosomes within root cells 

(A) Representative GUS staining images showing the spatial-temporal expression patterns of 9 

Arabidopsis ATG8 isoforms.10-days old Arabidopsis seedlings expressing pATG8X::GFP-GUS (X 

represents the 9 ATG8 isoforms, from A to I) were stained with GUS staining buffer. (B) 

Representative confocal microscopic images showing the colocalization of mCherry-ATG8E with 

different GFP-ATG8 isoforms in Arabidopsis root epidermal cells. 5-days old Arabidopsis 580 

seedlings co-expressing mCherry-ATG8E with GFP-ATG8E, GFP-ATG8A, GFP-ATG8D, or GFP-

ATG8I were incubated in ½ MS liquid media containing either DMSO (as mock condition) for 2 h, 

5 μM Torin1 for 2 h, or 10 μg/mL Tunicamycin for 4 h. Representative images of 10 replicates were 

shown here. Scale bars, 5μm. Inset scale bars, 3 μm. (C) Quantification of mCherry-ATG8E 

colocalization ratio of the Arabidopsis root epidermal cells imaged in (B). The mCherry-ATG8E 

colocalization ratio was calculated as the ratio of the number of mCherry-ATG8E puncta that 

colocalized with GFP-ATG8 isoforms to the total number of mCherry-ATG8E puncta. Bars indicate 

the mean ± SD of 10 replicates. Brown-Forsy and Welch ANOVA tests with Dunnett’s T3 multiple 

comparisons tests were used for statistically comparing the colocalization difference between 

each treatment group. 590 
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Figure 2. atg8 nonuple mutant (Δatg8) is deficient in autophagy 

(A) Schematic representation of gene models illustrating CRISPR-induced mutations in the ATG8 

gene. Blue arrows denote insertion sites, while red arrows indicate deletion sites. The forward 

and reverse arrows within the gene model indicate the directionality of gene transcription, 

reflecting the strandedness of the gene. (B, C) Carbon (B) and nitrogen (C) starvation phenotypic 

assays comparing Col-0, atg5 and Δatg8 (n = 3) in carbon-rich (+C) or carbon-deficient (-C) ½ MS 600 

liquid medium and nitrogen-rich (+N) or nitrogen-deficient (-N) ½ MS liquid medium. (D, E) 

Western blots comparing endogenous NBR1 levels in Col-0, atg5 and Δatg8 upon carbon (D) and 

nitrogen (E) starvation, in combination with Concanamycin A (1μM). Relative quantification of 

protein bands is reported below the blots. 
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Figure 3. The Δatg8 mutant is not able to perform mitophagy and pexophagy.  

(A) Western blots comparing endogenous IDH and VDAC levels in Col-0, atg5 and Δatg8 upon 610 

DNP treatment. (B) Western blots comparing endogenous catalase levels in Col-0, atg5 and Δatg8 

upon N starvation treatment. Relative quantification of protein bands is reported below the blot. 

(C) Electron micrographs of Col-0 and Δatg8 root cells treated with DNP or DMSO. Scale bars, 

500 nm.  
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Figure 4. Complementation of Δatg8 with ATG8A or ATG8H reveals functional specialization 620 

of ATG8 isoforms 

 (A, B) Carbon (A) and nitrogen (B) starvation phenotypic assays comparing Col-0, Δatg8 and 

complementation lines Δatg8 /+ATG8A, Δatg8/+ATG8H (n = 3) in carbon-deficient (-C) ½ MS liquid 

medium and nitrogen-deficient (-N) ½ MS liquid medium. (C, D) Western blots comparing 

endogenous NBR1 levels in Col-0, Δatg8, Δatg8 /+ATG8A and Δatg8 /+ATG8H upon carbon (C) and 

nitrogen (D) starvation, in combination with Concanamycin A (1μM). Relative quantification of 

protein bands is reported below the blots. (E) Schematic representation of TurboID proximity 

labeling analysis. (F) Venn diagram reporting common and unique interactors of ATG8A and 

ATG8H under nitrogen starvation.  
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Supplementary Figure 1. Replicates of western blots in Figure 2 (A, B) and Figure 4 (C, D).  
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Supplementary Figure 2. Arabidopsis ATG8 complementation lines have normal 

autophagosome structure and autophagic flux under control and nutrient-deficient 

conditions. (A) Representative confocal microscopic images showing the autophagosomes and 

the autophagic bodies inside the vacuole in root epidermal cells of the complementation lines 

Δatg8 /+GFP-ATG8A and Δatg8 /+GFP-ATG8A. 5-days old Arabidopsis seedlings were incubated 

in ½ MS liquid media or nitrogen-deficient (-N) liquid media for 3 h, or ½ MS liquid media or 

nitrogen-deficient (-N) liquid media containing 2 μM concanamycin A for 2.5 h before imaging. 640 

Representative images of 3 replicates were shown here. Scale bars, 10 μm. Inset scale bars, 5 

μm. (B) Western blot comparing autophagic flux of complementation lines Δatg8 /+GFP-ATG8A 

and Δatg8 /+GFP-ATG8A upon C starvation treatment, in combination with concanamycin A 

(1μM).  
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Supplementary Figure 3. Replicates of western blots in Figure 3.  
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6.3. Mitophagy in Arabidopsis is mediated by Friendly 

Mitophagy, the selective degradation of damaged mitochondria via autophagy, is well-
characterized in metazoans and yeast but remains poorly understood in plants. While 
mitochondrial quality control is critical for cellular homeostasis, the molecular 
mechanisms underlying plant mitophagy, particularly under stress or developmental 
transitions, are largely unexplored. 

As shown in Chapter 6.4 (Ma et al., 2021), we investigated depolarization-induced 
mitophagy in Arabidopsis thaliana using live-cell imaging, electron tomography, and 
biochemical assays, revealing that uncoupler (DNP and FCCP) treatments trigger 
mitochondrial membrane depolarization and ATG5-dependent recruitment of ATG8-
labeled autophagosomes to degrade compromised mitochondria. We identify the CLU 
family protein FRIENDLY (FMT) as essential for mitophagy, as it translocates to 
depolarized mitochondria and mediates autophagosome formation, with fmt mutants 
exhibiting defective mitochondrial clearance. Furthermore, mitophagy is activated 
during de-etiolation, linking mitochondrial turnover to chloroplast biogenesis and 
metabolic reprogramming. Our findings establish FMT as a key regulator of plant 
mitophagy and provide insights into organelle quality control during stress and 
development. 
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6.4. Appendix Manuscript 2: “Friendly mediates membrane 
depolarization-induced mitophagy in Arabidopsis” 

Authors: Juncai Ma, Zizhen Liang, Jierui Zhao, Pengfei Wang, Wenlong Ma, Keith K. 
Mai, Juan A. Fernandez Andrade, Yonglun Zeng, Nenad Grujic, Liwen Jiang, Yasin 
Dagdas, Byung-Ho Kang 

Contribution: For this manuscript, I analyzed the data of confocal experiments and 
western blots and revised the manuscript. 

Status: This manuscript was published in Current Biology (volume 31, issue 9) on May 
10, 2021. 
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SUMMARY
The oxidative environment within the mitochondria makes them particularly vulnerable to proteotoxic stress.
To maintain a healthy mitochondrial network, eukaryotes have evolvedmulti-tiered quality control pathways.
If the stress cannot be alleviated, defective mitochondria are selectively removed by autophagy via a process
termed mitophagy. Despite significant advances in metazoans and yeast, in plants, the molecular underpin-
nings of mitophagy are largely unknown. Here, using time-lapse imaging, electron tomography, and
biochemical assays, we show that uncoupler treatments cause loss of mitochondrial membrane potential
and induce autophagy in Arabidopsis. The damaged mitochondria are selectively engulfed by autophago-
somes that are labeled by ATG8 proteins in an ATG5-dependent manner. Friendly, a member of the clustered
mitochondria protein family, is recruited to the damaged mitochondria to mediate mitophagy. In addition to
the stress, mitophagy is also induced during de-etiolation, a major cellular transformation during photomor-
phogenesis that involves chloroplast biogenesis. De-etiolation-triggered mitophagy is involved in cotyledon
greening, pointing toward an inter-organellar crosstalk mechanism. Altogether, our results demonstrate how
plants employ mitophagy to recycle damaged mitochondria during stress and development.
INTRODUCTION

Mitochondria are highly dynamic double-membraned organelles

that function as cellular powerhouses. They generate energy via

oxidative phosphorylation andmediate the synthesis of essential

macromolecules, such as iron-sulfur clusters.1,2 One of the by-

products of the oxidative environment in mitochondria is the

generation of toxic reactive oxygen species that damage mito-

chondrial DNA, lipids, and proteins. In addition, although most

of the mitochondrial proteins are encoded by nuclear genes,

13 subunits of the oxidative phosphorylation complexes are still

encoded by the mitochondrial genome. As the inter-genome co-

ordination could be disrupted, and one cell could have thou-

sands of times more copies of the mitochondrial genome than

the nuclear genome, imbalances in stoichiometries of these

multi-subunit oxidative phosphorylation (OXPHOS) complexes

trigger proteotoxic stress.3,4 To overcome these challenges

and maintain a healthy mitochondrial network, eukaryotes have

evolved multi-tiered and interconnected mitochondrial quality

control pathways.3

One of the major mitochondrial quality control pathways is mi-

tophagy, the selective removal of damaged or superfluous mito-

chondria via autophagy. As many players involved in mitophagy

have been associated with diseases, and mitophagy allows us

to visualize selective engulfment of an organelle into an
Curre
13
autophagosome, mitophagy is one of the best-studied signaling

mechanisms in metazoans.5–8 One of the hallmarks of damaged

mitochondria is the loss of membrane potential.3 Various chem-

ical protonophores, such as carbonyl cyanide p-trifluoro-me-

thoxyphenylhydrazone (FCCP) or 2,4-dinitrophenol (DNP), have

been used to induce mitochondrial membrane depolarization

and mitophagy.9 The loss of mitochondrial membrane potential

leads to the stabilization of PINK1 on the mitochondrial outer

membrane. PINK1 phosphorylates ubiquitin and activates Parkin

on the mitochondrial membrane for polyubiquitination of various

outer-membrane proteins. These eat-me signals create a posi-

tive feedback loop that results in the recruitment of selective

autophagy receptors, such as p62, optineurin, or NDP52, to re-

cruit the damaged mitochondria into autophagosomes for their

subsequent degradation.7,10,11 Althoughmuch has been learned

about mitophagy in metazoans, molecular players that mediate

mitophagy in plants are yet to be uncovered.2,12

Mounting evidence suggests plant mitochondria are also re-

cycled by selective autophagy.2,13 However, likely influenced

by harboring another endosymbiotic organelle, plants lack ho-

mologs of known mitophagy receptors and regulators.12 So

far, most studies have used genetic and biochemical assays to

analyze mitochondrial turnover in plants. Cell biological tools

that would allow us to visualize different stages of mitophagy

have not been established.
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Similar to metazoans, ATG8 proteins are widely used to

monitor and quantify autophagy in plants.14 ATG8 is a ubiqui-

tin-like protein inserted into the growing phagophore by

phosphatidyl ethanolamine modification. ATG8 also directly in-

teracts with selective autophagy receptors and adaptors and

therefore plays key roles in selective autophagy processes.15

During the course of evolution, ATG8 gene family has expanded

from one isoform in unicellular algae to nine isoforms in the

model plant Arabidopsis thaliana. Accumulating evidence

suggests that ATG8 isoforms are functionally specialized, remi-

niscent of the specific functions of LC3 and GABARAP family

proteins in metazoans.16,17 In Arabidopsis, ATG8a and ATG8e

are the most commonly used isoforms, as they are expressed

in various tissues and induced by various starvation and stress

conditions.18,19 As lipidated ATG8 migrates faster in SDS-PAGE

gel, the ratio of lipidated to unlipidated ATG8 serves as a

readout for autophagic activity. When delivered to the vacuole,

the ATG8 segment of GFP-ATG8 decays faster, leading to

accumulation of free GFP. Therefore, the ratio of GFP-ATG8

to free GFP is an indicator of autophagic activity.14 Although

ATG8-based autophagic flux assays have been successfully

employed to characterize starvation-induced autophagy mech-

anisms, so far, they have not been adopted for studying mi-

tophagy in plants.

Here, we studied uncoupler-induced mitophagy in the model

plant Arabidopsis thaliana. We used live-cell imaging and elec-

tron tomography to visualize the engulfment of the damaged

mitochondria by mitophagosomes. We supported our cell bio-

logical findings with autophagic flux assays to show autophagy

regulates the recycling of damaged mitochondria. We also

showed that Friendly (FMT) protein linked to the regulation of

mitochondria dynamics is recruited to mitochondria upon

damage. Consistently, fmt mutants have defects in the forma-

tion of mitophagosomes and mitochondrial turnover. Finally,

we demonstrate that de-etiolation also leads to the accumula-

tion of compromised mitochondria and their recycling via mi-

tophagy. Altogether, our findings establish a cell biological

and biochemical platform to further dissect mitophagy and

reveal a molecular player that is essential for mitophagy in

plants.

RESULTS

Uncoupler treatments induce accumulation of
depolarized mitochondria in Arabidopsis root cells
Uncouplers, such as DNP and FCCP, perturb the electrochemi-

cal potential of the inner mitochondrial membrane, triggering

mitochondrial recycling in mammalian cells.20 To test whether

these compounds also affect mitochondria in plant root tip cells,

we incubated Arabidopsis seedlings expressing mitochondrion-

targeted GFP (mito-GFP) in liquidMSmedium containing DNP or

FCCP (Figure 1). Our live-cell imaging and electron microscopy/

tomography of mitochondria were limited to cortex cells in the

root elongation zone for consistency. However, loss of mem-

brane potential and mitochondrial recycling were observed in

all cell types. To differentiate depolarized mitochondria, we

pre-stained root cells with tetramethylrhodamine ethyl ester

(TMRE), a fluorescent dye sensitive to membrane potential.21

Normal mitochondria are seen as yellow puncta from dual
1932 Current Biology 31, 1931–1944, May 10, 2021
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fluorescence emitted fromGFP and TMRE, although depolarized

mitochondria will be green as TMRE will not fluoresce upon

membrane depolarization.

Under normal conditions, depolarized mitochondria were

rare in mito-GFP roots (Figure 1A). When mito-GFP roots

were incubated with DNP, the numbers of depolarized

mitochondria increased significantly (Figures 1A and 1C). Inac-

tivation of an essential macroautophagy gene, ATG5, in the

mito-GFP line (atg5-1::mito-GFP) led to the accumulation of

depolarized mitochondria in DNP-treated as well as untreated

roots, indicating that removal of depolarized mitochondria re-

quires ATG5 (Figures 1B and 1D). The addition of concanamy-

cin A (ConA), an inhibitor of vacuolar H+-ATPase that disrupts

protein transport to the vacuole, led to further buildup of mito-

chondria lacking membrane potential in mito-GFP roots, indi-

cating vacuole is the final destination for these depolarized

mitochondria. Interestingly, ConA did not lead to a similar

buildup of depolarized mitochondria in atg5-1::mito-GFP roots

(no significant difference [n.s.] in Figure 1D). These observa-

tions agree with the inhibition of autophagic degradation by

ConA15,22 and suggest that depolarized mitochondria are re-

cycled via the macroautophagy machinery in Arabidopsis

root cells.

FCCP was a more potent uncoupler than DNP, depolarizing

almost all mitochondria at a lower concentration after 1 h (Fig-

ure 1). In the following analyses, however, we employed DNP

to trigger mitophagy because its slower action facilitated the

monitoring of the mitophagy dynamics via cell biological and

biochemical assays.

Uncoupler treatments induce autophagy
To examine whether autophagosome formation is induced

following the uncoupler stress, we visualized a member of the

Arabidopsis ATG8 family, ATG8e, fused with a YFP (YFP-

ATG8e). Under normal conditions, we rarely observed puncta;

most of the ATG8 signal was diffuse. However, the number of

YFP-ATG8e foci significantly increased in root cells upon DNP

treatment in a time-dependent manner (Figures 2A and 2B).

Immunoblot analyses of wild-type (WT) root cells with ATG8 anti-

body revealed a faint lower band, which becamemore abundant

in root samples incubated with DNP (Figure 2C). The lower band

was absent in atg5-1 mutant root samples, irrespective of DNP

exposure (Figure 2C). If protein extracts from DNP-treated WT

root samples were incubated with phospholipase D (PLD), the

lower band disappeared, confirming it represents the lipidated

form of ATG8 (Figures 2D and 2E). Altogether, these results sug-

gest that ATG8 lipidation, thereby autophagy, is induced upon

DNP treatment in an ATG5-dependent manner.

We then performed fluorescent protein cleavage assay to

measure autophagic flux in DNP-treated cells. A free YFP poly-

peptide was detected in YFP-ATG8e samples, and its amount

increased over time with a concomitant drop in YFP-ATG8e (Fig-

ures 2F and 2G). No free mCherry was discerned in the immuno-

blot of mCherry-ATG8e::atg5-1 by an anti-mCherry antibody

(Figure 2C). DNP treatment did not affect the autophagic flux

of Neighbor of BRCA1 (NBR1), a commonly used autophagy

substrate (Figure 2F).23 These data suggest that uncoupler treat-

ment activates a selective autophagy pathway to recycle depo-

larized mitochondria.
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Figure 1. Accumulation of depolarized mitochon-

dria in Arabidopsis after uncoupler treatments

(A and B) Uncoupler-treatment-induced mitochondria de-

polarization. Confocal micrographs of wild-type (A) and

atg5-1 (B) root cells expressing a mitochondrion-targeted

GFP (mito-GFP) after incubation with DMSO (control), DNP

(50 mM), FCCP (10 mM), ConA (0.5 mM), DNP + ConA, or

FCCP + ConA for 1 h. Mitochondria were pre-stained with

TMRE. Normal mitochondria exhibit yellow fluorescence,

although depolarized mitochondria exhibit green fluores-

cence (arrows) in DMSO or DMSO + ConA panels in the

merged image columns. Note that most mitochondria are

round. Scale bars, 8 mm.

(C and D) Bar charts illustrating percentages of depolarized

mitochondria in wild-type (WT) and atg5-1 root cells ex-

pressing mito-GFP at each treatment condition. Bars

represent the mean (±SD) of three biological replicates,

each generated from three technical replicates. About 500

mitochondria from 10 cells (five root samples) were coun-

ted per condition. Asterisks (*) denote significant differ-

ences from the DMSO control (one-way ANOVA; **p < 0.01;

***p < 0.001; ****p < 0.0001; n.s., no significant difference).
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Figure 2. Uncoupler-induced autophagy in

Arabidopsis

(A) Autophagosome formation is induced upon

DNP treatment. Arabidopsis YFP-ATG8e seed-

lings were incubated in DNP solution (0–4 h) before

imaging. Scale bars, 8 mm.

(B) Numbers of YFP-ATG8e puncta after incu-

bating with DNP (50 mM). Confocal micrographs of

50 root cortex cells from five roots were examined

for counting puncta at each time point (one-way

ANOVA; ****p < 0.0001).

(C and D) DNP-induced ATG8 lipidation. Total

protein extracts were prepared from Arabidopsis

root cells following incubation in DNP for 2 h and

examined by immunoblot analysis with an anti-

ATG8 antibody. White arrowheadsmark ATG8. An

additional polypeptide became enriched in the

membrane fraction when WT cells were incubated

with DNP (black arrowhead), but not in atg5-1

cells. For phospholipase D (PLD) digestion (D),

total protein extract (TE), soluble (S), and mem-

brane (mem) fractions were separated. The addi-

tional polypeptide (black arrowhead) became en-

riched in the membrane fraction from DNP-

incubated samples, which was reduced after PLD

treatment.

(E) Bar chart showing polypeptide intensity ratios

of lipidated ATG8 to free ATG8 in (D). Bars repre-

sent the mean (±SD) of three biological replicates

(unpaired t test; *p < 0.05).

(F) ATG8 cleavage assays of DNP-treated WT and

atg5-1 seedlings expressing YFP-ATG8e or

mCherry-ATG8e, respectively. Protein extracts

were prepared from Arabidopsis seedlings

exposed to DNP (50 mM) and subjected to immu-

noblot analysis with anti-GFP or anti-mCherry

antibody. Note that NBR1 amounts did not

change. Actin (ACT) was used as loading control.

(G) Bar chart illustrating polypeptide intensity ra-

tios of free YFP to YFP-ATG8e in (F). Bars repre-

sent the mean (±SD) of three biological replicates

(one-way ANOVA; *p < 0.05; ****p < 0.0001).
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Damaged mitochondria are selectively engulfed by
autophagosomes in uncoupler-treated root cells
We then examined whether DNP-induced autophagosomes

were indeed engulfing mitochondria by staining YFP-ATG8e

root cells with MitoTracker Red (MTR). Unlike TMRE, which is

quickly washed off from mitochondria upon depolarization,

MTR is retained after depolarization, making it a better stain for

monitoring mitophagy in live cells.24 YFP-positive puncta were

seen in the vicinity of mitochondria (Figure 3A). In higher magni-

fication micrographs, we were able to identify ATG8e-specific

fluorescent structures resembling open pouches that contain

mitochondria (arrowheads, Figure 3B). We were also able to

observe mitochondria that were entirely surrounded by YFP-

ATG8e rings (white arrow, Figure 3B). In time-lapse, live-cell

imaging analysis, YFP-ATG8e pockets partially enclosing amito-

chondrion were seen to grow, eventually encapsulating the
1934 Current Biology 31, 1931–1944, May 10, 2021
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mitochondrion in a 300-s time frame (Figure 3C). These autopha-

gic compartments (i.e., mitophagosomes) were approximately 1

to 2 mm in diameter, and each carried a single mitochondrion.

A time-lapse movie revealed that small YFP-ATG8e puncta

arises near MTR-stained mitochondria and elongates to a semi-

circle, capturing a mitochondrion. This process took about

10 min (Video S1). Another video documented an incomplete mi-

tophagosome that expanded to fully engulf a mitochondrion

(Video S2). Elongating tips of phagophores stayed in contact

with the mitochondrial surface throughout their growth

(Figure S1). Based on these time-lapse, live-cell microscopy an-

alyses, we estimate that it takes about 15 min for mature mito-

phagosomes to develop from an initial YFP-ATG8 puncta on a

mitochondrion.

We then cryofixed root samples and performed transmission

electron microscopy (TEM) analysis. Mitochondria in control
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Figure 3. Selective engulfment of depolar-

ized mitochondria by autophagosomes in

Arabidopsis after uncoupler treatment

(A and B) Confocal micrographs of Arabidopsis

root cells expressing YFP-ATG8e stained with

MitoTracker Red (MTR) and incubated with DNP

for 1 h. The mitochondria associated with YFP-

ATG8e are indicated with arrowheads in (B). A

mitochondrion completely enclosed in circular

ATG8e fluorescence ismarkedwith a white arrow.

Empty YFP fluorescence circles were also

observed (gray arrow in B). Scale bars, 5 mm.

(C) Time-lapse imaging of a mitophagy event in an

Arabidopsis root cell. YFP-ATG8e encircled a

mitochondrion (arrowhead) over 5 min. Scale bar,

5 mm.

(D–F and J) Electron tomograms of mitochondria

(M) in Arabidopsis WT root cells incubated with

DMSO or DNP. Mitophagosomes (MPh) are

assembled in the vicinity of the mitochondria.

Note that the phagophore tips (black arrowheads)

are in contact with themitochondrial surface in (E).

(G–I and K). Three-dimensional models of the

mitophagosome (MPh) and its cargo (M) based on

tomograms in (D)–(F) and (J). Mitophagosome

(white), mitochondria outer membrane (red),

cristae (green), aggregates in the matrix (blue),

and ER (yellow) were rendered into 3D surfaces.

(L) TEM micrograph of abnormal mitochondria in

an atg5-1mutant root cell. Mitophagosomes were

not found in the mutant cells. Scale bars, 500 nm.

See also Figure S1 and Videos S1 and S2.
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samples had smooth cristae that are evenly dispersed in the ma-

trix (Figures 3D and 3G). By contrast, mitochondria in DNP-

treated cells had electron-dense precipitates in their matrix,

some of which were engulfed by double-membraned mitopha-

gosomes (Figures 3E–3K). Serial section TEM of mitophago-

somes showed that one mitochondrion was contained per
Current B
138
autophagosome, and no other organelles

were identified in autophagosomes (Fig-

ures S1B and S1C), in agreement with

our live-cell imaging results (Figures 3B

and 3C). Electron tomography analysis

revealed that, in contrast to free mito-

chondria, mitochondria sequestered in

mitophagosomes have dark precipitates

in the matrix and fewer cristae (Figures

3G–3K). Arabidopsis atg5-1 root cells

had many mitochondria exhibiting the

signs of internal degradation (i.e., dark

aggregates and collapsed cristae), but

they were not associated with mitopha-

gosomes (Figure 3L). Altogether, these

results show that plant cells selectively

recycle damaged mitochondria via

autophagy that involves ATG5.

To further investigate mitochondria

elimination during uncoupler-induced

mitophagy, we carried out immunoblot

assays to assess the levels of mitochon-
drial proteins in Arabidopsis WT and atg5-1 mutant lines. Levels

of outer mitochondrial membrane (OMM) proteins, peripheral-

type benzodiazepine receptor (PBR), and voltage-dependent

anion channel 1 (VDAC1); inner mitochondria membrane (IMM)

proteins, cytochrome oxidase subunit II (COXII), and L-galac-

tono-1,4-lactone dehydrogenase (GLDH); and mitochondria
iology 31, 1931–1944, May 10, 2021 1935
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matrix (MM) protein isocitrate dehydrogenase (IDH) were all

reduced upon uncoupler treatment, and the extent of reduction

increased in later time points (Figure 4A; 1–4 h). The protein

decay was dependent on vacuolar transport, as the addition of

ConA prevented the degradation (Figure 4C). Furthermore, mito-

chondrial protein levels did not change significantly in DNP-

treated atg5-1 mutant samples, indicating that ATG5 is required

for protein degradation (Figures 4C–4E).

Interestingly, OMM proteins exhibited faster decay rates in

comparison with IMM and matrix proteins. Because OMMs

could also be recycled by the proteasome,25 we assayed

OMM protein amounts after inhibiting proteasome activity with

MG132. Supplementing the inhibitor indeed stabilized OMM

proteins, but not IMM or matrix proteins (Figures 4D and 4E).

Consistently, when we isolated mitochondria-enriched fractions

from DNP-treated Arabidopsis root samples by sucrose gradi-

ents, the amount of ubiquitinated proteins was further increased

by MG132 treatment (Figure S2A). These experiments suggest

that proteasome and autophagy cooperate to degrade OMM

proteins, as was observed by Tanaka et al.,26 whereas IMM

and matrix proteins are primarily degraded by autophagy

upon the loss of membrane potential. We also observed a

reduction in mitochondrial protein amounts after inducing bulk

autophagy by growing Arabidopsis seedlings in nitrogen starva-

tion media. However, nitrogen-starvation-induced mitochon-

drial protein recycling was milder, indicating starvation induces

basal mitophagy (Figure S2B). Altogether, these experiments

suggest uncoupler treatments induce a rapid mitophagy pro-

cess that is dependent on ATG5. Uncoupler treatments also

induce ubiquitination of the outer mitochondrial membrane,

where both autophagy and proteasome work together to

recycle ubiquitinated proteins (Figure 4E).

Friendly is essential for uncoupler-induced mitophagy
Studies in metazoan cells have indicated that the mitochondrial

network is fragmented prior to mitophagy.27,28 In Arabidopsis,

FMT, a clustered mitochondria (CLU) family protein, was shown

to play essential roles in mitochondrial dynamics.29 We tested

whether FMT is implicated in mitophagy using our uncoupler-

treatment-induced mitophagy setup. Root cells expressing

FMT-YFP exhibited diffuse cytosolic fluorescence. Upon DNP

treatment, FMT-YFP formed puncta that colocalized with mito-

chondria (Figure 5A). Strikingly, when we localized FMT-YFP

and ATG8 with immunofluorescence microscopy, colocalization

of FMTwith ATG8 significantly increased uponDNP treatment, in

contrast to control treatments (Figure 5B). Pull-down experi-

ments further showed that uncoupler treatment led to a specific

association of FMT-YFP with ATG8, suggesting that FMT-YFP is

recruited to mitophagosomes (Figure 5C). In WT root cells ex-

pressing mCherry-ATG8e and mitochondria-targeted GFP,

ATG8e-labeled vesicles engulfed mitochondria upon uncoupler

treatment (Figure 5D, upper row). In fmt mutant, ATG8 puncta

assembled on themitochondrial surface. However, these puncta

failed to engulf the mitochondria, forming incomplete mitopha-

gosomes (Figure 5D, lower row). TEM imaging of the fmtmutant

provided further evidence for stunted mitophagosomes with

disconnected edges (Figure 5D, arrowheads). Quantification of

mitophagosomes in WT and fmt mutant cells showed that, in

contrast to the WT cells, fmtmutants had less mitophagosomes,
1936 Current Biology 31, 1931–1944, May 10, 2021
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most of which failed to develop into mature mitophagosomes

(Figure 5E). Altogether, these experiments show that FMT is

essential for depolarization-induced mitophagosome formation

in Arabidopsis root cells.

We then set out to investigate mitophagy defects in fmt mu-

tants using TMRE staining and immunoblot-based autophagic

flux assays. Clusters of mitochondria is a distinctive feature of

fmt root cells (Figure 6A). Depolarized mitochondria were more

abundant in fmt than WT cells (Figures 6A–6C). Swollen

mitochondria displaying indications of mitochondrial damage,

such as dark aggregates and loss of cristae, were readily dis-

cerned in TEM micrographs of the mutant cells (Figures S3A

and S3B). Such abnormal mitochondria were also enriched in

atg5-1 mutant cells (Figure 1). Immunoblot analyses using

mitochondrial compartment-specific antibodies indicated that

mitochondrial protein degradation was delayed in fmt mutant

(Figures 6D and S3C). Even after 6 h of DNP stress, fmtmutants

displayed a significant defect in mitochondrial protein

elimination (Figure 6E), showing that FMT is required for

mitophagy-mediated protein recycling in Arabidopsis.

Cotyledon greening during de-etiolation is affected in
atg5-1 mutant seedlings
The etioplast is a type of plastid that develops in seedlings germi-

nated under darkness. Upon light exposure, seedlings undergode-

etiolation, which involves transformation of etioplasts into

chloroplasts.30 Because mitochondrial and chloroplast functions

are interlinked,31 we hypothesized that the mitochondrial popula-

tion might be adjusted during de-etiolation. First, we monitored

the greening of cotyledonswhendark-grown seedlingswere illumi-

nated with light. Chlorophyll contents increased gradually over a

12-h period, with a significant rise 6 h after illumination (Figures

7A and 7B).Whenwemeasured amounts ofmitochondrial proteins

in cotyledon samples, levels of the proteins dropped in the 6- to 8-h

period after illumination, but they recovered in the later time point

(Figures 7C and S4B). The swing in the mitochondrial protein con-

centrations suggests a period of accelerated mitochondria recy-

cling at around 8 h. To verify this observation and see whether

de-etiolation-induced mitochondria recycling is linked to mito-

chondrial membrane depolarization, we examined cotyledon cells

with TMREstaining.Weobserveda significant increase in the num-

ber of depolarizedmitochondria at 6–8 h after light illumination (Fig-

ures 7D and S4A). In agreement with our western blot and TMRE

staining assays,we frequently observedmitophagosomes in trans-

mission electron micrographs of cotyledon cells that were fixed 6–

8 h after illumination (Figures 7E, 7F, S4B, and S4C).

In atg5-1 or fmt mutant seedlings, cotyledon greening was

significantly delayed (Figures 7A and 7B). Furthermore, western

blot-based flux assayswith compartment-specific antibodies re-

vealed lack of mitochondrial protein level fluctuations in both

atg5-1 and fmt mutant cells (Figure 7C). Finally, TEM micro-

graphs obtained from cotyledons of 6–8 h illuminated atg5-1

and fmt mutant cells showed accumulation of compromised

mitochondria (indicated with arrows pointing to dark aggre-

gates), without any discernable mitophagosome formation

(Figures 7E, 7F, S4C, and S4D). In sum, these results indicate

de-etiolation leads to loss of mitochondrial membrane potential

and triggers ATG5- and FMT-dependent mitophagy in

Arabidopsis.
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Figure 4. ATG5-dependent degradation of

mitochondrial proteins in uncoupler-treated

Arabidopsis root cells

(A–C) Immunoblot analyses of uncoupler-induced

mitochondrial protein degradation in Arabidopsis

WT and atg5-1 seedlings. WT and atg5-1 mutant

Arabidopsis roots were incubated in DNP solution

for 1–4 h or nitrogen starvation (�N) solutions for

1 day before analysis. For outer mitochondrial

membrane (OMM) proteins, PBR and VDAC1; for

inner mitochondrial membrane (IMM), COXII and

GLDH; and mitochondrial matrix IDH were exam-

ined. Concanamycin A (ConA) was added to the

treatment in (B). Proteasome inhibitor MG132 was

added in (A). An ER membrane protein, SMT1, was

used as a loading control.

(D) Line charts illustrating degradation rates of

OMM, IMM, and MM protein in WT treated with

DNP (WT), atg5-1 treated with DNP (atg5-1), and

WT treated with DNP and MG132 (WT + MG132).

(E) Bar charts showing amounts of mitochondria

membrane proteins after the three treatments,

namely, DMSO 4 h (control), DNP 4 h, and nitrogen

starvation (�N). Protein extracts from WT, WT +

MG132, and atg5-1 were examined. The poly-

peptide intensity values were normalized to that of

an endoplasmic reticulum (ER) protein, SMT1. Bars

represent the mean (±SD), and asterisks (*) indicate

significant decreases from that of the control

(DMSO 4 h, C; two-way ANOVA; *p < 0.05; **p <

0.01).

See also Figure S2.
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Figure 5. Association of Friendly with damaged mitochondria and ATG8 upon uncoupler treatment

(A) DNP treatment led to the recruitment of Friendly (FMT) to mitochondria. Confocal micrographs of Arabidopsis root cells expressing a YFP-tagged FMT

(FMT-YFP) pre-stained with MTR are shown. FMT-YFP seedlings were incubated with DMSO or DNP for 2 h before imaging. Scale bars, 8 mm.

(legend continued on next page)
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DISCUSSION

Research in the last decade has transformed autophagy from a

bulk degradation system to a highly selective cellular quality con-

trol pathway that rapidly removes toxic or superfluous macromol-

ecules.32,33 Especially organelles that get damaged due to meta-

bolic and physiological stress conditions are mainly recycled via

distinct selective autophagy pathways.6 Consistently, in all the eu-

karyotes tested so far, autophagy is essential for adapting to envi-

ronmental changes.12,34 Despite the significant advancesmade in

the metazoan selective autophagy field, how plants recycle their

organelles is still mostly unknown. Although the core autophagy

machinery that mediates the autophagosome formation is highly

conserved in plants, selective autophagy receptors and adaptors

responsible for recognizing and recruiting damaged organelles to

the autophagosomes are not well conserved.12 For example, up

to eight different receptor proteins and dozens of accessory pro-

teins have been shown tomediate variousmitophagy pathways in

mammalian cells.3 Homologs ofmost of those proteins are absent

in plant genomes, implying plant mitophagy have followed a

different evolutionary path, likely due to the presence of another

endosymbiont in the cell.

Here, we have established a detailed toolbox to study mitoph-

agy in plants. We have shown that protonophore uncouplers

specifically induce mitophagy, similar to metazoans. Our find-

ings also revealed high levels of mitophagy during de-etiolation,

a fundamental developmental step that allows plants to harness

daylight following germination. Our studies also revealed a mo-

lecular player, the FMT protein, that is essential for mitophagy.

Recycling of compromised mitochondria in plant cells
We were able to discern signs of damages in mitochondria after

incubation with uncouplers (Figure 3). They had dark aggregates

and shriveled cristae in the matrix, and these mitochondria were

selectively captured by mitophagosomes. Impaired mitochondria

were rare in DMSO control samples but frequently observed in

TEM images of atg5-1 and fmtmutants (Figures 7 and S3). These

results indicated that the aberrantmitochondria correspond to de-

polarized mitochondria. Sperm mitochondria in cryofixed

C. elegans oocytes also exhibited similar ultrastructural features,

and they losemembranepotential upon fertilization.21,35However,

we did not observe large ruptures inmitochondrial membranes re-

ported in TEM analysis of mammalian mitophagy, where cells

were preserved by chemical fixation.36

An intriguing feature that we noticed in our TEM analysis is that

tips of the elongating phagophores were in contact with the
(B) FMT-YFP puncta colocalize with autophagosome marker ATG8 after DNP tr

processed for immunofluorescence microscopy localization with an anti-GFP and

ATG8 puncta are indicated in the merged panels. Overlapping puncta were coun

bars, 5 mm.

(C) FMT associates with ATG8 upon DNP treatment. Arabidopsis root cells exp

immunoprecipitation using GFP-trap, and analyzed with immunoblotting (IB).

(D) Confocal micrographs of Arabidopsis WT and fmt root cells expressing a m

seedlings were incubated with DNP for 1 h before imaging. Scale bars, 8 mm. TEM

the condition in (A). Arrowheads point to defective phagophores in the fmt muta

marked with an arrow. Scale bars, 500 nm.

(E) Ratio of coherent and disconnected mitophagosomes observed in confocal m

biological replicates from more than ten individual WT or fmt root samples after

See also Figure S3.
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mitochondrial surface (Figure 3E, arrowheads). This observation

is consistent with the YFP-ATG8e fluorescence that expanded

tightly overmitochondria in the time-lapse recordings (Figure 3C;

Video S2). The affinity between the autophagosome membrane

and mitochondria explains why mitophagosomes usually have

one damaged mitochondrion, ensuring selective recycling. It

also suggests highly specific protein interaction networks that

involve mitophagosomes and mitochondrial surface proteins

drive mitophagy.

In mammalian cells in which mitochondria undergo cycles of

fusion and fission, it takes longer than 12 h of incubation with

uncoupler compounds for inducing mitophagy. Mitochondria

in Arabidopsis root cells are mostly round, indicating that mito-

chondria fission dominates over fusion,37 and the differential

mitochondrial organization could explain the rapid onset of

mitophagy in our plant root cell system. The mitochondrial

dynamics in mammalian cells collaborates for maintaining a

healthy mitochondrial pool; fusion can rescue damaged mito-

chondria via diluting their injuries although fission singles out

aberrant mitochondria for mitophagy.38 Fission also keeps

the mitophagy activity from spreading to uninjured regions of

the mitochondria network.39 By contrast, individual mitochon-

dria in the root cell have to deal with the depolarization stress

by themselves. Some plant cells, including seed cells after

germination or shoot apical meristem cells, have elongated

mitochondria constituting a network.40,41 These cells are better

for testing whether mitochondria fragment in response to un-

coupler stresses and studying the roles of mitochondrial fission

in plant mitophagy.

FMT is essential for mitophagy in plants
FMT is required for normal mitochondria distribution in the plant

cell, possibly regulating the interaction between individual

mitochondria before fusion.29We have shown that DNP-induced

mitochondria recycling is affected in fmt mutant cells, and FMT

associates with ATG8 after mitochondrial damage (Figure 5).

These results suggest that FMT contributes to autophagosome

assembly during mitophagy. Because FMT is a protein shuttling

between the cytosol and mitochondria, it is tempting to specu-

late that FMT may engage in an autophagy receptor/adaptor

complex through which the core autophagy machinery is re-

cruited to mitochondria. Both fmt and atg5-1 mutants exhibited

increased depolarized mitochondria and inhibition of mitochon-

drial protein degradation after DNP treatment (Figures 1 and 6).

However, inactivation ofATG5 had stronger impacts on the elim-

ination of damaged mitochondria than FMT mutation and
eatment. FMT-YFP seedlings were incubated with DMSO or DNP for 2 h and

an anti-ATG8 antibody. The percentages of FMT-YFP puncta overlapping with

ted from five root samples. Cells were outlined with white dashed lines. Scale

ressing FMT-YFP were incubated with DMSO or DNP for 2 h, subjected to

ito-GFP and mCherry-targeted ATG8e (mCherry-ATG8e). WT or fmt plants

photos showmitochondrial phagophores (MPh) aroundmitochondria (M) under

nt cell in both confocal and TEM micrographs. An aggregate in the matrix is

icrographs of WT and fmt root cells. Bars represent the mean (±SD) of three

1 h DNP treatment.
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Figure 6. Defective elimination of depolar-

ized mitochondria in the Arabidopsis

friendly mutant

(A) Confocal micrographs of fmt root cells

expressing a mito-GFP. fmt mutant roots were

pre-stained with TMRE and incubated under

conditions specified in each row for 1 h before

imaging. Several normal mitochondria emitting

yellow fluorescence and depolarized mitochon-

dria emitting green fluorescence are denoted with

arrows in the merged image column. Mitochondria

clusters distinctive of fmt mutant cells are en-

closed in dashed ovals. Scale bars, 8 mm.

(B and C) Bar charts illustrating percentages of

depolarized mitochondria in WT and fmt (A) root

cells expressing mito-GFP for each treatment

condition. Bars represent the mean (±SD) of three

biological replicates. About 500 mitochondria

from 10 cells (five root samples) were counted per

condition for fmt, and about 100 mitochondria

were counted per condition for WT. DNP and

ConA led to increased numbers of depolarized

mitochondria in the fmtmutant root cells (one-way

ANOVA; *p < 0.05; **p < 0.01; ***p < 0.001; ****p <

0.0001).

(D) Mitochondrial protein degradation in fmt

mutant. Arabidopsis fmt mutant roots were incu-

bated in DMSO (C), DNP solutions for 1–6 h, or

nitrogen starvation (�N) solutions for 1 day.

Mitochondrial proteins explained in Figure 4 were

analyzed.

(E) Inhibition of mitochondrial protein degradation

in fmt root cells. Polypeptide intensity values in

immunoblots were normalized with that of the

SMT1 protein. The graph illustrates the percent-

age ratios of normalized intensity of the DNP-

treated samples to the DMSO control sample.

Results from fmt samples after 4 h and 6 h treat-

ment and WT after 4 h treatment are shown. Bars

represent the mean (±SD; two-way ANOVA; *p <

0.05; **p < 0.01; ***p < 0.001).

See also Figure S3.
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blocking the vacuolar transport amplified the DNP effect in fmt

mutant (Figure 6B), but not in atg5-1 (n.s. in Figure 1D), suggest-

ing there are other mitophagy pathways in addition to FMT-

mediated mitophagy.

FMT is a highly conserved protein with orthologs in evolution-

arily distant eukaryotes, including yeast and metazoans.42 The

Arabidopsis fmt mutant exhibits comparable phenotypes,

including clustered mitochondria next to the nucleus. The

Drosophila FMT homolog Clueless positively regulates PINK1/

Parkin-dependent mitophagy by suppressing mitochondrial

fusion.43Recent studies have shown thatmammalian FMThomo-

log CLUH could bind RNA to form granules. The CLUH granules

are involved in mitophagy and metabolic reprogramming via
1940 Current Biology 31, 1931–1944, May 10, 2021
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playing roles in the translation of particular

mRNAs.44,45 Plants lack PINK1/Parkin ho-

mologs. It needs to be investigated

whether FMT mediates mitophagy by

forming stress-activated granules or via a

PINK/Parkin-like pathway. Identification
of proteins or RNA interacting with FMT during uncoupler treat-

ments could help us understand the role of FMT in mitochondrial

quality control.

Mitochondrial recycling and chloroplast biogenesis
during de-etiolation
Reprograming the mitochondrial functions in response to

nutrient availability is critical for cell survival.46 In plant cells,

photosynthesis in chloroplasts and respiration in mitochondria

are coordinated for homeostasis of cellular energy levels and

redox status.47 Our results from greening Arabidopsis cotyle-

dons indicated that de-etiolation involves a wave of mitochon-

drial turnover (Figure 7), probably for rewiring the mitochondrial



Figure 7. Mitophagy in Arabidopsis cotyledon cells during de-etiolation

(A) Cotyledon greening after light exposure inWT, fmt, and atg5-1 seedlings. Darkfield stereomicroscopy photos showingWT, fmt, and atg5-1mutant cotyledons

at five time points (0–12 h) after illumination. Arabidopsis seedlings were grown for 7 days under darkness before the experiment. Scale bars, 1 mm.

(B) Increase in chlorophyll concentrations after light exposure. The chlorophyll samples from the three genotypes were extracted, and their OD values were

measured under 645 nm and 663 nm.

(legend continued on next page)
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metabolic network to adapt to photomorphogenesis and

salvaging raw materials for chloroplast biogenesis.

In skotomorphogenic seedlings, nutrients reserved in the

seed are mobilized to sustain growth and mitochondria are

required for the anabolic processes. When light is available,

the seedlings become photosynthetically active and capable

of autotrophic growth.48 It was shown that the electron trans-

port chain in mitochondria is decelerated in de-etiolating wheat

leaves and chloroplasts andmitochondria are functionally more

intertwined.49 Accumulation of depolarized mitochondria, as-

sembly of mitophagosomes, and rapid changes in mitochon-

drial protein levels in the greening cotyledon suggest cannibal-

ization of extant mitochondria. We speculate that the

developmentally programmed mitophagy could facilitate mod-

ulation of the mitochondrial pool and biosynthesis of macro-

molecules for constructing new organelles. The lack of mito-

phagosomes and the delay in greening of the atg5-1 and fmt

mutant cotyledon agrees with the notion. Altogether, our find-

ings present an example of inter-organelle communication

and how mitochondria-chloroplast crosstalk could underlie a

major developmental transition in plants.
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Antibodies

Rabbit polyclonal anti-GFP Abcam Cat# ab290; RRID: AB_303395

Rabbit polyclonal anti-YFP Agrisera Cat# AS111776

Rabbit polyclonal anti-mCherry Abcam Cat# ab167453; RRID: AB_2571870

Rabbit polyclonal anti-ATG8 Agrisera Cat# AS142769; RRID: AB_2889398

Rabbit polyclonal anti-ACT Agrisera Cat# AS132640; RRID: AB_2722610

Rabbit polyclonal anti-UBQ Agrisera Cat# AS08307A; RRID: AB_2256904

Rabbit polyclonal anti-NBR1 Agrisera Cat# AS142805

Rabbit polyclonal anti-VDAC1 Agrisera Cat# AS07212; RRID: AB_1031829

Rabbit polyclonal anti-COXII Agrisera Cat# AS04053A; RRID: AB_2292247

Rabbit polyclonal anti-GLDH Agrisera & PhytoAB Cat# AS06182; RRID: AB_1031731; Cat#

PHY0533S

Rabbit polyclonal anti-IDH Agrisera Cat# AS06203A; RRID: AB_2123280

Rabbit polyclonal anti-SMT1 Agrisera Cat# AS07266; RRID: AB_2193665

Rabbit polyclonal anti-ARF1 Agrisera Cat# AS08325; RRID: AB_1271007

Rabbit polyclonal anti-BiP Agrisera Cat# AS09481; RRID: AB_1832007

Rabbit polyclonal anti-PBR PhytoAB Cat# PHY0945S

Chemicals, peptides, and recombinant proteins

Murashige & Skoog Basal Salts Caisson Cat# MSP01

Plant-agar Plantmedia Cat# 40100072-4

Z-Leu-Leu-Leu-al Sigma-Aldrich Cat# C2211-5M

Concanavalin A Sigma-Aldrich Cat# L7647-1G

Ethylenediaminetetraacetic acid Sigma-Aldrich Cat# ED2SC-250G

Nonidet P-40 Sigma-Aldrich Cat# I8896-100ML

3,30-Dithiodipropionic acid di(N-

hydroxysuccinimide ester)

Sigma-Aldrich Cat# D3669-1G

Dimethyl-sulfoxide Sigma-Aldrich Cat# D8418-500M

2,4-Dinitrophenol Sigma-Aldrich Cat# D198501-1KG

Carbonyl cyanide 4-(trifluoromethoxy)

phenylhydrazone

Sigma-Aldrich Cat# C2920-50MG

phospholipase D Sigma-Aldrich Cat# P8398

Tetramethylrhodamine ethyl ester Thermo Fisher Cat# T669

MitoTracker Red Thermo Fisher Cat# M7512

Complete protease inhibitor cocktail Roche Cat# 11873580001

GFP-Trap Magnetic Agarose beads ChromoTek Cat# gtma-20

Embed-812 resin Electron Microscopy Sciences Cat# 14120

Osmium Tetroxide Electron Microscopy Sciences Cat# 19100

Experimental models: organisms/strains

Arabidopsis: Col-0 50 N/A

Arabidopsis: YFP-ATG8e 50 N/A

Arabidopsis: mCherry-ATG8e 50 N/A

Arabidopsis: atg5-1 50 N/A

Arabidopsis: fmt 29 N/A

Arabidopsis: Mito-GFP 29 N/A

Arabidopsis: Mito-GFP::atg5-1 This paper N/A
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Arabidopsis: Mito-GFP::fmt 29 N/A

Arabidopsis: Mito-GFP::mCherry-ATG8e This paper N/A

Arabidopsis: Mito-GFP::mCherry-ATG8e::fmt This paper N/A

Arabidopsis: FMT-YFP 29 N/A

Arabidopsis: mCherry-ATG8e::atg5-1 This paper N/A

Software and algorithms

Excel 2016 v.15.39 Microsoft https://www.microsoft.com

Prism 8 v.8.0.0 GraphPad Software https://www.graphpad.com

FIJI v.1.0 NIH https://imagej.nih.gov/ij/

Photoshop CC v.2017.0.0 Adobe https://www.adobe.com

IMOD v.4.9 University of Colorado https://bio3d.colorado.edu/imod/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the LeadContact, Byung-Ho

Kang (bkang@cuhk.edu.hk)

Materials availability
Transgenic plant seeds generated in this study will be made available on request, but wemay require a completedMaterials Transfer

Agreement if there is potential for commercial application.

Data and code availability
This study did not generate datasets or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Plant materials
YFP-ATG8e, mCherry-ATG8e, atg5-1, Mito-GFP, Mito-GFP::fmt and FMT-YFP seeds were generated for previous studies and ac-

quired from the research groups.29,50,51 mCherry-ATG8e::atg5-1, Mito-GFP xmCherry-ATG8e andMito-GFP xmCherry-ATG8e::fmt

were obtained by crossing the previously established lines.29,50,51 All transgenic lines were genotyped by PCR, and homozygous

lines were isolated before experiments.

Plant growth conditions
All Arabidopsis seeds were surface-sterilized and germinated on ½ Murashige and Skoog (MS) agar plate in a growth chamber at

21 �C with 16 hour (hr) light – 8 hr dark except for the de-etiolation experiments where seedlings were germinated under darkness.

METHOD DETAILS

Protein extraction and immunoblot analysis
Isolation of mitochondrial membrane proteins and fluorescence protein cleavage assay were carried out as described previ-

ously.50,52,53 Briefly, seven-day-old Arabidopsis seedlings were incubated in DMSO (Sigma-Aldrich, D8418-500M), 50 mM DNP

(Sigma-Aldrich, D198501-1KG), 50 mm MG132 (Sigma-Aldrich, C2211-5M) or 1 mm ConA (Sigma-Aldrich, L7647-1G) with indicated

times in liquid 1/2 MS (Caisson, MSP01) medium when necessary. Seedlings for the nitrogen starvation experiments were germi-

nated on half MS medium agar plate and then transferred to liquid half MS medium without nitrogen for one day. All of the protein

samples were subjected to 15% SDS-PAGE. Primary and secondary antibodies were diluted in 1x phosphate-buffered saline

(PBS). Antibodies against GFP (Abcam; ab290), YFP (Agrisera; AS111776), mCherry (Abcam; ab167453), ATG8 (Agrisera;

AS124769), Actin (ACT; Agrisera; AS132640), Ubiquitin (UBQ; Agrisera; AS08307A), neighbor of BRCA1 (NBR1; Agrisera;

AS142805), voltage-dependent anion channel 1 (VDAC1; Agrisera; AS07212), peripheral-type benzodiazepine receptor (PBR; Phy-

toAB; PHY0945S), cytochrome oxidase subunit II (COXII; Agrisera; AS04053A), L-galactono-1,4-lactone dehydrogenase (GLDH;

Agrisera; AS06182 for the immunoblot in Figures 4B and 6C, PhytoAB; PHY0533S for other immunoblots) and isocitrate dehydroge-

nase (IDH; Agrisera; AS06203A), Cycloartenol-C24-methyltransferase (SMT1; Agrisera; AS07266), ADP-ribosylation factor 1 (ARF1;

Agrisera; AS08325), Binding immunoglobulin protein (BiP; Agrisera; AS09481) were obtained from the indicated sources. We
e2 Current Biology 31, 1931–1944.e1–e4, May 10, 2021
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quantified band intensities from three replicate immunoblot analyses using ImageJ (https://imagej.nih.gov/ij/) and Microsoft Excel

2016 (https://www.microsoft.com/). The two-way ANOVA tests and graph preparation were carried out with GraphPad Prism8

(https://www.graphpad.com). Representative results from at least three independent immunoblot analyses were shown in the

figures.

ATG8 de-lipidation assay
Protein extraction methods for ATG8-delipidation were explained before.54 Seven-day-old Arabidopsis seedlings were incubated in

50 mM DNP for 2 hours before protein extraction. The total plant lysates were extracted in lysis buffer [50 mM Tris-HCl (pH 8.0),

150 mM NaCl, 0.5 mM Ethylenediaminetetraacetic acid (EDTA) and 1x Complete Protease Inhibitor Cocktail (Roche,

11873580001)] and then centrifuged at 14 000 rpm for 10 min at 4�C. The supernatant was centrifuged at 100 000 g for 1 hr, with

themembrane pellet then solubilized in lysis buffer containing 0.5% (v/v) Triton X-100. The solubilizedmembrane samples were incu-

bated at 37�C for 1 hr with 250 unit/ml of phospholipase D (PLD, Sigma-Aldrich, P8398) or an equal volume of the buffer. Protein

samples were subjected to 15% SDS-PAGE in the presence of 6 M urea and analyzed by immunoblot with an anti-ATG8 antibody.

Immunoprecipitation
Protein extraction and immunoprecipitation were performed as described previously.50 Seven-day-old Arabidopsis seedlings were

incubated in 50 mM DNP for 2 hr before protein extraction. Total plant lysates were centrifuged at 14000 rpm for 10 min at 4�C. The
supernatant was prepared in lysis buffer (10 mM Tris/HCl at pH 7.4, 150 mM NaCl, 0.5 mM EDTA, 5% glycerol, 0.2% Nonidet P-40,

and 2 mM dithiobis [succinimidyl propionate] containing 1x Complete Protease Inhibitor Cocktail) and then incubated with GFP-

TRAP agarose beads (ChromoTek, gtma-20) for 2 hr at 4�C. The beads were washed five times (4�C) in wash buffer (10 mM Tris/

HCl, pH 7.5, 150 mM NaCl, and 0.5 mM EDTA with 1x Complete Protease Inhibitor Cocktail) and then eluted by boiling in 2x SDS

sample buffer. Samples were separated by SDS-PAGE and analyzed by immunoblot using indicated antibodies.

Confocal microscopy and image processing
Confocal fluorescence images were acquired using an SP8 laser scanning confocal system with a 63x water-immersion lens (Leica

Microsystems). Seven-day-old Arabidopsis seedlings were incubated in DMSO, 50 mM DNP, 10 mM FCCP (Sigma-Aldrich, C2920-

50MG) or 0.5 mM ConA with indicated times in liquid half MS medium when necessary before imaging. Tetramethylrhodamine ethyl

ester (TMRE, Thermo Fisher, T669) andMitoTracker Red (MTR, Thermo Fisher, M7512) were used to stain Arabidopsis root cell mito-

chondria at 500 nm for 10 mins. For visualizing depolarized mitochondria in cotyledon cells, samples from each light exposure group

were stained with TMRE for 15 min before confocal microscopy imaging. A sequential acquisition was applied when observing fluo-

rescent proteins. Images were processed with Photoshop CC (https://www.adobe.com) and the microscopy data were evaluated

with one-way ANOVA tests using GraphPad Prism8 (https://www.graphpad.com).

Immunofluorescence labeling
The confocal immunofluorescence labeling was performed according to the method in Sauer et al.55 Seven-day-old Arabidopsis

seedlings expressing FMT-YFP were fixed with 4% paraformaldehyde in PBS supplement with 0.1% Triton X-100. After procedures

of cell wall digestion, plasmamembrane permeabilization, and blocking, the roots were incubated with anti-GFP and anti-ATG8 anti-

body overnight at 4�C for immunolabeling, and then were probed with Alexa 488 goat anti-chicken IgG (Thermo Fisher, Invitrogen, A-

11039) and Alexa 568 goat anti-rabbit IgG (Thermo Fisher, Invitrogen, A-11011) secondary antibody for confocal microscopy

imaging.

Chlorophyll extraction and measurement
Chlorophyll extraction and concentration measurement were performed as described before.56 Arabidopsis seedlings were germi-

nated under darkness for seven days and then exposed to light. 10 mg of fresh Arabidopsis seedlings were collected and ground in

700 mL pre-heated DMSO at 65�C for 30 minutes. The tissues were removed with a centrifuge at 6000 rpm for 10 minutes, and pre-

heated DMSO (300 ml) was added to make the final volume 1 ml. The OD value of the extractions were measured at 645 nm for chlo-

rophyll a and 663 nm for chlorophyll b with a NanoDrop spectrophotometer (Thermo Fisher) and chlorophyll concentration was calcu-

lated with the Arnon’s equations: Chlorophyll a (g l�1) = 0.0127A663 – 0.00269 A645; Chlorophyll b (g l�1) = 0.0229A645 – 0.00468A663;

total Chlorophyll (g l�1) = 0.0202A645 + 0.00802A663. The experiment was repeated three times for each genotype. Data analysis and

graph preparation were carried out with Microsoft Excel 2016 (https://www.microsoft.com/) and Prism8 (GraphPad Software;

https://www.graphpad.com), respectively.

TEM analysis, electron tomography, and 3d modeling
For TEM samples preparation, high-pressure freezing, freeze substitution, resin embedding, and ultramicrotomy were performed as

described before.57,58 In brief, Seven-day-old Arabidopsis seedlings were incubated in DMSO or 50 mMDNP for indicated times and

then rapidly frozen with an HPM100 high-pressure freezer (Leica Microsystems). The samples were freeze-substituted at �80�C for

72 hr, and excess OsO4 was removed by rinsing with precooled acetone. After being slowly warmed up to room temperature over
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48 hr, root samples were separated from planchettes and embedded in Embed-812 resin (Electron Microscopy Sciences, Cat. No.

14120). Thin sections (100 nm thick) prepared from sample blocks of each time point were examined with a Hitachi 7400 TEM (Hi-

tachi-High Technologies) operated at 80 kV.

For dual-axis tomography analysis, semi-thick sections (250 nm) were collected on formvar-coated copper slot grids (Electron Mi-

croscopy Sciences) and stained with 2% uranyl acetate in 70% methanol followed by Reynold’s lead citrate as described previ-

ously.48 Tilt series were collected from 60� to�60� (1.5� intervals) with a 200-kV Tecnai F20 intermediate voltage electronmicroscopy

(https://www.fei.com/). Tomogramswere reconstructed according to themethod in Toyooka and Kang (2014).59 To generatemodels

of complicated thylakoid membranes, we used the autocontour command (https://bio3d.colorado.edu/imod/doc/3dmodHelp/

autox.html) of the 3dmod software package as explained in Mai et al. (2017).60

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical comparisons were performed on data from three or more independent biological replicates (indicated in figure legends),

with similar data variances observed between different groups. All statistical data were calculated and graphed using GraphPad

Prism 8 (https://www.graphpad.com) or Microsoft Excel 2016 (https://www.microsoft.com/). We carried out statistical comparisons

between different groups from multi-variable and time-course data using two-way ANOVA with Tukey’s multiple comparisons test.

For data representing a single time-point and condition, we performed statistical comparisons between different groups using one-

way ANOVA with Tukey’s multiple comparisons test. Two-tailed unpaired Student’s t test was performed to compare the difference

between two groups. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s., no significant difference.
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6.5. Root hair lifespan is antagonistically controlled by autophagy 
and programmed cell death 

Root hairs are essential for plant nutrient and water uptake, yet the mechanisms 
regulating their lifespan remain poorly understood. The study shown in Chapter 6.6 
(Fent et al., 2025) demonstrates that autophagy plays a crucial role in maintaining root 
hair longevity by suppressing a developmentally programmed cell death (dPCD) 
pathway. Mutations in autophagy-related genes (ATG2, ATG5, ATG7) lead to 
premature root hair collapse, accompanied by ectopic activation of dPCD markers and 
cellular degradation. Genetic complementation and tissue-specific knockout 
experiments confirm that autophagy acts cell-autonomously to delay dPCD, 
independent of salicylic acid, jasmonic acid, or ethylene signaling. 

The dPCD pathway in autophagy-deficient root hairs depends on the NAC transcription 
factors ANAC046 and ANAC087, which regulate a conserved gene network associated 
with cellular senescence. Loss of these transcription factors rescues root hair viability 
in atg mutants, while their overexpression induces premature cell death. These findings 
reveal an antagonistic relationship between autophagy and dPCD in root hair survival, 
providing insights into how plants balance cellular maintenance and senescence. The 
study suggests that modulating autophagy or dPCD could enhance root hair 
persistence, potentially improving nutrient uptake and stress resilience in crops. 
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6.6. Appendix Manuscript 3: “Root hair lifespan is antagonistically 
controlled by autophagy and programmed cell death” 

Authors: Qiangnan Feng, Shihao Zhu, Xinchao Wang, Yujie Liu, Jierui Zhao, Yasin 
Dagdas, Moritz K. Nowack  

Contribution: For this manuscript, I desgined and performed mitochondria leakage 
experiment to confirm that Arabidopsis atg mutants behave premature root hair death. 

Status: This manuscript is currently a preprint on bioRxiv posted on March 19, 2025.  

DOI: https://doi.org/10.1101/2025.03.18.643910  
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Abstract 

Root hairs are tubular tip-growing extensions of root epidermal cells that enhance root surface 
area for water and nutrient uptake. While mechanisms governing root hair fate, polarity, and tip 
growth are well understood, the regulation of root hair longevity remains largely unknown. Here, 
we show that root hair cells employ high levels of autophagy to promote their lifespan. Loss-of-
function mutations in the autophagy regulators ATG2, ATG5, or ATG7 induce a premature, cell-
autonomous cell death program. This cell death is activated via a gene regulatory network 
downstream of the NAC transcription factors ANAC046 and ANAC087. Our findings uncover an 
antagonistic relationship between autophagy and developmentally controlled cell death in root 
hair lifespan regulation, with potential implications for optimizing plant nutrient and water uptake 
in crop breeding. 
 

Key words: autophagy, root hair, programmed cell death, PCD, senescence, NAC 

transcription factor, Arabidopsis thaliana 
 

Introduction 

Root hairs are important for plant growth and development, since they dramatically increase 
the root surface area available for water and mineral uptake, improve root anchoring in the 
soil, and facilitate signaling with the soil microbiome (Grierson et al., 2014). Root hair 
development occurs in four phases: cell fate specification, initiation of outgrowth in the basal 
cell region, tip growth maintenance, and growth arrest at maturity (Gilroy and Jones, 2000). 
The patterning of epidermal cells in root hair and non-root hair cells, and subsequent cellular 
differentiation is regulated by extensive gene regulatory networks (Vissenberg et al., 2020). 
Initiation and maintenance of root hair tip growth depends on additional transcription factors, 
cell wall-modifying enzymes, gradients of calcium and reactive oxygen species, and targeting 
of active ROPs to specific plasma membrane domains (Honkanen and Dolan, 2016; Zhang et 
al., 2022; Li et al., 2023). After having reached a certain length, root hairs enter the maturation 
stage, characterized by vacuolization of the apical root hair region and tip-growth arrest 
(Grierson et al., 2014). Subsequently, protoplast shrinkage and DNA fragmentation occur, 
hinting at a controlled degeneration process (Shishkova and Dubrovsky, 2005; Li et al., 2016; 
Tan et al., 2016). However, the mechanisms and pathways that control root hair life span 
remain largely unknown.   
 
Both autophagy and programmed cell death have been established as pathways determining 
cellular life span and organ senescence in animals and plants (Woo et al., 2019; Cassidy and 
Narita, 2022). Regulated cell death, or programmed cell death (PCD) is a highly organized 
process occurring in the context of regular development (dPCD), and as part of the reaction to 
environmental stresses or insults (ePCD) (Daneva et al., 2016). While the regulation of 
numerous PCD subroutines have been established in animal systems (Galluzzi et al., 2018), the 
molecular control of PCD in plants appears not to be conserved and is much less understood 
(Kacprzyk et al., 2024). Plant dPCD is controlled by gene regulatory networks which control the 
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expression of a suite of specific dPCD signature genes prior to PCD execution (Olvera-Carrillo 
et al., 2015). NAC transcription factors play key roles in controlling the timely onset of dPCD in 
several developmental contexts. Some coordinate tissue differentiation and dPCD preparation 
in a highly cell-type specific manner, e.g. SMB in the root cap (Fendrych et al., 2014) or VNDs 
in the xylem (Kubo et al., 2005; Ohashi-Ito et al., 2010). Others NAC factors appear to act 
further downstream in the dPCD regulatory network and are commonly upregulated in several 
dPCD contexts independent of the tissue type, like ANAC046 and ANAC087 that have been 
implicated in dPCD processes in the xylem, the root cap, stigmatic papilla cells, the endosperm, 
and leaves (Kim et al., 2014; Oda-Yamamizo et al., 2016; Gao et al., 2018; Huysmans et al., 
2018; Doll et al., 2023). 
 
In contrast to dPCD pathways, autophagy is highly conserved in eukaryotes, and regulated by 
a suite of established autophagy genes (ATGs). Autophagy acts as a quality control pathway, 
mediating the degradation of cellular components by targeting them to the lysosomes or 
vacuoles (Gross et al., 2025). In plants experiencing optimal growth conditions, autophagy 
operates at basal levels to maintain cellular homeostasis, but starvation and environmental 
stresses can upregulate autophagic activity to promote plant survival (Agbemafle et al., 2023). 
In contrast to these pro-survival functions, autophagy can promote the transition to cell death, 
for instance under nutrient starvation conditions in cell cultures (Teper-Bamnolker et al., 2021). 
In plant immunity, autophagy has been assigned pro-survival as well as pro-death roles, 
depending on context (Liu et al., 2005; Hofius et al., 2009). In the Arabidopsis root cap, 
autophagy has cell-type specific roles: It promotes cell sloughing as well as cell death and 
corpse clearance in root cap columella cells, but is dispensable for dPCD execution and corpse 
clearance in lateral root cap cells (Feng et al., 2022; Goh et al., 2022).  
 
Here, we report that defects in the canonical autophagy pathway of Arabidopsis causes the 
premature onset of dPCD signature gene expression specifically in root hairs. In line with this 
observation, we find that root hair longevity in different atg mutants is reduced by precocious 
activation of a root-hair specific dPCD process. Cell type-specific ATG knockout and transgene 
complementation confirmed the cell-autonomous pro-survival role of autophagy in root hairs. 
Interestingly, root hair cell death depends on ANAC046 and ANAC087, linking the pro-survival 
role of autophagy in root hairs to the suppression of canonical dPCD pathways. 

Results 

Root hair cells display intrinsically elevated autophagic activity 
Investigating root cell-type specific differences in autophagy processes, we imaged roots of 
Arabidopsis thaliana (Arabidopsis) wild-type and atg mutants expressing the autophagy 
reporter YFP-ATG8A. In the wild-type, we detected YFP-ATG8A both freely cytosolic and in a 
high number of punctate foci representing autophagosomes (APGs) in different root hair 
developmental stages (Figure 1A). By contrast, in atg7-2 and atg5-1 mutants, we detected a 
predominantly cytosolic YFP signal and significantly less APGs in mature root hair cells (Figure 
1B-D), suggesting an upregulation of canonical autophagy in this cell type. Using 
Concanamycin A (ConA) as a drug to allow quantification of autophagic delivery to the central 
vacuole, we counted significantly more YFP-ATG8A-positive autophagic bodies in vacuoles of 
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root hair cells than non-root hair cells, indicating intense autophagy activity also in young root 
hair cells (Figure 1E-F), suggesting that autophagy is highly activated throughout root hair 
development.  

 
Figure 1. Autophagy activation is increased in root hair cells. A-C, Representative confocal images 
of root hair cell from 5 days after germination (DAG) expressing pUBQ10:YFP-ATG8A in wild-type (WT) 
(A), atg7-2 (B) and atg5-1 (C). White arrows indicate autophagosomes (APGs). D, The quantification 
of APG in mature root hair cells. Results are means ± SD. 17-25 root hair cells from 5 roots of each 
genotype were analyzed. Means with different letters are significantly different (one-way ANOVA, 
Tukey’s multiple comparisons test, P < 0.05). E, Representative confocal images of roots from 
seedlings at 5 DAG expressing pUBQ10:YFP-ATG8A in WT, atg7-2 and atg5-1 mutant treated with 1 
μM ConA for 8 h. Non-root hair cell (atrichoblast) and root hair cell (trichoblast) were shown as N cell 
and H cell, respectively. F, The quantification of autophagic bodies in H cells treated with 1 μM ConA 
for 8 h as shown in (E). Results are means ± SD. N = 10 cells from 5 roots. **** indicates a significant 
difference (t test, P < 0.0001). Bars = 20 μm for A-C, 50 μm for E. 

 
Autophagy deficiency activates a premature dPCD process in root hair cells 
To investigate functions of autophagy in root hairs, we investigated root hairs of wild-type and 
atg mutants. While atg mutant root hair initiation and tip growth was indistinguishable from 
the wild type (Supplemental Figure 1A-D), we found collapsed root hairs in all but the most 
distal parts of 7-day old seedling roots (Figure 2A). Next, we generated transgenic lines 
expressing a ubiquitously expressed pUBQ10:ATG5-mCherry complementation construct in 
the atg5-1 mutant background. Three independent lines showed a complete restoration of the 
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root hair phenotype (Figure 2B), suggesting that autophagy is crucial determinant of root hair 
cell longevity in Arabidopsis.  
 
To test if root hair collapse displayed dPCD hallmarks, we introgressed promoter-reporters of 
the dPCD signature genes PASPA3 and RNS3 (Fendrych et al., 2014; Olvera-Carrillo et al., 2015) 
into atg mutants. While PASPA3 and RNS3 expression in the wild type is restricted to root cap 
and xylem cells preparing for dPCD (Fendrych et al., 2014; Olvera-Carrillo et al., 2015), atg 
mutants displayed ectopic PASPA3 and RNS3 expression in young root hair cells (Figure 2D-E, 
Supplemental Figure 1E-F). Notably, the ectopic PASPA3 expression is not present in ATG5-
mCherry complementation lines (Figure 2C). In line with reporter expression, we could 
observe cellular hallmarks of dPCD (Fendrych et al., 2014; Wang et al., 2024), including 
mitochondrial disintegration, nuclear envelope breakdown, and vacuolar collapse, in atg 
mutant root hairs (Figure 2D-E, Supplemental Figure 1G-H). As root hairs can be easily 
damaged by microscopy mounting, we followed root hair viability and death in seedlings 
grown in chambers that allow minimally invasive imaging of plants. In line with our previous 
results, atg5-1 mutant root hairs were dead, while wild-type root hairs in the same root region 
were alive (Supplemental Figure 2A). To address the question whether dPCD in atg mutant 
root hairs occurs ectopically or rather prematurely, we imaged root hairs of 14-day old plants 
during different stages of secondary growth and periderm development (Wunderling et al., 
2018). We found that root hair cells expressed the PASPA3 reporter and subsequently 
collapsed in the most mature root region just below the hypocotyl (Supplemental Figure 2B, C 
and F). In atg2-2 mutants, by contrast, root hairs expressed PASPA3 and subsequently 
collapsed in a much earlier stage (Supplemental Figure 2D, E and F), suggesting that autophagy 
deficiency severely reduces root hair life span by early activation of senescence-related dPCD.  
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Figure 2. The loss function of autophagy promotes precocious expression of PASPA3 and dPCD 
onset in root hairs. A, Representative primary roots from 7-day-old seedlings: WT, atg2-2, atg5-1 and 
atg7-2.  The right panel of each genotype shows a zoomed image of a part region of the left panel 
outlined in magenta. B, Representative primary roots from 7-day-old seedlings: three independent 
lines of pUBQ10:ATG5-mCherry in atg5-1 background. C, The quantification of root hair cells 
expressing PASPA3 in WT, atg mutants and complement lines (ATG5c). The name of lines 
pUBQ10:ATG5-mCherry in atg5-1 expressing pPASA3:TOIM was written as ATG5c. In total, 8-23 roots 
were analyzed for each genotype. **** indicates a significant difference (t test, P < 0.0001). D-E, 
Representative confocal images of roots from 5-day-old WT and atg mutants expressing 
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Autophagy promotes root hair longevity in a cell-autonomous fashion 
Seeing that autophagy is a systemically active process in plants, we next addressed the 
question if premature root hair cell dPCD was caused by lack of autophagy specifically in root 
hairs, or else a more indirect, non-cell autonomous effect of systemic autophagy deficiency. 
To this end, we generated root-hair specific complementation lines, expressing ATG5-mCherry 
under the root hair-specific promoter of ARABIDOPSIS THALIANA EXPANSIN A7 (pE7) (Cho and 
Cosgrove, 2002; Won et al., 2009). As autophagy has been implicated in xylem maturation 
(Kwon et al., 2010) and in the restriction of cell death to specific xylem cell types (Escamez et 
al., 2016; Escamez et al., 2019), we used the xylem- specific promoter IRREGULAR 
XYLEM1/CELLULOSE SYNTHASE8 (pIRX1) (Turner and Somerville, 1997; Taylor et al., 2000) 
controlling ATG5-mCherry to test if root hair cell death was dependent on xylem autophagy 
(Figure 3A). We established three independent lines of pE7:ATG5-mCherry that showed a 
complete rescue of the atg5-1 phenotype, both the early expression of PASPA3 (Figure 3B) and 
root hair degeneration (Figure 3C). By contrast, we could not find any line of pIRX1:ATG5-
mCherry that showed complementation (Figure 3B and D).  
Next, we used a tissue-specific knockout approach, CRISPR-TSKO (Decaestecker et al., 2019; 
Bollier et al., 2021), expressing Cas9 and a polycistronically attached P2A-mCherry-NLS 
sequence under the pE7 promoter. Combined with previously reported guide RNAs (gRNAs) 
targeting ATG2 (Feng et al., 2022), we generated pE7:Cas9;ATG2 (Supplemental Figure 3A). The 
construct was transformed into wild-type plants carrying pPASAP3>>H2A-GFP (Fendrych et al., 
2014), and two independent lines with high expression levels of mCherry-NLS in root hair cells 
were established (Supplemental Figure 3B). While these lines showed a significant rise of 
pPASPA3>>H2A-GFP activity in root hairs, they did only partially phenocopy the premature 
root hair collapse of atg2-2 mutants (Supplemental Figure 3C-D). To test if this is due to the 
late activation of pE7 in the course of root hair development, we repeated the experiment 
with Cas9 driven by the promoter of ROOT HAIR DEVELOPMENT6 (pRHD6) (Figure 3E), which 
is activated already in the immature root hair cell files in the root meristem (Menand et al., 
2007). Three independent lines of pRHD6:Cas9;ATG2 showed not only early pPASPA3 reporter 
expression (Figure 3F and 3H), but also a root hair degradation phenotype similar to the atg2-
2 mutant (Figure 3G). Taken together, these results demonstrate a cell-autonomous function 
of autophagy in promoting root hair longevity by suppressing senescence-induced dPCD. 
 

pPASPA3>>H2A-GFP (D) or pPASPA3:TOIM (E). Arrowheads outlined in white indicate that H2A-GFP 
(D) signals or TOIM (E) were observed in root hair cells of atg mutants. White arrowheads indicate 
that nuclear leakage (D) or vacuole collapse (E) of atg mutants. White dotted lines point the profile 
of root in WT. Bars = 5 mm for A (left panel of each genotype), 1 mm for A (right panel of each 
genotype) and B, 50 μm for D and E. See also Figure S1 and S2; Movie S1 and S2. 
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Figure 3. Root-hair-specific complementation and loss of function shows root hair inherent 
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functions of autophagy. A, Schematic representation of the cross-section of Arabidopsis root. The 
expression pattern of pE7:ATG5-mCherry and pIRX1:ATG5-mCherry is shown as pink in the upper 
panel and lower panel, respectively. B, The quantification of root hair cell expressing PASPA3. Results 
shown are means ± SD. In total, 8-34 roots were analyzed for each genotype. **** indicates a 
significant difference (t test, P < 0.0001). ns indicates not significant (t test, P > 0.05). C-D, 
Representative primary roots from 7-day-old seedlings: three independent lines of pE7:ATG5-
mCherry (C) and pIRX1:ATG5-mCherry (D) in atg5-1 background. E, Schematic representation of the 
vector: pRHD6:Cas9;ATG2. The Cas9-P2A-mCherry is driven by root hair specific promoter pRHD6, 
and two gRNAs targeting to ATG2 are inserted. F, The quantification of root hair cell expressing 
PASPA3. Results shown are means ± SD. In total, 10 roots were analyzed for each genotype. Means 
with different letters are significantly different (one-way ANOVA, Tukey’s multiple comparisons test, 
P < 0.05). G, Representative primary roots from 7-day-old seedlings: three independent lines of 
pRHD6:Cas9; ATG2. H, Representative confocal images of three independent lines of 
pRHD6:Cas9;ATG2 in pPASPA3>>H2A-GFP background. Arrowheads outlined in white indicate the 
precocious expression of PASPA3 in root hair cells. Bars = 1 mm for C and D, 500 μm for G, 50 μm for 
H. See also Figure S3. 

 
Autophagy-deficient root hair degeneration is SA-, JA- and ethylene-independent 
The early leaf senescence phenotypes seen in atg mutants depends on salicylic acid (SA) 
signaling (Yoshimoto et al., 2009). To investigate possible analogies between leaf and root hair 
senescence, we crossed the SA-biosynthesis mutant sid2 (Nawrath and Métraux, 1999) with 
the atg2-2 mutant expressing a pPASPA3 reporter. Similar to atg2-2, the atg2-2 sid2 double 
mutant shows early PASPA3 expression and root hair degeneration (Supplemental Figure 3E-
G). This was confirmed by the atg5-1 sid2 double mutant (Supplemental Figure 3H), showing 
that the atg mutant root hair dPCD phenotype does not depend on SA signaling.  
Also jasmonic acid (JA) and ethylene have been implicated in senescence modulation (Liao et 
al., 2022), prompting us to test their involvement in premature root hair degeneration by 
generating double mutants of atg2-2 and atg5-1 with coi1 (Huang et al., 2014) and ein2 
(Alonso et al., 1999), respectively. All coi1 and ein2 double mutant combinations retained the 
expression of PASPA3 and early cell death phenotype (Supplemental Figure 3), suggesting that 
neither SA-, nor JA- or ethylene-signaling pathways are responsible for the premature root hair 
cell death in autophagy mutants.  
 
Autophagy-deficient root hair cell death depends on canonical dPCD regulators 
To test the involvement of established dPCD-regulating transcription factors in autophagy-
deficient root hair cells, we interrogated their expression patterns using published single-cell 
RNA-sequencing (scRNA-seq) datasets (Denyer et al., 2019; Wendrich et al., 2020). We found 
that both ANAC046 and ANAC087 are expressed in sc-RNAseq clusters corresponding to root 
hair cells (Supplemental Figure 4A-C). Investigating the published promoter-reporter lines 
pANAC046:NLS-tdTOMATO and pANAC046:NLS-tdTOMATO (Huysmans et al., 2018), we 
confirmed the root hair cell expression of both transcription factors (Supplemental Figure 4D).  
Next, we investigated 14-day old roots of wild-type and anac046 anac087 double mutant 
plants. Compared with wild type, we found significantly less collapsed root hair cells in the 
hypocotyl-proximal region of the anac046 anac087 mutant, suggesting the root hairs of 
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anac046 anac087 remained viable longer than the wild type ones (Supplemental Figure 4E-F). 
In addition, we generated atg2-2 anac046 anac087 triple mutants expressing the PASPA3 
reporter (tri-1). In parallel, we generated two novel null mutant alleles of ATG2 (atg2-8 and 
atg2-9) using published gRNAs (Feng et al., 2022) directly in the anac046 anac087 double 
mutant background (tri-2, atg2-8 anac046 anac087; tri-3, atg2-9 anac046 anac087) (Figure 
4A, Supplemental Figure 5A). Interestingly, we observed that loss of ANAC046 and ANAC087 
function was sufficient to suppress the premature root hair cell death phenotype of atg2 
mutants (Figure 4B), but not the early leaf senescence of atg mutants (Supplemental Figure 
5B-C). By digital-droplet PCR, we demonstrated dPCD signature genes were down-regulated 
to wild-type levels in these triple mutants when compared with atg2-2 mutant (Figure 4C), 
suggesting that NAC transcription factors are indispensable for autophagy-mediated root hair 
dPCD. By quantifying the number of root hair cells expressing pPASPA3 in tri-1, we found that 
anac046 anac087 rescues the precocious expression of pPASPA3 of atg2-2, confirming the 
digital-droplet PCR results (Figure 4D).  
Finally, we misexpressed ANAC046 under the pE7 promoter, and established two independent 
lines with root hair cell death in the early stage of root hair formation (Figure 4E). Visually, 
these lines appear root-hair less (Figure 4F), and show that ANAC046 expression is sufficient 
to cause root hair cell death. 
In sum, these results demonstrate the premature dPCD of root hairs in atg mutants 
dependents on canonical dPCD gene regulatory networks that are shared with established 
dPCD processes as they occur in the xylem, the root cap, or the endosperm. 
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Figure 4. The premature dPCD of root hairs in atg mutants dependents on established dPCD gene 
regulatory networks. A, Schematic illustration of genomic regions of ATG2. The atg2-2 mutation site 
and Cas9-targeting site are indicated by arrowheads on the genomic loci. Green boxes indicate exon 
of ATG2. PAM sequences and protospacer sequences are indicated by magenta and black letters, 
respectively. B, Representative primary roots from 7-day-old seedlings: WT, atg2-2, anac046 anac087 
and three triple mutant lines of atg2-2 anac046 anac087 (tri-1), atg2-8 anac046 anac087 (tri-2) and 
atg2-9 anac046 anac087 (tri-3). C, Relative expression of PCD-associated genes (PASPA3, RNS3, BFN1, 
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and EXI1) in roots of WT, atg2-2, anac046 anac087, tri-2 and tri-3 by digital-droplet PCR (ddPCR) 
analysis. Results shown are means ± SD. Three independent biological replicates (two-three technical 
repeats each) were performed. Means with different letters are significantly different for each gene 
(two-way ANOVA, Tukey’s multiple comparisons test, P < 0.005). D, The quantification of root hair 
cell expressing PASPA3. Results shown are means ± SD. In total, 8 roots were analyzed for each 
genotype. Means with different letters are significantly different (one-way ANOVA, Tukey’s multiple 
comparisons test, P < 0.05). E, Representative confocal images of roots from 5-day-old seedlings 
expressing pE7:ANAC046-P2A-mTagBFP2-NLS (shown as green) pulse labeled with PI (shown as 
magenta). White arrowheads point the PI entry. F, Representative images of 5-day-old seedlings: WT 
and two lines of pE7:ANAC046-P2A-mTagBFP2-NLS. Bars = 500 μm for B, 50 μm for E, 2 mm for F. 
See also Figure S4 and S5. 

 

Discussion 

Root hairs as tubular extensions of epidermal cells can represent a substantial portion of the 
root system surface area (Bates and Lynch, 1996). By increasing the interface area between 
plant and soil with minimal biomass investment, root hairs crucially contribute to water and 
mineral acquisition in land plants (Duddek et al., 2023). Both the length and number of root 
hairs have been implicated in optimizing their function (Cai and Ahmed, 2022). Here, we 
investigated an additional dimension of root hair performance: their functional longevity. 
Prompted by the discovery of elevated autophagic activity specifically in root hair cells, we 
found that autophagy maintains root hair viability by delaying a senescence-induced 
developmental cell death program.   
Root hair development from patterning of fate determination to initiation, elongation by tip 
growth, and maturation has been intensively studied (Cui et al., 2018). However, little is known 
on developmentally or environmentally controlled senescence of root hairs, and root age-
related processes as a whole has received little attention (Tunc and von Wirén, 2025).  In 
cotton, root hair life span has been determined to last about 3 weeks, depending on the soil 
moisture content (Xiao et al., 2020). Root hair senescence in Arabidopsis has been described 
to occur after 2-3 weeks, showing hallmarks of programmed cell death including protoplast 
retraction from the cell wall and nuclear DNA fragmentation (Li et al., 2016; Tan et al., 2016). 
It has been shown that root hairs of rice (Oryza sativa) and maize (Zea mays) shrink or collapse 
in response to reduced soil water contents (Keyes et al., 2017; Duddek et al., 2022). In 
Arabidopsis, senescing root hairs appear to twist and shrink, reducing less water-holding 
capacity in comparison with turgid root hairs (Li et al., 2016; Choi and Cho, 2019). Hence, 
research into the factors determining root hair longevity can reveal new angles towards 
optimizing plant nutrient use and drought resilience of plants. 
Despite having been proposed as a model for PCD research upon stress treatments (Hogg et 
al., 2011), genes controlling root hair longevity and senescence-induced cell death remained 
unknown. Our results indicate that autophagy is a key factor to determine root hair lifespan 
and senescence in Arabidopsis, adding a central aspect to the physiological and developmental 
roles of autophagy.  
Mutants of core autophagy components in Arabidopsis and maize show premature leaf 
senescence, but otherwise develop normally under optimal growth conditions (Marshall and 
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Vierstra, 2018). The involvement of autophagy in cellular pro-life and pro-death processes has 
been discussed controversially (Üstün et al., 2017). In particular, it has become clear that 
autophagy is not required for major dPCD events such as xylem biogenesis or lateral root cap 
turnover, despite the upregulation of autophagic activities in these contexts (Courtois-Moreau 
et al., 2009; Feng et al., 2022). On the contrary, autophagy in leaf senescence has to maintain 
cellular viability longevity through nutrient recycling, stalling cell death until nutrient 
mobilization has been completed (Masclaux-Daubresse et al., 2017).  
The NAC transcription factors ANAC046 and ANAC087 have been implicated in leaf senescence 
control (Vargas-Hernández et al., 2022), controlling chlorophyll breakdown by activating 
known senescence promoters such as NON-YELLOW COLORING1 or STAY-GREEN1 (SGR1) and 
SGR2 (Oda-Yamamizo et al., 2016). In a differentiation-induced dPCD context such as the root 
cap, ANAC046 controls expression of dPCD signature genes BIFUNCTIONAL NUCLEASE1, 
EXITUS1, and RIBONUCLEASE3 (Olvera-Carrillo et al., 2015; Huysmans et al., 2018). 
Similar dPCD signatures have been found in root cells during the onset of secondary growth. 
Interestingly, dPCD signature genes are expressed in root endodermis cells, but have not been 
found in epidermal root hair or non-root hair cells (Wunderling et al., 2018). As the onset of 
secondary growth precedes root hair cell death, it is possible that root hair cells have already 
died before secondary growth sets in, precluding the detection of dPCD signature genes in this 
context.   
While it remains challenging to image root hair cells in a soil context, new techniques as 
synchrotron-based X-ray computed microtomography might enable us to follow root hair 
senescence in their natural context (Duddek et al., 2024). It is tempting to speculate that the 
reduction of root hairs seen in autophagy mutants would seriously compromise water and 
mineral acquisition in soil. If modulating root hair life span by targeting autophagy and dPCD 
processes would decrease the need for fertilizers and increase drought resilience, our results 
can point out exciting new directions in engineering these desirable trait in crop plants.  
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Materials and methods 

Plant materials, growth, and transformation 
Arabidopsis thaliana seedlings were grown vertically on 1/2 Murashige and Skoog (MS) 
medium (2.15 g/L MS salts, 1 g/L sucrose, pH 5.8 [KOH], and 1% (w/v) plant agar) in day/night 
conditions (16 h light, 8 h dark, 21 °C) before analysis, unless stated otherwise.  
The Arabidopsis thaliana atg2-2 mutant allele (EMS, Gln803stop) was reported by (Wang et 
al., 2011); atg5-1 (SAIL_129_B07) was reported by (Thompson et al., 2005); atg7-2 
(GABI_655B06) was reported by (Hofius et al., 2009), anac046 anac087 was reported by 
(Huysmans et al., 2018). The Arabidopsis lines pUBQ10::YFP-ATG8A and pUBQ10:TOIM in wild 
type and atg5-1 were reported by (Feng et al., 2022), the pANAC046:NLS-tdTOMATO and 
pANAC087:NLS-tdTOMATO were reported by (Huysmans et al., 2018). The pPASPA3>>H2A-GFP 
(Olvera-Carrillo et al., 2015), pPASPA3:TOIM (Fendrych et al., 2014), pRNS3>>H2A-GFP (Olvera-
Carrillo et al., 2015), pUBQ10:YFP-ATG8A and pUBQ10:COX4-GFP (Wang et al., 2024) were 
introduced into atg mutants by cross. Arabidopsis mutant alleles sid2-1 (Nawrath and Métraux, 
1999), coi1-2 (Huang et al., 2014), and ein2-1 (Alonso et al., 1999) were used for intermutant 
crosses with either pPASPA3:TOIM/atg2-2 or atg5-1. ATG2 CRISPR lines and ATG5 complement 
lines were created by stable Arabidopsis transformation using the floral dipping method 
described before (Clough and Bent, 1998). 
 
 
Cloning 
The 726 bp length fragment of pE7 and the 2946 bp length fragment of pRHD6 were amplified 
by PCR using p524/p525 and p4540/p4541, respectively. These purified PCR fragments were 
inserted into pGG-A-ccdb-B module vector via a Golden Gate reaction and obtained Golden 
Gate entry modules pGG-A-pE7-B and pGG-A-pRHD6-B. pGG-B-Linker-C, pGG-C-Cas9-D, pGG-
D-P2A-mCherry-NLS-E, pGG-D-P2A-mTagBFP2-NLS-E, pGG-E-G7T-F, pGG-F-pATU6-26-AarI-G, 
were reported previously (Decaestecker et al., 2019). pGG-C-ANAC046-D and pGG-F-linker-G 
were obtained from the VIB-UGent plasmid repository (https://gatewayvectors.vib.be). These 
entry modules were assembled in pFASTRK-AG with FAST selection marker, resulting in the 
destination vector pFASTRK-pE7-Cas9-P2A-GFP-NLS-pATU6-26-AarI, pFASTRK-pRHD6-Cas9-
P2A-GFP-NLS-pATU6-26-AarI and pFASTRK-pE7:ANAC046- P2A-mTagBFP2-NLS. The 
destination vector pFASTG-pUBI-Cas9 was reported previously (Decaestecker et al., 2019). 
Fragment gRNA1-pATU6-26-gRNA2 (ATG2 target) was amplified by PCR as described previously 
(Feng et al., 2022). These purified PCR fragments were inserted into pFASTR-pE7-Cas9-P2A-
GFP-NLS-pATU6-26-AarI or pFASTR-pRHD6-Cas9-P2A-GFP-NLS-pATU6-26-AarI or pFASTG-
pUBI-Cas9 destination vector via a Golden Gate reaction. The resulting vectors were named 
pE7:Cas9;ATG2, pRHD6:Cas9;ATG2 and pUBI:Cas9;ATG2. 
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Gateway entry modules L4-pUBQ10-R1 and L1-ATG5-L2 were described previous (Huysmans 
et al., 2018; Feng et al., 2022). The fragments of mCherry, pE7 and pIRX1 were amplified by 
PCR using p73/p74, p508/p509 and p510/p507, respectively. The fragment of mCherry was 
inserted into pDONRP2R-P3 via BP reaction, resulting in entry vector, R2-mCherry-L3. The 
fragments of pE7 and pIRX1 were inserted into pDONRP4P1R via BP reaction, resulting in entry 
vector, L4-pE7-R1 and L4-pIRX1-R1. Entry vectors L1-ATG5-L2, R2-mCherry-L3 were assembled 
with L4-pUBQ10-R1 or L4-pE7-R1 or L4-pIRX1-R1 into pFASTGB-34GW destination vector via 
LR reaction and resulting in vectors pFASTGB-pUBQ10:ATG5-mCherry, pFASTGB-pE7:ATG5-
mCherry, pFASTGB-pIRX1:ATG5-mCherry, respectively. 
 
All primers for cloning are listed in Supplemental Table 1. 
 
Pharmacological treatments and imaging 
For the pPASPA3>>H2A-GFP and pRNS3>>H2A-GFP confocal imaging, seedlings were mounted 
on a glass slide in liquid 1/2 MS and imaged on the LSM710 (Zeiss) or LSM880 (Zeiss). For the 
pUBQ10:COX4-GFP confocal imaging, seedling were transferred into imaging chamber 30 min 
before imaging, and imaged on Nikon AX/AX R . GFP was excited by the 488-nm of the argon 
laser and detected between 500 and 550 nm. 
 
pUBQ10:YFP-ATG8A seedlings were dipped into 1 μM Concanamycin A (ConA) for 8 h, then 
mounted on a glass side in 1/2 MS medium and imaged on SP8 (Leica). For the imaging of 
pUBQ10:YFP-ATG8A in root hair, seedlings were mounted on a glass slide in 1/2 MS medium 
and imaged on LSM880. YFP was excited by the 514-nm line of the argon laser and detected 
between 525 and 580 nm. 
 
For the pPASPA3:TOIM confocal imaging, seedlings were mounted on a glass slide in 1/2 MS. 
For the pUBQ10:TOIM root hair imaging, 3-day-old seedlings were transferred into imaging 
chamber and kept 11 days growing, then imaged on LSM710 (Zeiss). Imaging of ToIM was 
performed as described before (Fendrych et al., 2014).  
 
pANAC046:NLS-tdTOMATO and pANAC087:NLS-tdTOMATO were imaged as reported 
previously (Huysmans et al., 2018). 
 
For the pRHD6:Cas9;ATG2 and pE7:Cas9;ATG2 in pPASPA3>>H2A-GFP, seedlings were 
mounted on a glass slide in 1/2 MS medium and imaged on LSM880. GFP and mCherry were 
detected in the different tracks. GFP was excited by the 488-nm of the argon laser and 
detected between 500 and 550 nm. mCherry was excited by the 561-nm and detected 
between 600 and 700 nm.  
 
For root hair morphology, roots were imaged directly from petri dish using OLYMPUS SZX16. 
Quantification of root hair length and identity was performed as described (Huang et al., 2013). 
All images were processed and analyzed using Fiji (https://fiji.sc/) (Schindelin et al., 2012). 
 
For quantification of root hair survival ratio, 14-day-old primary roots were marked every 1 cm 
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from the junction of hypocotyl and root to root tip. In the atg mutants, the area close to root 
tip in which root hairs start to undergo collapse was marked as stage 1, the lower area was 
labeled as minus 1. The corresponding position in WT was labeled the same. For each stage, 
root hairs were imaged using OLYMPUS SZX16. The number of normal and collapsed root hairs 
was counted using Fiji. The survival ratio was obtained by the number of normal root hair 
divided the number of total root hair. 
 
 
RNA extraction and digital-droplet PCR (ddPCR) 
Total RNAs were isolated using a Qiagen RNeasy plant mini kit according to the manufacturer’s 
instructions. About 20-30 roots from 6-day-old seedlings were harvested for RNA extraction 
per each genotype. ddPCR was performed using the QIAcuity EG PCR Kit according to the 
manufacturer’s instructions. Primers for PCD-associated genes were reported previously 
(Olvera-Carrillo et al., 2015; Huysmans et al., 2018). GAPDH was used as internal controls (Ryu 
et al., 2010). RNA extractions and ddPCR were performed for three biological replicates for 
each genotype, and two or three technical replicates were performed for each sample. The 
data were normalized against wild-type. All primers for ddPCR are listed in Supplemental Table 
1. 
 
Quantification and Statistical Analysis 
The statistical details of experiments can be found in the corresponding figure legends. The 
results of statistical tests can be found in the corresponding Results section. Statistical tests 
were carried out using GraphPad Prism 9.0.0. 
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Supplemental data 
 

 

Supplemental Figure 1. Root hair development and marker gene expression in the wild-type (WT) and 
atg mutants. A, Representative primary roots from 5-day-old seedling: WT, atg2-2, atg5-1 and atg7-2 
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seedlings. B-C, The quantification of root hair length (B) or intensity (C) of WT and atg mutants. Results 
shown are means ± standard deviation (SD). Three independent experiments involving 30-42 roots were 
performed (one-way ANOVA, Tukey’s multiple comparisons test, P > 0.05). D, Differential interference 
contrast images of initiating (upper panel) or elongating (lower panel) root hairs from WT and atg 
mutants. E, The pPASPA3:TOIM marker showed expression and cell death in the distal and proximal root 
cap cells and xylem of the atg mutants, similar to WT. The eGFP signal is shown in green in the cytoplasm, 
whereas the mRFP signal is shown in magenta in the vacuole. Merge of both signals indicates vacuolar 
collapse, a hallmark of cell death. F, Representative confocal images of pRNS3>>H2A-GFP signals in 5-
day-old WT, atg2-2, atg5-1 and atg7-2. White arrowheads indicate that H2A-GFP signals were observed 
in root hair cells of atg mutants. G, Representative confocal images of mitochondria matrix marker 
pUBQ10:COX4-GFP signals in 6-day-old seedlings from WT and atg2-2. The zoomed images are shown 
of a part region of outlined in white dotted lines. Different colored arrowheads indicate different types 
of root hairs of atg2-2 mutants. Magenta arrowheads indicate the dead root hairs. Cyan arrowhead 
indicate the dying root hairs. Yellow arrowheads indicate the living root hairs. Images are shown in z-
projection, except the zoomed images in different color lined boxes. Bars = 100 mm for A, 50 μm for D, 
E, F and G, 20 μm for the zoomed images in G. Related to Figure 2. 
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Supplemental Figure 2. atg mutants show earlier root hair cell death than the wild type. A, 
pUBQ10:TOIM expression in WT, atg5-1 and anac046 anac087 was imaged in the growing chamber. 
Root hair cells close to first emerged lateral root in 14-day-old seedlings were imaged. atg5-1 mutant 
shows premature root hair cell death compared with WT. EGFP signal is shown in green in the cytoplasm, 
and mRFP signal is shown in magenta in the vacuole. Bars = 50 μm. 
B and D, Illustration of a 14-day-old seedling showing the positions corresponding to the different stages 
(left panel of B and D). Roots at different positions of the root corresponding to from stages -1 to 6 are 
shown on the right. Lower panel shows a zoomed image of a part region of the upper panel. Green 
arrowheads indicate living root hair, while magenta arrowheads indicate the dead root hair. Bars = 1.5 
cm for left panel, 500 μm for upper panel and 250 μm for lower panel. C and E, Representative confocal 
images of roots from 14-day-old WT (C) and atg mutants (E) expressing pPASPA3:TOIM. White 
arrowheads indicate that TOIM signals were observed in root hair cells. White arrows indicate that TOIM 
signals were observed in cortex cells suggesting the periderm growth. White asterisks indicate TOIM 
signals were observed in xylem cells. Bars = 100 μm. F, The quantification of root hair survival ratio. 
Results shown are means ± SD. At least three independent experiments involving 400-550 root hairs 
were performed. Means with different letters are significantly different (two-way ANOVA, Tukey’s 
multiple comparisons test, P < 0.05). Related to Figure 2. 
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Supplemental Figure 3. Root hair-specific knock out ATG2, and independency of the premature root 
hair phenotype in atg2 and atg5 from SA, JA and ethylene signaling. A, Schematic representation of 
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the vector: pE7:Cas9;ATG2. The Cas9-P2A-mCherry is driven by root hair specific promoter pE7, and two 
gRNAs targeting to ATG2 are inserted. B, Representative confocal images of two independent lines of 
pE7:Cas9;ATG2 in pPASPA3>>H2A-GFP background. C, The quantification of root hair cell expressing 
PASPA3. Results shown are means ± SD. In total, 6-10 roots were analyzed for each genotype. Means 
with different letters are significantly different (one-way ANOVA, Tukey’s multiple comparisons test, P < 
0.05). D, Representative primary roots from 7-day-old seedlings: WT, atg2-2 and two independent lines 
of pE7:Cas9; ATG2. E, Representative confocal images of roots from 5-day-old seedlings expressing  
pPASPA3:TOIM: sid2, atg2-2 sid2, ein2, atg2-2 ein2, coi1 and atg2-2 coi1. White dotted lines point the 
profile of root. F, The quantification of root hair cell expressing PASPA3. Results shown are means ± SD. 
In total, 8-14 roots were analyzed for each genotype. Means with different letters are significantly 
different (one-way ANOVA, Tukey’s multiple comparisons test, P < 0.05). G, Representative primary 
roots from 7-day-old seedlings: WT, atg2-2, sid2, atg2-2 sid2, ein2, atg2-2 ein2, coi1 and atg2-2 coi1. 
H, Representative primary roots from 7-day-old seedlings: WT, atg5-1, atg5-1 sid2, atg5-1 ein2 and atg5-
1 coi1. Bars = 100 μm for B, 1 mm for D, 50 μm for E, 500 μm for G and H. Related to Figure 3. 
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Supplemental Figure 4. Expression analysis of ANAC046 and ANAC087 and root hair longevity analysis 
of anac046 anac087 mutants. A, ANAC046 family members via PLAZA blast. Green color high light 
indicate which is detected in sc-RNAseq data, shown as in B. B, Expression pattern of ANAC046, 
ANAC059, ANAC079 and ANAC087 in epidermis cluster in published sc-RNAseq dataset (Plant sc-Atlas 
(ugent.be)). C, Expression pattern of ANAC046 and ANAC087 in published sc-RNAseq dataset (zmbp-
resources.uni-tuebingen.de/timmermans/plant-single-cell-browser/). Red box indicates root hair 
cluster. D, Representative confocal images of roots from 5-day-old seedlings expressing  
pANAC046:NLS-tdTOMATO and pANAC087:NLS-tdTOMATO. Merges of the RFP/bright field (R/B) are 
shown at the right. TdTOMATO is shown in magenta. Bars = 20 μm. 
E, Representative primary roots from 14-day-old seedlings close to hypocotyl: WT and anac046 anac087.  
Magenta arrowheads indicate the collapsed root hair. Bars = 500 μm. F, The quantification of root hair 
survival ratio. Results shown are means ± SD. In total, 4000-5300 root hairs from at least 8 roots were 
analyzed for each genotype. **** indicates a significant difference (t test, P < 0.0001). Related to Figure 
4. 
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Supplemental Figure 5. Amino acid sequence alignment of atg2 mutants, and leaf senescence analysis 
of atg2-2 versus triple mutants of atg2 anac046 anac087. A, Partial amino acid (aa) sequence of ATG2 
and the mutants. atg2-2 has early stop codon at 803 aa. atg2-8 has early stop codon at 789 aa. While 
atg2-9 has different aa from 789 aa on and has early stop codon at 809 aa. B-C, Representative images 
from 5-week-old plants: WT, atg2-2, tri-1 (atg2-2 anac046 anac087), tri-2 (atg2-8 anac046 anac087), 
tri-3 (atg2-9 anac046 anac087). Bars = 1 cm. Related to Figure 4. 
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Supplemental table 1. Primers were used in this paper. 
 

Cloning 

pEXP7 

P524 aagcttGGTCTCAACCTAgagagcgcccggtttg 

P525 GAATTCGGTCTCATGTTtctagcctctttttctttattcttagg 

pRHD6 

P4540 aagcttGGTCTCAACCTctcaaagagggacaagaccaaag 

P4541 GAATTCGGTCTCATGTTtagacactaataagtttgataagtgattttttgt 

pEXP7 

P508 GGGGACAACTTTGTATAGAAAAGTTGCCAgagagcgcccggtttg 

P509 GGGGACTGCTTTTTTGTACAAACTTGCtctagcctctttttctttattcttagg 

pIRX1 

P510 
GGGGACAACTTTGTATAGAAAAGTTGCCcagaggaaactcagatgtgat
ga 

P507 GGGGACTGCTTTTTTGTACAAACTTGCcttcgaattcccctgtttgga 

mCherry 

P73 
GGGGACAGCTTTCTTGTACAAAGTGGCCATGGTGAGCAAGGGCG
AG 

P74 
GGGGACAACTTTGTATAATAAAGTTGCTTACTTGTACAGCTCGTCC
ATGC 

ddPCR 

RNS3 

P5300 GGTTTGCTCCGGGCATTGAA 

P5301 CGACCATGCGGCATAACAGG 

EXI1 

P5302 AGGCGGAGTTGGTTGTGGAA 

P5303 CAGCCATTTCGTCAGTCGCC 

BFN1 

P5304 TTAGAAGCCGGACCAGCACA 

P5305 TGGTCAGGCCACACACACAA 

PSAPA3 

P5306 AGCTCAGGAGGATCCGAAGAA 

P5307 GCTCAGCAGCATAAGCGAGT 

GAPDH 

ZP687 TGAAATCAAAAAGCTATCAAGG 

ZP688 CATCATCCTCGGTGTATCCAA  
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6.7. The autophagy and immune trafficking are negatively regulated 
by RAB3GAPL in plants 

Autophagy and membrane trafficking play pivotal roles in plant stress adaptation and 
immunity, but their regulatory mechanisms remain incompletely characterized. The 
study detailed in Chapter 6.8 (Yuen et al., 2024) identifies Rab3GAPL, a Rab GTPase-
activating protein, as a negative regulator of autophagy and immune trafficking in 
plants. By combining AI-assisted structural predictions with functional assays, this 
study demonstrates that Rab3GAPL interacts with the autophagy adaptor ATG8 
through a conserved AIM motif and suppresses autophagosome formation by 
deactivating the small GTPase Rab8a. 

The research reveals that Rab3GAPL acts as a molecular rheostat, balancing 
autophagy and immune responses. Overexpression of Rab3GAPL inhibits autophagic 
flux and disrupts Rab8a-mediated defense secretion, increasing susceptibility to 
Phytophthora infestans. Conversely, silencing Rab3GAPL enhances autophagy and 
pathogen resistance. These findings uncover a critical regulatory node linking 
membrane trafficking and autophagy, with implications for engineering stress-resilient 
crops. The conserved nature of this mechanism across land plants underscores its 
evolutionary importance in plant-pathogen interactions. 
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6.8. Appendix Manuscript 4: “A RabGAP negatively regulates plant 
autophagy and immune trafficking” 

Authors: Enoch Lok Him Yuen, Alexandre Y. Leary, Marion Clavel, Yasin Tumtas, 
Azadeh Mohseni, Jierui Zhao, Lorenzo Picchianti, Mostafa Jamshidiha, Pooja Pandey, 
Cian Duggan, Ernesto Cota, Yasin Dagdas, Tolga O. Bozkurt 

Contribution: For this manuscript, I performed confocal experiments and statstical 
analysis of Figure S3. 

Status: This manuscript was published in Current Biology (volume 34, issue 10) on 
May 20, 2024. 

DOI: https://doi.org/10.1016/j.cub.2024.04.002  

185



Article
A RabGAP negatively regu
lates plant autophagy and
immune trafficking
Highlights
d Rab3GAPL binds the core autophagic adaptor ATG8CL

through a canonical AIM in plants

d Rab3GAPL functions as a molecular rheostat in adjusting

both autophagy and immunity

d Rab3GAPL negatively regulates autophagy and immunity by

limiting Rab8a trafficking

d The interplay between Rab3GAPL and Rab8a controls

defense secretion upon infection
Yuen et al., 2024, Current Biology 34, 2049–2065
May 20, 2024 ª 2024 The Authors. Published by Elsevier Inc.
https://doi.org/10.1016/j.cub.2024.04.002

186
Authors

Enoch Lok Him Yuen,

Alexandre Y. Leary, Marion Clavel, ...,

Ernesto Cota, Yasin Dagdas,

Tolga O. Bozkurt

Correspondence
yasin.dagdas@gmi.oeaw.ac.at (Y.D.),
o.bozkurt@imperial.ac.uk (T.O.B.)

In brief

Yuen et al. reveal the negative regulatory

role of Rab3GAPL in plant autophagy and

immunity, where it acts as a rheostat,

modulating membrane trafficking.

Rab3GAPL controls autophagy by

binding ATG8 and regulating Rab8a.

Independent of its interaction with ATG8,

Rab3GAPL also suppresses defense

secretion mediated by Rab8a during

pathogen infection.
ll

mailto:yasin.dagdas@gmi.oeaw.ac.at
mailto:o.bozkurt@imperial.ac.uk
https://doi.org/10.1016/j.cub.2024.04.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cub.2024.04.002&domain=pdf


OPEN ACCESS

ll
Article

A RabGAP negatively regulates plant
autophagy and immune trafficking
Enoch Lok Him Yuen,1,4 Alexandre Y. Leary,1 Marion Clavel,2,3 Yasin Tumtas,1 Azadeh Mohseni,2 Jierui Zhao,2

Lorenzo Picchianti,2 Mostafa Jamshidiha,1 Pooja Pandey,1 Cian Duggan,1 Ernesto Cota,1 Yasin Dagdas,2,*
and Tolga O. Bozkurt1,5,6,*
1Department of Life Sciences, Imperial College London, London SW7 2AZ, UK
2Gregor Mendel Institute of Molecular Plant Biology, Vienna BioCenter, Dr. Bohr-Gasse, 1030 Vienna, Austria
3Max Planck Institute of Molecular Plant Physiology, Am Mühlenberg 1, 14476 Potsdam, Germany
4X (formerly Twitter): @EnochYuen
5X (formerly Twitter): @Tolga_Bzkrt
6Lead contact
*Correspondence: yasin.dagdas@gmi.oeaw.ac.at (Y.D.), o.bozkurt@imperial.ac.uk (T.O.B.)

https://doi.org/10.1016/j.cub.2024.04.002
SUMMARY
Plants rely on autophagy and membrane trafficking to tolerate stress, combat infections, and maintain
cellular homeostasis. However, the molecular interplay between autophagy and membrane trafficking is
poorly understood. Using an AI-assisted approach, we identified Rab3GAP-like (Rab3GAPL) as a key mem-
brane trafficking node that controls plant autophagy negatively. Rab3GAPL suppresses autophagy by bind-
ing to ATG8, the core autophagy adaptor, and deactivating Rab8a, a small GTPase essential for autophago-
some formation and defense-related secretion. Rab3GAPL reduces autophagic flux in three model plant
species, suggesting that its negative regulatory role in autophagy is conserved in land plants. Beyond auto-
phagy regulation, Rab3GAPLmodulates focal immunity against the oomycete pathogen Phytophthora infes-
tans by preventing defense-related secretion. Altogether, our results suggest that Rab3GAPL acts as a mo-
lecular rheostat to coordinate autophagic flux and defense-related secretion by restraining Rab8a-mediated
trafficking. This unprecedented interplay between a RabGAP-Rab pair and ATG8 sheds new light on the intri-
cate membrane transport mechanisms underlying plant autophagy and immunity.
INTRODUCTION

Plants, being sessile organisms, regularly encounter diverse

environmental stresses such as temperature fluctuations,

drought, and nutrient deficiencies. To adapt and thrive in such

dynamic environments, they have evolved to heavily depend

on autophagy, a crucial catabolic process that maintains cellular

homeostasis.1,2 Autophagy entails the degradation of unneces-

sary or harmful cellular components in lysosomes or vacuoles.

Moreover, it is instrumental in rapidly reshaping the cellular envi-

ronment, ensuring the efficient and timely delivery of secretory

cargoes to enhance plant resilience against environmental

stresses and pathogens. While the specific mechanisms of auto-

phagy in plant immunity are still under exploration,3 its vital roles

are evident, such as sequestering pathogen molecules and vi-

ruses for degradation.4,5 In addition, the evolution of plant path-

ogens to evade or manipulate autophagy highlights its critical

role in plant defense.6 The reliance of plants on autophagy dem-

onstrates its evolutionary advantage in optimizing plant growth

and survival strategies under fluctuating environmental

conditions.

Autophagy is a multistep process initiated by the induction of

an isolation membrane that expands and closes, forming the

mature autophagosomes—atypical vesicles with double mem-

branes.7 The process of autophagy is orchestrated by a set of
Current Biology 34, 2049–2065,
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highly conserved autophagy-related (ATG) proteins that coordi-

nate the biogenesis and maturation of autophagosomes.8

Studies in the last decade have revealed that autophagy is not

only a bulk degradation process that is triggered during starva-

tion but also encompasses selective pathways that recycle spe-

cific cellular components via dedicated cargo receptors, adap-

tors, or modulators.9 At the heart of the autophagy machinery

lies the ubiquitin-like protein ATG8, which functions as a hub to

recruit autophagy cargo receptors and modulatory proteins.

The ATG8 gene family exhibits varying degrees of expansion

and diversification across plant lineages, with Arabidopsis

featuring nine isoforms (ATG8A–I). A phylogenetic analysis con-

ducted within solanaceous plants identified family-specific

ATG8 groups, including ATG8A/B/C/D/E/F/H/I-like members,

which cluster into four distinct clades.10 Once ATG8 undergoes

lipid modification by the autophagy initiation complex, it be-

comes embedded within the inner and outer leaflets of the auto-

phagosomal membranes. This localization of lipidated ATG8 is

pivotal in coordinating the formation, transport, and fusion

events of autophagosomes.11,12 ATG8-interacting proteins

contain short linear motifs termed ATG8-interacting motifs

(AIMs, also known as LC3-interacting regions [LIRs]13). The ca-

nonical AIM sequence ([W,Y,F][X][X][L,I,V]) consists of an aro-

matic amino acid followed by any two amino acids and a hydro-

phobic residue, which are docked onto the W and L pockets on
May 20, 2024 ª 2024 The Authors. Published by Elsevier Inc. 2049
CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Figure 1. Rab3GAPL binds ATG8CL through a canonical AIM

(A) AF2 model of Rab3GAPL showing different regions (from N-terminal to C-terminal): a long alpha helix (a-helix-1), a helix bundle (helix-bundle-1) upstream of

the conserved Rab3GAPL catalytic subunit, a coiled-coil region with a four-helix bundle (helix-bundle-2), and a C-terminal AIM region.

(B) AF2-M predicted structural model of Rab3GAPL and ATG8CL interaction displaying the docking of the Rab3GAPL-AIM peptide to the ATG8CL AIM pocket.

Yellow and blue regions highlight W and L pockets on ATG8CL, respectively.

(C) Rab3GAPL binds to ATG8CL via its AIM in planta. RFP:ATG8CLwas transiently co-expressedwith either GFP:Rab3GAPL, GFP:Rab3GAPLAIM, or GFP:EV. IPs

were obtained with anti-GFP antiserum. Total protein extracts were immunoblotted. Red asterisks indicate expected band sizes.

(D) In vitro GST pull-down assay shows Rab3GAPL-ATG8CL physical interaction is AIM dependent. Bacterial lysates containing recombinant proteins were

mixed and pulled down with glutathione magnetic agarose beads. Input and bound proteins were visualized by immunoblotting with anti-GST and anti-MBP

antibodies. A peptide derivative of the pathogen effector PexRD54’s AIM region (AIMpPexRD54) depleted Rab3GAPL from ATG8CL complexes, whereas the

mutated AIM peptide (mAIMpPexRD54) had no effect.

(E) The AIM peptide of Rab3GAPL (Rab3GAPL-AIMp) directly binds to ATG8CL in vitro. The binding affinity of Rab3GAPL-AIMp to ATG8CLwas determined using

isothermal titration calorimetry (ITC). The upper panel shows heat differences upon injection of Rab3GAPL-AIMp into ATG8CL and the bottom panel shows

integrated heats of injection and the best-fit line to a single site bindingmodel. KD = 962 nM,N = 1.03. In the sequence illustration, Rab3GAPL-AIMp is represented

in black color, with key AIM residues highlighted in pink for WT Rab3GAPL-AIMp, and in yellow for the mutated version.

(legend continued on next page)
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ATG8.14 The discovery of proteins that carry functional AIMs is

crucial for elucidating various aspects of autophagy. We have

recently developed an AI-guided pipeline, utilizing Alphafold2-

multimer (AF2-M), for prediction of both canonical and non-ca-

nonical AIM residues, enabling fast-forward discovery of auto-

phagy receptors and modulators.15

Intriguingly, pathogens can exploit ATG8 as a central hub to

either undermine antimicrobial autophagy or access nutrient

sources within their host cells.16,17 Previously, we have shown

that the Irish potato famine pathogen Phytophthora infestans

(P. infestans) secretes the effector PexRD54. This effector,

equipped with a canonical AIM, targets autophagy and preferen-

tially binds to the ATG8CL isoform in potatoes. PexRD54 plays a

pivotal role in subverting defense-related autophagy,18,19 pro-

moting autophagosome formation by mimicking starvation con-

ditions. The autophagic vesicles induced by the pathogen are

subsequently redirected to the host-pathogen interface, poten-

tially serving as nutrient resources.16 Notably, PexRD54 acts

as a scaffold between ATG8 compartments and vesicles labeled

by the small GTPase Rab8a, likely to channel host lipid sources

to stimulate autophagosome biogenesis.16 It is increasingly

evident that vesicle trafficking pathways play a crucial role in

both autophagy and immunity.16,20–22 This aligns with our recent

findings, demonstrating that distinct vesicle transport pathways

support various selective autophagy processes.16

RabGTPases (Rabs) are key components that regulate vesicle

formation, transport, tethering, and fusion events. They have

been identified to participate in different stages of auto-

phagy.23–25 For instance, yeast and plant Rab1 members are

crucial for early autophagosome formation,26,27 while mamma-

lian and plant Rab8a members have also been implicated in

autophagy.16,28 Rabs function as molecular switches that

dynamically transit between an active guanosine triphosphate

(GTP)-bound state and an inactive guanosine diphosphate

(GDP)-bound state. These switches are tightly regulated by gua-

nine nucleotide exchange factors (GEFs) that promoteGTP bind-

ing and GTPase-activating proteins (GAPs) that catalyze GTP

hydrolysis. RabGAPs, in particular, deactivate their Rab sub-

strates, thereby determining their localization and function.29

Recently, mammalian TBC (Tre2/Bub2/Cdc16)-domain-contain-

ing RabGAPs have been discovered to carry functional AIMs and

modulate autophagy.30 Nevertheless, in plants, crucial uncer-

tainties regarding RabGAPs persist, particularly concerning

TBC-domain-free RabGAPs. These uncertainties encompass

their specific Rab substrates, the trafficking pathways they regu-

late, and their precise impact on autophagy.

Here, we identified a TBC-domain-free RabGAP protein,

Rab3GAPL, as a key regulator of vesicle trafficking that interacts

with ATG8 and Rab8a to suppress plant autophagy. Rab3GAPL

also modulates immune responses against P. infestans by per-

turbing Rab8a vesicle dynamics and impairing defense-related

secretion toward the pathogen interface. We uncovered an intri-

cate interplay between a RabGAP protein, its Rab substrate, and
(F) No binding was detected between the mutated AIM peptide of Rab3GAPL (R

(G) Rab3GAPL binds to different ATG8 isoforms that are transiently expressed in

GFP:ATG8 1.1, GFP:ATG8 1.2, GFP:ATG8 2.2 (CL), GFP:ATG8 3.1, GFP:ATG8 3.2

antiserum. Total protein extracts were immunoblotted. Red asterisks indicate ex

See also Figure S1.
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the core autophagy receptor ATG8, underscoring their vital roles

in regulating membrane trafficking processes essential for both

autophagy and immunity.

RESULTS

A plant RabGAP, Rab3GAPL, directly interacts with
ATG8CL through its C-terminal AIM
To uncover the roles of endomembrane trafficking in plant auto-

phagy, we set out to identify vesicle transport regulators that

associate with the autophagy machinery. We used our recently

established AF2-M-assisted approach15 to identify candidate

trafficking components from our previous proteomics screen of

ATG8CL interactors in the solanaceous model plant Nicotiana

benthamiana.31 Through AF2-M-assisted re-analysis of the

ATG8CL proteome, we identified a Rab GAP that carries specific

domains to govern both vesicle trafficking and autophagy. Spe-

cifically, this RabGAP comprises the conserved Rab3GAP-like

catalytic subunit at its core (Rab3GAPL hereafter), flanked by

two helix bundles and an N-terminal alpha helix, alongside a

C-terminal AIM (WTIV) that is predicted by AF2-M to bind to

the AIM docking site on ATG8CL (Figures 1A, 1B, and S1A).

The predicted structure reveals a stable interaction interface

between Rab3GAPL AIM and ATG8CL AIM docking sites

(Figures 1B and S1A).

To confirm the AIM as the mediator of the interaction between

Rab3GAPL and ATG8CL, we substituted the key AIM residues

tryptophan and valine with alanine (WTIV > ATIA) and performed

co-immunoprecipitation (coIP) assays. We generated N-terminal

green fluorescent protein (GFP) fusions of wild-type (WT)

Rab3GAPL and its AIM mutant (Rab3GAPLAIM) and investigated

their interaction with ATG8CL. In contrast to GFP:Rab3GAPL,

neither the GFP:Rab3GAPLAIM mutant nor the GFP control were

able to pull down ATG8CL tagged with red fluorescent protein

(RFP) fromN. benthaminaprotein extracts in the coIP experiments

(Figure 1C). This observation demonstrates the specificity of the

interaction betweenRab3GAPLandATG8CL,which is dependent

on the presence of the C-terminal AIM, as predicted by AF2-M

(Figures 1B and 1C). Importantly, the loss of ATG8CL-Rab3GA-

PLAIM interaction cannot be attributed to altered localization

or reduced stability of the AIM mutant, given the comparable

protein levels and cytoplasmic localization patterns of both

GFP:Rab3GAPL and GFP:Rab3GAPLAIM constructs (Figures 1C

and S1B). These findings validate that Rab3GAPL interacts with

ATG8CL through its C-terminal AIM, indicating a potential phys-

ical interaction between the two proteins.

To further investigate the potential AIM-mediated physical

interaction between Rab3GAPL and ATG8CL, we performed

in vitro glutathione S-transferase (GST) pull-down assays using

maltose binding protein (MBP) fusions of Rab3GAPL and

Rab3GAPLAIM in combination with GST:ATG8CL or GST (nega-

tive control) expressed in Escherichia coli. Consistent with

AF2-M predictions and in planta coIP assays, GST:ATG8CL
ab3GAPL-mAIMp) and ATG8CL using ITC.

N. benthamiana. TagBFP:Rab3GAPL was transiently co-expressed with either

, GFP:ATG8 4 (IL), or GFP:EV. Ips were obtained with rat monoclonal anti-GFP

pected band sizes.

Current Biology 34, 2049–2065, May 20, 2024 2051
9



Figure 2. Rab3GAPL suppresses autophagy in an AIM- and catalytic-activity-dependent manner

(A and B) Rab3GAPL reduces the number of ATG8CL autophagosomes in an AIM-dependent manner.

(A) Confocal micrographs of N. benthamiana leaf epidermal cells transiently expressing RFP:ATG8CL with GFP:Rab3GAPL, GFP:Rab3GAPLAIM, or GFP:EV.

Images shown are maximal projections of 17 frames with 1.3 mm steps. Scale bars represent 10 mm.

(B) Rab3GAPL expression significantly reduces ATG8CL autophagosomes (3.1, n = 18 images) compared with EV control (17.3, n = 18 images), while

Rab3GAPLAIM expression has no significant effect on the number of ATG8CL autophagosomes (15.2, n = 18 images) compared with EV control. Statistical

differences were analyzed by Mann-Whitney U test in R. Measurements were highly significant when p < 0.001 (***).

(C) Amino acid alignment of the GAP domains of human Rab3GAP and N. benthamiana Rab3GAPL proteins. * denotes the conserved catalytic arginine finger.

(D) Structural alignment of theGAP domains of humanRab3GAP andN. benthamianaRab3GAPL. Structural predictionswere obtained via AF2. Themodel shows

conservation of the positioning of the catalytic arginine finger.

(E and F) Rab3GAPL reduces the number of ATG8CL autophagosomes in a catalytic-activity-dependent manner.

(E) Confocal micrographs of N. benthamiana leaf epidermal cells transiently expressing RFP:ATG8CL, with GFP:Rab3GAPL, GFP:Rab3GAPLCM, or GFP:EV.

Images shown are maximal projections of 17 frames with 1.5 mm steps. Scale bars represent 10 mm.

(F) Rab3GAPL expression significantly reduces ATG8CL autophagosomes (2.7, n = 20 images) compared with EV control (15.2, n = 20 images), while

Rab3GAPLCM expression has no significant effect on the number of ATG8CL autophagosomes (13.5, n = 20 images) compared with EV control. Statistical

differences were analyzed by Mann-Whitney U test in R. Measurements were highly significant when p < 0.001 (***).

(G and H) RNAi-mediated silencing of Rab3GAPL increases the number of ATG8CL autophagosomes.

(G) Confocalmicrographs ofN. benthamiana leaf epidermal cells transiently expressing RNAi:Rab3GAPL-1, RNAi:Rab3GAPL-2, or RNAi:GUS. Images shown are

maximal projections of 17 frames with 1.5 mm steps. Scale bars represent 10 mm.

(H) Silencing Rab3GAPL-1 (22.7, n = 26 images) or Rab3GAPL-2 (20.3, n = 24 images) significantly increases the number of ATG8CL autophagosomes compared

withGUS silencing control (12.3, n = 26 images). Statistical differenceswere analyzed byWelch’s t test in R.Measurementswere highly significant when p < 0.001

(***).

(I–K) Rab3GAPL suppresses autophagic flux in an AIM- and catalytic-activity-dependent manner.

(I) Western blot shows that depletion of RFP:ATG8CL is reduced by GFP:Rab3GAPL compared with GFP:Rab3GAPLAIM, GFP:Rab3GAPLCM, or EV control. Total

protein extracts were prepared 4 days post agroinfiltration and immunoblotted. Red asterisks show expected band sizes. Replicate gels are provided (Fig-

ure S2E).

(legend continued on next page)
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specifically pulled down Rab3GAPL but not its AIM mutant

Rab3GAPLAIM. Moreover, Rab3GAPL–ATG8CL interaction was

abolished in the presence of the AIM peptide derived from the

pathogen effector PexRD54 (AIMpPexRD54) that carries a similar

AIM to that of Rab3GAPL (Figure S1C), but not with the mutated

AIM peptide (mAIMpPexRD54), providing further support for the

AIM-mediated physical binding of Rab3GAPL and ATG8CL

(Figure 1D).

To strengthen our findings, we conducted isothermal titration

calorimetry (ITC) assays using a synthetic Rab3GAPL AIM pep-

tide (Rab3GAPL-AIMp), which consists of the last 10 amino

acid residues of Rab3GAPL that contains the AIM region. The

Rab3GAPL-AIMp bound to ATG8CL with high affinity and in a

one-to-one ratio (KD = 962 nM and N = 1.03, based on ITC) (Fig-

ure 1E). In contrast, we did not detect any association between

the mutated AIM peptide of Rab3GAPL and ATG8CL (Figure 1F).

These results conclusively show that Rab3GAP’s C-terminal AIM

is both necessary and sufficient to directly bind ATG8CL.

In plants, ATG8has diversified intomultiple isoforms (ATG8A–I),

forming distinct ATG8 clades that potentially coordinate different

selective autophagy pathways.10,31 Therefore, we next set out to

determine the specificity of the binding between Rab3GAPL and

other solanaceous ATG8 isoforms. In coIP assays using plant

extracts, we observed that Rab3GAPL interacts with various

potato ATG8 members exhibiting comparable affinities. Notably,

the interaction between Rab3GAPL and the ATG8IL isoform ap-

peared relatively weaker (Figure 1G). This finding suggests that

Rab3GAPLmay have abroader functional role in autophagy by in-

teractingwithmultiple ATG8 isoforms. All in all, these results show

Rab3GAPLbinds to thecoreautophagyproteinATG8viaacanon-

ical C-terminal AIM.

Rab3GAPL negatively regulates autophagy in an AIM-
and GAP-dependent manner
Having established the physical interaction of Rab3GAPL and

ATG8CL, we next investigated the role of Rab3GAPL in auto-

phagy. We first investigated the impact of Rab3GAPL on auto-

phagic puncta using confocal laser scanning microscopy

(CLSM). To this end, we imaged cells transiently expressing

GFP:Rab3GAPL, the AIM mutant GFP:Rab3GAPLAIM, or a GFP

control alongside the autophagosome marker RFP:ATG8CL

and quantified autophagosome numbers. In cells expressing

GFP:Rab3GAPL, we observed a greater than 2-fold reduction

in RFP:ATG8CL puncta compared with cells expressing a GFP

control. In contrast, GFP:Rab3GAPLAIM-expressing cells did

not show any significant difference in the relative amount of

RFP:ATG8CL puncta (Figures 2A and 2B). The observed

decrease in the quantity of autophagic puncta caused by over-

expression of Rab3GAPL, but not its AIM mutant, hints at the

possibility that Rab3GAPL negatively regulates autophagy,

which relies on its ability to bind ATG8.

To determine the extent to which Rab3GAPL modulates auto-

phagy, we next sought to determine whether the reduction in au-

tophagosome numbers caused by Rab3GAPL overexpression is
(J and K)Western blots show depletion of RFP:ATG8CL is increased by silencing R

(K) RNAi:Rab3GAPL-2, compared with the GUS silencing control. Total protein

asterisks show expected band sizes. Replicate gels are provided (Figure S2F).

See also Figure S2.
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dependent on the GAP activity of Rab3GAPL. Previously, it was

shown that the GAP function of human Rab3GAP was compro-

mised by the mutation of the conserved arginine finger, which

typically establishes connections with the g-phosphate of the

GTP nucleotide.32 The structural alignment of the Rab3GAPL

and human Rab3GAP protein sequences revealed that the cata-

lytic arginine finger in the human Rab3GAP is conserved in

N. benthamiana (R480) with the consensus sequence of

LSxRM (Figure 2C). The AF2 predictions of the GAP domains

of human and N. benthamiana Rab3GAPL showed a high level

of structural conservation of the GAP domain architecture with

a root-mean-square deviation (RMSD) value of 0.486. Addition-

ally, the catalytic arginine finger was positioned consistently

in both predicted structures (Figures 2D and S2A). Based on

these observations, we generated the catalytic mutant of

the N. benthamiana Rab3GAPL (Rab3GAPLCM hereafter) by

mutating the conserved arginine at position 480 to alanine

(R480A). Unlike GFP:Rab3GAPL, which reduces autophago-

some numbers (Figures 2A, 2B, 2E, and 2F), GFP:

Rab3GAPLCM did not significantly alter the amount of

RFP:ATG8CL-labeled autophagosomes compared with the

GFP control (Figures 2E and 2F). Comparing the AF2 models

of Rab3GAPL and Rab3GAPLCM did not reveal any global struc-

tural alterations resulting from the point mutation (Figure S2B).

To further ensure that Rab3GAPLCM is stably expressed and

that its overall structure is not disrupted, we tested its stability

as well as its ability to associate with ATG8CL in vivo. In

these assays, we also used a dual mutant of Rab3GAPL

(Rab3GAPLCM/AIM) carrying both the AIM and GAP mutations

as an additional control. Western blots of the plant protein ex-

tracts (input) and pull-down assays (output) showed that

GFP:Rab3GAPLCM was stably expressed and was able to

interact with RFP:ATG8CL, whereas the negative control

GFP:Rab3GAPLCM/AIM dual mutant did not associate with

ATG8CL (Figure S2C). These results substantiate structural pre-

dictions that the overall protein architecture of Rab3GAPLCM is

not perturbed. We conclude that the GAP activity of Rab3GAP

is required for its ability to suppress ATG8CL-autophagosome

numbers.

Next, we determined the effect of Rab3GAPL silencing on

autophagy by quantifying the number of RFP:ATG8CL-autopha-

gosomes. In contrast with the overexpression results,

silencing Rab3GAPL with two independent hairpin RNA interfer-

ence (RNAi) constructs—one targeting the coding region

(RNAi:Rab3GAPL-1) and the other targeting the three prime un-

translated region (30 UTR) of Rab3GAPL (RNAi:Rab3GAPL-2)—

increased the amount of RFP:ATG8CL puncta by greater than

2-fold compared with the b-glucuronidase silencing control

(RNAi:GUS) (Figures 2G, 2H, and S2D). A comparison of baseline

RFP:ATG8CL puncta between GFP:empty vector (EV) overex-

pression (Figures 2B and 2F) and RNAi:GUS expression (Fig-

ure 2H) revealed a slightly lower puncta count in the latter. This

decrease may be due to the activation of RNA silencing machin-

ery by the hairpin constructs, potentially influencing autophagy.
ab3GAPL using either of the two silencing constructs, (J) RNAi:Rab3GAPL-1 or

extracts were prepared 4 days post agroinfiltration and immunoblotted. Red
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Figure 3. Rab3GAPL suppression of autophagic flux is widely conserved in land plants

(A) Pairwise sequence alignment comparisons of the N-terminals of Rab3GAPL in wheat, Arabidopsis, N. benthamiana, potato, and the liverwort Marchantia

polymorpha. Alignments were obtained using the MUSCLE algorithm and were visualized and color-coded via ESPript 3.0.33 The AIM is illustrated using a solid

line.

(B) AF2-M predictions of ATG8s with Rab3GAPL AIMs sequences from liverwort (M. polymorpha), wheat (Triticum aestivum), A. thaliana, and potato

(S. tuberosum). Predicted models suggest AIM docking sites (W and L pockets, colored yellow and blue, respectively) on ATG8CL are associated with all tested

AIMs except for the Arabidopsis Rab3GAPL AIM sequence.

(C and D) Arabidopsis thaliana lines overexpressing Rab3GAPL exhibit reduced ATG8 autophagic flux.

(legend continued on next page)
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Nevertheless, in both cases, we see significant differences in the

puncta count between Rab3GAPL overexpression (Figures 2B

and 2F) or Rab3GAPL-silencing (Figure 2H) and their respective

controls. Collectively, these results suggest that Rab3GAPL sup-

presses autophagy via the AIM and GAP domains.

The potential reason for the reduction in autophagy puncta re-

sulting from the overexpression of Rab3GAPL may be attributed

to a decrease in autophagosome formation or an increase in au-

tophagosome degradation. To address this, we conducted auto-

phagic flux assays upon overexpression or silencing of

Rab3GAPL. We first investigated the impact of Rab3GAPL over-

expression on the protein levels of ATG8CL in N. benthamiana.

To measure autophagic flux, we extracted proteins from

N. benthamiana leaves co-expressing RFP:ATG8CL in combina-

tion with GFP:Rab3GAPL, GFP:Rab3GAPLAIM, and GFP:

Rab3GAPLCM or an empty vector control at 4 days post transient

expression and performed western blotting. In three indepen-

dent experiments, overexpression of GFP:Rab3GAPL led to

increased relative protein levels of RFP:ATG8CL, whereas over-

expression of GFP:Rab3GAPLAIM, GFP:Rab3GAPLCM, or GFP

vector control did not show the same effect (Figures 2I and

S2E). These results are in line with our findings that only

Rab3GAPL, and not its AIM or GAP mutants, modifies the quan-

tity of autophagosomes (Figures 2A, 2B, 2E, and 2F). In accor-

dance with the overexpression assays, the attenuation of

Rab3GAPL gene expression through RNAi:Rab3GAPL-1 and

RNAi:Rab3GAPL-2 resulted in a decrease in RFP:ATG8CL levels

relative to an RNAi construct that targeted GUS (Figures 2J, 2K,

and S2F). These results suggest that Rab3GAPL negatively reg-

ulates autophagy at the autophagosome biogenesis stage.

The negative regulatory role of Rab3GAPL in autophagy
is broadly conserved in land plants
We next investigated whether the regulatory function of

Rab3GAPL in autophagy is conserved in other plant

species. To test this, we analyzed Rab3GAPL sequences from

phylogenetically diverse plants, including wheat, Arabidopsis,

N. benthamiana, potato, and the liverwort Marchantia polymor-

pha. Our analysis of Rab3GAPL sequences revealed that the

GAP domain was conserved across all plant species (Fig-

ure S3A). Likewise, the AIM is highly conserved among all tested

plant species, with Arabidopsis being the exception. Arabidopsis

Rab3GAPL has a deletion in the key AIM residue W, along with
(C) Autophagic flux is measured as the ratio of free mCherry to full-size mCherry:A

blots showing the expression of GFP:Rab3GAPL and GFP:Rab3GAPLAIM in At-m

old seedlings and immunoblotted. The numbers denote the relative band intensi

(D) Bar graphs illustrating that the expression of GFP:Rab3GAPL leads to reduce

control conditions compared with the control plants, while the reduction is less

average ratio of four individual repeats. Error bars represent standard errors of t

(E and F) Marchantia polymorpha Rab3GAPL-KO mutants exhibit increased ATG

(E) Autophagic flux is estimated as the ratio of free GFP to full-size GFP:ATG8b. W

background after 6 h of heat stress treatment following 2 h recovery. Protein ext

denote the relative band intensity, quantified using ImageJ. Replicate gels are p

(F) Bar graphs illustrating that both Rab3GAPL-KO mutants showed increased G

compared with the control plants. Each bar represents the average of three indiv

(G) Mp-Rab3GAPL-KO mutants showed enhanced recovery from heat stress co

deficient control, which showed reduced recovery from heat stress comparedwith

(22�C) or heat stress condition (37�C).
See also Figure S3.
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upstream negatively charged residues that are known to be

essential for interactions with positively charged surface resi-

dues of the AIM pocket (Figures 3A and S3A).

The absence of the key AIM residues in Rab3GAPL of Arabi-

dopsis (AtRab3GAPL) raised the question of whether it can

bind to ATG8. To investigate this further, we used AF2-M to pre-

dict ATG8s in complex with Rab3GAPL sequences used in the

MUSCLE analysis. Consistent with the multiple sequence align-

ment findings, the predicted models revealed that all tested

Rab3GAPL proteins possess functional AIMs that occupy the

AIM pockets on their respective ATG8 proteins, with the excep-

tion of AtRab3GAPL (Figures 3B and S3B). In our expanded anal-

ysis across diverse plant lineages, we found that the AIM of

Rab3GAPL is broadly conserved amongmonocots, dicots, lyco-

phytes, bryophytes, and green algae, with a notable exception in

the Brassicaceae family, indicating a widespread but not univer-

sal conservation pattern (Figure S3C). These results suggest that

while the regulatory function of Rab3GAPL in autophagy is

largely conserved, it may not be present in certain plant species,

including Arabidopsis.

To gain additional insights, we performed a BLAST search of

the Rab3GAPL protein sequence against the Brassicales order

of flowering plants, which includes Arabidopsis as well as

economically important crops such as cabbage, broccoli,

mustard, and papaya. Interestingly, while the papaya (Carica-

ceae) Rab3GAPL carries an intact AIM, Rab3GAPLs from the

Brassicaceae and Cleomaceae families, which diverged over

40 million years ago,34 had deletions in their AIM residues as in

the case of Arabidopsis (Figures 3A and S3D). Considering that

our results that the AIM residues of Rab3GAPL are critical for

autophagy suppression (Figure 2), these findings suggest that

the regulation of autophagy by Rab3GAPL may vary among

different plant species. Further investigations are required to

explore the impact of the loss of AIM in Rab3GAPLs from Bras-

sicaceae and Cleomaceae.

Next, we investigated the potential of heterologous expression

of Rab3GAPL from N. benthamiana (NbRab3GAPL) to inhibit

autophagy in Arabidopsis. To assess this, we stably expressed

GFP:NbRab3GAPL or GFP:NbRab3GAPLAIM in Arabidopsis

lines that express mCherry:ATG8e and measured the autopha-

gic flux by analyzing the cleavage of mCherry (free mCherry)

from mCherry:ATG8e fusion protein through western blot-

ting.35,36 We analyzed the impact of Rab3GAPL overexpression
TG8e. The atg5-1 plants were used as an autophagy-deficient control. Western

Cherry:ATG8e transgenic plants. Protein extracts were prepared using 6-day-

ty quantified using ImageJ. Replicate gels are provided (Figure S3E).

d mCherry/mCherry:ATG8e protein signal ratio in both carbon starvation and

pronounced in the expression of GFP:Rab3GAPLAIM. Each bar represents the

he mean.

8 autophagic flux.

estern blots illustrating WT and Rab3GAPL-KOmutants in MpEF::GFP:ATG8b

racts were prepared using 14-day-old thalli and immunoblotted. The numbers

rovided (Figure S3I).

FP/GFP:ATG8b protein signal ratio under heat stress and control conditions

idual repeats. Error bars represent standard errors of the mean.

mpared with WT control plants. ATG7-KO plants were used as an autophagy-

WT control plants. Transgenic plants were incubated either in normal condition
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on basal autophagy and autophagy induced by carbon starva-

tion by comparing the mCherry signal ratios in the GFP:

Rab3GAPL/mCherry:ATG8e and GFP:Rab3GAPLAIM/mCher-

ry:ATG8e lines alongside the atg5-1 autophagy-deficient mu-

tants that we used as a negative control. As expected, protein

extracts from atg5-1 lines showed lower mCherry/mCher-

ry:ATG8e ratios in both carbon starvation and control conditions,

indicating reduced autophagic flux across four independent ex-

periments (Figures 3C, 3D, and S3E). Similarly, plants overex-

pressing GFP:Rab3GAPL exhibited reduced mCherry/mCher-

ry:ATG8e ratios in both conditions (37.0% decrease and

56.4% decrease in normal and carbon starvation condition,

respectively), suggesting decreased autophagic degradation.

In contrast, the GFP:Rab3GAPLAIM mutant exhibited a less pro-

nounced reduction in the autophagic degradation of mCher-

ry:ATG8e (12.3% decrease and 23.3% decrease in normal

and carbon starvation condition, respectively) (Figures 3C, 3D,

and S3E), consistent with the autophagic flux assays in

N. benthamiana (Figures 2I–2K). Although the slight reduction

caused by the AIM mutant may seem unexpected, it aligns

with the understanding that neighboring residues of the key

AIM residues (W and I) also play crucial roles in interacting with

ATG8. Thus, the constitutive overexpression of the AIM mutant

could still exert a minor suppressive effect on autophagy. Our

observations consistently show a reduction in autophagic flux

in different experimental setups or model systems with

Rab3GAPL overexpression, albeit to a lesser degree than the

disruption caused by atg5 knockout. It is important to note that

Rab3GAPL and ATG5 play fundamentally different roles in auto-

phagy: ATG5 is crucial for initiating autophagy, and its absence

halts the process entirely.37,38 In contrast, Rab3GAPL acts as a

nuanced regulator, fine-tuning autophagy by modulating ATG8

interactions, thus affecting autophagic flux subtly rather than

stopping it outright. This modulatory effect of Rab3GAPL, akin

to adjusting a rheostat, contrasts sharply with the all-or-nothing

impact of ATG5 knockout, underlining the importance of

recognizing their distinct influences on autophagy. In addition,

Arabidopsis cells expressing GFP:Rab3GAPL exhibited

reduced autophagic puncta compared with cells expressing

the GFP:Rab3GAPLAIMmutant (Figures S3F and S3G). These re-

sults indicate that Rab3GAPL from N. benthamiana can sup-

press autophagy in Arabidopsis in an AIM-dependent manner.

It is noteworthy that we employed distinct methodologies

in our flux experiments conducted in Arabidopsis and

N. benthamiana. This choice was necessitated by consistent

challenges encountered in detecting free RFP released from

RFP:ATG8CL in N. benthamiana, as evidenced by prior studies

in this model system.15,16,18 The difficulty is likely attributed to

enhanced vacuolar processing or turnover of free RFP in

N. benthamiana, a phenomenon distinct from that observed in

Arabidopsis. Furthermore, variations in the turnover rates of

mRFP and mCherry, utilized in Figures 2 and 3, respectively,

may also contribute to this observed discrepancy. Conse-

quently, our methodology in N. benthamiana flux assays in Fig-

ure 2 primarily relied on quantifying total RFP:ATG8CL protein

levels as an indicator of autophagic flux.

The conservation of the AIM and GAP domain in liverworts im-

plies their significance in Rab3GAPL function throughout land

plants, dating back at least 400 million years. Having observed
2056 Current Biology 34, 2049–2065, May 20, 2024
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the interference of Rab3GAPL with autophagic flux in two dicot

models, we investigated whether the negative regulation of auto-

phagy by Rab3GAPL is maintained in liverworts. To perform

autophagic flux assays, we first generated two independent

M. polymorpha Rab3GAPL CRISPR knockout mutants, desig-

nated as Mp-rab3gapl-1 and Mp-rab3gapl-2, in a GFP:ATG8b

background (Figure S3H). We then compared the GFP/

GFP:ATG8b protein signal ratios in the WT and mutant geno-

types under both control and heat stress conditions across three

independent experiments. The GFP/GFP:ATG8b ratios were

consistently higher in the Mp-rab3gapl mutant lines than in the

control plants, indicating increased ATG8 autophagic flux in

M. polymorpha (3.5-fold and 3.2-fold increase in normal and

heat stress condition, respectively, for Mp-rab3gapl-1; 2.1-fold

and 1.8-fold increase in normal and heat stress condition,

respectively, forMp-rab3gapl-2) (Figures 3E, 3F, and S3I). These

findings indicate that the knockout of Rab3GAPL enhances

ATG8 autophagic flux in M. polymorpha.

Given the well-established beneficial impact of autophagy on

heat stress tolerance and recovery,39–42 we next investigated

whether enhanced autophagic flux observed in Mp-rab3gapl

mutant lines can boost recovery from heat stress. To assess

this, we compared the survival rates of WT plants, Mp-rab3gapl

mutant lines, and atg7 mutants deficient in autophagy function-

ality under heat stress conditions at 37�C, prior to recovery. We

observed a notable recuperation from heat stress in the Mp-

rab3gapl mutant plants compared with WT plants (Figure 3G).

In contrast, the autophagy-deficient atg7 control lines exhibited

reduced recovery from heat stress (Figure 3G). These results are

consistent with the studies, which showed genetic interference

of selective autophagy receptors leading to compromised heat

tolerance due to the accumulation of protein aggregates that

were highly ubiquitinated under heat stress.40,41,43,44 However,

further evidence is needed to conclude that enhanced recovery

from heat stress inM. polymorpha is caused by enhanced auto-

phagic activity in the absence of Rab3GAPL. Nevertheless, our

results align with the beneficial impact of autophagy in stress

tolerance and the role of Rab3GAPL as a negative regulator.

Rab8a, a GTPase implicated in autophagy and immunity,
is a substrate of Rab3GAPL
Wenext sought to identify the RabGTPase partner of Rab3GAPL

in autophagy regulation. We tested the interaction of Rab3GAPL

with a panel of candidate Rabs from solanaceous plants—Rab1,

Rab2, Rab8a, and Rab8b—identified from our earlier autophagy

interactome studies.16,18,31 As an additional control, we also

included a N. benthamiana Rab11 member in the interaction as-

says, as mammalian Rab11 has been implicated in autophagy.45

The results from our coIP assays indicate that Rab3GAPL

strongly interacts with Rab8 members and weakly with Rab2

and Rab11. However, we did not observe any association be-

tween Rab3GAPL and Rab1 or the GFP vector control (Fig-

ure 4A). AF2-M analysis revealed that Rab3GAPL and Rab8a

interact at specific residues, with three being unique to Rab8

(Figures S4A and S4B), potentially explaining the binding affinity

of Rab3GAPL for Rab8. These results suggest that Rab8 mem-

bers are candidate substrates of Rab3GAPL in autophagy regu-

lation. Consistent with this notion, we have previously shown that

Rab8a associates with ATG8CL and positively regulates



Figure 4. Rab3GAPL interacts with Rab8a

and stimulates its GTP hydrolysis activity

(A) Rab3GAPL strongly interacts with Rab8 mem-

bers and weakly with Rab2 and Rab11 in planta.

TagBFP:Rab3GAPL was transiently co-expressed

with either GFP:Rab1, GFP:Rab2, GFP:Rab8a,

GFP:Rab11, GFP:Rab8b, or GFP:EV. IPs were

obtained with rat monoclonal anti-GFP antiserum.

Total protein extracts were immunoblotted. Red

asterisks indicate expected band sizes.

(B) Predicted AF2-M model of Rab8a in complex

with the GAP domain of Rab3GAPL. The catalytic

arginine residue, R480 (magenta), of Rab3GAPL is

positioned across the GTP-binding pocket of

Rab8a.

(C) The GAP domain of Rab3GAPL stimulates

GTPase activity of Rab8a. A luciferase-based

GTPase assay was used to measure the amount of

GTP over 120 min at room temperature. Bar graph

shows the effect of purified MBP:Rab3GAPL GAP

domain or MBP control on the GTPase activity of

Rab8a across three repeats.

(D and E) Rab8a overexpression rescues

Rab3GAPL-mediated suppression of autophago-

some numbers. Images shown are maximal pro-

jections of 27 frames with 1 mm step. Scale bars

represent 10 mm. Statistical differences were

analyzed by Mann-Whitney U test in R. Measure-

ments were highly significant when p < 0.001 (***).

(D) Confocal micrographs of N. benthamiana leaf

epidermal cells transiently expressing GFP:EV or

GFP:Rab8a with BFP:Rab3GAPL, or BFP:EV and

RFP:ATG8CL.

(E) When GFP:EV is expressed, Rab3GAPL over-

expression significantly reduces ATG8CL auto-

phagosome number (3.6, N = 16 images)

compared with EV control (16.6, n = 16 images).

Contrarily, when GFP:Rab8a is expressed,

Rab3GAPL overexpression does not have a sig-

nificant effect on ATG8CL autophagosome num-

ber (14.7, n = 16 images) compared with EV control

(17.9, n = 16 images).

See also Figure S4.
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autophagy by potentially facilitating the transport of lipids to the

phagophore assembly sites (PAS) required for autophagosome

biogenesis.16

To gain further insights into the Rab3GAPL-Rab8a associa-

tion, we utilized AF2-M. The predicted AF2 model suggests

that the catalytic arginine (R480) of Rab3GAPL is located

across the guanine-nucleotide-binding pocket flanking

switch-1 and switch-2 regions on potato Rab8a (Figures 4B

and S4C), suggesting that Rab8a could be a substrate of

Rab3GAPL in plants. Potato Rab8a displayed a high

degree of protein sequence conservation, with 68% amino

acid identity, and a high degree of structural similarity, with

an RMSD value of 0.8, when compared with human Rab8a

(Figures S4D–S4F). Leveraging this structural conservation,

we performed AF2-guided ab initio molecular replacement to

obtain potato Rab8a bound to GTP. We replaced the crystal

structure of human Rab8a bound to GTP (PDB:6WHE)46 with

the AF2 model of the potato Rab8a (Figures S4E–S4G). The re-

sulting Rab3GAPL-Rab8a-GTP model demonstrated that the

catalytic arginine finger of Rab3GAPL is positioned to engage
19
with the GTP-binding pocket of the potato Rab8a and makes

contacts with the conserved glutamine from the DTAGQ motif

of the switch-2 region of Rab8a (Figures 4B and S4E–S4G).

Such interactions between the catalytic arginine and the

switch-2 glutamate typically facilitate the nucleophilic attack

by a water molecule on the g-phosphate of GTP, leading to

GTP hydrolysis and the subsequent release of inorganic phos-

phate47 (Figure S4G).

Based on these findings, we further investigated the interplay

between Rab8a and Rab3GAPL by performing biochemical as-

says. We conducted in vitro GAP assays to determine whether

Rab3GAPL enhances theGTP hydrolysis activity of Rab8a, using

proteins purified from E. coli. The titration of 5 mM of purified

Rab8a into the GTP reaction buffer led to a significant reduction

in free GTP levels compared with the buffer control (Figure 4C),

confirming the functionality of purified Rab8a protein. When

Rab8a was incubated together with the purified GAP domain

of Rab3GAPL, we noted a more pronounced reduction in

free GTP levels in the buffer compared with Rab8a alone or using

MBP control (Figure 4C). These results indicate that Rab3GAPL
Current Biology 34, 2049–2065, May 20, 2024 2057
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promotes the GTP hydrolysis activity of Rab8a and that

Rab3GAPL can function as a conventional GAP for Rab8a.

After establishing the in vitro GAP activity of Rab3GAPL on

Rab8a, we aimed to elucidate their functional relationship in vivo.

Using confocal microscopy, we examined whether overexpress-

ing Rab8a could counteract the Rab3GAPL-induced decrease in

autophagosome numbers. Echoing our previous findings (Fig-

ure 2), Rab3GAPL overexpression with GFP:EV control signifi-

cantly diminished the RFP:ATG8CL puncta count. Notably, co-

overexpressing GFP:Rab8a reversed this Rab3GAPL-induced

reduction in ATG8CL puncta (Figures 4D and 4E), suggesting a

dynamic interaction between Rab8a and Rab3GAPL in auto-

phagy regulation. To gain further insights, we next silenced

Rab8a and assessed its effect on the Rab3GAPL-mediated au-

tophagosome suppression. Consistent with our Rab8a overex-

pression results (Figures 4D and 4E), silencing Rab8a negated

the significant effect of Rab3GAPL-induced reduction in auto-

phagosome numbers (Figures S4H and S4I). It is noteworthy

that his result aligns with our previous work showing that

silencing Rab8a reduces autophagosome numbers relative to

the silencing control.16 In summary, these outcomes strongly

indicate a functional interplay between Rab3GAPL and Rab8a

in modulating autophagy, reinforcing the notion that Rab8a is a

substrate of Rab3GAPL.

Because Rab3GAPL suppresses autophagy in a manner that

relies on its GAP function and ATG8-binding activities

(Figures 2A, 2B, 2E, and 2F), we suggest that Rab3GAPL could

regulate autophagy by switching off Rab8a at autophagosome

biogenesis sites, where ATG8 proteins are actively recruited.48

Rab3GAPL increases susceptibility to Phytophthora

infestans independent of its autophagy suppression
activity
Given the recent findings supporting the positive role of Rab8a in

autophagy and immunity against P. infestans,16,18 we next inves-

tigated whether Rab3GAPL has any impact on pathogen resis-

tance. First, we tested whether Rab3GAPL affects immunity

to P. infestans in an autophagy-dependent manner by

overexpressing the WT Rab3GAPL or its AIM mutant. In four

independent experiments, infected leaf patches expressing

GFP:Rab3GAPL or GFP:Rab3GAPLAIM showed enhanced dis-

ease symptoms, with significant increases in infection lesion

sizes compared with the GFP control (Figures 5A and 5B). We

validated these results by performing infection assays using a

red fluorescent strain of P. infestans, 88609td, which allows

measurement of pathogen biomass through imaging of hyphal

threads via fluorescent microscopy. Consistently, P. infestans

hyphal growth was significantly higher in leaf patches overex-

pressing GFP:Rab3GAPL or GFP:Rab3GAPLAIM compared

with GFP control samples (Figures S5A and S5B). Intriguingly,

the overexpression of the Rab3GAPLAIM mutant, which is

impaired in autophagy suppression and ATG8 binding, pro-

moted infection to levels comparable to that of WT Rab3GAPL

(Figures 5A, 5B, S5A, and S5B). These results indicate that

Rab3GAPL negatively regulates immunity independent of its

function in autophagy.

Second, we explored whether enhanced susceptibility pheno-

type caused by overexpression of Rab3GAPL requires its

GAP activity. Notably, overexpression of the GAP mutant
2058 Current Biology 34, 2049–2065, May 20, 2024
196
(GFP:Rab3GAPLCM) did not cause any difference in

P. infestans infection lesion sizes compared with the GFP con-

trol, unlike the WT GFP:Rab3GAPL construct, which enhanced

disease symptoms (Figures 5C and 5D). These findings indicate

that the enhanced pathogen growth phenotype caused by

Rab3GAPL overexpression is reliant on its GAP activity, sug-

gesting a potential negative regulation of immunity through the

restriction of Rab-mediated trafficking.

Third, we conducted infection assays upon downregulation of

Rab3GAPL expression. To achieve this, we employed silencing

constructs RNAi:Rab3GAPL-1 and RNAi:Rab3GAPL-2, de-

signed to specifically target Rab3GAPL in N. benthamiana

(Figure S2D). In agreement with our overexpression assays,

which suggested a negative role of Rab3GAPL in immunity

(Figures 5A–5D), the silencing of Rab3GAPL using either

RNAi:Rab3GAPL constructs significantly reduced P. infestans

infection lesion size and hyphal growth compared with the con-

trol construct RNAi:GUS (Figures 5E, 5F, S5C, and S5D). These

results show that Rab3GAPL acts as a susceptibility factor in a

catalytic-activity-dependent, but AIM-independent, manner.

Collectively, these findings suggest that the negative regulatory

function of Rab3GAPL in defense againstP. infestans is indepen-

dent of autophagy, highlighting its involvement in alternative

mechanisms of immune regulation.

Rab3GAPL antagonizes Rab8a-mediated defense
vesicle dynamics and secretion
Recent studies have revealed the contribution of Rab8a in

defense-related secretion and basal immunity against

P. infestans.16 Additionally, pathogen effectors specifically

target Rab8a to undermine its immune functions, including the

secretion of pathogenesis-related protein-1 (PR-1) into the apo-

plast.16,49 Given the immunosuppressive role of Rab3GAPL,

which is dependent on its GAP activity but not its interaction

with ATG8 (Figure 5), we hypothesized that Rab3GAPL nega-

tively regulates defense-related secretion mediated by Rab8a.

To test this, we first assessed the impact of Rab3GAPL on de-

fense-related secretory responses by examining its effect on

PR-1 secretion. To stimulate endogenous PR-1 induction, we

challenged the leaf patches expressing Rab3GAPL and controls

with P. infestans extract, serving as a pathogen-associated mo-

lecular pattern (PAMP) cocktail, at 3 days post infiltration (dpi).

Subsequently, we conducted protein extractions from both the

apoplast and leaf tissue at 4 dpi. The secretion of PR-1 to the

apoplast was drastically reduced in samples expressing

Rab3GAPL or Rab3GAPLAIM compared with the GFP vector

control. However, the apoplastic levels of PR-1 were unaffected

by the catalytic mutant, Rab3GAPLCM (Figure 6A). Although apo-

plastic PR-1 levels were reduced in samples overexpressing

Rab3GAPL and Rab3GAPLAIM, cytoplasmic PR-1 levels recipro-

cally increased, suggesting that the decrease in apoplastic PR-1

was not due to impaired PR-1 expression (Figure 6A).

Our previous work revealed that Rab8a-labeled vesicle-like

structures are deposited around the extrahaustorial membrane

(EHM) that envelopes the P. infestans haustorium.16 We

reasoned that these Rab8a vesicles could deliver defense com-

pounds to restrict pathogen invasion, whereas Rab3GAPL plays

an antagonistic role in regulating Rab8a-mediated transport

pathways. Supporting this notion, we observed a notable 74%



Figure 5. Rab3GAPL increases susceptibility to Phytophthora infestans in a catalytic-activity-dependent, AIM-independent, manner

(A and B) Rab3GAPL increases susceptibility to P. infestans in an AIM-independent manner.

(A) N. benthamiana leaves expressing Rab3GAPL, Rab3GAPLAIM, or EV control were infected with P. infestans and pathogen growth was calculated by

measuring infection lesion size 7 days post inoculation.

(B) Both Rab3GAPL expression (107.3, n = 21 spots) and Rab3GAPLAIM expression (111.8, n = 23 spots) significantly increase P. infestans lesion sizes compared

with EV control (39.0, n = 21 spots). Statistical differences were analyzed byMann-Whitney U test in R. Measurements were highly significant when p < 0.001 (***).

(C and D) Rab3GAPL increases susceptibility to P. infestans in a catalytic-activity-dependent manner.

(C)N. benthamiana leaves expressing Rab3GAPL, Rab3GAPLCM, or EV control were infectedwithP. infestans and pathogen growthwas calculated bymeasuring

infection lesion size 7 days post inoculation.

(D) Rab3GAPL expression (98.8, n = 22 spots) significantly increases P. infestans lesion sizes compared with EV control (45.4, n = 19 spots), whereas

Rab3GAPLCM expression (41.3, n = 21 spots) has no significant effect compared with EV control. Statistical differences were analyzed byMann-Whitney U test in

R. Measurements were highly significant when p < 0.001 (***).

(E and F) Silencing Rab3GAPL reduces susceptibility to P. infestans.

(E) N. benthamiana leaves expressing RNAi:Rab3GAPL-1, RNAi:Rab3GAPL-2, or RNAi:GUS control were infected with P. infestans and pathogen growth was

calculated by measuring infection lesion size 8 days post inoculation.

(F) Both RNAi:Rab3GAPL-1 expression (36.6, n = 23 spots) and RNAi:Rab3GAPL-2 expression (33.5, n = 27 spots) significantly reduce P. infestans lesion sizes

compared with RNAi:GUS control (94.8, n = 24 spots). Statistical differences were analyzed by Mann-Whitney U test in R. Measurements were highly significant

when p < 0.001 (***).

See also Figure S5.
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reduction in the abundance of Rab8a-labeled vesicles around

the haustorium interface upon Rab3GAPL overexpression

compared with the vector control (Figures 6B and 6C). We

observed a similar decrease in Rab8a vesicle abundance around

haustoria when we overexpressed Rab3GAPLAIM. In contrast,

expression of Rab3GAPLCM did not affect abundance of

Rab8a puncta around haustoria, behaving similarly to the vector

control (Figures 6B and 6C). Collectively, our findings provide ev-

idence that Rab3GAPL negatively regulates secretory defenses

dependent on Rab8a during the immune response to

P. infestans. These results also suggest that Rab3GAPL could

antagonize focal immune responses targeted to the pathogen

interface.

Following up, we examined the potential impact of Rab3GAPL

on plant focal immunity. Specifically, we explored whether

Rab3GAPL influences callose deposition surrounding

P. infestans haustoria. Callose deposits play a crucial role in
19
the immune response, especially when pathogens establish

specialized host-pathogen interfaces like haustoria for invading

host cells.50–52 We observed around 40% reduction (percentage

change of frequency from 50% to 30%) in the occurrence

of haustoria with callose deposits upon Rab3GAPL overexpres-

sion compared with the vector control, and we noticed a similar

decrease in haustoria with callose deposits when Rab3GAPLAIM

was overexpressed but not when Rab3GAPLCM was overex-

pressed (Figures 6D and 6E). These outcomes were not influ-

enced by variations in protein expression, as confirmed by west-

ern blots indicating stable and comparable expression of

WT Rab3GAPL, Rab3GAPLAIM, and Rab3GAPLCM (Figure S6).

These findings, combined with our earlier observations of

Rab3GAPL’s disruption of Rab8a vesicle dynamics around

haustoria, suggest that Rab3GAPL negatively regulates the

secretory pathways that are locally deployed at pathogen pene-

tration sites. Moreover, these results provide insights into the
Current Biology 34, 2049–2065, May 20, 2024 2059
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Figure 6. Rab3GAPL suppresses defense-related secretion in a catalytic-activity-dependent manner

(A) Western blot shows that Rab3GAPL and Rab3GAPLAIM, but not Rab3GAPLCM, reduces antimicrobial PR-1 secretion to the apoplast compared with EV

control.N. benthamiana leaves were infiltrated to express GFP:Rab3GAPL, GFP:Rab3GAPLAIM, GFP:Rab3GAPLCM, or GFP:EV. The leaves were then challenged

with P. infestans extract at 3 dpi and proteins were extracted from the apoplast and leaf tissue at 4 dpi and immunoblotted. Red asterisks show expected band

sizes. PS, Ponceau S staining for RuBisCO as loading controls.

(B and C) Rab3GAPL reduces the number of Rab8a vesicles around haustoria in a catalytic-activity-dependent manner.

(B) Confocal micrographs ofN. benthamiana leaf epidermal cells transiently expressing GFP:Rab8a and RFP:Remorin1.3 with HA:Rab3GAPL, HA:Rab3GAPLAIM,

HA:Rab3GAPLCM, or HA:EV. Images shown are maximal projections of 12 frames with 1.2 mm steps. Scale bars represent 10 mm.

(C) Rab3GAPL expression (3, n = 42 haustoria) or Rab3GAPLAIM expression (4, n = 31 haustoria) significantly reduces number of Rab8a vesicles around haustoria

compared with EV control (11.5, n = 30 haustoria), while Rab3GAPLCM expression (12, n = 29 haustoria) has no significant effect compared with EV control. Only

puncta that are around the haustoria are quantified. Statistical differences were analyzed by Mann-Whitney U test in R. Measurements were highly significant

when p < 0.001 (***).

(D and E) Rab3GAPL reduces callose deposition at P. infestans haustoria in a catalytic-activity-dependent manner.

(D) Confocal micrographs of N. benthamiana leaf epidermal cells transiently expressing RFP:Remorin1.3 with GFP:Rab3GAPL, GFP:Rab3GAPLAIM,

GFP:Rab3GAPLCM, or GFP:EV. Remorin1.3 acts as a plasmamembrane and EHMmarker. The leaves were infected with P. infestans spores at 1 dpi and stained

with aniline blue to visualize callose at 4 dpi. Images shown are single-plane images. White arrows indicate haustoria. Scale bars represent 10 mm.

(E) Bar graphs showing Rab3GAPL expression (28.8%, n = 118 haustoria) or Rab3GAPLAIM expression (30.8%, n = 143 haustoria) significantly reduce the

frequency of callose deposition around haustoria compared with EV control (51.1%, n = 92 haustoria), while Rab3GAPLCM expression (47.8%, n = 186 haustoria)

has no significant effect compared with EV control. Statistical differences were analyzed by chi-squared test in R. Measurements were significant when p < 0.05

(*). Protein expression levels of GFP constructs are provided (Figure S6).
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Figure 7. Summary model of the negative regulation of autophagy

and immunity by Rab3GAPL

Rab3GAPL toggles between activities to optimize autophagy and defense-

related secretion by hindering Rab8a-mediated vesicle trafficking through

promoting the GTP hydrolysis of Rab8a. Rab3GAPL suppresses autophagy by

binding to ATG8, the core autophagy adaptor, using its ATG8-interacting motif

(AIM) and deactivating Rab8a using its GTPase-activating protein (GAP)

domain. Beyond autophagy regulation, Rab3GAPL modulates Rab8a-medi-

ated defense-related secretion toward the cell surface/pathogen interface.

This immune modulation is independent of its AIM, but dependent on its GAP

domain. Consequently, Rab3GAPL functions as a molecular rheostat,

dynamically balancing autophagy and immune responses to maintain cellular

homeostasis. This model highlights the molecular interplay between a

RabGAP-Rab pair and ATG8, providing new insights into the complex mem-

brane transport mechanisms that underpin plant autophagy and immunity.
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potential mechanisms underlying the increased susceptibility

phenotype observed toward P. infestans upon overexpression

of Rab3GAPL and its AIM mutant, Rab3GAPLAIM (Figures 5A

and 5B).

DISCUSSION

In this study, we investigated the membrane trafficking pro-

cesses involved in plant autophagy and immunity. Our findings

revealed the role of Rab3GAPL as a regulator of vesicle transport

that carries a canonical AIM to interact with ATG8 and suppress

plant autophagy (Figures 1, 2, S1, and S2). Although the

Rab3GAPL AIM is broadly conserved in land plants, some plants

in the Brassicales order exhibit mutations in their Rab3GAPL AIM

residues, suggesting potential diversification in autophagy regu-

lation (Figures 3A, 3B, S3A–S3D). We also discovered that

Rab3GAPL targets Rab8a, an important GTPase involved in

autophagy activation and immunity. By stimulating Rab8a’s

GTPase activity, Rab3GAPL effectively suppresses autophagy

(Figure 4).

Interestingly, our findings extend beyond autophagy regula-

tion, as we have uncovered an additional role of Rab3GAPL in

negatively modulating immunity toward P. infestans that is inde-

pendent of its ATG8-binding activity (Figures 5 and 6). This
19
modulation relies on the GAP function of Rab3GAPL and in-

volves the inhibition of Rab8a-mediated trafficking diverted to-

ward the pathogen interface (Figures 6B–6E). Our results sug-

gest a model in which Rab3GAPL impedes Rab8a-mediated

vesicle trafficking by promoting Rab8a’s GTP-to-GDP switch.

While Rab8a-mediated trafficking is crucial for autophagy,16

Rab3GAPL suppresses this process at autophagosome biogen-

esis sites where ATG8 is enriched. Additionally, Rab3GAPL can

subvert defense-related secretion mediated by Rab8a, possibly

to mitigate auto-immune responses and to adjust appropriate

resource allocation (Figure 7).

In this research, we elucidate the negative impact of

Rab3GAPL in plant immunity, particularly highlighting its influ-

ence on callose deposition and interaction with Rab8a in de-

fense-related secretion. Our previous research,16 along with

other studies,49,53 have highlighted the immune functions of

Rab8a in defense-related secretion. In light of our new findings,

which establish Rab3GAPL as a GAP for Rab8a, we observed

that Rab3GAPL influences Rab8a vesicle dynamics around the

haustorium and PR-1 secretion (Figures 6A–6C). All these pro-

cesses are contingent upon the GAP activity of Rab3GAPL.

Therefore, we conclude that Rab3GAPL modulates focal im-

mune responses by interfering with the function of Rab8a in de-

fense-related secretion. We propose that Rab3GAPL delicately

balances plant immune mechanisms and autophagy, thereby

preventing potential harm from overactivation of these vital

cellular processes.

Notably, PR-1 is upregulated and secreted in response to

various pathogen infections, highlighting its central role in im-

mune responses. This is further emphasized by the diverse range

of pathogen effectors targeting PR-1.54 Our discovery that

Rab3GAPL regulates PR-1 secretion suggests a potential wide-

spread role in modulating plant immunity against a variety of

pathogens. This hypothesis is reinforced by the well-established

role of Rab8 family members in PR-1 secretion and immu-

nity,16,49 complemented by our findings demonstrating the influ-

ence of Rab3GAPL on Rab8a function.

In our investigation, Marchantia Rab3GAPL-KO mutant plants

and Arabidopsis lines overexpressing Rab3GAPL exhibited no

noticeable differences in growth or development under normal

conditions. This observation hints at potential biotechnological

applications, such as mutating Rab3GAPL to enhance crop

resistance to pathogens and environmental stressors. However,

it is important to note that we cannot exclude the possibility of

potential trade-offs as we have not conducted comprehensive

testing under various stress conditions or evaluated vulnerability

to other diseases.

In plants, susceptibility genes such as Rab3GAPL, which

are crucial for normal physiology and development, can para-

doxically increase vulnerability to pathogens. These genes,

often essential and without obvious fitness trade-offs, can

be hijacked by pathogens to promote susceptibility.55–57 Our

study highlights the role of Rab3GAPL in this complex inter-

play, where it modulates immune responses, possibly to pre-

vent resource depletion after pathogen clearance. This under-

scores the need for balanced immune regulation in plants, as

uncontrolled immune activation can disrupt proper growth and

other stress responses. Thus, Rab3GAPL exemplifies the intri-

cate context-dependent nature of plant-pathogen interactions,
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where susceptibility genes offer a selective advantage in

certain environmental conditions or against specific

pathogens.

Altogether, our findings uncover an intricate interplay be-

tween a RabGAP, its Rab substrate, and the core autophagy

machinery, highlighting their essential roles in regulating mem-

brane trafficking processes in both plant autophagy and im-

munity. The discovery of the role of Rab3GAPL in these pro-

cesses, along with its potential implications in enhancing

biotic and abiotic stress tolerance, presents exciting opportu-

nities for further exploration in basic research and biotechno-

logical applications. In animals, there are several TBC-

domain-containing RabGAPs that carry functional AIMs,

enabling them to bind ATG8/LC3 and regulate autophagy.

However, the question of whether TBC-domain-free plant

RabGAPs play regulatory roles in autophagy or immunity re-

mains unknown and warrants further exploration. We envisage

that continued research in this field holds promise for the

development of novel strategies to fortify crop resilience,

improve agricultural sustainability, and ensure global food se-

curity in the face of climate change.
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46. Waschbüsch, D., Purlyte, E., and Khan, A.R. (2021). Dual arginine recog-

nition of LRRK2 phosphorylated Rab GTPases. Biophys. J. 120, 1846–

1855. https://doi.org/10.1016/j.bpj.2021.03.030.

47. Cherfils, J., and Zeghouf, M. (2013). Regulation of small gtpases by gefs,

gaps, and gdis. Physiol. Rev. 93, 269–309. https://doi.org/10.1152/phys-

rev.00003.2012.

48. Shpilka, T., Weidberg, H., Pietrokovski, S., and Elazar, Z. (2011). Atg8: an

autophagy-related ubiquitin-like protein family. Genome Biol. 12, 226.

https://doi.org/10.1186/gb-2011-12-7-226.

49. Li, T., Ai, G., Fu, X., Liu, J., Zhu, H., Zhai, Y., Pan, W., Shen, D., Jing, M.,

Xia, A., and Dou, D. (2022). A Phytophthora capsici RXLR effector manip-

ulates plant immunity by targeting RAB proteins and disturbing the protein

trafficking pathway. Mol. Plant Pathol. 23, 1721–1736. https://doi.org/10.

1111/mpp.13251.

50. Bozkurt, T.O., Richardson, A., Dagdas, Y.F., Mongrand, S., Kamoun, S.,

and Raffaele, S. (2014). The Plant Membrane-Associated REMORIN1.3

Accumulates in Discrete Perihaustorial Domains and Enhances

Susceptibility to Phytophthora infestans. Plant Physiol. 165, 1005–1018.

https://doi.org/10.1104/pp.114.235804.

51. Caillaud, M.C., Wirthmueller, L., Sklenar, J., Findlay, K., Piquerez, S.J.,

Jones, A.M., Robatzek, S., Jones, J.D., and Faulkner, C. (2014). The plas-

modesmal protein PDLP1 localises to haustoria-associated membranes

during downy mildew infection and regulates callose deposition. PLoS

Pathog. 10, e1004496. https://doi.org/10.1371/journal.ppat.1004496.

52. Micali, C.O., Neumann, U., Grunewald, D., Panstruga, R., and O’Connell,

R. (2011). Biogenesis of a specialized plant–fungal interface during host

cell internalization of Golovinomyces orontii haustoria. Cell. Microbiol.

13, 210–226. https://doi.org/10.1111/j.1462-5822.2010.01530.x.

53. Speth, E.B., Imboden, L., Hauck, P., and He, S.Y. (2009). Subcellular local-

ization and functional analysis of the Arabidopsis GTPase RabE. Plant

Physiol. 149, 1824–1837. https://doi.org/10.1104/pp.108.132092.

54. Han, Z., Xiong, D., Schneiter, R., and Tian, C. (2023). The function of plant

PR1 and other members of the CAP protein superfamily in plant–pathogen

interactions. Mol. Plant Pathol. 24, 651–668. https://doi.org/10.1111/mpp.

13320.

55. Nekrasov, V., Wang, C., Win, J., Lanz, C., Weigel, D., and Kamoun, S.

(2017). Rapid generation of a transgene-free powdery mildew resistant to-

mato by genome deletion. Sci. Rep. 7, 482. https://doi.org/10.1038/

s41598-017-00578-x.
2064 Current Biology 34, 2049–2065, May 20, 2024
202
56. van Schie, C.C., and Takken, F.L. (2014). Susceptibility genes 101: how to

be a good host. Annu. Rev. Phytopathol. 52, 551–581. https://doi.org/10.

1146/annurev-phyto-102313-045854.

57. Zaidi, S.S.-e.-A., Mukhtar, M.S., and Mansoor, S. (2018). Genome editing:

targeting susceptibility genes for plant disease resistance. Trends

Biotechnol. 36, 898–906. https://doi.org/10.1016/j.tibtech.2018.04.005.

58. Hu, S., Ye, H., Cui, Y., and Jiang, L. (2020). AtSec62 is critical for plant

development and is involved in ER-phagy in Arabidopsis thaliana.

J. Integr. Plant Biol. 62, 181–200. https://doi.org/10.1111/jipb.12872.

59. Zhao, J., Bui, M.T., Ma, J., Künzl, F., Picchianti, L., De La Concepcion,

J.C., Chen, Y., Petsangouraki, S., Mohseni, A., Garcı́a-Leon, M., et al.

(2022). Plant autophagosomes mature into amphisomes prior to their de-

livery to the central vacuole. J. Cell Biol. 221, e202203139. https://doi.org/

10.1083/jcb.202203139.

60. Norizuki, T., Minamino, N., Sato, M., Tsukaya, H., and Ueda, T. (2022).

Dynamic rearrangement and autophagic degradation ofmitochondria dur-

ing spermiogenesis in the liverwort Marchantia polymorpha. Cell Rep. 39,

110975. https://doi.org/10.1016/j.celrep.2022.110975.

61. Bozkurt, T.O., Schornack, S., Win, J., Shindo, T., Ilyas, M., Oliva, R., Cano,

L.M., Jones, A.M., Huitema, E., van der Hoorn, R.A., and Kamoun, S.

(2011). Phytophthora infestans effector AVRblb2 prevents secretion of a

plant immune protease at the haustorial interface. Proc. Natl. Acad. Sci.

USA 108, 20832–20837. https://doi.org/10.1073/pnas.1112708109.

62. Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M.,

Pietzsch, T., Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B., et al.

(2012). Fiji: an open-source platform for biological-image analysis. Nat.

Methods 9, 676–682. https://doi.org/10.1038/nmeth.2019.

63. R Core Team (2013). R: A Language and Environment for Statistical

Computing (R Foundation for Statistical Computing).

64. Wickham, H., and Wickham, H. (2016). Data Analysis (Springer).

65. Mirdita, M., Schütze, K., Moriwaki, Y., Heo, L., Ovchinnikov, S., and

Steinegger, M. (2022). ColabFold: making protein folding accessible to

all. Nat. Methods 19, 679–682. https://doi.org/10.1038/s41592-022-

01488-1.

66. Meng, E.C., Goddard, T.D., Pettersen, E.F., Couch, G.S., Pearson, Z.J.,

Morris, J.H., and Ferrin, T.E. (2023). UCSF ChimeraX: Tools for structure

building and analysis. Protein Sci. 32, e4792. https://doi.org/10.1002/

pro.4792.

67. Kubota, A., Ishizaki, K., Hosaka, M., and Kohchi, T. (2013). Efficient

Agrobacterium-mediated transformation of the liverwort Marchantia poly-

morpha using regenerating thalli. Biosci. Biotechnol. Biochem. 77,

167–172. https://doi.org/10.1271/bbb.120700.

68. van West, P., de Jong, A.J., Judelson, H.S., Emons, A.M., and Govers, F.

(1998). The ipiO gene of Phytophthora infestans is highly expressed in

invading hyphae during infection. Fungal Genet. Biol. 23, 126–138.

https://doi.org/10.1006/fgbi.1998.1036.

69. Duggan, C., Moratto, E., Savage, Z., Hamilton, E., Adachi, H., Wu, C.H.,

Leary, A.Y., Tumtas, Y., Rothery, S.M., Maqbool, A., et al. (2021).

Dynamic localization of a helper NLR at the plant-pathogen interface un-

derpins pathogen recognition. Proc. Natl. Acad. Sci. USA 118,

e2104997118. https://doi.org/10.1073/pnas.2104997118.

70. Yan, P., Shen, W., Gao, X., Li, X., Zhou, P., and Duan, J. (2012). High-

throughput construction of intron-containing hairpin RNA vectors for

RNAi in plants. PLoS One 7, e38186. https://doi.org/10.1371/journal.

pone.0038186.

71. Chaparro-Garcia, A., Wilkinson, R.C., Gimenez-Ibanez, S., Findlay, K.,

Coffey, M.D., Zipfel, C., Rathjen, J.P., Kamoun, S., and Schornack, S.

(2011). The receptor-like kinase SERK3/BAK1 is required for basal resis-

tance against the late blight pathogen Phytophthora infestans in

Nicotiana benthamiana. PloS one 6, e16608. https://doi.org/10.1371/jour-

nal.pone.0016608.

72. Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov,M., Ronneberger, O.,

Tunyasuvunakool, K., Bates, R., �Zı́dek, A., Potapenko, A., et al. (2021).

https://doi.org/10.1371/journal.pgen.1003196
https://doi.org/10.3389/fpls.2014.00174
https://doi.org/10.1080/15548627.2020.1820778
https://doi.org/10.1080/15548627.2017.1422856
https://doi.org/10.1080/15548627.2017.1422856
https://doi.org/10.1371/journal.pgen.1004116
https://doi.org/10.1016/j.devcel.2018.03.008
https://doi.org/10.1016/j.bpj.2021.03.030
https://doi.org/10.1152/physrev.00003.2012
https://doi.org/10.1152/physrev.00003.2012
https://doi.org/10.1186/gb-2011-12-7-226
https://doi.org/10.1111/mpp.13251
https://doi.org/10.1111/mpp.13251
https://doi.org/10.1104/pp.114.235804
https://doi.org/10.1371/journal.ppat.1004496
https://doi.org/10.1111/j.1462-5822.2010.01530.x
https://doi.org/10.1104/pp.108.132092
https://doi.org/10.1111/mpp.13320
https://doi.org/10.1111/mpp.13320
https://doi.org/10.1038/s41598-017-00578-x
https://doi.org/10.1038/s41598-017-00578-x
https://doi.org/10.1146/annurev-phyto-102313-045854
https://doi.org/10.1146/annurev-phyto-102313-045854
https://doi.org/10.1016/j.tibtech.2018.04.005
https://doi.org/10.1111/jipb.12872
https://doi.org/10.1083/jcb.202203139
https://doi.org/10.1083/jcb.202203139
https://doi.org/10.1016/j.celrep.2022.110975
https://doi.org/10.1073/pnas.1112708109
https://doi.org/10.1038/nmeth.2019
http://refhub.elsevier.com/S0960-9822(24)00442-1/sref63
http://refhub.elsevier.com/S0960-9822(24)00442-1/sref63
http://refhub.elsevier.com/S0960-9822(24)00442-1/sref64
https://doi.org/10.1038/s41592-022-01488-1
https://doi.org/10.1038/s41592-022-01488-1
https://doi.org/10.1002/pro.4792
https://doi.org/10.1002/pro.4792
https://doi.org/10.1271/bbb.120700
https://doi.org/10.1006/fgbi.1998.1036
https://doi.org/10.1073/pnas.2104997118
https://doi.org/10.1371/journal.pone.0038186
https://doi.org/10.1371/journal.pone.0038186
https://doi.org/10.1371/journal.pone.0016608
https://doi.org/10.1371/journal.pone.0016608


ll
OPEN ACCESSArticle
Highly accurate protein structure prediction with AlphaFold. Nature 596,

583–589. https://doi.org/10.1038/s41586-021-03819-2.

73. Mariani, V., Biasini, M., Barbato, A., and Schwede, T. (2013). lDDT: a local

superposition-free score for comparing protein structures and models us-

ing distance difference tests. Bioinformatics 29, 2722–2728. https://doi.

org/10.1093/bioinformatics/btt473.

74. Edgar, R.C. (2004). MUSCLE: multiple sequence alignment with high ac-

curacy and high throughput. Nucleic Acids Res. 32, 1792–1797. https://

doi.org/10.1093/nar/gkh340.

75. O’Leary, B.M., Rico, A., McCraw, S., Fones, H.N., and Preston, G.M.

(2014). The infiltration-centrifugation technique for extraction of apoplastic
20
fluid from plant leaves using Phaseolus vulgaris as an example. J. Vis. Exp.

94, 52113. https://doi.org/10.3791/52113.

76. Picchianti, L., Sánchez de Medina Hernández, V., Zhan, N., Irwin, N.A.,

Groh, R., Stephani, M., Hornegger, H., Beveridge, R., Sawa-Makarska,

J., Lendl, T., et al. (2023). Shuffled ATG8 interacting motifs form an ances-

tral bridge between UFMylation and autophagy. EMBO J. 42, e112053.

https://doi.org/10.15252/embj.2022112053.

77. Sugano, S.S., Nishihama, R., Shirakawa, M., Takagi, J., Matsuda, Y.,

Ishida, S., Shimada, T., Hara-Nishimura, I., Osakabe, K., and Kohchi, T.

(2018). Efficient CRISPR/Cas9-based genome editing and its application

to conditional genetic analysis in Marchantia polymorpha. PLoS One 13,

e0205117. https://doi.org/10.1371/journal.pone.0205117.
Current Biology 34, 2049–2065, May 20, 2024 2065
3

https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1093/bioinformatics/btt473
https://doi.org/10.1093/bioinformatics/btt473
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.3791/52113
https://doi.org/10.15252/embj.2022112053
https://doi.org/10.1371/journal.pone.0205117


ll
OPEN ACCESS Article
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

GFP mouse monoclonal ChromoTek 3H9; RRID: AB_10773374

GFP rabbit polyclonal ChromoTek PABG1; RRID: AB_2749857

RFP mouse monoclonal ChromoTek 6G6; RRID: AB_2631395

TagBFP rabbit polyclonal Evrogen AB233; RRID: AB_2571743

PR1 rabbit polyclonal Agrisera AS10 687; RRID: AB_10751750

Anti-rabbit HRP Sigma-Aldrich A9169; RRID: AB_258434

Anti-rabbit AP Sigma-Aldrich SAB3700834

Anti-rat HRP Sigma-Aldrich A9037; RRID: AB_258429

Anti-mouse HRP Sigma-Aldrich SAB3700986

Bacterial and virus strains

Agrobacterium tumefaciens GV3101

electrocompetent cells

Our laboratory collection N/A

Escherichia coli DH5a competent cells Our laboratory collection N/A

Escherichia coli BL21 (DE3) competent cells Our laboratory collection N/A

Escherichia coli Rosetta 2(DE3) competent cells Our laboratory collection N/A

Chemicals, peptides, and recombinant proteins

LB broth (Miller) VWR 84649

Bacteriological agar VWR 84609

Plant agar (for Arabidopsis) Duchefa Biochemie P1001

Gamborg B5 medium Duchefa Biochemie G0209

MS medium Duchefa Biochemie M0222

Organic raw whole rye grain seeds Natural Vita https://naturalvita.co.uk/shop/nuts-seeds/

seeds-for-sprouting/organic-raw-

whole-rye-grain-seeds/

Sucrose Sigma-Aldrich Product No. S0389

Phusion� High-Fidelity DNA polymerase New England Biolabs Catalog # M0530S

TRIzol� reagent Invitrogen Catalog number: 15596026

RQ1 RNase-Free DNase Promega Catalog number: M6101

SuperScript� IV reverse transcriptase Invitrogen Catalog number: 18090010

Carolina observation gel Carolina Biological Supply Company Item # 132700

Poly(vinylpolypyrrolidone) Sigma-Aldrich Product No. 77627

IGEPAL CA-630 Sigma-Aldrich Product No. I8896

4x Laemmli sample buffer Bio-Rad #1610747

cOmplete� protease inhibitor cocktail Roche 11697498001

Torin 1 Santa Cruz Biotechnology CAS 1222998-36-8

Concanamycin A Santa Cruz Biotechnology CAS 80890-47-7

LR Clonase� II Enzyme mix Invitrogen Catalog number: 11791020

Hygromycin B Gibco Catalog number: 10687010

Sodium phosphate monobasic Sigma-Aldrich Product No. S0751

Sodium phosphate dibasic Sigma-Aldrich Product No. S7907

Aniline Blue diammonium salt Sigma-Aldrich Product No. 415049

Pierce� Glutathione Magnetic Agarose Beads Thermo Scientific Catalog number: 78602

HisTrap FF Cytiva 17531901

HiLoad 16/600 Superdex 200 pg Cytiva 28989335

HiLoad 16/600 Superdex 75 pg Cytiva 28989333
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REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

PureYield� Plasmid Miniprep System Promega Catalog number: A1223

Wizard� SV Gel and PCR Clean-Up System Promega Catalog number: A9281

GTPase-Glo� Assay Promega Catalog number: V7681

Deposited data

Potato PGSC DM genome v3.4 Sol Genomics Network solgenomics.net

N. benthamiana genome Nbe_v1.1 NbenBase nbenthamiana.jp

AF2-multimer predictions of AIMs of

Rab3GAPL across diverse plant

lineages with ATG8CL

Figshare Figshare: https://doi.org/10.6084/

m9.figshare.24921612

All other AF2-multimer predictions Figshare Figshare: https://doi.org/10.6084/

m9.figshare.23587575

Experimental models: Organisms/strains

Nicotiana benthamiana (wildtype) Our laboratory collection N/A

Arabidopsis thaliana mCherry:ATG8e (wildtype) Hu et al.58 N/A

Arabidopsis thaliana mCherry:ATG8e-atg5-1 Zhao et al.59 N/A

Arabidopsis thaliana mCherry:ATG8e-NbRab3GAPL This study N/A

Arabidopsis thaliana mCherry:

ATG8e-NbRab3GAPLAIM
This study N/A

Marchantia polymorpha Mp-GFP:ATG8b (wildtype) Norizuki et al.60 N/A

Marchantia polymorpha Mp-GFP:ATG8b-rab3gapl-1 This study N/A

Marchantia polymorpha Mp-GFP:ATG8b-rab3gapl-2 This study N/A

Marchantia polymorpha atg-7 Norizuki et al.60 N/A

Phytophthora infestans 88069 isolate (wildtype) Bozkurt et al.61 N/A

Phytophthora infestans 88069 isolate (tdTomato) Bozkurt et al.61 N/A

Oligonucleotides

All oligonucleotides This study Table S1

Recombinant DNA

All constructs This study, or otherwise cited Table S2

Software and algorithms

Leica Application Suite X Leica https://www.leica-microsystems.

com/products/microscope-software/

p/leica-las-x-ls/

Fiji (ImageJ version 2.14.0) Schindelin et al.62 https://fiji.sc

R (version 4.3.3) R Core Team63 https://www.r-project.org/

ggplot2 (R package) Wickham64 https://ggplot2.tidyverse.org

Origin 7.0 OriginLab https://www.originlab.com

Image Studio v5.5.4 LI-COR https://www.licor.com/bio/image-studio/

AlphaFold2.ipynb Mirdita et al.65 https://colab.research.google.com/github/

sokrypton/ColabFold/blob/main/

AlphaFold2.ipynb

UCSF ChimeraX (version 1.7.1) Meng et al.66 https://www.rbvi.ucsf.edu/chimerax/

ESPript 3.0 Robert and Gouet et al.33 https://espript.ibcp.fr/ESPript/ESPript/
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Tolga Boz-

kurt (o.bozkurt@imperial.ac.uk).
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Materials availability
Constructs generated in this study are available from the lead contact on request.

Data and code availability

d AF2-multimer predictions data have been deposited at the public repository Figshare and are publicly available as of the date of

publication. DOIs are listed in the key resources table. All accession numbers are listed in method details.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Plant growth details
Wildtype Nicotiana benthamiana plants were grown in a controlled growth chamber at 24�C in a mixture of organic soil (3:1 ratio of

Levington’s F2 with sand and Sinclair’s 2-5 mm vermiculite). The plants were exposed to high light intensity and subjected to a long

day 16 h light/8 h dark photoperiod. Experiments were conducted using plants that were 4-5 weeks old.

Marchantia polymorpha MpEF1:MpATG8b-GFP plants expressed in Takaragaike-1 (TAK-1, male) were used. The plants were

grown on half-strength Gamborg B5 medium containing 1 % agar under 50-60 mmol m-2s-1 of white light at 22�C.67

For standard Arabidopsis thaliana growth, seeds were sown on water-saturated soil containing fertilizer and kept in 16 h light/8 h

dark photoperiod with 165 mmol m-2 s-1 light intensity. For in vitro seedling growth, Arabidopsis seeds were surface sterilized in 70%

ethanol 0.05% SDS for 15 minutes, rinsed twice in ethanol absolute and dried on sterile paper. Seeds were plated in 1/2 MS + 1%

agar + 1% sucrose and stratified for 24-to-48 hours in the dark at 4�C. Plates were then grown in a 16 h light/8 h dark photoperiod.

50 mmolm-2 s-1 light intensity For selection of Arabidopsis stable lines, transformants were plated on½MSmedia supplemented with

kanamycin and resistant seedlings were transferred to soil. Plants were then screened for GFP-Rab3GAP expression using west-

ern blot.

Pathogen growth details
WT and tdTomato-expressing Pytophthora infestans 88069 isolates were grown on rye sucrose agar (RSA) media in the dark at 18�C
for 10 - 15 days before harvesting zoospores.68 The pathogen strains are detailed in the key resource table. Their sporulating con-

ditions and subsequent experimental steps are described in method details.

METHOD DETAILS

Molecular cloning
Molecular clonings of Rab3GAPL, Rab3GAPLAIM, Rab3GAPLCM, Rab3GAPLCM/AIM, Rab1, Rab2, Rab8b and Rab11 were performed

using Gibson Assembly as described previously.18,69 The vector backbone is a pK7WGF2 derivative domesticated for Gibson Assem-

bly. Plasmids were constructed using primers and transformed into DH5a chemically-competent E. coli by heat shock. Plasmids were

then amplified and extracted by PureYield� PlasmidMiniprep System (Promega), and electroporated into Agrobacterium tumefaciens

GV3101 electrocompetent cells. Sequencing was performed by Eurofins. RNA interference silencing constructs (RNAi:Rab3GAPL-1

and RNAi:Rab3GAPL-2) were made using an intron-containing hairpin RNA vector for RNA interference in plants (pRNAi-GG), based

on Golden Gate cloning as described previously.70 RNAi:Rab3GAPL-1 targeted the region between 999 and 1301 bp of Rab3GAPL,

while RNAi:Rab3GAPL-2 targeted the 3’ UTR region of Rab3GAPL. After amplifying the target fragments using designed primers,

the fragments were inserted into the pRNAi-GG vector both in sense and anti-sense orientation using the overhangs left by BsaI cleav-

age. The resulting plasmid leads to expression of a construct that folds back onto itself forming the silencing hairpin structure. The sub-

sequent steps of E. coli transformation, Miniprep, sequencing and agrotransformation were the same as overexpression constructs. All

primers used in this study are detailed in Table S1. Constructs used in this study are detailed in Table S2.

P. infestans growth and infection assays
WT and tdTomato-expressing Pytophthora infestans 88069 isolates were grown on rye sucrose agar (RSA) media in the dark at 18�C
for 10 - 15 days before harvesting zoospores.68 Zoospore solution was collected by adding 4�C cold water to the media and incu-

bated at 4�C for 90 minutes. For infection assay, 10 ml droplets of zoospore solution at 50,000 spores/ml were added to the abaxial

side (underside) of agroinfiltrated leaves.71 Leaveswere then kept in humid conditions. Microscopy of infected leaves was conducted

3 days post infection. Daylight and fluorescent images were taken at 7 - 8 days post infection, which lesion sizes and hyphal growth

were measured in ImageJ.

Confocal microscopy
Confocal microscopy analyses on N. benthamiana samples were carried out 3 days post agroinfiltration. Leaf discs for microscopy

were taken using size 4 cork borer, live-mounted on glass slides, and submerged in wells of dH2O using Carolina observation gel
e3 Current Biology 34, 2049–2065.e1–e6, May 20, 2024
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(Carolina Biological Supply Company). The slideswere imaged using Leica TCSSP8 resonant inverted confocal microscopewith 40x

water immersion objective lens. The abaxial side of leaf tissue was imaged. The laser excitations for BFP, GFP and RFP tags are

Diode 405 nm, Argon 488 nm and DPSS 561 nm respectively. Sequential scanning between lines was performed to prevent spectral

mixing from different fluorophores when imaging samples with more than one tag. Confocal images, including Z-stack and single

plane images, were analysed in ImageJ.

Confocal microscopy analyses on Arabidopsis samples were carried out via an upright point laser scanning confocal microscope

ZEISS LSM800 Axio Imager.Z2 (Carl Zeiss) equipped with high-sensitive GaAsP detectors (Gallium Arsenide), a LD C-Apochromat

40X objective lens (numerical aperture 1.1, water immersion), and ZEN software (blue edition 3.8, Carl Zeiss). GFP signals were

excited at 488 nm and detected between 488 and 545 nm. mCherry signals were excited at 561 nm and detected between 570

and 617 nm. For Z-stack imaging, the interval between the layers was set as 1 mm.

Structural and sequence analyses
AF2-multimer was utilized through a subscription to the Google Colab in accordance with their guidelines.72 The align command in

UCSF Chimera (version 1.17) was employed to superimpose the AF2 predictions onto known structures and to show the confidence

score of the AF2 predictions using the local distance difference test (pLDDT) scores on the lDDT-Ca metric.73 The scoring scale

ranges from 0 to 100, where 100 corresponds to the highest confidence values. Sequence alignment was performed using the

MUSCLE algorithm,74 and the resulting alignments were visualized and color-coded via ESPript 3.033 The proteins and sequences

used for AF2 are detailed in Table S3.

Transient gene expression in N. benthamiana

Agrobacterium-mediated transient gene expression was conducted using agroinfiltration as previously described.61 Agrobacterium

tumefaciens containing the desired plasmid was washed in water and resuspended in agroinfiltration buffer (10 mM MES, 10 mM

MgCl2, pH 5.7). BioPhotometer spectrophotometer (Eppendorf) was used to measure the OD600 of the bacterial suspension. This

suspension was adjusted to a desired OD600 depending on the construct and the experiment, and then infiltrated into 3 to

4-week-old N. benthamiana leaf tissue using needleless 1ml Plastipak syringe.

RNA isolation, cDNA synthesis, and RT-PCR
For RNA extraction, 56 mg of leaf tissue was frozen in liquid nitrogen. RNA was extracted using TRIzol RNA Isolation Reagent (Invi-

trogen) according to the user manual. RNA concentration was measured using NanoDrop Lite Spectrophotometer (Thermo Scien-

tific). 2 mg of extracted RNAwas treated with RQ1 RNase-Free DNAse (Promega), then used for cDNA synthesis using SuperScript IV

Reverse Transcriptase (Invitrogen). cDNA was amplified using Phusion High-Fidelity DNA Polymerase (New England Biolabs).

GAPDH level was used as a transcriptional control.

Callose staining
Callose staining was performed as described previously.61 N. benthamiana leaf discs from infected tissue expressing the proteins of

interest were collected and rinsed twice in 50% ethanol. They were then rinsed in a sodium phosphate buffer (0.07 M, pH 9.0) for

30 minutes at room temperature. The leaf discs were then incubated with 0.05% w/v aniline blue solution in the phosphate buffer

for 60 minutes in the dark at room temperature. Confocal microscopy was followed afterwards.

Co-immunoprecipitation and blotting analyses
Proteins were transiently expressed by agroinfiltration inN. benthamiana leaves and harvested 3 days post agroinfiltration. For west-

ern blotting experiments, 6 leaf discs were excised using size 4 cork borer (42 mg). For co-immunoprecipitation experiments, 2 g of

leaf tissues were used. Protein extraction, purification and immunoblot analysis were performed as described previously.18,61 Mono-

clonal anti-GFP produced in rat (Chromotek), polyclonal anti-GFP produced in rabbit (Chromotek), monoclonal anti-RFP produced in

mouse (Chromotek), polyclonal anti-tBFP produced in rabbit (Evrogen) were used as primary antibodies. Anti-mouse antibody

(Sigma-Aldrich), anti-rabbit antibody (Sigma-Adrich), anti-rat antibody (Sigma-Aldrich) were used as secondary antibodies. Informa-

tion of antibodies is detailed in Key resources table.

P. infestans extract preparation
Mycelia from a P. infestans RSA plate were scraped and suspended in 5ml of water. Themixture was vortexed for 1minute and incu-

bated at 95�C for 20minutes, then filtered using 5-13 mmfilter paper. The filtrate was again filtered using a syringe filter with a 0.45 mm

pore size. The resulting solution was injected into plants to function as a PAMP cocktail.

Apoplast extraction
Apoplastic proteins were extracted as described previously.75 Infiltrated N. benthamiana leaves were detached and washed in

distilled water, then rolled up and inserted in a needleless syringe filled with distilled water. The whole leaves were then infiltrated

with the water by creating a negative pressure environment inside the syringe. The leaves were then centrifuged for 10 minutes at

1000g in a Falcon tube. Apoplastic washing fluid was collected at the bottom of the tube and snap-frozen in liquid nitrogen. Leaf tis-

sue was collected from the remaining leaf for immunoblotting analysis.
Current Biology 34, 2049–2065.e1–e6, May 20, 2024 e4
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A. thaliana carbon starvation assays
Arabidopsis seedlings of the indicated genotypeswere surface sterilized and added to 3ml of liquid½MS+ 1%sucrose, stratified for

24 hours, and grown under constant light with gentle shaking for six days. Seedlings were then washed twice in 3ml of ½MSmedium

with or without 1%sucrose, then left to grow in either½MS+ 1%sucrose under constant light or in½MSwithout sucrosewrapped in

aluminum foil for 24 hours. Proteins were extracted in 2x Laemmli buffer (100mM Tris-HCl pH 6.8, 4% SDS, 20% glycerol, 0.01%

bromophenol blue, 1.5% b-mercaptoethanol), treated at 95�C for 5 minutes and quantified using amido black precipitation. 20 mg

of total protein were loaded per sample.

Confocal microscopy for Arabidopsis samples
Arabidopsis seeds were sterilized by 70% ethanol + 0.05% Tween 20 (Sigma-Aldrich) for 5 min and were subsequently sterilized by

100%ethanol for 10min. Sterilized seedswere stored in sterile water at 4�C for 1 d for vernalization. Vernalized seedswere spread on

1/2MSmedia plates + 1% agar and vertically grown at 21�C at 60% humidity under LEDs with 50mM/m2s a and a 16 h light/8 h dark

photoperiod for 5 d. 5-d-old seedlings were incubated in 1/2MSmedia containing 3 mMTorin 1 (Santa Cruz Biotechnology) and 1 mM

concanamycin A (Santa Cruz Biotechnology) for 90min before imaging. For confocal microscopy, Arabidopsis seedlingswere placed

on a microscope slide with water and covered with a coverslip. The epidermal cells of root transition and elongation zone were used

for image acquisition.

M. polymorpha heat stress assays
Two-week old plants onGamborg B5medium containing 1%agarwere transformed to 37�C room for 6 hours. After 2 hours recovery,

samples were collected in liquid nitrogen. GTEN buffer (10% glycerol, 50 mM Tris/HCl pH7.5, 1 mMEDTA, 300mMNaCl, 1 mMDTT,

0.1% [v/v] Nonidet P-40/Igepal, Roche cOmplete� protease inhibitor) was added to grinded-frozen samples. After vortex, samples

were centrifuged at max speed for 15 minutes at 4�C for clearing the lysates. Proteins were extracted in 4x Laemmli Buffer (116 mM

Tris-HCl pH 6.8, 8% SDS, 4.9% glycerol, 0.01% bromophenol blue, 10 mM DTT) and denatured at 95�C for 5 minutes. Protein con-

centration was equally adjusted using amido black precipitation. 10 mg of total protein were loaded per sample.

ATG8CL purification
DNA encoding ATG8CL was amplified from GFP:ATG8CL and cloned into the vector pOPINF, generating a cleavable N-terminal

6xHis-tag with ATG8CL. Recombinant proteins were produced using E. coli strain BL21 (DE3) grown in lysogeny broth at 37�C to

an OD600 of 0.6 followed by induction with 1 mM IPTG and overnight incubation at 18�C. Pelleted cells were resuspended in

buffer A (50 mM Tris-HCl pH 8, 500 mM NaCl and 20 mM imidazole) and lysed by sonication. The clarified cell lysate was applied

to a Ni2+- NTA column connected to an AKTA Xpress system. ATG8CL was step-eluted with elution buffer (buffer A containing

500 mM imidazole) and directly injected onto a Superdex 75 26/600 gel filtration column pre-equilibrated in buffer C (20 mM

HEPES pH 7.5, 150 mM NaCl). The fractions containing ATG8CL were pooled and concentrated (concentration determined using

a calculated molar extinction coefficient of 7680 M-1cm-1 for ATG8CL).

Rab8a and Rab3GAPL-GAP purification
Recombinant proteins were produced using E. coli strain Rosetta 2(DE3) pLysS grown in 2xTYmedia at 37�C to anOD600 of 0.4 – 0.6

followed by induction with 300 mM IPTG and overnight incubation at 18�C. Pelleted cells were resuspended in lysis buffer (100 mM

sodium phosphate pH 7.2, 300 mM NaCl, 1 mM DTT) containing Roche cOmplete� protease inhibitor and sonicated. The clarified

lysate was first purified by affinity, by using HisTrap FF (GE HealthCare) columns. The proteins were eluted with a lysis buffer con-

taining 250 mM Imidazole. The proteins were separated by Size Exclusion Chromatography with HiLoad� 16/600 Superdex 200 pg

or HiLoad 16/600 Superdex 75 pg, which were previously equilibrated in 50 mM sodium phosphate pH 7.0, 100 mM NaCl. The pro-

teins were concentrated using Vivaspin concentrators (10000 or 30000 MWCO). Protein concentration was calculated from the UV

absorption at 280 nm by DS-11 FX+ Spectrophotometer (DeNovix).

GST pull-down assays
Pulldown experiments were performed with E. coli lysates as previously described.76 Briefly, recombinant proteins were produced

using E. coli strain Rosetta 2(DE3) pLysS grown in 2x TY media at 37�C to an OD600 of 0.4 – 0.6 followed by induction with 300 mM

IPTG and overnight incubation at room temperature. Pelleted cells were resuspended in lysis buffer (100 mM sodium phosphate pH

7.2, 300 mM NaCl, 1 mM DTT) containing Roche cOmplete� protease inhibitor and sonicated. 5 ml of glutathione magnetic agarose

beads (Pierce Glutathione Magnetic Agarose Beads, Thermo Fisher) were equilibrated with wash buffer (100 mM sodium phosphate

pH 7.2, 300 mMNaCl, 1 mMDTT, 0.01% (v/v) IGEPAL). Clarified E. coli lysates were mixed with the washed beads and incubated on

an end-over-end rotator for 1 hour at 4�C. Beadswerewashed five timeswith 1mlwash buffer. Bound proteins were eluted by adding

50 ml Laemmli buffer. Samples were analyzed by immunoblotting analyses.

Isothermal titration calorimetry (ITC)
Calorimetry experiments were carried out at 15�C in 20mMHEPESpH 7.5, 500mMNaCl, using an iTC200 instrument (MicroCal Inc.).

For protein:peptide interactions, the calorimetric cell was filled with 90 mM ATG8CL and titrated with 1 mM Rab3GAPL-AIMp

(TPVENDWTIV) or Rab3GAPL-mAIMp peptide (TPVENDATIA) from the syringe. A single injection of 0.5 ml of peptide was followed
e5 Current Biology 34, 2049–2065.e1–e6, May 20, 2024
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by 19 injections of 2 ml each. Injections were made at 150 seconds intervals with a stirring speed of 750 rpm. For the heats of dilution

control experiments, equivalent volumes of Rab3GAPL-AIMp or Rab3GAPL-mAIMp peptide were injected into the buffer using the

parameters above. The titrations were performed at 25�C, but otherwise as above. The raw titration data were integrated and fitted to

a one-site binding model using Origin 7.0 software.

GTPase activity assay
To analyze the effect of Rab3GAPL on the GTPase activity of Rab8a, we used a luciferase-based GTPase assay (GTPase-Glo�
Assay Kit by Promega). The assay was carried out as per manufacturer’s instructions. 12.5 ml of 2X GTP-GAP solution was prepared

containing 5 mM GTP and 1 mM DTT in GTPase/GAP buffer. The solution was mixed with purified MBP:Rab3GAPL GAP domain.

12.5 ml of 5 mM Rab8a was added to each well. The GTPase reaction was initiated by adding 12.5 ml of the 2X GTP-GAP solution

to each well. The reaction was incubated for 120 minutes at RT with shaking. 25 ml of reconstituted GTPase-Glo� Reagent was

added to the completed GTPase reaction, which the remaining GTP was converted to ATP. Plate was incubated for 30 minutes

at RT with shaking. Then, 50 ml of Detection Reagent was added to all the wells, and incubated for 10 minutes at RT. Finally, lumi-

nescence was measured using BioTek Synergy4 plate reader.

CRISPR/Cas9 construct design in M. polymorpha

Two sgRNAs were designed based on target sequence (Figure S3E). Both sgRNAs were cloned into pMpGE_En04 entry vector

flanked by attL1 and attL2 sequences.77 Transformants were sequenced and inserted into the pMpGE010 destination vector by

LR Clonase II Enzyme Mix (Thermo Fisher). This vector was incorporated into A. tumefaciens GV3101+pSoup, which was used to

transform GFP-ATG8b-TAK1. Transformants were selected on 10 mM hygromycin,67 genotyped and sequenced to verify mutations.

Accession numbers
Rab3GAPL (NbenBase: Nbe.v1.1.chr05g03060); StRab1 (RabD2a) (Sol Genomics Network: PGSC0003DMP400023158); StRab2

(RABB1b) (Sol Genomics Network: PGSC0003DMP400022392); NbRab8b (NbenBase: Nbe.v1.1.chr08g05560); NbRab11 (NbenBase:

Nbe.v1.1.chr09g37530)

QUANTIFICATION AND STATISTICAL ANALYSIS

Image processing and data analysis
Confocal microscopy images were processed with Leica Application Suite X (LAS X) and Fiji (ImageJ version 2.14.0). Confocal im-

ages can be single plane images or Z-stack images depending on the experiment, which is detailed in the figure legends. To quantify

autophagosome punctate structures in one channel, the Z stacks were separated into individual images using ImageJ and analyzed.

The counting procedure was based on the maxima function in ImageJ to avoid cytoplasmic noises.

Statistical tests
Violin plots were generated using R-4.3.3 (https://www.r-project.org/), bar graphs were generated using Microsoft Excel. Statistical

differences were conducted in R using Student’s t-test, Welch’s t-test, Mann–Whitney U test or chi-squared test depending on the

experiment, based on statistical normality and variance. Measurements were significant when p < 0.05 (*), p < 0.01 (**) and highly

significant when p < 0.001 (***). All statistical tests and calculations are detailed in Table S4.
Current Biology 34, 2049–2065.e1–e6, May 20, 2024 e6
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6.9. The autophagosome closure is regulated by FREE1 in 
Arabidopsis 

Autophagy is a conserved cellular process critical for maintaining homeostasis under 
stress conditions, with autophagosome closure being a pivotal yet poorly understood 
step. While the role of the endosomal sorting complexes required for transport (ESCRT) 
machinery in autophagosome sealing has been implicated in yeast and mammals, the 
regulatory mechanisms in plants remain elusive.  

As detailed in Chapter 6.10 (Zeng et al., 2023), using high-resolution microscopy, 3D 
electron tomography, and proteomic analyses, this study illustrates that FREE1 
interacts with the ATG conjugation system and ESCRT-III machinery to mediate 
autophagosome closure. Mass spectrometry and phosphorylation assays reveal that 
the energy sensor SnRK1α1 phosphorylates FREE1 at Ser530, enabling its 
recruitment to phagophores. Genetic and biochemical analyses confirm that 
phosphorylation-deficient FREE1 mutants fail to support autophagosome sealing, 
leading to defective autophagy and impaired stress responses. These findings 
establish FREE1 as a key molecular link between nutrient sensing and 
autophagosome biogenesis, providing insights into the evolutionary conservation of 
ESCRT-mediated autophagy regulation.  
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The plant unique ESCRT component FREE1
regulates autophagosome closure

Yonglun Zeng1,9, Baiying Li1,9, Shuxian Huang1,9, Hongbo Li2, Wenhan Cao 1,
Yixuan Chen1, Guoyong Liu 3, Zhenping Li1, Chao Yang2, Lei Feng 1,
Jiayang Gao1, Sze Wan Lo1, Jierui Zhao4,5, Jinbo Shen 6, Yan Guo 3, Caiji Gao2,
Yasin Dagdas 5 & Liwen Jiang 1,7,8

The energy sensor AMP-activated protein kinase (AMPK) can activate autop-
hagy when cellular energy production becomes compromised. However, the
degree to which nutrient sensing impinges on the autophagosome closure
remains unknown. Here, we provide themechanism underlying a plant unique
protein FREE1, upon autophagy-induced SnRK1α1-mediated phosphorylation,
functions as a linkage between ATG conjugation system and ESCRTmachinery
to regulate the autophagosome closure upon nutrient deprivation. Using high-
resolution microscopy, 3D-electron tomography, and protease protection
assay, we showed that unclosed autophagosomes accumulated in free1
mutants. Proteomic, cellular and biochemical analysis revealed the mechan-
istic connection between FREE1 and the ATG conjugation system/ESCRT-III
complex in regulating autophagosome closure. Mass spectrometry analysis
showed that the evolutionary conserved plant energy sensor SnRK1α1 phos-
phorylates FREE1 and recruits it to the autophagosomes to promote closure.
Mutagenesis of the phosphorylation site on FREE1 caused the autophagosome
closure failure. Our findings unveil how cellular energy sensing pathways
regulate autophagosome closure to maintain cellular homeostasis.

Autophagy is an evolutionary conserved process that involves
the formation of a double-membrane structure called the autopha-
gosome. Dysregulation of autophagy causes a variety of human
diseases, including cancer, neurodegeneration, aging, and pathogen
infections. In plants, autophagy plays important roles under adverse
environments, likewise nutrient starvation, drought, salt and heat1.
Genetic studies in yeast have revealed the fundamental roles of
autophagy-related (ATG) genes in autophagosome biogenesis2–4.
ATGmachinery consists of several functional units: Atg1/ULK1 kinase

complex, the ATG14-containing PtdIns 3-kinase complex, the Atg9
vesicle, the Atg2-Atg18 complex, the ATG12 conjugation system,
and the ATG8 conjugation system3,5. The regulatory roles of the
evolutionary conserved energy sensor AMPK on triggering the
autophagosome initiation through phosphorylation and activation
of ULK1 (unc-51-like autophagy-activating kinase 1)6–8 and differential
regulation of VPS34 (vacuolar protein sorting 34) containing
complexes9 have been unveiled. Albeit how nutrient elicits the
autophagosome initiation has been revealed, the degree to which
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nutrient sensing impinges on the autophagosome closure remains
unknown10.

The endosomal sorting complexes required for transport
(ESCRT) is an evolutionarily conserved, multi-subunit membrane
remodeling machinery that can form membrane constrictions in a
reverse-topology manner. ESCRT proteins play canonical roles in the
biogenesis of multivesicular body (MVB) and the formation of
intraluminal vesicle (ILV) that formed inside theMVB by invagination
and budding of membrane into the lumen of the endosome11–13. The
core ESCRT machinery consists of ESCRT-0, ESCRT-I, ESCRT-II and
ESCRT-III, VPS4 (vacuolar protein sorting associated 4), LIP5 (lyso-
somal trafficking regulator interacting protein-5), as well as ALIX
(ALG2-interacting protein X)14. During ILV formation and MVB bio-
genesis, the ESCRT machinery assembles in a hierarchical fashion on
endosomal membranes. ESCRT-0, the best-characterized complex in
MVB biogenesis, acts most upstream and serves as an endosomal
clathrin adaptor that recruits ESCRT-I complex. The ESCRT-I complex
engages ESCRT-II, which in turn nucleates ESCRT-III polymerization
through VPS20 activation. The hexameric AAA+ATPase VPS4 then
coincides with LIP5 and ultimately disassembles the ESCRT-III
complex to recycle its subunits. In eukaryotes, increasing evidence
points to the divergent function of ESCRTs in many cellular pro-
cesses, including cytokinetic abscission15, HIV budding16,17, RNA virus
replication18,19, exosome formation20, defective nuclear pore com-
plexes clearance21–24, plasma-membrane (PM) repair25,26, lysosome
repair27,28, and microautophagy29,30. Notably, recent studies indicate
that ESCRT complexes also function in autophagosome closure31–34.
In mammal, the ESCRT-I component VPS37A subunit is required for
autophagosome closure, followed by recruitment of the ESCRT-III
component CHMP2A31,32. In yeast, the ESCRT-III subunit SNF7 inter-
acts with the scaffold protein Atg17 in a VPS21-dependent manner,
resulting in the recruitment of ESCRT-III for autophagosome
sealing33,34. In plants, the bona fide roles of ESCRT in the autopha-
gosome closure remain elusive. Furthermore, how ESCRT complex
relocates from MVBs to autophagosomes and regulates autophago-
some closure remain largely unknown.

Plants encode most ESCRT isoforms in their genome, including
ESCRT-I, ESCRT-II, ESCRT-III, and VPS4/SKD1, with the exception of
the canonical ESCRT-0 subunits35,36. Accumulating evidence demon-
strated the conserved and bona fide functions of plant ESCRTs in
endosomal sorting, ILV formation and MVB biogenesis37–40. Further-
more, plant ESCRT components are involved in a variety of cellular
events including cytokinesis, viral replication, chloroplast turnover,
autophagic degradation, hormone signalling, biotic and abiotic stress
responses18,19,41–47. Intriguingly, plants seem to compensate themissing
ESCRT-0 subunit with a plant unique ESCRT protein FREE1 (FYVE
DOMAIN PROTEIN REQUIRED FOR ENDOSOMAL SORTING 1). FREE1
works in concert with ESCRT-I to regulate endosomal sorting and
ILV/MVB/Vacuolebiogenesis48. Interestingly, ourprevious studies have
shown that under autophagy inducing conditions, substantial amounts
of autophagosomal structures accumulated in the cytoplasm of Ara-
bidopsis free1mutants49. However, the underlying mechanism remains
unknown.

In this study, we demonstrated a mechanistic role of FREE1 in
regulating autophagosome closure. Using a combination of bio-
chemical methods, live-cell imaging, high-resolution deconvolution
and 3D-electron tomography (ET) analysis, we showed that the
autophagosomal structures that accumulated in the Arabidopsis free1
mutants were largely unclosed autophagosomes in nature. Analysis of
the FREE1 interactome during nutrient starvation revealed ESCRT-III
machinery and ATG12-ATG5-ATG16 complex as FREE1 interactors.
Biochemical analyses further proved that FREE1 forms a complex with
ESCRT-III and ATG12-ATG5-ATG16 conjugation system, and directly
interacts with the conjugation system substrates the ubiquitin-like
proteins ATG8a and ATG8i through a classical AIM (Atg8-interacting

motif). Consistently, upon autophagy induction, unsealed autopha-
gosomes were accumulated in the cytoplasm of ATG5 and ESCRT-III
mutants. Lastly, immunoprecipitation and mass-spectrum analysis
unveiled that FREE1 can be phosphorylated upon nutrient starvation.
Interaction and phosphorylation assays demonstrated that KIN10
(SnRK1α1) can directly interact and phosphorylate FREE1. Mutagenesis
of the KIN10-targeted phosphorylation site on FREE1 caused the failure
of autophagosome closure and defective of plant growth upon star-
vation. Taken together, during nutrient starvation in plant, the energy
sensor SnRK1α1 phosphorylates FREE1 to promote the recruitment of
FREE1 to phagophores, and subsequently links the ATG conjugation
machinery with ESCRT-III complexes to mediate autophagosome
closure. Using the advanced imaging techniques in combination with
biochemical methods and genetic approaches, our study compre-
hensively unveiled the mechanism underlying how nutrient regulates
the recruitment of ESCRT machinery to the closing phagophore for
achieving autophagosome closure.

Results
FREE1 is required for autophagosome closure
Our previous studies have shown that under autophagy inducing
conditions, substantial amounts of autophagosomal structures accu-
mulated in the cytoplasm of the homozygous T-DNA insertional
mutants free1 (free1-/-) as well as the dexamethasone (DEX)-inducible
FREE1 RNAi mutants (DEX::RNAi-FREE1)49. To elucidate the possible
mechanism underlying autophagosome accumulation in FREE1
mutants, we performed live-cell imaging analysis with deconvolution
on transgenic Arabidopsis plants expressing YFP-ATG8e in DEX::RNAi-
FREE149. Upon DEX treatment, the expression level of FREE1 was suf-
ficiently knocked-down in theDEX::RNAi-FREE1 transgenicplants,while
the control DEX treatment exhibited little effect on autophagosome
formation in plants (Supplementary Fig. 1a, b and Supplementary
Fig. 2a, b). Consistent with our previous study49, YFP-ATG8e labelled
autophagosomes accumulated in DEX::RNAi-FREE1mutants upon DEX
and autophagic induction by benzothiadiazole (BTH) or BTH and
Concanamycin A (ConcA) treatments in comparison tomock (Fig. 1a, b
and Supplementary Fig. 2c). Intriguingly, substantial amounts of
unclosed autophagosomal structures were observed upon BTH-
induced autophagy, while the effects were even more pronounced
upon BTH and ConcA treatments (Fig. 1a, b). These results are con-
sistent with the previous findings showing that the specific V-ATPase
inhibitor ConcA which blocks autophagic/vacuole degradation may
further induce the autophagosome formation in the cytoplasm upon
autophagy-induced conditions50–53, albeit the underlying mechanism
remains elusive. Live-cell imaging analysis on the dynamics of ATG8e-
positive punctae further showed that the autophagosomes in DEX::R-
NAi-FREE1 mutants with DEX treatments were unable to close as
compared to DEX::RNAi-FREE1 mutants without DEX treatments upon
autophagic induction (Supplementary Fig. 3, Supplementary Movie. 1,
and Supplementary Movie. 2). Biochemical analysis further showed
that the lipidated ATG8 and the autophagy receptor NBR1 significantly
accumulated in theDEX::RNAi-FREE1mutants uponDEX inductionwith
or without BTH treatment, suggesting that the autophagosome
initiation and progression remained normal in the FREE1 mutants
(Supplementary Fig. 4a, b). Nonetheless, the vacuolar turnover assay
showed that the YFP-ATG8 turnover was significantly impeded in
DEX::RNAi-FREE1 mutants upon DEX and autophagy induction, indi-
cating that the unclosed autophagosmes were accumulated in the
cytoplasm (Supplementary Fig. 4c). To demonstrate that FREE1
depletion indeed causes the accumulation of unsealed autophago-
somes biochemically, we next performed the protease protection
assay according to the protocol recently developed in plants (Sup-
plementary Fig. 5a)54. Our results showed that the autophagic-receptor
NBR1 and ATG8 substantially accumulated in the FREE1 depletion
mutants upon DEX treatment (Supplementary Fig. 5b). Notably, the
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Fig. 1 | FREE1 mutants accumulate unclosed autophagosomes. a Transgenic
Arabidopsis seedlings expressing YFP-ATG8e in dexamethasone-inducible FREE1
RNAi (DEX::RNAi-FREE1) mutants were subjected to mock or autophagy inductions
by BTH (Benzothiadiazole, B) or BTH and ConcA (Concanamycin A, C) with or
without DEX treatment for 8hrs before confocal laser scanningmicroscopy (CLSM)
observation. Images were further processed by Leica Huygens deconvolution.
Arrows and arrowheads indicate the close and unsealed autophagosomal struc-
tures, respectively. Scale bars, 10μm. b Quantification analysis of the numbers of
unclosed autophagosomal structures in the cytoplasm (left panel) and autophagic
bodies inside the vacuoles (right panel) per cross-cell section shown in a. Means
±SD; n = 11 (left panel) and n = 9 (right panel) individual cells per experimental
group, one-way analysis of variance (ANOVA), followed by Tukey’s multiple test;
***p <0.001; n.s., not significant. c TEM (transmission electron microscopy) analysis
of high-pressure freezing/frozen substituted homozygous free1 T-DNA insertional

mutant root tips upon BTH treatment for 8 h. Black dash boxes indicate the 2.5 X
zoom-in areas. Arrowheads indicate examples of the unsealed autophagosomal
structures. Scale bars, 500 nm.dQuantification analysis of the ratio of the unsealed
autophagosomes shown in c. Means±SD; n = 5 (Col-0 BTH) and n = 6 (free1 BTH)
root sections per genotype, two-tailed unpaired t test; ***p <0.001. e 3D electron
tomography (3D-ET) analysis of autophagosomal structures in homozygous free1
T-DNA insertionalmutant uponBTH treatment for 8 h. Left panel, individual slice of
the 3D-tomography. Right panel, 3D model of the tomography. Black dash box
indicates the selected 3D-ET structures for 3D model. Arrowheads indicate exam-
ples of the unsealed autophagosomal structures. Scale bars, 500nm. The red color
indicates the autophagosomal structures, while the blue and green color indicate
the membrane-bound organelles. All the imaging analysis was repeated at least for
three times with similar results.
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accumulated NBR1 and ATG8 can be significantly degraded upon
proteinaseKdigestion in the FREE1 depletionmutants (Supplementary
Fig. 5b), supporting that the autophagosomes accumulated in the
FREE1 depletion mutants are unclosed. Further analysis showed that
more accumulation of both the autophagic-receptor NBR1 and ATG8
upon DEX+BTH+ConcA treatments comparing with the DEX+BTH
treatments (Supplementary Fig. 5c). To determine the morphology of
autophagosomes in FREE1 mutants, we germinated the heterozygous
T-DNA insertional mutants of FREE1 (free1+/-) and selected the lethal
seedlings which were the homozygous (free1-/-) mutants48 for ultra-
structural transmission electron microscopy (TEM) and 3D electron
tomography (ET) analysis. TEM analysis using the homozygous free1
T-DNA insertional mutants showed the accumulation of numerous
unclosed phagophores in the cytoplasmupon BTH treatment, in sharp
contrast to the wild type (WT) cells (Fig. 1c, d and Supplementary
Fig. 2d). Immunogold-TEM analysis proved that these unclosed
structures in free1 mutants were positive for the autophagic-markers
including ATG1, ATG8, and ATG13 (Supplementary Fig. 6). Further
immunogold-TEM analysis on the transgenic plants expressing YFP-
ATG8e in free1 mutants showed that GFP antibodies can substantially
label the unclosed autophagosomal structures (Supplementary
Fig. 7a), while the GFP antibodies labelling on other intracellular
compartments or aggregates could be barely observed (Supplemen-
tary Fig. 7b), which are consistent with the live-cell imaging analysis
showing the unclosed autophagosmal structures labeled by YFP-
ATG8e in FREE1 depletion mutants (Fig. 1a, b, Supplementary Fig. 3,
Supplementary Movie. 1, and Supplementary Movie. 2). To further
consolidate that the autophagosomes are unclosed in nature, we
performed the serial-2D TEM analysis to differentiate the initiated
phagophore and unsealed autophagosome, and showed that most of
the autophagosomes accumulated in free1 mutants are unsealed,
although they seem to be initiated phagophores or closed autopha-
gosomes in some sections (Supplementary Fig. 8). 3D-tomograms
further demonstrated the substantial accumulation of unsealed
autophagosomes in free1 mutant (Fig. 1e, Supplementary Fig. 9, and
Supplementary Movie. 3). Taken together, these results indicate that
FREE1 is required for autophagosome closure.

ATG conjugation system and its substrates ATG8 coordinate
with FREE1 for autophagosome closure
To further elucidate the mechanism underlying FREE1 function in
autophagosome closure, we performed multiple rounds of affinity
purification-mass spectrometry (AP-MS) analysis using FREE1 as the
bait upon carbon starvation (Supplementary Data 1). The autopha-
gosome closure is a relatively transient cellular process, making it
challenging to identify its regulators until now. We performed ana-
lysis on the MS data through a relative quantification by the IBAQ
using MaxQuant software55. Although a number of proteins have
been identified to be enriched in theGFP-FREE1 groups, we have been
focusing on candidates function inMVB sorting/autophagy pathways
in the current study because FREE1 performs multiple functions in
plants and our study focuses on its function in autophagosome clo-
sure. Our analysis showed that the FREE1-interacting candidates that
function in MVB sorting/autophagy pathways were enriched in the
GFP-FREE1 groups compared to the GFP controls as indicated by the
IBAQ (Supplementary Data 1 and Supplementary Fig. 10). Under
nutrient starvation, FREE1 associatedwith ESCRTs, HOPS (homotypic
fusion and vacuole protein sorting), Retromer, and TOR kinase
complex (Fig. 2a). Interestingly, ATG5 was amongst the interactors,
suggesting that the ATG conjugation systemmay recruit FREE1 to the
phagophore for closure (Fig. 2a). Although the yeast two hybrid and
FRET analysis showed that FREE1 did not exhibit a direct interaction
with components of the ATG conjugation system ATG5, ATG12,
ATG16 or other ATG proteins (Supplementary Fig. 11), colocalization
and co-immunoprecipitation (co-IP) experiments in Arabidopsis

protoplasts have shown that the endogenous ATG5, ATG12b and
ATG16 associated with FREE1 (Fig. 2b, c). To find out if the ATG
conjugation machinery bridged FREE1 to mediate autophagosome
closure, we analyzed autophagosome morphology in atg5-1 mutant.
2D-TEM and 3D-electron tomography analysis of autophagosomes in
atg5-1 mutant have shown the unsealed autophagosomal structures
during autophagy induction, comparing to WT Col-0 cells (Fig. 2d–f,
Supplementary Fig. 12, and Supplementary Movie. 4). WIPI-1, the
close homolog of ATG18 in plants, has been used to analyze
the autophagosomal structures in the ATG5 mutants in mammal56.
We have thus performed confocal analysis with image deconvolution
on the ATG18a-GFP in atg5-1 mutants. In sharp contrast to the Col-0
cells, our results showed that the ATG18a-GFP positive structures are
largely unclosed in atg5-1 mutant cells (Supplementary Fig. 13). Sur-
prisingly, we found that FREE1 directly interacted with the substrates
of theATGconjugation system, i.e. the ubiquitin-like proteins ATG8a,
ATG8g, and ATG8i (Fig. 3a and Supplementary Fig. 14a). Notably,
phylogenetic trees analysis on the ATG8s in different plant species
showed that ATG8a, ATG8g, and ATG8i locate in distinct clades of
plant ATG8paralogs (Fig. 3b). Confocal and super-resolution imaging
analysis showed that FREE1 colocalized with ATG8a and ATG8i at the
phagophore labeled by ATG5 (Fig. 3c, d). Co-IP (co-immunoprecipi-
tation) and FRET (fluorescence resonance energy transfer) analyses
further confirmed the interaction between FREE1 and the specific
ATG8 isoforms of ATG8a and ATG8i (Fig. 3e, f). Western blot
and quantification analysis further showed the accumulation of
full-length eYFP-ATG8i in atg5-1 mutants as well as full-length
mCherry-ATG8i in atg5-1 mutants compared to WT Col-0 cells upon
autophagic induction (Supplementary Fig. 14b, c). Coherently,
the ATG conjugation system components accumulated in the
FREE1 depletion mutants (Supplementary Fig. 15). In summary,
we demonstrated that the ATG conjugation system and its
specific substratesmay coordinatewith FREE1 on the phagophore for
autophagosome closure.

FREE1 contains a classical AIMmotif essential for the interaction
with ATG8
Using Yeast-two hybrid screening, Marshall et al. has shown that ATG8
may interact with FREE1 via typical LDS (LIR docking site)57, suggesting
that FREE1 may contain the classical AIM motif. Our in silico analysis
found that W438 I441 on FREE1 could be the potential AIM motif
essential for its interaction with ATG8 (Supplementary Fig. 16a). We
have thus performedmutagenesis on FREE1 by substitutingW438 I441
to A438 A441 to investigate whether FREE1 interacts with ATG8
through the classical AIM motif. Indeed, co-immunoprecipitation (co-
IP) and yeast twohybrid analysis showed thatmutation ofW438 I441 to
A438 A441 abolished the interaction between FREE1 and ATG8 (Sup-
plementary Fig. 16b, c). Notably, mutation of the AIM motif on
FREE1 significantly inhibited the recruitment of FREE1 to the nascent
autophagosomes comparing with wild-type FREE1 in Arabidopsis pro-
toplasts (Supplementary Fig. 16d, e), demonstrating that this AIM-
dependent interaction was important for the recruitment of FREE1 to
the nascent autophagosomes. To further elaborate the function of
FREE1 AIM in autophagosome closure, we used the particle bom-
bardment to transfer and express the FREE1 or FREE1W438AI441A in the
eYFP-ATG8e/DEX::RNAi-FREE1 transgenic plants for confocal observa-
tion of the autophagosomal structures. Indeed, the mature ring-like
autophagosomes can be found in the eYFP-ATG8e/DEX::RNAi-FREE1
transgenic plants upon FREE1 overexpression, while the FREE1W438AI441A

overexpression cannot complement the defective of autophagosome
closure in eYFP-ATG8e/DEX::RNAi-FREE1 (Supplementary Fig. 16f).
Taken together, our results demonstrated that FREE1 contains a clas-
sical AIM motif, which is essential for its interaction with ATG8,
recruitment to autophagosome, and function in autophagosome
closure.
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Fig. 2 | FREE1 interacts with ATG conjugation system and ESCRT-III under
starvation conditions. a Transgenic Arabidopsis seedlings expressing YFP-FREE1
upon autophagy induction by carbon starvation for at least 18 h were subjected to
GFP-Trap assay for IP-MS analysis. Identified FREE1-interacting partners were ana-
lyzed using STRING. b Immunofluorescence labeling of the endogenous ATG
conjugation system proteins ATG5, ATG12b or ATG16 in Arabidopsis protoplasts
transfected with GFP-FREE1 for 24h before confocal laser scanning microscopy
(CLSM) observation. White dash boxes indicate the 5 X enlarged areas. Scale bars,
10μm. cGFP-Trap and co-IP analysis ofGFP-FREE1with endogenous ATG5, ATG12b,
or ATG16 using native promoter driven GFP-FREE1 transgenic plants. Arabidopsis
transgenic plants expressing GFP or GFP-FREE1 driven by the native promoter were

subjected to protein extraction and IP with GFP-Trap, followed by western blot
analysis with indicated antibodies. d Structural TEM analysis of high-pressure
freezing/frozen substituted atg5-1 mutant plant root tips upon BTH treatment for
8 h. Black dash boxes indicated the 5 X zoom-in areas. Arrowheads indicated
examples of the unsealed autophagosomal structures. Scale bars, 500 nm. e 5 X
zoom-in areas from d. Arrowheads indicated examples of the unsealed autopha-
gosomal structures. Scale bars, 500 nm. fQuantification analysis of the ratio of the
unclosed autophagosomal structures (APs) in Col-0 and atg5-1 mutants per cross-
cell section. Means±SD; n = 10 (Col-0) and n = 17 (atg5-1) cells, two-tailed unpaired
t test; ***p <0.001. All the imaging analysis and immunoblots were repeated at least
for three times with similar results.
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Fig. 3 | FREE1 specifically interacts with the distinct paralogs of ATG8. a Y2H
analysis of BD-FREE1231–601 (the truncated FREE1 without self-activation on BD vec-
tor) with AD-ATG8 isoforms. b Evolutionary relationships of ATG8 isoforms. The
optimal treewith the sumof branch length=4.32642842 is shown. The tree is drawn
to scale, with branch lengths in the same units as those of the evolutionary dis-
tances used to infer thephylogenetic tree.cTransient expressionofCFP-FREE1with
specific ATG8 isoforms YFP-ATG8a and YFP-ATG8i in Arabidopsis protoplasts, the
transfected protoplasts were cultured for 24h before CLSM observation. White
dash boxes indicate the 2.5 X enlarged insets. Scale bars, 10μm. d Arabidopsis
protoplasts transfected with FREE1, ATG5 and ATG8a or ATG8i were subjected to
structure illuminated microscopy (SIM) analysis. Scale bars, 1μm. e GFP-Trap and
co-immunoprecipitation (co-IP) analysis of 3Myc-FREE1 with YFP-ATG8a or YFP-
ATG8i using Arabidopsis protoplasts. Arabidopsis protoplasts co-expressing 3Myc-
FREE1 with YFP-ATG8a, YFP-ATG8i, or YFP only were subjected to protein

extraction and co-IP with GFP-Trap, followed by immunoblotting with indicated
antibodies. f FRET analysis between CFP-FREE1 and YFP-ATG8a or YFP-ATG8i in
Arabidopsis protoplasts. Arabidopsis protoplasts were transfected with CFP and
YFP (negative control), CFP-YFP (positive control), CFP-FREE1 and YFP-ATG8a, or
CFP-FREE1 and YFP-ATG8i, followed by cultured for 24 h before FRET analysis.
Means±SD; n = 14 (CFP/YFP), n = 14 (CFP-YFP), n = 28 (CFP-FREE1/YFP-ATG8a), and
n = 33 (CFP-FREE1/YFP-ATG8i) individual puncta per experimental group, one-way
analysis of variance (ANOVA), followed by Dunnett’s multiple comparisons test;
*p <0.05; **p <0.01. The middle lines of the boxes represent the medians of data-
sets. The upper and bottom lines of the boxes are the upper quantile and the lower
quantile of the data, respectively. The whiskers mark the upper and lower limits of
these datasets, respectively. All the imaging analysis and immunoblots were repe-
ated at least for three times with similar results.
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ESCRT-III components are recruited by FREE1 onto the autop-
hagosomes to mediate closure
In mammal, ESCRTs components VPS37 and SNF7 are essential for
autophagosome closure31–33. In yeast, Rab5 GTPase seems to control
the recruitment of ESCRT to unsealed autophagosomes through an
interaction of the ESCRT subunit SNF7 with Atg1734. Several ESCRT
components are identified as FREE1 interactors upon starvation
(Fig. 2a), we thus set out to investigate the role of ESCRT-III complex in
autophagosome closure in plants. To illustrate the ESCRT-III function
in plant autophagosome closure, we generated transgenic plants
co-expressing eYFP-ATG8e and SNF7.1-RFP, a plant ESCRT-III
component58. Under nutrient rich conditions, SNF7.1 mainly exhib-
ited cytosolic and punctate patterns, while ATG8ewasmainly localized
in the cytoplasm (Supplementary Fig. 17a). Upon autophagic induction
by BTH treatment, ATG8e-positive punctae appeared and significantly
colocalized with SNF7.1 (Supplementary Fig. 17a, b). Further analysis
using transient expression in Arabidopsis protoplasts demonstrated
that SNF7.1 notonly exhibited similar localization pattern aspreviously
shown59, but also localized at the phagophore (Supplementary
Fig. 17c). Consistently, another ESCRT-III component VPS20 also
localized to the autophagosomes upon autophagic induction (Sup-
plementary Fig. 18a). To analyse the function of ESCRT-III in autop-
hagosome closure, we then generated dominant-negative mutant
plants expressing SNF7.1(L22W) (SNF7.1DN), which has been shown to
cause the enlargement of the PVC/MVB with a reduced number of
intraluminal vesicles (ILVs)59. Live cell imaging showed that unsealed
ATG8e-positive autophagosomes accumulated substantially while the
formation of autophagic bodies were significantly impaired in the
SNF7.1DN mutants (Supplementary Fig. 17d, e). Notably, TEM analysis
of autophagosomal structures in SNF7.1DN demonstrated that the
accumulated autophagosomes in the cytoplasm were unsealed (Sup-
plementary Fig. 17f). 3D electron tomography analysis further con-
firmed the unsealed nature of autophagosomes in SNF7.1DN mutants
(Supplementary Fig. 17g and Supplementary Movie. 5). Consistently,
dominant negative mutants of VPS4(E232Q) (VPS4DN), the ATPase-
deficient form of VPS4 that causes the enlargement of the PVC/MVB
with a reduced number of ILVs38, also accumulated unsealed ATG8e
labelled autophagosomes (Supplementary Fig. 18b, c) and showed
significant defects in vacuolar turnover autophagic flux (Supplemen-
tary Fig. 18d, e).We next investigatedwhether FREE1 is required for the
recruitment of the ESCRT-III components onto autophagosomal
structures to regulate closure. Immunogold-TEM analysis using the
antibodies against endogenous plant ESCRT-III component SNF758

showed that SNF7 can significantly label the autophagosomal struc-
tures in Col-0 wild-type plants, but not the accumulated unclosed
autophagosomal structures in free1 mutants (Supplementary Fig. 19a,
b). Our results thus proved that FREE1 is important for the recruitment
of other ESCRT components including ESCRT-III onto the autopha-
gosomes. To further consolidate the TEM observations, we next per-
formed the transient expression assay using protoplasts isolated from
Arabidopsis PSBD suspension culture cells for confocal analysis. Con-
sistently, SNF7.1-GFP failed to be recruited onto the ATG8-positive
structures labelled by mCherry-ATG8e in the protoplasts expressing
the FREE1 RNAi (Supplementary Fig. 19c, d). Notably, SNF7.1-GFP failed
to be recruited onto the ATG8-positive structures in the protoplasts
expressing FREE1 RNAi and the AIM motif mutant Myc-FREE1W438AI441A

(Supplementary Fig. 19c, d). Nonetheless, the ESCRT-III component
SNF7.1-GFP could be sufficiently recruited onto the ATG8-positive
structures in the protoplasts expressing FREE1 RNAi and wild-type
Myc-FREE1 (Supplementary Fig. 19c, d). Western blot analysis showed
the proper overexpression of the FREE1 protein and itsmutant variants
in the FREE1 RNAi mutants (Supplementary Fig. 19e). Therefore, our
results demonstrated that the interaction between FREE1 and ATG8 is
required for the recruitment of the ESCRT-III components onto the
autophagosome.

Recent studies have demonstrated the importance of ESCRT-I in
regulating autophagosome closure in mammal32, we thus also set out
to investigate the potential function of plant ESCRT-I in phagophore
sealing. In Arabidopsis, all the ESCRT-I components VPS37, VPS23, and
VPS28 contain two homologues encoding in the genome. Double
mutant of the ESCRT-I components is inapplicable for cellular analysis
due to the seedling lethality, while the single mutant does not exhibit
obvious growth defective under normal condition60. Consistent with
recent study54, phenotypic analysis showed that neither the single
mutant vps23a nor vps23b mutants exhibited comparable autophagy-
related phenotype as atg5-1 and atg7-2 upon carbon starvation (Sup-
plementary Fig. 20a). TEM results showed that the autophagosomes
closed normally in vps23a-/-vps23b + /- mutant, which is comparable
with the wild-type plants (Supplementary Fig. 20b). Therefore, our
current results suggested that VPS23Amay either act redundantly with
VPS23B in autophagosome closure or do not play role in autophagy.
Due to the lethality of the doublemutants of VPS23, future study could
be carried out to generate micro-RNA mutants of both VPS23A and
VPS23B driven by inducible promoter and used for exploring the
possible functional roles of ESCRT-I in autophagosome closure. Taken
together, our results demonstrated that the interaction between FREE1
and ATG8 is required for the recruitment of the ESCRT-III components
onto the autophagosomal structures to regulate autophagosome clo-
sure in plants.

Plant energy sensor kinase SnRK1 phosphorylates FREE1
AMPK is a conserved metabolic switch that senses cellular energy
status and governs energy homeostasis through its regulation of glu-
cose and lipid metabolism in mammal. The regulatory roles of the
AMPK on autophagosome initiation through phosphorylation and
activation of ULK16–8 and differential regulation of VPS34 containing
complexes9 have been unveiled. In plants, SnRK1 (Sucrose non-
fermenting-1 (SNF1)-related kinase 1), the close homolog of the yeast
SNF1 (sucrose non-fermenting 1) and themammalian AMPK families, is
a central integrator of energy and stress signalling. Upon sensing
energy deficit, nutrient deprivation or darkness, SnRK1 triggers vast
metabolic and transcriptional adjustments for homeostasis restora-
tion, survival promotion and environmental adaptation61. Surprisingly,
our interactome analyses revealed that FREE1 associates with KIN10
(SnRK1α1) during nutrient starvation (Supplementary Data 1 and
Supplementary Fig. 10). We thus investigated the localization of FREE1
with KIN10 in Arabidopsis protoplasts. Interestingly, FREE1 partially
colocalized with KIN10 (Fig. 4a). Both FRET and yeast-two hybrid assay
demonstrated the direct interaction between FREE1 andKIN10 (Fig. 4b,
c), while co-IP assays in Arabidopsis protoplasts further showed that
GFP-FREE1 can be co-immunoprecipitated with KIN10-6HA (Fig. 4d).
Finally, the in vivo analysis using KIN10-GFP transgenic lines has
demonstrated that KIN10 interacts with FREE1 in a nutrient starvation
dependent manner (Fig. 4e, f and Supplementary Fig. 21a). In vivo
interaction assay using the endogenous promoter driven GFP-FREE1
transgenic plants further confirmed that FREE1 can directly interact
with the endogenous KIN10 upon nitrogen starvation (Supplementary
Fig. 21b). The interaction between KIN10 and FREE1 prompted us to
hypothesize that KIN10 might phosphorylate FREE1 to promote
autophagosome closure during nutrient starvation. Indeed, FREE1 can
be phosphorylated under nitrogen limiting conditions comparingwith
mock treatments (Fig. 4g). To identify the potential phosphorylation
sites on FREE1, we performed multiple rounds of pull-down and mass-
spectrometry analysis during nutrient starvation. Interestingly, Serine
at position 530of FREE1, wasphosphorylated upon carbondeprivation
(Supplementary Fig. 22a, b). To investigate whether KIN10 can directly
phosphorylate FREE1, we performed the semi-in vitro phosphorylation
assay. According to previous study62, KIN10 was first enriched from
transgenic seedlings overexpressing KIN10-GFP or KIN10-HA by
immunoprecipitation with anti-GFP or anti-HA and then used to
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phosphorylate His-sumo-FREE1, His-sumo-FREE1S530A, or His-sumo-
FREE1S530AS533A since it also contained the S530A mutation, which was
further detected by Phos-tag biotin. Indeed, FREE1 can be phos-
phorylated in the presence of the activated KIN10-GFP or KIN10-HA,
while the negative control GFP only cannot be phosphorylated (Fig. 4h
and Supplementary Fig. 23a, b). Importantly, mutation on S530A
abolished the phosphorylation of FREE1 by KIN10 (Fig. 4h). FREE1 has
been shown to be phosphorylated by SnRK2.2/2.3, promoting its
translocation to the nuclei under ABA conditions63, whereas a recent

study has also shown the sequestration of SnRK1 by SnRK2-containing
complexes to inhibit SnRK1 signaling64. Therefore, to provide the
direct evidence of FREE1 phosphorylation by SnRK1 but not by
SnRK2.2/2.3 in the semi-in vivo phosphorylation assay, we also used
the Arabidopsis protoplasts isolated from the snrk2.2/2.3 mutants for
the assay. Consistently, FREE1 can be phosphorylated in the presence
of KIN10 purified from the transgenic seedlings expressing KIN10-GFP
in snrk2.2/2.3 mutants background, while the mutation on S530A or
S530AS533A abolished the phosphorylation of FREE1 by SnRK1α1
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(Fig. 4i). Furthermore, the in vitro kinase assays were performed using
recombinant KIN10 tagged with His-MBP and FREE1 or FREE1S530A tag-
ged with His-sumo, which was further detected by the auto-
radiography. Indeed, FREE1 can be phosphorylated by the purified
KIN10, while the mutation on S530A abolished the phosphorylation of
FREE1 by KIN10 in vitro (Supplementary Fig. 23c, d). To further confirm
our results in planta, GFP-FREE1 or GFP-FREE1S530A were transiently
expressed in protoplasts isolated from transgenic plants expressing
KIN10-HA upon nitrogen starvation. GFP-FREE1 and GFP-FREE1S530A

were enriched by immunoprecipitation with anti-GFP for detection by
Phos-tag biotin. Indeed, GFP-FREE1 can be phosphorylated in the
protoplasts isolated from the transgenic seedlings expressing KIN10-
HA, while the mutation on S530A significantly reduced the phos-
phorylation of FREE1 by KIN10 (Supplementary Fig. 23e). Taken toge-
ther, our data demonstrated that KIN10 can directly phosphorylate
FREE1 on the S530.

Phosphorylated-FREE1 is essential for the autophagosome seal-
ing and plant growth upon nutrient deprivation
To investigate the functional role of the phosphorylation site on FREE1
in autophagosome closure, we performed biochemical, genetic and
cellular analysis to find out whether the Serine at position 530 is
essential for the FREE1 function in autophagosome sealing. The
homozygous lines of free1 T-DNA insertional mutants are seedling
lethal, which are not suitable for studying the bona fide function of
FREE1 in different developmental stages and growth conditions48.
Thus, we have screened for the CRISPR mutants of FREE1 which are
viable under normal growth conditions and identified the free1-ct
mutant lines (a free1 weak allele which harbours a deletion of eight
nucleotides in the ninth exon region that leads to a change in amino
acids or deletion in the C terminus of FREE1)63. Albeit the Ser530 is
presented in the protein expressed in the free1-ct mutant lines, our
recent study suggested that these mutants may disrupt the second-
ary structure and abolish the function of coiled-coil domain of FREE1
which contains the Ser53063. Since Ser530 located at the C-terminus
of FREE1 protein, we performed the analysis using this recently
obtained CRISPR mutant of FREE1, free1-ct63. Indeed, albeit showing
similar growth phenotype as the wild type plants under normal
conditions, free1-ct exhibited early senescence phenotypes as
DEX::RNAi-FREE1, SNF7.1DN, VPS4DN and atg5mutants upon cellular
energy deprivation and nitrogen starvation (Supplementary Fig. 24a-
e). We further explored the functional role of Ser530 of FREE1 in the

autophagy pathway using the transgenic plants expressing GFP-
FREE1 or GFP-FREE1S530A in free1-ct mutant background, as well as
GFP-FREE1S530AS533A/free1-ct that we recently generated since it also
contained the S530A mutation63. Indeed, free1-ct plants exhibited
growth defects when cellular energy and nitrogen source were lim-
ited, however, overexpressing GFP-FREE1S530A or GFP-FREE1S530AS533A

was unable to complement the phenotype, compared to WT Col-0
and GFP-FREE1 complementation lines (Supplementary Fig. 24f, g
and Supplementary Fig. 25a, b). We have also generated the phos-
phomimetic variants of FREE1 transgenic plants expressing the GFP-
FREE1S530D or GFP-FREE1S530DS533D in free1-ct mutants background for
phenotypic analysis. Consistently, overexpressing of GFP-FREE1S530D/
free1-ct or GFP-FREE1S530DS533D/free1-ct was able to complement the
defective phenotype as the GFP-FREE1 complementation lines upon
carbon starvation (Supplementary Fig. 25c, d). These results sug-
gested that the phosphorylated-FREE1 is indispensable for the plant
autophagy.

Notably, GFP-FREE1 can interact with ATG8, while GFP-FREE1S530A

andGFP-FREE1S530AS533A cannot be co-immunoprecipitatedwithATG8 in
planta (Fig. 4j and Supplementary Fig. 26a). Indeed, in vivo interaction
assay using the endogenous promoter driven GFP-FREE1 transgenic
plants further confirmed that FREE1 can directly interact with the
endogenousATG8 upon nitrogen starvation (Supplementary Fig. 26b).
Cellular analysis showed the decreased colocalization of GFP-
FREE1S530A with ATG8i in Arabidopsis protoplasts (Fig. 4k and Supple-
mentary Fig. 26c), and partial decrement of vacuolar delivery of GFP-
FREE1S530A or GFP-FREE1S530AS533A in comparison to GFP-FREE1, GFP-
FREE1S530D or GFP-FREE1S530DS533D (Supplementary Fig. 27a, b). Intrigu-
ingly, GFP-FREE1S530A failed to co-immunoprecipitate with the ATG
conjugation system as well, while GFP-FREE1 can be significantly pre-
cipitated by ATG5 and ATG5-ATG12 conjugate (Supplementary Fig. 28
and Fig. 2c), suggesting the importance of S530 for the FREE1-ATG
conjugation system interaction. To further elaborate the role of S530
on FREE1 in autophagosome closure, 2D-TEM and 3D-tomography
analysis further showed the accumulation of unclosed autophagoso-
mal structures in the free1-ct, GFP-FREE1S530A/free1-ct, and GFP-
FREE1S530AS533A/free1-ct lines, while the autophagosomes in the
GFP-FREE1S530D/free1-ct, GFP-FREE1S530DS533D/free1-ct, and GFP-FREE1/
free1-ct complementation lines were properly sealed upon carbon
starvation (Fig. 5a, b and Supplementary Movie. 6). Consistently, we
monitored the autophagy flux as previous study65 and showed that the
autophagic bodies were largely absent from the vacuole of the free1-ct,

Fig. 4 | KIN10 phosphorylates FREE1 to orchestrate ESCRTmachinery function
in autophagosome closure. a Transient expression and confocal analysis of the
spatial relationship between FREE1 and KIN10 in Arabidopsis leaf protoplasts. The
transfected leaf protoplasts were cultured for 24h before CLSM observation. Scale
bars, 10μm. b FRET analysis of CFP-FREE1 with KIN10-YFP. Arabidopsis protoplasts
co-expressing CFP and YFP (negative control), CFP-YFP (positive control), or CFP-
FREE1 and KIN10-YFP were cultured for 24hr before FRET analysis. Means±SD;
n = 16 (CFP/YFP), n = 11 (CFP-YFP), and n = 16 (CFP-FREE1/KIN10-YFP) individual
puncta per experimental group, one-way analysis of variance (ANOVA), followed by
Tukey’s multiple test; ***p <0.001. The middle lines of the boxes represent the
medians of datasets. The upper and bottom lines of the boxes are respectively the
upper quantile and the lower quantile of the data. Thewhiskersmark the upper and
lower limits of these datasets, respectively. c Y2H analysis between AD-KIN10 and
BD-FREE1231–601 (the truncated FREE1 without self-activation on BD vector). d GFP-
Trap and co-immunoprecipitation (co-IP) analysis of KIN10-6HA and YFP-FREE1 in
Arabidopsis protoplasts. Arabidopsis protoplasts co-expressing KIN10-6HA with
YFP-FREE1, or YFP only were subjected to protein extraction and IP with GFP-Trap,
followed by immunoblotting with indicated antibodies. e GFP-Trap and co-IP of
KIN10 and FREE1 using transgenic plants expressing KIN10-GFP under nitrogen
starvation (-N) for at least 18hrs, followed by immunoblotting using GFP and FREE1
antibodies. f Quantification analysis of the ratio of co-immunoprecipitated FREE1
by KIN10 shown in e. Means±SD; n = 4 individual experiments, two-tailed unpaired t
test, ***p <0.001. g In vivo phosphorylation of FREE1 upon nitrogen starvation. GFP-

FREE1/free1 transgenic plants were subjected to mock or nitrogen starvation for at
least 18 h, followed by protein extraction and IP with GFP-Trap, and subsequent
immunoblotting detection by Phos-tag biotin and the indicated antibodies. h Semi-
in vitro phosphorylation assay of FREE1, FREE1S530A and FREE1S530AS533A proteins by
KIN10-GFP purified from the transgenic plants expressing KIN10-GFP. KIN10 was
enriched from transgenic seedlings expressing KIN10-GFP by immunoprecipitation
with anti-GFP and then used to phosphorylate FREE1, FREE1S530A or FREE1S530AS533A

tagged with His-sumo, which was further detected by Phos-tag biotin. i Semi-in
vitro phosphorylation assay of FREE1, FREE1S530A and FREE1S530AS533A proteins by
KIN10-GFP purified from the transgenic plants expressing KIN10-GFP in snrk2.2/2.3
mutants. KIN10 was enriched from transgenic seedlings expressing KIN10-GFP in
snrk2.2/2.3 mutants background by immunoprecipitation with anti-GFP and then
used to phosphorylate FREE1 or FREE1S530A or FREE1S530AS533A tagged with His-sumo,
which was further detected by Phos-tag biotin. j In vivo interaction between ATG8
and FREE1, FREE1S530A, or FREE1S530AS533A mutant variants. GFP-FREE1, GFP-FREE1S530A,
and GFP-FREE1S530AS533A transgenic plants were subjected to nitrogen starvation for
at least 18 h, followed by protein extraction and IP with GFP-Trap, and subsequent
immunoblottingwith indicated antibodies.kTransient co-expression of GFP-FREE1
or GFP-FREE1S530A with mCherry-ATG8i in Arabidopsis protoplasts. The transfected
protoplasts were cultured for 24h before CLSM observation. Scale bars, 10μm. All
the imaging analysis and immunoblots were repeated at least for three times with
similar results.
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Fig. 5 | The phosphorylation site on FREE1 is essential for the autophagosome
closure. a Structural TEM analysis of ultrathin sections prepared from high-
pressure freezing/frozen substituted free1-ct mutant, GFP-FREE1S530A/free1-ct, GFP-
FREE1S530AS533A/free1-ct, GFP-FREE1S530D/free1-ct, GFP-FREE1S530DS533D/free1-ct, and GFP-
FREE1/free1-ct transgenic plant root tips upon carbon starvation for 18 h. White
dash boxes indicate the 4 X zoom-in areas. Arrowheads indicate examples of the
unsealed autophagosomal structures, while arrows indicate examples of the sealed
autophagosomes. Scale bars, 500 nm. b 3D electron tomography (ET) analysis of

autophagosomal structures in free1-ct mutant, GFP-FREE1S530A/free1-ct, GFP-
FREE1S530AS533A/free1-ct, GFP-FREE1S530D/free1-ct, GFP-FREE1S530DS533D/free1-ct, and GFP-
FREE1/free1-ct transgenic plant root tips upon carbon starvation for 18 h. Upper
panels, individual slices of the 3D-tomography. Lower panels, 3D models of the
corresponding tomography. Scale bars, 100nm. The green color indicates the
unclosed autophagosomal structures, while the blue and green color indicate the
closed autophagosomes. All the imaging analysis was repeated at least for three
times with similar results.
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GFP-FREE1S530A/free1-ct, and GFP-FREE1S530AS533A/free1-ct lines, yet the
autophagic bodies were substantially accumulated in the vacuoles of
the GFP-FREE1S530D/free1-ct, GFP-FREE1S530DS533D/free1-ct, and GFP-FREE1/
free1-ct complementation lines upon carbon starvation and ConcA
treatments, suggesting the defective of vacuolar delivery of the
unclosed autophagosomal structures in free1-ct, GFP-FREE1S530A/free1-
ct, and GFP-FREE1S530AS533A/free1-ct lines (Supplementary Fig. 29a–c).

Biochemically, the lipidated ATG8 significantly accumulated in
the DEX::RNAi-FREE1 mutant protoplasts overexpressing Myc-
FREE1S530A, DEX::RNAi-FREE1 mutant protoplasts overexpressing Myc-
FREE1W438AI441A, as well as DEX::RNAi-FREE1 mutant protoplasts upon
DEX inductionwith or without BTH treatments, while the effects could
be restored by overexpressing wild-type Myc-FREE1 in DEX::RNAi-
FREE1mutant protoplasts (Supplementary Fig. 30a, b). Meanwhile, the
autophagy receptor NBR1 substantially accumulated in the DEX::RNAi-
FREE1 mutant protoplasts overexpressing Myc-FREE1S530A, DEX::RNAi-
FREE1mutant protoplasts overexpressingMyc-FREE1W438AI441A, aswell as
DEX::RNAi-FREE1 mutant protoplasts upon DEX induction with or
without BTH treatments, while the defects could be recovered by
expressing wild type Myc-FREE1 in DEX::RNAi-FREE1 mutant proto-
plasts (Supplementary Fig. 30c, d). Lastly, the YFP-ATG8e turnoverwas
significantly impeded in the DEX::RNAi-FREE1 mutant protoplasts
overexpressing Myc-FREE1S530A, DEX::RNAi-FREE1 mutant protoplasts
overexpressing Myc-FREE1W438AI441A, as well as DEX::RNAi-FREE1 mutant
protoplasts uponDEX inductionwithorwithoutBTHtreatments,while
the defects could be complemented by overexpressing wild typeMyc-
FREE1 inDEX::RNAi-FREE1mutant protoplasts (Supplementary Fig. 30e,
f). Our results thus demonstrated that FREE1S530A failed to complement
the defectiveof FREE1mutants onATG8 lipidation, NBR1 turnover, and
YFP-ATG8e turnover, indicating that S530 is essential for FREE1 func-
tion in autophagosome closure biochemically. Albeit the importance
in regulating autophagosome closure, cellular and biochemical ana-
lysis showed that S530 on FREE1 is dispensable for the vacuolar
transport of Aleurain-mRFP (Supplementary Fig. 31). Our results thus
demonstrated that the S530 affects only autophagy but not vacuolar
protein transport. To conclude, our data demonstrated that the
phosphorylation status of FREE1 is essential for its redistribution to
phagophore, function in autophagosome closure, and dedication to
plant growth upon nutrient deprivation.

Discussion
Using a combination of 3D electron tomography, proteomic analysis,
cellular and genetic approaches, we demonstrated that the ATG con-
jugation system substrate ATG8 is essential to recruit the ESCRTs
machinery for autophagosome completion via a plant unique pleio-
tropic ESCRT protein FREE1, whose shuttling from endosome to pha-
gophore is tightly regulated by the plant energy sensor SnRK1, bywhich
ATG8 interacts and recruits SnRK1α1-phosphorylated FREE1 onto pha-
gophores for downstream ESCRTs recruitment to regulate autopha-
gosome closure. Our study thus provides hints on the universal
underlyingmechanismofnutrient sensing andautophagosomeclosure.

Despite the indispensable role of the ESCRT machinery in
autophagosome closure31–33, exactly how the ESCRT components are
translocated from endosome to phagophore upon autophagy induc-
tion by nutrient starvation remains unknown in higher eukaryotes.
Consistently our study confirmed that the plant ESCRT-III proteins
SNF7.1 and VPS20 localize at the autophagosomal structures, while
unclosed autophagosomes largely accumulated in SNF7.1 and VPS4
mutants (Supplementary Figs. 17, 18). More intriguingly, we demon-
strated that the plant unique ESCRT component FREE1, which has been
shown to regulate endosomal sorting and MVB/Vacuole biogenesis in
concert with ESCRT-I in Arabidopsis48, is crucial for autophagosome
closure. Substantial numbers of “open” phagophores accumulate in
free1 mutants as revealed by high-resolution confocal imaging, ultra-
structural transmission electronmicroscopy, 3D electron tomography,

and biochemical analysis (Fig. 1a–e, Supplementary Fig. 2, Supple-
mentary Fig. 3, Supplementary Fig. 4, Supplementary Fig. 5, Supple-
mentary Fig. 6, Supplementary Fig. 7, Supplementary Fig. 8, and
Supplementary Fig. 9). These results, together with our previous
findings that the autophagic bodies could be barely observed in the
vacuole of free1mutants comparingwith thewild-typeCol-0 uponBTH
and ConcA treatments49, suggested that the loss of FREE1 in free1
mutant strongly blocked the autophagosome closure and the
unclosed autophagosomes in free1 mutants could not be properly
fused with the vacuole for degradation under autophagy induction
conditions. Surprisingly, our proteomic analysis identified the ATG
conjugation system as the potential interactors of FREE1 upon nutrient
deprivation (Fig. 2a, Supplementary Fig. 10, and Supplementary
Data 1). FREE1 colocalizes and can be co-immunoprecipitated with the
components of ATGconjugation system (Fig. 2b, c), whereas FREE1 can
directly interact with specific paralogs of ATG8, the substrate of the
ATG conjugation system (Fig. 3a–f). It would be of great interest in
future study to reveal the mechanism underlying the recognition of
FREE1 by specific ATG8s in regulating autophagosome closure and to
answer whether the mechanism is evolutionary conserved in other
plants. Recent studies have shown that depletion of ATG8 proteins
apparently causes the accumulation of “open” autophagosomes in
mammalian cells66,67, whereas deficiency in the ATG conjugation sys-
tem leads to a significant delay in degradation of the inner autopha-
gosomal membrane and cargo, probably due to the incomplete
closure of the autophagosomal structures68. However, how the ATG
conjugation system contributes to autophagosome closure remains
elusive, although it has been speculated that ATG8 proteins may be
involved in the recruitment of specific LC3-interacting region (LIR)-
containing proteins required for downstream phagophore closure69.
Intriguingly, FREE1 contains a classical AIMmotif, which is required for
its interaction with ATG8 as well as its recruitment to autophagosome
for closure function (Supplementary Fig. 16a–f). Our study has iden-
tified and demonstrated that the plant unique ESCRT protein FREE1
acts as a linker to bridge the ATG conjugation system/ATG8s and
ESCRT machinery to regulate the autophagosome closure, thus deli-
neating the underlying mechanism of autophagosome sealing in
higher eukaryotes.

Plants respond to abiotic and biotic stresses by fine tuning
anabolic and catabolic reactions70. SnRK1, a central energy sensor
kinase and a chief stress response component in plants, is crucial for
catabolic reactions and represses anabolic processes upon energy-
depleting stress conditions to support stress tolerance and
survival61,71,72. SnRK1 is functionally and evolutionarily conservedwith
the SNF1 in yeast and theAMPK in animals71. In plants, SnRK1 has been
shown to participate in the autophagy pathway, the important cata-
bolic process for energy and nutrient restoration, via acting
upstreamof TORor independently of TOR through direct interaction
with ATG11,73–75. Here, we provide multiple evidences on KIN10 in
regulating the plant unique ESCRT component FREE1 to function in
autophagosome closure. We showed that FREE1 and KIN10 directly
interacts with each other (Fig. 4b–f and Supplementary Fig. 21).
Indeed, FREE1 can be directly phosphorylated by KIN10 in vivo and
in vitro, while the phosphorylation sites on FREE1 are essential for the
interaction with ATG8 (Fig. 4g–j, Supplementary Fig. 23, and Sup-
plementary Fig. 26). Genetic, cellular and biochemical analysis fur-
ther supports the notion that KIN10-mediated phosphorylation of
FREE1 is essential for autophagosome closure (Fig. 5a, b, Supple-
mentary Fig. 24, Supplementary Fig. 25, Supplementary Fig. 27,
Supplementary Fig. 29, and Supplementary Fig. 30). Notably, recent
study has shown that the autophagosome formation is strongly
inhibited in kin10 mutant upon a wide variety of stress conditions75.
Future study using themicro-RNAmutants of SnRK1α1 and SnRK1α1/
SnRK1α2 driven by the DEX-inducible promoter48 could further
increase our understanding of the functional roles of SnRK1 in
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autophagosome closure. In mammal, AMPK acts on triggering
the autophagosome biogenesis through the activation of ULK16–8

and regulation of VPS34 containing complexes9, which are known
regulators in autophagy initiation and progression, respectively.
Similarly, KIN10 can phosphorylate ATG1 and ATG6 to regulate plant
autophagy pathway62,73. Our results provided thefirst line of evidence
to show that the energy sensor also plays pivotal role in regulating
the downstream closure step of autophagosome biogenesis. The
simultaneously targeting of multi-steps during autophagosome for-
mation by KIN10 may ensure the precise regulation of autophagy
upon stresses.

Altogether, our results show that during nutrient starvation, the
energy sensor kinase not only suppresses the TOR signalling pathway
and induce autophagosome initiation, but also regulates the shuttling
of ESCRTmachinery from endosomes to autophagosomes to facilitate
autophagosome sealing (Fig. 6).

Methods
Plasmid construction
Restriction digestion or Gateway cloning (Invitrogen) were performed
to clone the PCR-amplified target genes into the destination plasmids.
For the generation of YFP-ATG8i, mCherry-ATG8i, DEX::SNF7.1(L32W),
DEX::VPS4(E232Q), VPS20a-GFP, SNF7.1-RFP, KIN10-GFP, and KIN10-
HA transgenic plants, PCR-products of ATG8i, SNF7.1(L32W),
VPS4(E232Q), VPS20a, and SNF7.1, KIN10 were cloned into corre-
sponding pBI121/1300-UBQ::Gene-GFP/mRFP, pCambia1300-GFP/
mRFP, or pTA7002-35S::Gene dexamethasone (DEX)-inducible back-
bones by restriction digestion and ligation or Gateway. For transient
expression constructs used in confocal laser scanning microscopy
(CLSM) or co-IP assays, PCR products were cloned into pBI221-
UBQ::XFP-gene, 6HA-gene, or 3Myc-gene vectors by restriction
digestion and ligation or Gateway. All constructs were confirmed by

Sanger sequencing. Constructs and primers used in this study are lis-
ted in Supplementary Data 2.

Plant growth and phenotypic analysis
Arabidopsis plant system biology dark-type culture (PSBD) suspension
cells were incubated at 25 °C and sub-cultured every 5 days76. Arabi-
dopsis seeds were surface sterilized and grown on plates with half-
strength Murashige and Skoog (MS) growth medium (pH 5.7). Seeds
were germinated and grown at 22 °C under a long day (16 h light/8 h
dark) photoperiod. For DEX, BTH, or Concanamycin A (ConcA) treat-
ments in CLSM observation, protein extraction analysis, and high-
pressure freezing/frozen, 10μM DEX, 100μM BTH, and 1μM ConcA
were applied to seedlings for indicated time points before analysis,
respectively. For nitrogen or carbon starvation assay, 5-day-old seed-
lings were transferred to nitrogen source-free or carbon source-free
half-strength MS medium for at least 2 weeks before phenotypic ana-
lysis and chlorophyll content measurement.

Transgenic lines generation
Transgenic plants were generated by introducing the corresponding
genes into the target lines through Agrobacterium transformation
by floral dip77. In general, YFP-ATG8i, mCherry-ATG8i,
DEX::SNF7.1(L32W), DEX::VPS4(E232Q), VPS20a-GFP, SNF7.1-RFP,
KIN10-GFP, and KIN10-HA cloned into the corresponding pBI121/
1300-UBQ::Gene-GFP/mRFP, pCambia1300-GFP/mRFP, or pTA7002-
35S::Gene dexamethasone (DEX)-inducible backbones were trans-
formed into Agrobacterium tumefaciens GV3101 and then introduced
into Col-0 or mutant Arabidopsis plants via floral dip. Transgenic
plants were selected on MS medium plates containing antibiotics,
and homozygous lines were used for further analysis. Double trans-
genic plants were generated by crossing with previously generated
marker lines78.

Fig. 6 | Working model of the interplay between the ATG conjugation system
and the ESCRT machinery in regulating autophagosome closure in plants.
Under nutrient-rich condition, FREE1 functions in endosomal sorting. During
nutrient-deficient condition (autophagy induction), SnRK1 phosphorylates FREE1.
The phosphorylated FREE1 is then recruited by the ATG conjugation system/ATG8

isoforms and cooperates with the downstream ESCRT machinery to mediate
autophagosome closure. TOR, target of rapamycin; SnRK1, SNF1-related protein
kinase 1; AP, autophagosome; MVB/PVC, multivesicular body/prevacuolar com-
partment; ESCRT, endosomal complexes required for transport.
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Confocal microscopy and FRET analysis
Confocal fluorescence images were captured by a Leica SP8 laser
scanning confocal systemwith a 63 xwater lens and deconvolution. For
each analysis, >30 individual cells or >10 individual seedlings were
analyzed to represent the majority of samples showing similar expres-
sion levels and patterns. Images were further processed by Adobe
Photoshop software (http://www.adobe.com). Deconvolution was per-
formed via HyVolution software from Leica. FRET analysis was con-
ducted on the same Leica SP8 confocal system according to the
manufacturer’s instruction using 405 nm and 514nm laser. CFP -YFP
indicates the fusion of the CFP and YFP protein with a short linker,
which is used as a positive control for the FRET analysis. CFP/YFP
indicates the co-expression of individual CFP and YFP protein, which is
used as a negative control for the FRET analysis. Acceptor photo-
bleaching FRET analysis was conducted on the Leica SP8 confocal sys-
tem. Briefly, cells expressing various CFP and YFP fusions were used for
photobleaching using 514 nm laser in full power intensity. CFP donor
fluorescencewas imaged before and after bleaching a region of interest
of YFP to less than 10% of its initial intensity. FRET efficiency was cal-
culated as Ef =100 × (IPost − Ipre)/Ipost, where Ipre and Ipost stand for
the CFP intensities before and after acceptor bleaching, respectively.

Particle bombardment of Arabidopsis seedlings
Five-day-old Arabidopsis seedlings were carefully transferred to a new
MS plate containing 10μM Dexamethasone in ordered arrangement
for 24 h. Gold particles coated with plasmid DNA were prepared and
bombarded three times at three different positions into the plants
using PSD-1000/He particle delivery system (Gas pressure: 1100 psi;
Vacuum: 28mm Hg; Gap distance between the rupture disk and
macrocarrier: 1 cm; Gold particle flight distance betweenmacrocarrier
and plant samples: 9 cm) as described previously79,80. Plants were kept
in dark in the plant growth chamber for 12–24 h before confocal
observation.

High pressure freezing and transmission electron microscopy
5 DAG Arabidopsis seedling root tips were cut and high-pressure
freezing/frozen by the high-pressure freezer (EM PACT2, Leica,
Germany) prior to subsequent freeze substitution in acetone con-
taining 0.4% uranyl acetate at −85 °C in an AFS freeze-substitution unit
(Leica, Wetzlar, Germany). After gradient infiltration with increasing
concentration of HM20, samples were embedded and ultraviolet
polymerized for ultra-thin sectioning48,78. TEM analysis was performed
byobserving theultra-thin sectionon the grids under the 80 kVHitachi
H-7650 transmission electron microscope (Hitachi High-Technologies
Corporation, Japan) with a charge-coupled device (CCD) camera.

3D electron tomography
The electron tomography observation procedures have been descri-
bed previously81. In general, 300-nm-thick sections were observed
using a 200 kV Tecnai F20 electron microscope (FEI Company). For
each grid, a tilt image stack from at least +51° to −51° with 1.5° incre-
ments was collected, while the second axis of tilt image stack was
collected by rotating the grid by 90°. Dual-axis tomograms were cal-
culated from pairs of image stacks with the etomo program of the
IMOD software package. The 15 nm gold particles at the surface of the
sections were used as fiducialmarkers to align individual images in the
tilt series. For model generation, the contours were drawn manually
and meshed with the 3dmod program in the IMOD software package.

Proteomics and mass-spectrometry
Proteins were extracted from 5DAG seedlings in IP buffer (50mMTris-
HCl, pH 7.4, 150mM NaCl, 1mM MgCl2, 20% glycerol, 0.2% NP-40, 1×
protease inhibitor cocktail, Roche). The collected supernatant was
then co-incubated with GFP-Trapmagnetic beads (Chromotek) at 4 °C
as instructed by the manufacture handbook. The beads were washed

five times with the same ice-cold IP buffer and eluted by boiling in
reducing SDS sample buffer before SDS-PAGE gel electrophoresis. The
gel was then stained with Imperial™ Protein Stain after SDS–PAGE
separation, and proteins were cut out for in-gel trypsin digestion as
previously described82. In general, the cut gel was dehydrated and
rehydrated using acetonitrile and water repeatedly for three times
before reducing the disulfide-bond using dithiothreitol (DTT) and
iodizing the gel using iodoacetamide (IAA). The gel was further
dehydrated using acetonitrile for three times before trypsin digestion
at 30 °C overnight. The digested peptide mixture was fractionated by
nano-liquid chromatography-MS (nano-LCMS) using anUltiMate 3000
RSLCnano system (Thermo Fisher Scientific). MS data were then
acquired with an Orbitrap Fusion Lumus mass spectrometer (Thermo
Fisher Scientific). For the phosphorylation sites identification, rawMS/
MSdatawere converted toMascot generic format (mgf) andwereused
to search database using an in-house Mascot search engine (Matrix
Science) with phosphorylation. For the interactors identification, raw
MS/MS data was analyzed with MaxQuant version 2.0.3.1 as described
in previous study55. The reference sequences of Arabidopsis thaliana
proteome (Araport11_pep_20220103.fasta) were from TAIR database
(arabidopsis.org), which contain 48231 entries. The false discovery
rate (FDR) threshold of peptide-to-spectrummatch (PSM) and protein
were set as0.05. “Trypsin digestion” and “Orbitrap”were chosen in the
parameters setting while other searching parameters were kept as
default. The “iBAQ” value was set for label free quantification. Data
matrix of protein expression levels in all samples were merged by in-
house Perl scripts. The expression value was transformed through
log2(iBAQ+1). Differential expression analyses were performed by
using limma package. We adopted the default method in Limma
which uses an Empirical Bayes estimate to “moderate” the standard
deviation in the t-test denominator using the distribution of all the
standard deviations (Moderated paired t-test). P-values were adjusted
through Benjamini-Hochberg’s method for multiple comparisons
(https://bioconductor.org/packages/release/bioc/vignettes/limma/
inst/doc/usersguide.pdf). The volcano plot was generated by using
ggplot2 package in R.

Yeast two-hybrid
For Y2H analysis, the corresponding PCR products were cloned into
the pGBKT7 or pGADT7 vectors (Clontech) (Supplementary Data 2).
Plasmids of eachpair were co-transformed into the yeast AH109 strain.
Transformants were first screened on synthetic drop-out medium
lacking Trp and Leu. Positive colonies were further selected on SD
medium lacking His, Trp, Leu with 3AT, or His, Trp, Leu and Ade.
The experiments were performed independently for at least twice
with similar results obtained. Due to the high self-activation activity of
full-length FREE1 protein on BD vector, the C-terminal part of
FREE1(231–601) was used for the yeast two hybrid assay as previously
described63.

Immunoblotting and co-immunoprecipitation
Seedlings were ground in ice-cold extraction buffer (50mM Tris-HCl,
pH 7.4, 150mM NaCl, 20% glycerol, 1% Triton, 1× protease inhibitor
cocktail, Roche) for protein extraction. Cell debris was removed
by centrifugation at 700 g then 16,000 g at 4 °C. The collected
supernatant was then denatured by boiling in reducing SDS sample
buffer. Extracted proteins were then applied to gel electrophoresis on
12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) gels. Immu-
noblot analysis was performed as previously described78. For co-
immunoprecipitation (co-IP) analysis, transfected protoplasts or
transgenic plants were homogenized in IP buffer (50mM Tris-HCl, pH
7.4, 150mM NaCl, 1mMMgCl2, 20% glycerol, 0.2% NP-40, 1× protease
inhibitor cocktail, Roche). Lysates were centrifuged at 16,000 g for
4 °C and were incubated with GFP-Trap magnetic beads (ChromoTek)
for 2–4 h at 4 °C. After incubation, the beads were washed five times
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with ice-cold washing buffer (50mM Tris-HCl, pH 7.4, 150mM NaCl,
1mM MgCl2, 20% glycerol and 0.2% NP-40) and eluted by boiling in
reducing SDS sample buffer. Samples were then separated by
SDS–PAGE and analysed by immunoblot. Primary antibodies used in
this study were anti-FREE1 (homemade), anti-NBR1 (AS142805), anti-
ATG8 (Agrisera, AS142769), anti-GFP (Chromotek, 029762), anti-RFP
(Abcam, ab125244), anti-HA (Abcam, ab18181), anti-MYC (Santa Cruz,
SC789), and anti-SnRK1α1 (Agrisera, AS10919).

In vivo phosphorylation assay
In vivo phosphorylation assay was performed using protoplasts pre-
pared from transgenic plants expressing KIN10-HA upon autophagy
induction. GFP-FREE1 or GFP-FREE1S530A were transiently expressed in
protoplasts derived from KIN10-HA transgenic plants upon nitrogen
starvation for at least 18 h. GFP-FREE1 or GFP-FREE1S530A were further
enriched by immunoprecipitation with anti-GFP for further detection
by Phos-tag biotin.

Semi-in vitro phosphorylation assay
Semi-in vitro phosphorylation assay was carried out essentially
according to the methods described previously63. His-Sumo-FREE1,
His-Sumo-FREE1S530AS533A, His-Sumo-FREE1S530A fusion proteins were
expressed and purified from E. coil (Rosseta) with Ni-NTA Resin. HA or
GFP-tagged KIN10 proteins were obtained by immunoprecipitation
fromUBQ::KIN10-HA, UBQ::KIN10-GFP transgenic plants. GFP proteins
were obtained by immunoprecipitation from UBQ::GFP transgenic
plants. For in vitro kinase assays, immunoprecipitated KIN10-HA,
KIN10-GFP, or GFP were incubated with purified His-Sumo-FREE1, His-
Sumo-FREE1S530A or His-Sumo-FREE1S530AS533A in 30μl kinase buffer
(10mM Tris/HCl, pH 7.8, 10mM MgCl2, 0.5mM dithiothreitol, 2mM
MnCl2 and 25mM ATP) for 1 h at room temperature. Samples were
separated by SDS-PAGE and transferred to PVDF membrane followed
by probing with Phos-tag BTL-111. To observe the total protein amount
of His-Sumo fusions and KIN10 proteins used for Phos-tag detection,
same amount of protein fromeach samplewas separated by SDS-PAGE
followedby either coomassie brilliant blue staining orwestern blotting
analysis with anti-GFP or anti-HA antibody.

In vitro phosphorylation assay
All GST- or His- fusion protein constructs were transformed into
Escherichia coli BL21 cells and recombinant proteins were induced by
0.5mM isopropyl-β-D-thiogalactopyranoside (IPTG). After over-night
incubation at 16 °C, cells were collected, lysed, sonicated and cen-
trifuged, and recombination proteins (including KIN10, SnAK2, and
FREE1) were purified according to the manufacturer’s protocol (GE
Healthcare Life Science and MERCK). In vitro kinase assays were per-
formed as previously described83. Each reaction mixture contained
0.1mL [γ-32P] ATP (1 μCi) in kinase buffer (20mM Tris-HCl, pH 8.0,
5mMMgCl2, 10mM [31P] ATP, and 1mM DTT). The kinase assays were
performed at 30 °C for 30min, and then were incubated with 6X SDS
loading buffer at 100 °C for 10min. The samples were separated by
10% SDS-PAGE gels and stained with Coomassie brilliant blue R250
(CBB), and then the gels were exposed to phosphor screens. The
autoradiograph (Autorad) signal was detected by a Typhoon 9410
phosphor imager.

Structure-illumination microscopy
Transfected Arabidopsis protoplasts samples were imaged on a Nikon
NSIM system consisting of a Ti-E stand with Perfect Focus, CFI SR HP
Apochromat TIRF 100XCOil lens,Nikon LU5 laser bed (488 and 561 nm
laser lines) and Andor DU-897X-5254 EMCCD camera. For each focal
plane, 15 images (5 phases, 3 angles) were captured with the NIS Ele-
ments v4.1. SIM images were reconstructed using slice reconstruction
in NIS elements. Post-imaging analysis was performed using NIS
Elements v4.1.

Molecular evolutionary genetics analysis
The evolutionary history was inferred using the Neighbor-Joining
method. The optimal tree with the sumof branch length=4.32642842
is shown. The tree is drawn to scale, with branch lengths in the
same units as those of the evolutionary distances used to infer the
phylogenetic tree. The evolutionary distances were computed using
the p-distance method and are in the units of the number of amino
acid differences per site. The analysis involved 80 amino acid
sequences. All positions with less than 95% site coverage were
eliminated. That is, fewer than 5% alignment gaps, missing data, and
ambiguous bases were allowed at any position. There were a total of
114 positions in the final dataset. Evolutionary analyses were con-
ducted in MEGA784.

Protease protection assay
Protease protection assay was performed as recently described (Sup-
plementary Fig. 5a) with modifications54. Roots from seven-day-old
Arabidopsis seedlings treated with or without DEX/BTH/ConcA were
resected and grinded in GTEN-based buffer (GTEN (10% glycerol,
30mMTris (pH 7.5), 150mMNaCl, 1mM EDTA (pH 8)), 0.4M sorbitol,
5mM MgCl2, 1mM Dithiothreitol (DTT), protease inhibitor cocktail
(SIGMA)) in a 3:1 v/w ratio. Lysates were then subjected to low-speed
(10min, 700 x g), high-speed (15min, 12,000 x g), and ultra-speed
(60min, 100,000 x g) centrifugation to enrich themicrosomal fraction
containing autophagosomal membranes. The enriched autophagoso-
malmembraneswere proceeded for proteinase K digestions (30 ng/μl,
30min), followed by protein extraction and subsequent western blot
detection by NBR1 and Atg8 antibodies.

Quantification and statistical analysis
Confocal quantification: For the autophagosome number quantifica-
tion in Arabidopsis root cells, the ATG8e-positive puncta in the mid-
optical section of each root cell were counted, at least 20 individual
root cells were used for quantification analysis. For the unclosed
autophagosome quantification in Arabidopsis root cells, the unclosed
ATG8e-positive puncta in themid-optical section of each root cell were
counted, at least 20 individual root cells were used for quantification
analysis. For the FRET assay using Arabidopsis PSBD protoplasts, over
50 puncta from at least 10 individual protoplasts were used for
quantification analysis.

TEM quantification: for the quantification of unclosed autopha-
gosome numbers in Arabidopsis root cells, the unclosed APs in the
TEM thin section of each root cell were counted and over 20 individual
root cells from at least 3 individual high-pressure freezing/frozen
substituted Arabidopsis roots were used for quantification analysis.

All the data are presented as mean values±SD. Statistical analysis
was performed by individual test as indicated using GraphPad Prism
version 9.00 for mac (GraphPad Software Inc.). Differences in means
were considered statistically significant at *P < 0.05. Significance levels
are: *P <0.05; **P <0.01; ***P <0.001.

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

Data availability
The authors declare that the data supporting the findings of this study
are available in the paper and its supplementary information files. The
rawdata are available from the corresponding author upon reasonable
request. The proteomic data generated in this study have been
deposited in ProteomeXchange partner repository under accession
code PXD040435. Source data are provided with this paper. The
source data for Figs. 1−4, Supplementary Figs. 1, 2, 4–8, 11, 13–19, 21,
23–31 are provided as a Source Data file with this paper. Source data
are provided with this paper.
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