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Autophagy is a major degradation process of cytoplasmic components in eukaryotes, and executes both bulk and selective degradation of targeted cargos. A set of autophagy-related (ATG) proteins participate in various stages of the autophagic process. Among ATGs, ubiquitin-like protein ATG8 plays a central role in autophagy. The ATG8 protein is conjugated to the membrane lipid phosphatidylethanolamine in a ubiquitin-like conjugation reaction that is essential for autophagosome formation. In addition, ATG8 interacts with various adaptor/receptor proteins to recruit specific cargos for degradation by selective autophagy. The ATG8-interacting proteins usually contain the ATG8-interacting motif (AIM) or the ubiquitin-interacting motif (UIM) for ATG8 binding. Unlike a single ATG8 gene in yeast, multiple ATG8 orthologs have been identified in the plant kingdom. The large diversity within the ATG8 family may explain the various functions of selective autophagy in plants. Here, we discuss and summarize the current view of the structure and function of ATG8 proteins in plants.
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INTRODUCTION

Intracellular protein quality-control is crucial for successful cell growth and development, which requires a proper balance between protein synthesis and degradation. The two major pathways for protein quality control in eukaryotes are, autophagy and the ubiquitin-proteasome system. Autophagy is the main process for the degradation of long-lived cytosolic proteins and organelles; whereas the ubiquitin-proteasome system is responsible for the degradation of short-lived proteins (Klionsky and Emr, 2000). Three types of autophagy have been reported in plants: microautophagy, macroautophagy, and mega-autophagy (Marshall and Vierstra, 2018). During microautophagy, cytoplasmic components are engulfed by invagination of the tonoplast into the vacuole; in contrast, macroautophagy involves the trapping of target cytoplasmic constituents double-membrane vesicles called autophagosomes, in which they are delivered to the vacuole for degradation (Figure 1). Macroautophagy is the predominant, and most studied form of autophagy in plants. This process involves the sequestration of cytoplasmic materials by a double-membrane vesicle called autophagosome, which delivers the intracellular cargo into the vacuole for degradation (Figure 1). Mega-autophagy is the most extreme form of autophagy which occurs at the final stage of programmed cell death (PCD). During mega-autophagy, the tonoplast permeabilizes and ruptures, and vacuolar hydrolases are released into the cytoplasm to degrade cytoplasmic components (Figure 1).
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FIGURE 1. Morphological characteristics of three types of autophagy in plants. Microautophagy is achieved via invagination of the tonoplast to engulf cytoplasmic components into the vacuole. Macroautophagy delivers target cytoplasmic constituents through autophagosomes which fuse with the tonoplast to release internal vesicle into the vacuole. Both microautophagy and macroautophagy involve the formation of autophagic body and degradation of cargos by hydrolases in the vacuole. Additionally, mega-autophagy is the most extreme form of autophagy which involves permeabilization or rupture of the tonoplast and release of vacuolar hydrolases into the cytoplasm to degrade cytoplasmic materials in situ.


Macroautophagy (hereafter referred to as autophagy) plays an important role in plant growth and development, as well as in various biotic and abiotic stress responses (Liu and Bassham, 2012; Signorelli et al., 2019). Under normal conditions, autophagy remains at a basal level for maintaining cellular homeostasis. Although autophagy-deficient mutants are not lethal, lack of autophagy leads to premature leaf senescence as well as reduced seed yield and quality in plants (Phillips et al., 2008; Chung et al., 2010; Barros et al., 2017). In contrast, enhanced autophagy, which is caused by the overexpression of ATG genes, improves plant growth, seed yield, and nitrogen remobilization efficiency (Minina et al., 2018; Chen et al., 2019). To cope with various stresses, autophagy is upregulated to promote plant survival (Signorelli et al., 2019; Su et al., 2020). During senescence or stress responses, autophagy contributes to the recycling of cellular material and remobilization of nutrients, including proteins, lipids, carbohydrates (Masclaux-Daubresse et al., 2017).

The molecular mechanisms of autophagy are sophisticated and involve a number of autophagy-related proteins that participate in autophagosome formation. ATGs can be divided into several functional groups: the ATG1 kinase complex, the ATG9 recycling complex, the phosphatidylinositol 3-kinase (PI3K) complex, and two ubiquitin-like conjugation systems, namely, the ATG8 lipidation system and the ATG12 conjugation system (Li and Vierstra, 2012). In Arabidopsis, the ATG1 kinase complex, consisting of ATG1, ATG13 and two additional subunits, ATG11 and ATG101, regulates the induction of autophagy (Suttangkakul et al., 2011; Li et al., 2014). The transmembrane protein ATG9, along with ATG2 and ATG18, recruits lipids to the expanding phagophore (Zhuang et al., 2017, 2018). The PI3K complex, including VPS34, VPS15, VPS38, and ATG6, decorates the phagophore with phosphatidylinositol-3-phosphate (PI3P), which is essential for the vesicle nucleation in Arabidopsis (Zhuang et al., 2018). Two ubiquitin-like conjugation systems mediate the expansion of phagophore and autophagosome maturation (Marshall and Vierstra, 2018). In particular, ATG8 plays a central role in plant autophagy. As shown in Figure 2, newly synthesized ATG8 is cleaved by cysteine proteinase ATG4 to expose the C-terminal glycine residue (Yoshimoto et al., 2004). Subsequently, the exposed glycine of ATG8 is conjugated to the membrane lipid phosphatidylethanolamine (PE) in a ubiquitin-like conjugation reaction catalyzed by ATG7 (E1-like enzyme), ATG3 (E2-like enzyme) and the ATG12-ATG5 complex (E3-like enzyme) (Doelling et al., 2002; Thompson et al., 2005; Phillips et al., 2008; Chung et al., 2010). Moreover, the association of ATG8 with the autophagosome is a reversible process; thus, the ATG8-PE adduct can be deconjugated from the membrane by ATG4 proteinase, whereby released ATG8 is recycled to participate in a new conjugation reaction (Yoshimoto et al., 2004; Woo et al., 2014).
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FIGURE 2. Recycling of ATG8 protein in plant autophagy. ATG8 protein is synthesized as proprotein, which is cleaved by the cysteine protease Atg4 to expose a glycine residue at the C-terminus. Then, the processed ATG8 protein is conjugated to phosphatidylethanolamine (PE) by E2-like ATG3 and the E3-like ATG12-ATG5-ATG16 complex. The ATG8-PE adduct coats the expanding phagophore and contributes to the maturation of autophagosome. Again, ATG8-PE attached to the outer autophagosome membrane is deconjugated from PE by ATG4, thus recycling ATG8 protein.


Autophagy was originally considered as a non-selective process for the bulk degradation of cytoplasmic components (Thompson and Vierstra, 2005). However, increasing evidence suggests that autophagy may also be a selective process involving the degradation of specific target cargos, such as proteins, protein aggregates, malfunctioning organelles, and even invading pathogens (Li and Vierstra, 2012; Marshall and Vierstra, 2018). ATG8 is crucial for both bulk and selective autophagy. During bulk autophagy, ATG8 is involved in phagophore membrane elongation and autophagosome assembly (Nakatogawa et al., 2007). As for selective autophagy, ATG8 plays an additional role in cargo selection by providing a docking site for numerous autophagy adaptors and receptors that recruit the target cargo for degradation (Johansen and Lamark, 2011). In this review, we analyze the structural features and interactions of ATG8 proteins in plants and address their fundamental roles in plant selective autophagy.



FEATURES OF ATG8 FAMILY PROTEINS IN PLANTS

ATG genes are evolutionarily conserved across eukaryotes. Core ATG genes were originally identified in yeast, and most ATG genes have been found in plants based on sequence similarity with yeast homologs. Although yeast carries only one ATG8 gene, the plant ATG8 protein family diversifies from a single copy in algae to multiple genes in higher plants (Supplementary Table 1 and Figure 3). As shown in Supplementary Table 1, nine ATG8 isoforms have been identified in Arabidopsis, five in maize, seven in rice and potato, and eleven in soybean (Hanaoka et al., 2002; Chung et al., 2009; Perez-Perez and Crespo, 2010; Xia et al., 2011, 2012; Maqbool et al., 2016; Kellner et al., 2017; Zess et al., 2019). However, early-diverged plant lineages, such as algae, possess only a single ATG8 (Supplementary Table 1 and Figure 3). On the other hand, a recent study aiming to estimate ATG8 diversity across green plants found that, in order to adapt to adverse and complex conditions, the ATG8 gene family has undergone large expansion in plants via multiple whole-genome duplications (Kellner et al., 2017). As a result, ATG8 expansion may have led to the current diversity of selective autophagy in plants.
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FIGURE 3. Phylogenetic analysis of ATG8s in plants. Phylogenetic analysis of ATG8 sequences from 19 plant species and Saccharomyces cerevisiae (budding yeast) with circular bands highlighting clades I and II. The tree was calculated in MEGA7 from a 419 nt alignment (ClustaW) of 133 sequences applying the maximum composite likelihood matrix. Colored dots indicate plant taxonomic groups. Nine Arabidopsis thaliana ATG8 variants AtATG8a-AtATG8i are shown in the tree. Branch lengths reflect the average number of substitutions per site. Scale bar: 0.01 substitutions per site. The number of ATG8 isoforms across the plant lineage is indicated in the right. The asterisk indicates OsATG8f and OsATG8i are excluded from phylogenetic analysis.


Plant ATG8 genes can be grouped into two clades by phylogenetic analysis (Figure 3). Clade I, which includes most of the plant ATG8 family members, is closely related to fungi, whereas clade II is more similar to the ATG8 homologs in animals (Kellner et al., 2017). However, some plant ATG8 isoforms in clade II, such as ATG8h and ATG8i in Arabidopsis, lack extra amino acid residues at the C-terminus after the glycine residue, which indicates that these ATG8 proteins can interact with the autophagosome membrane without ATG4 processing (Seo et al., 2016). In addition, clade I can be further divided into two subgroups, clade I (a) and clade I (b), containing AtATG8a-d and AtATG8e-g, respectively (Figure 3), which is consistent with the results of previous studies (Seo et al., 2016; Kellner et al., 2017). However, there is a slight difference in gene classification compared with that reported by Slavikova et al. (2005), in which AtATG8a, AtATG8c, AtATG8d, and AtATG8f were grouped together, while AtATG8b, AtATG8e, and AtATG8g were grouped together.

Crystal structures of several ATG8 family proteins from yeast, animals and plants, have been solved (Sugawara et al., 2004; Kumeta et al., 2010; Maqbool et al., 2016). These studies indicated that ATG8 proteins conserved among eukaryotes contain an N-terminal helical domain and C-terminal ubiquitin domain (Figure 4). The C-terminal ubiquitin domain, similar with ubiquitin, adopts a β-grasp (ubiquitin-like) fold consisting of four β-strands (β1–β4) and two α helices (α3 and α4). However, the N-terminal helical domain is formed by two other α helices (α1 and α2), which is a unique feature of ATG8 proteins. The C-terminal ubiquitin domain is conserved among ATG8 family members and might play a crucial role in protein-protein interactions (Shpilka et al., 2011), whereas the N-terminal helical domain is not conserved and is responsible for binding specificity to ATG8-interacting proteins in animals and plants (Coyle et al., 2002; Ketelaar et al., 2004; Zess et al., 2019).
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FIGURE 4. Structures and binding motifs of ATG8 proteins. The 3-dimensional structure of potato ATG8CL (PDB: 5L83) was downloaded from the Protein Data Bank (https://www.rcsb.org/pdb). The positions of LDS (orange) and UDS (blue) are mapped with the corresponding positions of yeast ATG8. The AIM-containing peptide (residues 377–381) from Phytophthora infestans PexRD54 is shown as a yellow stick. α-Helices, β-strands, N-terminal and the C-terminal regions are shown in ribbon diagrams.


Generally, ATG8 binds to specific proteins with the ATG8-interacting motif (AIM) in yeast and plants, or the LC3-interacting region (LIR) in animals (Noda et al., 2010). The core AIM sequence is defined as W/F/Y-XX-L/I/V, an aromatic amino acid (Trp, Tyr, or Phe) followed by two random amino acids and an aliphatic amino acid (Leu, Ile, and Val). A hydrophobic patch of ATG8 known as the LIR/AIM docking site (LDS), with two distinct pockets (W and L pockets), is responsible for binding with AIM (Noda et al., 2010). The W pocket is formed at the interface between the β-grasp and the N-terminal helices and embraces the aromatic residue of AIM, while the L pocket is located in β-grasp fold and embraces the aliphatic amino acid of AIM (Maqbool et al., 2016).

Notably, there are some proteins that bind ATG8 differently from the AIM-LDS type of binding in animals and plants (Lin et al., 2013; Marshall et al., 2015). CoIP and pull-down assays demonstrated that SQST-1 (the p62 homolog in Caenorhabditis elegans) associated with LGG-1 (the ATG8 homolog in C. elegans), while mutating the LIR motif in SQST-1 had no effect on the interaction with LGG-1, which indicated that the LIR motif is not necessary for binding of SQST-1 to LGG-1 (Lin et al., 2013). Furthermore, ubiquitin receptor RPN10 (regulatory particle non-ATPase 10) acts as an autophagy receptor for degradation of the proteasome by binding to ATG8 in Arabidopsis. However, the interaction with ATG8 depends on the ubiquitin-interacting motif (UIM), not the canonical AIM (Marshall et al., 2015). Generally, UIM is a 20-amino acid stretch of the amino acid sequence that folds into a single α helix in which a consensus sequence (φ-θ-X-A-φ-X-X-S) for ATG8 binding is defined (where φ is a hydrophobic residue, θ is a hydrophilic residue, A is alanine, S is serine and X is any amino acid, respectively) (Marshall et al., 2019). ATG8 binds to proteins with a UIM through an alternative interaction site called UIM-docking site (UDS). The UDS sequence within ATG8 is highly conserved across species. Saturating mutagenesis identified a core 4-residue motif for permitted residues of φ-F-φ-Ω/T within UDS, where φ represents small hydrophobic residues and Ω represents aromatic residues (Marshall et al., 2019). In addition, the location of UDS is opposite to that of LDS; thus, ATG8 can bind to proteins with AIM and UIM simultaneously (Figure 4). The UIM-UDS interface greatly widens the range of autophagy receptors and adaptors, thereby expanding the scope of selective autophagy.



FUNCTIONS OF THE ATG8 PROTEINS IN PLANTS

ATG8 proteins perform multiple functions in plants. For example, ATG8 proteins regulate membrane elongation during autophagosome biogenesis. Moreover, they play a crucial role in cargo recognition for selective autophagy by interacting with autophagy receptors/adaptors. In addition to their autophagic roles, ATG8 proteins play non-autophagic roles in plants. In this section, we summarize the current knowledge regarding the different roles of ATG8 proteins in plants.



AUTOPHAGOSOME BIOGENESIS

ATG8 is a ubiquitin-like protein required for autophagosome formation. First, mature ATG8 processed by the ATG4 protease is conjugated to the membrane lipid PE in Arabidopsis (Xie et al., 2008; Woo et al., 2014). subsequently, the ATG8-PE adduct promotes autophagosome biogenesis through membrane tethering and remodeling (Ohsumi, 2001; Nakatogawa et al., 2007). On one hand, the loss of ATG8 functionality blocks autophagosome formation in yeast and other fungi (Kirisako et al., 1999; Ren et al., 2018); however, this phenotype has not been observed in plants yet, probably due to ATG8 gene redundancy. On the other hand, overexpression of ATG8 promotes autophagosome formation in Arabidopsis and rice (Chen et al., 2019; Yu et al., 2019). In addition to ATG8 lipidation, ATG8 proteins are deconjugated by ATG4 and released from the autophagosome membrane, whereby the released ATG8 proteins appear to be recycled to facilitate autophagosome formation in plants (Yoshimoto et al., 2004). In addition to supplying ATG8 free protein, the delipidation of ATG8-PE also plays an important role in autophagosome membrane expansion (Hirata et al., 2017). Indeed, the inability for ATG8 delipidation results in mislocalization of the autophagosome to the vacuolar membrane and in defective autophagosome biogenesis (Nair et al., 2012). Therefore, the ATG4-mediated deconjugation of ATG8-PE plays a dual role in autophagosome biogenesis, namely, during the early stage of autophagosome formation, the release of ATG8 from non-autophagosomal membranes supplies the increasing demand for ATG8, while at the later stage, the release of ATG8 from the phagophore membrane facilitates autophagosome maturation (Yu et al., 2012). In addition to inducing autophagy at the early stage in autophagosome biogenesis, ATG8 downregulates autophagy at the later stage. The ATG1/13 kinase complex plays an essential role in the initiation of autophagy across the evolutionary scale from yeast to plants (Mizushima, 2010; Suttangkakul et al., 2011). ATG8 directly binds ATG1 and ATG11 in an AIM-dependent manner. Moreover, ATG8-binding triggers self-digestion of the ATG1-ATG13 complex, thereby suppressing autophagic activity (Suttangkakul et al., 2011; Li et al., 2014).

In addition to its interaction with ATG proteins, ATG8 promotes phagophore expansion and maturation by recruiting a non-ATG protein, SH3 DOMAIN-CONTAINING PROTEIN2 (SH3P2) in Arabidopsis. During autophagy induction, SH3P2 is recruited to the phagophore assembly site (PAS) by membrane associated ATG8 protein; then, ATG8 binds to phosphatidylinositol 3-phosphate (PI3P) and coordinates with the PI3K complex to facilitate autophagosome formation. Consistently, knockdown of SH3P2 significantly suppresses autophagosome formation (Zhuang et al., 2013).



AUTOPHAGIC CARGO RECOGNITION

Autophagy was initially thought to be an non-selective, bulk degradation process of cytoplasmic contents. However, increasing evidence has shown that autophagic cargos can be selectively targeted for degradation. Subsequently, selective autophagy has been characterized according to the type of targeted substrates, such as proteins (proteaphagy), protein aggregates (aggrephagy), pathogens (xenophagy), chloroplasts (chlorophagy), endoplasmic reticulum (reticulophagy), and others. In plants, ATG8 proteins play a crucial role in selective autophagy through their interaction with various AIM/UIM-containing proteins (Marshall and Vierstra, 2018; Lei and Klionsky, 2019). Recently, an increasing number of ATG8-binding proteins, many of which are likely cargo receptors, have been identified in plants. As shown in Figure 5, these proteins bind both autophagic cargos and ATG8 proteins to facilitate cargo gathering. Therefore, the association of ATG8 proteins with adaptor/receptor proteins is necessary for cargo selection and degradation. Here, ATG8-interacting receptors and cargos that are essential for selective autophagy in plants are discussed.
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FIGURE 5. Schematic diagram of ATG8-mediated selective autophagy pathways in plants. Various ATG8-binding proteins act as selective autophagy receptors and mediate the delivery of specific target cargos to autophagosomes for degradation. NBR1, the first autophagy receptor identified in plants, mediates selective degradation of ubiquitinated protein aggregates and virulence factors; degradation of chloroplasts is mediated by three autophagic pathways: First, ATI1 binds and transports thylakoid proteins to vacuole for autophagic degradation through ATI1-PS bodies; Then, stromal components including Rubisco are engulfed by autophagic membrane to form Rubisco-containing bodies (RCBs) that are delivered to vacuole for degradation; Finally, the whole chloroplasts are entirely engulfed by the vacuolar membrane for degradation. ATG11 is involved in the autophagic degradation of mitochondria; however, the cargo receptor of mitophagy remains unknown. PEX6 and PEX10 may function as potential pexophagy receptors. In turn, degradation of the endoplasmic reticulum is mediated by another ATI protein, ATI3. RPN10 is involved in selective degradation of inactivated proteasomes extensively ubiquitylated. The selective autophagic degradation of BR signaling pathway transcription-factor BES1 is mediated by DSK2. Aquaporin PIP2;7 and porphyrin (heme) are both recognized by receptor TSPO and subjected to selective autophagic degradation. ORM1/2 proteins mediate the degradation of plant immune receptor FLS2. In addition to cooperating with autophagy receptors, some AIM/UIM-containing proteins, such as ATG1, ATG11, and GSNOR1, also bind directly to ATG8 to mediate their degradation.



NBR1

Protein aggregates are degraded through the ubiquitin-proteasome system (UPS) and autophagy (termed aggrephagy) to maintain cellular homeostasis (Lamark and Johansen, 2012). In animals, two selective cargo receptors, p62 and NBR1 (neighbor of BRCA1 gene 1), are responsible for autophagic degradation of ubiquitinated protein aggregates (Lamark et al., 2009); p62 was first identified as an autophagic receptor to bind both target-associated ubiquitin and LC3 (Pankiv et al., 2007). Like p62, NBR1 was shown to be an Ub- and LC3-binding protein (Kirkin et al., 2009). Both p62 and NBR1 are structurally similar, containing an N-terminal PB1 domain, a LIR motif that can interact with LC3, and a C-terminal ubiquitin-associated (UBA) domain that can bind ubiquitin (Lamark et al., 2009).

AtNBR1, the first selective autophagy receptor reported in plants, is a hybrid protein homolog to both NBR1 and p62 that harbors functions of these two proteins (Svenning et al., 2011). AtNBR1 binds ubiquitin through a C-terminal UBA domain and interacts with various ATG8 proteins via an evolutionarily conserved AIM, mediating the sequestration of ubiquitinated protein aggregates into autophagosomes (Svenning et al., 2011; Jung et al., 2019). Joka2, a homolog of AtNBR1, has been identified as a selective autophagy receptor in tobacco (Nicotiana tabacum) (Zientara-Rytter et al., 2011). Similar to atg mutants, ubiquitinated protein aggregates are highly accumulated in both Arabidopsis and tomato nbr1 mutant under heat stress and non-stress conditions (Zhou et al., 2013, 2014; Jung et al., 2019). These results suggest that NBR1 is an autophagy receptor involved in the selective degradation of protein aggregates in plants.

In addition to its role in aggrephagy, NBR1 acts as a xenophagy receptor in plant immune responses. For example, during viral infections, AtNBR1 contributes to plant immunity by directly binding the viral capsid protein P4 and particles of the cauliflower mosaic virus (CaMV), and the viral silencing suppressor HCpro of the turnip mosaic virus (TuMV); thus, mediating their selective autophagic degradation (Hafrén et al., 2017, 2018). Further, upon bacterial infection, NBR1-dependent selective autophagy enhances host antibacterial immunity by promoting autophagic degradation of an unknown factor required for bacterial pathogenesis and infection (Üstün et al., 2018). Surprisingly, plant pathogens can manipulate the host autophagy machinery to promote infection. Thus, Phytophthora infestans effector protein PexRD54 binds potato ATG8CL to prevent interaction of ATG8CL with the autophagy cargo receptor Joka2, thereby facilitating autophagic clearance of plant or pathogen proteins that negatively affect immunity (Dagdas et al., 2016; Maqbool et al., 2016). Meanwhile, PexRD54 activates autophagy to redistribute nutrients in favor of the pathogen (Dagdas et al., 2016).



TSPO

Another autophagy receptor, TSPO (tryptophan-rich sensory protein), is a porphyrin-binding membrane protein which contains an AIM for ATG8 binding in Arabidopsis (Vanhee et al., 2011). AtTSPO is induced by abscisic acid (ABA) and abiotic stress such as osmotic or salt stress (Guillaumot et al., 2009; Balsemão-Pires et al., 2011). Thus, for example, the level of heme increases as a result of stress response and extra unbound heme may induce ROS production. In such case, TSPO shows a high affinity for heme and acts as a heme scavenger via ATG8-mediated selective autophagy, thus regulating heme levels in Arabidopsis cells (Vanhee et al., 2011). This result suggests that TSPO might modulate redox homeostasis through heme binding and scavenging during stress. Moreover, TSPO binds to the plasma membrane aquaporin PIP2;7 (plasma membrane intrinsic protein 2;7) for autophagic degradation (Hachez et al., 2014). This TSPO-mediated selective degradation of PIP2;7 has been proposed as a mechanism to protect plant cells from water deficit.



RPN10

The UPS and autophagy are the two major protein quality-control pathways responsible for cellular homeostasis (Dikic, 2017). Ubiquitination serves as the degradation signal in both UPS and autophagy. Thus, UPS and autophagy functionally interconnect with each other (Ji and Kwon, 2017). Moreover, the 26S proteasome can be selectively degraded by autophagy (termed proteaphagy), which was first discovered in Arabidopsis (Marshall et al., 2015). Proteaphagy is induced by nitrogen starvation and proteasome inhibition. When 26S proteasomes are inactivated by a proteasome inhibitor or by a genetic mutation, proteasomes are extensively ubiquitylated and selectively degraded by autophagy mediated by the proteasome subunit RPN10. RPN10 does not contain the canonical AIM as other autophagy receptors but harbors three UIMs, in which UIM1 is responsible for binding ubiquitin and UIM2 for binding ATG8. Upon inhibitor-induced proteaphagy, ubiquitylated proteasomes are recruited by the free form of RPN10 through UIM1; meanwhile, RPN10 also binds membrane-associated ATG8 by UIM2 to form a stable tripartite complex which is engulfed in autophagosomes and then degraded (Marshall et al., 2015). The interaction between RPN10 and ATG8 is necessary for inhibitor-induced proteaphagy and is highly conserved across plant species. However, this binding is absent in yeast and animals because the orthologs of RPN10 in yeast and humans lack the UIM-related ATG8-binding motif. Alternatively, yeast proteaphagy employs a CUE-domain protein, namely, Cue5, as a ubiquitin-ATG8 adaptor (Marshall et al., 2016); Cue5 simultaneously binds ATG8 and ubiquitin through the AIM and the CUE domain, respectively (Lu et al., 2014).



ATI Proteins

Five plant-specific ATG8-interacting (ATI) proteins were found to interact with ATG8 in Arabidopsis. These proteins can be divided into two groups, ATI1/2 and ATI3a/b/c (Honig et al., 2012; Zhou et al., 2018). ATI1 and ATI2 are transmembrane proteins which contain two putative AIMs. However, only the N-terminal AIMs are responsible for interacting with ATG8 (Sjogaard et al., 2019). Meanwhile, ATI1 also interacts with chloroplast-associated proteins, such as NPQ4 and APE1 (Honig et al., 2012; Michaeli et al., 2014). Upon carbon starvation, the ATI1-decorated plastid-associated bodies (ATI1-PS bodies) deliver chloroplast components including stromal proteins, envelope, and thylakoid proteins to the vacuole for degradation, which is referred as chlorophagy (Michaeli et al., 2014). The interaction between ATI1 and ATG8 contributes to the targeting of the ATI1-PS bodies to the autophagosomes (Michaeli et al., 2014). Interestingly, ATI1 bodies are mainly localized in endoplasmic reticulum (ER)-associated vesicles and are distinct from autophagosomes (Honig et al., 2012). To date, whether ATI1 is involved in the selective autophagic degradation of ER (reticulophagy) remains unknown.

Additionally, ATI3 was identified as a specific receptor of reticulophagy in dicot plant species (Zhou et al., 2018). Three related ATI3 proteins (ATI3a/b/c) were found in Arabidopsis, all of which contain a C-terminal LIR motif and interact with ATG8. Additionally, ATI3a interacts with ER-localized UBAC2a/b (Ubiquitin associated proteins 2a/b), which are involved in ER-associated degradation (Zhou et al., 2018). Further research has shown that NAI2, an ER body component, interacts with an unknown protein encoded by the At4g15545 gene, which is a potential UBAC2-interacting protein (Wang et al., 2019). These results suggest that ATI3 plays an important role in selective autophagy degradation of ER components.



ORM Proteins

Orosomucoid (ORM) proteins are known as negative regulators of sphingolipid biosynthesis (Breslow et al., 2010). A recent study reported that ORM proteins act as selective autophagy receptors to mediate the degradation of plant immune receptor FLS2 (FLAGELLIN-SENSING 2) (Yang et al., 2019). Two ORM proteins, ORM1 and ORM2, were identified in Arabidopsis (Li et al., 2016). ORM1 contains an N-terminal AIM, and ORM2 contains two AIMs at both N and C terminuses. ORM proteins bind both ATG8 and FLS2 simultaneously. Furthermore, ORM downregulation increases FLS2 accumulation and FLS2-dependent immune responses, while overexpression of ORM causes FLS2 degradation and suppression of FLS2-dependent signaling (Yang et al., 2019). These results suggest that ORM-mediated selective autophagy plays a key role in plant immunity.



DSK2

DSK2 (dominant suppressor of KAR2) is a ubiquitin-binding receptor protein related to protein degradation pathways in eukaryotes (Lee and Brown, 2012). Two DSK2 proteins (DSK2A and DSK2B) were identified in Arabidopsis (Farmer et al., 2010). AtDSK2 acts as an autophagy receptor for transcription factor BES1 (BRI1-EMS suppressor 1) of the brassinosteroid (BR) pathway. Under drought and starvation conditions, BES1 is ubiquitinated by the E3 ubiquitin ligase SINAT2 (SEVEN-IN ABSENTIA 2), which promotes binding of BES1 to DSK2. Concomitantly, DSK2 is phosphorylated by kinase BIN2, which enhances the interaction between DSK2 and ATG8. Thus, during abiotic stress, DSK2 recruits BES1 to the ATG8-located autophagosomes for degradation. DSK2 decreases BR signals by selective degradation of BES1 through autophagy to switch plant metabolism from growth to stress mode (Nolan et al., 2017).



Uncertain Receptor in Several Types of Selective Autophagy

Chlorophagy is important for quality control and nutrients recycling (Jarvis and López-Juez, 2013). Besides ATI1-PS body, four other types of chlorophagy are reported in plants (Zhuang and Jiang, 2019). However, the receptors for these types of chlorophagy are undetermined. First, the whole chloroplasts are captured by autophagic vesicles and delivered to the vacuole for degradation upon ultraviolet radiation (Izumi et al., 2017). In addition, the second pathway for whole chloroplasts degradation is mediated by microautophagy (Nakamura et al., 2018). High-intensity light triggers chloroplast envelope damage and leads to chloroplast swelling, These swollen chloroplasts are directly engulfed by the vacuolar membrane and degraded by vacuolar hydrolase, which is dependent on the core autophagic machinery. The third type of chlorophagy is mediated by rubisco-containing bodies (RCB). During leaf senescence, RCBs containing chloroplast stromal proteins including Rubisco are transported to the vacuolar lumen for recycling through an autophagy-dependent manner (Ishida et al., 2008; Izumi et al., 2010).

The autophagic degradation of mitochondria (mitophagy) is well described in mammals. However, the understanding of mitophagy is much less in plants. A recent study reported that Arabidopsis ATG11 plays an important role in plant mitophagy (Li et al., 2014). Arabidopsis ATG11 interacts with ATG13, ATG101, ATG8, and is colocalized with mitochondria (Li et al., 2014). The turnover of mitochondrial proteins is blocked in Arabidopsis atg11 mutants (Li et al., 2014). However, the mechanism of ATG11-mediated plant mitophagy is still unknown, and the cargo receptor of plant mitophagy is still waiting to be discovered.

Peroxisomes participate in various cellular processes in plants, such as lipid metabolism, photorespiration, and phytohormone synthesis. Pexophagy, the autophagic degradation of peroxisomes, is important for peroxisome quality control. The receptor of plant pexophagy remains undetermined. Atg30 and Atg36, two AIM-containing proteins, have been identified as pexophagy receptors in yeast (Farre et al., 2013; Zientara-Rytter et al., 2018). However, homologs of Atg30 and Atg36 are not found in plants. NBR1, together with p62, acts as a pexophagy receptor to recruit peroxisomes to PAS in mammals (Deosaran et al., 2013; Zhang et al., 2015; Sargent et al., 2016). Although plant NBR1 has been demonstrated as a receptor in aggrephagy and xenophagy, there is no direct evidence indicating that NBR1 is involved in pexophagy in plants. However, a recent study reported that Arabidopsis PEX6 (Peroxin 6) and PEX10 interact with ATG8, suggesting that they may function as potential pexophagy receptors in plants (Xie et al., 2016).



Receptor-Independent Cargo Recognition

In addition to cooperating with autophagy receptors, ATG8 proteins directly bind to the substrates to mediate their degradation. For instance, Nicotiana benthamiana ATG8f protein was demonstrated to target virulence protein βC1 of CLCuMuV (cotton leaf curl Multan virus) for autophagic degradation without the help of a cargo receptor such as NBR1/Joka2 (Haxim et al., 2017). This finding indicates that autophagy contributes to plant immunity through selective degradation of viral proteins independently of canonical autophagy receptors. Another example is NO-induced selective autophagy of GSNOR1 (S-nitrosoglutathione reductase 1) during hypoxia (Zhan et al., 2018). GSNOR1, a master regulator of NO signaling, is stable under normal conditions. However, hypoxia induces conformational changes in GSNOR1, whereby it exposes the AIM motif and facilitates the interaction of GSNOR1 with ATG8, ultimately leading to the selective degradation of GSNOR1 (Zhan et al., 2018).




NON-AUTOPHAGIC ROLES OF ATG8 PROTEINS IN PLANTS

In addition to their autophagic roles, ATG8 proteins fulfill functions that are not associated with autophagy. Thus, according to a recent study, MATE transporter-family protein ABS3 (ABNORMAL SHOOT 3) promoted senescence under both, normal and nutrient-deprived conditions in Arabidopsis (Jia et al., 2019). ABS3 contains two AIMs which are critical for binding to ATG8. Interestingly, this ATG8-ABS3 interaction is independent of the autophagic function of ATG8, but essential for ABS3-mediated senescence (Jia et al., 2019). In brief, ATG8 plays dual roles in controlling plant senescence. Under normal nutrient conditions, ATG8 is lipidated and activates autophagy to promote plant longevity. However, under nutrient-deprived or autophagy-deficiency conditions, ATG8 binds to ABS3 to promote ABS3 degradation and plant senescence independently of autophagy (Jia et al., 2019).

ATG8 proteins participate in diverse intracellular transport processes in animals (Shpilka et al., 2011). Animal ATG8 proteins can be divided into three subfamilies: microtubule-associated protein 1 light chain 3 (LC3), γ-aminobutyric acid receptor-associated protein (GABARAP) and Golgi-associated ATPase enhancer of 16 kDa (GATE-16). GABARAP is involved in the intracellular trafficking of membrane proteins, such as GABA, κ-opioid, transferrin receptors and N-cadherin/β-catenin complex (Green et al., 2002; Leil et al., 2004; Chen et al., 2007, 2011; Nakamura et al., 2008). GATE-16 participates in intra-Golgi transport of Golgi SNARE protein 28 (GOS-28) and N-ethylmaleimide sensitive factor (NSF) (Sagiv et al., 2000; Muller et al., 2002). LC3 binds to FYVE and coiled-coil domain containing protein 1 (FYCO1) that interacts with Rab7 to mediate autophagosome transport to the vacuole along microtubule (Pankiv et al., 2010). In plants, the role of ATG8 in intracellular transport processes is poorly understood. Although FYCO1 homologs have been identified in Arabidopsis (Wywial and Singh, 2010), it is still unknown whether FYCO1 proteins are involved in autophagosome transport in plants. The exocyst is an evolutionary conserved protein complex mediating early tethering of secretory vesicles to the plasma membrane during exocytosis. Most of Exo70 subunits in Arabidopsis possesses widespread AIMs (Tzfadia and Galili, 2013). Despite the lack of direct evidence for ATG8 binding, Exo70B1 is colocalized with the ATG8f in Arabidopsis (Kulich et al., 2013). Further, Exo70B2 has been demonstrated to interact with ATG8, an interaction enhanced by phosphorylation of MPK3 kinase that leads to autophagic recycling of Exo70B2 (Teh et al., 2018). These results suggest that Exo70B1 and Exo70B2 may be involved in autophagic transport into the vacuole.



CONCLUSION AND PROSPECTS

Autophagy serves as an important catabolic mechanism involved in plant growth and development, and plant responses to stress. Initially, autophagy was known exclusively as a non-selective degradation process; however, increasing evidence suggests that autophagy is also a highly selective pathway to target specific substrates for degradation. ATG8 proteins play multifunctional roles in plant autophagy, promoting autophagosome biogenesis. Moreover, ATG8 proteins interact with various adaptor/receptor proteins to recruit specific targeted cargos for degradation through selective autophagy. The identification of ATG8-interacting autophagy receptor proteins helps us to understand how autophagy substrates are selected for degradation. Future identification of AIM/UIM-containing proteins should greatly expand the scope of selective autophagy. In addition, ATG8 is also involved in other intracellular processes that appear to be independent of autophagy. In conclusion, studies on ATG8 have greatly contributed to our understanding of the molecular basis for the connection of autophagy with other metabolic processes. Although extensive studies have been carried out on ATG8s in plants, there are many unanswered questions about their functions. An intriguing question relates to the presence of multiple ATG8 isoforms in plants, in contrast to a single ATG8 protein in yeasts; indeed, the reason for such great ATG8 diversity in plants remains unclear. Similarly, it is not known whether ATG8 isoforms interact with specific cargo receptors while engaging in different types of selective autophagy. In addition, the roles of ATG8 in intracellular trafficking are still poorly characterized in plants. Therefore, further study of the ATG8-interacting proteins will be important for understanding the role of ATG8s in autophagy-dependent and autophagy-independent functions.
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