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Abstract:

 Macroautophagy (hereafter referred to as autophagy) is a cellular mechanism dedicated to the degradation and recycling of unnecessary cytosolic components by their removal to the lytic compartment of the cell (the vacuole in plants). Autophagy is generally induced by stresses causing energy deprivation and its operation occurs by special vesicles, termed autophagosomes. Autophagy also operates in a selective manner, recycling specific components, such as organelles, protein aggregates or even specific proteins, and selective autophagy is implicated in both cellular housekeeping and response to stresses. In plants, selective autophagy has recently been shown to degrade mitochondria, plastids and peroxisomes, or organelle components such as the endoplasmic-reticulum (ER) membrane and chloroplast-derived proteins such as Rubisco. This ability places selective-autophagy as a major factor in cellular steady-state maintenance, both under stress and favorable environmental conditions. Here we review the recent advances documented in plants for this cellular process and further discuss its impact on plant physiology.
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1. Introduction

Eukaryotic cells accumulate a considerable amount of biological waste during their life cycle, including aged proteins, protein aggregates, malfunctioning ribosomes and damaged organelles. All of this biological waste has to be removed to prevent its possible toxic effect [1] and reused as a recycled energy supply [2,3]. One of the major cellular processes responsible for this is autophagy, which literally means ‘self-eating’, and generally accounts for three distinct clearance pathways: (i) chaperone-mediated autophagy [4], which has so far not been reported in plants; (ii) microautophagy [5,6]; and (iii) macroautophagy. Of these three types, macroautophagy is the best characterized process and will be termed from here onward simply as autophagy. This process involves the sequestration of a cytosolic portion of the cell through its engulfment by an autophagosome, a double-membrane vesicle that originates from a double membrane precursor termed isolation membrane or phagophore [7,8] (Figure 1, steps 1–3). The autophagosome is then directed towards the cell’s lytic compartment (the lysosome in animals and the vacuole in plants and fungi) where its outer membrane fuses with the membrane of the lytic compartment (tonoplast in plants) (Figure 1, step 4). Upon fusion with the tonoplast, the cargo present within the autophagosome, which at this stage is surrounded by a single membrane and termed the autophagic-body, is released into the vacuole lumen for degradation [9,10] (Figure 1, steps 5 and 6). This apparently enables the recycling of the autophagosome cargo for reuse as an energy source.

Figure 1. A simplified schematic representation of autophagy. (1) A phagophore is generated in the vicinity of the cytosolic cargo; (2) Through the action of autophagy-related proteins (ATG), the phagophore elongates to engulf the cargo; (3) The full enclosure of the phagophore generates the autophagosome containing the cargo; (4) Following its trafficking to the vacuole, the outer membrane of the autophagosome fuses with the tonoplast; (5) The cargo, now surrounded by a single membrane (autophagic body), is released into the vacuole lumen; (6) The autophagic body is degraded within the vacuole along with its cargo.
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Nearly 30 genes that control autophagy were originally identified in unicellular fungi, and most are also conserved in animals and plants [9,11]. Some of these conserved autophagy-related genes (abbreviated as ATG genes) encode proteins of the core autophagy machinery that are responsible for the entire set of processes presented in Figure 1 [12,13]. Autophagy operates at a basal level under favorable (non-stress) growth conditions [14–17] and is significantly induced following stress. Disruption of single copy ATG genes encoding for individual proteins of the core autophagy machinery, e.g., ATG5 or ATG7, resulted in plant hypersensitivity to a variety of stresses [16,18–25].

Autophagy has been originally considered to be a non-selective process, mediating the bulk degradation of cytosolic components in response to acute stresses. Yet, in recent years, autophagy has also been shown to operate as a selective process, termed selective-autophagy. Selective autophagy operates to dispose of specific targets, such as individual proteins, protein aggregates, organelles, and even invading pathogens, by their delivery for degradation in the lytic compartment [9,26,27]. In animals, the processes of the bulk and selective autophagy are currently at the forefront of cellular research, as it seems that autophagy deficiency associates with numerous illnesses [28–30]. In contrast, the study of selective autophagy in plants is still in its infancy. Two examples of plant processes regulated by selective autophagy include disposal of protein aggregates (aggrephagy), mediated by the plant NBR1 cargo receptor [25,31,32], and selective autophagy of specific proteins, such as the RNA silencing component Argonaute1 [12] and the porphyrin scavenger, Tryptophan-rich Sensory Protein (TSPO) [33]. These examples and additional research suggests that selective autophagy also plays an important role in plant growth and response to stress (for a recent review see [26]). Nevertheless, information regarding selective autophagy of plant cells organelles, such as the selective clearance of plant peroxisomes and mitochondria, is only starting to emerge. Here we review the current knowledge regarding selective autophagy of plant intra-cellular organelles or organelle components, and address the physiological significance of these processes.



2. ATG8, a Central Protein Mediator of Selective Autophagy

Autophagy requires the formation of a double membrane vesicle termed the autophagosome; extensive reviews of the entire set of proteins involved in the formation of the autophagosome are available, e.g., in [9,13,34,35], and therefore this issue is not covered here. Among these proteins, ATG8 is one of the central best-studied proteins of the core autophagy machinery [11,36]. ATG8 is involved in the lipidation of the autophagosome precursor membrane (phagophore) by a ubiquitination-like process. This process acts to conjugate phosphatidylethanolamine (PE) to the expanding phagophore membrane until its full enclosure to form the autophagosome (Figure 1). Because ATG8 is continuously attached to both autophagosomes and autophagic-bodies, it is the most widely used protein marker for their detection [37]. In plants, similarly to other organisms, the accumulation of ATG8-labeled autophagosomes is significantly enhanced following biotic and abiotic stresses causing energy deprivation, such as carbon (C) or nitrogen (N) deficiency [19,21–24,38,39]. As a consequence of their role in autophagosome biogenesis, ATG8 proteins are essential for both bulk and selective autophagy. Yet, in selective-autophagy, ATG8 proteins fulfill an additional role in the selection of specific cargo to be sequestered prior to its degradation. ATG8 proteins bind to specific proteins containing an ATG8 Interacting Motif (AIM), which are either themselves targets of selective autophagy, or serve as specialized receptors (or adaptors) that mark the target cytosolic cargo or organelles for degradation [9,26,27,40] (see also Figure 2). This process is sometimes mediated by a ubiquitination event where certain cargo receptors attach to ubiquitinated proteins residing on the surface of degradation-destined organelles [27,40]; in other cases, this process is mediated by specific ATG8-interacting proteins residing on the target organelle. A well-studied example is ATG32, a protein that is localized to the outer membrane of yeast mitochondria. ATG32 binds ATG11 and ATG8 to mediate selective autophagy of mitochondria (mitophagy) in yeast [41,42]. Compared to the single copy gene of ATG8 in yeast (Sacharomyces cereviseae), two isoforms exist in Drosophilla and C. elegans, seven in humans and nine in the model plant Arabidopsis thaliana [11]. The relatively large family of ATG8 proteins in plants apparently implies that ATG8 carries more complex functions in selective-autophagy in plants that in non-plant organisms, probably due to their sessile nature that demands intricate mechanisms to cope with changing environmental conditions.

Figure 2. A simplified scheme demonstrating mediation of selective autophagy by ATG8. (A) A phagophore is decorated with ATG8 proteins (illustrated as a green drop); (B) ATG8 recognizes and binds the cargo receptor (pink L-shape) that is located on the surface of the cargo, resulting in its anchoring to the expanding phagophore; and (C) The full enclosure of the double membranes generates an autophagosome that contains the cargo and is decorated with ATG8 proteins.
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3. Selective-Autophagy of Plant Organelles


3.1. Selective Autophagy of ER (Endoplasmic-Reticulum) and ER Components

In animals and yeast it has been shown that endoplasmic reticulum (ER) components are sequestered into autophagosomes and are then delivered to the vacuole by selective autophagy, a process sometimes termed as reticulophagy [43,44]. This type of selective autophagy is especially induced following stress that triggers the accumulation of malfolded proteins within the ER (a phenomenon known as ER-stress) that stimulates the Unfolded Protein Response (UPR) [45]. ER-stress is also induced through the application of chemicals that disrupt protein folding, such as Tunicamycin and Dithiothreitol (DTT). Indeed, treating Arabidopsis plants with these chemicals induced the mobilization of the ER-resident fluorescent marker GFP-HDEL (GFP fused to the HDEL amino-acid sequence for retention in the ER) to the vacuole by vesicles that co-localize with the autophagosome marker cerulean-ATG8e. Moreover, autophagic-bodies containing ribosome-decorated ER membranes were detected within the vacuole lumen [21]. These data demonstrated the existence of reticulophagy in plant cells (Figure 3). Furthermore, the Arabidopsis ER-stress sensor IRE1b, which is involved in transporting UPR signals from the ER to the nucleus, is required to trigger this reticulophagy [21]. Nonetheless, though reticulophagy is considered as a selective-autophagy process, the autophagy adaptor protein(s) driving this process in plants have not yet been reported.

Figure 3. A scheme illustrating all currently known modes of clearance of plant organelles or their components by selective-autophagy. Abbreviations: Mito, mitochondrion; Perox, peroxisome; ATI-body, ATI1 and ATI2 positive bodies; RCB, Rubisco-containing body; SSGL, small starch granule-like vesicle.
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A new ER-to-vacuole transport route, defined by two closely related Arabidopsis ATG8-binding proteins termed ATI1 and ATI2, was recently identified in Arabidopsis plants [46]. These proteins are specific to plants [46] and apparently bind to more than one ATG8 isoform [47]. A closer examination of ATI1 fused to GFP as a representative revealed that under regular, non-stress growth conditions it is partially associated with the ER membrane, and following dark-induced carbon starvation, it becomes associated with newly formed bodies that move along the ER membrane and are subsequently transported into the vacuole (Figure 3) [46]. Notably, these special bodies (termed ATI-bodies) are distinct from mitochondria, peroxisomes, Golgi and also from “classical” autophagosomes, defining a unique type of stress-induced, autophagy related compartment that is apparently involved in the delivery of ER components to the vacuole [9,46]. Proteins that bind ATG8 usually possess an ATG8 Interacting Motif (AIM), which in animals is also termed Light-chain 3 Interacting Region (LIR) [27,40,48]. Indeed, ATI1 (as a representative) possesses two AIMs located on opposite sides of a predicted trans-membrane domain. The sequence of the N-terminal AIM appears closer to the AIM/LIR consensus sequence than that located close to the C-terminal region [46,48]. Overexpression or suppression of ATI1 stimulates or suppresses seed germination on media containing the germination suppression hormone Abscisic-acid (ABA) [49]. Since ATI-bodies are distinct from “classical” autophagosomes, the ATI1 and 2 proteins are apparently not involved in the ER-stress-induced process of reticulophagy. Yet, clarifying this issue requires further research.

Finally, several other studies also discuss the possibility that autophagy is also involved in the direct ER-to-vacule trafficking route of vacuole-resident proteins, such as seed storage proteins, reflecting also a non-degradative role for autophagy (for a review discussing this issue see ref. [50]). Yet, whether ATG8 is involved in this trafficking route is still unknown [50]. Nonetheless, the ATI-body was suggested as a good candidate for transporting vacuole-residing proteins directly from the ER to the vacuole [9,50].



3.2. Selective Autophagy of Plastids and Plastid Components

Some plastid proteins were shown to be degraded via the ubiquitin-proteasome system (UPS) [51] as well as by the action of plastid endogenous proteases [52]. Yet, as plant plastids hold a considerable amount of the C and N leaf pool, it might prove energetically advantageous for plant cells to degrade and reuse not only specific plastid components, but also entire plastids. Indeed, the delivery of un-developed plastids as well as senescing plastids in individually darkened leaves (IDLs) to the vacuole via an autophagy-like process has been reported [53,54]. The absence of plastid-to-vacuoles trafficking in the autophagy deficient atg4a4b double-mutant directly supports the involvement of the core autophagy machinery in this process [54]. Furthermore, several reports demonstrated the involvement of selective autophagy in the turnover of some individual plastid components without the dismantling of the entire photosynthetic apparatus. A seminal report [55] describes a special type of Rubisco Containing Body (RCB) observed both in the cytoplasm and vacuoles of naturally senescing wheat leaf cells [55]. Ultra-structure observations further revealed the occasional engulfment of the RCB by a multi-layer membrane, suggestive of autophagy. Indeed, the transport of RCBs to the vacuole requires active autophagy as this process does not occur in an Arabidopsis autophagy-deficient atg5 mutant exposed to darkness [56]. In addition, RCBs labeled by a chloroplast-targeted DsRed fluorescent protein co-localized with the GFP-ATG8 autophagosome marker, confirming that autophagy is involved in the delivery of RCBs to the vacuole [56] (Figure 3). The induction of plastid-derived vesicles was also reported to occur following avirulent Pst DC3000 (AvrRps4) infection, leading the authors to speculate that RCBs might be an important source for reactive oxygen species (ROS) or other signaling molecules that induce plant defense response [57]. Exposure to salt stress also triggered the induction of RCBs in rice plants, where RCBs were formed in chloroplast protrusions (CPs), a known feature of stressed plastids [58]. Vesicles containing Rubisco were also reported by a different group that named them Senescing-Associated Vesicles (SAVs) [59,60]. These SAVs are acidic compartments that contain SAG12, a senescence associated protease, and a membrane localized vacuolar H+-ATPase [59,60]. Thus, the SAV may represent a small type of vacuole that executes degradation that is probably distinct from RCBs. Moreover, active autophagy is probably not involved in SAV biogenesis, as SAVs were also detected in the background of the atg7 autophagy deficient mutant [60].

Interestingly, RCBs are not the only plastid-derived bodies whose biogenesis and function requires active autophagy. The autophagy-dependent disposal of plastid starch has also been recently reported. In this research [17], increased autophagic activity during the night was observed in tobacco plants grown under favorable conditions. Additionally, following treatment with a chemical inhibitor of autophagy and following silencing of several ATG genes, inhibition of starch degradation was detected. The involvement of autophagy in starch degradation was finally confirmed by detecting the double-labeling of both CFP-ATG8a (autophagosome marker) and Granule-bound Starch Synthase I fused to YFP (GBSSI-YFP) in small spherical structures, termed Small Starch Granule-Like (SSGL) structures [17] (Figure 3). An interesting conclusion drawn from this work is that autophagy is also involved in an important energetic function during the night, which is not necessarily associated with stress. This notion is also strengthened by the fact that autophagy-deficient mutants display reduced growth under short-day photoperiod [15]. Additionally, the phenotype of a starchless and atg double mutant showed a more severe growth retardation as well as earlier cell death, compared to either a mutant in a single ATG gene or in a starchless mutant [15]. A major distinction between bulk and selective-autophagy is that bulk-autophagy is generally induced during relatively severe or extended stresses, while selective autophagy operates also under favorable growth conditions or following mild stresses [9]. Thus, the delivery of starch via SSGLs under non-stress conditions is apparently operated by selective autophagy. Also, the degradation of plastid components via RCBs seems to be operating via selective autophagy as it is specifically linked to leaf carbon status but not to the nitrogen status [61]. Furthermore, the amount of RCBs generated in the background of starchless mutants is higher than their amount in starch excess mutants [61]. Thus it is probable that RCBs and SSGLs are distinct bodies although this still awaits experimental evidence. Plastid stromal protein degradation was shown to occur, but being incomplete in atg7 and atg5 mutants, indicates that active autophagy is not absolutely required for plastid stromal protein degradation [62]. This suggests that other degradation pathways, possibly proteases and the UPS, act in concert with autophagy to degrade plastid components.

On the basis of the annotation of selective autophagy of other organelles (such as mitophagy for mitochondria), several reports termed the process of whole chloroplast targeting to vacuole as chlorophagy [57,62,63]. We thus propose the term “Vesicular Chlorophagy” (or V-Chlorophagy) to be used for distinguishing between chlorophagy and the selective removal of specific vesicles containing plastid components, such as Rubisco or starch. “Vesicular Chlorophagy” represents the manner by which chloroplast derived vesicles are apparently being identified by the autophagy machinery and are delivered to the vacuole. Notably, to the best of our knowledge, this type of selective autophagy, where the degradation of specific components of an organelle rather than the entire organelle are targeted for degradation, is apparently unique to plants and has so far not been reported in any other species.



3.3. Selective Autophagy of Peroxisomes (Pexophagy)

Peroxisomes are compartments that are important for proper plant metabolism, development and response to the environment [64]. This organelle requires controlled protein import, as well as tight control over its proteins turnover. In the case of the later, it is especially important in the transition from β-oxidation of fatty acids in the germinating seedling to its role in photorespiration in later developmental stages. Indeed, during this developmental transition, the glyoxylate cycle enzymes, isocitrate lyase (ICL) and malate synthase (MLS) are degraded [64,65] possibly via the UPS [65,66]. Other possible candidates that can play a role in matrix protein degradation are peroxisomal proteases, though none of these were shown to degrade ICL or MLS directly [67]. In an effort to learn more about the function of the peroxisome-specific protease LON2, Farmer and colleagues used a forward genetic approach to identify novel genetic interactions with LON2 [68]. The known resistance of lon2 mutants to indole-3-butyric acid (IBA)-induced lateral root formation was used in a screen for suppression mutants of this phenotype. Remarkably, the three different suppressor mutations identified in the screen were all in autophagy-related genes, namely, ATG7, ATG2 and ATG3. This suppression was clearly assigned to peroxisomal defects as the morphology of lon2 peroxisomes (larger and less abundant than in WT) was restored following autophagy disruption [68]. Apparently, peroxisomes lacking a functional LON2 protein are recognized through the autophagic machinery as targets for degradation via a pexophagy pathway. Unfortunately, a description of the possible physiological implication of the double lon2-atg mutants was not presented in this study. It is also unclear whether the apparently larger peroxisomes in lon2 mutants are the result of increased size or of the aggregation of regularly sized peroxisomes. In another study, a peroxisomal fluorescent marker was utilized in a screen aimed at identifying mutations that affect peroxisomal cellular positioning (PEroxisome Unusual Positioning (PEUP) mutants). Remarkably, ATG2 and ATG7 were also identified in this screen, as well as ATG18a. [69]. Peroxisome degradation was inhibited in the peup/atg mutants, and they contained aggregated peroxisomes that were highly oxidized. Peroxisome aggregation was induced by application of hydrogen peroxide, and peroxisome aggregates were shown to be co-localized with an ATG8 marker [69]. Taken together these results suggest that peroxisomes that are damaged by hydrogen peroxide aggregate and are then selectively degraded by the autophagy machinery (Figure 3). This study was conducted mainly on mesophyll protoplasts isolated from leaves of three weeks old plants. Notably, the quality control of plant peroxisomes is probably tissue-dependent as it appears to be more pronounced in leaves than in roots [70]. As mentioned earlier, peroxisomal proteins turnover is also vital during the developmental transition that enables seedling establishment. The involvement of autophagy in peroxisomal proteins turnover during this developmental stage was demonstrated in a study that showed impaired peroxisome degradation in the hypocotyls of Arabidopsis atg5 and atg7 mutants during seedling growth (Figure 3). Interestingly, also here pexophagy activity was organ-dependent as expression of ATG7 was higher in hypocotyls than in seedling cotyledons [71]. The manner by which the selectivity of plant pexophagy is determined, i.e., the possible function of pexophagy-specialized cargo receptors, is currently unknown. Nevertheless, the fact that plant pexophagy is specifically targeting damaged peroxisomes, strongly suggests that it operates selectively [70]. Recently, electron-loose structures were visualized by electron microscopy of autophagy mutants and were stained with anti-ATG8a antibodies. These structures, probably representing a precursor of a phagophore, were located specifically in the vicinity of abnormal peroxisomes, providing further evidence to support the selectivity of plant pexophagy [70].

The molecular mechanism of pexophagy is relatively well documented in yeast cells. In Pichia pastoris ATG30 is anchored to peroxisome membrane by its interaction with two types of peroxins (PEX14 and PEX3), where it acts in pexophagy by recruiting ATG11 and ATG17 [72]. The PEX3 protein of S. cerevisiae is the docking site of ATG36, a cargo receptor for pexophagy that interacts with ATG11 and probably indirectly with ATG8 [73]. In mammals, the NBR1 cargo receptor that interacts with ATG8, and that was classically assigned to the autophagy-dependent degradation of protein aggregates (aggrephagy), was recently found to be essential for pexophagy [74]. ATG30 and ATG36 seem to be restricted to fungi since homologs were not found in other organisms [72,73]. On the other hand, a homolog of NBR1 does exist in plants [31,32] and was shown to act in plant aggrephagy [25]. Thus it will be interesting to evaluate the possible involvement of plant NBR1 in pexophagy. Taken together, it is now clear that, similarly as in yeast and mammals, pexophagy also operates in plants. Nevertheless, the identity of the proteins required for this process in plants is yet to be determined.



3.4. Selective Autophagy of Mitochondria (Mitophagy)

The degradation rates of various mitochondrial proteins are highly variable [75] suggesting the operation of several independent degradation processes, such as mitochondrial proteases, the UPS and mitophagy [75]. Although very well established in yeast and animals [76], evidence supporting mitophagy in plants is limited [77]. A recent report identified a plant ATG11 protein (whose sequence also contains ATG17 related domains) that is apparently fundamental for autophagosome delivery to the vacuole, but is not essential for autophagosome biogenesis [78]. Similarly to other essential atg deficient plants, atg11 mutants display premature senescence and increased sensitivity to N and C limitations. Fungal ATG11 proteins were implicated in selective mitophagy, pexophagy and the Cytoplasm to Vacuole Targeting (CVT) pathway [35]. This encouraged the authors to examine the possible involvement of ATG11 in Arabidopsis mitophagy. Indeed, following dark-induced senescence, mitochondrial proteins, as well as mitochondrion numbers, remained stable in the background of atg7-2 and atg11-1 mutants, compared to WT plants. Additionally, a mitochondrial marker, visible in the vacuoles of wild type plants following senescence, was not detected in the vacuoles of these autophagy mutants. Finally, co-localization of the mitochondrial marker with both ATG8a and ATG11, confirmed their involvement in the clearance of plant mitochondria from the cytoplasm to the vacuole [78]. The cellular mechanisms that regulate the specificity of plant mitophagy still await discovery. It will also be very interesting to look at the determinants that target a specific mitochondrion for disposal and the proteins that are involved in this process.




4. Conclusions and Future Perspectives

In recent years we have witnessed a tremendous leap in experimental evidence for selective autophagy in plants, as well as in our understanding of the context in which it operates. These studies show that selective autophagy is a central regulator of the response of plant cells, mainly to environmental stresses. Nevertheless, major gaps still exist in our knowledge of the machinery involved in these processes, mainly, the identification of novel ATG8-binding proteins as well as deeper elucidation of the involvement of ubiquitination processes. In addition, open questions still remain regarding the physiological significance of chlorophagy, V-chlorophagy, reticulophagy and pexophagy in plant growth and response to environmental cues, particularly stresses. In addition, the identification of novel stress-induced components that are involved in these processes may contribute to enhance plant stress tolerance. Judging from the relatively high rate in which this field has gained progress in recent years, we believe that answers to these questions will soon be revealed.






Acknowledgments

We thank Tamar Avin-Wittenberg, Hadas Peled-Zehavi, Orly Hanin and Qing-jun Xie for critical reading of this manuscript and helpful comments. Our research was supported by grants from The Israel Science Foundation (grant No. 764/07), the J & R Center for Scientific Research at the Weizmann Institute of Science and the Israeli Ministry of Agriculture. GG is an incumbent of the Bronfman Chair of Plant Science at the Weizmann Institute of Science.



Conflicts of Interest

The authors declare no conflict of interest.




	Author ContributionsS.M. produced the figures and wrote the manuscript; G.G. supervised and revised the manuscript.





References


	1. 
White, E. Deconvoluting the context-dependent role for autophagy in cancer. Nat. Rev. Cancer 2012, 12, 401–410. [Google Scholar]

	2. 
Araújo, W.L.; Tohge, T.; Ishizaki, K.; Leaver, C.J.; Fernie, A.R. Protein degradation—An alternative respiratory substrate for stressed plants. Trends Plant Sci 2011, 16, 489–498. [Google Scholar]

	3. 
Robaglia, C.; Thomas, M.; Meyer, C. Sensing nutrient and energy status by snrk1 and tor kinases. Curr. Opin. Plant Biol 2012, 15, 301–307. [Google Scholar]

	4. 
Kaushik, S.; Cuervo, A.M. Chaperone-mediated autophagy: A unique way to enter the lysosome world. Trends Cell Biol 2012, 22, 407–417. [Google Scholar]

	5. 
Li, W.; Li, J.; Bao, J. Microautophagy: Lesser-known self-eating. Cell. Mol. Life Sci 2012, 69, 1125–1136. [Google Scholar]

	6. 
Van Doorn, W.G.; Papini, A. Ultrastructure of autophagy in plant cells: A review. Autophagy 2013, 9, 1922–1936. [Google Scholar]

	7. 
Rubinsztein, D.C.; Shpilka, T.; Elazar, Z. Mechanisms of autophagosome biogenesis. Curr. Biol 2012, 22, R29–R34. [Google Scholar]

	8. 
Zhuang, X.; Wang, H.; Lam, S.K.; Gao, C.; Wang, X.; Cai, Y.; Jiang, L. A bar-domain protein sh3p2, which binds to phosphatidylinositol 3-phosphate and atg8, regulates autophagosome formation in arabidopsis. Plant Cell 2013, 25, 4596–4615. [Google Scholar]

	9. 
Li, F.; Vierstra, R.D. Autophagy: A multifaceted intracellular system for bulk and selective recycling. Trends Plant Sci 2012, 17, 526–537. [Google Scholar]

	10. 
Tong, J.; Yan, X.; Yu, L. The late stage of autophagy: Cellular events and molecular regulation. Protein Cell 2010, 1, 907–915. [Google Scholar]

	11. 
Avin-Wittenberg, T.; Honig, A.; Galili, G. Variations on a theme: Plant autophagy in comparison to yeast and mammals. Protoplasma 2012, 249, 285–299. [Google Scholar]

	12. 
Derrien, B.; Baumberger, N.; Schepetilnikov, M.; Viotti, C.; de Cillia, J.; Ziegler-Graff, V.; Isono, E.; Schumacher, K.; Genschik, P. Degradation of the antiviral component argonaute1 by the autophagy pathway. Proc. Natl. Acad. Sci. USA 2012, 109, 15942–15946. [Google Scholar]

	13. 
Liu, Y.; Bassham, D.C. Autophagy: Pathways for self-eating in plant cells. Ann. Rev. Plant Biol 2012, 63, 215–237. [Google Scholar]

	14. 
Guiboileau, A.; Yoshimoto, K.; Soulay, F.; Bataillé, M.P.; Avice, J.C.; Masclaux-Daubresse, C. Autophagy machinery controls nitrogen remobilization at the whole-plant level under both limiting and ample nitrate conditions in arabidopsis. New Phytol 2012, 194, 732–740. [Google Scholar]

	15. 
Izumi, M.; Hidema, J.; Makino, A.; Ishida, H. Autophagy contributes to nighttime energy availability for growth in arabidopsis. Plant Physiol 2013, 161, 1682–1693. [Google Scholar]

	16. 
Sláviková, S.; Shy, G.; Yao, Y.; Glozman, R.; Levanony, H.; Pietrokovski, S.; Elazar, Z.; Galili, G. The autophagy-associated atg8 gene family operates both under favourable growth conditions and under starvation stresses in arabidopsis plants. J. Exp. Bot 2005, 56, 2839–2849. [Google Scholar]

	17. 
Wang, Y.; Yu, B.; Zhao, J.; Guo, J.; Li, Y.; Han, S.; Huang, L.; Du, Y.; Hong, Y.; Tang, D.; et al. Autophagy contributes to leaf starch degradation. Plant Cell 2013, 25, 1383–1399. [Google Scholar]

	18. 
Doelling, J.H.; Walker, J.M.; Friedman, E.M.; Thompson, A.R.; Vierstra, R.D. The apg8/12-activating enzyme apg7 is required for proper nutrient recycling and senescence in arabidopsis thaliana. J. Biol. Chem 2002, 277, 33105–33114. [Google Scholar]

	19. 
Han, S.; Yu, B.; Wang, Y.; Liu, Y. Role of plant autophagy in stress response. Protein Cell 2011, 2, 784–791. [Google Scholar]

	20. 
Hanaoka, H.; Noda, T.; Shirano, Y.; Kato, T.; Hayashi, H.; Shibata, D.; Tabata, S.; Ohsumi, Y. Leaf senescence and starvation-induced chlorosis are accelerated by the disruption of an arabidopsis autophagy gene. Plant Physiol 2002, 129, 1181–1193. [Google Scholar]

	21. 
Liu, Y.; Burgos, J.S.; Deng, Y.; Srivastava, R.; Howell, S.H.; Bassham, D.C. Degradation of the endoplasmic reticulum by autophagy during endoplasmic reticulum stress in arabidopsis. Plant Cell 2012, 24, 4635–4651. [Google Scholar]

	22. 
Liu, Y.; Schiff, M.; Czymmek, K.; Tallóczy, Z.; Levine, B.; Dinesh-Kumar, S.P. Autophagy regulates programmed cell death during the plant innate immune response. Cell 2005, 121, 567–577. [Google Scholar]

	23. 
Liu, Y.; Xiong, Y.; Bassham, D.C. Autophagy is required for tolerance of drought and salt stress in plants. Autophagy 2009, 5, 954–963. [Google Scholar]

	24. 
Xiong, Y.; Contento, A.L.; Nguyen, P.Q.; Bassham, D.C. Degradation of oxidized proteins by autophagy during oxidative stress in arabidopsis. Plant Physiol 2007, 143, 291–299. [Google Scholar]

	25. 
Zhou, J.; Wang, J.; Cheng, Y.; Chi, Y.J.; Fan, B.; Yu, J.Q.; Chen, Z. Nbr1-mediated selective autophagy targets insoluble ubiquitinated protein aggregates in plant stress responses. PLoS Genet 2013, 9, e1003196. [Google Scholar]

	26. 
Floyd, B.E.; Morriss, S.C.; Macintosh, G.C.; Bassham, D.C. What to eat: Evidence for selective autophagy in plants. J. Integr. Plant Biol 2012, 54, 907–920. [Google Scholar]

	27. 
Johansen, T.; Lamark, T. Selective autophagy mediated by autophagic adapter proteins. Autophagy 2011, 7, 279–296. [Google Scholar]

	28. 
Choi, A.M.K.; Ryter, S.W.; Levine, B. Autophagy in human health and disease. N. Eng. J. Med 2013, 368, 651–662. [Google Scholar]

	29. 
Levine, B.; Mizushima, N.; Virgin, H.W. Autophagy in immunity and inflammation. Nature 2011, 469, 323–335. [Google Scholar]

	30. 
Rubinsztein, D.C.; Codogno, P.; Levine, B. Autophagy modulation as a potential therapeutic target for diverse diseases. Nat. Rev. Drug Discov 2012, 11, 709–730. [Google Scholar]

	31. 
Svenning, S.; Lamark, T.; Krause, K.; Johansen, T. Plant NBR1 is a selective autophagy substrate and a functional hybrid of the mammalian autophagic adapters NBR1 and p62/SQSTM1. Autophagy 2011, 7, 993–1010. [Google Scholar]

	32. 
Zientara-Rytter, K.; Lukomska, J.; Moniuszko, G.; Gwozdecki, R.; Surowiecki, P.; Lewandowska, M.; Liszewska, F.; Wawrzynska, A.; Sirko, A. Identification and functional analysis of Joka2, a tobacco member of the family of selective autophagy cargo receptors. Autophagy 2011, 7, 1145–1158. [Google Scholar]

	33. 
Vanhee, C.; Zapotoczny, G.; Masquelier, D.; Ghislain, M.; Batoko, H. The arabidopsis multistress regulator tspo is a heme binding membrane protein and a potential scavenger of porphyrins via an autophagy-dependent degradation mechanism. Plant Cell 2011, 23, 785–805. [Google Scholar]

	34. 
Feng, Y.; He, D.; Yao, Z.; Klionsky, D.J. The machinery of macroautophagy. Cell Res 2014, 24, 24–41. [Google Scholar]

	35. 
Reggiori, F.; Klionsky, D.J. Autophagic processes in yeast: Mechanism, machinery and regulation. Genetics 2013, 194, 341–361. [Google Scholar]

	36. 
Shpilka, T.; Weidberg, H.; Pietrokovski, S.; Elazar, Z. Atg8: An autophagy-related ubiquitin-like protein family. Genome Biol 2011, 12, 226. [Google Scholar]

	37. 
Klionsky, D.J.; Abdalla, F.C.; Abeliovich, H.; Abraham, R.T.; Acevedo-Arozena, A.; Adeli, K.; Agholme, L.; Agnello, M.; Agostinis, P.; Aguirre-Ghiso, J.A.; et al. Guidelines for the use and interpretation of assays for monitoring autophagy. Autophagy 2012, 8, 445–544. [Google Scholar]

	38. 
Hofius, D.; Schultz-Larsen, T.; Joensen, J.; Tsitsigiannis, D.I.; Petersen, N.H.T.; Mattsson, O.; Jørgensen, L.B.; Jones, J.D.G.; Mundy, J.; Petersen, M. Autophagic components contribute to hypersensitive cell death in arabidopsis. Cell 2009, 137, 773–783. [Google Scholar]

	39. 
Slavikova, S.; Ufaz, S.; Avin-Wittenberg, T.; Levanony, H.; Galili, G. An autophagy-associated atg8 protein is involved in the responses of arabidopsis seedlings to hormonal controls and abiotic stresses. J. Exp. Bot 2008, 59, 4029–4043. [Google Scholar]

	40. 
Birgisdottir, A.B.; Lamark, T.; Johansen, T. The LIR motif—Crucial for selective autophagy. J. Cell Sci 2013, 126, 3237–3247. [Google Scholar]

	41. 
Kanki, T.; Wang, K.; Cao, Y.; Baba, M.; Klionsky, D.J. Atg32 is a mitochondrial protein that confers selectivity during mitophagy. Dev. Cell 2009, 17, 98–109. [Google Scholar]

	42. 
Okamoto, K.; Kondo-Okamoto, N.; Ohsumi, Y. Mitochondria-anchored receptor Atg32 mediates degradation of mitochondria via selective autophagy. Dev. Cell 2009, 17, 87–97. [Google Scholar]

	43. 
Bernales, S.n.; McDonald, K.L.; Walter, P. Autophagy counterbalances endoplasmic reticulum expansion during the unfolded protein response. PLoS Biol 2006, 4, e423. [Google Scholar]

	44. 
Ogata, M.; Hino, S.-i.; Saito, A.; Morikawa, K.; Kondo, S.; Kanemoto, S.; Murakami, T.; Taniguchi, M.; Tanii, I.; Yoshinaga, K.; et al. Autophagy is activated for cell survival after endoplasmic reticulum stress. Mol. Cell. Biol 2006, 26, 9220–9231. [Google Scholar]

	45. 
Howell, S.H. Endoplasmic reticulum stress responses in plants. Ann. Rev. Plant boil 2013, 64, 477–499. [Google Scholar]

	46. 
Honig, A.; Avin-Wittenberg, T.; Ufaz, S.; Galili, G. A new type of compartment, defined by plant-specific atg8-interacting proteins, is induced upon exposure of arabidopsis plants to carbon starvation. Plant Cell 2012, 24, 288–303. [Google Scholar]

	47. 
Avin-Wittenberg, T.; Michaeli, S.; Honig, A.; Galili, G. ATI1, a newly identified atg8-interacting protein, binds two different Atg8 homologs. Plant Signal. Behav 2012, 7, 685–687. [Google Scholar]

	48. 
Noda, N.N.; Ohsumi, Y.; Inagaki, F. Atg8-family interacting motif crucial for selective autophagy. FEBS Lett 2010, 584, 1379–1385. [Google Scholar]

	49. 
Honig, A.; Avin-Wittenberg, T.; Galili, G. Selective autophagy in the aid of plant germination and response to nutrient starvation. Autophagy 2012, 8, 838–839. [Google Scholar]

	50. 
Michaeli, S.; Avin-Wittenberg, T.; Galili, G. Involvement of autophagy in the directer to vacuole protein trafficking route in plants. Front. Plant Sci 2014, 5. [Google Scholar] [CrossRef]

	51. 
Ling, Q.; Huang, W.; Baldwin, A.; Jarvis, P. Chloroplast biogenesis is regulated by direct action of the ubiquitin-proteasome system. Science 2012, 338, 655–659. [Google Scholar]

	52. 
Malnoë, A.; Wang, F.; Girard-Bascou, J.; Wollman, F.A.; de Vitry, C. Thylakoid ftsh protease contributes to photosystem II and cytochrome b6f remodeling in chlamydomonas reinhardtii under stress conditions. Plant Cell 2014, 26, 373–390. [Google Scholar]

	53. 
Niwa, Y.; Kato, T.; Tabata, S.; Seki, M.; Kobayashi, M.; Shinozaki, K.; Moriyasu, Y. Disposal of chloroplasts with abnormal function into the vacuole in arabidopsis thaliana cotyledon cells. Protoplasma 2004, 223, 229–232. [Google Scholar]

	54. 
Wada, S.; Ishida, H.; Izumi, M.; Yoshimoto, K.; Ohsumi, Y.; Mae, T.; Makino, A. Autophagy plays a role in chloroplast degradation during senescence in individually darkened leaves. Plant Physiol 2009, 149, 885–893. [Google Scholar]

	55. 
Chiba, A.; Ishida, H.; Nishizawa, N.K.; Makino, A.; Mae, T. Exclusion of ribulose-1,5-bisphosphate carboxylase/oxygenase from chloroplasts by specific bodies in naturally senescing leaves of wheat. Plant Cell Physiol 2003, 44, 914–921. [Google Scholar]

	56. 
Ishida, H.; Yoshimoto, K.; Izumi, M.; Reisen, D.; Yano, Y.; Makino, A.; Ohsumi, Y.; Hanson, M.R.; Mae, T. Mobilization of rubisco and stroma-localized fluorescent proteins of chloroplasts to the vacuole by an atg gene-dependent autophagic process. Plant Physiol 2008, 148, 142–155. [Google Scholar]

	57. 
Dong, J.; Chen, W. The role of autophagy in chloroplast degradation and chlorophagy in immune defenses during pst dc3000 (avrrps4) infection. PLoS One 2013, 8, e73091. [Google Scholar]

	58. 
Yamane, K.; Mitsuya, S.; Taniguchi, M.; Miyake, H. Salt-induced chloroplast protrusion is the process of exclusion of ribulose-1,5-bisphosphate carboxylase/oxygenase from chloroplasts into cytoplasm in leaves of rice. Plant Cell Environ 2012, 35, 1663–1671. [Google Scholar]

	59. 
Martinez, D.E.; Costa, M.L.; Gomez, F.M.; Otegui, M.S.; Guiamet, J.J. ‘senescence-associated vacuoles’ are involved in the degradation of chloroplast proteins in tobacco leaves. Plant J 2008, 56, 196–206. [Google Scholar]

	60. 
Otegui, M.S.; Noh, Y.S.; Martinez, D.E.; Vila Petroff, M.G.; Staehelin, L.A.; Amasino, R.M.; Guiamet, J.J. Senescence-associated vacuoles with intense proteolytic activity develop in leaves of arabidopsis and soybean. Plant J 2005, 41, 831–844. [Google Scholar]

	61. 
Izumi, M.; Wada, S.; Makino, A.; Ishida, H. The autophagic degradation of chloroplasts via rubisco-containing bodies is specifically linked to leaf carbon status but not nitrogen status in arabidopsis. Plant Physiol 2010, 154, 1196–1209. [Google Scholar]

	62. 
Lee, T.A.; Vande Wetering, S.W.; Brusslan, J.A. Stromal protein degradation is incomplete in arabidopsis thaliana autophagy mutants undergoing natural senescence. BMC Res. Notes 2013, 6. [Google Scholar] [CrossRef]

	63. 
Hayward, A.P.; Dinesh-Kumar, S.P. What can plant autophagy do for an innate immune response? Ann. Rev. Phytopathol 2011, 49, 557–576. [Google Scholar]

	64. 
Hu, J.; Baker, A.; Bartel, B.; Linka, N.; Mullen, R.T.; Reumann, S.; Zolman, B.K. Plant peroxisomes: Biogenesis and function. Plant Cell 2012, 24, 2279–2303. [Google Scholar]

	65. 
Lingard, M.J.; Monroe-Augustus, M.; Bartel, B. Peroxisome-associated matrix protein degradation in arabidopsis. Proc. Natl. Acad. Sci. USA 2009, 106, 4561–4566. [Google Scholar]

	66. 
Kim, D.Y.; Scalf, M.; Smith, L.M.; Vierstra, R.D. Advanced proteomic analyses yield a deep catalog of ubiquitylation targets in arabidopsis. Plant Cell 2013, 25, 1523–1540. [Google Scholar]

	67. 
Lingard, M.J.; Bartel, B. Arabidopsis lon2 is necessary for peroxisomal function and sustained matrix protein import. Plant Physiol 2009, 151, 1354–1365. [Google Scholar]

	68. 
Farmer, L.M.; Rinaldi, M.A.; Young, P.G.; Danan, C.H.; Burkhart, S.E.; Bartel, B. Disrupting autophagy restores peroxisome function to an arabidopsis lon2 mutant and reveals a role for the LON2 protease in peroxisomal matrix protein degradation. Plant Cell 2013, 25, 4085–4100. [Google Scholar]

	69. 
Shibata, M.; Oikawa, K.; Yoshimoto, K.; Kondo, M.; Mano, S.; Yamada, K.; Hayashi, M.; Sakamoto, W.; Ohsumi, Y.; Nishimura, M. Highly oxidized peroxisomes are selectively degraded via autophagy in arabidopsis. Plant Cell 2013, 25, 4967–4983. [Google Scholar]

	70. 
Yoshimoto, K.; Shibata, M.; Kondo, M.; Oikawa, K.; Sato, M.; Toyooka, K.; Shirasu, K.; Nishimura, M.; Ohsumi, Y. Quality control of plant peroxisomes in organ specific manner via autophagy. J. Cell Sci 2014, 127. [Google Scholar] [CrossRef]

	71. 
Kim, J.; Lee, H.; Lee, H.N.; Kim, S.-H.; Shin, K.D.; Chung, T. Autophagy-related proteins are required for degradation of peroxisomes in arabidopsis hypocotyls during seedling growth. Plant Cell 2013, 25, 4956–4966. [Google Scholar]

	72. 
Farre, J.C.; Manjithaya, R.; Mathewson, R.D.; Subramani, S. PpAtg30 tags peroxisomes for turnover by selective autophagy. Dev. Cell 2008, 14, 365–376. [Google Scholar]

	73. 
Motley, A.M.; Nuttall, J.M.; Hettema, E.H. Atg36: The saccharomyces cerevisiae receptor for pexophagy. Autophagy 2012, 8, 1680–1681. [Google Scholar]

	74. 
Deosaran, E.; Larsen, K.B.; Hua, R.; Sargent, G.; Wang, Y.; Kim, S.; Lamark, T.; Jauregui, M.; Law, K.; Lippincott-Schwartz, J.; et al. NBR1 acts as an autophagy receptor for peroxisomes. J. Cell Sci 2013, 126, 939–952. [Google Scholar]

	75. 
Nelson, C.J.; Li, L.; Jacoby, R.P.; Millar, A.H. Degradation rate of mitochondrial proteins in arabidopsis thaliana cells. J. Proteome Res 2013, 12, 3449–3459. [Google Scholar]

	76. 
Kubli, D.A.; Gustafsson, A.B. Mitochondria and mitophagy: The yin and yang of cell death control. Circ. Res 2012, 111, 1208–1221. [Google Scholar]

	77. 
Minibayeva, F.; Dmitrieva, S.; Ponomareva, A.; Ryabovol, V. Oxidative stress-induced autophagy in plants: The role of mitochondria. Plant Physiol. Biochem 2012, 59, 11–19. [Google Scholar]

	78. 
Li, F.; Chung, T.; Vierstra, R.D. Autophagy-related 11 plays a critical role in general autophagy- and senescence-induced mitophagy in Arabidopsis. Plant Cell 2014, 26, 788–807. [Google Scholar]













© 2014 by the authors; licensee MDPI, Basel, Switzerland This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







nav.xhtml


  ijms-15-07624


  
    		
      ijms-15-07624
    


  




  





media/file0.png
1. Introduction 2. Enclosure 3. Autophagosome

@ © O

4. Fusion with the tonoplast 5. Autophagic body 6. Degradation

?@

Phagophore






media/file1.png
A B
Cargo receptor / *
*

ATG8—»

Phagophore Autophagosome





media/file2.png
V-chlorophagy following
Biotic and abiotic stress
(RCBs) or during
nighttime starch
degradtion (SSGL)

Mitophagy during
senescence or Pexophagy of
highly oxidized peroxisomes

or following a
developmental transition

Reticulophagy following
ER-stress (right hand
pathway) or ER-to vacuole
trafficking following carbon
deficiency (ATl-body)

Plastid-derived &
autophagic body
(SSGL/RCB)

y
ER-derived
autophagic body

== ATI1 or ATI2

@ Degraded mi i e

@ Starch

-4 ATG8

O Degraded peroxisome . Degraded ATl-body

N\ Membrane

@ Protein from the plastid stroma

LA ]
® Aribosome $ :ER membrane decorated with

‘v

ribosomes






