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Autophagy, or self-consuming of cytoplasmic constituents
in a lytic compartment, plays a crucial role in nutrient recy-
cling, development, cell homeostasis, and defense against
pathogens and toxic products. Autophagy in plant cells
uses a conserved machinery of core Autophagy-related
(Atg) proteins. Recently, research on plant autophagy has
been expanding and other components interacting with
the core Atg proteins are being revealed. In addition, grow-
ing evidence suggests that autophagy communicates with
other cellular pathways such as the ubiquitin-proteasome
system, protein secretory pathway, and endocytic pathway.
An increase in our understanding of plant autophagy will
undoubtedly help test the hypothesized functions of plant
autophagy in programmed cell death, vacuole biogenesis,
and responses to biotic, abiotic, and nutritional stresses.
In this review, we summarize recent progress on these
topics and suggest topics for future research, after in-
specting common phenotypes of current Arabidopsis atg
mutants.

INTRODUCTION

Autophagy is an intracellular pathway for the bulk degradation
of cytoplasmic materials, delivering autophagic cargoes to a
lytic compartment, for example, the lysosome in animal cells
and the vacuole in yeast (Saccharomyces cerevisiae) and plant
cells. Autophagy determines the basal turnover of cytoplasm,
renovates cells during cell differentiation, recycles old mole-
cules for reuse, and protects cells from their own dangerous
products and even from unwanted visitors. It is not surprising,
therefore, to find defective autophagy associated with various
disease symptoms in animals (reviewed by Levine and Kroe-
mer, 2008; Mizushima and Komatsu, 2011).

Of the 3 major types of autophagy, namely, macroautophagy,
microautophagy, and chaperone-mediated autophagy, macro-
autophagy is better characterized. Macroautophagy involves
the formation of cytoplasmic autophagosomes sequestering a
portion of cytoplasm (Fig. 1). An autophagosome is a double-
membrane organelle developed from the phagophore, an early

autophagic structure whose membrane origin is unknown. After
the autophagosome is formed, the outer membrane of the
autophagosome fuses with the membrane of the vacuole (or
lysosome), and autophagic cargoes are rapidly degraded by
the resident hydrolytic enzymes. Since vacuoles (particularly
plant vacuoles) are bigger than autophagosomes, many auto-
phagic bodies, or autophagosome-derived vesicles released in
the vacuole, can be observed if stabilized by inhibitors of
vacuolar degradation (e.g. E-64) or acidification (e.g. concana-
mycin A). In microautophagy, the lysosomal/vacuolar mem-
brane is invaginated to sequester cytoplasmic constituents,
whereas chaperone-mediated autophagy involves selective
translocation of substrates into the vacuole.

Elucidation of the functions of macroautophagy (hereafter re-
ferred to as autophagy) was facilitated by the isolation of the
Autophagy-related (Atg) genes from yeast mutants (Matsuura
et al., 1997; Tsukada et al., 1993). Subsequent biochemical
and cell biological characterization of Atg genes revealed a
model of autophagic processes that are controlled by several
classes of Atg gene (Fig. 1). There are 4 main classes of core
Atg proteins that are highly conserved in various eukaryotes
(Yang and Klionsky, 2010) including plants such as Arabidopsis
(references in Table 1), rice and maize (Chung et al., 2009;
Shin et al., 2009); (i) components of the Atg1 kinase complex,
(i) components of an autophagy-specific phosphatidylinositol (P1)
3-kinase complex, (iii) components of a complex containing
transmembrane Atg9 protein, and (iv) proteins involved in Atg8
and Atg12 conjugation. The Atg1 kinase complex containing
Atg1, Atg13, FIP200, and Atg101 regulates the induction of
autophagy in response to nutrient limitation. The Atg1 kinase
complex is located on a specific ER subdomain and regulates
an autophagy-specific Pl 3-kinase complex containing Vps34
kinase, Vps15, Atg6, and Atg14. Atg14 is an autophagy-speci-
fic component (ltakura et al., 2008; Kametaka et al., 1998), but
a plant Atg14 homologue has not been reported. The PI 3-
kinase complex is enriched in phagophores and generates PI3P,
which is recognized by various PI3P effectors such as Atg18
proteins interacting with Atg2. The function of Atg9 complex is
not yet clear, although it moves from the trans-Golgi network to
the phagophore during starvation (Young et al., 2006). Atg8 is a
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Fig. 1. Plant autophagic pathway, its interacting organelles, and genes encoding core autophagic complexes. Colors represent intracellular
compartments: ER (purple), Golgi and secretory vesicle (cyan), endosomal compartments (yellow), autophagic vesicles (red), and Iytic vacuole
(orange). Autophagic bodies in the lytic vacuole are outlined with dashed circles. Solid arrows indicate known transport or maturation, and
dashed arrows symbolize hypothetical fusion or translocation. Two billiard balls, numbered 1 and 8, show the locations of GFP-ATG8 and
YFP-ATG1a puncta, respectively, in Arabidopsis cells. Hypothetical components of 4 core ATG complexes are shown below. The components
are based on the conserved members of metazoan homologues. Genes encoding the proteins in bold were characterized by corresponding
knockout or knock-down plants (see Table 1 and text). Inset, ATG8 and ATG12 conjugation pathway in Arabidopsis. PE, phosphati-
dylethanolamine PVC/ MVBJ/LE, prevacuolar compartment/multivesicular body/late endosome. TGN/EE, trans-Golgi network/early endosome.

ubiquitin-fold protein that is conjugated to phosphatidyletha-
nolamine (PE) by E1 (ubiquitin-activating enzyme)-like Atg7, E2
(ubiquitin-conjugating enzyme)-like Atg3, and the E3-like Atg12-
Atg5-Atg16 complex (Fig. 1, inset). The Atg4 protease removes
extra C-terminal residues of an Atg8 precursor and thereby
exposes a specific glycine residue for conjugation. Atg12 is
another ubiquitin-fold protein conjugated to Atg5 by Atg7 (E1)
and Atg10 (E2). By conjugation to PE, Atg8 is targeted to the
phagophore and required for the expansion and closure of the
autophagic vesicle to form an autophagosome. Atg8 is used as
a standard marker for autophagy, since it is located in most
autophagic membranes - the phagophore, autophagosome, and
autophagic bodies (Mizushima et al., 2010).

Recent reviews have summarized the genetic components of
autophagy in Arabidopsis and other plants (Avin-Wittenberg et
al., 2012; Thompson and Vierstra, 2005), as well as tools avail-
able for plant autophagy research (Chung, 2011; Mitou et al.,
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2009). Here, we describe recent progress in our knowledge on
core Atg genes in plants, and draw conclusions from the com-
parison of various Arabidopsis atg mutants. We introduce the
plant proteins that interact with Atg8 and discuss the possibility
of communication between autophagy and other cellular proc-
esses, such as proteasome-mediated proteolysis and endocy-
tosis. Finally, functions of plant core Afg genes are proposed
based on available genetic data. Readers may also refer to
specific reviews that we will cite in the respective sections be-
low.

Genetics of core ATG genes in Arabidopsis

Initial molecular genetics studies on plant autophagy relied on
sequence similarity to Atg homologues in yeast, although elec-
tron microscopic studies identified ultrastructures indicating
microautophagy and macroautophagy in a number of plant
species, prior to the discovery of the Atg genes (reviewed by
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Table 1. Phenotypes of common atg mutants and transgenic plants in Arabidopsis

Allele name Autophagic vesicles ATG8-PE formation Other phenotypes References
atg mutants of the ATG8 and ATG12 conjugation pathway

atg4a-1 atg4b-1 double mutant V-EM (-) GFP-ATG8-PE (-) ES Yoshimoto et al. (2004)
V-8 (-)
C-8 (/+)

atg4a-2 atg4b-2 double mutant ATGS8-PE (-) ES, HC, HN Chung et al. (2010)

atg5-1 (protein null) V-8(-) ATGS8-PE (-) ES, HC, HN, DT, ECD Chung et al. (2010)
V-NR (-) GFP-ATG8-PE (-) Inoue et al. (2006)
C-8 (-/+) Kwon et al. (2010)

Lenz etal. (2011)
Phillips et al. (2008)
Thompson et al. (2005)
Yoshimoto et al. (2009)

atg7-1 (protein null) V-8 (-) ES, HC, HN, DCD Doelling et al. (2002)
C-LT (!) Hofius et al. (2009)
Thompson et al. (2005)
atg7-2 (protein null) V-8 (-) ATGS8-PE (-) ES, HC, HN Chung et al. (2010)
C-8 (-/+) GFP-ATGS8-PE (-) Hofius et al. (2009)
Suttankakul et al. (2011)
atg10-1 V-8 (-) ATG8-PE (-) ES, HC, HN, ECD Chung et al. (2010)

Lenz et al. (2011)
Phillips et al. (2008)
Wang et al. (2011)

atg12a-1 atg12b-1 double mutant V-8 (-) ATG8-PE (-) ES, HC, HN Chung et al. (2010)
Other atg mutants
atg2-1 V-NR (1) ES, ECD Inoue et al. (2006)

Wang et al. (2011)
Yoshimoto et al. (2009)

atg2-2 V-8 (-) ES, ECD
C-8(-) Wang et al. (2011)
atg6-1 homozygotes not recovered  Fuijiki et al. (2007)
due to male sterility Qin et al. (2007)
atg6 antisense C-MDC () ES, HC, HN, Dev, ECD Patel and Dinesh-Kumar
C-LT (!) (2008)
atg9-1 ES, HC, HN, DCD Hanaoka et al. (2002)
Hofius et al. (2009)
atg9-2 V-NR (+) Inoue et al. (2006)
atg13a-1 atg13b-1 double mutant V-8 (-) ATGS8-PE (+) ES, HC, HN Suttankakul et al. (2011)
C-8()
atg18a RNAI C-MDC (-) ES, HC, HN, HDS, HSS, ECD Lenz et al. (2011)
C-8() Liu et al. (2009)

Xiong et al. (2005)

Abbreviations: C-8, presence (+) or absence (-) of cytoplasmic GFP-ATG8 bodies (i.e. autophagosomes), with (-/+) representing ambiguous data (see
text); | (C-LT), less accumulation of cytoplasmic bodies stained with LysoTracker than a wild-type control; C-MDC, presence (+) or absence (-) of cyto-
plasmic bodies stained with monodansylcadaverine; V-8, presence (+) or absence (-) of vacuolar GFP-ATG8 bodies with the treatment of concanamycin
A (i.e. autophagic bodies); V-EM, presence (+) or absence (-) of vacuolar autophagic bodies assessed by an electron microscopy; V-NR, absence (-),
less accumulation than a wild-type control (1), or a wild-type level (+) of vacuolar bodies stained with neutral red; ATG8-PE, presence(+)/absence(-) of
ATG8-PE by the ATG8 immunoblot analysis; GFP-ATG8-PE, presence(+)/absence(-) of GFP-ATG8-PE by the GFP immunoblot analysis; DCD, de-
layed cell death by infection (Hofius et al., 2009); Dev, multiple developmental phenotypes including stunted growth; ECD, enhanced cell death by infec-
tion (Lenz et al., 2011; Patel and Dinesh-Kumar, 2008; Wang et al., 2011); ES, early senescence; HC, hypersensitivity to carbon limitation; HN, hyper-
sensitivity to nitrogen limitation; HDS, hypersensitivity to drought stress; HSS, hypersensitivity to salt stress; DT, delayed differentiation of tracheary
elements.

Bassham et al., 2006). Investigation of mutations in the core physiological roles of the Atg genes in plant development and
Atg genes in Arabidopsis (Fig. 1 and Table 1) revealed the under nutrient limitation and various stresses. So far, all ca-
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nonical atg mutants have shown phenotypes of accelerated leaf
senescence and hypersensitivity to carbon and nitrogen limita-
tion (Table 1). However, no big difference in plant architecture
was identified from the mutants, except for atg6 null mutants
and antisense plants (see Table 1). This seemingly contrasts
with Afg7 knockout mice, which showed multiple developmental
defects (Komatsu et al., 2005; reviewed by Mizushima and
Levine, 2010). However, this does not necessarily indicate the
unimportance of plant Atg genes in plant development (see
below). For instance, recent research has shown that tracheary
element differentiation is delayed in atg5-1 mutants (Kwon et al.,
2010).

A phenotypic difference between atg6 and other atg mutants
is also seen in metazoans. While atg7 and other mutants defec-
tive in the Atg8 and Atg12 conjugation survive the embryonic
stage, Becline-1/Atg6 knockout mice have more severe pheno-
types and are embryo-lethal (Qu et al., 2003; Yue et al., 2003).
The difference supports the view that Atgé and Ulk1/ Atg1 act
upstream of the Atg8 conjugation system and are responsible
for an unconventional form of autophagy that is independent of
the Atg8 conjugation system (Nishida et al., 2009). Alternatively,
it may indicate that plant and metazoan Atg6 genes play a role
in cellular processes other than autophagy. Various forms of
mammalian class Il Pl 3-kinase complexes, containing Atgé as
a common component, are involved in multiple steps of auto-
phagy and potentially in the endocytic pathway (reviewed by
Funderburk et al., 2010). Notably, Arabidopsis atg6 knockout
mutants (Fujiki et al., 2007; Qin et al., 2007) are phenotypically
similar to vps34 knockout mutants (Lee et al., 2008).

The latter view was supported by a recent report that auto-
phagy-defective mutants lacking 2 Arabidopsis ATG13 homo-
logues are viable and share common phenotypes with ATG8
conjugation mutants (Suttangkakul et al., 2011) (see Table 1).
However, this cannot exclude the possibility that ATG1/ATG13-
independent autophagy may still exist in plant cells. Notably,
the double mutants are capable of conjugating ATG8 to PE,
indicating that ATGS8 lipidation is required but not sufficient for
autophagy. Another interesting finding is that ATG13 and ATG1
are rapidly targeted into the vacuole for degradation when wild-
type Arabidopsis plants are starved (Suttangkakul et al., 2011).
This raises the possibility that the Arabidopsis ATG1/ATG13
complex is both a regulator and a target of autophagy.

Plant autophagy markers

Recent reviews have extensively discussed tools for autophagy
research (Mitou et al., 2009; Mizushima et al., 2010). Here we
focus on fluorescent markers of autophagy in plant cells and
highlight precautionary notes to be considered by researchers.

First, autophagosomes can accumulate not only when auto-
phagy is induced but also when a later step of autophagy is
inhibited. For instance, if the fusion of autophagosomes with
lysosomes is inhibited or delayed, autophagosomes will accu-
mulate (reviewed by Mizhushima et al., 2010). Concanamycin
A can be used in combination to determine whether an ob-
served accumulation of autophagic structures is due to the
induction of autophagy.

Second, neutral red, Lysotracker, and monodansylcadaver-
ine (MDC) are markers for acidic compartments but not specific
for autophagosomes (Mizushima, 2004). Thus, it is not recom-
mended to use these dyes as the only tool for measuring auto-
phagic activities.

Finally, cytoplasmic GFP-ATG8 markers may not always in-
dicate autophagosomes, at least in mutants defective in ATG8
and ATG12 conjugation. For example, GFP-ATG8 foci have
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been detected in the cytoplasm of atg4a-1 atg4b-1 double mu-
tants (Yoshimoto et al., 2004), atg7-2 (Suttangkakul et al., 2011)
and atg5-1 (unpublished data by Chung T and Vierstra RD)
(see “C-8 (-/+) in Table 1). The nature of the cytoplasmic GFP-
ATGS8 foci in the mutants is not yet clear, but they may repre-
sent immature, nonfunctional autophagosomes. Alternatively,
the foci may be the aggregates of GFP-ATGS8 fusion proteins,
since GFP-ATGS in atg4a-1 atg4b-1 double mutants was solu-
bilized more effectively by ionic detergent than by non-ionic
detergent, salt, or urea (Yoshimoto et al., 2004). Notably all
published plant GFP-ATG8 markers are ectopically expressed
by the cauliflower mosaic virus 35S promoter. In any case, it is
noteworthy that the mutants consistently lack autophagic bod-
ies in the vacuole, which are visualized by GFP-ATG8 signals
in the presence of concanamycin A (see “V-8 (-)” in Table 1;
Chung et al., 2010; Phillips et al., 2008; Thompson et al., 2005;
Yoshimoto et al., 2004). In conclusion, vacuolar GFP-ATG8
puncta are a better indicator for ATG7-dependent autophagy
than cytoplasmic GFP-ATGS8 dots, at least under the conditions
in which GFP-ATG8 forms protein aggregates (Chung, 2011).

GFP-ATG8 is known to be an aggregation-prone protein.
How can we avoid potential artifacts, such as GFP-ATG8 pro-
tein aggregates? A transgenic line that produces an endoge-
nous or a moderate level of GFP-ATGS8 fusion proteins may be
useful as an autophagy marker (Moore and Murphy, 2009).
Unfortunately, efforts to generate GFP-ATG8 transgenic lines
using a native promoter to drive transgene expression have
been unsuccessful, because of the low level of fluorescent
proteins that may rapidly and continuously be degraded by
autophagy (unpublished data by Chung T and Vierstra RD).
Instead, a modest level of mCherry-ATG8 and GFP-ATG8
expression was obtained (Suttangkakul et al., 2011; unpub-
lished data by Chung T and Kim S) using the ubiquitin gene
promoter (Geldner et al., 2009).

Beyond the core

Metazoan genes related to autophagy were initially identified by
amino acid sequence similarity among conserved Atg genes.
Recently, metazoan-specific genes have been discovered by
multiple approaches such as a protein-interactome study com-
bined with siRNA technology (Behrends et al., 2010), a ge-
nome-wide siRNA screen (Lipinski et al., 2010; Orvedahl et al.,
2011), and a forward genetic screen in nematodes (Tian et al.,
2010). These studies confirmed a genetic network containing
core Alg genes and revealed novel network components that
are not found by the homology-based approach. A sub-network
comprising Atg8 homologues is central to the network and in-
teracts with the Atg8/Atg12 conjugation system and many new
interacting proteins (Behrends et al., 2010).

Although no comparable network for plant autophagy has yet
been described, a part of the metazoan autophagy network is
expected to be conserved in plant genomes. So far, only a few
plant proteins have been shown to interact with ATG8 (Table 2).

Interactions of ATG8 with plant homologues of p62/NBR1
have recently been described (Svenning et al., 2011; Zientara-
Rytter et al., 2011). Mammalian p62 and its paralogue NBR1
(neighbor of BRCA1 gene 1) are considered to be receptors for
autophagic cargoes, interacting with LC3/Atg8 through its LC3-
interacting region (LIR; also known as an ATG8-interacting
motif, or AIM) (Kirkin et al., 2009; Komatsu et al., 2007; Pankiv
et al., 2007). Mammalian p62 and NBR1 are thought to play a
critical role in selective autophagy, in which autophagic cargoes
are selectively recognized and sequestered by autophagic
vesicles and targeted to the lysosome for degradation (see
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Interacting protein

Method of detection and confirmation Domains and motifs Mammalian homologue

References

Arabidopsis NBR1 IVPD, PCLVV PB1, ZZ, AIM, UBA p62, NBR1 Svenning et al. (2011)
Tobacco Joka2 Y2H, IVPD, PCLVV PB1, ZZ, AIM, UBA p62, NBR1 Zientara-Rytter et al. (2011)
Arabidopsis ATI1 Y2H, BiFC, PCLVYV (rare) ™, AIM not found Honig et al. (2012)
Tomato Adi3 Y2H STK, PIF ? Devarenne (2011)

Abbreviations: AIM, ATG8-interacting motif; BiFC, in vivo interaction by bimolecular fluorescence complementation; FW, 4 tryptophan domain; IVPD, in
vitro pull-down assay; PB1, Phox-Bem1 domain; PCLVV, partial co-localization with GFP-ATG8 or CFP-ATGS8 in vivo; PIF, Pdk1-interacting fragment;
STK, serine/threonine kinase domain; TM, trans-membrane domain; UBA, ubiquitin-associated domain; Y2H, yeast two-hybrid interaction; ZZ, ZZ-type

zinc finger domain.

below). The Arabidopsis NBR1 homologue has biochemical
and cell biological properties that are very similar to those of its
mammalian counterpart (Svenning et al., 2011). The Arabidop-
sis NBR1 homologue has a functional AIM and 2 ubiquitin-
associated (UBA) domains at the C terminal. The NBR1 homo-
logue also contains a PB1 domain for homo-polymerization,
and is targeted to the vacuole for degradation in an ATG7-
dependent manner. A tobacco NBR1/p62 homologue has also
been reported and contains a similar combination of conserved
domains (Zientara-Rytter et al., 2011).

ATl and ATI2 are plant-specific genes that were identified
from a yeast two-hybrid screen for ATG8f-interacting proteins
(Honig et al., 2012). When overexpressed, GFP-ATI1 forms
spherical structures called ATI1 bodies adjacent to the ER net-
work, despite the lack of apparent N-terminal signal peptide in
the deduced ATI1 and ATI2 amino acid sequences. The ATI1
bodies are highly dynamic, increase in number during carbon
starvation, and accumulate in the central vacuole in the pres-
ence of concanamycin A, indicating that the ATI bodies are
finally degraded in the vacuole. The ATI1 bodies did not co-
localize with any organelle markers tested in non-stressed con-
ditions. Although a BiFC experiment confirmed the in vivo inter-
action of ATG8f with the 2 ATI homologues, only a small frac-
tion of the ATI1 bodies emitted an mRFP-ATGS8f signal during
carbon starvation. Thus, the ATI1 bodies may represent an un-
known compartment that functionally relates to autophagy in
plant cells. It is unlikely that ATI1 bodies simply represent pro-
tein aggregates resulting from the ectopic expression of the
GFP-ATI1 transgene, because GFP-ATI1 fluorescence and
immunoreactive signals are mostly found on the surface of the
AT bodies, not in their lumen. In addition, the ATI1 bodies
were seen in transmission images of confocal microscope and
were identical to spherical bodies also found in carbon-starved,
non-transgenic plants (Honig et al., 2012). Future studies may
focus on the functions of ATI1 and ATI2 in selective autophagy
and reveal the nature of ATI1 bodies and their relationship with
canonical autophagosomes, or ATG8 bodies. It is not known
whether mRFP-ATG8f co-localizes with stabilized ATI1 bodies
in vacuoles treated with concanamycin A. It will be interesting to
see whether ATG genes are required for the transport of ATI1
bodies to the vacuole.

Adi3 in tomato is a serine/threonine AGC kinase that inter-
acts with Pto and AvrPto, and suppresses programmed cell
death. Adi3 was also shown to interact with tomato Atg8h by a
yeast two-hybrid screen (Devarenne, 2011). It remains to be
seen whether Adi3 is targeted by autophagy and degraded in
the vacuole.

Arabidopsis TSPO (tryptophan-rich sensory protein) appears
to be degraded by ATG5-dependent autophagy, since TSPO
protein levels increase through the actions of Pl 3-kinase inhibi-
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tors and by atg5 mutation (Vanhee et al., 2011). The Arabidop-
sis TSPO has an AlM-like consensus sequence, and the YFP-
TSPO signal partially overlapped with that of GFP-ATG8e,
although further work is needed to show a direct interaction
between ATG8 and TSPO. Human TSPO homologues have
not yet been shown to interact with LC3/Atg8.

Plant cell compartments relating to autophagy

An analysis of autophagy in mammalian cells recently revealed
communication between the autophagic pathway and endo-
membrane transport systems such as the endocytic pathway
(reviewed by Rusten and Stenmark, 2009). For example, inac-
tivation of Endosomal Sorting Complex Required for Transport
(ESCRT) complexes blocks endocytosis and also leads to the
accumulation of autophagosomes, and it appears that ESCRT
complexes are required for the maturation and fusion of auto-
phagosomes with various endocytic organelles (Filimonenko et
al., 2007; Lee et al., 2007; Rusten et al., 2007) (see Fig. 1).
Evidence supports the view that this is also the case in plant
cells. Human AMSH (Associated Molecule with the SH3 do-
main of STAM) deubiquitinating enzyme hydrolyzes K63-linked
ubiquitin chains, which have a role in endocytosis (McCullough
et al., 2004). Recently Arabidopsis AMSH3 was shown to cleave
K48- and K63-linked ubiquitin chains and to be required for
endocytosis. amsh3 mutant seedlings show a phenotype of
arrested growth, accumulate ubiquitin conjugates, and have
small, fragmented vacuoles. Furthermore, electron microscopic
analysis indicated that autophagosomes accumulate in amsh3
mutants (Isono et al., 2010; Rusten and Stenmark, 2009). Hu-
man AMSH and Arabidopsis AMSH3 differ somewhat in their
domain composition, substrate specificity, and subcellular local-
ization. Nevertheless, the phenotypes of amsh3 mutants sug-
gest that endocytosis is related to autophagy in plant cells.
Since the Arabidopsis genome has genes encoding ESCRT
complexes (reviewed by Reyes et al., 2011; Winter and Hauser,
2006), investigation of plant mutants containing a defective
ESCRT complex will provide a mechanistic explanation of the
link between endocytosis and autophagy.

In yeast and slime mold (Dictyostelium discoideum), several
core Atg genes are required for the unconventional secretion of
Acyl-coA binding protein (ACBP) lacking an N-terminal signal
peptide (Duran et al., 2010; Manjithaya et al., 2010). Autophagy
induction in astrocytes also leads to the secretion of mammal-
ian ACBP (Loomis et al., 2010). A model of ACBP “exophagy”
postulates the fusion of an endosome with an autophagosome
containing ACBP as a cargo (reviewed by Manjithaya and
Subramani, 2011). Arabidopsis ACBP3, an ACBP homologue,
is indeed secreted to apoplast. However, unlike yeast and mam-
malian ACBP, Arabidopsis ACBP3 has an N-terminal signal
peptide, and a mutant ACBP3 lacking the signal peptide is not
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secreted (Manjithaya and Subramani, 2011; Xiao et al., 2010).
Interestingly, when a gene encoding Arabidopsis ACBP3 is
overexpressed, leaf senescence is accelerated and MDC-
stained bodies are disrupted, suggesting that autophagy is
inhibited in the overexpression line (Manjithaya and Subramani,
2011; Xiao et al.,, 2010). Notably, distribution of cytoplasmic
GFP-ATG8e puncta does not appear to be affected by ACBP3
overexpression. It remains to be established whether the over-
expression blocks the accumulation of GFP-ATG8-labeled
autophagic bodies in the vacuole.

Exocyst is an octameric complex mediating post-Golgi vesi-
cle trafficking and fusion with the plasma membrane. Exocyst
was first described in yeast but is conserved in metazoans and
plants. Using a fluorescent protein fused to an Arabidopsis
Exocyst component called Exo70E2, Wang et al. (2010) de-
fined a new compartment called EXPO (Exocyst-positive or-
ganelle). EXPO is a cytoplasmic, double-membrane-bound
organelle not overlapped by known markers for the Golgi appa-
ratus, endosomes, and autophagosomes. EXPO is not affected
by inhibitors of secretory and endocytic pathways, but still fuses
with the plasma membrane and has thus been proposed to
mediate unconventional secretion in plant cells (Wang et al.,
2010). EXPO is probably not the same compartment as the ATI
bodies, since carbon starvation decreases EXPO (Wang et al.,
2010) but increases ATI bodies (Honig et al., 2012). More re-
cently, a role for Exocyst in autophagosome formation was
identified in human cells (Bodemann et al., 2011). Exocyst
members were found to interact with multiple components of
the class Il Pl 3-kinase complex, Atg1/Atg13 complex, and
Atg8 conjugation complex. Exocyst exists in a perinuclear re-
gion prior to autophagy induction, but upon starvation, it was
detected at cytosolic puncta co-localized with phagophore
markers and PI3P. These data suggest that Exocyst acts as a
scaffold for autophagosome assembly (see Fig. 1). An immedi-
ate question is whether plant EXPO plays a role in auto-
phagosome formation. One possibility is that EXPO represents
the perinuclear Exocyst complex before autophagy induction. It
will be meaningful to see whether fluorescent proteins fused
with other Exocyst components are co-localized with phago-
phores and autophagosomes.

Autolysosomes in tobacco culture cells are yet another struc-
ture that participates in autophagic processes (Moriyasu and
Ohsumi, 1996; Takatsuka et al., 2011). The autolysosomes
increase in number when tobacco cells are cultured without
sucrose and treated with a cysteine protease inhibitor. Like
animal autolysosomes, tobacco autolysosomes contain acid
hydrolases and partially degraded cytoplasmic materials within
an acidic environment. The autolysosomes are generally bigger
(1-6 um in diameter; with a protease inhibitor) than cytoplasmic
structures displaying GFP-ATG8 (typically less than 2 um). It is
not clear whether autolysosome-like structures exist in intact
plant cells under physiological conditions. The same research
group identified autolysosome-like structures in young Arabi-
dopsis root cells treated with a cysteine protease inhibitor, al-
though autolysosomes in mature root cells appear rare (Inoue
et al., 2006). Working with starved Arabidopsis suspension-
cultured cells, Marty and colleagues also observed a double-
membrane-bound structure (0.6-2.5 um in diameter; without a
protease inhibitor) called an autophagic vacuole (Rose et al.,
2006). Interestingly, at least some of the autolysosome mem-
brane appears to come from the plasma membrane (Takatsuka
et al., 2011). The relationship of autolysosomes and autophagic
vacuoles with similar organelles such as endocytic multivesicu-
lar bodies (also called prevacuolar compartments), ATl bodies
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(Honig et al., 2012), and senescence-associated vacuoles
(Otegui et al., 2005) may be a subject for future research.

UPS and selective autophagy

The ubiquitin-proteasome system (UPS) and autophagy are 2
important degradation systems conserved in eukaryotes. Sub-
strates of UPS are tagged by a ubiquitin chain, the addition of
which is tightly regulated by the specific interaction of the sub-
strate with a particular E3 ligase complex. UPS can only break
down soluble polypeptides, while autophagy destroys virtually
any cytoplasmic materials including insoluble proteins. Auto-
phagy was thought to capture a portion of cytoplasm randomly,
but there is a selective type of autophagy; cargoes for selective
autophagy include protein aggregates, mitochondria, riboso-
mes, peroxisomes, and so on. According to a current model of
selective autophagy, ubiquitinated autophagic cargoes are re-
cognized by a UBA domain of p62/NBR, which interacts with
ATG8 on the phagophore, thereby targeting autophagic car-
goes to the autophagosome (reviewed by Johansen and La-
mark, 2011). Thus, both UPS and selective autophagy appear
to use ubiquitin as a tag for destruction.

Although the model of p62-mediated selective autophagy is
supported by biochemical studies, evidence suggests that p62
action may not be simple. Firstly, p62 is also involved in the
selective autophagy of non-ubiquitinated substrates (Gal et al.,
2009; Watanabe and Tanaka, 2011). Secondly, p62 is required
for pexophagy (Kim et al., 2008) and xenophagy (Zheng et al.,
2009) but is dispensable for mitophagy (Narendra et al., 2010).
Finally, while Atg7 or Atg5 knockout mice contain an elevated
level of ubiquitinated proteins, p62 single knockout mice do not
accumulate a normal level of ubiquitinated proteins. If this re-
sults from genetic redundancy by NBR1, a ubiquitin immuno-
blot analysis of p62 nbr1 double mutants will be helpful. The
fact that Arabidopsis has only one gene encoding p62/NBR
may be advantageous, although the Arabidopsis gene may be
essential (Svenning et al., 2011).

A crosstalk between UPS and autophagy has recently been
proposed. For example, autophagy is enhanced when protea-
some activity is blocked by inhibitors (Pandey et al., 2007; Ta-
keda et al., 2010). The induction of autophagy could compen-
sate for insufficient proteasome activity, since up-regulation of
autophagy was shown to protect cells from proteasome inhibi-
tion (Pandey et al., 2007). By contrast, when autophagy is blocked
genetically or pharmacologically, protein degradation by UPS is
inhibited (Korolchuk et al., 2009), or not affected (Komatsu et al.,
2006; 2007), depending on tissue type and assay method. A
plausible explanation for the inhibition of UPS and the accumu-
lation of ubiquitinated proteins in atg7 mutants is that the im-
pairment of autophagy leads to the accumulation of p62, which
in turn competes with other ubiquitin-binding proteins for the
delivery of ubiquitinated substrates to the proteasome, thereby
inhibiting UPS (reviewed by Korolchuk et al., 2010). Consistent
with this hypothesis, p62 is an autophagic cargo, and overex-
pression of p62 is sufficient to inhibit the UPS (Korolchuk et al.,
2009). This hypothesis is not mutually exclusive to the simple
model of p62 for selective autophagy, but also explains why
atg7 p62 double knockout mice showed a lower level of ubiquit-
inated proteins than atg7 single knockout mice (Komatsu et al.,
2007).

It is not known whether a similar crosstalk between UPS and
autophagy exists in plant cells. However, evidence suggests
that autophagy compensates for UPS in plants. ATG18a RNAI
plants are more sensitive to methyl viologen, an inducer of
photo-oxidative stress, and accumulate a higher level of oxi-
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dized proteins than non-transgenic controls (Xiong et al., 2007).
Furthermore, numerous MDC-labeled structures were detected
when either hydrogen peroxide or methyl viologen was added
to plant medium (Xiong et al., 2007). Since UPS is assumed to
eliminate oxidized proteins and strong oxidative stresses inacti-
vate UPS, this result is consistent with a possible compensation
by autophagy during UPS inactivation. Confirmation by using
other UPS inhibitors may be performed in future to support the
proposed role of autophagy.

Roles of Atg genes in biotic and abiotic stresses

Plants that lack mobile immune cells solely rely on the innate
immune system for defense by recognizing the pathogen-
derived nonself molecules. The plant immune receptors can be
categorized into 2 distinct groups; surface and intracellular im-
mune receptors. A surface receptor, also called a pattern rec-
ognition receptor (PRR), recognizes a pathogen-associated mole-
cular pattern (PAMP), which is a microbial structural or func-
tional unit, and activates the PAMP-triggered immunity (PTI).
The latter, also called Resistance (R) protein, either directly or
indirectly interacts with an effector that is in general translo-
cated into host cells by pathogens to disturb the host immune
responses. Their interactions lead to the activation of effector-
triggered immunity (ETI), which often results in the host plant
cell death, referred to as hypersensitive response (HR) (Dodds
and Rathjen, 2010; Jones and Dangl, 2006).

Since the well-known phenotype of autophagy mutant plants
is early senescence accompanied by accelerated cell death
(Hayward and Dinesh-Kumar, 2011; Talbot and Kershaw, 2009)
and since HR cell death plays a key role in plant disease resis-
tance, probably by limiting the pathogen spread, autophagy is
thought to be somehow associated with plant defense re-
sponses, particularly with ETI. Indeed, atg5, atg10, and atg18a
plants show retained immune responses of stomatal closure,
MAPK phosphorylation, ethylene (ET) production, callose de-
position, and defense gene expression by flg22, an active bac-
terial PAMP (Lenz et al., 2011). This suggests that autophagy is
unrelated to PTI. The link between cell death control by auto-
phagy and plant defense responses was first reported in Nico-
tiana benthamiana by Liu et al. (2005). The virus-induced gene
silencing (VIGS) of Atg6/Beclin-1 resulted in uncontrolled cell
death spread beyond infection sites of tobacco mosaic virus
(TMV). The same cell death spread in Atg6/Beclin-1-deficient N.
benthamiana by transient co-expression of an effector and its
cognate R protein (TMV p50/tobacco N, Pseudomonas syrin-
gae AvrPto/tomato Pto, or Cladosporium fulvum Avr9/tomato
Cf-9) indicates that this failed restriction of plant cell death is
caused by ETI. The involvement of autophagy in ETI was fur-
ther supported by a finding that autophagosome formation in
Arabidopsis is induced by detectable effector (AvrRpm1 or
AvrRps4)-expressing P. syringae but not by a virulent P. syrin-
gae DC3000 (Hofius et al., 2009).

The early senescence and pathogen-induced HR cell death
spread observed in light-grown autophagy mutant plants re-
quires salicylic acid (SA) signaling, because these phenotypes
are suppressed by inhibiting SA biosynthesis/accumulation or
by inhibiting SA signaling (Wang et al., 2011; Yoshimoto et al.,
2009). Indeed, SA is highly accumulated in autophagy mutant
plants (Lenz et al., 2011; Yoshimoto et al., 2009), suggesting
that autophagy negatively regulates SA signaling. Pathogen
infection and treatment with an SA analogue benzo-(1,2,3)-
thiadiazole-7-carbothioic acid (BTH) also induce the expression
of Alg genes and the formation of autophagosomes in plants
(Hofius et al., 2009; Lai et al., 2011; Liu et al., 2005; Patel and
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Dinesh-Kumar, 2008; Wang et al., 2011; Yoshimoto et al., 2009).
This suggests that autophagy and SA signaling form a negative
feedback to control each other. However, some autophagy-
dependent phenotypes such as dark-induced senescence and
starvation-triggered growth inhibition in atg5 plants are not sup-
pressed by depletion of SA (Yoshimoto et al., 2009). Similarly,
increased cell death caused by a pathogenic powdery mildew
fungus, Golovinomyces cichoracearum, in atg2 plants is not
fully suppressed by inactivation of SA signaling (Wang et al.,
2011). These suggest that autophagy functions both SA-depen-
dently and -independently. The SA-independent activity of auto-
phagy can be explained by elevated levels of reactive oxygen
species (ROS) observed in autophagy mutant plants, which is
partly dependent on SA (Lenz et al., 2011; Wang et al., 2011;
Yoshimoto et al., 2009).

SA is a key plant defense hormone against biotrophic patho-
gens that colonize obligately in living plant cells (Koornneef and
Pieterse, 2008; Spoel and Dong, 2008). In addition, SA is an-
tagonistic to jasmonic acid (JA) and ethylene, which are re-
quired for resistance to necrotrophic pathogens that kill plant
cells for colonization (Koornneef and Pieterse, 2008; Spoel and
Dong, 2008). Since the SA level is upregulated in autophagy
mutant plants, it is simply expected that they are more resistant
to biotrophs but hyper-susceptible to necrotrophs. Indeed, it
was reported that the growth of necrotrophic fungal pathogens
such as Alternaria brassicicola and Botrytis cinerea is markedly
enhanced in atg5, atg7, atg10, and atg18a plants (Lai et al.,
2011; Lenz et al., 2011). The expression of PDF1.2 (a marker
gene of JA signaling) is reduced and not prolonged, and the
expression pattern of PR7 (a marker gene of SA signaling) is
unchanged. Therefore, the compromised resistance to necro-
trophs in autophagy mutant plants by B. cinerea infection (Lai et
al., 2011) may due to the suppression of JA responses by ele-
vated SA levels. However, the role of autophagy in defense
against biotrophic pathogens remains unclear. While it was
reported that the growth of biotrophic bacteria was increased,
particularly at earlier time points (Hofius et al., 2009; Patel and
Dinesh-Kumar, 2008), it was also reported that bacterial growth
was either not significantly changed (Yoshimoto et al., 2009) or
even reduced in autophagy mutant plants (Lenz et al., 2011).

Interestingly, SA-dependent HR cell death spread in auto-
phagy mutant plants depends on plant age, because unlimited
HR cell death can be observed only in older plants (7- to 8-
week grown) not in young plants (4- to 5-week grown) (Yoshi-
moto et al., 2009). The fact that Hofius et al. (2009) examined
3- to 4-week-old plants may explain why Hofius et al. (2009)
failed to see HR cell death spread beyond infection sites. These
age-dependent phenotypic variations related to SA levels may
also explain the contrasting observation of bacterial growth in
autophagy mutant plants. Alternatively, other differences in
experimental methods between the studies may be responsible
for the apparent discrepancies with regard to the role of auto-
phagy in plant cell death. For instance, a pro-death role of
autophagy is evident when only cells at or near the infection
sites are used for cell-death analysis (reviewed by Hofius et al.,
2011). To summarize, for a particular host-pathogen interaction,
a pro-death role of autophagy can, if it exists, be apparent only
in a limited region during a specific period of time (possibly early
and transiently), while pro-survival and cytoprotective roles of
autophagy dominate in other cells for most of the time (espe-
cially when cells and tissues are not young).

Atg genes were also tested to determine whether they are
implicated in the responses to abiotic stresses. Multiple atg
mutants are known to be hypersensitive to salt and drought
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stresses (Liu et al., 2009; Shin et al., 2009) in addition to oxida-
tive stress (described above). The mechanism for this hyper-
sensitivity is not clear, but ROS may be an important link. ROS
is a common mediator of plant responses to nutritional and
environmental stresses (Mittler et al., 2004; Shin and Schacht-
man, 2004). ROS appears to induce autophagy in plant cells
(Xiong et al., 2007), as well as in mammalian cells (Scherz-
Shouval et al., 2007). Thus, it is possible that nutritional, biotic,
and abiotic stresses induce ROS production, which in turn acti-
vates autophagy. Conversely, under a presumably non-stres-
sed condition, atg2 and atg5 mutant leaves accumulate a higher
level of hydrogen peroxide than wild-type leaves, suggesting
that autophagy normally limits ROS (Yoshimoto et al., 2009).
ROS accumulation in the mutant may indicate cellular damage
due to the lack of the housekeeping role of autophagy (e.g.
cleaning up protein aggregates and damaged organelles), and
additional abiotic stresses can elevate ROS to a lethal level.

Developmental roles

Accumulation of autophagosomes is a morphological criterion
for classifying programmed cell death (PCD) during plant de-
velopment (van Doorn and Woltering, 2005; van Doorn et al.,
2011). However, it is not yet established whether ATG7-depen-
dent autophagy is required for developmental PCD in plants
(van Doorn et al., 2011). In animals, Afg7 mutants showed
several morphological defects and changes in specific PCD,
including neonatal lethality in mice and delayed pupal develop-
ment in the fruit fly (reviewed by Meléndez and Neufeld, 2008;
Mizushima and Levine, 2010). As mentioned earlier, no change
in plant architecture was apparent, not only in several Arabi-
dopsis mutants defective in ATG8-PE conjugation but also in
the atg13a atg13b double mutants (see Table 1). Leaf senes-
cence is accelerated in all viable atg mutants (see Table 1),
refuting an argument that autophagy exclusively executes PCD
in senescing leaves. Delayed differentiation of atg5 tracheary
elements (Kwon et al., 2010) is the only atg phenotype related
to developmental PCD. This finding also suggests that careful
examination of afg mutants may reveal subtle developmental
roles played by Atg genes.

Autophagy has been proposed to play a role in vacuole bio-
genesis (Marty, 1999). At least 2 types of vacuole, lytic vacu-
oles and protein storage vacuoles (PSVs), are present in plant
cells and perform lytic and storage functions, respectively.
Available data indicate multiple ways to generate plant vacu-
oles, while the mechanism of vacuole biogenesis remains elu-
sive (reviewed by Zouhar and Rojo, 2009). This is partly due to
the lethality of mutants without a functional central vacuole
(Isono et al., 2010; Rojo et al., 2001). Thus, the viability of vari-
ous atg mutants is not consistent with the view that autophagy
is essential for vacuole biogenesis. Protoplasts prepared from
atg7 contain a central vacuole that is indistinguishable from the
wild-type vacuole (Doelling et al., 2002). Nevertheless, more
thorough analysis of the vacuole in autophagy-defective mu-
tants may reveal a possible delay of vacuole biogenesis or tran-
sient abnormal structures such as small fragmented vacuoles.
Devacuolated miniprotoplasts (i.e. protoplasts lacking a central
vacuole) in tobacco BY-2 cells can rapidly regenerate, which
involves an autophagy-like process that was insensitive to in-
hibitors of Pl 3-kinases (Yano et al., 2007). It will be interesting
for various Arabidopsis mutants to be tested for their ability to
regenerate vacuoles from miniprotoplasts.

Autophagy is also implicated in the formation of PSVs in
monocot seeds. Trafficking of protein bodies containing prola-
mine to wheat PSVs resembles an autophagy-like process
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(Levanony et al., 1992). Autophagic vesicles containing seed
storage proteins were also detected in the cytoplasm and PSV
of maize aleurone cells, although the vesicles do not contain
Atg8 proteins (Reyes et al., 2011).

CONCLUSIONS

It is now clear that plants have highly conserved, core Atg pro-
teins that are functionally similar to yeast and metazoan coun-
terparts. Plant genomes also encode Atg8-interacting proteins
that are either conserved (e.g. p62/NBR homologue) or plant-
specific (e.g. ATI1). Although not mentioned here in detail, the
fact that selective autophagy has also been demonstrated in
plants (reviewed by Reumann et al., 2010) indicates unex-
plored functions of plant autophagy. Future research should
employ multiple strategies in order to answer outstanding ques-
tions with regard to the regulation of autophagy, Atg8-inde-
pendent autophagy, and the mechanism of selective autophagy.

Since null Arabidopsis mutants for various ATG genes (par-
ticularly those encoding the ATG8/ATG12 conjugation path-
way) are available, it is often preferable to analyze multiple
mutants from more than one ATG locus and exclude non-
specific phenotypes. Nevertheless, more autophagy-defective
mutants beyond the ATG8 conjugation pathway are needed to
clarify the role of autophagy in plant development and re-
sponses to nutritional, biotic, and abiotic stresses. Large-scale
analysis of the autophagic network has been successful in find-
ing novel members of the network, and we expect more to
come from both metazoan and plant genomes and proteomes
in next few years.
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