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Abstract

Plants have evolved sophisticated mechanisms to recycle intracellular con-
stituents, which are essential for developmental and metabolic transitions;
for efficient nutrient reuse; and for the proper disposal of proteins, protein
complexes, and even entire organelles that become obsolete or dysfunctional.
One major route is autophagy, which employs specialized vesicles to encap-
sulate and deliver cytoplasmic material to the vacuole for breakdown. In the
past decade, the mechanics of autophagy and the scores of components in-
volved in autophagic vesicle assembly have been documented. Now emerging
is the importance of dedicated receptors that help recruit appropriate cargo,
which in many cases exploit ubiquitylation as a signal. Although operating
at a low constitutive level in all plant cells, autophagy is upregulated during
senescence and various environmental challenges and is essential for proper
nutrient allocation. Its importance to plant metabolism and energy balance
in particular places autophagy at the nexus of robust crop performance, es-
pecially under suboptimal conditions.
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Ubiquitin (Ub):

a 76-amino-acid
protein that becomes
attached to other
proteins and facilitates
their degradation via
the proteasome or
autophagy
Ubiquitin-
proteasome system:
a pathway for
degrading proteins via
the proteasome that
first involves the
selective attachment of
one or more
poly-ubiquitin chains
to individual substrates
Proteasome:
a2.5-MDa,
multicatalytic
proteolytic complex
that degrades proteins
modified with
poly-ubiquitin chains
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INTRODUCTION

Intracellular recycling is essential for the proper control of most, if not all, cellular events. In
addition to modulating the levels of key regulators, it is the main housekeeper that removes cel-
lular debris and replenishes essential nutrients needed for new growth (27, 119). In fact, cellular
homeostasis and development are often based on recycled components. Arguably the most per-
vasive recycling system in eukaryotes is the ubiquitin (Ub)-proteasome system, but it is limited
to catabolizing proteins individually (172). Ub-proteasome system substrates are first decorated
with a poly-Ub chain that enables their recognition and turnover by the proteasome, a self-
compartmentalized proteolytic machine that degrades the substrate but releases the Ub moieties
intact for reuse (6, 17). As a testament to its complexity, as much as 6% of the Arabidopsis proteome
is dedicated to the Ub-proteasome system, with much of that proportion devoted to the enzymes
that direct the specificity of ubiquitylation (65).

As a complement, plants and other eukaryotes also employ autophagy (meaning self-eating),
which is designed to handle cytoplasmic material in bulk, including large protein complexes, pro-
tein and nucleic acid aggregates, lipid bodies, and even entire organelles that become damaged or
superfluous (107, 119, 176). Here, cytoplasmic constituents and cellular debris become sequestered
into specialized autophagic vesicles that are delivered to the vacuole for breakdown. Although orig-
inally thought to be an unrestricted degradation system, autophagy may rival the selectivity of the
Ub-proteasome system by engaging a wide array of receptors that recognize appropriate cargo
and tether it to the enveloping autophagic membrane (27, 33, 107). In this way, specific proteins,
macromolecular complexes (ribosomes and proteasomes), protein aggregates, fragments of endo-
plasmic reticulum (ER) or nuclei, whole organelles (mitochondria, peroxisomes, and chloroplasts),
and possibly even invading pathogens can be selectively eliminated. In this review, we summarize
our current understanding of the autophagic machinery in plants; describe recent advances in
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Figure 1

Morphological steps of microautophagy and macroautophagy in plants. Microautophagy proceeds by
invagination of the tonoplast to engulf portions of the cytosol directly into autophagic bodies within the
vacuole. Conversely, macroautophagy and related processes begin by assembling an engulfing membrane
termed the phagophore, which likely arises from the endoplasmic reticulum (ER). The phagophore
sequesters cytosolic components and then seals to form a double membrane-bound autophagosome.
Phagophore initiation and expansion are directed by the pre-autophagosomal structure (PAS), which is
generated by a hierarchical assembly of autophagy-related proteins. Autophagosomes fuse with the tonoplast
to release the internal vesicle as an autophagic body into the vacuolar lumen, where its cargo is degraded by
resident hydrolases. These digestion products are either stored in the vacuole or transported back to the
cytosol for re-use. A possible cytoplasm-to-vacuole targeting pathway may transport functional cargo (red
diamonds) to the vacuole. Abbreviations: A, protein aggregate; C, chloroplast; M, mitochondrion; P,
peroxisome; VP, vacuole protein.

defining the receptors that determine its selectivity; and discuss the importance of autophagy to
plant metabolism and growth, especially with regard to agronomic performance.

THE CYTOLOGICAL FEATURES OF AUTOPHAGY

Thus far, three distinct types of autophagy—microautophagy, macroautophagy, and mega-
autophagy—have been described in plants (170). During microautophagy, cytoplasmic material
congregates at the vacuole surface and becomes trapped by invagination of the tonoplast. The
tonoplast then undergoes scission to release autophagic bodies, which are intravacuolar vesicles
containing cytoplasmic material (Figure 1). By contrast, in macroautophagy, cargo is trapped in
cytoplasmic vesicles formed de novo; such vesicles arise by expansion of a cup-shaped phagophore
(or isolation membrane) that encircles cytoplasm and ultimately seals to generate the double
membrane-bound autophagosome (Figure 1). The origin of the phagophore is unclear; in some
cases it arises from the ER, whereas in others the membrane appears to emerge from a cage-
like, tubular network that coalesces (99, 198). The outer membrane of the autophagosome then
fuses with the tonoplast to release the internal vesicle as an autophagic body. For both micro-
and macroautophagy, breakdown of the autophagic body membrane exposes the luminal contents
to vacuolar hydrolases, which disassemble the cargo into its constituent parts for export back to
the cytoplasm. Additionally, yeast (and possibly plants) use smaller autophagic vesicles to deliver
functional cargo to the vacuole via a cytoplasm-to-vacuole targeting pathway (40) and use piece-
meal autophagy that employs teardrop-like blebs to export lumenal material from the nucleus for
breakdown in vacuoles (150).
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Vacuole: a large,
membrane-bound
organelle found in
plant and fungal cells;
it houses hydrolytic
enzymes that degrade
autophagic bodies

Microautophagy:

a degradative pathway
mediated by direct
vacuolar engulfment of
cytoplasmic
components by
invagination and
subsequent scission of
the tonoplast

Macroautophagy:
degradation of
cytoplasmic
components following
engulfment by a
phagophore and
delivery of the
resulting
autophagosome to the
vacuole



Mega-autophagy:
mass degradation of
cytoplasmic
components following
permeabilization or
rupture of the
tonoplast and release
of vacuolar hydrolases

Tonoplast:

the membrane that
surrounds the large
central vacuole within
plant cells

Phagophore: the
cup-shaped, double
membrane structure
that expands, encloses,
and isolates
cytoplasmic
components during
macroautophagy

Autophagosome: the
double membrane—
bound vesicle formed
during autophagy that
engulfs cytoplasmic
content and delivers it
to the vacuole for
degradation

Autophagic body:

a single membrane—
bound vesicle released
into the vacuole during
microautophagy or
upon fusion of an
autophagosome with
the tonoplast during
macroautophagy

Pre-autophagosomal
structure: a punctate
structure localized in
the vicinity of the
vacuole that initiates
phagophore formation
and expansion

The most extreme form of autophagy is mega-autophagy. Here, the tonoplast permeabilizes or
ruptures to release vacuolar hydrolases directly into the cytoplasm, where they degrade cytoplas-
mic material in situ (55, 170). Mega-autophagy often represents the final stage of programmed cell
death (PCD) that occurs developmentally (e.g., during xylogenesis) or in response to pathogen in-
vasion [e.g., the hypersensitive response (HR)]. Animals also use a chaperone-mediated autophagic
route thatis independent of vesicles: It employs dedicated transporters to import substrates directly
into vacuoles (40). There is no evidence yet that such a route exists in plants, nor do plants appear
to encode counterparts to the chaperone-assisted transporters found in animals (e.g., LAMP-2A).

THE AUTOPHAGIC MACHINERY

Through studies on a variety of organisms over the past two decades, the underpinning autophagic
machinery has emerged. Particularly illuminating were genetic screens developed by Yoshinori
Ohsumi (awarded the Nobel Prize in Physiology or Medicine in 2016) and others to identify
yeast AUTOPHAGY-RELATED (ATG) loci required for macro- and microautophagy, peroxi-
some turnover, and the cytoplasm-to-vacuole targeting pathway (137). Analysis of more than
40 Atg proteins revealed a canonical route for macroautophagy, with many components also shared
with microautophagy. A number of these factors assemble into complexes that hierarchically pro-
mote autophagy induction based on the developmental and nutritional status of the cell, membrane
delivery, vesicle nucleation, phagophore expansion and closure, delivery of the autophagosome
to the vacuole, and finally breakdown of the autophagic membrane and digestion of its contents
(Figure 2). Many macroautophagy factors congregate into a dynamic pre-autophagosomal struc-
ture that associates with the phagophore.

Seminal to our understanding of plant autophagy is that most yeast Atg proteins have obvious
orthologs in species such as Arabidopsis thaliana, rice (Oryza sativa), maize (Zea mays), tobacco
(Nicotiana tabacum), foxtail millet (Setaria italica), and the alga Chlamydomonas reinbardtii, which
has enabled rapid understanding of the plant system based on the yeast paradigm (14, 84, 105, 108,
143, 167, 181, 197). Notably, a number of the plant proteins are encoded by small gene families,
implying mechanistic expansion of the plant system and/or sub-functionalization of individual
components (14, 29, 84, 105, 162, 184).

As shown in Figure 2, macroautophagy (henceforth termed autophagy) begins when both de-
velopmental and nutritional signals converge to promote assembly of the ATGI kinase complex.
Especially important is the negative regulator TARGET OF RAPAMYCIN (TOR). This essen-
tial serine/threonine kinase, together with its effectors RAPTOR and LETHAL WITH SEC
THIRTEEN PROTEIN 8 (LST8), is active under nutrient-replete conditions—during which it
upregulates cell growth and protein translation and suppresses autophagy—but is inactive upon
nutrient deficiency (28). Active TOR blocks autophagy by phosphorylating the AT'G1-activator
ATG13, thus preventing its association with ATG1, whereas rapid dephosphorylation of ATG13
upon TOR inactivation permits ATG1 binding (162). Accordingly, overexpression of TOR in
plants suppresses autophagy (147), whereas TOR inactivation via RNAi-mediated downregula-
tion, chemical inhibitors such as rapamycin and AZD8055, or genetic elimination of RAPTOR
or LST8 enhances autophagy (111, 147). PROTEIN KINASE A (PKA) and SUCROSE NON-
FERMENTING 1-RELATED KINASE 1 (SnRK1, known as AMP-ACTIVATED PROTEIN
KINASE in animals) provide additional layers regulating autophagy induction upstream of TOR
(40). For example, overexpression and RNAi-mediated downregulation of the AKIN10 catalytic
subunit of Arabidopsis SnRK1 accelerate and repress autophagy induction, respectively, upon nu-
trient starvation (12, 158). Through additional hypo- and hyperphosphorylation events, an acti-
vated serine/threonine ATG1 kinase emerges that includes two additional subunits, ATG11 and
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TARGET OF
RAPAMYCIN
(TOR): a serine/
threonine protein
kinase that integrates
multiple metabolic
cues to negatively
regulate the initiation
of autophagy

Phosphatidylinositol-
3-phosphate (PI3P):
the phospholipid
generated by the PI3K
complex that recruits
several binding
partners such as
SH3P2 and FREE1/
FYVELI during

macroautophagy

Phosphatidylinositol-
3-kinase (PI3K):

an autophagy-related
kinase complex
consisting of ATG6/
VPS30/Beclinl,
ATGI14 or VPS38,
VPS15, and VPS34;

is responsible for
phosphorylating

the lipid
phosphatidylinositol to
produce PI3P

Figure 2 (Figure appears on preceding page)

Schematic representation of known or proposed steps in macroautophagy. (@) Induction of macroautophagy
is regulated by the nutritional status of the cell. Under nutrient-rich conditions, TOR and other kinases induce
hyperphosphorylation of the ATG13 subunit and hypophosphorylation of the AT'G1 subunit within the
ATG]1 kinase complex, promoting its dissociation. Under nutrient-poor conditions, these steps are reversed,
allowing AT'G1, ATG13, and the accessory subunits ATG11 and AT'G101 to assemble into an active complex.
(@) The activated AT G1 kinase promotes ATG9-mediated delivery of lipids to the developing phagophore,
which promotes its (@) nucleation and (@) expansion via a process involving the VPS34 lipid kinase, which
generates PI3P. PI3P decoration is accompanied by conjugation of ATGS8 to PE, which is driven by the hex-
americ ATGS5/ATG12/ATGI16 E3 ligase complex. (@) Sealed, ATGS8- and PI3P-decorated autophagosomes
are transported to the vacuole with the help of FYVE and coiled-coil domain—containing (FYCO) proteins
that tether the autophagosome to the microtubule transport machinery. SNARE-mediated fusion of the
autophagosomes with the tonoplast, with the help of ARP2/3 (NAP1), ESCRT (CFS1, CHMPI1, FREEI, and
VPS2.1), and exocyst (EXO70B1) components, then releases autophagic bodies into the vacuole. (@) These
vesicles are subsequently degraded by vacuolar hydrolases. Useful inhibitors are indicated next to the targeted
reactions, while phenotypes and assays associated with several autophagy components in plants are shown in
Figure 4. Almost all named components (except PKA and ATG16) have been formally investigated in plants.
Key abbreviations: 3-MA, 3-methyladenine; AICAR, 5-aminoimidazole-4-carboxamide ribonucleoside
monophosphate; ATG, autophagy-related; ConA, concanamycin A; ESCRT, endosomal sorting complexes re-
quired for transport; M'T, microtubule; NAA, 1-naphthaleneacetic acid; PE, phosphatidylethanolamine; PI3K,
phosphatidylinositol-3-kinase; PI3P, phosphatidylinositol-3-phosphate; PKA, protein kinase A; SNARE,
soluble N-ethylmaleimide-sensitive factor attachment protein receptor; SnRK1, sucrose non-fermenting

1-related kinase 1; T6P, trehalose-6-phosphate; TOR, TARGET OF RAPAMYCIN.

ATG101, along with ATG13 (106, 162), which together stimulate several downstream autophagy
steps, presumably via further phosphorylation events.

One such step involves delivery of lipids to the expanding phagophore, which is driven by
the transmembrane protein ATG9 along with its cycling factors, ATG2 and ATGI18 (184, 198)
(Figure 2). Another step involves decoration of the phagophore with phosphatidylinositol-3-
phosphate (PI3P) by a complex containing the class III phosphatidylinositol-3-kinase (PI3K)
VACUOLAR PROTEIN SORTING 34 (VPS34), along with ATG/VPS30/Beclinl, VPS38,
or ATG14, and VPS15 (Figure 2). Arabidopsis mutants lacking VPS34, ATG6/VPS30/Beclinl,
and VPSI5 are inviable (37, 102, 186), whereas those lacking the fourth subunit, either VPS38 or
ATG14, display autophagy-related phenotypes and are compromised in autophagic body accu-
mulation, albeit to a lesser extent than mutants impacting core components such as ATG7 (100;
F. Liu, F. Li & R.D. Vierstra, unpublished manuscript). Other phenotypes are also evident, indi-
cating that the class IIT PI3K has additional roles in plant development and that its product PI3P
is required for processes other than autophagy. Posttranslational regulation of the PI3K complex
appears to be important in modulating autophagic flux (148).

The next step centers on a signature conjugation pathway analogous to ubiquitylation that
decorates the phagophore with the Ub-fold protein ATGS8 [known as MICROTUBULE-
ASSOCIATED PROTEIN 1 LIGHT CHAIN 3 (MAP1LC3) or GAMMA-AMINOBUTYRIC
ACID RECEPTOR-ASSOCIATED PROTEIN (GABARAP) in animals] (137) (Figure 3a).
ATGS is first processed from an inactive precursor by the AT G4 protease to expose a C-terminal
glycine conserved among all family members (190). Mature AT'G8 is then activated at this glycine
by the ATP-dependent activating enzyme ATG7; is transferred to the conjugating enzyme ATG3;
and is finally connected via an ether linkage to the lipid phosphatidylethanolamine (PE) by a hexam-
eric ligase complex containing ATGS, ATG16, and a second Ub-fold protein, ATG12 (Figure 2).
Assembly of this ligase uniquely requires conjugation of ATG12 to ATGS, using ATG7 and the
ATG10 conjugating enzyme to isopeptide link the C-terminal glycine of ATG12 to a conserved ly-
sine within AT'G5. This ATG12-ATGS5 conjugate then binds the dimeric scaffold protein ATG16,
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sequence identified by iceLogo (16), using the 13 currently known AIMs shown in panel c.

which tethers the conjugate to the phagophore to promote AT'GS8 lipidation (13, 29, 39, 144, 166)
(Figure 2).

The ATGS8-PE adduct coats the expanding phagophore and helps seal the vesicle by re-
cruiting BIN/AMPHIPHYSIN/RYS (BAR) domain— and SRC HOMOLOGY-3 (SH3) domain-
containing proteins such as SH3P2 (199). Dimers of SH3P2 work cooperatively to stimulate
phagophore curvature by using the SH3 domain to bind PI3P and the arched BAR domain to
distort the membrane (199). Eventually, the ATG8-PE adducts lining the outer membrane are
delipidated by AT'G4 and released for reuse (190), whereas the ATG8-PE adducts trapped on
the inner membrane are consumed in the vacuole. Autophagosome biogenesis also involves the
ACTIN-RELATED PROTEIN 2/3 (ARP2/3) actin nucleation complex, with a key early activity
provided by NCK-ASSOCIATED PROTEIN 1 (NAP1) (177).

Once formed, ATGS8- and PI3P-coated autophagosomes are transported to the vacuole, possi-
bly using the microtubule network controlled by the ENDOSOMAL SORTING COMPLEXES
REQUIRED FOR TRANSPORT (ESCRT) machinery. Autophagosomes then fuse with the
tonoplast by using the ESCRT-based VESICULAR SOLUBLE N-ETHYLMALEIMIDE-
SENSITIVE FACTOR ATTACHMENT PROTEIN RECEPTOR (v-SNARE) factors (160),
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AUTOPHAGY-
RELATED 8
(ATGS): the
ubiquitin-fold protein
that becomes attached
to phos-
phatidylethanolamine
and acts as a docking
platform for
autophagic receptors
and adaptors
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Phosphatidylethano-
lamine (PE): the lipid
to which ATG8
becomes attached via a
ubiquitylation-like
conjugation cascade
during micro- and
macroautophagy
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thus releasing the autophagic body (Figure 2). The plant exocyst protein EXO70B1 and the
ESCRT components CELL DEATH-RELATED ENDOSOMAL FYVE/SYLF PROTEIN 1
(CFS1), FYVE-DOMAIN PROTEIN REQUIRED FOR ENDOSOMAL SORTING 1
(FREEL), and VACUOLAR PROTEIN SORTING 2.1 (VPS2.1) have also been implicated
in this transport and fusion (41, 79, 82, 95, 142, 161). Once autophagic bodies are deposited, their
limiting membrane and contents are degraded by a host of vacuolar hydrolases active against lipids,
proteins, nucleic acids, and carbohydrates (Figure 2). One prominent protease is the caspase-like
VACUOLAR PROCESSING ENZYME vy (VPE-y), which activates a number of vacuolar zymo-
gens (152); it is upregulated during senescence and in cells undergoing mega-autophagy (18, 55).

METHODS FOR MONITORING AUTOPHAGY

Crucial to the appreciation of plant autophagy has been the development of assays to monitor
the various steps and to screen for potential substrates. For example, both the conjugation of
ATGI12 to ATGS and the lipidation of AT'G8 cause changes in electrophoretic mobility that can
be easily detected by immunoblot assays following SDS-PAGE (13, 14, 166, 190) (Figure 4a,b).
Detection of AT'G8-PE adducts is often complicated by heterogeneity within the AT'G8 family,
by co-migration of the conjugates with unmodified ATGS, and by their low abundance. These
problems can be solved by enriching for the membrane fraction by centrifugation, solubilizing the
membranes with detergent, and then subjecting the samples to SDS-PAGE in the presence of 6 M
urea, upon which lipidated ATGS is seen as a faster-migrating species sensitive to phospholipase
D treatment (13) (Figure 4b). The ATGS8-PE adduct can also be generated in vitro by using
recombinant plant components (38). Interestingly, although the ATG8-PE adduct level typically
varies to reflect autophagic flux, most ATGS is constitutively modified with ATG12 regardless of
the plant growth conditions, implying that this step is not regulatory (13, 125, 166).

An expanding list of chemical inhibitors and activators affecting various stages of autophagy has
also provided invaluable tools (T'able 1 and Figure 2). One prominent inhibitor is concanamycin
A (ConA), which blocks the v-ATPases on the tonoplast membrane responsible for vacuolar acid-
ification (166, 190). As most vacuolar enzymes have low pH optima, the subsequent rise in pH
after ConA treatment suppresses autophagic body breakdown, which both enhances microscopic
detection of autophagic bodies and stabilizes their contents (Figure 4c). Protease inhibitors such
as E64d are also sometimes effective in stabilizing autophagic bodies (67, 128, 129). Other useful
compounds include the T'OR inhibitors rapamycin, Torin1/2, and AZD8055; the TOR activa-
tor 1-naphthaleneacetic acid; the SnRKI1 inhibitor trehalose-6-phosphate; the SnRK1 activator
AICAR; and the PI3K inhibitors wortmannin, .Y294002, and 3-methyladenine (127, 147, 158,
165, 185, 194). Although controversy at first existed as to whether plant TOR was sensitive to
rapamycin, more recent studies confirmed its efficacy (185).

By far the most helpful tools have been a suite of fluorescent reporters that enable both visual
detection of autophagic structures, and quantitative measures of autophagic flux. For example,
GFP-ATGS fusions permit detection of autophagosomes within the cytoplasm and autophagic
bodies within the vacuole by confocal fluorescence microscopy (19, 71, 105, 166, 190). Autophagic
bodies in particular are easily observed as 1-2-pm vacuolar puncta stabilized by ConA or E64d
(Figure 4c,d,e,g). In addition, it is now appreciated that GFP and its derivatives CFP and YFP are
uniquely stable fluorophores once inside the vacuole; whereas the fused protein is often rapidly
released proteolytically and degraded, the freed fluorescent protein is substantially more stable
and accumulates (13, 105, 106, 116, 159). Thus, the appearance of free GFP/YFP/CFP as detected
by immunoblotting after SDS-PAGE, and their absence in autophagy-defective mutants, easily
confirms that a potential autophagic substrate is degraded by autophagy, whereas changes in
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the ratio of fused to free fluorescent protein provide a quantitative measure of autophagic flux
(Figure 4fb).

Bimolecular fluorescence complementation, yeast two-hybrid screening, and co-
immunoprecipitation have also been helpful in confirming both the assembly of various
higher-order complexes and the binding of ATGS to autophagic cargo receptors (e.g., 23, 106,
116). In addition, electron microscopy and three-dimensional tomographic imaging now offer
unequivocal support for both micro- and macroautophagy, and have confirmed the autophagic
transport of various organelles and ribosomes on the basis of their distinguishing morphological
features (72, 149, 170). Interestingly, large cytoplasmic aggregates are often seen in plant
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Figure 4 (Figure appears on preceding page)

Common assays employed for monitoring autophagy in plants. (#) Inmunoblot detection of the ATG12-ATGS5 conjugate in crude
extracts from 7-day-old wild-type (WT), atg7-2, and atgl0-1 Arabidopsis seedlings. Arrowheads mark the ATG12-ATGS conjugate and
free AT'GS. (b)) Immunoblot detection of the ATGS8-PE adduct. Total cell extracts (TE) from WT or arg7-2 seedlings were centrifuged
at 100,000 x g to separate the soluble (S) and membrane (Memb) fractions. The membranes were solubilized and incubated with or
without phospholipase D (PLD). Samples were subjected to SDS-PAGE in the presence of 6 M urea and were immunoblotted with
anti-ATG8a antibodies. Arrowheads indicate the AT'G8-PE adduct and unmodified AT'GS. (c) Arabidopsis autophagy-deficient mutants
fail to accumulate autophagic bodies. The image shows confocal fluorescence microscopic analysis of root cells from 7-day-old WT or
atg7-2 seedlings stably expressing GFP-ATG8a. The seedlings were exposed to nitrogen (N)-deficient medium and 1 pM
concanamycin A (ConA) for 16 h prior to imaging. (d) Transient expression of GFP-ATG8a in Arabidopsis protoplasts imaged 16 h
after transfection. Arrowheads and asterisks locate possible autophagosomes in the cytoplasm (C) and autophagic bodies inside the
vacuole (V), respectively. (¢) Maize autophagy-deficient mutants also fail to accumulate autophagic bodies. The image shows confocal
fluorescence microscopy of root cells from 10-day-old WT or atgl2-1 seedlings stably expressing YFP-ATG8a exposed to N-deficient
medium for 36 h and then treated with 1 pM ConA for 16 h. Arrowheads indicate large cytoplasmic aggregates that accumulate in
argl2-1 plants. (f) Immunoblot detection of free GFP accumulation from GFP-ATG8a in crude extracts from 7-day-old WT, but not
atg7-2, seedlings subjected to N starvation for the indicated periods of time. (g) Co-localization of a GFP-tagged autophagy substrate
(in this case the proteasome subunit PAG1) in autophagic bodies with ATG8. PAGI fused to GFP was imaged along with
mCherry-ATG8a by confocal fluorescence microscopy of hypocotyl cells from 7-day-old seedlings exposed to N-deficient medium and
1 pM ConA for 16 h prior to imaging. Abbreviation: Nuc, nucleus. () Immunoblot detection of free GFP released from PAG1-GFP in
7-day-old WT, but not atg7-2 or atgl0-1, seedlings subjected to N starvation for 16 h. (7) Accelerated senescence of autophagy-
deficient Arabidopsis plants. WT or azg”7-2 plants were imaged following growth for 56 days under a short-day photoperiod.

() Enhanced sensitivity of autophagy-deficient Arabidopsis plants to fixed-carbon starvation. WT or a1g7-2 seedlings were grown in the
absence of sucrose under a long-day (LD) photoperiod for 14 days, were placed in darkness for 10 days, and were returned to LD
growth conditions for a further 14 days. (k) Enhanced sensitivity of autophagy-deficient maize plants to N starvation. WT or argl2-1
plants were grown continuously for 49 days on high (15 mM) or low (0.1 mM) N-fertilized soil. Detection of histone H3 in panels «, f;
and A was used to confirm near-equal protein loading. Panels 4, ¢, and k were adapted with permission from Reference 105. Panels ¢ and
j were adapted with permission from Reference 13. Panel 4 was adapted with permission from Reference 162. Panels g and » were
adapted with permission from Reference 116.

autophagy-defective mutants (105), which likely reflects a failure to clear this unwanted material
(Figure 4¢). A number of studies have relied on the use of acidotropic dyes such as LysoTracker
Red and monodansylcadaverine to identify autophagic vesicles (19); however, we caution against
their use, as these dyes will stain any acidic compartment (123).

Selective autophagy:
an autophagic process
that facilitates the
degradation of specific
cytoplasmic
components such as
protein complexes,
aggregates, organelles,
and pathogens

ATGS8-interacting
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sequence that permits
binding of cargo
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ATGS
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ROUTES FOR SELECTIVE AUTOPHAGY

Autophagy appears to be active at a basal level in all plant cells at all developmental stages,
during which it presumably removes cellular debris (67, 156). Transcriptional, cell biological, and
proteomic data also show that this bulk turnover is strongly upregulated upon nutrient deprivation,
likely via SnRK1, TOR, and ATG1 signaling (18, 111, 147, 158, 162). For the most part, this
accelerated breakdown likely affects the cytoplasm in bulk as cells attempt to replenish needed
pools of amino acids, carbohydrates, lipids, and nucleic acids.

Additionally, it has become increasingly clear that various routes for selective autophagy exist
beyond those that solve metabolic emergencies. This selectivity works through lipidated ATGS,
which drives specificity by associating with a collection of autophagic receptors with affinity for
specific cargo (27, 33, 107). The primary interaction is through the AT G8-interacting motif (AIM)
in plants and yeast [also known as the LC3-interacting region (LIR) in animals]. AIMs consist
of a consensus core sequence, W/F/Y-X-X-V/I/L, which is often bracketed by acidic residues
(33, 134) (Figure 3c,d). As shown by a recent crystallographic structure of the potato (Solanum
tuberosum) ATG8CL isoform together with the AIM sequence from the Phytophthora infestans
effector PexRD54 (115), the AIM nestles within a hydrophobic patch on ATG8 known as the
LIR/AIM docking site (LDS), with a prominent feature being two hydrophobic pockets that
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Table 1

Common inhibitors and activators used in the study of plant autophagy

Mechanism of

Inhibitor name action Effective concentrations® Comments References®
1-Naphthaleneacetic | TOR kinase activator | 20 nM (4. thaliana May have pleiotropic effects 147,154,158
acid seedlings) related to nonautophagic roles
of auxin/TOR signaling
3-Methyladenine Phosphatidylinositol- | 5 mM (Nicotiana tabacum May have pleiotropic effects 67,165
3-kinase inhibitor suspension culture cells); related to nonautophagic roles
10 mM (Arabidopsis of the phosphatidylinositol-3-
thaliana seedlings) kinase complex
5-Aminoimidazole-4- | SnRK1 activator 10 mM (A. thaliana Off-target effects include 66,141, 158
carboxamide seedlings and leaves; activation of glutamine synthase,
ribonucleoside Spinacia oleracea and Pisum NADH-nitrate reductase, and
monophosphate sativum leaves) sucrose-phosphate synthase
(AICAR)
AZD8055 TOR kinase inhibitor | 1-5 WM (4. thaliana Has over 1,000-fold specificity for | 30, 127, 147
seedlings); 10 M (Lotus TOR compared to other kinases
Jjaponicas, Nicotiana
benthamiana, Oryza sativa,
and Panicum miliaceum
seedlings)
Concanamycin A Vacuolar H"-ATPase | 100 nM (N. tabacum Stabilizes autophagic bodies in 71,105, 122,
inhibitor suspension culture cells); the vacuole, aiding their 166, 190
1 uM (A. thaliana detection; bafilomycin A can
seedlings; O. sativa leaves; also be used
Zea mays T00ts)
E64c/E64d Cysteine protease 10 uM (N. tabacum Stabilizes autophagic bodies in 67,128,129
inhibitors suspension culture cells); the vacuole, aiding their
100 uM (A. thaliana detection
seedlings; Hordeum
vulgare roots)
1.Y294002 Phosphatidylinositol- | 30 uM (A. thaliana Considered a more specific 77,101, 164,
3-kinase seedlings; 100 M (N. inhibitor than wortmannin; may 165
inhibitor tabacum suspension have pleiotropic effects related
culture cells; Vicia faba to nonautophagic roles of the
leaves) phosphatidylinositol-3-kinase
complex
Rapamycin TOR kinase inhibitor | 500 nM (Chlamydomonas Initially thought to be inactive in | 21, 185
reinbardtii); 10 pM plants, but recent data suggest
(Arabidopsis seedlings) this is not the case
Trehalose-6- SnRK1 inhibitor 100 uM (A. thaliana May have pleiotropic effects 158, 194
phosphate seedlings) related to nonautophagic roles
of SnRK1
Torinl/Torin2 TOR kinase 250-1,000 nM (A. thaliana Considered less specific 30,127,154
inhibitors seedlings); 10 pM (L. inhibitors than AZD8055 but
japonicas, N. benthamiana, still have over 300-fold
O. sativa, and P. miliaceum specificity for TOR compared
seedlings) to other kinases
(Continued)
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Table 1  (Continued)

Mechanism of

Inhibitor name action Effective concentrations® Comments References®
Wortmannin Phosphatidylinositol- | 1-5 uM (4. thaliana Can also inhibit 71,94, 121,
3-kinase seedlings; O. sativa leaves); phosphatidylinositol-4-kinases 165
inhibitor 10 puM (N. tabacum at higher concentrations; may

suspension culture cells)

complex

have pleiotropic effects related
to nonautophagic roles of the
phosphatidylinositol-3-kinase

*Concentrations typically used for a particular species and/or cell type are indicated, but use may vary depending on experimental requirements. Species

examined in early studies are typically indicated; use in other species may also have been reported.
bOriginal citations describing the first use of an inhibitor are included where known, but in all cases numerous other examples can be found throughout the

literature.
accommodate the bulky W/F/Y and V/I/L residues (Figure 3b). In silico tools are now available
to predict AIMs (80, 183), but these should be experimentally validated, given the degenerate
nature of this short sequence.

From interaction screens with ATGS, an expanding catalog of AIM-containing AT'G8-binding
proteins, many of which are likely cargo receptors, is now available (Table 2). Notably, some of
these receptors also have affinity for Ub, which strongly intertwines ubiquitylation with autophagy
(27, 116, 135, 163). As described below, these autophagic receptors provide mechanisms (often
labeled with the “-phagy” suffix) to eliminate specific proteins and protein complexes, remove

Table 2 Known ATGS8-interacting proteins in plants
Method
Protein of Function of
Locus? Species® name detection® Potential cargod interaction Reference(s)
Solyc01g090240 | Solanum ly- | ADI3 Y2H Unknown Regulation of 25
copersicum programmed cell
death?
At3g61960 Arabidopsis ATGla Y2H, Unknown; rest of ATG1 | Initiation/regulation 106, 162
thaliana BilFC complex or PAS? of autophagy?
At5¢61500 A. thaliana ATG3 IVB NA ATGS conjugation 187
cascade
At3g59950 A. thaliana ATG4 Y2H NA ATGS processing and 85
deconjugation
At5¢45900 A. thaliana ATG7 Y2H,IVB | NA ATGS conjugation 14,187
cascade
At4¢30790 A. thaliana ATGI1 BiFC Unknown; rest of ATG1 | Initiation/regulation 106
complex or PAS? of autophagy?
At2g45980 A. thaliana ATI1 Y2H, Plastid-localized Degradation of plastid | 62, 124
BiFC membrane proteins, components in
including APE1, ATS2, | response to salt stress
BAS1, FNR1, LHCA4, or fixed-carbon
NPQ1, and PMP22 starvation?
(Continued)
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Table 2 (Continued)
Method
Protein of Function of
Locus? Speciesb name detection® Potential cargod interaction Reference(s)
At4g00355 A. thaliana ATI2 Y2H, Unknown; likely Unknown 62
BiFC similar to ATT1?
At5g65480 A. thaliana ccln Y2H Unknown Unknown 8
At2g03670 A. thaliana CDC48d | Y2H Unknown Unknown 90
Atlg01340 A. thaliana CNGCI10 | SUS Unknown Unknown 11
Atlgl13030 A. thaliana COILIN | Y2H Unknown Unknown 8
At5g24930 A. thaliana COL4 Y2H Unknown Unknown 8
A2g17190 A. thaliana DSK2a Y2H, BES1 Degradation of 135
BiFC, brassinosteroid-
IVB responsive
transcription factor
BES1
At5g06780 A. thaliana EML2 Y2H Unknown Unknown
At1g29800 A. thaliana FYVE2 Y2H Unknown Links autophagosomes
to microtubules?
At3g43230 A. thaliana FYVE3 Y2H, Unknown Links autophagosomes | F.Li & R.D.
BiFC to microtubules? Vierstra,
unpublished
manuscript
At2g20570 A. thaliana GLK1 Y2H Unknown Unknown 8
At5¢16150 A. thaliana GLT1 SUS Unknown Unknown 11
NM_001325148 Nicotiana Joka2 Y2H,IVB | Unknown; likely Unknown 200
tabacum similar to AtINBR1?
At4g39050 A. thaliana KIN7.4 Y2H Unknown Unknown 8
At4g24690 A. thaliana NBR1 Y2H, Ubiquitylated protein Degradation of 51,163, 195
BiFC, aggregates; heat-induced protein
IVB cauliflower mosaic aggregates and virus
virus P4 protein particles
At2g02040 A. thaliana NTR1/ SUS Unknown Unknown 8,11
PTR2
Atl1g03000 A. thaliana PEX6 BiFC Unknown; likely Degradation of 183
peroxisomes? peroxisomes?
At2g23650 A. thaliana PEX10 BiFC Unknowny; likely Degradation of 183
peroxisomes? peroxisomes?
PITG_09316 and | Phytophthora PexRD54 | GF,ITC, Unknown, likely none; | Outcompetes Joka2; 23,115
PGSCO00 infestans SPR, interferes with host stimulates
03DMP400038670 | and Co-IP autophagy degradation of
Solanum defense-related
tuberosum compound(s) or
nutrient
remobilization?
At4g38630 A. thaliana RPN10 Y2H, 26S proteasomes Degradation of 116
BiFC, inactive 26S
IVB proteasomes
(Continued)
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Table 2 (Continued)

Method
Protein of Function of
Locus? Species® name detection® Potential cargod interaction Reference(s)

At4g34660 A. thaliana | SH3P2 Y2H, Unknown Regulates autophagosome | 199

Co-IP formation
At2¢02860 A. thaliana | SUC3 SUS Unknown Unknown 11
At2g47770 A. thaliana | TSPO Co-IP PIP2;7 and other Degradation of 50,171

aquaporins; porphyrins aquaporins upon
osmotic stress?

At1g19450 A. thaliana | At1gl19450 | SUS Unknown Unknown 11
At2¢35900 A. thaliana | At2g35900 | Y2H Unknown Unknown 8
At2g46550 A. thaliana | At2g46550 | Y2H Unknown Unknown 8
At4¢15930 A. thaliana | At4g15930 | Y2H Unknown Unknown 8
At423030 A. thaliana | At4g23030 | SUS Unknown Unknown 11
At5g07730 A. thaliana | At5g07730 | Y2H Unknown Unknown 8
At5g40690 A. thaliana | At5g40690 | Y2H Unknown Unknown 8

*Locus identifiers are from the Arabidopsis Information Resource (http://www.arabidopsis.org), Phytozome (http://www.phytozome.net), or the Sol
Genomics Network (http://www.solgenomics.net).

bOnly species in which an interaction was first described are listed. Subsequent descriptions of the same interaction in additional species are not included.

¢Abbreviations: BiFC, bimolecular fluorescence complementation; Co-IP, co-immunoprecipitation; GF, gel filtration; ITC, isothermal titration

calorimetry; IVB, in vitro binding; PAS, pre-autophagosomal structure; SPR, surface plasmon resonance; SUS, split ubiquitin system; Y2H, yeast

two-hybrid.

dNA, not applicable (proteins interact with ATG8 as part of its conjugation cascade; interactions of ATGS with ATGS, ATG12, ATG13, and ATG16 that
occur in Saccharomyces cerevisiae have not yet been reported in plants).
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protein aggregates, degrade organelles, and possibly even clear invading pathogens (Figure 5).
As some components of the pre-autophagosomal structure contain AIMs (ATG1, ATG3, and
ATGL11), the resulting interactions with AT'G8 also help downregulate autophagy through self-
digestion (106, 162).

Aggrephagy

An essential aspect of protein homeostasis is the sequestration of nonfunctional and potentially
cytotoxic proteins away from the cellular milieu, which is often achieved by their accumulation
in distinct, spatially organized aggregates (157). These aggregates are sufficiently large to prevent
their clearance by proteasomes and are instead degraded by a specialized autophagic route termed
aggrephagy, which often exploits Ub as the signal. In fact, the first examples of autophagy receptors
were mammalian p62/SEQUESTOSOME 1 (SQSTM1) and NEIGHBOR OF BRCA 1 (NBR1),
which are responsible for the bulk of aggrephagy (89, 140). Subsequent studies identified yeast
Cue$ as their functional equivalent (114). All of these receptors simultaneously bind AT'GS8 via an
AIM and poly-Ub chains via an assortment of domains with strong affinity for Ub.

Similar forms of aggrephagy exist in plant cells, and accordingly ablation of autophagy and/or
the corresponding aggrephagy receptors allow for the accumulation of large cytoplasmic ag-
gregates presumably awaiting clearance (195). Sequence homologs of NBR1 and possibly Cue5
are evident in plants (163, 200; R.S. Marshall & R.D. Vierstra, unpublished manuscript), but
counterparts for p62/SQSTMI1 have not been found. However, like mammalian p62/SQSTMI,
plant NBR1 proteins contain an N-terminal PB1 domain to promote receptor oligomerization,
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possibly as a way to enhance aggregate binding (163, 180). Both Arabidopsis and tomato (Solanum
lycopersicum) mutants lacking NBR1 have increased sensitivity to a spectrum of abiotic challenges,
including heat and oxidative stress, which would be expected to accelerate protein misfolding,
and they hyperaccumulate ubiquitylated protein aggregates in response to these treatments (195,
196). The observations that NBR1 protein levels increase substantially in Arabidopsis autophagy-
defective mutants and that NBR1 enters vacuolar puncta along with ATG8 indicate that this recep-
tor travels along with its aggregated cargo into the vacuole and is concomitantly consumed (163).

Chlorophagy

As the definitive photoautotrophic organelle, chloroplasts harbor the photosynthetic machinery
and perform other essential metabolic functions (75). Chloroplast turnover through chlorophagy
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Figure 5 (Figure appears on preceding page)

Schematic representation of various selective autophagy pathways known in plants. The autophagic degradation routes for organelles,
protein complexes, protein aggregates, and pathogens are shown (counterclockwise from top left), and unique features of each are
highlighted. (#) Chlorophagy. Degradation of chloroplasts occurs through piecemeal-type degradation of stromal fragments in
Rubisco-containing bodies (RCBs) during senescence or nutrient starvation, the formation of which may be mediated by ESCRT
components such as CHMP1; through engulfment of whole chloroplasts in response to oxidative damage, possibly mediated by
PUB4-dependent ubiquitylation; or through formation of ATT1/2 bodies containing thylakoid proteins. () Pexophagy. Degradation of
peroxisomes occurs in young seedlings upon the onset of photomorphogenesis and in response to oxidative damage. No pexophagy
receptors have yet been described in plants, although the LON2 chaperone likely plays a role in peroxisome stress sensing, whereas
PEX6 and PEX10 interact with AT'G8. (c) Aggrephagy. Degradation of intracellular protein aggregates that arise spontaneously or
following abiotic perturbations that impair protein folding. Aggrephagy is triggered by aggregate ubiquitylation followed by binding of
autophagy receptors such as NBR1 or Joka2. (d) Reticulophagy. Degradation of the endoplasmic reticulum occurs in response to the
accumulation of unfolded proteins upon ER stress and depends on the IRE1b stress sensor. Reticulophagy receptors from the reticulon
homology domain (RTN)-containing family have been described in mammals and yeast, but not yet in plants. (¢) Ribophagy.
Autophagic degradation of ribosomes has been implied by increased ribosomal protein levels in autophagy mutants and by the
accumulation of ribosomal RNA (rRNA) in the vacuoles of an 7752-2 mutant. RNS2 is a vacuolar RNase T2 enzyme required for the
decay and recycling of rRNA in plants. (f) Proteaphagy. Autophagic degradation of proteasomes occurs in response to nitrogen
starvation or proteasome inactivation. Inhibited proteasomes become ubiquitylated and are delivered to the expanding phagophore by
the autophagic receptor RPN10. (g) Mitophagy. Degradation of mitochondria is induced during senescence. Although no proteins
targeting plant mitochondria for autophagic clearance have been identified, ATG11 has been implicated. (b)) Xenophagy. Numerous
examples of intracellular pathogens being degraded by autophagy, such as NBR1-mediated elimination of the cauliflower mosaic virus
P4 protein, in plants have been reported. Additionally, pathogens themselves can secrete effectors that interfere with the host
autophagy machinery (e.g., PexRD54 from Phytophthora infestans). (i) Pre-autophagosomal structure degradation. Several
pre-autophagosomal structure proteins, including the ATG1 and AT'G11 subunits of the ATGI kinase complex, contain
ATG8-interacting motifs (AIMs). Degradation of the pre-autophagosomal structure provides a feedback mechanism to negatively
regulate autophagic induction. (7, k) Selective autophagy of individual proteins. (j) Degradation of TRYPTOPHAN-RICH SENSORY
PROTEIN (TSPO) by selective autophagy has been proposed as a mechanism to eliminate highly reactive porphyrin molecules and to
control water transport by the selective removal of tonoplast and plasma membrane aquaporins in response to osmotic stress.

(k) Additionally, the brassinosteroid-responsive transcription factor BES1 is degraded by autophagy upon ubiquitylation and delivery to
the phagophore by DSK2, with binding of DSK2 to ATGS regulated by BIN2-mediated phosphorylation around its AIMs. Adapted
with permission from Reference 119. Other abbreviation: Ub, ubiquitin.
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not only provides a quality control mechanism to eliminate nonfunctional chloroplasts, but also
provides a major reservoir of nitrogen and fixed carbon that can be remobilized during senes-
cence and starvation (57). Several types of chlorophagy operate, depending on the state of the
chloroplast or nutritional needs (Figure 5). The most dramatic example is the encapsulation of
entire chloroplasts into AT'G8-decorated autophagic vesicles and their subsequent delivery to the
vacuole via a route dependent on ATGS lipidation (72). This process can be stimulated by strong
photo-oxidative damage elicited by either UVB or high-intensity visible light, with the engulfed
chloroplasts displaying a disorganized thylakoid structure and collapsed outer envelopes that are
indicative of distress (72).

A link between Ub and this form of chlorophagy is possible on the basis of recent findings
that mutants which accumulate the chlorophyll precursor protoporphyrinogen IX rapidly turn
over chloroplasts in the light (179). A subsequent suppressor screen identified a key role for the
cytosolic Ub ligase PLANT U-BOX PROTEIN 4 (PUB4), which ubiquitylates the chloroplast
surface. No direct targets of PUB4 have been identified, but other studies have confirmed the
ubiquitylation of chloroplast outer envelope proteins (109). A role for autophagy has not been
demonstrated, but accumulation of protoporphyrinogen IX may stimulate excess reactive oxygen
species (ROS) accumulation and chloroplast photodamage similar to those occurring under UVB
or intense white light, which may then trigger chlorophagy (72).

Given that as much as 70-80% of leaf protein resides in chloroplasts, their breakdown during
senescence offers a rich source of remobilized nitrogen to developing vegetative tissues and seeds

Marshall o Vierstra



(57). The highly abundant Rubisco, in particular, is degraded rapidly via Rubisco-containing
bodies. These small spherical structures become visible in the cytoplasm and vacuole during the
early stages of senescence and contain stromal proteins such as Rubisco and glutamine synthetase,
but not chloroplast envelope or thylakoid proteins (68). Upon treatment of Arabidopsis leaves with
ConA, Rubisco-containing bodies decorated with GFP-ATGS8 became abundant in vacuoles in
a manner dependent on the autophagy machinery, thus confirming their identity as autophagic
bodies (68, 73). Not surprisingly, Rubisco-containing body appearance is tightly linked to leaf
carbon status. Their formation is suppressed by exogenous metabolic sugars (glucose, fructose, and
sucrose), but not by inorganic nitrogen. They are largely absent in Arabidopsis mutants producing
excess starch, but accumulate in increased numbers in several starchless mutants (73).

How Rubisco-containing bodies form is not yet clear. One possibility is that they arise by
scission of stroma-filled tubules termed stromules that frequently protrude from plastids, us-
ing an ESCRT-type trafficking route. In particular, mutants affecting the ESCRT component
CHARGED MULTI-VESICULAR BODY PROTEIN 1 (CHMP1) display aberrant stromule
morphology; accumulate Rubisco-containing bodies; and degrade chloroplast proteins more
slowly, including a synthetic chloroplast protein subject to autophagy (159). Small cup-shaped
vesicles decorated with GFP-ATGS8 and surrounding the stromule tips can be seen, which may
predate the appearance of Rubisco-containing bodies.

A third route for chlorophagy involves two plant-specific proteins, termed ATGS-
INTERACTING PROTEIN 1 (ATI1) and ATI2, which localize on the basis of GFP fusions
to plastids and the ER, and to plastid-associated bodies that bud off into the cytoplasm during
carbon starvation or salt stress (62, 124). Like Rubisco-containing bodies, delivery of these ATT1-
decorated plastid bodies to the vacuole requires a functional autophagy system, but the cargo
appears distinct. Whereas Rubisco-containing bodies exclusively contain stromal proteins, the
ATTI1-decorated bodies house plastid membrane proteins from either the outer envelope or thy-
lakoids. Given that ATT1 also binds AT'G8 through an AIM, it may act as a specialized chlorophagy
cargo receptor (124).

Mitophagy

Mitochondria are the primary organelles responsible for energy generation in eukaryotes via the
tricarboxylic acid cycle and oxidative phosphorylation. In addition, mitochondria play crucial roles
in intracellular signaling, stress responses, and regulation of cell death (74). As such, maintenance
of a healthy mitochondrial population is imperative, especially as mitochondria are a major source
of ROS that can lead to oxidative damage if unsupervised.

The autophagic turnover of mitochondria (mitophagy) is best described in mammals, where
ubiquitylation plays a prominent role via the Ub ligase PARKIN and its regulatory kinase PTEN-
INDUCED PUTATIVE KINASE 1 (PINK1) (188). When mitochondria are damaged, PINK1
becomes stabilized on the mitochondrial surface, where it recruits and activates PARKIN to then
rapidly ubiquitylate a myriad of mitochondrial outer membrane proteins. These ubiquitylated
species recruit a collection of AIM-containing autophagy receptors such as NDP52, OPTN, and
TAX1BP1, which tether the ubiquitylated mitochondria to the expanding phagophore (188).
Several AIM-containing intrinsic mitochondrial proteins, including yeast Atg32, have also been
connected to mitophagy (81, 138).

By contrast, little is known mechanistically about plant mitophagy, and almost all the major
players crucial to animal and yeast mitophagy, including PARKIN, PINK1, Atg32, and the collec-
tion of mitophagy receptors, have no clear orthologs in plants. However, conditions that accelerate
autophagy (fixed-carbon starvation and senescence) lead to a drop in mitochondria numbers in
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Arabidopsis (83), and the degradation of mitochondrial proteins such as COXII and VDAC is
blocked in autophagy-defective mutants (106). Mitophagy can also be seen cytologically; the fluo-
rescent mitochondrial reporters CIB22-GFP and Mito-YFP track into vacuolar puncta decorated
with mCherry-ATG8 (106). Prior studies with yeast implicated the AT'G1 kinase subunit ATG11
in mitophagy (81); in concordance, Li et al. (106) showed that Arabidopsis atgl1 mutants have
dampened mitophagy and weak autophagy-related phenotypes.

Pexophagy

Plant peroxisomes house various metabolic reactions, including the glyoxylate cycle, several steps
in photorespiration, and the B-oxidation of fatty acids and hormone precursors (192). The oxida-
tive nature of their metabolism predisposes peroxisomes to self-inflicted ROS damage, necessitat-
ing mechanisms for peroxisome disposal if sufficiently compromised. Additionally, the metabolic
requirements of plant peroxisomes change throughout development, thus requiring the removal
of obsolete peroxisome components (192). For example, germinating seeds, which depend on fatty
acid p-oxidation and the glyoxylate cycle to metabolize stored lipids, develop glyoxysomes; they
are specialized peroxisomes that are enriched in glyoxylate cycle enzymes such as isocitrate lyase
and malate synthase. As seedlings age, peroxisomes eliminate these enzymes in favor of those re-
quired for photorespiration (110). Although part of this remodeling is driven by peroxisome matrix
proteases such as LON2, genetic suppressor screens of an Arabidopsis lon2-2 mutant also identified
components of the autophagic machinery (ATG2, ATG3, and ATG7) as being important (31, 44).

In addition to developmental remodeling, pexophagy is also important for peroxisome qual-
ity control. Under nonstressed conditions, pexophagy likely limits plant peroxisome abundance,
based on the observation that Arabidopsis autophagy mutants have increased peroxisome numbers
relative to wild type (88, 155). Additionally, both carbon-starved and rapidly dividing tobacco cells
hyperaccumulate peroxisomes when treated with the autophagy inhibitor 3-methyladenine (173).
The co-localization of a peroxisome reporter (CFP tagged at its C terminus with the three-amino-
acid peroxisome targeting motif, Ser-Lys-Leu) with GFP-ATGS8 in vacuolar puncta in wild-type
but not autophagy-defective Arabidopsis seedlings confirmed a role for autophagy (88). Although
the abundance of these peroxisome-containing autophagic bodies is elevated during fixed-carbon
starvation, they are reasonably abundant in nonstressed cells, implying that damaged peroxisomes
continually appear and need to be recycled (88, 155, 173).

How peroxisomes are marked for turnover is not yet clear in plants. The chaperone function of
LON2 can suppress pexophagy, suggesting that misfolded or aggregated matrix proteins may be
signals (44). Such a signal would presumably traverse the peroxisome membrane and be recognized
by a cytosolic pexophagy receptor. In yeast, two AIM-containing pexophagy receptors (Atg30
and Atg36) become attached to peroxisome surface proteins such as Pex3, Pex5, or Pex14 (33).
Atg30 and Atg36 then recruit the autophagic machinery by interacting with Atg8 and Atg11 (32).
Mammals do not have Atg30 or Atg36 but instead use p62/SQSTMI1 or NBRI as pexophagy
adaptors that bind ubiquitylated forms of PEXS or PMP70 (153, 193). Although plant peroxisome
proteins are targets of ubiquitylation, plants do not have obvious orthologs of either Atg30 or
Atg36, and there is no evidence that plant NBRI is involved. However, the peroxisome proteins
PEX6 and PEX10 were recently shown to interact with AT'G8 via an AIM, suggesting that they
could drive pexophagy (183).

Reticulophagy

The ER is the most abundant membranous structure within eukaryotic cells and is the entry
point for the secretory system, where it directs the biosynthesis, folding, and delivery of most
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secreted and membrane proteins. In adverse environments, the protein folding capacity of the
ER can be overwhelmed, resulting in ER stress (63). As a first line of defense, cells induce
(@) the unfolded protein response (UPR) to increase protein folding capacity within the ER and
() the ER-associated protein degradation (ERAD) pathway to translocate misfolded luminal pro-
teins back to the cytoplasm for clearance by the Ub-proteasome system. Under more extreme
situations, compromised ER is degraded by a selective autophagic process termed reticulophagy
(113, 189). ER stress—triggered reticulophagy in Arabidopsis is induced by hyperaccumulation
of unfolded proteins and subsequent activation of the UPR factor INOSITOL-REQUIRING
ENZYME 1b (IRE1b), a bifunctional kinase/ribonuclease (112). However, reticulophagy is inde-
pendent of the alternative UPR factor bZIP28 and the downstream IRE1b splicing target bZIP60,
implying that the reticulophagy and UPR signaling pathways diverge after IRE1b (63, 113).

Itis currently unknown whether the kinase and/or ribonuclease activities of IRE1b are required
for reticulophagy induction, nor is it clear whether plants have dedicated autophagy receptors
for recruiting ER. Yeast employs Atg39 and Atg40 to mediate degradation of perinuclear ER and
cortical ER, respectively (126), whereas in mammals, RETTCULON 3 (RTN3) acts upon ER
tubules and an Atg40 homolog, FAM134B, participates in the degradation of ER sheets (47, 86).
Atg40, FAM134B, and RTN3 are members of the reticulon homology domain (RHD)-containing
family, of which there are 21 possible relatives in Arabidopsis (136). Overexpression of Arabidopsis
RTN isoforms disrupts ER morphology, as occurs during mammalian reticulophagy (47, 168),
whereas maize mutants missing the RTN1 and RTN2 isoforms display reticulophagy defects
(X. Zhang, X. Ding, R.S. Marshall, R.D. Vierstra & M.S. Otegui, unpublished manuscript).
Consequently, further study of the RHD protein family might shed light on ER turnover in plants.

Ribophagy

The peptidyl transferase reaction of protein synthesis is catalyzed by the 80S ribosome, which is
composed of the 40S small and 60S large subunits that collectively contain four ribosomal RINAs
(rRNAs) and at least 80 proteins (9). Given that the biogenesis of ribosomes and subsequent
protein translation are among the most energy consuming cellular processes, it is not surprising
that eukaryotes employ a form of autophagy termed ribophagy to dampen translation and restore
amino acid pools when limiting (1, 91). In fact, yeast ribosomes are degraded faster than other
cytosolic proteins upon nitrogen starvation, implying a degree of specificity. Surprisingly, the
40S and 60S ribosomal subunits are separately targeted to the vacuole by distinct mechanisms,
with the deubiquitylating enzyme Ubp3 and its cofactor Bre5 being essential for degradation of
the 60S, but not the 40S, particles (91). Two Ub ligases have also been implicated, with Rsp5
being a positive regulator and Ltn1 being a negative regulator and antagonistic to Ubp3 (93, 139).
Interestingly, Ubp3 is also important for the yeast mitophagy and proteaphagy pathways (130,
175, 202) and hence may participate in several selective autophagic routes regulated by Ub.

To date, the study of ribophagy in plants has focused principally on rRNA turnover. Autophagic
degradation of Arabidopsis rRNA requires the T2 ribonuclease RNS2, with the r75s2-2 mutant
accumulating rRNA inside the vacuole (34, 35, 59). The rus2-2 seedlings also exhibit constitutive
autophagy, leading to the hypothesis that RNS2 participates in a ribophagy-like route that degrades
ribosomes as a housekeeping function (4). Surprisingly, rRNA turnover in Arabidopsis depends on
ATGS but not on ATG9 (34), suggesting that a unique form of autophagy is engaged, possibly
either not involving phagophores (such as microautophagy) or restricted to unwanted rRNA (4).
Whether ribosomal proteins are also subject to autophagic clearance, and whether Ub participates,
remain to be demonstrated. Notably, Arabidopsis encodes counterparts of Ubp3, Rsp5, and Linl
that may be involved (R.S. Marshall & R.D. Vierstra, unpublished manuscript).
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Proteaphagy

Through its ability to degrade ubiquitylated proteins via the Ub-proteasome system, the pro-
teasome controls much of eukaryotic cell physiology, and consequently its activity and abun-
dance are regulated at multiple levels, including transcriptionally (43), during assembly (64; R.S.
Marshall, D.C. Gemperline & R.D. Vierstra, unpublished manuscript), and by various posttrans-
lational modifications (6, 17). Recent studies showed that proteasome levels are also controlled by
autophagy. This proteaphagy was first demonstrated in Arabidopsis, in which two routes were iden-
tified: one induced by nitrogen starvation and regulated by the ATG1 kinase, which may reflect a
bulk starvation route, and another sensitive to proteasome inactivation (either by mutation or with
proteasome inhibitors such as MG132) but independent of AT'G1 (116, 118). Proteasome inhibi-
tion is accompanied by extensive ubiquitylation of the complex (6, 87, 116), which was speculated
to permit recognition by an autophagy receptor with affinity for Ub. Surprisingly, the receptor was
not NBR1 but was instead shown to be the Ub-binding proteasome subunit RPN10, which had
previously been known to exist in a free form as well as part of the proteasome. In its proteaphagic
role, RPN10 simultaneously binds (#) ubiquitylated proteasomes through a Ub-interacting motif
(UIM) and (b)) AT'G8 via a second UIM-related sequence that is distinct from the canonical AIM
(116) (Figure 5). Accordingly, inhibitor-induced proteaphagy was abolished in an Arabidopsis mu-
tant expressing an RPN10 truncation missing the C-terminal region containing these UIMs (116).

Proteaphagy was subsequently described in both yeast (117, 132, 175) and mammals (15). As
in Arabidopsis, yeast employs both starvation- and inhibitor-induced routes, with the inhibitor-
induced route similarly accompanied by extensive proteasome ubiquitylation. However, yeast and
human orthologs of RPN10 lack the UIM-related Atg8-binding motif and cannot bind Atg8,
leading to the conclusion that an alternative proteaphagy receptor participates. Genetic analysis
of the other known autophagy receptors in yeast, including ones that might bind Ub as well as
Atg8, led to the discovery that Cue5 is employed instead (117). Unlike Arabidopsis RPN10, Cue5
and its functional human ortholog Tollip house both a canonical AIM that binds Atg8 and a
CUE domain that recognizes Ub (114, 117). Proteaphagy thus represents an excellent example
of convergent evolution in which different motifs (UIM-related versus AIM for ATG8 binding
and UIM versus CUE for Ub binding) are co-opted for the same cellular outcome, in this case
degradation of inactive proteasomes.

Because most proteasomes are localized in the nucleus, whereas autophagic engulfment likely
occurs in the cytoplasm, mechanisms must exist to recognize inactive proteasomes, to promote
their nuclear export, and finally to drive their ubiquitylation for subsequent autophagic recog-
nition. As yeast proteasomes rapidly coalesce upon inactivation into puncta that resemble those
containing cytoplasmic aggregates awaiting aggrephagy (117), an intriguing hypothesis is that this
proteaphagy uses the same machinery. In support, the Hsp42 chaperone that sequesters misfolded
proteins during aggrephagy (46, 157) is also required for the aggregation of inactivated protea-
somes prior to autophagy (117). Clearly, the modification of proteasomes with Ub is a key step
in inhibitor-induced proteaphagy; thus, finding the E3 Ub ligases that drive this ubiquitylation,
knowing when and where during proteaphagy these ligases are active, and identifying the pro-
teasome subunits that they modify are needed to fully appreciate the process. An intriguing side
reaction is the aggregation of yeast and Arabidopsis proteasomes into cytoplasmic storage granules
that protect these proteasomes from proteaphagy during fixed-carbon starvation (202). These
granules likely arise via phase separation (36), and their formation acts to promote cell fitness
by providing a cache of proteasomes that can be rapidly remobilized when carbon availability
improves. Other protein complexes and/or organelles may have similar rescue strategies to delay
elimination.
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Xenophagy: Roles for Autophagy in Pathogen Defense

Plants are constantly exposed to a variety of bacterial, fungal, and viral pathogens, with often
deadly consequences, and as a result have evolved sophisticated innate immune responses to protect
themselves from attack (7, 22). For biotrophic pathogens that parasitize living tissue, perception
of conserved pathogen-associated molecular patterns (PAMPs) by surface receptors activates basal
defenses known as PAMP-triggered immunity (PTT). Adapted pathogens interfere with PTI by
secreting effectors that block this process; these effectors are then recognized by a collection of
host resistance proteins that initiate a second layer of defense termed effector-triggered immunity
(ETT). ETT often culminates in a HR, seen as localized PCD at the infection site (7, 22). Less
is known about plant immune responses against necrotrophic pathogens, which actively kill host
cells before colonizing them.

In recent years it has become increasingly evident that selective autophagic routes, which are
collectively termed xenophagy, aid in pathogen defense using either pro-death or pro-survival
strategies (60). One of the first studies (112) showed that infection of Nicotiana benthamiana leaves
with either P. infestans or Pseudomonas syringae pv. tomato DC3000 normally initiates a HR that
is tightly restricted to the site of infection, but that this HR uncontrollably spreads to uninfected
cells when core autophagy components (ATG3, ATG6, ATG7, and VPS34) are silenced, imply-
ing that autophagy is pro-survival (112). In contrast, Arabidopsis mutants deficient in autophagy
were subsequently shown to have an attenuated PCD response upon infection with P. syringae
harboring the avirulence gene AvrRPS4, suggesting that autophagy is pro-death in this situation
(61). The relative contribution of autophagy to PCD appeared to depend on the type of immune
receptor involved in effector recognition; PCD triggered by some receptors was independent of
autophagy, whereas PCD triggered by other receptors was strictly dependent on autophagy (61).
Autophagy also negatively regulates Arabidopsis immunity against powdery mildew fungal species,
with autophagy-defective mutants showing enhanced resistance to Golovinomyces cichoracearum
(178). Furthermore, Arabidopsis plants with a mutation in ASSOCIATED MOLECULE WITH
THE SH3 DOMAIN OF STAM 1 (AMSH1), which encodes a deubiquitylating enzyme required
for autophagic degradation, were more resistant to the powdery mildew pathogen Erysiphe cru-
ciferarum (82). Thus, autophagy plays both a positive and a negative role in basal immunity against
bacterial, fungal, and oomycete species.

Unlike the variable results with biotrophic pathogens, several studies provided compelling
evidence that autophagy plays a positive role in plant resistance to necrotrophic pathogens. Ex-
pression of many autophagy-related genes and accumulation of autophagosomes in Arabidopsis
can be induced by infection with the fungal pathogen Botrytis cinerea (98). Furthermore, when
autophagy-defective plants were inoculated with B. cineres and other necrotrophic pathogens,
they developed more extensive symptoms and supported more pathogen growth than did wild-
type plants (82, 98, 103).

Given the perpetual arms race between plants and their pathogens, it is perhaps not surprising
that successful microbes have also evolved sophisticated strategies to modulate autophagy for
their benefit. For example, the necrotrophic pathogen Sclerotinia sclerotiorum enhances infection
by secreting the phytotoxin oxalic acid to suppress autophagy (78). By contrast, other pathogens
actually induce autophagy as part of their infection strategy. The secreted effector AWRS from the
bacterium Ralstonia solanacearum inhibits TOR, possibly as a mechanism to help feed the pathogen
by upregulating autophagy (145). P. syringae also induces autophagy by NON-EXPRESSOR
OF PATHOGENESIS-RELATED GENES 1 (NPR1)-dependent activation of salicylic acid
signaling (191), and it can specifically stimulate the proteaphagy pathway by secreting the HopM1
effector that binds proteasomes (169). Another example comes from the P. infestans effector protein
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PexRD54, which recognizes potato AT'G8 through an AIM (115) (Figure 35). PexRD54 appears
to enhance autophagosome assembly, possibly as a method to redistribute nutrients in favor of
the pathogen (23). It also outcompetes binding of AT'G8 with the tobacco NBR1-type autophagic
cargo receptor Joka2, thus potentially blocking autophagic clearance of plant or pathogen proteins
that negatively impact immunity (23).

As in animals, autophagy is also emerging as a central mechanism to suppress viral infection.
In an early example, N. benthamiana plants were found to be more susceptible to tobacco mosaic
virus infection when components of the autophagy machinery were silenced (112). Subsequently,
it was shown that the tobacco calmodulin-like protein rgsCaM counteracts infection from viruses
by inhibiting viral suppression of RNA silencing through autophagic breakdown of viral proteins
such as cucumber mosaic virus 2b protein or turnip mosaic virus HCpro (52, 131). Autophagy in
N. benthamiana also directs clearance of the virulence protein FC1 from cotton leaf curl Multan
virus through its interaction with AT'G8; ablation of this interaction prevents BC1 degradation
and enhances disease symptoms (58). N. benthamiana silenced for ATGS5 and ATG7 displayed
accentuated leaf curling and increased viral DNA levels when infected by two other members of
the Geminiviridae family (58), whereas the converse was observed when autophagy was activated
through downregulation of cytosolic glyceraldehyde-3-phosphate dehydrogenase (53). Similar
findings were reported for Arabidopsis infected with cauliflower, turnip or watermelon mosaic
viruses; following infection, stronger disease symptoms were more evident in autophagy-deficient
mutants (including #br1-2) than in wild type (51, 52). The mutant plants also accumulated higher
levels of cauliflower mosaic virus P4 protein, the major structural protein from this virus, which
interacts directly with NBR1 without ubiquitylation, suggesting that NBR1-dependent clearance
of P4 protects Arabidopsis during the early stages of viral infection (51).

Not surprisingly, viruses have also evolved mechanisms to counteract the host autophagy ma-
chinery (201) or to co-opt it by neutralizing frontline antiviral defenses such as RNAi-mediated
gene silencing. The best example of the latter is the PO protein from poleroviruses, which func-
tions as a substrate-recognition F-box subunit of an SKP1-cullin-F-box (SCF) Ub ligase (5). This
ligase ubiquitylates the core ARGONAUTE 1 (AGO1) subunit of the RNA-induced silencing
complex and triggers its autophagic degradation, likely via a Ub-binding autophagy receptor (24).

One notable difference between plant and animal xenophagy is that some animal pathogens
directly invade the cytoplasm, whereas plant counterparts are typically surrounded by a lipid
barrier derived from the plasma membrane and are thus not directly accessible to autophagy. This
situation in animals has permitted the evolution of AIM-containing autophagic receptors such as
p62/SQSTMI1, OPTN,NDP52, and TAX1BP1 that directly bind to the surface of the bacterial or
fungal pathogen to facilitate their encapsulation (76). Although there is no evidence yet for similar
xenophagy receptors in plants, such receptors may provide paradigms for engineering autophagic
defenses against plant viruses as they enter the cytoplasm.

Additional Selective Autophagy Routes in Plants

Although our current appreciation of selective autophagy is centered on macromolecular com-
plexes, organelles, and pathogens, emerging evidence indicates that autophagy can also elim-
inate individual proteins. Two excellent examples are the AIM-containing autophagy receptors
TRYPTOPHAN-RICH SENSORY PROTEIN (T'SPO) and DOMINANT SUPPRESSOR OF
KAR2 (DSK2) (Figure 5). TSPO is a porphyrin-binding membrane protein that is expressed in
response to abiotic stresses and resides within the Golgi apparatus. The accumulation of TSPO is
strictly regulated, with its degradation driven by autophagy using a functional AIM (171). Degra-
dation of TSPO was initially speculated to eliminate excess porphyrins; however, a more recent
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study showed that T'SPO also interacts with and facilitates the autophagic degradation of a variety
of tonoplast and plasma membrane aquaporins, including PIP2;7 (50).

DSK2, in contrast, plays a role in brassinosteroid hormone signaling by targeting for degra-
dation the transcription factor BRI1-EMS SUPPRESSOR 1 (BES1). This factor is downstream
of the plasma membrane receptor kinase BRASSINOSTERIOID INSENSITIVE 1 (BRI1) that
initiates brassinosteroid signaling. Both BES1 and another brassinosteroid-activated transcription
factor, BRASSINAZOLE-RESISTANT 1 (BZR1), are degraded by the Ub-proteasome system
upon BRI activation, but BES1 is also degraded by autophagy, as evidenced by the hyperaccu-
mulation of the BESI protein in autophagy-deficient backgrounds or upon exposure of wild-type
plants to autophagy inhibitors such as ConA and E64d (135). A search for BESI interactors dis-
covered DSK2, an autophagy receptor containing two AIMs, a Ub-like (UBL) domain, and a Ub-
associated (UBA) domain. Binding of DSK2 to ATGS8 is regulated by the BRASSINOSTEROID
INSENSITIVE 2 (BIN2) kinase; BIN2 transfers phosphate to residues adjacent to the AIMs,
which enhances ATGS8 binding (135). Ubiquitylation of BES1 by the Ub ligase SEVEN-IN-
ABSENTTA 2 (SINAT2) in turn promotes binding of BES1 to DSK2, thus providing two in-
dependent regulatory loops to eliminate BES1 by autophagy (135). We expect that additional
examples of individual autophagy targets will soon appear as the functions of more autophagic
receptors become understood.

Selective Autophagy Helps Regulate Autophagy

As expected, a variety of starvation and stress conditions transcriptionally upregulate autophagy
and, in some cases, autophagy components display co-regulation with the proteasome and other
elements of the Ub-proteasome system (14, 18, 43, 56, 156, 181). One surprising feature of
autophagy is its ability to auto-regulate through self-eating of key components. This step was first
identified by studying the dynamics of the AT'G1 kinase complex during both nitrogen and fixed-
carbon starvation. Instead of seeing a rise in the levels of this integrator as autophagic demand
increased, Suttangkakul et al. (162) observed the exact opposite: ATG1 and ATG13 protein levels
dropped dramatically, and their levels were restored only when the plants were refed nitrogen or
returned back to the light. Studies with several mutants revealed that autophagy was responsible
and that inactivation of TOR might direct the process, as this degradation was accompanied by
phosphorylation of AT'G1 and dephosphorylation of AT'G13 (162). ATGI1 also participates by
encouraging ATG1 phosphorylation (106). As both ATG1 and ATG11 (and their yeast and animal
orthologs) contain an AIM, these ATG8-binding sequences likely connect the ATG1 complex to
the phagophore, possibly along with other components of the pre-autophagosomal structure (92,
106, 162). These interactions may not only help direct pre-autophagosomal structure assembly
but also promote its autophagic turnover. In agreement, GFP-labeled ATG1 complexes can be
seen in ATG8-decorated autophagic bodies within vacuoles; this presence, at least for ATG11,
depends on an intact AIM (106, 162). Presumably, AT'G1 complex breakdown leads to suppression
of starvation-induced autophagy by removing this central regulator.

PHYSIOLOGICAL AND DEVELOPMENTAL ROLES OF AUTOPHAGY

Numerous studies on a variety of autophagy-defective mutants provide a consistent picture of the
roles of autophagy in plant growth and development. The most surprising is that AT G8-mediated
autophagy is often not essential; although Arabidopsis and maize mutants null for core components
display accelerated leaf senescence and reduced fecundity, they easily complete their life cycle
and produce viable seeds under well-fed growth conditions. In fact, several developmental transi-
tions for which mega-autophagy might be required proceed normally in planta, including xylem
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biogenesis and other PCD events such as stomium and tapetum degeneration. In fact, only slight
defects in xylem tracheary element differentiation were seen for Arabidopsis cell cultures missing
ATGS (97). This lack of effect is surprising given that poplar (Populus trichocarpa) upregulates a
battery of autophagy-related genes during xylogenesis (20). Only in rice is an autophagy defect
lethal, but this lethality is caused by a flaw in pollen development, and not by physiological chal-
lenges; in this context, an ##¢g7 null mutant generates male sterility by compromising tapetum
development (96). Reduced fecundity has also been observed in wheat (Tviticum aestivum), but in
this case accelerated growth caused by long-day photoperiods generated sugar starvation, which
in turn was proposed to induce the premature autophagic cell death of florets (42).

Phenotypes typically emerge when autophagy-defective plants are grown under nutrient-
deficient conditions such as inadequate supplies of nitrogen or fixed carbon; in such conditions,
slow growth, enhanced senescence, lower fecundity, and reduced survival become evident (29, 54,
105, 166, 184) (Figure 44,j,k). Such assays make clear that mutants missing core components of the
autophagy machinery (e.g., ATG3, ATGS, ATG7, and ATG10) are most compromised, whereas
those affecting more peripheral components (e.g., the ATG1 and PI3K kinases and NBR1) are
less impacted by these stresses (106, 162, 195). During leaf senescence, autophagy has opposing
roles; one is to maintain longevity through nutrient recycling, while the other is to participate in
the systematic degradation of tissue as nutrients are exported to areas of growth and storage (119).
The latter role can be detected by N tracing studies, which showed that mobilization of nitrogen
from leaves to seeds was sharply decreased in autophagy-defective mutants of both Arabidopsis and
maize (49, 105). A similar suppression of remobilization, in this case export of ’N from senescing
leaves, was seen in a rice #7g7 mutant (174).

Reduced fecundity in autophagy-deficient plants may have two possible origins. One is the
reduced remobilization of nitrogen to the filling grain (49, 105), whereas the other may reflect
a lack of autophagic routes needed to deposit proteins into seed protein storage vacuoles. Ini-
tial studies in wheat—complemented by later studies in mung bean (Vigna radiata), pea (Pisum
sativum), and pumpkin (Cucurbita pepo) seeds—revealed that direct transport of storage proteins
from the ER into protein storage vacuoles involved a pathway that morphologically resembles
autophagy (104, 151, 170). Electron tomography of maize aleurone cells provided evidence for an
ATG8-independent autophagic route that delivers storage proteins into novel vacuoles (149), and
a more recent study of Arabidopsis seeds found that #¢zg5 mutants had impaired processing of 125
globulin precursors, again implicating autophagy in the vacuolar delivery of storage proteins (26).
Intriguingly, overexpression of ATGS or ATG7 in Arabidopsis, or of different ATGS genes in both
Arabidopsis and rice, increased seed yields; enhanced tolerance to drought, nitrogen starvation,
and oxidative stress; and promoted resistance to necrotrophic pathogens, suggesting that boosting
nutrient mobilization via autophagy could have agronomic benefits (108, 125, 182).

METABOLIC IMPACTS OF AUTOPHAGY

Although the phenotypic functions of autophagy mutants appear restricted, several metabolomics
studies reveal a much more pervasive impact on plant metabolism, even under nutrient-rich growth
conditions. The first such analysis compared rosette leaves from wild-type and autophagy-defective
Arabidopsis grown under low- or high-nitrate conditions (120). Notably, the autophagy mutants
accumulated fewer hexoses (glucose, fructose, mannose, and galactose) but more of their cor-
responding sugar alcohols (mannitol and sorbitol) and acids (gluconate, galacturonate, ribonate,
and threonate), suggesting a defect in sugar redox management (48, 120). Numerous amino acids
also hyperaccumulated in the autophagy-deficient mutants, including glutamate; aspartate; me-
thionine; phenylalanine; branched-chain amino acids such as valine, leucine, and isoleucine; and
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shikimate, which is the precursor of aromatic amino acids and a starting point for salicylic acid
biosynthesis. Such accumulation implies that amino acid catabolism is modified, which may explain
why autophagy mutants hyperaccumulate nitrogen-containing compounds such as ammonium and
amino acids in their rosette leaves (48, 120). Indeed, shikimate accumulation was the most robust
indicator of autophagy deficiency and was observed regardless of genetic background and nitrogen
availability. Additionally, transcriptomic data showed that the pathways for glutathione, methio-
nine, raffinose, and galacturonate production were perturbed (120). Unexpectedly, anthocyanin
accumulation was also depressed in the Arabidopsis autophagy mutants; although such accumula-
tion was first considered to reflect defects in the autophagic import of these pigments into vacuoles
(10, 146), its root cause now appears related to an enigmatic connection between autophagy and
the transcription of genes required for anthocyanin biosynthesis (120).

A second major study investigated etiolated Arabidopsis seedlings germinated without sucrose
as a model for fixed-carbon starvation during seedling establishment. In this case, metabolic pro-
filing in autophagy-deficient mutants uncovered reduced levels of free amino acids, in particular
isoleucine, lysine, and valine, along with reduced steady-state levels of the organic acids malate,
fumarate, and dehydroascorbate (2). Metabolic flux analysis suggested increased respiration and
decreased net protein biosynthesis in the autophagy-deficient mutants relative to wild type. The
lipid composition of the mutants also changed, with increases in triacylglycerols and free fatty acids
being particularly evident in #tg5 mutants. Increased phosphatidylinositol levels were also seen in
all autophagy mutants, possibly indicating an attempt to compensate for the lack of autophagy by
providing more substrate for the VPS34 PI3K complex that promotes phagophore assembly (2).

A more recent metabolomics study comparing a maize #tg12 mutant with wild type grown under
both nitrogen-rich and nitrogen-deficient conditions found dramatic increases in free fatty acids
(e.g., palmitate and linoleate) and oxylipins (e.g., 9- and 13-hydroxyoctadecadienoic acid and 13-
hydroxyoctadecatrienoic acid), implying strong perturbations in lipid metabolism in the absence
of autophagy (F. McLoughlin, R.C. Augustine, R.S. Marshall, F. Li & R.D. Vierstra, unpublished
manuscript). Such changes may reflect the enhanced turnover of lipids to supply the acetyl-CoA
needed for p-oxidation and subsequent respiration and/or a heretofore undocumented role of
autophagy in plant membrane turnover. The maize study also examined the proteome profile
of atgl?2 plants under normal and nitrogen-starved conditions. Increased levels of ribosomal,
proteasomal, mitochondrial, and peroxisomal proteins were evident in the g2 plants relative to
wild type, especially under nitrogen deficiency, thus linking starvation-induced autophagy with
the bulk elimination of specific complexes and/or organelles (F. McLoughlin, R.C. Augustine, R.S.
Marshall, F. Li & R.D. Vierstra, unpublished manuscript). Although these three omics analyses
are a good start, more comprehensive and integrated analyses are needed to fully uncover the
effects of nutrient starvation and autophagy deficiency on whole plant physiology.

Energy availability is a key determinant of plant growth and, accordingly, plants have evolved
sophisticated mechanisms to maintain the pools of organic substrates needed for mitochondrial
respiration. One involves modulating the levels of accumulated starch over day-night cycles to pro-
vide consistent diurnal supplies of hexoses (45). Evidence is emerging that autophagy contributes
to this process when starch and hexose levels become insufficient by upregulating the degradation
of proteins and lipids. The resulting breakdown products are then consumed in the mitochondrial
tricarboxylic acid cycle or in an alternative respiratory pathway generated by the ELECTRON-
TRANSFER FLAVOPROTEIN:UBIQUINONE OXIDOREDUCTASE (ETFQO) complex
that consumes branched-chain amino acids and lysine as energy sources to reduce mitochondrial
ubiquinone (69, 70). Notably, starchless Arabidopsis mutants have significantly increased levels of
free amino acid pools, potentially due to autophagy, with these pools lessened when combined with
autophagy-deficient backgrounds (70). Extended darkness, the absence of starch or sucrose, and
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defects in autophagy also upregulate transcription of the Arabidopsis EFTQO pathway (3, 70), thus
providing a strong feedback loop linking autophagy with this alternative respiratory route. The
links between ETFQO and autophagy clearly require a closer look with regard to maintenance of
a plant’s energy balance.

CONCLUSIONS

The past decade has seen tremendous growth in our understanding of autophagy generally and
of autophagy in plants specifically. Especially insightful has been the placement of ATGS at a
focal point, where it provides binding sites for AIM-containing proteins that either help assemble
autophagic vesicles and fuse them with the vacuole or deliver specific cargo to the enveloping
phagophore. The rapidly expanding collection of cargo receptors makes it evident that autophagy
is not just a bulk recycling system but can target specific organelles, protein complexes, protein
aggregates, and invading pathogens for breakdown. Both diversity within the plant ATGS8 family
(84) and recent observations that additional methods for binding ATGS exist [e.g., Arabidopsis
RPN10 (116)] raise the possibility that the catalog and influence of autophagy receptors could
grow substantially. A number of these selective routes require prior ubiquitylation, thus uncovering
a dynamic interplay between autophagy and the Ub-proteasome system (27). Whole proteome-—
based mass spectrometric approaches coupled with an increasing collection of plant autophagy
mutants now offer shotgun approaches to assess this selective autophagy in depth for a number
of plant species. The first glimpses into the metabolic consequences of autophagy defects also
indicate that much of the plant metabolome is impacted by this recycling (2, 120; F. McLoughlin,
R.C. Augustine, R.S. Marshall, F. Li & R.D. Vierstra, unpublished manuscript), implying that
its redesign should offer opportunities for agronomic improvement. Furthermore, as pervasive
as the AT'G8-mediated system appears to be, it may not be the only autophagic route, based on
emerging data that imply the existence of ATG8-independent autophagy (1, 133, 149).

SUMMARY POINTS

1. The core autophagy machinery is conserved among animals, yeast, and plants; however,
many of the plant components are encoded by gene families, suggesting sub- or neo-
functionalization.

2. Viable autophagy mutants are now available for several plant species; these mutants
permit in-depth studies on the role of autophagy in plant growth, development, and
survival under abiotic and biotic stresses.

3. Plant autophagy occurs at a basal level even under favorable conditions but is upreg-
ulated in response to nitrogen and fixed-carbon starvation and oxidative, osmotic, and
proteotoxic stresses.

4. TOR kinase is a key negative regulator of starvation-induced autophagy in plants, whereas
the AMPK/SnRK1 kinase appears to act as a positive regulator.

5. ATGS is at the center of autophagy; it binds to proteins involved in autophagosome
formation and provides a docking site for AIM-containing autophagic receptors that
selectively recruit cargo.
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6. Several pathways for selective autophagy have been described in plants, including path-
ways responsible for degradation of individual proteins, insoluble protein aggregates,
large protein complexes, whole organelles, and invading pathogens.

7. Autophagy participates in defense against plant bacterial, fungal, oomycete, and viral
pathogens, often by restricting pathogen growth via the HR, and is sometimes circum-
vented by a pathogen to enhance infection or block innate immunity.

8. Autophagy profoundly influences plant metabolism and is required for efficient remobi-
lization of nutrients from leaves to developing seeds, an agronomically vital process in
crop plants.

FUTURE ISSUES
1. Are the multiple ATG8 isoforms found in most plant species functionally redundant, or

do they impart new functions to autophagy?

2. Whatare the phosphorylation targets of AT'G1 in plants, and how do these modifications
help initiate pre-autophagosomal structure assembly and activate autophagy?

3. Do selective autophagy receptors exist for plant chlorophagy, mitophagy, pexophagy,
reticulophagy, and ribophagy, and if so, how are they activated, and what proteins do
they recognize?

4. How is ubiquitylation integrated with the various types of selective autophagy? Which
proteins are modified, and what are the Ub ligases responsible?

5. Are specific Ub attachment sites or poly-Ub chain topologies required to separately
target cargo to either the Ub-proteasome system or autophagy?

6. How extensive is the suite of autophagy receptors, and do additional mechanisms exist
beyond the AIM/LDS for the interaction of such receptors with ATGS8?

7. Do ROS actas a common trigger for selective autophagy of plant organelles (e.g., chloro-
plasts, mitochondria, and peroxisomes), and if so, what are the mechanisms for sensing
ROS production and activating autophagy?

8. Can autophagy be exploited to boost agronomic productivity in crop species by manip-
ulating their metabolome, by altering the degradation of specific constituents, and/or by
providing a new form of innate immunity?
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