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Processing of ATG8s, Ubiquitin-Like Proteins, and Their
Deconjugation by ATG4s Are Essential for Plant Autophagy
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Autophagy is an intracellular process for vacuolar degradation of cytoplasmic components. Thus far, plant autophagy has
been studied primarily using morphological analyses. A recent genome-wide search revealed significant conservation
among autophagy genes (ATGs) in yeast and plants. It has not been proved, however, that Arabidopsis thaliana ATG genes
are required for plant autophagy. To evaluate this requirement, we examined the ubiquitination-like Atg8 lipidation system,
whose component genes are all found in the Arabidopsis genome. In Arabidopsis, all nine ATG8 genes and two ATG4 genes
were expressed ubiquitously and were induced further by nitrogen starvation. To establish a system monitoring autophagy
in whole plants, we generated transgenic Arabidopsis expressing each green fluorescent protein-ATG8 fusion (GFP-ATGS).
In wild-type plants, GFP-ATG8s were observed as ring shapes in the cytoplasm and were delivered to vacuolar lumens
under nitrogen-starved conditions. By contrast, in a T-DNA insertion double mutant of the ATG4s (atg4a4b-1), autopha-
gosomes were not observed, and the GFP-ATG8s were not delivered to the vacuole under nitrogen-starved conditions. In
addition, we detected autophagic bodies in the vacuoles of wild-type roots but not in those of atg4a4b-1 in the presence of
concanamycin A, a V-ATPase inhibitor. Biochemical analyses also provided evidence that autophagy in higher plants
requires ATG proteins. The phenotypic analysis of atg4a4b-1 indicated that plant autophagy contributes to the development

of a root system under conditions of nutrient limitation.

INTRODUCTION

For plants, which are nonmotile multicellular organisms, protein
degradation is important to adapt to various severe environmen-
tal conditions, such as nutrient deprivation (Vierstra, 1996; Marty,
1999). Autophagy is the major system responsible for bulk
protein degradation in the vacuole/lysosome. There are two
types of autophagy, called microautophagy and macroautoph-
agy (Klionsky and Ohsumi, 1999). In microautophagy, cytoplas-
mic components are engulfed by an invaginated vacuolar
membrane. During macroautophagy, bulk cytosolic constituents
and organelles are sequestered into a double-membrane struc-
ture called an autophagosome. The outer membrane of the
autophagosome then fuses to the vacuolar membrane, thus
delivering the inner membrane structure, the autophagic body,
into the vacuolar lumen for degradation. So far, in plants, both mi-
croautophagy and macroautophagy have been reported (Matile,
1975; Van Der Wilden et al., 1980; Herman et al., 1981; Aubert
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et al., 1996; Moriyasu and Ohsumi, 1996; Robinson et al., 1998;
Swanson et al., 1998; Rojo et al., 2001; Toyooka et al., 2001).
Although most studies of autophagy have been based on
morphological observations, genetic screens in the yeast Sac-
caromyces cerevisiae have expanded the molecular dissection
of autophagy. We, together with Thumm’s group, have pre-
viously isolated autophagy-defective mutants and identified 16
autophagy genes (ATGs) essential for autophagosome formation
(Tsukada and Ohsumi, 1993; Thumm et al., 1994; Barth et al.,
2001). Upon recent comprehensive genome sequencing, signif-
icant conservation of autophagy genes among yeast, slime mold,
nematode, fruit fly, mammals, and plants was revealed, indicat-
ing that the molecular basis of autophagy is well conserved in
eukaryotes (Mizushima et al., 1998; Thumm and Kadowaki,
2001; Doelling et al., 2002; Hanaoka et al., 2002; Juhasz et al.,
2003; Meléndez et al., 2003; Otto et al., 2003). In Arabidopsis
thaliana, 25 ATG genes that are homologous to 12 of the yeast
ATG genes were found (Doelling et al., 2002; Hanaoka et al.,
2002). Little is known, however, about the molecular mecha-
nisms underlying autophagy in higher plants. Phenotypic anal-
ysis of Arabidopsis mutants with a T-DNA insert in either the
ATG7 or ATG9 gene suggested that autophagy is required for
proper senescence and efficient nutrient recycling (Doelling et al.,
2002; Hanaoka et al., 2002). Up until now, however, no direct
evidence has been obtained showing that the mutant pheno-
types are actually caused by a defect in autophagy because of
the absence of a system that allows monitoring of plant autoph-
agy. To establish such a monitoring system, we focused on the
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Atg8 molecule, which contains a ubiquitin fold like GATE-16 and
LC3 (Paz et al., 2000; Sugawara et al., 2004).

In yeast and mammalian cells, Atg8 and LC3 provide useful
molecular markers for monitoring the autophagic process
(Kirisako et al., 1999; Kabeya et al., 2000). Atg8, which is
induced by starvation, is modified with the lipid molecule
phosphatidylethanolamine (PE) by ubiquitination-like reactions
that occur after the cleavage of a C-terminal extension by the
Cys protease Atg4 (Ohsumi, 2001). The C-terminal Arg of
newly synthesized Atg8 is cleaved by Atg4, resulting in an Atg8
with an exposed Gly residue at its C terminus (hereafter Atg8-
G). The Atg8 is then activated by the E1-like enzyme, Atg7,
through a thioester bond between the Gly residue of Atg8 and
the Cys residue of Atg7, and is subsequently donated to the
Cys residue of the E2-like enzyme Atg3. Finally, the Atg8 is
conjugated to PE via an amide bond between the Gly residue
of Atg8 and the amino group of PE (Ichimura et al., 2000). After
these modification reactions, the Atg8 conjugated to PE (Atg8-
PE) is localized to a preautophagosomal structure where it is
thought to play a role in autophagosome formation. In addition
to Atg8 lipidation, the deconjugation of Atg8 by Atg4 is also
essential for autophagosome formation (Kirisako et al., 2000).
Recently, several reports have shown that the Atg8 modifica-
tion system is conserved in mammalian cells (Tanida et al.,
2002; Hemelaar et al., 2003; Marino et al., 2003).

In this report, we have obtained an Arabidopsis mutant with
T-DNA inserts in the ATG4 genes, and we have examined
whether the Atg8 lipidation system in Arabidopsis functions in
a similar manner to that in yeast and mammals. Moreover, we
have established a system to monitor the autophagic process in
an intact plant. This is the first report directly demonstrating the
ATG-dependent autophagic process in a higher plant.

RESULTS

ATGS8s and ATG4s Were Ubiquitously Expressed in All
Organs and Were Further Induced by Nitrogen Starvation

In our previous report, we searched for homologs of yeast ATG
genes in the Arabidopsis genome and identified nine candidate
ATG8s (Hanaoka et al., 2002). All the ATG8 proteins display a high
degree of identity (~70%) with the yeast Atg8 protein, and the
Gly residues at their C-terminal regions are conserved. Inter-
estingly, two of the nine homologs, ATG8h and ATGS8i, had no
C-terminal extension after the Gly residue.

To examine where the ATG8s function, we performed expres-
sion analysis of ATG8a through ATGS8i by RT-PCR. Because the
nucleotide sequences of the coding regions of ATG8s are highly
conserved, gene-specific primers corresponding to each ATG8
from the 5’ or 3’ untranslated regions were designed based on
sequences found in the Arabidopsis EST database (see Meth-
ods). Total cellular RNAs were isolated from roots, stems, leaves,
flowers, and siliques of wild-type Arabidopsis grown in hydro-
ponic culture for 4 to 5 weeks and subjected to RT-PCR. As
shown in Figure 1A, all ATG8s were ubiquitously expressed in
every organ tested. Next, in intact plants, the expression of

ATG8a-i mRNA under nitrogen starvation was examined by
quantitative RT-PCR because the abundance of both the ATG8
and ATG7 mRNAs increased when leaves were artificially se-
nescent under nutrient-depleted conditions in the dark (Doelling
et al,, 2002). For nitrogen starvation, 5-week-old wild-type
Arabidopsis plants grown in nutrient medium (7 mM nitrate) were
transferred to nitrogen-depleted medium (0 mM nitrate). After 1,
3, 6, and 12 h of nitrogen starvation, total cellular RNA isolated
from leaves were subjected to quantitative RT-PCR analysis. The
expression of all ATG8s was moderately induced by nitrogen
starvation, however, each ATG8 showed a different pattern of
induction (Figure 1B).

Next, in addition to ATG8s, we also focused on Atg4 homo-
logs, which may function in the C-terminal cleavage of ATG8s
required for their modification and in the deconjugation of their
modified forms. Two homologs of the ATG4 gene, ATG4a and
4b, were identified in the Arabidopsis genome (Hanaoka et al.,
2002). ATG4 proteins had a significant but low level of identity
with the yeast Atg4 protein (ATG4a-yeast Atg4, 26%; ATG4b-
yeast Atg4, 29%). However, the two ATG4s displayed 71%
overall amino acid identity. The Cys, Asp, and His residues,
which comprise the catalytic site, were well conserved in ATG4s.
In addition, both ATG4s complemented the autophagic defect
caused by the yeast atg4 mutation (Hanaoka et al., 2002). These
results suggest that ATG4a and 4b are yeast Atg4 orthologs.

We also performed expression analysis of ATG4a and 4b by
RT-PCR using gene-specific primers (see Methods). As shown in
Figure 1C, the two ATG4s were ubiquitously expressed like
ATG8s. The induction of ATG4 transcription under nitrogen
starvation was examined by semiquantitative RT-PCR. With 1 h
of starvation, both ATG4s were immediately and drastically
induced (Figure 1D).

ATG8s Are Cleaved at the C Terminus by an ATG4 Protease

First of all, to detect ATG8 proteins, antibodies against ATG8a
and 8i (hereafter anti-ATG8a and anti-ATG8i) were made. Be-
cause of their high conservation of the primary sequences, the
cross-reactivity of these antibodies was tested in lysates of yeast
cells expressing each ATG8. The anti-ATG8a antibodies recog-
nized all ATG8 proteins, with varying degrees of reactivity,
whereas the anti-ATG8i antibodies recognized mostly ATG8i
but faintly ATG8h (Figure 2A).

To investigate whether ATG8s are also processed at the C
terminus by ATG4s, each ATG8 was tagged with three consec-
utive myc epitopes at the C terminus and was expressed in the
yeast atg4atg8 mutant. Total cell lysates were then subjected to
immunoblot analysis with an anti-myc antibody. In every cell,
a single band of ~18 kD was detected, corresponding to the
molecular sizes of the ATG8-3Xmyc fusion protein (Figures 2B,
lane 1, and 2C, top panel). Next, ATG4a or 4b was coexpressed
in these cells followed by an immunoblot analysis with anti-
ATG8a and 8i antibodies (Figures 2B, lane 5, and 2C, bottom
panel; data not shown). A single band of ~13 kD appeared,
which was not detectable with the anti-myc antibody (Figure 2B,
lane 2; data not shown). These data indicate that the C-terminal
extensions of ATG8a-g had been cleaved by the ATG4s. ATG8h
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Figure 1. RT-PCR Analysis of ATG8 and ATG4 Expression in Arabidopsis.
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(A) and (C) Total cellular RNA from roots (R), stems (St), leaves (L), flowers (F), and siliques (Si) of wild-type Arabidopsis grown hydroponically for 4 to
5 weeks was isolated and subjected to RT-PCR using gene-specific primers. The RT-PCR was terminated after 35 cycles for all the reactions, and

the products were electrophoresed and detected.

(B) and (D) Wild-type Arabidopsis were grown for 5 weeks in nutrient-rich hydroponic medium (7 mM nitrate) and then transferred to nitrogen-depleted
hydroponic medium (0 mM nitrate) for 1 d. Total cellular RNA from leaves after 1, 3, 6, and 12 h of nitrogen starvation was isolated and subjected to
quantitative RT-PCR (B) or semiquantitative RT-PCR (D). The amounts of transcripts were presented as arbitrary units. Semiquantitative RT-PCR was
terminated after 22 cycles for ATG4a and ATG4b and 20 cycles for UBQ10. The products were electrophoresed and detected. The ubiquitin gene,
UBQ10, which is constitutively expressed under all conditions, was used as an internal control for RNA level.

and 8i are novel types of ATG8, which did not possess additional
amino acids after Gly, and it is not supposed to be subjected to
the cleavage by ATG4 as in the other ATG8s. However, it is
noteworthy that ectopically fused C termini (3Xmyc) of ATG8h
and 8i were also susceptible to the cleavage in the ATG4s
dependent manner.

Most ATGS8s Are Tightly Membrane-Associated Proteins
in Arabidopsis

Next, we investigated the intracellular distribution of ATG8s by
subcellular fractionation. Leaves of 4-week-old wild-type Arabi-
dopsis were homogenized, and the post-nuclear supernatant
was fractionated by successive centrifugation to generate

a 13,000g pellet fraction (low-speed pellet [LSP]), a 100,000g
pellet fraction (high-speed pellet [HSP]), and a 100,000g super-
natant fraction (high-speed supernatant [HSS]). Bands of ~13
kD were detected by the anti-ATG8a antibodies, corresponding
to the predicted size of ATG8s. The ATG8s were predominantly
detected in the pellet fraction, mostly in the LSP. Small amounts
were recovered from the HSP and HSS (Figure 3A). Next, we tried
to solubilize the ATG8s from the pellet fractions by resuspension
in a buffer containing 1 M NaCl, 2 M urea, 0.1 M Na,CO3, 2%
Triton X-100, and 1% deoxycholate (DOC). Samples were
centrifuged again, and the supernatant and the pellet were
analyzed by immunoblotting with the anti-ATG8a antibodies.
ATG8s in the LSP fraction could not be extracted by salt, urea, or
alkali but were almost completely solubilized by Triton X-100 or
DOC (Figure 3B, top panel). These results indicate that ATG8s in
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Figure 2. ATG8s Are Cleaved at Their C Termini by ATG4 Proteases.

(A) Cross-reactivity of anti-ATG8a and anti-ATG8i antibodies. Protein
extracts from yeast Aatg4Aatg8 mutant cells that expressed Arabidopsis
ATG4a in addition to Arabidopsis ATG8s-3Xmyc proteins or yeast Atg8-
3Xmyc were analyzed by immunoblots using anti-ATG8a (top panel) and
anti-ATG8i antibodies (middle panel), respectively. Nonspecific bands
detected by anti-ATG8i antibodies are shown in the bottom panel as
control for equivalent amounts of protein loaded into lanes.

(B) Representative data of cleavage assay. Protein extracts from yeast
Aatg4Aatg8 mutant cells that expressed Arabidopsis ATG8a-3Xmyc
proteins (lanes 1 and 4) or those that expressed Arabidopsis ATG4a in
addition to Arabidopsis ATG8a-3Xmyc proteins (lanes 2 and 5) were

the LSP fraction are tightly associated with the membrane. On
the other hand, ATG8s in the HSP fraction were partially
solubilized by salt, urea, or alkali and almost completely by
detergent (Figure 3B, bottom panel), suggesting that some of the
protein in the HSP fraction was peripherally membrane associ-
ated.

Previous reports have shown that the modified form of yeast
Atg8, which is conjugated with PE, migrates faster than the
unmodified form of yeast Atg8 on a 6 M urea SDS gel (Kirisako
et al., 2000). Taking advantage of this gel system, we attempted
to detect the modified forms of ATG8s. On a urea SDS gel, most
of the ATG8s in the LSP fraction migrated faster, but not those
from the HSS fraction (Figure 3C). In addition, recently it was
reported that LC3 also conjugated with PE in animal cells
(Kabeya et al., 2004). Thus, we postulated these faster-migrating
forms to be putative PE-conjugated forms (hereafter ATG8*).
Most of the ATG8s in the LSP fraction were the ATG8* but those
in the HSS fractions were the unmodified form. These experi-
ments suggest that most ATG8s exist as the ATG8* and are
associated with membranes. These results are in principle con-
sistent with the biochemical properties of yeast Atg8 (Kirisako
et al., 2000).

ATG8 Proteins in Various Organs at Different
Developmental Stages

We examined the expression of ATG8 proteins in different
organs and different growth stages by immunoblot analysis
using anti-ATG8a antibodies (Figure 4). As shown in Figure 4A
(top panel), ATG8s were ubiquitously detected in all organs
examined, and the protein levels were higher in root, flower,
and silique. In addition to unmodified forms (Figure 4A, middle
panel, asterisks), two faster-migrating forms, the ATG8*, were
detected (Figure 4A, middle panel, arrowheads). The banding
patterns differed slightly among all organs (Figure 4A, middle
panel), suggesting that different ATG8 may be functionally
assigned to each organ. Furthermore, ATG8s were detected
throughout all growth stages; the level of protein expression
increased until the plant reached 4 weeks, followed by a grad-
ual decrease (Figure 4B, top panel). We also investigated the
ATG8* in leaves of different growth stages. Interestingly, the
level of the ATG8* also increased as growth progressed,
peaking in 4-week-old plants, which is the stage just before
bolting (Figure 4B, middle panel).

analyzed by immunoblots using an anti-myc antibody (left) or anti-ATG8a
antibodies (right), respectively. Protein extracts from only yeast
Aatg4Aatg8 mutant cells were applied as negative control (lanes 3 and 6).
(C) Cleavage assay for all ATG8s. Protein extracts from yeast
Aatg4Aatg8 mutant cells that expressed Arabidopsis ATG8s-3Xmyc
proteins or yeast Atg8-3Xmyc (top panel) or those that expressed
Arabidopsis ATG4a in addition to Arabidopsis ATG8s-3Xmyc proteins
or yeast Atg8-3Xmyc (bottom panel) were analyzed by immunoblots
using an anti-myc antibody (top panel) or anti-ATG8a and anti-ATG8i
antibodies (bottom panel), respectively.
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Figure 3. Association of ATG8s with Membranes.

(A) Subcellular distrubution of ATG8s. The total lysates (T) prepared from
4-week-old wild-type leaves were centrifuged at 13,000g for 15 min to
generate supernatants and pellets (LSP). The resulting supernatants
were then centrifuged at 100,000g for 1 h to generate further super-
natants (HSS) and pellets (HSP). These samples were subjected to
immunoblot analysis with purified anti-ATG8a antibodies.

(B) Solubilization of ATG8s recovered in the LSP (top panel) and HSP
(bottom panel). The LSP and HSP of wild-type leaves were incubated on
ice in a buffer containing salt, urea, sodium carbonate (Na,COQOj3), Triton
X-100 (TX-100), or DOC. Samples were centrifuged again, and the
resulting supernatants (S) and pellets (P) were analyzed by immunoblot-
ting with purified anti-ATG8a antibodies.

(C) Pellet fractions were putative modified forms. Cell fractions (LSP,
HSP, and HSS) from 4-week-old wild-type leaves were subjected to
SDS-PAGE with 6 M urea and immunoblot analysis with purified anti-
ATG8a antibodies.

Subcellular Localization of ATG8s

Next, the subcellular localization of green fluorescent protein-
ATG8s (GFP-ATG8s) was examined by polyethylene glycol-
mediated transient expression assays using Arabidopsis
cultured cells. We made nine constructs in which each ATG8
open reading frame (ORF) was fused to the C terminus of GFP
and placed under the control of the constitutive 35S promoter of
Cauliflower mosaic virus. GFP alone was expressed as a negative
control. GFP-ATG8s exhibited rings and punctate structures,
which are thought to be autophagosomes and their precursors,
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in addition to the evenly stained cytosol (Figures 5A, 5D, and 5G;
data not shown). Interestingly, in some cases, GFP-ATG8h and
GFP-ATGSi localized also to the inside of the vacuole (Figure 5J;
data not shown). Because ATG8h and ATGS8i do not require
processing of the C-terminal extension by ATG4s, they may be
delivered to vacuole more quickly than other GFP-ATGS8s. In the
case of ATG8a-g, the level of ATG4 expression may be limiting
because only GFP-ATG8s were transiently overexpressed after
strong promoter. We also constructed GFP-ATG8a-A, e-A, and i-
A, in which each C-terminal Gly was substituted by an Ala
residue. The resultant fusion proteins were found in dot struc-
tures smaller than the rings that were observed upon expression
of the wild-type GFP-ATG8s (Figures 5L, 50, and 5R; data not
shown). These experiments indicate that the substitution of the
C-terminal Gly results in defective localization to preautophago-
somal structures.

The behavior of GFP-ATG8s was also investigated under
nutrient starvation conditions. As shown in Figures 5B, 5E and
5H, vacuoles swelled after 48 h of incubation in nitrogen-free
medium, and GFP-ATG8a, e, and i were delivered to the vacuole.
GFP-ATG8a-A, e-A, and i-A, however, were not delivered to the
vacuole (Figures 5M, 5P, and 5S). The most probable explana-
tion is that the ATG8-As could not be cleaved by the ATG4s
or modified at their C termini because of the substitution of the
C-terminal Gly to an Ala residue; consequently, the GFP-ATG8-
As were not able to localize to the putative preautophagosomal
structures, preventing the effective delivery of the GFP-ATG8-As
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Figure 4. Expression of ATG8 Proteins in Various Organs at Develop-
mental Stages.

Total protein samples prepared from roots (R), stems (St), leaves (L),
flowers (F), and siliques (Si) (A) or total protein samples prepared from
a series of wild-type plants grown for 1 to 6 weeks (B) were subjected to
SDS-PAGE without (top panel) or with (middle panel) 6 M urea and
immunoblot analysis with purified anti-ATG8a antibodies. Twenty micro-
grams of total protein was applied to each column. The asterisks indicate
the unmodified forms of ATG8s, and the arrowheads indicate putative PE
conjugated forms. Dot-blotted polyvinylidene difluoride membrane and
SDS-PAGE stained by Coomassie Brilliant Blue are shown in the bottom
panels as control for equivalent amounts of protein loaded into lanes.
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Figure 5. Localization of GFP-ATG8 Fusion Proteins in Protoplasts of a Suspension Culture of Arabidopsis Cells.

(A) to (K) Arabidopsis cells expressing GFP-ATG8a, 8e, and 8i grown in MS ([A], [D], [G], and [J]) and MS-N ([B], [E], and [H]) medium. Nomarski

images of (B), (E), (H), and (J) are shown in (C), (F), (I), and (K), respectively.

(L) to (T) Arabidopsis cells expressing GFP-ATG8a-A, 8e-A, and 8i-A,which harbor Gly-to-Ala substitutions at their C termini, grown in MS ([L], [O], and
[R]) and MS-N ([M], [P], and [S]) medium. Nomarski images of (M), (P), and (S) are shown in (N), (Q), and (T), respectively.

(U) and (V) Arabidopsis cells expressing GFP alone as a control (U). Nomarski image of (U) is shown in (V). Asterisks indicate starch granules.

All scales are same as in (V); bar = 10 um. Insets in (A), (D), (G), (L), (O), and (R) show ring and dot structures at high magnification, respectively (bar =

1.25 pm).

to the vacuole. These results suggest that the C-terminal Gly of
all ATG8s is essential for autophagy, namely, the ATG8 system
functions in a similar manner in plant autophagy as in yeast.
From these results, we have also shown that GFP-ATG8s are
functional and good molecular markers for monitoring plant
autophagy.

Isolation of the T-DNA Insertion Double Mutant atg4a4b-1

To elucidate the role of ATG4s in whole plants, we generated the
T-DNA insertion double mutant atg4a4b-1. The Arabidopsis
ATG4 proteins are encoded by two genes located on the bot-
tom arm of chromosomes 2 and 3. We screened a population
of T-DNA insertional mutants obtained from the University of
Wisconsin Arabidopsis Knockout Facility and Kazusa DNA Re-
search Institute and isolated two T-DNA insertion single mutants,

which we designated atg4a-1 and atg4b-1. atg4a-1 and atg4b-1
plants contain T-DNA insertions in the second exon, 32 bp
downstream of the translational initiation codon, and in the fifth
intron, 1280 bp downstream of the translational initiation codon,
respectively (Figure 6A). The segregation pattern of antibiotic
resistance revealed a single T-DNA insertion in atg4b-1, but not
atg4a-1 plants. We performed a backcross and obtained an
atg4a-1 mutant with only a single T-DNA insertion, in which the
antibiotic resistance gene was deleted. RT-PCR analysis using
gene-specific primers that span the T-DNA insertion confirmed
the absence of full-length ATG4a and 4b mRNA in both of the
respective mutants (Figure 6B). We conclude that these alleles
represent null mutations. To obtain double mutant plants, plants
homozygous for atg4a-1 and for atg4b-1 were crossed. Homo-
zygous double mutant plants (atg4a4b) were identified by PCR in
F2 progeny after F1 self-pollination. In the atg4a4b-1 mutant,
neither of the full-length MRNAs encoding ATG4a and 4b were
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Figure 6. Characterization of the atg4a-1, atg4b-1, and atg4a4b-1
Mutants.

(A) Schematic representation of the T-DNA insertion sites in the two
ATG4 genes. Lines indicate introns, and boxes show exons (open boxes,
untranslated regions; closed boxes, translated regions).

(B) RT-PCR analysis of the expression of ATG4 genes in wild-type and
T-DNA insertional mutants. Total cellular RNA was isolated from wild-
type, atg4a-1, atg4b-1, and atg4a4b-1 plants and subjected to RT-PCR.
RT-PCR was performed for 35 cycles using gene-specific primers to
amplify full-length ORFs.

(C) Expression of ATG8s in atg disruption mutants. Total protein samples
from 6-week-old wild-type, atg4a4b-1, atg4a-1, atg4b-1, and atg9-1
leaves were subjected to SDS-PAGE without (top panel) and with (middle
panel) 6 M urea and immunoblot analysis with purified anti-ATG8a
antibodies. Forty micrograms of total protein was applied to each
column. SDS-PAGE stained by Coomassie Brilliant Blue is shown in
the bottom panel as control for equivalent amounts of protein loaded into
lanes.
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detected (Figure 6B), indicating that this mutant is devoid of
functional ATG4 proteins. After three backcrosses to the wild
type, homozygous atg4a4b-1 plants were used for further study.

Behavior of ATG8 Proteins in atg4a4b-1 Mutants Is Different
from That in Wild-Type Plants

Toinvestigate the behavior of ATG8s in atg4a4b-1 mutant plants,
total proteins prepared from leaves of wild-type, atg4a-1, atg4b-
1, atg4a4b-1, and atg9-1 plants were subjected to urea SDS-
PAGE and immunoblot analysis with anti-ATG8a antibodies
(Figure 6C). As shown in Figure 6C (bottom panel), faster-
migrating bands were detected in wild-type, atg4a-1, and
atg4b-1 plants. Like in yeast, the faster-migrating ATG8 bands
were detected also in atg9-71 plants. By contrast, the fastest-
migrating band was completely absent in atg4a4b-1 plants
(Figure 6C, closed arrowhead). These results support the con-
clusion that the fastest-migrating band, which is observed in
wild-type plants, represents the ATG8*. The other faster-migrat-
ing band was faintly detected even in atg4a4b-1 (Figure 6C,
opened arrowhead). The band was not consistent with the band
detected with anti-ATG8i antibodies (data not shown). The level
of ATG8s was drastically increased in atg4a4b-1 and atg9-1
plants (Figure 6C, top panel), but in two single mutants, atg4a-1
and atg4b-1, the ATGS8 levels were similar to those in the wild
type. Therefore, it is likely that, in atg4a4b-1, the band of
unmodified form that was not detected in the wild type appeared
in the same position as ATG8*. Why did the level of ATG8s
increase in atg disruption mutants? One possibility is that each
ATG8 transcript increases in disruption mutants to compensate
for the defect in autophagy. It is more likely, however, that ATG8
proteins are not delivered to the vacuole because of the defect in
autophagy, and consequently are not degraded.

Next, we examined the intracellular distribution of ATG8s in atg
mutants by subcellular fractionation. In atg4a-1, atg4b-1, and
atg9-1 plants, ATG8s were mainly recovered in the LSP fraction,
as they are in the wild-type plants (Figure 6D). By contrast, as
expected, in atg4a4b-1 plants, ATG8s were recovered primarily
in the HSS and only at low levels in the LSP and HSP fractions
(Figure 6D), indicating that ATG8s could not be converted into
ATG8" in atg4a4b-1.

Wild-type and atg4a4b-1 plants expressing GFP-ATG8a, 8e,
8i, and GFP alone were generated to confirm whether the
disruption of ATG4s affect intracellular localization of ATG8s in
whole plants. As shown in Figure 7, in roots of wild-type plants

(D) Subcellular distribution of ATG8 proteins in atg disruption mutants.
The total lysates (T) prepared from 4-week-old atg4a-1, atg4b-1,
atg4a4b-1, and atg9-1 leaves were centrifuged at 13,0009 for 15 min
to generate supernatants and pellets (LSP). The resulting supernatants
were then centrifuged at 100,000g for 1 h to generate further super-
natants (HSS) and pellets (HSP). These samples were subjected to
immunoblot analysis with purified anti-ATG8a antibodies.

(E) Putative ATG8-ATG3 conjugates. Total lysates (40 p.g) from wild-type
and atg4a4b-1 leaves with and without DTT were subjected to immuno-
blot analysis with purified anti-ATG8a antibodies. The arrowhead in-
dicates putative ATG8-ATG3 conjugates.
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Figure 7. Effect of atg4a4b-1 Mutations on Behavior of GFP-ATG8 Fusion Proteins in Stably Transformed Arabidopsis Roots.

(A) to (F) Wild-type Arabidopsis roots stably expressing GFP-ATG8a ([A] and [B]), 8e ([C] and [D]), and 8i ([E] and [F]).

(G) to (L) atg4a4b-1 mutant roots stably expressing GFP-ATG8a ([G] and [H]), 8e ([1] and [J]), and 8i ([K] and [L]).

(M) and (N) Wild-type Arabidopsis roots stably expressing GFP as control.

The roots of one-week-old transgenic seedlings grown on MS medium were observed using confocal laser scanning microscopy ([Al, [C], [El, [G], [1],
[K], and [M]). For nitrogen starvation, seedlings grown on MS medium were transferred to MS-N medium for an additional 7 d and then observed ([B],
[D1, [F1, [H], [J], [L], and [N]). Bars = 20 pm. Insets in (A), (C), (E), (G), (I), and (K) show ring and dot structures at high magnification, respectively (bar =
1 pm).



grown under nutrient-rich conditions, every fusion protein was
observed in many ring-shaped and punctate structures, which
are interpreted to be autophagosomes and their intermediates
(Figures 7A, 7C, and 7E). By contrast, these structures were not
observed in roots of atg4a4b-1 plants, although some small dot
structures were observed (Figures 7G, 71, and 7K). The putative
PE-conjugated form was detected only in the wild-type plants
expressing GFP-ATG8a but not in the atg4a4b-1 plants express-
ing GFP-ATG8a (Figure 70), supporting that GFP-ATG8 fusion
proteins are functional. In the solubilization experiment, the GFP-
ATG8a fusion protein was effectively solubilized by ionic de-
tergent, DOC, but faintly solubilized by nonionic detergent, Triton
X-100, suggesting that the small dot structures observed in
atg4a4b-1 cells could be aggregated proteins (Figure 7P). These
results indicate that ATG4s are required for formation of auto-
phagosomes by permitting the association of ATG8s to mem-
branes.

Monitoring of Autophagy in Whole Plants

To monitor autophagy in a whole plant, we examined the
behavior of GFP-ATG8s under nitrogen-starved conditions in
wild-type plants. For nitrogen starvation, 7-d-old seedlings
grown in nutrient-rich medium (MS medium [21 mM NH4NO3,
18 mM KNOg, and 88 mM sucrose]) were transferred to nitrogen-
depleted medium (MS-N [0 mM nitrogen and 88 mM sucrose]).
After 6 d of nitrogen starvation, the roots were observed by
fluorescence laser scanning confocal microscopy. Under these
conditions, every fusion protein was delivered to vacuolar lu-
mens in wild-type roots (Figures 7B, 7D, and 7F). On the other
hand, in atg4a4b-1, none of these fusion proteins, even GFP-
ATGSi, which does not have the C-terminal extension after the
Gly residue, were delivered to the vacuoles, suggesting that
ATGd4s are essential for plant autophagy via deconjugation of
ATG8* (Figures 7H, 7J, and 7L).

Concanamycin A, a V-ATPase inhibitor, is known to raise the
pH in vacuolar lumens when exogenously added to plant cells
(Drose et al., 1993; Matsuoka et al., 1997). Consequently, it is
expected that, under such high pH conditions, vacuolar hydro-
lases cannot act, leading to the accumulation of autophagic
bodies in the vacuole (Y. Moriyasu, personal communication).
Roots of 1-week-old wild-type and atg4a4b-1 seedlings ex-
pressing GFP-ATG8s were treated with 1 uM concanamycin A
for 6 h under nitrogen-starved conditions and then observed by
microscopy. Nomarski images are shown in Figures 8, 9B, and
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9D. In wild-type roots treated with concanamycin A, there were
many spherical structures in well-developed vacuoles (Figures
8A to 8C). These structures were stained by GFP-ATG8s (Figure
9A), suggesting that they were plant autophagic bodies. By
contrast, vacuoles in atg4a4b-1 were small and did not contain
spherical structures (Figures 8D to 8F). Next, electron micros-
copy was performed. In wild-type roots, single-membrane-
bound vesicles ~1.5 pwm in diameter were observed. These
vesicles were electron dense and contained cytoplasmic struc-
tures, such as mitochondria, endoplasmic reticulum, and Golgi
bodies (Figures 10A to 10D), demonstrating that they were
indeed plant autophagic bodies. By contrast, there were no
autophagic bodies in the vacuoles of atg4a4b-1 plants. Further-
more, the vacuoles of atg4a4b-1 mutants were smaller than
those of wild-type plants in the cells around the root cap or
meristem (Figures 10E and 10F; data not shown). In yeast,
swollen vacuoles are typically observed as autophagy prog-
resses under nitrogen-starved conditions (Takeshige et al.,
1992). Our results suggest that autophagy might contribute to
the swelling of vacuoles relatively soon after exposure to
nutrient-depleted conditions.

Complementation of the atg4a4b-1 Mutant

To verify that the defect in accumulation of autophagic bodies,
that is, autophagy, in the atg4a4b-1 mutant was caused by the
T-DNA insertion in each of the two ATG4 genes, we performed
a functional complementation experiment. A genomic ATG4a
fragment encompassing its 5’ flanking area and coding region
(tATG4a) was transformed into the atg4a4b-1 mutant. Five
independent transformants harboring the tATG4a transgene
were selected by antibiotic resistance and confirmed by PCR
for the presence of the tATG4a transgene and for the absence of
the wild-type ATG4a and ATG4b alleles (data not shown). The
expression of the tATG4a transgene rescued the defective
accumulation of autophagic bodies (Figures 8G and 8H), indi-
cating that the defect in autophagy was caused by the com-
bination of the atg4a and atg4b mutations.

Defective Autophagy Results in the Arrested Development
of the Root System under Nitrogen-Starved Conditions

The above results led us to conclude that atg4a4b-1 plants are
defective in autophagy. This is the first direct evidence that ATG
genes are essential for plant autophagy. Previous studies by our

Figure 7. (continued).

(O) Putative PE-conjugated form of GFP-ATG8a. Total protein samples (20 pg) from wild-type and atg4a4b-1 expressing GFP-ATG8a fusion protein
were subjected to 8% (w/v) SDS-PAGE with 6 M urea and analyzed by immunoblots using anti-GFP antibodies (Molecular Probes, Eugene, OR). The
arrowhead indicates putative PE-conjugated form of GFP-ATG8a. The asterisk indicates a cross-reacting band that is not related to GFP-ATG8a.

(P) Solubilization of GFP-ATG8a in the atg4a4b-1 mutant. Subcellular fractionation was performed as described in Methods. The LSP fraction from the
atg4a4b-1 mutant expressing GFP-ATG8a was incubated on ice in a buffer containing salt, urea, sodium carbonate (Na,COs3), Triton X-100 (TX-100), or
DOC. The samples were centrifuged again, and the resulting supernatants (S) and pellets (P) were analyzed by immunoblotting with anti-GFP antibodies

(Molecular Probes).



2976 The Plant Cell

Figure 8. Roots of Wild-Type and atg4a4b-1 Mutants Treated with
Concanamycin A under Nitrogen-Starved Conditions.

(A) to (C) Wild-type roots.

(D) to (F) atg4a4b-1 mutant roots.

(G) and (H) Complemented atg4a4b-1 mutant (atg4a4b-1,tATG4a) roots.
Roots of 1-week-old wild-type ([A] to [C]), atg4a4b-1 ([D] to [F]), and
atg4a4b-1 transformed with the ATG4a gene ([G] and [H]) seedlings
grown on MS medium were incubated in MS-N liquid medium containing
concanamycin A for 12 h and then observed by conventional trans-
mission light microscopy. Bars = 20 pm for (A), (B), and (E) to (H) and
10 pm for (C) and (D).

group and Vierstra’s group demonstrated that disruption of
ATG7 and ATG9— atg7-1 and atg9-1, respectively —accelerated
the senescence of cotyledon and rosette leaves, and, moreover,
that both of the mutant plants develop fewer flowers and siliques,
resulting in fewer seeds (Doelling et al., 2002; Hanaoka et al.,
2002). These phenotypes were also observed in the atg4a4b-1
mutant (data not shown). In addition, when 10-d-old seedlings
grown in nutrient-rich medium were transferred to nitrogen-
depleted medium, it appeared that lateral-root elongation was

severely inhibited in atg4a4b-1 plants (data not shown). To
confirm the inhibition of lateral-root elongation in atg4a4b-1
plants under nitrogen-starved conditions, seeds of wild-type and
atg4a4b-1 plants were sowed on nitrogen-starvation medium
(MS-N), and primary root length, number of lateral roots, and
total length of lateral roots were scored in 21-d-old seedlings
(Figure 11). The rate of primary root elongation of atg4a4b-1
mutants was lower than that of wild-type plants. The total
number of lateral roots per primary root in atg4a4b-1 seedlings
was also reduced compared with wild-type seedlings, and the
total length of lateral roots per primary root was even more
severely decreased, indicating that the length of the total root
system was reduced in this autophagy-defective mutant (Figure
11B). These results indicate that autophagy contributes to root
elongation under nutrient-depleted conditions.

DISCUSSION

The Arabidopsis genome contains many ATG homologs (ATG)
that encode proteins displaying all the characteristics of yeast
Atg proteins, including the functional domains and amino acid
residues essential for yeast autophagy, suggesting that autoph-
agy depending on Atg proteins exists in higher plants. Until now,
however, there has been no direct experimental evidence for this
process in higher plants. Here, we have developed a monitoring
system that assesses the autophagic process in a whole plant
and have clearly demonstrated the existence of Atg protein-
dependent autophagy in higher plants. Therefore, we are now
able to discuss the physiological roles of autophagy in plants
using mutants in which the ATG genes have been disrupted.

When and Where Does Autophagy Occur in Higher Plants?

When and where autophagy occurs in whole plants is an
interesting and important issue for understanding the physiolog-
ical roles of autophagy in plants. Expression analysis revealed
that ATG8s and ATG4s are ubiquitously expressed and that
ATGS proteins are present in most organs. The presence of the
mRNA and proteins in many different organs implies that
autophagy may occur in all organs as a fundamental cell process.
We also found that ATG8 proteins are expressed throughout all
developmental stages, suggesting that autophagy is always
occurring at basal level in addition to occurring under nutrient-
limiting conditions. However, there is also a possibility that the
nine ATG8s may have variable tissue specificity, and, accord-
ingly, autophagy may occur in a tissue-specific manner. Fur-
thermore, we found that the level of ATG8 proteins and the rate of
conversion to ATG8* are highest in 4-week-old plants, which is
the stage just before bolting. It is thought that plant autophagy is
especially active when plants convert from the vegetative stage
to the reproductive stage. However, it is still unknown whether
the induction of Atg8 protein is necessary for the occurrence of
autophagy and what actual roles their PE-conjugated form plays,
even in yeast. In addition, there remains a possibility that ATG8s
with a C-terminal extension may have other functions that are
unrelated to autophagy; in this study, however, we have shown
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Figure 9. Many Vesicles Accumulated in the Vacuoles upon Concanamycin A Treatment Were Stained with GFP-ATG8 Proteins.

(A) and (C) Fluorescence micrographs of roots from wild-type (A) and atg4a4b-1 (C) seedlings expressing GFP-ATG8a.

(B) and (D) Nomarski images of (A) and (C), respectively.

Roots of transgenic seedlings expressing GFP-ATG8 proteins were treated with concanamycin A (1 wM) for 6 to 12 h and observed using light and
fluorescence microscopy. Representative pictures are shown in this figure. Bars = 20 um. Inset in (A) shows enlargements of spherical structures (bar =

5 wm).

that all nine ATG8s do function in plant autophagy, at least after
cleavage by ATG4s.

Under nutrient-rich conditions, autophagic bodies accumu-
lated, and GFP-ATG8s were delivered to vacuoles in wild-type
roots (data not shown), suggesting that basal autophagy occurs
constitutively irrespective of nutrient conditions.

Membrane Binding and Subcellular Localization of ATG8s

Yeast Atg8, a key molecule for autophagy, displays several
interesting behaviors during this process, and details of its
molecular functions are continuously accumulating. Subcellular
fractionation experiments have demonstrated that yeast Atg8
exists mainly in the pellet fraction, specifically in the HSP.
According to the results of the solubilization experiment, the
LSP contained exclusively the Atg8-PE, whereas the HSP con-
tained both the unmodified and the PE-conjugated forms. Based
on the evidence described above, in yeast it is thought that Atg8
undergoes conjugation to PE on membrane structures in the
HSP before the formation of autophagosomes, whereas the
Atg8-PE in the LSP was associated with the autophagosomes
and its precursor structures (Kirisako et al., 2000). Consistent

with these results, in plants, most ATG8s were also found in the
pellet fraction. In addition, although ATG8s in the LSP were all
tightly bound to membranes, there were two forms of ATG8s in
the HSP, loosely membrane-bound and tightly membrane-
bound, suggesting that a portion of ATG8-Gs undergo modifi-
cation of their C termini on membrane structures found in the
HSP. However, a discrepancy was observed between plants and
yeast in the distribution of ATG8s within the pellet fraction. In
plants, the majority of ATG8s in the pellet fraction were contained
in the LSP, not in the HSP. These results suggest that in plants
autophagosomes and preautophagosomal structures may exist
stably in significant amounts. In fact, many rings and punctate
structures, which are thought to be autophagosome or preauto-
phagosomal structures, were constitutively observed in the roots
of wild-type plants that expressed GFP-ATG8s. Unlike yeasts
and animals, plant autophagy may be occurring constantly, but
slowly, in significant amounts.

The Atg System Functions in a Similar Manner in Plants
as in Yeast

The presence of Arabidopsis Atg8 homologs that display a high
degree of identity with yeast Atg8, as well as the conservation of
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Figure 10. Electron Micrographs of Plant Autophagic Bodies.

(A) to (D) Electron micrographs of wild-type roots treated with concanamycin A.

(E) and (F) Electron micrographs of atg4a4b-1 mutant roots treated with concanamycin A.

Roots of 1-week-old wild-type ([A] to [D]) and atg4a4b-1 ([E] and [F]) seedlings were treated with concanamycin A (1 wM) under nitrogen-starved
conditions for 6 h. The same regions of the root tip were compared. Bars = 10 um for (A) and (E), 500 nm for (C) and (D), and 1 wm for (B) and (F).

important catalytic domains in Arabidopsis, ATG4, ATG7, and
ATGS, strongly suggest that Arabidopsis has similar mecha-
nisms of autophagy to that seen in yeast. This prediction has
been further supported by the demonstration that wild-type
ATG7 can complement the phenotype seen in the Arabidopsis
T-DNA mutant of ATG7, but ATG7C/S, which contains a mutation
in a catalytic amino acid and is predicted to be enzymatically
inactive, cannot (Doelling et al., 2002). In this study, we have
clearly shown that in plant autophagy a ubiquitination-like Atg8
lipidation system functions in a similar fashion to that in yeast.

This conclusion is based on the observation that the C terminus
of ATG8s was cleaved in an ATG4-dependent fashion and that
GFP-ATG8-As were not transported to the vacuoles under
nitrogen-starved conditions, but instead accumulated in the
cytosol with a diffuse or small dot-staining pattern. It is also
supported by the observations that GFP-ATGS8s, in wild-type
plants, were localized to putative autophagosomes under
nutrient-rich conditions and transported to the vacuoles un-
der nitrogen starvation, but not in the ATG4-disrupted mutant,
atg4a4b-1. In addition, protein blot analysis showed that ATG8*



A
wild-type atgdadb-1
B
=
3 _‘ID %5 §3
E e ]
SN AT
s E8] 547 L g
= £
£ 2 L 22
2 Iy £3 £
2 <] E =
3 g 5 5
2 T4 =9 .4
= 5] /4 -
51 = = 514
E ) 5 £
o EJ,‘Z' 811 2
@ E =
-l 3 ﬁ
0 . 0 =g . 8

" s,
é
]
b3
)
L]

wild-type
atg4adb-1
wild-type
atgsast-1[il-

wild-type
atgdadb-1
wild-type

Figure 11. Phenotype of atg4a4b-1 Mutants Caused by Defects in
Autophagy under Nitrogen-Depleted Conditions.

(A) Roots of wild-type (left) and atg4a4b-1 (right) plants grown on
nitrogen-free medium for 21 d.

(B) Statistical evaluation of primary root length, length of the entire root
system, number of lateral roots (LR) per primary root length, and total
length of lateral roots per primary root length. Seeds of wild-type and
atg4a4b-1 plants were sowed on nitrogen-free medium, and after 21 d,
primary root length, number of lateral roots, and total length of lateral
roots were counted using NIH Image. Error bars represent sb. All
measurements were made on at least 10 individual plants.

was detected in wild-type plants but not in atg4a4b-1. Further-
more, we could detect the putative ATG8-ATG3 conjugates in
wild-type plants but not in atg4a4b-1 by immunoblotting using
sample buffer without reducing agent (Figure 6E). However, it
remains to be conclusively shown that ATG8s are modified
with PE.

It is likely that ATGSi is able to be modified at its C terminus
without processing because the Gly residue is exposed in a newly
synthesized molecule. Therefore, GFP-ATG8i was expected to
be transported to the vacuoles under nitrogen-starved condi-
tions even in the atg4a4b-1 mutant. We observed, however, that
in atg4a4b-1 under nitrogen-starved conditions, GFP-ATG8i was
not transported to the vacuoles, but behaved in a similar manner
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to ATG8a and 8e. ATG8i would not have been able to deconju-
gate from the putative PE-conjugated form even though it could
be modified at its C terminus in the absence ATG4s. We therefore
concluded that the deconjugation reaction is also essential for
plant autophagy.

Physiological Roles of Plant Autophagy

Recent reports of the phenotypes of Arabidopsis atg mutants,
atg7-1 and atg9-1, in which the ATG genes had been disrupted
by T-DNA, have discussed the physiological roles of autophagy
in plants (Doelling et al., 2002; Hanaoka et al., 2002). In both
cases, the mutants exhibited early senescence of rosette leaves
even under nutrient-rich conditions and fewer seeds under
nutrient-limiting conditions; however, these plants were never-
theless able to undergo a complete life cycle. Surpin et al. also
reported that the T-DNA insertion mutant of VT/72, whose yeast
homolog has been shown to be involved in autophagosome
docking and fusion, showed an accelerated senescence phe-
notype under nutrient-limiting conditions (Surpin et al., 2003).
The phenotype of atg4a4b-1 was similar to that of atg7-1, atg9-1,
and vti12. This work provides further support for the hypothesis
that autophagy is required for the maintenance of cellular
viability. In addition, atg7-1 displayed a reduction in the growth
rate of roots under nutrient-limiting conditions (Doelling et al.,
2002). In this study, we also focused on the growth rate of roots
under nutrient-limiting conditions. We were able to examine this
aspect in detail because we had developed a way to monitor
the autophagic process in the Arabidopsis roots and to observe
the autophagic defect in the roots of atg4a4b-1. Our detailed
examination indicated that autophagic defect in atg4a4b-1 led
not only to a reduced growth rate in the primary root, but also to
that of lateral roots under nutrient-limiting conditions. It appeared
that this reduction was caused by a reduction in cell number
because there was almost no difference in the cell size within the
roots in the same regions (data not shown). When plants are
exposed to more extreme nitrogen-deficient conditions, a gen-
eral inhibition of growth is observed, but root growth is de-
creased by a smaller amount than shoot growth (Bloom et al.,
1985; Schulze and Chapin, 1987). Plant autophagy might play
arole in such a situation; it will contribute to the improvement of
nutrient acquisition by developing a root system when nitrogen
source is limiting. We are currently investigating how autophagy
contributes to root elongation, and furthermore, why atg mutants
exhibit an early senescence phenotype.

The careful phenotypic analysis of atg4a4b-1 also provides
new knowledge. The phenotypes seen in atg4a4b-1 were more
severe to those of atg9-1 (data not shown). In atg9-7 roots,
autophagic bodies slowly accumulated in the presence of con-
canamycin A, despite the presence of a null mutation. This was
also confirmed by another mutant allele, atg9-2 (data not shown),
indicating that the autophagic defect in atg9 is leaky. However, in
the yeast atg9 mutant, autophagy is completely blocked. These
results suggest that higher plants have a complicated, plant-
specific autophagy pathway. Further analyses of atg mutants
using the monitoring systems established in this study will further
elucidate the molecular mechanisms and physiological roles of
plant autophagy.
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METHODS

Plant Material and Growth Conditions

The Arabidopsis thaliana ecotype Wassilewskija was used in this study.
The plants were grown on rockwool using vermiculite as soil or hydro-
ponically at 22°C with 16-h-light/8-h-dark cycles. The hydroponic culture
was performed as described by Hanaoka et al. (2002). For nitrogen
starvation, 5-week-old plants hydroponically grown in nutrient medium
were transferred to nitrogen-depleted medium that had been prepared by
replacing KNO3; and Ca(NOj), with KCI and CaCl,. For plate-grown
plants, seeds were surface sterilized, chilled at 4°C for 4 d, and then sown
and grown on MS medium. For nitrogen-depleted MS medium (MS-N),
the medium was prepared by depleting the NH,NO3 and replacing the
KNO3 with KCI.

Identification of ATG Genes

Genes homologous to yeast (Saccharomyces cerevisiae) ATG were
searched for in the Arabidopsis whole genome database using the
Arabidopsis Information Resource BLAST 2.2.8 program (Altschul et al.,
1997), and the amino acid sequence alignment was performed using the
program Megalign (DNASTAR, Madison, WI).

RT-PCR Analysis of ATG8 and ATG4 Expression

To examine the tissue-specific expression of the ATG8a-i, ATG4a, and
4b genes, total cellular RNA was prepared, using the guanidium
isothiocyanate/CsCl method, from roots, stems, leaves, flowers, and
siliques of wild-type Arabidopsis that had been grown in hydroponic
culture for 4 to 5 weeks (Cox and Goldberg, 1988). cDNA was generated
using the ProSTAR RT-PCR kit (Stratagene, La Jolla, CA) following the
manufacturer’s instructions. cDNA derived from 0.2 pg of total RNA was
used as template for each PCR reaction. Gene-specific primers used are
as follows: for ATG8a (At4g21980), 5'-TCGGAGACTAATCGAATCGC-3’
and 5'-CATCAAAGTCATCCAAAGATCG-3'; for ATG8b (At4g04620.1
and At4g04620.2), 5'-CATCGTAGATACTAACCGAATCATC-3' and 5'-GAT-
CAGACGTAGAAGCTGAGG-3'; for ATGS8c (At1g62040), 5'-AAT-
CTTTGATTCTTTAATCGCC-3' and 5'-CAAAGCAACATTTACATTAATA-
GTAG-3'; for ATG8d (At2g05630), 5'-TCTCTTCTCTGTTTCTCTCTCG-3’
and 5'-TCGATCCACATATTCCAAGC-3'; for ATG8e (At2g45170.1),
5'-TTCCATCAAATTCTCTCTCTAAG-3' and 5'-CGGATTCTCAGAGGTC-
AGAG-3'; for ATG8f (At4g16520.1 and At4g16520.2), 5'-GTAGTCTA-
CAGGCGTGGAAGG-3' and 5'-TTATGGAGATCCAAATCCAAATG-3'; for
ATG8g (At3g60640), 5'-CGCATAATCCAGAGAGGACC-3' and 5'-CATT-
CAATTAAAAGCAAGAACACC-3'; for ATG8h (At3g06420), 5'-TCATT-
CGTCGTGAAATCTG-3' and 5'-AAATCTTTTGTTAGCCGAAAG-3'; for
ATG8i (At3g15580), 5'-CCGGGCGGTCGAAGAAG-3’ and 5'-ACACAGA-
CACTAACATCATTATTGG-3'; for ATG4a (At2g44140.1), 5'-ATGAAGG-
CTTTATGTGATAGATTTGTTC-3' and 5'-TCAGAGCATTTGCCAGTCAT-
CTTCAC-3’; for ATG4b (At3g59950.1), 5'-ATGAAGGCTTTATGTGATA-
GATTTGTTC-3' and 5'-GTCACACAATGAAAAGAATGGCTAGGAG-3';
for UBQ10 (At4g05320), 5'-TTCACTTGGTCCTGCGTCTTCGTGGTG-
GTTTC-3' and 5'-CATCAGGGATTATACAAGGCCCC-3'. To examine
the effect of nitrogen starvation on the expression of ATG8a-i, ATG4a,
and 4b genes, 0.2 pg of total cellular RNA from leaves was isolated after 1,
3, 6, and 12 h of nitrogen starvation and subjected to quantitative or
semiquantitative RT-PCR. Quantitative RT-PCR was performed by the
method described previously (Kamada et al., 2003). Gene-specific
primers used for quantitative RT-PCR are as follows: for ATG8a,
5'-TCGATTCTTCTTCTCCAGTTTCAATCA-3’ and 5'-CCATTGCGATTC-
GATTAGTCTCCGAAG-3’; for ATG8b (At4g04620.1 and At4g04620.2),

5'-TTACCTCAGCTTCTACGTCTGATCCTC-3’ and 5'-AGAGAGTCAAA-
TTAGAATCTTGTTTCA-3'; for ATG8c, 5'-CCTAATTCTGTTTTCTACAC-
GAAACCC-3' and 5'-GGCGATTAAAGAATCAAAGATTAGGGC-3'; for
ATG8d, 5'-TGCGCTTGGAATATGTGGATGCATCAG-3' and 5'-CAC-
CATGAACGGAAGACCTTATCAT-3’; for ATG8e (At2g45170.1 and
At2g45170.2), 5’ -ATTAGTCTATGTACATTTTAACAAGTG-3' and 5'-TAA-
TCTCTGACCTCTGAGAATCCGCCA-3'; for ATG8f (At4g16520.1),
5'-GCTTATTTGCTTTTTCTTTCATATTTTITTCG-3" and 5'-CATTCCTTC-
CACGCCTGTAGACTACAAAG-3'; for ATG8g, 5'- CCAACACTTTGTTTG-
CAAACCGATTGG-3' and 5'-GGTGTTCTTGCTTTTAATTGAATGTAA-3';
for ATG8 h, 5'-GAACAATCAAAAACGAACTAACCAAAC-3’ and 5'-ATC-
CCCATTACAGATTTCACGACGAATGA-3'; for ATG8i, 5'-GCAGTGAGA-
AAACCTTTGGTTGATCC-3' and 5'-GCTTAACAAGTGTTTGATGTCTT-
TTG-3'. The gene specificity of each primer was confirmed by PCR using
plasmids subcloned each full-length cDNA (data not shown).

Antibody Production and Immunoblot Analysis

The ATG8a and 8i coding regions, from nucleotides 1to 351 of ATG8a and
1 to 345 of ATG8i, were amplified by PCR from the full-length cDNA using
the following primers: for ATG8a, 5'-CGCggatccCAATGGCTAA-
GAGTTCCTTC-3' and 5'-CGCggatccTCCAAAAGTGTTCTCTCCAC-
TGT-3'; and for ATG8i, 5'-CGCggatccAGATGAAATCGTTCAAGGAACA-
ATAC-3' and 5'-CGCggatccACCAAAGGTTTTCTCACTGCT-3, designed
to contain a BamHl site (lowercased) at both ends. The resulting products
were digested with BamHI and inserted into pGEX-3X (Amersham
Biosciences, Piscataway, NJ) for expression in Escherichia coli. After
5 h of induction with 0.05 mM isopropyl-B-D-thiogalactopyranoside, the
ATG8a and 8i recombinant proteins were purified from the lysates by
affinity chromatography on a glutathione-Sepharose 4B column using
Factor Xa (Amersham Biosciences) and used to raise polyclonal anti-
bodies in rabbits. Antisera against ATG8a and 8i were subsequently
affinity purified by passing the sera over a column of ATG8a or 8i
recombinant proteins coupled to cyanogen bromide-activated Sephar-
ose 4B (Amersham Biosciences).

Plant protein samples were prepared as follows: 300 mg of each plant
were homogenized in 300 pL of SDS sample buffer without a reducing
agent and bromophenol blue (0.1 M Tris-HCI, pH 6.8, 4% [w/v] SDS, and
20% [v/v] glycerol) and boiled for 2 to 3 min, then centrifuged at 500g for
1 min. The resultant supernatant was used as total protein. Total pro-
teins were quantified by the BCA protein assay reagent kit (Pierce,
Rockford, IL).

For immunoblot analyses, total protein extracts that had been sub-
jected to SDS-PAGE with or without 6-M urea were transferred to
polyvinylidene difluoride membranes (Millipore, Bedford, MA), and the
membranes were blocked using 5% milk powder. Primary and secondary
antibodies were diluted 1:200 and 1:5000 in TBS containing 0.1% Tween
20, respectively. The secondary antibodies used were peroxidase-
conjugated goat anti-rabbit immunoglobulins (Jackson ImmunoResearch
Laboratories, West Grove, PA). Signals were detected using the Western
Lightning Chemiluminescence Reagent Plus kit (Perkin-Elmer Life Sci-
ences, Boston, MA).

Cleavage Assay for Arabidopsis ATG8s in Yeast atg Mutants

To express Arabidopsis ATG4 proteins in yeast, Arabidopsis ATG4 genes
were inserted into the yeast expression vector pKT10, which contains the
URAS3 marker, under the control of the GAP promoter (Hanaoka et al.,
2002). To express 3xmyc-tagged ATG8s proteins in yeast, ATG8 genes
were amplified by PCR from the full-length cDNA using the following
primers: for ATG8a, 5'-CGCggatccCAATGGCTAAGAGTTCCTTC-3' and



5'-CGCggatccTCCAAAAGTGTTCTCTCCACTGT-3'; for ATG8b, 5'-CGC-
ggatccTCATGGAGAAGAACTCCTTCAAGC-3’' and 5'-CGCggatccAC-
CAAATGTGTTCTCTCCACTGT-3'; for ATG8c, 5'-CGCggatccCCATGG-
CTAATAGCTCTTTCAAG-3' and 5'-CGCggatccACCAAAGGTGTTCT-
CTCCACTG-3'; for ATG8d, 5'-CGCggatccTCATGGCGATTAGCTCCTT-
CAA-3' and 5'-CGCggatccCCCGAACGTGTTCTCACCACTG-3'; for
ATG8e, 5'-CGCggatccAGATGAATAAAGGAAGCATCTTTAAGATGG-3’
and 5'-CGCggatccACCGAATGTGTTCTCGCCACTG-3'; for ATGS8f, 5'-
CGCggatccGAATGGCAAAAAGCTCGTTCAAG-3’ and 5'-CGCggatccT-
CCAAATGTGTTTTCTCCGCTG-3'; for ATG8g, 5'-CGCggatccAGATG-
AGTAACGTCAGCTTCAGG-3' and 5'-CGCggatccTCCAAAAGTGTTTT-
CCCCACTG-3'; for ATG8h, 5'-CGCggatccTAATGGGGATTGTTGTC-
AAGTCTTTC-3' and 5’-CGCggatccGCCGAAAGTTTTCTCGGTGCTG-
3’; and for ATGSi, 5'-CGCggatccAGATGAAATCGTTCAAGGAACAA-
TAC-3' and 5’'-CGCggatccACCAAAGGTTTTCTCACTGCT-3’, designed
to contain a BamHI site (lowercased) at both ends. The fragments
digested with BamHI were substituted for the BamHI-BamHI ATG8
ORF fragment of pRS315:ATG8, which contains an ATG8 fragment that
includes the promoter region and the inserted 3xmyc sequence.
pRS315:ATG8 was generated by cloning 1.3 kb of the Spel-EcoRI
fragment from an ATG8 plasmid, which was derived from the pRS316
vector (Kirisako et al., 2000), into the yeast expression vector pRS315
containing a LEU2 marker. Cells of Aatg4Aatg8 (MATa leu2 ura3 his3 trp1
lys2 suc2-A9 Aatg8::HIS3 Aatg4::TRP1 Apho8::PHO8A60) were trans-
formed with these plasmids. The transformants were cultured in
SC-without-leucine medium to express ATG8s or SC-minus-leucine-
and-uracil medium to express ATG8s and ATG4s. All cultures were then
transferred to SD-N medium (Burke et al., 2000).

Yeast whole-cell lysates were prepared as previously described
(Hanaoka et al., 2002) and subjected to 13.5% (w/v) polyacrylamide
SDS-PAGE and analyzed by immunoblotting using an anti-myc antibody
(9E10) (Berkeley Antibody, Richmond, CA) or anti-ATG8a and anti-ATG8i
antibodies.

Subcellular Fractionation and Solubilization of ATG8s

Leaves were chopped in chilled extraction buffer (100 mM Tris-HCI, pH
7.5,400 mM sucrose, 1 mM EDTA, 0.1 mM phenylmethylsulfonyl fluoride,
10 pg/mL of leupeptin, 10 pg/mL of pepstatin A, and 4% [v/v] protease
inhibitor cocktail; Roche, Penzberg, Germany) using a razor and were
then filtered through four layers of cheesecloth and centrifuged at 500g
for 5 min to remove cell debris. The supernatant (T) was centrifuged at
13,000g for 15 min to generate the 13,0009 membrane fraction (LSP). The
resulting 13,000g supernatant was then centrifuged at 100,000g for 1 h to
generate the 100,000g membrane fraction (HSP) and the soluble fraction
(HSS). Pellets were resuspended in extraction buffer, and fractions were
subjected to SDS-PAGE and immunoblot analysis using purified anti-
ATG8a antibodies.

For solubilization of ATG8s, the LSP and HSP fractions were resus-
pended in extraction buffer plus 1 M NaCl, 2 M urea, 0.1 M Na,COg, 2%
Triton X-100, and 1% DOC and incubated on ice for 1 h. Samples were
then centrifuged at 100,000g for 1 h to separate soluble from insoluble
fractions. The pellets were resuspended in SDS sample buffer. The
supernatants were precipitated using TCA, and the protein pellets were
washed in acetone and resuspended in SDS sample buffer. Samples
were analyzed by SDS-PAGE and immunoblotting with purified anti-
ATG8a antibodies.

Transient Expression of GFP-ATGS8 Fusion Proteins in Arabidopsis
Suspension Culture Cells

The full-length ORF of ATG8a, 8e, and 8i with BamHI sites at both ends
were amplified by PCR and fused to the C terminus of the ORF of EGFP in
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pEZS-CL plasmids. Primers used are as follows, each designed to
introduce a BamHI site (indicated by lowercase letters): for ATG8a, 5'-
CGCggatccCAATGGCTAAGAGTTCCTTC-3' and 5'-CGCggatccTCAA-
GCAACGGTAAGAGATCCAA-3'; for ATG8e, 5'-CGCggatccAGATGAA-
TAAAGGAAGCATCTTTAAGATGG-3' and 5'-CGCggatccTTAGATTGAA-
cCTTAGATTGAAGAAGCACCGAATGTG-3'; for ATG8i, 5'-CGCggatccA-
CGCggatccAGATGAAATCGTTCAAGGAACAATAC-3’ and 5'-CGCggat-
ccTCAACCAAAGGTTTTCTCACTGC-3'. GFP-ATG8-A plasmids were
produced by site-directed mutagenesis using the above wild-type GFP-
ATG8 plasmids as templates. Primers used are as follows: for ATG8a-A,
5'-GAGAGAACACTTTTGCATCTCTTACCGTTGC-3' and 5'-GCAACGG-
TAAGAGATgCAAAAGTGTTCTCTC-3'; for ATG8e-A, 5'-GGCGAGAA-
CACATTCGCcTGCTTCTTCAATCTA-3 and 5'-TAGATTGAAGAAGCAQC-
GAATGTGTTCTCGCC-3’; for ATGSi-A, 5'- GTGAGAAAACCTTTGCTT-
GAGGATCCACCG-3' and 5'-CGGTGGATCCTCAAgCAAAGGTTTTCT-
CAC-3’ (lowercase letters represent point mutation sites). A pEZS-CL
plasmid containing GFP alone was used as a control.

Transient expression of GFP-fused ATG8 proteins in a suspension of
Arabidopsis cultured cells was performed by a method described pre-
viously (Ueda et al., 2001). For nitrogen starvation, transformed cells were
transferred to MS-N medium supplemented with 0.4 M mannitol and
incubated under gentle agitation at 23°C for 48 h in the dark. Transformed
cells were observed with a fluorescence microscope (Olympus [X81;
Tokyo, Japan).

Identification of T-DNA Mutants

The atg4a-1 plant was isolated from an Arabidopsis T-DNA-mutagenized
population created at the University of Wisconsin Arabidopsis Knockout
Facility using a PCR-based reverse genetic screen (Krysan et al., 1996,
1999). The atg4b-1 plant was isolated using the T-DNA insertion line
screening system engineered at the Kazusa DNA Research Institute as
described previously (Hanaoka et al., 2002). The primers used to detect
T-DNA insertions into the ATG4a and ATG4b genes are as follows: for
atg4a-1, ATG4a-specific primers were 5'-ATGAAGGCTTTATGTGATA-
GATTTGTTC-3" and 5'-TCAGAGCATTTGCCAGTCATCTTCAC-3', and
the T-DNA-specific primers were 5'-CATTTTATAATAACGCTGCGGA-
CATCTAC-3’' and 5'-TTTCTCCATATTGACCATCATACTCATTG-3'. For
atg4b-1, ATG4b-specific primers were 5'-GTCACACAATGAAAA-
GAATGGCTAGGAG-3' and 5'-CGGAATTCGTTGTATTTGGTGCTTAAT-
GA-3’, and the T-DNA-specific primers were 5-TAGATCCGAAA-
CTATCAGTG-3' and 5'-ATAACGCTGCGGACATCTAC-3'. DNA se-
quencing of PCR-amplified fragments carrying the T-DNA genome
junctions determined the position of the T-DNA insertion in each gene.

Plasmid Constructions and Arabidopsis Transformation

To construct plasmids for generating stable transformants constitutively
expressing GFP-ATG8 fusion proteins, plasmids that transiently ex-
pressed each GFP-ATG8 protein under control of a 35S promoter of
Cauliflower mosaic virus and octopine synthase terminator were digested
with Notl and blunt-end ligated into the Smal site of pPCAMBIA 2300
(CAMBIA, Black Mountain, Australia). A pEGAD plasmid containing GFP
alone (Cutler et al., 2000) was used as control. To construct the plasmid
for complementation of the atg4a4b-1 mutant, a 5357-bp genomic
fragment containing a 3-kb sequence upstream from the start codon
and the ATG4a coding region was amplified by PCR using a primer
set, 5'-CGGggtaccTCTGCAACCTACAGCCCCACAATGGCAGTC-3' and
5'-CGGggtaccCTCTACTCTTCCATTTTCGCATGCTTC-3, designed to
introduce a Kpnl site (lowercased) into both ends. The fragment was
digested with Kpnl and then cloned into the Kpnl site of the pCAM-
BIA2300 vector (CAMBIA), resulting in the tATG4a construct. These
constructs were verified by sequencing and introduced into wild-type
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and/or atg4a4b-1 Arabidopsis plants by the floral-dip method of in planta
Agrobacterium tumefaciens—mediated transformation (Clough and Bent,
1998). Transgenic plants expressing GFP-ATG8s or atg4a4b-1 mutants
expressing the tATG4a transgene were selected on MS medium without
sucrose containing 50 pg/mL of kanamycin. At least five independent
transgenic plants were obtained, and representative data are shown in
Figures 7 and 8.

Analysis of the Cellular Localization of GFP Fusion Proteins in
Arabidopsis Roots

Primary roots of transgenic plants expressing GFP-ATG8s grown on MS
medium for 1 week were cut and mounted in water for microscopic
observation. For nitrogen-starved conditions, transgenic plants grown
on MS medium for 1 week were transferred to MS-N medium for an
additional 7 d in the dark and then observed. The subcellular localization
of GFP fusion proteins was analyzed with a Zeiss LSM 510 confocal laser
scanning microscope (Zeiss, Jena, Germany) using a 488/568-nm ArKr
laser in combination with a 505- to 550-nm band-pass filter set. Image
acquisition and processing were performed using a Zeiss laser scanning
microscope (LSM 510, version 2.01) and Adobe Photoshop 5.5 (Adobe
Systems, San Jose, CA).

Concanamycin A Treatment

Primary roots of wild-type, atg4a4b-1, or atg4a4b-1;tATG4a plants
vertically grown on MS medium for 1 week were cut and then incubated
in MS-N liquid medium containing 1 pM concanamycin A (C-9705;
Sigma-Aldrich, St. Louis, MO) under gentle agitation at 23°C for 6 to 12 h
in the dark. The roots were mounted in water and observed by conven-
tional transmission light microscopy (Olympus [X81). Primary roots of
transgenic plants expressing GFP-ATG8s were also treated with con-
canamycin A as described above and observed by epifluorescence
microscopy (Olympus 1X81).

Electron Microscopy

The root tips of wild-type and atg4a4b-1 primary roots treated with
concanamycin A were fixed in a 0.1 M cacodylate buffer containing 2%
glutaraldehyde for 3 h in an ice bath. The specimens were rinsed in the
same buffer and postfixed in 2% osmium tetroxide for 3 h in an ice bath.
Dehydrated specimens were embedded in epoxy resin (Epon 812).
Ultrathin sections (70 to 80 nm) were made with an LKB-8800 ultrami-
crotome (Amersham Biosciences) using a diamond knife and mounted on
200-mesh copper grids. Sections were stained with 2% uranyl acetate
and lead citrate. The sections were observed with a JEM-2000EX
transmission electron microscope (JEOL, Tokyo, Japan) operating at
100 kV.

Phenotypic Analysis of atg4a4b-1 Mutants

Phenotypic analyses were performed as described previously (Hanaoka
et al., 2002), except for examination of root elongation under nitrogen-
starved conditions. For measurement of root elongation under nitrogen-
starved conditions, wild-type and atg4a4b-1 mutant seeds were sowed
on MS-N medium and then, after 21 d, primary root length, number of
lateral roots, and total length of lateral roots were counted using NIH
Image 1.44 (Bethesda, MD).
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