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Plants employ sophisticated mechanisms to recycle intracellular constituents needed for growth, development, and survival
under nutrient-limiting conditions. Autophagy is one important route in which cytoplasm and organelles are sequestered in
bulk into vesicles and subsequently delivered to the vacuole for breakdown by resident hydrolases. The formation and
trafficking of autophagic vesicles are directed in part by associated conjugation cascades that couple the AUTOPHAGY-
RELATED8 (ATG8) and ATG12 proteins to their respective targets, phosphatidylethanolamine and the ATG5 protein. To help
understand the importance of autophagy to nutrient remobilization in cereals, we describe here the ATG8/12 conjugation
cascades in maize (Zea mays) and examine their dynamics during development, leaf senescence, and nitrogen and fixed-carbon
starvation. From searches of the maize genomic sequence using Arabidopsis (Arabidopsis thaliana) and rice (Oryza sativa)
counterparts as queries, we identified orthologous loci encoding all components necessary for ATG8/12 conjugation, including
a five-member gene family expressing ATG8. Alternative splicing was evident for almost all Atg transcripts, which could have
important regulatory consequences. In addition to free ATG8, its membrane-associated, lipidated form was detected in many
maize tissues, suggesting that its conjugation cascade is active throughout the plant at most, if not all, developmental stages.
Levels of Atg transcripts and/or the ATG8-phosphatidylethanolamine adduct increase during leaf senescence and nitrogen
and fixed-carbon limitations, indicating that autophagy plays a key role in nutrient remobilization. The description of the
maize ATG system now provides a battery of molecular and biochemical tools to study autophagy in this crop under field
conditions.

The recycling of intracellular constituents is critical
to all organisms for optimal growth and development
and survival under nutrient-limiting conditions. This
recycling is especially important throughout a plant’s
life cycle, especially as plants scavenge available nu-
trients from storage tissues and older senescing leaves
for the synthesis of reproductive organs and new
leaves and during whole plant senescence as fixed
carbon (C) and nitrogen (N) are mobilized to repro-
ductive or storage organs (Vierstra, 1996; Hopkins
et al., 2007; Lim et al., 2007). The process is initiated in
source tissues by dramatic changes in gene expression,
in which genes involved in basic metabolism, includ-

ing photosynthesis and protein biosynthesis, are
down-regulated while those involved in programmed
cell death and the stress response and/or encoding
various hydrolytic enzymes are up-regulated (Hopkins
et al., 2007; Lim et al., 2007). Nutrient mobilization in
plants, as in yeast and animals, involves a battery of
catabolic processes, including a sophisticated recy-
cling system called autophagy or “self-eating.” Here,
cytoplasm and organelles are sequestered in bulk into
special autophagic vesicles, which then deliver their
contents to the vacuole (or lysosome) for breakdown
by resident hydrolases (Thompson and Vierstra, 2005;
Bassham, 2007). The release products can be either
consumed by the host cell or transported to other
tissues and organs for reuse.

In yeast (Saccharomyces cerevisiae) and animal cells,
autophagy (also referred to as macroautophagy) be-
gins with the formation of a sequestering membrane
called the phagophore (or isolation membrane), which
engulfs portions of the cytoplasm to form the double
membrane-bound autophagosome vesicle (Ohsumi,
2001; Klionsky, 2007; Mizushima, 2007). The outer
membrane of the autophagosome fuses with the mem-
brane of the lytic compartment (i.e. vacuole in yeast
and lysosome in animals), and the inner vesicle is
released into the lytic compartment as an autophagic
body. Both the limiting membrane and contents of the
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autophagic body are then degraded by a cache of
hydrolases. While a number of studies have identified
autophagic bodies and autophagosome-like compart-
ments in plants, including those containing various
organelles (Moriyasu et al., 2003; Yoshimoto et al.,
2004; Inoue et al., 2006), the dynamics of the phago-
phore remain elusive.
Despite its relevance to the C/N economy of plants,

we are only now beginning to appreciate autophagy at
the molecular level. Key to this understanding was the
discovery of an elaborate recycling system in yeast
involving a suite of autophagy-related (ATG) proteins
(Ohsumi, 2001; Thompson andVierstra, 2005; Klionsky,
2007; Mizushima, 2007). Important factors include the
ATG1 kinase complex, which responds to various
nutrient sensors such as the target-of-rapamycin and
Snf1 kinases, and the downstream ATG6/Beclin1
phosphatidylinositol 3-kinase complex. These kinases
then modulate two ubiquitin (Ub)-like conjugation
cascades, which work sequentially to help assemble
the engulfing phagophore, fusion of the autophago-
some with the vacuolar membrane, and the subse-
quent deposition of autophagic bodies into the
vacuolar lumen.
The conjugation cascades center on two Ub-fold

proteins, ATG8 and ATG12, which become covalently
attached to their respective targets, the lipid phospha-
tidylethanolamine (PE) and the ATG5 protein, by
a process mechanistically similar to ubiquitination
(Ohsumi, 2001). Through a common ATP-dependent
E1 activating enzyme, ATG7, both ATG8 and ATG12
become adenylated at their C-terminal glycines and
then are bound by a thiolester bond to the active-site
Cys in ATG7. Activated ATG8 and ATG12 are then
donated by transesterification to the active-site Cys in
their respective E2 conjugating enzymes, ATG3 and
ATG10. Finally, ATG8 and ATG12 are linked via their
C termini to PE and ATG5 through peptide bonds. For
ATG8, the amino group of PE is the attachment site,
whereas for ATG12, the «-amino group of a conserved
Lys in ATG5 is the attachment site. The ATG4 pro-
cessing protease is also essential for ATG8 activity; it
exposes the C-terminal Gly in the longer ATG8 pre-
cursor and recycles mature ATG8 by releasing it from
the ATG8-PE adduct, presumably before fusion of the
autophagosome with the vacuolar membrane.
The biochemical roles of ATG8-PE and ATG12-

ATG5 conjugates have recently been revealed. Based
on cell-free studies, the ATG8-PE adduct appears to
promote the expansion of autophagosomal membrane
and hemifusion of this membrane with the vacuolar
membrane (Nakatogawa et al., 2007). ATG8-PE assem-
bly is stimulated in vitro by a complex containing the
ATG12-ATG5 adduct and ATG16, suggesting that the
ATG12-ATG5 adduct has an E3-like catalytic role in
ATG8 conjugation (Hanada et al., 2007; Fujita et al.,
2008). Whereas the ATG12-ATG5 conjugate is released
from the autophagosome before deposition in the
vacuole, at least some ATG8-PE enters the vacuole
attached to the autophagic body and is catabolized.

Over the past few years, obvious orthologs of var-
ious yeast ATG proteins have been detected in both
higher and lower plants, indicating that a similar
autophagic system likely exists throughout the plant
kingdom. The Arabidopsis (Arabidopsis thaliana) ge-
nome, for example, encodes proteins related to sub-
units of the yeast ATG1 kinase and ATG6/Beclin1
phosphatidylinositol 3-kinase complexes and all com-
ponents of the ATG8/12 conjugation cascades, includ-
ing small gene families encoding the two tags
(Doelling et al., 2002; Hanaoka et al., 2002; Surpin
et al., 2003; Yoshimoto et al., 2004; Liu et al., 2005;
Inoue et al., 2006; Fujiki et al., 2007; Xiong et al., 2007;
Phillips et al., 2008; A. Suttangkakul and R.D. Vierstra,
unpublished data). Using a recombinant system,
Fujioka et al. (2008) recently succeeded in assembling
a functional Arabidopsis ATG8 conjugation cascade in
vitro by adding ATP to reactions containing ATG7,
ATG3, and liposomes prepared with PE. Reverse ge-
netic analyses of several Arabidopsis components
have linked the ATG system, and by inference au-
tophagy, to senescence, survival under N- and fixed-
C-limiting growth conditions, the stress response, and
programmed cell death triggered by pathogen resis-
tance (Liu et al., 2005; Xiong et al., 2007; Phillips et al.,
2008). For instance, plants missing ATG4a/b, ATG5,
ATG7, or ATG10 senesce faster and are hypersensitive
to N starvation and extended darkness that limits the
availability of fixed C (Doelling et al., 2002; Yoshimoto
et al., 2004; Thompson et al., 2005; Phillips et al., 2008).
Using GFP-ATG8 fusions as markers, it was also
shown that these atg mutants block the vacuolar
accumulation of autophagic bodies during N and C
stress (Yoshimoto et al., 2004; Sláviková et al., 2005;
Thompson et al., 2005; Yano et al., 2007; Phillips et al.,
2008).

While our understanding of the Arabidopsis ATG
system is progressing, little is currently known about
this system or autophagy in other plant species. Given
the potential significance of autophagic recycling to
many agriculturally relevant processes, including seed
germination, N and C mobilization from leaves into
seeds, fruits, and roots, survival under suboptimal
growth conditions, pathogen protection, and senes-
cence (Liu et al., 2005; Thompson and Vierstra, 2005;
Bassham, 2007), information is especially needed for
crop plants. Such knowledge may reveal important
control points in autophagy that could be manipulated
in both food and biofuel crops to enhance nutrient use
efficiency or to better allocate C and N to specific
organs for improved yield. As the first step toward
understanding the importance of autophagy in crops,
we describe here a collection of components that
participate in the ATG8/12 conjugation cascades in
both rice (Oryza sativa) and maize (Zea mays) and
characterize the expression of the maize Atg genes and
the lipidation of ATG8 during development and in
response to nutrient limitations. The accumulation of
the ATG8-PE adduct in particular correlates with
senescence and N availability in maize, suggesting
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that it could be a sensitive indicator of a crop’s nutri-
tional status.

RESULTS

Identification of Rice and Maize Atg Genes

Previous genome searches of Arabidopsis identified
a suite of proteins structurally and functionally related
to many ATG components present in yeast (Thompson
and Vierstra, 2005; Bassham, 2007). To facilitate the
search for maize orthologs, we first identified a collec-
tion of Atg genes from the more complete and better
annotated japonica rice cDNA and genomic databases,
using the yeast and Arabidopsis counterparts as
queries (Table I). This rice collection contained easily
recognizable relatives (typical E values of less than
e250 by TBLASTN) of most Arabidopsis ATG genes,
with a number of components similarly encoded by
small gene families (e.g. five rice loci encoding ATG8
versus nine loci in Arabidopsis). The Arabidopsis and
rice collections were then used as queries in TBLASTN
searches of the various DNA sequence databases for
the maize B73 inbred, including the cDNA, EST, EST
assembly (e.g. ZmGI), genome survey sequence, and
genomic assembly (e.g. AZM) databases. In most
cases, alignments of the cDNA and genomic sequences
were used to establish the Zm Atg gene models.
However, in the absence of mRNA sequences, further
BLASTX alignments with Arabidopsis, rice, and yeast
ATG proteins were used to predict the full-length
protein sequences in the ZmAtg gene models. As high-
throughput B73 genome sequences became available
later, gaps in the Zm Atg gene models were eliminated
by sequence analysis of corresponding bacterial arti-
ficial chromosome (BAC) clones (Table II).

As shown in Figure 1A and Table II, this survey
identified five maize loci encoding the ATG8 protein
tag, two encoding the ATG4 processing protease, and
one gene each encoding the ATG12 protein tag, the
common ATG7 E1 activating enzyme, the ATG3 and
ATG10 E2 conjugating enzymes specific for ATG8 and
ATG12, respectively, and the ATG5 target of ATG12.
For almost all loci, strong amino acid sequence con-
servation was evident when compared with their rice,
Arabidopsis, and yeast orthologs (Table II). For exam-
ple, the five maize Atg8 genes (Zm Atg8a to Zm Atg8e),
which are 100% to 95%/100% to 84% similar/identical
to each other, are 94%/86% to 85% and 92% to 90%/
75% to 73% similar/identical to Arabidopsis ATG8a
and yeast ATG8, respectively (Fig. 2; Table II). The Zm
Atg8b and Zm Atg8c loci are on different chromosomes
but encode identical proteins, suggesting that this pair
arose by a recent gene duplication. Furthermore, key
amino acids necessary for the function of each com-
ponent were detected, indicating that the maize con-
jugation cascades are mechanistically identical to
those present in yeast and Arabidopsis. These residues
include the active-site Cys residues in ATG3, ATG7,
and ATG10 that form the thiolester adducts with ATG8
and/or ATG12, the Lys acceptor site in ATG5, the
positionally conserved Glys in ATG8 and ATG12 that
directly participate in covalent binding, and the Cys
essential for the proteolytic activity of ATG4 (Fig. 1A).

Our maize gene models were further validated by
sequence analysis of a collection of transcripts for each
Zm Atg gene (Table II). With the exception of Zm Atg5,
for which we were unable to generate a cDNA by
reverse transcription (RT)-PCR, presumably due to the
high GC content of its 5# end, cDNAs encompassing
the full coding region for each locus were obtained.
These cDNA sequences not only confirmed that each

Table I. Collection of rice Atg genes

N.S., Not significantly similar in a pairwise BLAST analysis.

Gene TIGR Locus
GenBank Accession No.

for Corresponding cDNA

No. of Amino

Acid Residues

Identity/Similarity to

Yeast; Arabidopsisa

Atg3a Os01g10290 AK067737 314 32/51%; 73/86%
Atg3b Os10g41110 AK241567 314?b 46/56%; 77/90%
Atg4a Os03g27350 AK242832 474 27/39%; 51/68%
Atg4b Os04g58560 AK069012 478 26/43%; 50/67%
Atg5 Os02g02570 AK063557 380 21/41%; 52/67%
Atg7 Os01g42850 AK067422 1,042 29/48%; 47/63%
Atg8a Os07g32800 AK059939 119 73/92%; 84/94%
Atg8b Os04g53240 AK121268 119 74/91%; 84/92%
Atg8c Os08g09240 AK121169, AK062573 120 74/91%; 87/95%
Atg8d Os11g01010 CI298209, CF992091,

CI034410, EE591899
118 51/74%; 53/71%

Atg8e Os02g32700 No supporting EST 107?b 52/78%; 51/75%
Atg10a Os04g41990 AK241831 198?b N.S.; 42/56%
Atg10b Os12g32210 AK099684 110 N.S.; 33/55%
Atg12 Os06g10340 AK243073 93 35/67%; 76/88%

aSequence compared with the single gene product in yeast and the a isoform from Arabidopsis. bIn the
absence of supporting full-length cDNA or EST data, the amino acid sequence length was predicted by
comparing the corresponding genomic sequence with the amino acid sequence of its paralogous protein.

Chung et al.

222 Plant Physiol. Vol. 149, 2009



Zm Atg gene is transcriptionally active but also iden-
tified a number of splice variants for many loci (Fig. 1,
B and C; Table III; Supplemental Table S1). The num-
ber of Zm Atg genes with splice variants (11 of 12
genes) was higher than for Arabidopsis (seven of 17)
or rice (11 of 14; Table III). The average number of
splice variants per gene was also higher in maize,
suggesting that alternative pre-mRNA splicing is more
extensive in this species.
Some of the splice variants substantially changed

the corresponding reading frames, indicating that the
resulting mRNAs would direct the synthesis of altered
proteins if translated. For example, several splice
variants of Zm Atg4b could affect the activity of the
encoded protease by removing a stretch of amino acids
near its active-site Cys (Fig. 1B). Additionally, several
splice variants of Zm Atg10 eliminate the exonic region
encoding the active-site Cys that binds ATG12 during
its conjugation cascade (Fig. 1C), thus inactivating the
variant ATG10 protein. Whether any of these variant
proteins actually accumulate and adversely affect the
ATG8 or ATG12 conjugate cascades is not yet known.

Maize and Rice ATG7 Has a Duplicated
C-Terminal Region

Initially, there was no clear full-length cDNA model
for Zm Atg7, even though our BLASTanalyses detected
ESTs corresponding to the 3# end of the transcript.
Fortunately, we were able to generate a putative full-
length Atg7 cDNA by RT-PCR using a forward primer
designed from a partial 5# genomic sequence and a
reverse primer based on the partial 3# EST. This longer
Zm Atg7 cDNA matched (1) our partial maize gene
models, (2) a full-length gene model generated from a
more recently released BAC sequence of maize, and (3)
a predicted full-length riceAtg7 transcript. Surprisingly,
when aligned with the Arabidopsis ATG7 coding re-
gion, we found that the rice and maize transcripts
encoded substantially longer polypeptides (1,021 and
1,042 residues for maize and rice ATG7, respectively,
versus 697 residues for Arabidopsis ATG7).

Dot plot amino acid sequence comparisons of the
maize and rice polypeptides with Arabidopsis ATG7
revealed that the increased length was created solely by
a sizable duplication of the C-terminal region of the
maize and rice proteins (Fig. 3A; data not shown). This
arrangement has not yet been described in other plants,
fungi, or animals, implying that it was generated by a
cereal-specific tandem duplication. The region involved
in the duplication is essential for the E1 activating
activity of ATG7, as it contains both the nucleotide-
bindingpocket and the conservedCys that bindsATG8/
12 via thiolester bond (Doelling et al., 2002; Fujioka et al.,
2008). Inmaize and rice, themoreC-terminal duplicated
region retained both the nucleotide-binding pocket and
the essential Cys, whereas the more internal duplicated
region had the essential Cys replaced by a Ser, implying
that the internal segment cannot be catalytically active
by itself (Fig. 3A).

To test whether the extended maize and rice ATG7
proteins retained their ability to interact with ATG8/12,
we examined by yeast-two hybrid (Y2H) analysis the
interaction of Zm ATG7 with Arabidopsis and maize
ATG8 and ATG12. As shown in Figure 3B, Zm ATG7,
like its Arabidopsis ortholog, could bind both tags,
including the At ATG8a and Zm ATG8a isoforms, Zm
ATG12, and both isoforms of At ATG12. The interac-
tions of the tags with At ATG7 were not abolished by
the C558A variant, in which the active-site Cys was
substituted for an Ala (Fig. 3B), indicating that the
binding was likely to be noncovalent and did not
require formation of the thiolester adduct. Taken to-
gether, we conclude that the maize (and likely rice)
ATG7 protein retained its ability to interact with its
ATG8 and ATG12 substrates despite the C-terminal
duplication.

Maize ATG8 Is Lipidated in Planta

The modification of ATG8 with PE is an important
molecular and cytological marker for autophagic com-
partments (Ohsumi, 2001, Mizushima, 2007). Whereas
the free form remains soluble, the lipidated form

Table II. Collection of maize Atg genes

N.S., Not significantly similar in a pairwise BLAST analysis.

Gene BAC Clones ZmGI No.
No. of Amino

Acid Residues

Identity/Similarity to Yeast;

Arabidopsis; Ricea

Atg3 AC204922, AC197919 TC316720 311 33/49%; 71/84%; 89/94%
Atg4a AC190579 TC324693 492 28/43%; 50/67%; 75/81%
Atg4b AC213882 TC336458 492 29/46%; 50/66%; 73/81%
Atg5 AC197692 TC337283 374 23/44%; 50/68%; 76/85%
Atg7 AC193430 TC366712 1,021 30/49%; 48/63%; 74/83%
Atg8a AC204058 TC329822 119 73/90%; 85/94%; 94/97%
Atg8b AC202429 TC326171 120 74/91%; 86/94%; 86/96%
Atg8c AC195583 TC352053 120 74/91%; 86/94%; 86/96%
Atg8d AC198749 TC337655 119 75/92%; 86/94%; 88/96%
Atg8e TC330328 119 75/92%; 85/94%; 88/96%
Atg10 AC205481 TC320991 215 N.S.; 44/60%; 63/74%
Atg12 AC188134 TC368886 91 36/60%; 82/89%; 77/89%

aSequence compared with the single gene product in yeast and the a isoform from Arabidopsis and rice.
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becomes bound to the limiting membranes of auto-
phagosomes and autophagic bodies via the PE anchor.
In an attempt to detect the ATG8-PE adduct in maize,
we first confirmed that the antibodies against Arabi-
dopsis ATG8a could recognize its maize orthologs. As
shown in Figure 4A, four of the five recombinant Zm
ATG8 proteins tagged with 6His were easily detected
by immunoblot analysis following SDS-PAGE. (Zm
ATG8c was not tested, since its amino acid sequence is
identical to that of Zm ATG8b [Fig. 2].) When com-
pared with their recognition by anti-5His antibodies, it
appeared that the sensitivities of the antibodies toward
Zm ATG8a to Zm ATG8e were not significantly dif-
ferent from that toward the At ATG8a antigen, con-
sistent with the strong amino acid sequence identities
among the group (Fig. 2). Whereas these antibodies
detected several members of the Arabidopsis ATG8
family in crude seedling extracts following SDS-PAGE
(Fig. 4B; Thompson et al., 2005; Phillips et al., 2008), a
single species was prominent in crude extracts from
maize seedlings (Fig. 4B), which is consistent with the
similar size and charge of the maize ATG8 proteins.

To study the lipidation of maize ATG8, we exploited
the assay developed by Yoshimoto et al. (2004) that
enriches for the ATG8-PE adduct by the centrifugal
isolation of a crude membrane fraction, solubilizes the
membranes with Triton X-100, and then separates
lipidated ATG8 from the free form by SDS-PAGE in
the presence of 6 M urea. Lipidation of ATG8 can then
be confirmed by treatment of the solubilized mem-
branes with phospholipase D (PLD), which converts
the faster migrating ATG8-PE adduct into the slower
migrating free form (Tanida et al., 2004; Fujioka et al.,
2008). When the maize samples were subjected to SDS-
PAGE in the presence of urea, we detected a faster
migrating species in addition to the slower migrating
free ATG8 protein (Fig. 4C; data not shown). This
faster migrating species could even be detected in
crude extracts prior to membrane isolation and be-
came highly enriched in the solubilized membranes,
as expected for a membrane-anchored protein. The
abundance of this faster migrating form was substan-
tially reduced upon incubation of the solubilized
membranes with PLD, indicating that this species is

Figure 1. Description of the maize Atg genes that participate in the ATG8/12 conjugation cascades. A, Diagram of the maize Atg
genes. Colored and gray boxes represent coding and untranslated regions, respectively. Solid lines represent introns, and
question marks indicate sequence gaps in introns. The predicted amino acid (aa) length for each of the corresponding proteins is
shown at right. The conserved active-site Cys residues (C) for ATG3, ATG4a, ATG4b, ATG7, and ATG10 and the conserved Lys (K)
acceptor site in ATG5 for ATG12 attachment are indicated by the black arrowheads. The predicted nucleotide-binding pockets
(Nt) in ATG7 are represented by red arrowheads. The diamond indicates the Ser residue within the degenerated active site in the
first duplicated C-terminal domain of ATG7 (see Fig. 3). B and C, Splice variants (SVs) of maize Atg4b (B) and Atg10 (C). Red
asterisks represent alternative 5# (for SV6 in Atg4b and SV3 and SV4 in Atg10) or 3# (for SV3, SV4, SV5, and SV6 in Atg4b and
SV2, SV5, and SV6 in Atg10) splice sites or sites of intron retention (for SV2 and SV3 in Atg4b and SV4 and SV6 in Atg10). See
Supplemental Table S1 for EST and cDNA sequences supporting each SV.
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a lipidated form of Zm ATG8 (Fig. 4C). While not
proven here, this species likely represents the PE
adduct (Fujioka et al., 2008).

Spatial and Temporal Patterns of Zm Atg Gene

Expression and ATG8 Lipidation

Previous studies with Arabidopsis demonstrated
that the genes encoding the ATG8/12 conjugation
cascades are ubiquitously expressed, with senescence
and nutrient limitations increasing transcript abun-
dance (Contento et al., 2004; Yoshimoto et al., 2004;
Buchanan-Wollaston et al., 2005; Sláviková et al., 2005;
Thompson et al., 2005; Rose et al., 2006; van der Graaff
et al., 2006; Osuna et al., 2007; Peng et al., 2007; Phillips
et al., 2008). Similar widespread expression was also
apparent for the orthologous maize loci. Using semi-
quantitative RT-PCR, we detected mRNAs for all Zm
Atg genes assayed in a variety of tissues, including the
shoot apex (Fig. 5A). Slight variations in the expression
levels of the five Zm Atg8 loci were observed, which
could reflect tissue-specific functions of the corre-
sponding isoforms (e.g. Zm Atg8c was best expressed
in the shoot apex, while Zm Atg8d was better ex-
pressed in older leaves; Fig. 5A).
To gain further insights into the regulation of ATG8

conjugation during development, we examined the
levels of the free ATG8 protein and its lipid adduct in
selected maize tissues at various stages of develop-
ment. In most cases, enrichment of the ATG8-PE
adduct by membrane isolation was not needed to

enable detection of the faster migrating lipidated form,
indicating that some maize tissues accumulate high
levels of this species. For example, both free ATG8 and
the ATG8-PE adduct were easily detected during
seed/seedling development in crude extracts pre-
pared from both the endosperm and embryo at in-
creasing times of maturity and in several parts of the
seedling at 5 d after germination (DAG; Fig. 5B). In
young embryos, almost all ATG8 was present in the
free form, but as they developed, the ATG8-PE adduct
appeared around 22 d after pollination (DAP). In
mature embryos at 30 DAP, the level of free ATG8
was substantially reduced, while the level of ATG8-PE
remained the same. The endosperm also accumulated
higher levels of the ATG8-PE adduct as it matured,
suggesting that autophagy may participate in pro-
grammed cell death during endosperm development.
A high level of adduct was evident in the scutellum,
but not in the plumule and radicle, during germina-
tion, which could reflect the autophagic mobilization
of stored reserves in the scutellum to support new
growth (Fig. 5B). Leaves harvested from soil-grown,
well-fertilized seedlings also contained both the free
and lipidated forms of ATG8, with a similar ratio
evident in green leaves of various ages, as categorized
by their positions on the plant (Fig. 5C).

Strikingly, we found that both the total amount of
ATG8 and the abundance of the ATG8-PE adduct in
maize leaves were markedly affected by senescence.
For example, when we compared the yellow and green
sectors in an individual senescing leaf from a mature
flowering plant, the yellow sectors had substantially
more total ATG8 protein (Fig. 5D). Whereas the green
sectors had a nearly equal ratio of lipidated ATG8 to
free ATG8, similar to that found in the adjacent non-
senescing leaf positioned on the plant axis immedi-
ately above, the yellow sectors contained almost
exclusively the ATG8-PE adduct, suggesting that
high rates of autophagy were under way in these
areas. This senescence-dependent effect could also be
induced when the plants were grown hydroponically
in a defined solution containing inorganic nutrients, a
growth condition that accelerates the developmental
senescence of leaves even though the plants appear
well fertilized. As shown in Figure 5E for plants grown
hydroponically for 10 DAG, the oldest leaf (L1) con-
tained only traces of ATG8-PE, the next oldest leaf (L2)
contained much higher levels, but almost all was
lipidated, while younger leaves (L3) contained a mix-
ture of the free and lipidated form, and the shoot apex
contained almost exclusively the free form. Eventually,
both forms of ATG8 disappeared along with most other
proteins as the older leaves completed senescence (see
L1 and L2 from 24-DAG seedlings in Fig. 5E).

Zm Atg Gene Expression and ATG8 Lipidation Increase

during Nutritional Stress

The age-dependent accumulation of the ATG8-PE
adduct in the hydroponically grown seedling leaves

Figure 2. Amino acid sequence comparisons of the five maize (Zm)
ATG8 isoforms with rice (Os) ATG8a, Arabidopsis (At) ATG8a, and
yeast (Sc) ATG8. Identical and similar amino acids are in white letters
and gray boxes, respectively. The processing site by the ATG4 protease
that exposes the C-terminal Gly of ATG8 for lipidation is identified by
the arrowhead. The number of amino acids for each protein is indicated
at the end of the sequence.
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(Fig. 5E) suggested that the availability of macronu-
trients and/or micronutrients regulates Zm Atg gene
expression and the lipidation of the ATG8 protein. One
obvious candidate is N, since its availability is often
limiting to plant growth and protein synthesis. To test
this possibility, we germinated and grew maize seed-
lings hydroponically for 15 d on deionized water,
Murashige and Skoog (MS) medium lacking N (MS-
N), or MS-N supplemented with 0.5, 1, or 2 times the
normal concentration of nitrate (see “Materials and
Methods”). As expected, the growth of seedlings
treated with only water or MS-N was significantly
retarded at 15 DAG compared with N-fertilized plants
(Fig. 6). Concomitant with this growth reduction was
an increase in the oldest leaves (L1) of both the amount
of total ATG8 and the proportion converted to the
lipidated form. As increasing amounts of N were
added to the MS-N, the amounts of the ATG8-PE
adduct and total ATG8 dropped in the L1 leaf (Fig. 6).
Doubling the strength of N (23 N) did not signifi-
cantly affect the levels of total and lipidated ATG8
when compared with single strength medium (13 N).

To further investigate the effect of N limitation on
ATG8 lipidation and Zm Atg gene expression, we
collected leaf samples from 10-, 15-, and 20-DAG
seedlings that were hydroponically grown with either
MS or MS-N. At 10 DAG, no significant differences in
seedling growth or in total and lipidated ATG8 levels
were detected between leaf samples collected from
MS- and MS-N-grown seedlings, suggesting that the
plants had not yet experiencedN deficiencies (data not

shown). However, at 15 DAG, reductions in growth
became evident for the seedlings fertilized with MS-N
(Fig. 7A, left), indicating that they were now experi-
encing a N deficit. This deficiency became more obvi-
ous at 20 DAG, when the oldest leaves (L1) acquired
the yellow/brown patches characteristic of strongly
senescing leaves. In parallel with this N starvation was
a substantial increase in the levels of the ATG8 protein.
The 15- and 20-DAG plants grown on MS-N had
higher levels of total and lipidated ATG8 than MS-
grown seedlings, a difference that was especially ap-
parent in the older (L1) leaves (Fig. 7B). In contrast to
the effects on ATG8 levels in leaves, both the total
amount of ATG8 and the ratio of lipidated ATG8 to the
free form were unaffected by N limitation in the roots
and shoot apex (Fig. 7C).

The increase in maize ATG8 protein levels during N
starvation was consistent with previous data in Arabi-
dopsis showing that the expression of the ATG system
is up-regulated by nutrient stress (Contento et al.,
2004; Yoshimoto et al., 2004; Buchanan-Wollaston et al.,
2005; Sláviková et al., 2005; Thompson et al., 2005;
Rose et al., 2006; van der Graaff et al., 2006; Osuna
et al., 2007; Peng et al., 2007; Phillips et al., 2008). To
test whether the suite of Zm Atg genes was affected
similarly, we analyzed the transcript levels for each
during N starvation along with several senescence-
associated transcripts. Here, total RNA was isolated
from maize leaves of various ages (L1–L3) from 15-
DAG seedlings fertilized with either MS or MS-N,
and the levels of individual mRNAs were deter-

Table III. Splice variants (SVs) of selected Arabidopsis (At), rice (Os), and maize (Zm) Atg genes

Gene At
SVs without the

Essential Codona Os
SVs without the

Essential Codona Zm
SVs without the

Essential Codona

Atg3(a)b 1 – 3 SV2, SV3 2 SV2
Atg3bb – – 2 SV1, SV2 – –
Atg4a 2 None 2 SV2 2 None
Atg4b 3 None 1 – 6 None
Atg5 1 – 2 None 2 None
Atg7 1 – 5 SV2, SV3, SV4, SV5 1 –
Atg8a 2 None 2 SV2 2 SV2
Atg8b 2 None 4 SV4 4 SV3, SV4
Atg8c 1 – 3 SV2, SV3 3 SV2, SV3
Atg8d 1 – 3 SV2, SV3 4 SV2?, SV3, SV4
Atg8e 2 None 1 – 3 None
Atg8f 2 None – – – –
Atg8g 1 – – – – –
Atg8h 1 – – – – –
Atg8i 1 – – – – –
Atg10(a)b 2 None 1 – 6 SV3, SV4, SV5, SV6
Atg10bb – – 2 SV1 – –
Atg12a 1 – 2 SV2 5 SV2, SV3, SV4, SV5
Atg12b 1 – – – – –

aCriteria for SVs without the essential codon solely depend on amino acid sequences deduced from SVs
and vary for different Atg genes. For Atg3, Atg7, and Atg10, the essential codon means one that encodes a
conserved active-site Cys in the corresponding protein. For Atg8 and Atg12, a codon for the C-terminal
Gly residue is important, while the essential codon for Atg4 genes encodes an N-terminal active-site Cys. For
Atg5, the codon for a Lys acceptor is essential. See Figure 1 for the positions of these codons within the
predicted full-length gene. bThese genes are single copy in Arabidopsis and maize but duplicated in rice.
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mined by semiquantitative RT-PCR. Transcripts en-
coding the Ub-conjugating enzyme (Ubc9) and the
glyceraldehyde-3-phosphate dehydrogenase (Gapdh)
were used for normalization and as an internal control,
respectively (Czechowski et al., 2005). As can be seen in
Figure 7D, the Gapdh/Ubc9 transcript ratio was not
significantly affected by leaf age orN availability under
these growth conditions. In contrast, the senescence-
associated See1a transcript (Smart et al., 1995) was
significantly up-regulated by the MS-N growth con-
dition, confirming that premature senescence was
induced in these N-limited leaves. Accelerated leaf
senescence in N-limited leaves was also evident from

RT-PCR analysis of the Lhcb5 transcript encoding one
of the chlorophyll-binding proteins in the chloroplast
(van der Graaff et al., 2006). The older senescing
L1 leaves contained a very low level of Lhcb5 tran-
script. Unexpectedly, the second leaves (L2) of MS-N
seedlings had higher levels of Lhcb5 transcript than
MS-grown leaves. This is consistent with the RT-PCR
data for sedoheptulose-bisphosphatase (Sbp) tran-
script,which encodes aCalvin cycle enzymeand shows
a light-dependent expression pattern (Willingham
et al., 1994). The Sbp transcript levels in N-limited L2
leaves were also higher than in L2 leaves fertilized
with MS. The reason for this accumulation of these
photosynthesis-related transcripts inN-limitedmiddle
leaves is not clear.

When the Zm Atg genes were analyzed similarly, we
found that the transcript abundance of almost all were
up-regulated by the absence of N and further up-
regulated as the leaves aged (Fig. 7D). In most cases,
the highest transcript abundance was found in the L1

Figure 3. The maize ATG7 protein contains a C-terminal duplication.
A, A PLALIGN dot plot of local sequence similarity for maize (Zm)
ATG7 versus Arabidopsis (At) ATG7 reveals the C-terminal duplicated
region. The duplicated nucleotide-binding pocket (Nt) and the active-
site Cys (C889) are indicated by the arrowheads. aa, Amino acids. B,
Zm ATG7 retains its ability to interact with ATG8 and ATG12 by Y2H
analysis despite the C-terminal duplication. Binding of full-length Zm
and At ATG7 proteins with maize and Arabidopsis versions of ATG8
and ATG12 was demonstrated by growth on selection medium lacking
His, Leu, and Trp and containing 3-amino-1#,2#,4#-triazole. At ATG7
(C558A) represents an enzymatically inactive mutant in which the
active-site Cys (C558) that interacts with ATG8 and ATG12 via a
thiolester linkage was substituted for an Ala. pDEST22 and pDEST32
represent empty vector controls for either the activation domain or the
binding domain construction.

Figure 4. Detection of free ATG8 and the ATG8-PE adduct in maize
by immunoblot analysis with anti-At ATG8a antibodies. A, Cross-
reactivity of anti-At ATG8a antibodies with Zm ATG8a, ATG8b,
ATG8d, and ATG8e. Each lane represents an aliquot of a crude
E. coli extract expressing the various 6His-tagged recombinant proteins
that was separated by SDS-PAGE without urea. (Zm ATG8c, which is
identical in amino acid sequence to Zm ATG8b, was not tested.) The
ATG8 proteins were then detected by immunoblot analysis with either
anti-At ATG8a antibodies (top) or anti-5His antibodies (bottom). B,
Detection of Zm ATG8 in crude extracts with anti-At ATG8 antibodies.
Crude extracts prepared from Arabidopsis and maize seedlings were
separated by SDS-PAGE without urea. C, Detection of the ATG8-PE
adduct in maize. Crude extracts (CE) prepared from maize roots were
centrifuged at 100,000g to collect the soluble (S) and membrane (100k
P) fractions. The 100k P was solubilized with Triton X-100 and
incubated for 1 h with or without PLD. The samples were then
subjected to SDS-PAGE in the presence of 6 M urea. The free and
lipidated forms of ATG8 are indicated by the arrowheads.
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leaves from MS-N-fertilized plants. This trend was
particularly obvious for Atg3, Atg7, Atg10, and four of
the five isoforms of Atg8 (Atg8b, -c, -d, and -e). Inter-
estingly, in addition to Atg7, those genes encoding
components required for ATG8 conjugationweremore
strongly affected by the combined action of N avail-
ability and leaf age (Atg3, Atg4b, and Atg8b to Atg8e)
than those encoding components for ATG12 conjuga-
tion (Atg5, Atg10, and Atg12; Fig. 7D). This difference
suggests that formation of the ATG8-PE adduct is
more limiting to autophagic recycling during senes-
cence.

Fixed-C limitation has also been shown to increase
the abundance of various ATG transcripts in Arabi-
dopsis using either the withdrawal of Suc from the
growth medium of cell cultures (Contento et al., 2004;
Rose et al., 2006) or the placement of whole plants in
extended darkness to deplete the availability of solu-
ble sugars (Sláviková et al., 2005; Thompson et al.,
2005; Phillips et al., 2008). To test the importance of

fixed-C availability, we wrapped a 7.5-cm band of
aluminum foil around individual maize leaf blades
from plants grown in light to subject the region to
extended darkness (Weaver and Amasino, 2001; van
der Graaff et al., 2006). At various times, the darkened
sectors and the corresponding sectors from light-
exposed control leaves of the same developmental
age were harvested and total RNA was isolated. The
abundance of individual transcripts in each RNA pool
was then determined by semiquantitative RT-PCR as
described above using the signal from theUbc9mRNA
for normalization. While short treatments (1–3 d) did
not detectably affect the color of the darkened sectors,
prolonged treatments up to 10 d induced obvious
senescence, as indicated by leaf sector yellowing/
browning.

Transcript analysis of Gapdh, See1a, Lhcb5, and Sbp
demonstrated that this covering affected the photo-
synthetic machinery well before senescence became
apparent. While the mRNA levels for Gapdh were

Figure 5. Developmental patterns of maize Atg gene expression and ATG8 lipidation. A, Zm Atg transcripts are expressed
ubiquitously in various maize tissues. The shoot apex (SA), L4, L3, and L2 seedling leaves (leaf numbers correspond to the order
of appearance), and roots were collected from seedlings grown hydroponically for 20 dwithMSmedium. The nonpollinated ears
and tassels were collected from a mature plant grown in soil. Total RNAwas subjected to semiquantitative RT-PCR using primers
specific for various maize Atg genes or the Ubc9 control gene. B to E, Analysis of free ATG8 and the ATG8-PE adduct. Crude
extracts were prepared from various tissues and subjected to SDS-PAGE with 6 M urea followed by immunoblot analysis with
anti-At ATG8a antibodies. B, Endosperm and embryos at various DAP from a soil-grown plant and tissues dissected from
seedlings germinated for 5 d on MS medium. Sc, Scutellum; Pl, plumule; Rd, radicle. C, Leaves from seedlings grown in soil for
20 DAG. D, Naturally senescing leaves. Samples were collected from a nonsenescing leaf (NSL) and yellow (Yl) and green (Gr)
sectors from a subtending senescing leaf (SL; see photograph for the sampled areas) from a flowering plant grown in soil. E, Shoot
apex and leaves of various ages (L1 older to L4 younger) from seedlings grown hydroponically on MS medium for the indicated
DAG. C and D contain 20 mg of total protein per lane. The lanes in B and E were loaded on an equal fresh weight basis except for
Pl, Rd, and SA. Protein profiles in the lower panels of B and E were detected by Ponceau S staining.
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unaffected and those for the See1a transcript were only
modestly up-regulated in the darkened and presum-
ably fixed-C-limited sectors relative to illuminated
sectors, the levels of both Lhcb5 and Sbp dropped
dramatically, consistent with their light requirement
for transcription (Willingham et al., 1994; van der
Graaff et al., 2006). As with N limitation, almost all of
the Atg transcripts were up-regulated in the darkened
sectors, with the maximal levels appearing after 2 d in
the dark (Fig. 8A). Atg7 displayed the strongest up-
regulation, with an approximately 8-fold increase in
transcript levels in the darkened sectors. Only the
abundance of the Atg8a mRNA appeared to be unaf-
fected by darkness, with Atg8c and Atg10 exhibiting
only small increases (Fig. 8A). As with the N-limiting
growth condition (Fig. 7C), the genes associated with
ATG8 conjugation were in general more strongly af-
fected compared with those involved with ATG12
conjugation.
Despite the increases in Atg mRNA abundance by

darkening the leaf, the levels of the free ATG8 and the
ATG8-PE adduct were not markedly altered. The
steady-state levels of the free and conjugated forms
were similar in the darkened and illuminated sectors
even after 4 d of treatment (Fig. 8B). This lack of effect
on ATG8 levels during fixed-C limitation as opposed
to the strong effect induced by N limitation (Fig. 7B)
could indicate that autophagy is more sensitive to N
starvation. However, a more plausible interpretation is
that our experiments with N starvation likely caused
the entire plant to experience N deficits, while those
testing fixed-C limitation subjected only part of the

leaf to fixed-C deficits. Consequently, it is possible that
the neighboring illuminated areas became a source of
soluble sugars to the darkened areas, thus mitigating
the drop in fixed-C in the absence of photosynthesis.

DISCUSSION

A number of genetic studies with the ATG8/12
conjugation cascades in Arabidopsis have demon-
strated the importance of autophagy to nutrient recy-
cling and survival of plants under N/C-limiting
growth conditions (see above). In an effort to deter-
mine the importance of autophagy to crop plants, we
completed a molecular description of an orthologous
ATG system in the cereals rice and maize. We then
assayed in maize their expression patterns and the
accumulation of the lipidated ATG8 adduct during
senescence and in response to N or fixed-C limitation.
All components required for ATG8/12 conjugation in
yeast and Arabidopsis (Ohsumi, 2001; Thompson and
Vierstra, 2005) were identified in both rice and maize,
indicating that the pathway is highly conserved
among plant species. As in Arabidopsis, four maize
components are encoded by single genes (Atg3, Atg5,
Atg7, and Atg10), whereas two are encoded by small
gene families (two for Atg4 and five for Atg8). This
increased diversity for the ATG8 protein tag and the
ATG4 processing protease required for ATG8 matura-
tion suggests both subfunctionalization of the ATG8
isoforms and distinct roles for the two ATG4 isoforms
in processing the ATG8 precursor and/or recycling
ATG8 modified with PE. As reported for the Arabi-
dopsis ATG8 gene family (Sláviková et al., 2005;
Thompson et al., 2005), individuals in the five-member
maize Atg8 family display subtle differences in their
tissue expression patterns and varying responses to N
and fixed-C limitations, indicating that the individual
ATG8 isoforms in maize have cell/tissue-specific and/
or stress-specific roles.

Our description of the maize Atg genes is one of the
earliest comprehensive genomic analyses on a specific
metabolic pathway since the release of the draft ge-
nome sequence (http://maizesequence.org). Despite
difficulties in determining the exact number of genes
encoding each Zm ATG protein, given the incomplete
annotation of the sequence and the large number of
discontinuous segments still remaining, we are certain
about the gene identifications described in Figure
1 and Table II for the following reasons. First, we
focused on genes involved in the ATG8/12 conjuga-
tion cascades. They appear to be the most conserved
members in the Atg system, which in turn simplified
the identification of the rice and then the maize
orthologs. For example, like its structural relative Ub,
ATG8 is arguably one of the most conserved proteins
in eukaryotes (Fig. 2; Supplemental Fig. S1; Doelling
et al., 2002; Xie and Klionsky, 2007). Second, by
exploiting the deep EST database for maize (http://
www.ncbi.nlm.nih.gov/dbEST/dbEST_summary.html)

Figure 6. N-dependent ATG8 lipidation. Maize seedlings were grown
hydroponically on vermiculite for 15 DAG, supplied with deionized
water (DW), MS-N alone (0 N), or MS-N supplemented with various
strengths (0.53, 13, or 23 N) of nitrate (see “Materials and Methods”
for details). Top, Typical growth of 15-DAG seedlings using the above
conditions to show the effects of the N limitations. Bottom, Levels of
lipidated and free ATG8 in the leaves of plants shown in the top panel.
SDS-PAGE and immunoblot analysis were performed as in Figure 5.
Each lane contains 20 mg of total protein.
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in combination with the B73 reference BAC sequences,
we could better identify true functional loci. For in-
stance, we initially found numerous maize cDNA and
genomic sequences related to various rice Atg loci.
However, only a smaller number was confirmed as
real by exact matching with the corresponding BAC
sequences. The less-related sequences likely reflect
pseudogenes, misassemblies, sequence polymorphism,
and/or sequencing errors.

Although we are confident in most of the rice and
maize ATG gene models, several await full-length
cDNAs and/or more refined chromosomal sequence
data before final confirmation of their gene organiza-
tions. For example, we could not assign a BAC se-
quence to the Zm Atg8e transcript, although there are
two candidate BACs (AC203867 and AC203875) pre-
dicted to encode very similar transcripts (Table II). In
addition, the precise gene models for rice Atg3b and
Atg10b await full-length cDNAs. cDNAs encoding
partial polypeptides are available for both, indicating
that these loci are transcribed. However, based on the
predicted high expression of the paralogous Os Atg3a
and Os Atg10a loci (based on the number of ESTs
[Supplemental Table S1]), it is likely that the rice Atg3b

and Atg10b loci are minor contributors to the pools of
each enzyme. And lastly, the rice Atg8e gene is cur-
rently without any EST or cDNA data, thus leaving its
gene model and transcriptional activity unsupported
(Table I).

While almost all of the rice and maize ATG proteins
are structurally orthologous to their Arabidopsis and
yeast counterparts, ATG7 is notably distinct. The rice
and maize polypeptides contained an approximately
325-amino acid duplication of their C-terminal half
that replicates the region encompassing the active-site
Cys and the nucleotide-binding pocket necessary for
ATG8/12 activation. While the nucleotide-binding
pocket sequence is evident in both repeats, the more
N-terminal repeat had its active-site Cys replaced with
a Ser. Despite this duplication, maize ATG7 remains
functional, as judged by the ability of the full-length
protein to interact by Y2H analysis with ATG8 and
ATG12 and by our detection of its ATG8-PE product
in planta. At present, it is unclear how the catalytic
regions of rice and maize ATG7s are organized and
whether the more N-terminal predicted nucleotide-
binding pockets can actually participate in ATG8/12
activation.

Figure 7. Maize seedlings respond to N limitation by increasing Atg gene expression and ATG8 protein abundance in a leaf age-
dependent pattern. Seedlings were grown hydroponically in vermiculite subirrigated with MS medium or MS-N. A, Photographs
of 15-DAG (left) and 20-DAG (right) seedlings grown on MS medium (left seedlings) and MS-N (right seedlings). Leaves at the
various positions analyzed (L1 older to L3 younger) are indicated. B and C, Accumulation of free ATG8 and the ATG8-PE adduct
in leaves (B) and in roots and the shoot apex (C). Crude extracts (20 mg of total protein) were subjected to SDS-PAGE and
immunoblot analysis as in Figure 5. D, Levels of various Zm AtgmRNAs increase upon N limitation. Total RNAwas isolated from
the leaves shown in A and subjected to semiquantitative RT-PCR. Expression levels were normalized by dividing the amounts of
PCR products by those produced from the Zm Ubc9 control transcript. Each bar represents the average of three biological
replicates6 SD. Note that expression values among genes cannot be compared, due to the different amplification conditions used
for each gene.
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An interesting aspect of the cereal Atg gene models
is that most of the genes are associated with alternative
splicing of pre-mRNA. Current estimates of genes
with multiple splice variants are approximately 21%
and 22% for Arabidopsis and rice, respectively (Wang

and Brendel, 2006). Although the number of maize
genes subjected to alternative splicing is not yet avail-
able, it appears to be similar to that of rice (T. Chung
and B.A. Larkins, unpublished data). Conversely, the
numbers of genes affected by alternative splicing
within the ATG8/12 conjugation cascades are notably
larger, with splice variants evident for 41%, 79%, and
92% of the respective Arabidopsis, rice, and maize Atg
loci examined here (Table III). Such increases imply
that alternative splicing has a role in either diversify-
ing the ATG protein catalog without increasing the
gene number or providing a sophisticated means to
control the abundance of functional Atg transcripts in
response to various developmental and environmental
cues. The former scenario could explain why rice and
maize have fewer ATG8 isoforms than Arabidopsis
despite having larger proteomes overall. The latter
scenario is also reasonable given the importance of the
ATG autophagic system to cell survival and its likely
regulation by a number of internal and external sig-
nals. Curiously, all of the splice variants from the
Arabidopsis ATG genes are predicted to encode pro-
teins that retain their active site and/or other amino
acids essential for function (Table III). On the contrary,
many splice variants of the rice and maize Atg genes
encode proteins lacking one or more essential residues
and therefore are likely to be nonfunctional. The
possibility that this splice variant distinction reflects
unique methods employed by dicotyledonous and
monocotyledonous plants to control the ATG system
is intriguing.

As observed previously with Arabidopsis (Contento
et al., 2004; Sláviková et al., 2005; Thompson et al.,
2005; Phillips et al., 2008), the ATG8/12 conjugation
cascades are ubiquitously expressed in most, if not all,
tissues of maize, with a strong up-regulation of most
genes during senescence and under N- and fixed-
C-limiting growth conditions. For senescing leaves and
leaves harvested from plants grown under N-limiting
conditions, this up-regulation also led to an increase in
the levels of the ATG8 protein. Analysis of the ATG8
protein pool in turn revealed that the steady-state ratio
of the lipidated to free form of ATG8 is strongly
affected in some tissues by their developmental and
nutritional states. As examples, (1) the abundance of
the ATG8-PE adduct relative to free ATG8 increased as
the endosperm and embryo matured following polli-
nation. This increase in the developing endosperm
could reflect a role for autophagy in the programmed
cell death process that begins in the central region of
the starchy endosperm and then proceeds to outer
regions of the endosperm as the seed matures (Young
and Gallie, 2000). (2) In the germinating seedling, the
scutellum had relatively high levels of lipidated ATG8,
which is consistent with its role in absorbing nutrients
from the endosperm for seedling development. (3)
And finally, both natural and hydroponics-induced
senescence and N starvation dramatically increased
the relative abundance of the ATG8-PE adduct. This
effect was particularly striking in senescing leaves,

Figure 8. Response of maize seedling leaves to dark-induced fixed-C
limitation. A basal part of the second leaf blade (L2) of 15-DAG plants
was wrapped with aluminum foil (75 mm in length). The leaf blade was
harvested immediately or at 1, 2, or 3 d after wrapping and used for
semiquantitative RT-PCR (A) or immunoblot analysis of the ATG8 protein
(B) as described for Figure 7. The corresponding regions of light-exposed
leaves of the same developmental age were used as controls. Black and
white circles in A represent means of three normalized expression values
from dark-treated and illuminated leaves, respectively.
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where the yellow sectors had high levels of total ATG8
with almost all of the pool converted to the lipidated
form.

What drives this substantial increase in the steady-
state levels of the ATG8-PE adduct during seed de-
velopment, leaf senescence, and N starvation is not yet
known. In yeast, this lipidation is controlled by a set of
nutrient-sensing systems (e.g. target-of-rapamycin,
Snf1, and cAMP-dependent protein kinases) that sup-
press the activity of the ATG1 kinase complex, whose
action ultimately impacts the ATG8/12 conjugation
machinery (Klionsky, 2007; Mizushima, 2007). Assum-
ing that the ATG12-ATG5 adduct represents the E3
activity that transfers activated ATG8 from the ATG3
E2 to PE (Hanada et al., 2007; Fujioka et al., 2008), the
assembly of this adduct in particular could be the rate-
limiting step. Since the pool of the ATG8-PE adduct is
also modulated by turnover, the steady-state increase
could also reflect a decrease in delivery of the adduct
along with the autophagosome to the vacuole, a de-
crease in the recycling of ATG8 by the ATG4 protease,
and/or an increased half-life of the adduct once in the
vacuole (Mizushima and Yoshimori, 2007). Clearly,
reverse genetic analyses of the two conjugation cas-
cades and upstream regulators and a detailed under-
standing of the intracellular dynamics of ATG8 will be
needed to identify these control points in maize.

Whatever the mechanisms, the strong correlations
between the steady-state abundance of the ATG8-PE
adduct and leaf senescence and growth under
N-limiting conditions suggest that the level of the ad-
duct represents a sensitive indicator of both the amount
of autophagic recycling and the nutrient status of the
plant/organ/tissue. For specific tissues, it could also be
a measure of their source/sink status. For example, in
hydroponically grown plants, older leaves, which are
expected to be important nutrient sources for the
growing regions as they senesce, contained mostly
the conjugated form of ATG8, while the shoot apex,
composed of rapidly expanding young leaves that are
strong nutrient sinks, contained mostly the free form.
Taking this possibility one step further, our analysis of
ATG8 lipidation also implies that autophagic recycling
is regulated in a tissue/organ-dependent manner in
maize and likely in other plants. In N-fertilized plants,
the high ATG8-PE to free ATG8 ratio in roots relative to
shoots and leaves would imply that roots are relatively
more active in autophagy under N-rich growth condi-
tions. When depleted of N, root autophagy appeared
unaffected, as this ratio remained unchanged. Instead,
a dramatic increase in the ATG8-PE adduct was ob-
served in leaves, suggesting that autophagy in this
tissue was specifically induced. This N starvation-
induced increase further underscores the notion that
senescing leaves are a major source of remobilized
nutrients during nutrient starvation (Lim et al., 2007;
Munné-Bosch, 2008). While more data are clearly
needed to connect ATG8 lipidation to autophagic
recycling rates and plant nutrition, our data suggest
that the formation of the ATG8-PE adduct could be a

simple indicator for the source/sink status of individ-
ual tissues and thus could provide a useful marker for
the nutritional state of crops grown in the field.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

All experiments were performed with the maize (Zea mays) inbred B73.

Seeds were germinated in pots (125 cm3) with a 1:1:1 mixture of compost, peat

moss, and vermiculite and were grown at 21�C in a growth chamber with a 16-

h-light/8-h-dark photoperiod. For dark-induced fixed-C limitation, the basal

part of the second leaf blade was wrapped with aluminum foil (75 mm in

length) at 15 DAG. At various times, the wrapped part of the leaf blade was

harvested along with a corresponding region from a light-exposed leaf blade

of the same developmental age, which served as the control. For N limitations,

seedlings were grown hydroponically in pots (450 cm3) with vermiculite. The

pots were subirrigated with 10 mL of various liquid media every 5 d, starting

at 1 DAG. The media included (1) MS medium (MS basal salts), (2) MS-N (MS

micronutrient solution plus 3 mM CaCl2, 1.5 mM MgSO4, 1.25 mM KH2PO4, and

5 mM KCl [pH 5.7]), or (3) MS-N supplemented with 0.825 g L21 NH4NO3 and

0.95 g L21 KNO3 (MS-N + 0.53 N medium), 1.65 g L21 NH4NO3 and 1.9 g L21

KNO3 (MS-N + 13Nmedium), or 3.3 g L21 NH4NO3 and 3.8 g L21 KNO3 (MS-

N + 23 N medium). When needed, seedlings were grown to maturity in a

greenhouse to allow for natural senescence and to obtain developing kernels

following self-pollination. Extra lighting was provided to maintain a 14-h-

light/10-h-dark photoperiod.

DNA and Protein Sequence Analyses

Maize Atg genes were identified by TBLASTN (Altschul et al., 1990) using

the orthologous protein sequences from Arabidopsis (Arabidopsis thaliana) and

rice (Oryza sativa subsp. japonica) as queries. The rice Atg sequences were first

identified in the GenBank rice Non-redundant and The Institute for Genomic

Research (TIGR) pseudomolecule (Ouyang et al., 2007) databases by

TBLASTN using the yeast (Saccharomyces cerevisiae) and Arabidopsis orthologs

as queries. Corresponding rice Atg genomic sequences were subsequently

used as queries against rice Non-redundant and EST databases. Rice Atg gene

models and potential splice variants were identified by manual inspection of

the resulting sequence alignments. The Arabidopsis and rice ATG protein

sequences were then used to search by TBLASTN the ZmGI EST contig (Lee

et al., 2005) and TIGR AZM5 genomic assembly (Chan et al., 2006) databases

(last searched January 2007). The identified ZmGI cDNA sequences were also

used as BLASTN query sequences against the AZM5 genomic sequence

database to help assign each cDNA to a genomic locus.

Sequence alignments between individual cDNAs and genomic sequences

were manually inspected for consensus coding regions, intron splice sites, and

potential splice variants. Sequence gaps were filled in by BLASTN of the

resulting gene models to the maize HTGS BAC sequence database (http://

blast.ncbi.nlm.nih.gov/Blast.cgi). Dot plots revealing local sequence similar-

ities were generated by PLALIGN (Pearson, 2000). Full-length cDNAs for each

Zm Atg gene were generated by RT-PCR of total RNA isolated from leaves,

using primers that bracketed the translation start and stop codons (see

Supplemental Table S2 for the primer sequences). The entire RT-PCR product

populations were inserted into pENTR/D-TOPO (Invitrogen). Multiple in-

serts (between three and 10 depending on the locus), especially from those

populations containing individuals with unique electrophoretic mobilities,

were sequenced in their entirety and comparedwith the gene models to reveal

novel splice variants. The current Zm Atg gene models, including splice

variants and the GenBank accession numbers of the corresponding cDNAs,

can be found in Supplemental Data Set S1.

RT-PCR Analyses

RNA was extracted from three biological replicates of various maize

tissues using Trizol (Invitrogen). First-strand cDNA synthesis was achieved

with SuperScript II (Invitrogen) reverse transcriptase and an oligo(dT)18
primer (Fermentas). The amount of RT product in each sample was standard-

ized by a second round of PCR using primers against Zm Ubc9 (named

because of its closest amino acid match to Arabidopsis UBC9; Czechowski

Chung et al.
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et al., 2005). After appropriate dilutions, the RT products were subjected to

semiquantitative PCR using Zm Atg gene-specific primers (Supplemental

Table S2). The number of PCR cycles was adjusted beforehand to obtain a

nearly linear amplification of each transcript. The amounts of PCR products

were quantified using GelDoc imaging software (Bio-Rad Laboratories) fol-

lowing agarose gel electrophoresis and ethidium bromide staining of the

product. Normalized expression values were generated using RT-PCR prod-

ucts generated from Zm Ubc9 as the standard.

Y2H Assays

Y2H assays were conducted with full-length cDNAs as described previ-

ously with minor modifications (Gingerich et al., 2007). Using the LR Clonase

reaction (Invitrogen), the At ATG8a, At ATG12a, At ATG12b, Zm Atg8a, and Zm

Atg12 cDNAs were recombined into the pDEST22 activation domain plasmid,

whereas the cDNAs encoding At ATG7, At ATG7(C558A), and ZmATG7were

recombined into the pDEST32 binding domain plasmid (Invitrogen). The

plasmids were then introduced into the haploid yeast strains YPB2a and

LB41a, respectively, and diploid yeast strains were then generated by mating.

Protein-protein interactions were identified by testing for growth of the

diploid strains on selection medium lacking His, Leu, and Trp and containing

5 mM 3-amino-1#,2#,4#-triazole. The At ATG7(C558A) mutant, in which the

Cys-558 codon was replaced with that encoding Ala, was generated by the

PCR-based QuickChange method (Stratagene) with appropriate mutagenic

primers.

SDS-PAGE Analysis

In most cases, maize tissue was harvested, immediately frozen to liquid N

temperatures, and homogenized in SDS-PAGE sample buffer. The extracts

were clarified by centrifugation at 16,000g and then heated before use. Protein

amounts were determined by spotting aliquots of the extracts onto Whatman

3MM filter paper (Fisher Scientific) and comparing the Coomassie Brilliant

Blue staining intensity of the spots with bovine serum albumin standards

(Ghosh et al., 1988). In most cases, equal amounts of total protein were

subjected to SDS-PAGE with or without 6 M urea in the separating gel.

Immunoblot analyses were performed with affinity-purified anti-At ATG8

antibodies (Thompson et al., 2005) or anti-5His antibodies (Qiagen) following

electrophoretic transfer of the proteins onto Immobilon polyvinylidene

difluoride membranes (Millipore). Cross-reactivity of anti-At ATG8 anti-

bodies with Zm ATG8 protein isoforms was checked using recombinant 6His-

tagged full-length versions expressed in Escherichia coli BL21(DE3) cells. The

pDEST17 plasmids expressing each of the Zm ATG8a, -b, -d, and -e isoforms

were generated by a series of LR Clonase reactions (Invitrogen) with

appropriate pENTR/D-TOPO clones containing the full-length cDNAs. The

pET28 plasmid expressing At ATG8a was previously described (Thompson

et al., 2005).

To characterize the ATG8-PE adducts, various maize tissues were homog-

enized in TNPI buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM phenyl-

methanesulfonyl fluoride, and 10 mM iodoacetamide). The extract was filtered

through four layers of cheesecloth and clarified by centrifugation at 2,000g for

5 min, and the supernatant was centrifuged at 100,000g for 1 h. The resulting

100-k pellet was resuspended in TNPI buffer, solubilized by adding Triton

X-100 at a final concentration of 0.5%, and clarified at 16,000g for 10 min to

obtain the solubilized membrane fraction. This membrane fraction was incu-

bated at 37�C for 1 h with Streptomyces chromofuscus PLD (Biomol; 250 units

mL21 final concentration) or an equal volume of its buffer. The reactions

were stopped by the addition of SDS-PAGE sample buffer and then subjected to

SDS-PAGE on 12% polyacrylamide gels with 6 M urea. Free ATG8 and the

ATG8-PE adduct were detected by immunoblot analysis with anti-At ATG8

antibodies.

Sequence data from this article can be found in the GenBank/EMBL data

libraries under accession numbers FJ445019 and FJ444997 (Zm Atg3, splice

variants 1 and 2), FJ444998 and FJ444999 (Zm Atg4a, splice variants 1 and 2),

FJ445000 to FJ445004 (Zm Atg4b, splice variants 1, 3, 4, 5, and 6), FJ445005 (Zm

Atg7), FJ445006 (ZmAtg8a, splice variant 1), FJ445007 (ZmAtg8b, splice variant

1), FJ445008 (Zm Atg8c, splice variant 1), FJ445009 and FJ445010 (Zm Atg8d,

splice variants 1 and 4), FJ445011 (Zm Atg8e, splice variant 1), FJ445012 to

FJ445014 (Zm Atg10, splice variants 1, 5, and 6), and FJ445015 and FJ445016

(Zm Atg12, splice variants 1 and 2), respectively.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Multiple amino acid sequence alignment for

select ATG proteins from yeast, Arabidopsis, rice, and maize.

Supplemental Table S1. GenBank accession numbers associated with

splice variants (SVs) of selected Arabidopsis (At), rice (Os), and maize

(Zm) Atg genes.

Supplemental Table S2. Oligonucleotide primers used for RT-PCR in this

study.

Supplemental Data Set S1. Current maize gene models for Atg3, Atg4a

and Atg4b, Atg5, Atg7, Atg8a to Atg8e, Atg10, and Atg12.
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