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Autophagy is an evolutionarily con-
served process leading to the degra-

dation of intracellular components in
eukaryotes, which is important for nutri-
ent recycling especially in response to
starvation conditions. Nutrient recycling
is an essential process that underpins pro-
ductivity in crop plants, such that remo-
bilized nitrogen derived from older
organs supports the formation of new
organs or grain-filling within a plant. We
extended our understanding of autoph-
agy in a model plant, Arabidopsis thali-
ana, to an important cereal, rice (Oryza
sativa). Through analysis of transgenic
rice plants stably expressing fluorescent
marker proteins for autophagy or chloro-
plast stroma, we revealed that chloroplast
proteins are partially degraded in the vac-
uole via Rubisco-containing bodies
(RCBs), a type of autophagosomes con-
taining stroma. We further reported evi-
dence that the RCB pathway functions
during natural leaf senescence to facilitate
subsequent nitrogen remobilization into
newly expanding leaves. Thus, our recent
studies establish the importance of
autophagy in biomass production of
cereals.

Nutrients available for uptake by plant
roots are often limited in nature, and
accordingly plants recycle already assimi-
lated nutrients to survive or to adapt their
growth to environmental changes. Such
nutrient recycling is an important deter-
minant of productivity in crop plants even
when they are fertilized in agricultural set-
tings. For example, in rice (Oryza sativa),
45% of the total nitrogen in newly

expanding leaves is remobilized nitrogen,1

which is derived from the degradation of
cellular components in older organs of the
plant. The contribution of remobilized
nitrogen to the grain-filling nitrogen can
be as high as 50% to 90% in rice, wheat
(Triticum aestivum), and maize (Zea
mays),2 which are the world’s major cere-
als. As chloroplast proteins account for 75
– 80% of the total leaf nitrogen in C3
plants,3 their degradation during leaf
senescence is a critical initial process for
subsequent nitrogen remobilization.

It was reported in early 1980s that the
decrease of Rubisco protein, the most
abundant stromal protein, is faster than
that of overall chloroplast population dur-
ing leaf senescence,4 which indicates that
Rubisco proteins are degraded either
inside or outside of chloroplasts prior to
the breakdown of entire chloroplasts.
Indicative of a process involving Rubisco
degradation after transport outside of
chloroplasts, we discovered cytoplasm-
localized small vesicles (0.5 – 1.0 mm
diameter) containing Rubisco protein in
wheat leaves, using immuno-electron
microscopy.5 We termed these Rubisco-
containing bodies (RCBs). RCBs are
more frequently observed in senescent
leaves than in young leaves, and are sur-
rounded by double membranes similar to
those of autophagy-related structures
called autophagosomes.5 These observa-
tions led us to predict the existence of an
autophagy process leading to senescence-
induced degradation of chloroplast
stroma.

Autophagy is a ubiquitous degradation
system in eukaryotic cells.6 During
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autophagy, a portion of the cytoplasm
including organelles is sequestered by an
autophagosome and delivered to the vacu-
ole in plants or lysosome in animals. The
outer membrane of the autophagosome
fuses with vacuolar/lysosomal membrane,
thereby releasing the inner-membrane-
bounded structure, termed the autophagic
body, for degradation. Identification of
autophagy-related ATG genes in budding
yeast (Saccharomyces cerevisiae) shed light
on the molecular basis of autophagy
machinery. In land plants, advances in live
cell-imaging techniques and reverse
genetic approaches in the model plant
Arabidopsis thaliana enabled in vivo detec-
tion of autophagy.7 Numerous studies of
Arabidopsis atg mutants revealed the con-
served importance of plant autophagy in
nutrient recycling, such as in the adaptive
responses to starvation conditions,8-10

similar to the case in yeast and animals.
Our studies in Arabidopsis clearly demon-
strated that the RCB pathway is a plant-
specific autophagy process leading to
piecemeal degradation of stromal proteins,
and is responsible for nitrogen- or carbon-
recycling during senescence or starva-
tion.11-15 These developments prompted
us to validate the role of chloroplast
autophagy in nutrient recycling of crop
plants.

ATG genes are conserved in the rice
genome,16 and the retrotransposon
Tos17–insertional knockout rice of
OsATG7 (Osatg7) was previously iso-
lated.17 To clarify the progression of
autophagy and the RCB pathway in rice
plants, we generated transgenic rice stably
expressing fluorescent marker proteins for
autophagy or RCBs.18 The vacuolar accu-
mulation of autophagic bodies and RCBs
were visualized with a monomeric red
fluorescent protein-AUTOPHAGY8
fusion and a stroma-targeted green fluo-
rescent protein (GFP), respectively, in
roots and leaves. These phenomena were
suppressed in the presence of an autoph-
agy inhibitor, wortmannin, or in Osatg7
mutants. GFP-labeled Rubisco holoen-
zyme enabled biochemical assays to inves-
tigate the activity of the RCB pathway, in
which autophagy-dependent cleavage of
free GFP from Rubisco-GFP is detected
in response to its activation. This cleavage
assay demonstrated that the RCB pathway

is activated during starvation-induced leaf
senescence. Thus, the establishment of
fluorescent protein-based monitoring
methods for autophagy in rice clearly indi-
cates the contribution of autophagy to
chloroplast protein degradation.18

In another approach, our physiological
growth analysis of Osatg7 plants demon-
strated that deficiency in autophagy leads
to low nitrogen use efficiency and reduced
biomass production during vegetative
growth.19 In Osatg7 leaves, the age-depen-
dent decrease in soluble proteins including
Rubisco was suppressed, and subsequent
nitrogen remobilization into newly
expanding leaves was partly compromised.
Taken together, our 2 approaches estab-
lish that the autophagy-dependent RCB
pathway is responsible for senescence-
induced chloroplast degradation in rice
plants, which facilitates efficient nitrogen
remobilization for growth.18,19

A recent study revealed the central role
of autophagy in nitrogen remobilization
in maize,20 and several reports have sug-
gested that autophagy is important in
responses to biotic or abiotic stresses in
wheat.21,22 Therefore, the manipulation
of autophagy might be an effective strat-
egy to improve the nitrogen use efficiency
of important cereal crops or to enhance
their tolerance of suboptimal agricultural
conditions. However, many aspects of the
molecular basis of plant autophagy remain
unclear. Autophagy can be not only non-
selective (starvation-induced), but also
selective in terms of sequestering cargos.6

In yeast, in contrast to the ATG genes
related to autophagosomal membrane
elongation such as ATG5, ATG7 and
ATG9 that are required for autophagy,
several ATG genes are only required for
subcategories of autophagy. For example,
ATG17, ATG29 and ATG31 are involved
only in starvation-induced autophagy,6

and the recently identified ATG39 and
ATG40 are specifically required for selec-
tive turnover of the endoplasmic reticu-
lum and the nucleus as receptor proteins
for the cargo recognition.23 Plant ortho-
logs of such ATG genes have not been
identified.24 Because autophagy plays roles
in wide-ranging processes, the manipula-
tion of autophagy can lead to unexpected
secondary effects. Identification of ATG
genes specifically required for certain types

of autophagy in Arabidopsis plants may
provide appropriate avenues toward the
manipulation of autophagy in crop plants.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were
disclosed.

Funding

This work was supported, in part, by
KAKENHI (Grant Numbers 26506001
to M.I., 25119703, 15H04626 to H.I.),
Building of Consortia for the Develop-
ment of Human Resources in Science and
Technology (to M.I.) and the Program for
Creation of Interdisciplinary Research (to
M.I.) in Frontier Research Institute for
Interdisciplinary Sciences (Tohoku
University).

References

1. Mae T, Ohira K. The remobilization of nitrogen related
to leaf growth and senescence in rice plants ( Oryza sat-
iva L.). Plant Cell Physiol 1981; 22:1067-74

2. Masclaux C, Quillere I, Gallais A, Hirel B. The chal-
lenge of remobilisation in plant nitrogen economy. A
survey of physio-agronomic and molecular approaches.
Ann Appl Biol 2001; 138:69-81; http://dx.doi.org/
10.1111/j.1744-7348.2001.tb00086.x

3. Makino A, Osmond B. Effects of nitrogen nutrition on
nitrogen partitioning between chloroplasts and mito-
chondria in pea and wheat. Plant Physiol 1991;
96:355-62; PMID:16668193; http://dx.doi.org/
10.1104/pp.96.2.355

4. Mae T, Kai N, Makino A, Ohira K. Relation between
Ribulose Bisphosphate Carboxylase content and chloro-
plast number in naturally senescing primary leaves of
wheat. Plant Cell Physiol 1984; 25:333-6

5. Chiba A, Ishida H, Nishizawa NK, Makino A, Mae T.
Exclusion of ribulose-1,5-bisphosphate carboxylase/
oxygenase from chloroplasts by specific bodies in natu-
rally senescing leaves of wheat. Plant Cell Physiol 2003;
44:914-21; PMID:14519773; http://dx.doi.org/
10.1093/pcp/pcg118

6. Nakatogawa H, Suzuki K, Kamada Y, Ohsumi Y.
Dynamics and diversity in autophagy mechanisms: les-
sons from yeast. Nat Rev Mol Cell Biol 2009; 10:458-
67; PMID:19491929; http://dx.doi.org/10.1038/
nrm2708

7. Yoshimoto K, Hanaoka H, Sato S, Kato T, Tabata S,
Noda T, Ohsumi Y. Processing of ATG8s, ubiquitin-
like proteins, and their deconjugation by ATG4s are
essential for plant autophagy. Plant Cell 2004;
16:2967-83

8. Yoshimoto K. Beginning to understand autophagy, an
intracellular self-degradation system in plants. Plant
Cell Physiol 2012; 53:1355-65; PMID:22764279;
http://dx.doi.org/10.1093/pcp/pcs099

9. Liu YM, Bassham DC. Autophagy: Pathways for self-
eating in plant cells. Annu Rev Plant Biol 2012;
63:215-37; PMID:22242963; http://dx.doi.org/
10.1146/annurev-arplant-042811-105441

10. Li FQ, Vierstra RD. Autophagy: a multifaceted intra-
cellular system for bulk and selective recycling. Trends
Plant Sci 2012; 17:526-37; PMID:22694835; http://
dx.doi.org/10.1016/j.tplants.2012.05.006

e1101199-2 Volume 10 Issue 11Plant Signaling & Behavior



11. Ishida H, Yoshimoto K, Izumi M, Reisen D, Yano Y,
Makino A, Ohsumi Y, Hanson MR, Mae T. Mobiliza-
tion of rubisco and stroma-localized fluorescent pro-
teins of chloroplasts to the vacuole by an ATG gene-
dependent autophagic process. Plant Physiol 2008;
148:142-55; PMID:18614709; http://dx.doi.org/
10.1104/pp.108.122770

12. Izumi M, Wada S, Makino A, Ishida H. The autopha-
gic degradation of chloroplasts via rubisco-containing
bodies is specifically linked to leaf carbon status but not
nitrogen status in Arabidopsis. Plant Physiol 2010;
154:1196-209; PMID:20807997; http://dx.doi.org/
10.1104/pp.110.158519

13. Ono Y, Wada S, Izumi M, Makino A, Ishida H. Evi-
dence for contribution of autophagy to Rubisco degra-
dation during leaf senescence in Arabidopsis thaliana.
Plant Cell Environ 2013; 36:1147-59; http://dx.doi.
org/10.1111/pce.12049

14. Izumi M, Hidema J, Makino A, Ishida H. Autophagy
contributes to nighttime energy availability for growth
in Arabidopsis. Plant Physiol 2013; 161:1682-93;
PMID:23457226; http://dx.doi.org/10.1104/
pp.113.215632

15. Ishida H, Izumi M, Wada S, Makino A. Roles of
autophagy in chloroplast recycling. Biochim Biophys
Acta 2014; 1837:512-21; PMID:24269172; http://dx.
doi.org/10.1016/j.bbabio.2013.11.009

16. Xia KF, Liu T, Ouyang J, Wang R, Fan T, Zhang MY.
Genome-wide identification, classification, and expres-
sion analysis of autophagy-associated gene homologues
in Rice ( Oryza sativa L.). DNA Res 2011; 18:363-77;
PMID:21795261; http://dx.doi.org/10.1093/dnares/
dsr024

17. Kurusu T, Koyano T, Hanamata S, Kubo T, Noguchi
Y, Yagi C, Nagata N, Yamamoto T, Ohnishi T, Oka-
zaki Y, et al. OsATG7 is required for autophagy-depen-
dent lipid metabolism in rice postmeiotic anther
development. Autophagy 2014; 10:878-88; PMID:
24674921; http://dx.doi.org/10.4161/auto.28279

18. Izumi M, Hidema J, Wada S, Kondo E, Kurusu T,
Kuchitsu K, Makino A, Ishida H. Establishment of
monitoring methods for autophagy in rice reveals
autophagic recycling of chloroplasts and root plas-
tids during energy limitation. Plant Physiol 2015;
167:1307-20; PMID:25717038; http://dx.doi.org/
10.1104/pp.114.254078

19. Wada S, Hayashida Y, Izumi M, Kurusu T, Hanamata
S, Kanno K, Kojima S, Yamaya T, Kuchitsu K, Makino
A, et al. Autophagy supports biomass production and
nitrogen use efficiency at the vegetative stage in rice.
Plant Physiol 2015; 168:60-73; PMID:25786829;
http://dx.doi.org/10.1104/pp.15.00242

20. Li FQ, Chung T, Pennington JG, Federico ML,
Kaeppler HF, Kaeppler SM, Otegui MS, Vierstra

RD. Autophagic recycling plays a central role in
maize nitrogen remobilization. Plant Cell 2015;
27:1389-408; PMID:25944100; http://dx.doi.org/
10.1105/tpc.15.00158

21. Pei D, Zhang W, Sun H, Wei XJ, Yue JY, Wang HZ.
Identification of autophagy-related genes ATG4 and
ATG8 from wheat ( Triticum aestivum L.) and profil-
ing of their expression patterns responding to biotic
and abiotic stresses. Plant Cell Rep 2014; 33:1697-710;
PMID:24996626; http://dx.doi.org/10.1007/s00299-
014-1648-x

22. Yue JY, Sun H, Zhang W, Pei D, He Y, Wang HZ.
Wheat homologs of yeast ATG6 function in
autophagy and are implicated in powdery mildew
immunity. BMC Plant Biol 2015; 15:95;
PMID:25888209; http://dx.doi.org/10.1186/
s12870-015-0472-y

23. Mochida K, Oikawa Y, Kimura Y, Kirisako H, Hir-
ano H, Ohsumi Y, Nakatogawa H. Receptor-medi-
ated selective autophagy degrades the endoplasmic
reticulum and the nucleus. Nature 2015; 522:359-
62; PMID:26040717; http://dx.doi.org/10.1038/
nature14506

24. Yoshimoto K, Takano Y, Sakai Y. Autophagy in
plants and phytopathogens. Febs Lett 2010;
584:1350-8; PMID:20079356; http://dx.doi.org/
10.1016/j.febslet.2010.01.007

www.tandfonline.com e1101199-3Plant Signaling & Behavior


