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Autophagy is an intracellular process leading to vacuolar or lysosomal degradation of cytoplasmic components in eukaryotes.
Establishment of proper methods to monitor autophagy was a key step in uncovering its role in organisms, such as yeast
(Saccharomyces cerevisiae), mammals, and Arabidopsis (Arabidopsis thaliana), in which chloroplastic proteins were found to be
recycled by autophagy. Chloroplast recycling has been predicted to function in nutrient remobilization for growing organs or
grain filling in cereal crops. Here, to develop our understanding of autophagy in cereals, we established monitoring methods for
chloroplast autophagy in rice (Oryza sativa). We generated transgenic rice-expressing fluorescent protein (FP) OsAuTophaGy8
(OsATGS) fusions as autophagy markers. FP-ATGS signals were delivered into the vacuolar lumen in living cells of roots and
leaves mainly as vesicles corresponding to autophagic bodies. This phenomenon was not observed upon the addition of
wortmannin, an inhibitor of autophagy, or in an ATG7 knockout mutant. Markers for the chloroplast stroma, stromal FP,
and FP-labeled Rubisco were delivered by a type of autophagic body called the Rubisco-containing body (RCB) in the same
manner. RCB production in excised leaves was suppressed by supply of external sucrose or light. The release of free FP caused by
autophagy-dependent breakdown of FP-labeled Rubisco was induced during accelerated senescence in individually darkened
leaves. In roots, nongreen plastids underwent both RCB-mediated and entire organelle types of autophagy. Therefore, our newly
developed methods to monitor autophagy directly showed autophagic degradation of leaf chloroplasts and root plastids in rice
plants and its induction during energy limitation.

Autophagy is the primary pathway facilitating bulk
degradation of intracellular components in eukary-
otic cells (Ohsumi, 2001; Levine and Klionsky, 2004).
Macroautophagy (hereafter referred to as autophagy)
is the well-characterized autophagic process by which
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cytoplasm and organelles are sequestered by a double-
membraned vesicle called an autophagosome and trans-
ported to the vacuole in yeast (Saccharomyces cerevisiae)
and plants or the lysosome in animals (for review, see
Mizushima et al., 2002; Nakatogawa et al., 2009; Li and
Vierstra, 2012; Liu and Bassham, 2012; Yoshimoto, 2012).
Autophagosome formation begins with the generation
of a sequestering membrane called the phagophore or
isolation membrane, which then elongates to engulf a
portion of the cytoplasm, including organelles, and even-
tually, forms the autophagosome. The outer membrane of
the autophagosome fuses with the vacuolar/lysosomal
membrane, and the inner membrane structure called the
autophagic body is degraded by the resident hydrolases
within the vacuole/lysosome. The molecular events dur-
ing autophagosome formation have been well charac-
terized in the budding yeast through the identification
of Autophagy (ATG) genes (Xie and Klionsky, 2007;
Nakatogawa et al., 2009). Isolation and characterization of
transfer-DNA insertional knockout and RNA interference
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knockdown mutants of Arabidopsis (Arabidopsis thaliana)
ATG orthologs have revealed that molecular events for
autophagosome formation in yeast are mostly conserved
in plants (Doelling et al., 2002, Hanaoka et al., 2002;
Yoshimoto et al., 2004; Thompson et al., 2005; Xiong
et al., 2005; Fujiki et al., 2007; Phillips et al., 2008; Chung
et al., 2010; Suttangkakul et al., 2011; Li et al., 2014).

Analyses of numerous autophagy-deficient (atg)
mutants of Arabidopsis have shown the importance of
autophagy for nutrient recycling in plants, similar to
its role in yeast and animals. Almost all atg mutants
exhibit sensitivity to nitrogen- or carbon-limited con-
ditions: their survival in nitrogen-free medium or
darkness is significantly reduced compared with wild-
type plants (Doelling et al., 2002; Hanaoka et al., 2002;
Yoshimoto et al., 2004, Thompson et al., 2005; Xiong
et al., 2005; Chung et al., 2010; Suttangkakul et al.,
2011; Li et al., 2014). Chloroplasts are the main source
of carbon or nitrogen recycling in plants, because the
majority of plant nutrients are distributed to chloro-
plasts, such that chloroplastic proteins account for 75%
to 80% of the total leaf nitrogen in C3 plants (Makino
et al., 2003). Rubisco, which is the CO,-fixation enzyme
in photosynthesis, is particularly predominant and
accounts for around 50% of the total soluble protein in
leaves. We have previously reported that there are
autophagic pathways for chloroplastic proteins, in-
cluding Rubisco (Ishida et al., 2014). During the early
stage of natural leaf senescence or energy limitation, a
portion of the stromal proteins is partially transported
to the vacuole by a type of autophagic bodies called
Rubisco-containing bodies (RCBs; Ishida et al., 2008;
Izumi et al., 2010). At the late stage of sugar starvation-
induced senescence, entire chloroplasts are transported
into the vacuole by an autophagic process termed
chlorophagy (Wada et al., 2009). These chloroplast
autophagy pathways likely contribute to carbon and
nitrogen utilization throughout the entire plant in
Arabidopsis (Guiboileau et al., 2012; Izumi et al., 2013;
Ono et al., 2013).

Nutrient remobilization initiating with chloroplastic
protein degradation is an important factor determining
the productivity of crop plants. In important cereals,
such as rice (Oryza sativa) and barley (Hordeum vulgare),
chloroplastic proteins are degraded during leaf senescence,
and the released nitrogen is remobilized to growing organs
and finally, stored within seeds (Friedrich and Huffaker,
1980; Mae et al., 1983). Remobilized nitrogen accounts
for 45% of the total nitrogen of newly expanding leaves
in rice (Mae and Ohira, 1981). The contribution of
remobilized nitrogen to the grain-filling nitrogen has
been estimated to be 50% to 90% in rice, wheat (Triticum
aestivum), and maize (Zea mays), although it is variable
depending on cultivar and growth conditions, particu-
larly nitrogen fertilization (Masclaux et al., 2001). Despite
the importance of degradation in this remobilization,
to date, there is no direct evidence for the involve-
ment of autophagy in chloroplastic protein degrada-
tion in cereals. Furthermore, unlike AtATG7 mutants,
the retrotransposon Tos17-insertional knockout rice of
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OsATG7 (Osatg7) exhibits a male sterility phenotype
(Kurusu et al., 2014), indicating that there are some
differences in the roles of autophagy depending on
plant species. Most studies to date of autophagy in
plant species other than Arabidopsis have focused on
transcriptional analysis or morphological observation
(Ghiglione et al., 2008; Chung et al., 2009; Xia et al.,
2011). To show the relevance of autophagic recycling
in cereals and investigate any potential roles that
differ from those in Arabidopsis, direct monitoring of
the progression and activity of autophagy in living
cells or intact tissues is essential.

A vital step in the study of autophagy in yeast,
mammals, and Arabidopsis was the establishment of
fluorescent protein (FP)-based methods for monitoring
autophagy, in which fusion proteins consisting of FPs
and ATG proteins or specific organelle-localized pro-
teins were not only visual markers for autophagy under
fluorescence microscopy but also, biochemical autophagy
markers, such as for immunoblotting (Yoshimoto et al.,
2004; Thompson et al., 2005; Cheong and Klionsky, 2008;
Mizushima et al., 2010). There is experimental evidence
indicating that acidotropic fluorescent dyes, such as
monodansylcadaverine or Lyso-tracker, which have been
used as autophagy markers, do not specifically label
autophagic structures (Bampton et al., 2005; Merkulova
et al., 2014). By contrast, FP-ATGS fusions are currently
considered to be the most reliable autophagy markers
in mammals and Arabidopsis (Mizushima et al., 2010;
Merkulova et al., 2014). For chloroplast autophagy in
Arabidopsis, chloroplast stroma-localized FPs or FP-
labeled Rubisco are not only visual markers for RCBs
but also, good indicators for autophagy progression
during leaf senescence (Ono et al., 2013). Despite this
progress, such FP-based monitoring of plant autophagy
has been limited to Arabidopsis or cultured cells (Toyooka
et al., 2006; Takatsuka et al., 2011; Kurusu et al., 2014).

In this study, we visualized autophagy of leaf chlo-
roplasts and root plastids in living cells of rice plants
using FP-OsATGS fusions, chloroplast stroma-targeted
(CT)-FP, FP-labeled Rubisco proteins, and an OsATG7
knockout mutant. These methods allowed us to establish
that the importance of autophagic recycling of chloro-
plastic proteins is conserved in energy-limited leaves in
rice and also, revealed unique features of autophagic
degradation of plastids. This report shows the establish-
ment of in planta monitoring methods for autophagy in
rice and directly shows the progression of ATG-dependent
autophagy and its involvement in chloroplast protein
recycling.

RESULTS
In Planta Visualization of Autophagy in Rice

GFP-AtATG8a was previously successfully used to
visualize the progression of starvation-induced autophagy
in rice-cultured cells (Kurusu et al., 2014). Here, we set
out to develop in planta autophagy visualization tech-
niques for rice by producing transgenic rice expressing
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FP-OsATGS fusion proteins. Previous searches of rice
genomic DNA or complementary DNA (cDNA) data-
bases identified several possible orthologs (OsATGs) of
yeast and Arabidopsis ATG genes, among which were
five or seven candidate OsATG8s (Chung et al., 2009;
Xia et al.,, 2011). Because there was some uncertainty
about these candidates, with some lacking correspond-
ing cDNA information or having differences in cDNA
data between the two previous reports, we began by
data mining OsATG8 cDNA data, cloning, and direct
sequencing. We confirmed the sequences of OsATG8a to
OsATGS8d (Supplemental Fig. S1A), named according to
Chung et al., 2009. Compared with high identity of
deduced amino acid sequences among OsATGS8a to
OsATGS8c, the deduced amino acid sequence of OsATG8d
was more similar to that of AtATGSi (Supplemental Fig.
S1B). The C-terminal Gly residue in ATGS8 is exposed
through cleavage by ATG4 protease during the elongation
of the autophagosomal membrane. OsATG8d does not
possess an extra amino acid tail downstream of the Gly
like that found in AtATG8h and AtATGSi (Supplemental
Fig. S1B; Doelling et al., 2002; Hanaoka et al., 2002). To
consider the consequences of these sequence differ-
ences, we chose OsATG8a and OsATG8d to produce
the FP-OsATGS fusion constructs.

We generated transgenic rice expressing monomeric
red fluorescent protein (mRFP)-OsATG8a or mRFP-
OsATG8d fusions under the control of the Cauliflower
mosaic virus (CaMV) 355 promoter (Fig. 1A). When
roots of the transgenic plants were excised and im-
mediately observed by laser-scanning confocal mi-
croscopy (LSCM), the RFP fluorescence was detected
in the cytoplasm and nucleus (Fig. 1B). Treatment with
concanamycin A, an inhibitor of vacuolar H™-ATPase,

Monitoring Chloroplast Autophagy in Rice

is used to facilitate observation of autophagic bodies
by increasing the interior pH in the vacuolar lumen
(Yoshimoto et al., 2004; Ishida et al., 2008). When ex-
cised roots of the transgenic plants were incubated
with concanamycin A in nutrient-free solution for 6 h
in darkness, we observed many vesicles exhibiting
strong RFP signal and the spread of faint RFP signal in
the central area of the root cells (Fig. 1B). In addition,
vesicle structures were visible in differential interference
contrast (DIC) images. Wortmannin is an inhibitor of
phosphatidylinositol 3-kinases that can inhibit autophagic
processes in Arabidopsis plants (Merkulova et al., 2014).
The addition of wortmannin during concanamycin A
treatment suppressed the mobilization of RFP signals into
the vacuolar lumen in rice expressing mRFP-OsATG8a or
mRFP-OsATG8d (Fig. 1B). These results indicate that
FP-OsATGS can be used to visualize the progression of
autophagy in living cells of rice plants.

To examine whether the vesicles exhibiting mRFP-
OsATGS signals are autophagic bodies, we adopted a
reverse genetic approach using the Tosl7-insertional
OsATG7 knockout mutant (Osatg7-1). We used mRFP-
OsATGS8d for additional analyses, because it tended to
produce stronger and more stable signals than mRFP-
OsATG8a in our rice lines (Fig. 1B). Because Osatg7-1
plants are male sterile because of defects in pollen
germination (Kurusu et al., 2014), we first generated
mRFP-OsATG8d-expressing rice in a background het-
erozygous for the Tos17 insertion in the OsATG?7 locus.
Homozygous Tos17-insertional plants (Osatg7-1), such
as OsATG7 knockout mutant plants, and plants lacking
the Tos17 insertion (OsATG7+/+), such as the corre-
sponding wild-type plants, were characterized from the
population of next generation by genomic PCR and

Figure 1. In planta visualization of autophagy in
rice. A, Schematic representation of the mRFP-
OsATG8a or mRFP-OsATG8d fusion construct. Fu-
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sion proteins consisting of mRFP and OsATG8a or
OsATG8d were expressed under the control of the
CaMV 35S promoter. B, Visualization of autophagy
in rice roots. Fresh roots of rice expressing mRFP-
OsATG8a or mRFP-OsATG8d were excised and
observed immediately (0 h) or after treatment for 6 h
with 1 um concanamycin A without (+concA) or
with (+concA+wort) 5 um wortmannin. The region
approximately 5 mm from root tips was observed by
LSCM. RFP fluorescence images and DIC images
obtained simultaneously are shown. Bars = 10 um.
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used for imaging analyses. When roots of the resulting
mRFP-OsATG8d-expressing OsATG7+/+ control and
Osatg7-1 plants were excised and incubated with con-
canamycin A, the RFP-labeled vesicles and spread RFP
signals in the vacuole were absent from the Osatg7-1
roots (Fig. 2). Therefore, we concluded that the vesicles
visualized by mRFP-OsATG8 were, indeed, autophagic
bodies and represent direct evidence of the progression
of ATG-dependent autophagy in rice plants.

Although the mature leaf blade of rice is unsuitable
for live-cell imaging by microscopy because of its sol-
idness and small cell size, we recently established
imaging methods using the first leaf of 5- to 7-d-old
rice seedlings (Takahashi et al., 2014). In the mesophyll
cells of the first leaf of mRFP-OsATG8d-expressing rice,
RFP fluorescence was observed in the cytoplasm and
nucleus (Fig. 3). After treatment with concanamycin A,
many autophagic bodies and mobilization of mRFP-
OsATG8d signals into vacuolar lumen were observed,
and both were suppressed by the addition of wortmannin
(Fig. 3). Collectively, these results confirm the existence of
autophagy in rice mesophyll cells containing chloroplasts.

Visualization of Autophagic Degradation of Chloroplasts
by RCBs in Rice

To visualize the behavior of stromal proteins in living
cells of rice plants, we generated transgenic rice ex-
pressing CT synthetic GFP (sGFP) under the control of
CaMV 35S promoter (Fig. 4A). When the first leaf
was excised and immediately observed by LSCM,

mRFP-OsATG8d +concA

OsATGT7+/+

Osatg7-1

Figure 2. Mobilization of mRFP-OsATGS8 signal into the vacuole is not
observed in OsATG7 knockout plants. Roots of OsATG” knockout
(Osatg7-1) and corresponding wild-type (OsATG7+/+) plants
expressing mRFP-OsATG8d were excised and incubated for 6 h with
1 um concanamycin A (+concA). RFP fluorescence images and DIC
images obtained simultaneously are shown. Bars = 10 um.
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GFP fluorescence overlapped with chlorophyll auto-
fluorescence in mesophyll cells (Fig. 4B), indicating that
CT-sGFP was transported into leaf chloroplasts. The M,
of the CT-sGFP-corresponding band detected by im-
munoblotting was approximately 27 kD, which is the
same size as recombinant GFP (rGFP; Supplemental
Fig. S2A). This supports that almost all CT-sGFP fusion
protein was present as the mature form after transport
to chloroplasts, with the concomitant cleavage of the
N-terminal transit peptide (CT). When leaf fragments
were incubated with concanamycin A in nutrient-free
solution for 20 h in darkness, we observed the spread of
faint GFP signals and small vesicles exhibiting strong
GFP signals in the central area of the mesophyll cells
(Fig. 4B). The GFP-labeled vesicles were around 1 um
in diameter, did not exhibit chlorophyll signal, and
appeared to move randomly (Fig. 4B; Supplemental
Movie S1). These characteristics are identical to those of
RCBs in Arabidopsis cells (Ishida et al., 2008). The ad-
dition of wortmannin during concanamycin A treat-
ment suppressed the appearance of such vesicles (Fig.
4B) in the same manner as autophagic bodies visual-
ized by mRFP-OsATG8d (Fig. 3). Furthermore, labeled
vesicles failed to accumulate in leaves of Osatg7-1 stably
expressing CT-sGFP upon incubation with concanamycin
A (Fig. 4C). These findings indicate that the CT-sGFP-
labeled vesicles are autophagic bodies that specifically
contain chloroplast stroma (i.e. RCBs). Thus, we con-
clude that piecemeal degradation of chloroplasts by
RCBs functions in rice in an ATG-dependent manner.

During the observation of RCBs in rice leaves, ad-
ditional RCB-like dots exhibiting faint chlorophyll
signal were frequently observed (Supplemental Fig.
S3A). We compared the profiles of fluorescence among
such dots, RCBs and chloroplasts (Supplemental Fig.
S3B). Although chloroplasts exhibited the two fluo-
rescent peaks corresponding GFP and chlorophyll,
RCBs showed one fluorescent peak corresponding to
GFP. The unknown dots exhibited broad fluorescence
spectra without any clear peaks. Furthermore, such
unknown vesicles were also observed in cells of rice
‘Nipponbare,” in which no FPs were expressed
(Supplemental Fig. S3, A and C). Thus, we concluded
that the unknown dots were structures unrelated to
RCBs or autophagy. Because such dots were fre-
quently observed in both green and nongreen tissues
of rice during fluorescence microscopy analysis, spe-
cial attention should be paid when fluorescent signals
are monitored in living cells of rice plants.

RCB Production in Excised Rice Leaves Is a Response to
Energy Limitation Caused by Darkness

In Arabidopsis, RCB production in excised leaves
responds to nutrient conditions: the presence of sugars
or light energy strongly suppresses RCB production
(Izumi et al., 2010). We checked such responses in rice
leaves (Fig. 5). Around 27 RCBs were detected in the
field of view (90 X 90 um each) in leaves incubated

Plant Physiol. Vol. 167, 2015
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Figure 3. Visualization of autophagy in mesophyll

RFP Chlorophyli

Oh
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+concA
+wort

with concanamycin A in nutrient-free solution for 20 h
in darkness, whereas the addition of Suc led to a re-
duced number of RCBs (Fig. 5). The accumulation
of RCBs was also suppressed by light irradiation,
and this suppression was relieved by the addition
of 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU), an
inhibitor of photosynthetic electron transport (Fig. 5).
These results indicate that RCB production during
concanamycin A treatment of excised rice leaves is
induced by energy limitation caused by the interruption
of photosynthetic carbon fixation.

Autophagic Recycling of Chloroplastic Proteins Is
Accelerated by Energy Limitation in Individually
Darkened Intact Leaves

Direct visualization of autophagic bodies or RCBs
requires inhibition of vacuolar lytic activities, such as
by concanamycin A treatment (Figs. 1B, 3, and 4; Ishida
et al, 2008). However, detection of autophagic flux
without concanamycin A treatment is essential for in-
vestigating the activity of autophagy in intact tissues.
One possible method for this is biochemical detec-
tion of autophagy-dependent processing of autophagy
markers (Cheong and Klionsky, 2008; Mizushima
et al., 2010; Suttangkakul et al., 2011). Released free
FPs derived from vacuolar degradation of FP fusion
markers, such as FP-ATG8 or FP-organelle marker pro-
teins, can be detected by immunoblotting after SDS-PAGE

Plant Physiol. Vol. 167, 2015

cells containing chloroplasts in rice. First leaves of
mRFP-OsATG8d-expressing rice were excised and
observed immediately (0 h) or after incubation for
20 hin 1T um concanamycin A without (+concA) or
with (+concA+wort) 5 um wortmannin. RFP fluo-
rescence appears green, and chlorophyll auto-
fluorescence appears magenta. Bars = 10 um.

or fluorescence detection after nondenaturing PAGE, be-
cause FPs are relatively stable in the vacuole (Cheong and
Klionsky, 2008). Such biochemical detection is especially
advantageous in leaf blades of rice, because the mature
leaf blade is not amenable to observation by fluorescence
microscopy. The release of free FP into the vacuole by
autophagy-dependent degradation of Rubisco-FP fusion
protein is a good indicator of chloroplast autophagy in
intact leaves of Arabidopsis during natural or dark-
induced senescence (Ono et al., 2013). To establish such
a method for rice plants, we generated transgenic rice
expressing rice Rubisco Small Subunit2 (OsRBCS2)-sGFP
fusion under the OsRBCS2 promoter (Fig. 6A). OsRBCS2
is predominantly expressed in green tissues of rice plants
(Suzuki et al., 2009). GFP fluorescence was detected in
shoots but not roots in OsRBCS2-sGFP-expressing rice
(Supplemental Fig. S4), unlike rice expressing CT-sGFP
driven by the CaMV 35S promoter, in which GFP fluo-
rescence was detected throughout the entire plant
(Supplemental Fig. 54). These data indicate that the
activity of the OsRBCS2 promoter in our constructs is
consistent with its endogenous characteristics in rice.
The presence of RBCS-sGFP fusion protein of
around 43 kD, which corresponds to the mature size
after cleavage of the RBCS2 transit peptide, was con-
firmed by immunoblotting (Fig. 6B). We then investi-
gated whether the RBCS-sGFP fusion proteins are
incorporated to Rubisco holoenzyme, which comprises
eight plastid-encoded Rubisco Large Subunit (RbcL)
and eight nucleus-encoded RBCS. When soluble protein

1311


http://www.plantphysiol.org/cgi/content/full/pp.114.254078/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.254078/DC1

Izumi et al.

Figure 4. Autophagy-dependent mobilization of A
stromal proteins into the vacuole by RCBs in rice. A,
Schematic representation illustrating the construct

for CT-sGFP expression. Fusion proteins consisting B
of the transit peptide (TP) of OsRBCS2 and sGFP

were expressed under the control of the CaMV 35S
promoter. B, Visualization of RCBs in rice leaves.

The first leaf of CT-sGFP-expressing rice was excised

and observed immediately (0 h) or after incubation

for 20 h in the presence of 1 um concanamycin A
without (+concA) or with (+concA+wort) 5 um
wortmannin. C, RCB accumulation is not observed

in OsATG7 knockout plants. First leaves of Osatg7-1 or

the corresponding wild-type plant (OsATG7+/4) ex-
pressing CT-sGFP were excised and incubated for 20 h

in the presence of 1T um concanamycin A (+concA).

GFP fluorescence appears green, and chlorophyll
autofluorescence appears magenta. In merged images,
overlapping signals appear white. Bars = 10 um.

OsATGT7+/+

Osatg7-1

extracts from shoots of plants expressing OsRBCS2-
sGFP were separated by nondenaturing PAGE using
4% to 12% gradient gels, GFP signal was detected as a
single sharp band near the top of the native Rubisco
holoenzyme (white arrowhead in Fig. 6C). The GFP
fluorescence-exhibiting band and the native Rubisco
band were more clearly separated by nondenaturing
PAGE using 5% fixed concentration gels (Fig. 6D). The
GFP fluorescence-exhibiting band was also detected by
immunoblotting using anti-RbcL. and anti-RBCS anti-
bodies, confirming that this band corresponds to Rubisco
holoenzyme (Fig. 6D). Therefore, we concluded that

1312

CT-sGFP

GFP Chlorophyll
LY

CT-sGFP +concA

GFP Chlorophyll

expressed OsRBCS2-sGFP fusion proteins were incor-
porated into Rubisco holoenzyme and present as GFP-
labeled Rubisco (Rubisco-sGFP).

When first leaves of OsRBCS2-sGFP-expressing rice
were excised and immediately observed by LSCM,
GFP fluorescence overlapped with chlorophyll auto-
fluorescence, indicating that Rubisco-sGFP was local-
ized to chloroplasts (Fig. 7A). When leaf fragments
were incubated with concanamycin A for 20 h in
darkness, the accumulated RCBs appeared to move
randomly in the vacuolar lumen, such as in the case
of CT-sGFP-expressing plants (Fig. 7A; Supplemental

Plant Physiol. Vol. 167, 2015
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Figure 5. Supplying external sugar or light energy
suppresses RCB production. A, Visualization of
RCBs under various conditions. First leaves of CT-

w
=

N
=

RCB number

-
=1

sGFP-expressing rice were excised and incubated
for 20 h in the presence of 1 um concanamycin A
(+concA) in darkness (Dark), with the addition of
2% (w/v) Suc in darkness (Dark +Suc), in light (Light),
or with the addition of DCMU in the light (Light
+DCMU). Images were obtained after incubation, and
merged images are shown. GFP fluorescence appears
green, chlorophyll autofluorescence appears magenta,
and overlapping signals appear white. Bars = 10 um.
B, The number of accumulated RCBs in various incu-

Movie S2). When leaves of OsRBCS2-sGFP-expressing
plants of Osatg7-1 or the corresponding wild-type
(OsATG7+/+) background were subjected to con-
canamycin A treatment, RCBs accumulated in wild-
type but not Osatg7-1 leaves (Fig. 7B). These results
are direct evidence that Rubisco is mobilized into the
vacuole through RCBs in rice leaves.

The responses of RCB production to incubation
conditions in excised rice leaves indicated that energy
limitation is an important factor inducing RCB pro-
duction similar to the case in Arabidopsis leaves (Fig.
5; Izumi et al., 2010). The darkening of an individual
leaf causes energy limitation in the darkened leaf,
leading to acceleration of leaf senescence and increased
accumulation of transcripts for several ATG genes in
Arabidopsis and maize plants (Weaver and Amasino,
2001; Chung et al., 2009; Wada et al., 2009). We in-
vestigated whether chloroplast autophagy is induced
in a darkened leaf of rice plants through detection of
autophagy-dependent processing of Rubisco-sGFP.
The fifth leaves, which are the mature leaves in 5-
week-old plants, were individually darkened (Fig. 8A).
The contents of chlorophyll, soluble protein, and
Rubisco protein decreased earlier in darkened leaves
than in control leaves of nontreated plants (Fig. 8B),
indicative of accelerated senescence in darkened leaves
of rice plants. When soluble protein extracts were
separated by nondenaturing PAGE and GFP fluores-
cence was detected in the gel, two additional bands
below the Rubisco-sGFP bands were detected only in
darkened leaves, like that of rGFP (Figs. 6C and 8C).
Rubisco-sGFP processing was further confirmed by
immunoblotting after SDS-PAGE (Fig. 8D). The two
bands representing free-sGFP, which reacted with anti-
GFP antibody but not with anti-RBCS antibody, were
detected only in darkened leaves. These findings in-
dicate that the processing of Rubisco-sGFP and the
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b
=] bation conditions. Excised leaves from four indepen-
(@’ (@, dent plants were incubated in the conditions described
o © ’*O in A, and the number of accumulated RCBs in the field
A

of view (90 X 90 um) was counted. The data represent
mean =* st (n = 4). Statistical analysis was performed
by Tukey’s test; columns with the same letter are not
significantly different (P = 0.05).

release of peptides corresponding to free-sGFP occur
in darkened rice leaves. Quantification of the fluores-
cence intensities of nondenaturing PAGE bands cor-
responding to Rubisco-sGFP and free-sGFP (values for
the two bands were combined) from soluble protein
extracts indicated that the free-sGFP bands increased
until 3-d darkening and slightly decreased at 6 d (Fig.
8E). This decrease indicated that free-sGFP gradually
declines in the vacuole, although GFP is relatively
stable against vacuolar lytic activity. The relative
amount of free-sGFPs at 3-d darkening was approxi-
mately 17% of the Rubisco-sGFP before dark treatment
(Fig. 8E). Release of free-sGFPs in 3-d-darkened leaves
was detected in OsRBCS2-sGFP-expressing rice of the
wild-type background (OsATG7+/+) but not the
Osatg7-1 background (Fig. 8F; Supplemental Fig. S5),
indicating that the processing of Rubisco-sGFP is de-
pendent on autophagy. These results indicate that
chloroplast autophagy is induced during accelerated
senescence in individually darkened leaves and that
Rubisco-sGFP can be used as an indicator of the pro-
gression of chloroplast autophagy in intact rice leaves.

We further compared the contents of chlorophyll,
soluble protein, and Rubisco proteins in individually
darkened leaves between Osatg7-1 and corresponding
wild-type (OsATG7+/+) plants. The contents of soluble
protein and Rubisco protein rapidly decreased in
darkened leaves of Osatg7-1, similar to those of wild-
type plants (Supplemental Fig. S6). The decline of
chlorophyll contents was accelerated in darkened
leaves of Osatg7-1 compared with the wild type
(Supplemental Fig. S6). These phenomena are similar
to those in individually darkened leaves of Arabidopsis
atg mutants, in which the declines of chlorophyll and
Rubisco protein content are accelerated, whereas chloro-
plast autophagy clearly contributes to Rubisco degradation
(Wada et al., 2009; Ono et al., 2013).
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Figure 6. Transgenic rice expressing GFP-labeled Rubisco. A, Sche-
matic representation illustrating the OsRBCS2-sGFP fusion construct.
Fusion proteins consisting of OsRBCS2 and sGFP were expressed
under the control of the OsRBCS2 promoter. B to D, Protein analysis in
transgenic rice expressing OsRBCS2-sGFP fusion. Total soluble pro-
teins (10 ug for Coomassie Brilliant Blue R250 stain, 1 or 2 ug for
immunoblotting, and 10 ug for detection of GFP fluorescence)
extracted from shoots of plants expressing the OsRBCS2-sGFP fusion
(RBCS2-sGFP), shoots of wild-type rice ‘Nipponbare’ plants as a
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Autophagic Degradation of Root Plastids in Rice

In rice expressing CT-sGFP, GFP fluorescence was
detected in not only green tissues but also, nongreen
tissues (Supplemental Fig. S4). When soluble protein
extract from roots of CT-sGFP-expressing rice was
subjected to immunoblotting using anti-GFP antibody,
a CT-sGFP-derived band was detected, and its M,
corresponded to that of rGFP (Supplemental Fig. S2B),
indicating that CT-sGFP is present as its mature form
after transport into nongreen plastids of rice roots and
concomitant cleavage of the N-terminal transit pep-
tide. When roots were excised and immediately ob-
served by LSCM, GFP fluorescence was detected in
large organelles corresponding to nongreen plastids
(Fig. 9A), similar to in CaMV 35S promoter-driven CT-
GFP-expressing tobacco (Nicotiana tabacum; Hanson
and Sattarzadeh, 2008). The induction of autophagy in
rice roots was clear upon analysis of mRFP-OsATGS-
expressing rice (Figs. 1 and 2). RCB-like autophagy in
nongreen plastids has also been observed in dark-
grown hypocotyls in Arabidopsis (Ishida et al., 2014).
Therefore, we investigated whether root plastids are
degraded by autophagy in rice plants.

When excised roots of CT-sGFP-expressing rice were
incubated with concanamycin A for 20 h in darkness,
the spread of faint GFP signals and randomly moving
vesicles exhibiting strong GFP signals were observed
(Fig. 9A). These phenomena were suppressed by the
addition of wortmannin (Fig. 9A) and observed in the
wild-type background (OsATG7+/+) but not in Osatg7-1
(Fig. 9B). Thus, root plastids also become the targets of
autophagic degradation. Interestingly, the randomly
moving bodies exhibiting GFP signals were of various
sizes: some of them were around 1 wm in diameter,
similar to the size of RCBs in leaves (white arrowheads
in Fig. 9), whereas others were around 2 to 4 um in
diameter, similar to the size of root plastids (white
arrows in Fig. 9). Both types of GFP bodies appeared to
move randomly (Supplemental Movie S3), indicating
that both bodies were already delivered into the vac-
uole. When roots of a CT-GFP-expressing line of
Arabidopsis, which was previously used for visuali-
zation of RCBs in leaves (Ishida et al., 2008), were in-
cubated with concanamycin A, only small vesicles of

control, and rGFP were separated by SDS-PAGE (B), nondenaturing
PAGE using 4% to 12% gradient gels (C), or nondenaturing PAGE using
5% gels (D) and either stained with Coomassie Brilliant Blue R250 and
subjected to immunoblotting with anti-GFP, anti-RBCS, or anti-RbcL
antibodies or observed with a fluorescent image analyzer to detect
GFP fluorescence. The white arrow indicates the mature form of
RBCS2-sGFP after cleavage of the OsRBCS2 transit peptide, and the
black arrow indicates the mature form of native OsRBCS after cleavage
of its transit peptide. White arrowheads indicate GFP-labeled Rubisco
holoenzyme (Rubisco-sGFP), and the black arrowhead indicates na-
tive Rubisco holoenzyme. The sizes of molecular mass markers (in
kilodaltons) are indicated on the left of the stained gels. CBB, Coomassie
Brilliant Blue R250; M. M., mass marker.
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Figure 7. Autophagy-dependent mobilization of

GFP Chlorophyll

Oh

Rubisco in the vacuole by RCBs in rice. A, Visuali-
zation of RCBs by GFP-labeled Rubisco in rice leaf.
First leaves of OsRBCS2-sGFP-expressing rice were
excised and observed immediately (0 h) or incubated
for 20 h in the presence of 1 um concanamycin A
(+concA). B, Mobilization of GFP-labeled Rubisco is
not observed in OsATG7 knockout plants. First
leaves of OsATG” knockout (Osatg7-1) or corre-
sponding wild-type (OsATG7+/+) plants expressing
OsRBCS-sGFP were excised and incubated for 20 h
in the presence of 1 um concanamycin A (+concA).
GFP fluorescence appears green, and chlorophyll
autofluorescence appears magenta. In merged images,
overlapping signals appear white. In B, only merged
images are shown. Bars = 10 um.

around 1 um in diameter were observed (Supplemental
Fig. 57). The presence of these small vesicles is consis-
tent with piecemeal degradation of nongreen plastids
by RCB structures in Arabidopsis. It is likely that RCB-
like piecemeal autophagy and chlorophagy-like whole
incorporation simultaneously occurred for nongreen
plastids in rice roots under the conditions of this study.

DISCUSSION

Numerous studies of plant autophagy, mainly using
Arabidopsis plants, have suggested that autophagy
could be of importance in agriculturally important
processes, such as grain filling, fruit development, and
defense responses to pathogen infection (Yoshimoto
et al., 2009; Guiboileau et al., 2012; Ono et al., 2013).
Conservation of ATG orthologs and autophagic ma-
chinery in crop plants was identified in maize and rice
(Chung et al., 2009; Xia et al.,, 2011). Reverse genetic
approaches to investigate its role have only recently
commenced (Kurusu et al., 2014; Zhou et al., 2014). To
develop such approaches further, proper methods to
monitor autophagy in the respective plant species are
essential, such as the FP-based monitoring that has been
widely used in studies of autophagy in yeast, mammals,
and Arabidopsis (Yoshimoto et al., 2004; Thompson
et al., 2005; Cheong and Klionsky, 2008; Ishida et al.,
2008; Mizushima et al., 2010). Here, we established such

Plant Physiol. Vol. 167, 2015

methods for rice, an important cereal, and directly
showed the progression of autophagic recycling of leaf
chloroplasts and root plastids in rice. Furthermore, we
report that energy limitation is an important factor in-
ducing chloroplast autophagy in rice leaves. This work
is a significant step enabling direct investigation of au-
tophagic activity in crop plants.

We previously established FP-based monitoring
methods for chloroplast autophagy and investigated its
role in Arabidopsis plants (Ishida et al., 2008; Wada et al.,
2009; Izumi et al., 2010, 2013; Ono et al., 2013). A clearly
common feature between rice and Arabidopsis autoph-
agy found in this report was its induction by energy
limitation caused by leaf darkening. During incubation
of excised leaves of Arabidopsis, RCB production was
suppressed by the presence of metabolic sugars whether
added externally or produced during photosynthesis
under light irradiation (Izumi et al., 2010). In rice leaves,
RCB production was also suppressed by the addition of
external Suc or under light irradiation (Fig. 5). Chloro-
plast autophagy is accelerated in individually darkened
leaves of Arabidopsis (Wada et al., 2009; Ono et al,
2013), and the same phenomenon was observed in in-
dividually darkened leaves of rice by the detection of
Rubisco-sGFP processing (Fig. 8). These results suggest
the conserved importance of autophagy during induced
senescence caused by energy limitation in a leaf.

The relative amount of free-sGFP in 3-d-darkened
leaves was approximately 17% that of the Rubisco-sGFP
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Figure 8. Induction of autophagy-dependent processing of Rubisco-sGFP in individually darkened leaves. A, Image of indi-
vidually darkened leaf treatment. The leaf blades of fifth leaves in 5-week-old plants were individually darkened using alu-
minum foil (Dark). The fifth leaves of nontreated plants were used as the control. Bar = 10 mm. B, Accelerated senescence in
individually darkened leaves. Contents of chlorophyll, soluble protein, and Rubisco protein in control leaves (black squares)
and individually darkened leaves (white circles) are shown. The data represent mean = st (n = 4). C, Detection of Rubisco-sGFP
processing by nondenaturing PAGE. Total soluble proteins from equal volumes of control leaves and darkened leaves of
OsRBCS2-sGFP-expressing plants were separated by nondenaturing PAGE and either stained with Coomassie Brilliant Blue
R250 or observed by a fluorescent image analyzer to detect the GFP fluorescence. D, Detection of RBCS2-sGFP processing by
immunoblotting after SDS-PAGE. Total soluble proteins from equal volumes of control leaves and darkened leaves of OsRBCS2-
sGFP-expressing plants were separated by SDS-PAGE and either stained with Coomassie Brilliant Blue R250 or subjected to
immunoblotting with anti-GFP or anti-RBCS antibodies. E, Changes in relative intensities of Rubisco-sGFP (white columns) and
free-sGFP (black columns) in darkened leaves. The intensity of the band corresponding to Rubisco-sGFP and the two bands
corresponding to free-sGFP were measured, and relative intensity is shown, with Rubisco-sGFP at 0 d set to 100%. The data
represent mean * st (n = 4). F, Processing of Rubisco-sGFP is not detected in OsATG” knockout plants. Total soluble proteins
from equal volumes of leaves before treatment or 3-d control (c3) and 3-d-darkened leaves (d3) of OsATG” knockout plants
(Osatg7-1) or corresponding wild-type plants (OsATG7+/+) expressing OsRBCS2-sGFP were separated by nondenaturing PAGE
and either stained with Coomassie Brilliant Blue R250 or observed by a fluorescent image analyzer to detect the GFP fluo-
rescence. White arrowheads indicate GFP-labeled Rubisco holoeyzyme (Rubisco-sGFP), and black arrowheads indicate free-
sGFP released from Rubisco-sGFP processing. White arrows indicate the mature form of OsRBCS2-sGFP after cleavage of the
OsRBCS2 transit peptide, and black arrows indicate free-sGFP released from OsRBCS2-sGFP processing. The sizes of molecular
mass markers (in kilodaltons) are indicated at the left of the stained gels. CBB, Coomassie Brilliant Blue R250; FW, fresh weight;
M. M., mass marker.
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Figure 9. Autophagy-dependent mobilization of nongreen plastids
into the vacuole in rice roots. A, Visualization of autophagic degra-
dation of root plastids in rice. Roots of CT-sGFP-expressing rice were
excised and observed immediately (0 h) or incubated for 20 h in the
presence of 1 um concanamycin A without (+concA) or with (+concA
+wort) 5 um wortmannin. GFP fluorescence images and DIC images
obtained simultaneously are shown. B, Mobilization of root plastids
into the vacuole is not observed in OsATG7 knockout plants. Roots of
OsATG7 knockout (Osatg7-1) or corresponding wild-type (OsATG7
+/+) plants expressing CT-sGFP were excised and incubated for 20 h in
the presence of 1 um concanamycin A (+concA). GFP fluorescence
images are shown. White arrowheads indicate typical GFP vesicles of
similar size as the RCBs derived from chloroplasts in Figure 4. White
arrows indicate typical GFP vesicles of similar size as root plastids.
Bars = 10 um.
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before the treatment (Fig. 8E). Because free-sGFP is
gradually degraded by the vacuolar lytic activity, even
in darkened leaves (Fig. 8; Ono et al., 2013), the net
amount of Rubisco-sGFP degraded by autophagy
might be larger. However, the amount of Rubisco-sGFP
did not decrease during 3-d darkening (Fig. 8E), which
could be caused by de novo biosynthesis of Rubisco and
RBCS2-sGFP proteins after the dark treatment. There-
fore, we cannot calculate the autophagic contribution to
Rubisco degradation at the induction stage of dark-
induced senescence. Considering that the decrease of
Rubisco-sGFP protein during 6-d darkening was 32%,
the 17% autophagic Rubisco-sGFP degradation during
first 3 d of darkening seems to account for the ma-
jority of Rubisco degradation during that period.
These estimates at least provide convincing support
for a substantial contribution of rice autophagy to
Rubisco degradation during dark-induced senescence
in mature leaf blades.

The contents of Rubisco protein rapidly decreased in
darkened leaves of Osatg7-1 mutants, similar to that of
corresponding wild-type plants (Supplemental Fig.
56), which is analogous to the case in Arabidopsis atg
mutants (Wada et al., 2009; Ono et al., 2013). In Arabi-
dopsis atg mutants, it is suggested that uncontrolled
senescence phenomena, such as hyperaccumulation of
ubiquitinated proteins, salicylic acid, and oxidized
peroxisomes, lead to early cell death, with rapid loss of
chlorophyll (Yoshimoto et al., 2009, 2014; Kim et al.,
2013; Shibata et al., 2013; Munch et al., 2014). Similar
phenomena could also take place during induced se-
nescence of rice. The experimentally darkened leaves
partly mimic the conditions of leaves naturally shaded
by other leaves of the same plants or neighboring
plants in canopies (Brouwer et al,, 2012; Ono et al,,
2013). Such conditions often occur in the canopy of rice
paddy fields. The induction of chloroplast autophagy
in individually darkened leaves of rice in this study is
suggestive of its importance in nutrient recycling from
naturally shaded leaves for grain filling in paddy
fields. However, such effects on yield cannot be tested
easily at this point, because the Osatg mutants isolated
to date show male sterility caused by defective pollen
development (Kurusu et al., 2014).

We found some differences in chloroplast autophagy
between rice and Arabidopsis. In Arabidopsis, even if
leaves were excised and incubated with concanamycin A
for 20 h in darkness, RCBs were rarely seen in young
leaves (Ishida et al., 2008). By contrast, many RCBs were
observed in rice leaves, although we used young leaves
(the first leaves of 5- to 7-d-old seedlings). This difference
may be related to the different types of carbohydrate
storage used in the two species. Although photoassimilates
are stored as starch in Arabidopsis leaves, they are mainly
stored as Suc in rice leaf blades and starch in the rice leaf
sheath (Nakano et al., 1995). In Arabidopsis, low starch
contents in leaves lead to active production of RCBs dur-
ing diurnal changes of starch contents or in several starch-
related mutants (Izumi et al., 2010). It is a possibility that
the low starch in leaf blades also leads to active production
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of RCBs in rice, although detailed analysis of the re-
lationships between leaf carbohydrate contents and
RCB production in rice leaves is required.

Another difference between rice and Arabidopsis
autophagy was observed for root plastids. When roots
of CT-sGFP-expressing rice were incubated with con-
canamycin A, large GFP bodies were frequently
transported into the vacuole (Fig. 9), which possibly
corresponds to transport of entire root plastids by au-
tophagy. We have observed only piecemeal autophagy
through RCB-like structures in nongreen plastids of
Arabidopsis to date (Supplemental Fig. S7; Ishida et al.,
2014). However, it has been suggested that amyloplasts
in columella cells of Arabidopsis roots are transported in
their entirety by autophagy into the vacuole and rapidly
degraded during water stress (Nakayama et al., 2012).
Although the biological significance of autophagy for
root plastids is still unclear, rice may become a useful
tool for understanding the intracellular dynamics of au-
tophagy for plastid degradation, because whole-plastid
transport into the vacuole by autophagy is easily ob-
served in rice roots.

In conclusion, we established FP-based monitoring
methods for autophagy in rice and revealed conserved
involvement of autophagy in chloroplast recycling,
especially in energy-limited leaves. We also found that
some features of rice autophagy are different from the
previously characterized Arabidopsis autophagy. These
methods pave the way for additional investigation of
the activity and roles of autophagy in physiological
processes in rice and other biologically and/or agri-
culturally important species.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

The vectors for generating transgenic rice (Oryza sativa) used in this study
were created as follows. The protein coding regions of OsATG8a or OsATG8d
were amplified from rice cDNA by reverse transcription (RT)-PCR, cloned into
PENTR/D/TOPO vector (Invitrogen), and transferred to the pGWB555 vector
(Nakagawa et al., 2007b) by an LR recombination reaction for creation of
mRFP-OsATG8a and mRFP-OsATG8d expression constructs. For the CT-sGFP
or the OsRBCS2-sGFP expression construct, the coding region of the OsRBCS2
transit peptide or a DNA fragment containing the promoter region and the
protein coding region of OsRBCS2 was amplified from the pBIRS vector (Suzuki
et al, 2007) and ultimately transferred to the pGWB5 or pGWB4 vector
(Nakagawa et al., 2007a), respectively. All vectors were introduced into rice
‘Nipponbare’ by Agrobacterium tumefaciens-mediated methods (Toki et al., 2006).
The Tos17-insertional OsATG7 knockout mutant Osatg7-1, in which Tos17 is
inserted into first exon of OsATG7, was described previously (Kurusu et al.,
2014). To obtain transgenic rice expressing above constructs in the Osatg7-1
background, vectors were introduced into heterozygous Osatg7-1 plants. From
the progeny of those plants, homozygous Osatg7-1 plants and those lacking the
Tos17 insertion (OsATG7+/+; which were used as the corresponding wild-type
plants) were identified by genomic PCR. The primer sequences used for vector
construction and genotyping are shown in Supplemental Table S1.

For the imaging analysis in rice, plants were grown on water for 5 to 14 d at
28°C under continuous light conditions with fluorescent lamps (40 wmol
quanta m ™2 s7'). For the analysis of Rubisco-sGFP processing in darkened
leaves, plants were first grown on water for 21 d and then hydroponically
grown on nutrient-rich solution in an environmentally controlled growth
chamber at 24°C under a 14-h photoperiod with fluorescent lamps (250 wmol
quantam™?s™"). The nutrient composition was described previously (Mae and
Ohira, 1981). Fifth leaves of 5-week-old plants were covered with aluminum
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foil for dark treatment. For the imaging analysis in Arabidopsis (Arabidopsis
thaliana), plants were grown on solid Murashige and Skoog medium (Ono
et al., 2013) containing 2% (w/v) Suc and 0.4% (w/v) gelrite at 23°C under
continuous light conditions with fluorescent lamps (100 wmol quanta m 2577,

Sequence Analysis of OsATG8 Genes

Rice orthologs of yeast (Saccharomyces cerevisiae) SCATG8 and AtATG8 genes
were searched for in the nucleotide databases using the BLAST program. Total
RNA was extracted from rice seedlings using the RNeasy Kit (Qiagen), and
first strand cDNA was synthesized with SuperScript III reverse transcriptase
(Invitrogen). RT-PCR was performed to amplify the predicted coding region
of OsATG8 candidates using gene-specific primers (Supplemental Fig. S1;
Supplemental Table S1). RT-PCR products were inserted into pCR4/TOPO
vector (Invitrogen) and sequenced.

Live-Cell Imaging with LSCM

LSCM was performed with a Nikon Clsi System equipped with a CFI Plan
apo VC 60X water-immersion objective (numerical aperture = 1.20; Nikon) or
a Carl Zeiss LSM710 System equipped with a Plan-apochromat 63X oil-
immersion objective (numerical aperture = 1.40; Carl Zeiss). GFP was ex-
cited with the 488-nm line of a multiargon ion laser, and RFP was excited with
the 561-nm line of a diode-pumped solid-state laser. The fluorescence spectra
excited with 488-nm lines of a multiargon laser between 450 and 700 nm were
obtained at 10-nm resolution by a spectral detector of Nikon Clsi System.

For the imaging in rice roots, roots of 7- to 14-d-old plants were used, and
regions around 5 mm from root tips were observed. When roots were treated
with concanamycin A or wortmannin, 10 to 15 mm from root tips was excised
and incubated in a solution consisting of MES-NaOH (pH 5.5) and 1 um
concanamycin A with or without 5 um wortmannin for 6 or 20 h at 28°C in
darkness.

For the imaging in rice leaves, first leaves of 5- to 7-d-old seedlings were
used as previously described (Takahashi et al., 2014). Thin layers of around
0.5 mm were peeled from first leaves and observed by LSCM. For inhibitor
treatments, thin leaf layers were vacuum infiltrated using a 50-mL syringe
containing MES-NaOH (pH 5.5) and 1 um concanamycin A with or without
5 uMm wortmannin and incubated in the same solution for 20 h at 28°C in
darkness. When the responses of RCB production to Suc energy and light
energy were examined, 2% (w/v) Suc was added to concanamycin A solution,
or the samples were irradiated with light (40 umol quanta m™ s™') with or
without 10 um DCMU. The number of accumulated RCBs was examined as
previously described (Izumi et al., 2010) with slight modifications. After in-
cubation of first leaves from four independent plants, three square regions
(90 X 90 wm each) per plant were monitored by LSCM, and images were
obtained. The number of accumulated RCBs in the images was counted.

Protein Analysis

SDS-PAGE and nondenaturing PAGE analyses were performed as de-
scribed previously (Ishida et al., 2008; Ono et al., 2013). Rice leaves or roots
were homogenized in HEPES-NaOH (pH 7.5) containing 14 mwm 2-mercaptoethanol,
10% (v/v) glycerol, and protease inhibitor cocktail (Complete Mini; Roche). Total
soluble proteins in extracts were quantified by Bradford assay (Bio-Rad) and
subjected to nondenaturing PAGE or mixed with an equal volume of SDS
sample buffer consisting of 200 mm Tris-HCI (pH 8.5), 2% (w/v) SDS, 0.7 m
2-mercaptoethanol, and 20% (v/v) glycerol, boiled for 3 min, and then subjected
to SDS-PAGE. For nondenaturing PAGE, 4% to 12% gradient gels (Invitrogen)
or 5% gels were used. GFP fluorescence on nondenaturing gels was detected by
LAS-4000mini (Fujifilm) equipped with a blue light-emitting diode (460 nm Epi)
and band-pass filter 510DF10. The intensity of the band corresponding to
Rubisco-sGFP and the two bands corresponding to free-sGFP were measured by
Multi Gauge software (Fujifilm). Inmunoblotting was performed with anti-GFP
antibody (1:5,000; Molecular Cloning), anti-RBCS antibody (1:1,000; Ishida et al.,
1997), and anti-RBCL antibody (1:10,000; Ishida et al., 1997). Signals were de-
veloped with horseradish peroxidase-conjugated secondary antibodies (Pierce)
and chemiluminescent reagent (Pierce) and detected using an LAS-4000mini.

Quantifications of chlorophyll, soluble proteins, and Rubisco protein were
performed as previously described with slight modification (Izumi et al., 2010).
Rice leaves were homogenized in HEPES-NaOH (pH 7.5) containing 14 mm
2-mercaptoethanol, 10% (v/v) glycerol, and protease inhibitor cocktail.
Chlorophyll was determined by the method in Arnon (1949). The soluble
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protein content was measured in the supernatant of a portion of the homog-
enate by Bradford assay, with bovine serum albumin as the standard. Triton
X-100 (0.1% [v/v]; final concentration) was added to the remaining homoge-
nate. After centrifugation, the supernatant was mixed with an equal volume of
SDS sample buffer, boiled for 3 min, and then subjected to SDS-PAGE. The
Rubisco content was determined spectrophotometrically by formamide ex-
traction of the Coomassie Brilliant Blue R-250-stained bands corresponding to
RBCS and RbcL of Rubisco. Calibration curves were made with bovine serum
albumin (Thermo Fisher Scientific).

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers OsATG8a (AK059939, NMO001066302),
OsATG8b (AK121268, NM001060464), OsATG8c (AK121169, NM001067706),
OsATG8d (NM001071754), and OsRBCS2 (AK061611).
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The following supplemental materials are available.

Supplemental Figure S1. OsATG8 genes characterized in this study.

Supplemental Figure S2. Protein analysis in transgenic rice expressing
CT-sGFP.

Supplemental Figure S3. Fluorescence spectra of chloroplasts, RCBs, and
unknown dots observed in rice by LSCM.

Supplemental Figure S4. Detection of GFP fluorescence in whole rice
plants expressing CT-sGFP or OsRBCS2-sGFP.

Supplemental Figure S5. Processing of OsRBCS-sGFP is not detected in
OsATG7 knockout plants.

Supplemental Figure S6. Changes in chlorophyll, soluble protein, and
Rubisco protein in individually darkened leaves of Osatg7 knockout rice.

Supplemental Figure S7. Visualization of autophagic degradation of
nongreen plastids in Arabidopsis roots.

Supplemental Table S1. The list of primers used in this study.

Supplemental Movie S1. Movement of RCBs in the vacuolar lumen in a
leaf of CT-sGFP-expressing rice.

Supplemental Movie S2. Movement of RCBs in the vacuolar lumen in a
leaf of OsRBCS2-sGFP-expressing rice.

Supplemental Movie S3. Movement of mobilized plastids into the vacu-
olar lumen in a root of CT-sGFP-expressing rice.
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