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Autophagy and the ubiquitin-proteasome system are the major degradation processes for intracellular components in eukaryotes.
Although ubiquitination acts as a signal inducing organelle-targeting autophagy, the interaction between ubiquitination and
autophagy in chloroplast turnover has not been addressed. In this study, we found that two chloroplast-associated E3 enzymes,
SUPPRESSOR OF PPI1 LOCUS1 and PLANT U-BOX4 (PUB4), are not necessary for the induction of either piecemeal autophagy of
chloroplast stroma or chlorophagy of whole damaged chloroplasts in Arabidopsis (Arabidopsis thaliana). Double mutations of an
autophagy gene and PUB4 caused synergistic phenotypes relative to single mutations. The double mutants developed accelerated
leaf chlorosis linked to the overaccumulation of reactive oxygen species during senescence and had reduced seed production.
Biochemical detection of ubiquitinated proteins indicated that both autophagy and PUB4-associated ubiquitination contributed to
protein degradation in the senescing leaves. Furthermore, the double mutants had enhanced susceptibility to carbon or nitrogen
starvation relative to single mutants. Together, these results indicate that autophagy and chloroplast-associated E3s cooperate for

protein turnover, management of reactive oxygen species accumulation, and adaptation to starvation.

Dysfunctional proteins and damaged organelles
must be degraded to maintain cellular homeostasis in
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eukaryotes. The digestion of intracellular components
also allows the reuse of the resulting small molecules,
such as amino acids and lipids (Aradjo et al., 2011;
Izumi et al.,, 2019). Accordingly, in vivo turnover of
intracellular macromolecules is important in the adap-
tation to stresses that increase cellular damage and in
the efficient use of nutrients once assimilated. Au-
tophagy and the ubiquitin-proteasome system (UPS)
are evolutionarily conserved systems for the degrada-
tion of proteins and organelles (Dikic, 2017).

In the UPS, a small polypeptide, ubiquitin, acts as a
tag for proteins that should be degraded by the 265
proteasome complex (Finley, 2009). Protein ubiquiti-
nation begins with the ATP-consuming activation of
ubiquitin by E1 enzymes. The activated ubiquitin is
transferred from El1 to ubiquitin-conjugating E2 en-
zymes. Ubiquitin ligases (E3) then shift the ubiquitin
from E2 to specific target proteins. The buildup of pol-
yubiquitin chains via the ubiquitination of ubiquitin’s
own Lys-48 residue typically acts as the signal inducing
proteasome-mediated breakdown (Chau et al., 1989).
Generally, eukaryotic genomes encode numerous E3s; in
Arabidopsis (Arabidopsis thaliana), for example, genomics
studies indicate that more than 1,500 E3s are expressed
(Hua and Vierstra, 2011; Metzger et al., 2014; Shu and
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Yang, 2017). Individual E3s may have specific targets,
thereby allowing highly controlled, selective protein
degradation in response to changing circumstances
(Dikic, 2017).

By contrast, during the major type of autophagy,
known as macroautophagy, nascent, double membrane-
bound vesicles (termed autophagosomes) engulf a por-
tion of the cytoplasm including proteins and organelles,
which allows the bulk digestion of a subset of intracel-
lular components (Mizushima and Komatsu, 2011). This
degradation system is vital in enabling cells to adapt to
starvation through the efficient recycling of cytoplasmic
components. A family of autophagy-related (ATG)
proteins have been identified in the budding yeast Sac-
charomyces cerevisine (Nakatogawa et al, 2009). The
production of autophagosomal membranes requires
the activation of the ubiquitin-like proteins ATG8 and
ATGI2 via protein conjugation cascades, in a process
similar to ubiquitin activation and handling by Els, E2s,
and E3s in the UPS (Mizushima et al., 1998; Ichimura
et al., 2000). First, ATG12 is activated by the El-like
protein ATG7 and transferred to the E2-like ATGIO,
initiating the formation of a protein complex comprising
ATGI12, ATG5, and ATG16. Meanwhile, ATGS is pro-
cessed by the protease ATG4, activated by ATG7, and
then transferred to the E2-like ATG3. Subsequently,
ATGS8 becomes conjugated to the lipid phosphatidyl-
ethanolamine, a building block of the autophagosomal
membrane, with the aid of the autophagy-related E3
ATGI12-ATG5-ATG16 complex. A mutant analysis of
core ATG orthologs in Arabidopsis revealed that the
functions of those proteins are largely conserved in
plants (Marshall and Vierstra, 2018; Soto-Burgos et al.,
2018; Yoshimoto and Ohsumi, 2018).

Microautophagy represents another type of mem-
brane dynamic whereby cytoplasmic components are
incorporated into the vacuolar lumen, during which the
vacuolar membrane itself supports target sequestration
(Oku and Sakai, 2018). One well-characterized micro-
autophagy process is the degradation of peroxisomes in
the methylotrophic yeast Komagataella phaffii (previ-
ously known as Pichia pastoris). In this micropexophagy
process, core ATG proteins are required for the for-
mation of a specific membrane structure to complete
the sequestration of targeted peroxisomes (Mukaiyama
et al., 2004).

Recent advances in the study of autophagy, partic-
ularly in yeasts and mammals, have established a role
of autophagy in the selective degradation of dysfunc-
tional components, such as very large protein com-
plexes and organelles (Anding and Baehrecke, 2017).
Notably, in mammals, ubiquitination acts as the signal
inducing such selective autophagy processes. For in-
stance, p62/Sequestosome-1 (SQSTM1) and Next to
BRCA1 Genel (NBR1), which are autophagic receptors
that bind the mammalian homologs of ATGS, also in-
teract with ubiquitinated proteins to degrade them
through autophagosomal transport (Komatsu et al.,
2007; Kirkin et al., 2009). The involvement of ubiquiti-
nation in the turnover of organelles was established
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through research on a type of mitophagy: the protein
kinase PTEN-Induced Putative Kinasel accumulates on
depolarized mitochondria, allowing a cytosolic E3,
parkin, to ubiquitinate the surfaces of dysfunctional
mitochondria (Pickles et al., 2018). The ubiquitinated
mitochondria then become targets of autophagosomal
transport to the lysosomes for degradation.

Ubiquitination-triggered selective autophagy also
occurs in plants. Arabidopsis and tobacco (Nicotiana
tabacum) orthologs of NBR1 play roles in the degrada-
tion of ubiquitinated protein aggregates similar to that
of NBR1 in mammals (Svenning et al., 2011; Zientara-
Rytter et al., 2011; Zhou et al., 2013). When the function
of the 265 proteasome complex is impaired by the
presence of inhibitors, the proteasome itself is ubig-
uitinated and then degraded by autophagy (Marshall
et al., 2015). During this proteaphagy process, 265
proteasome Regulatory Particle Non-ATPasel0 acts as
a receptor through binding to both ubiquitin and
ATGS. These findings reveal that plants have selective
autophagy processes that recognize ubiquitinated
forms of target proteins.

Plant cells are unique in containing photosynthetic
organelles, the chloroplasts. Since chloroplasts accu-
mulate considerable damage during photosynthesis
and contain the majority of nutrients in green plant
tissues, chloroplast turnover is critical for the manage-
ment of oxidative damage and the recycling of assimi-
lated nutrients (Ishida and Makino, 2018, Nakamura
and Izumi, 2018). Our previous studies established
that there are two types of autophagy that degrade
chloroplasts. During leaf senescence or sugar starva-
tion, autophagosomes transport a portion of the chlo-
roplast stroma in a specific form enclosed in small
bodies containing stromal proteins, termed Rubisco-
containing bodies (RCBs; Ishida et al., 2008; Izumi
et al., 2015). This RCB-mediated, piecemeal-type au-
tophagy is important in amino acid recycling during
developmental growth or adaptation to sugar starva-
tion (Izumi et al., 2013; Ono et al., 2013; Hirota et al.,
2018). By contrast, chloroplast damage due to strong
visible light or ultraviolet B, termed photoinhibition,
induces vacuolar transport of entire chloroplasts, in a
process known as chlorophagy (Izumi et al., 2017).
Chlorophagy is a selective autophagic process that
eliminates specific chloroplasts that have accumulated
envelope-associated damage (Nakamura et al., 2018).
Since the vacuolar membrane assists in sequestering
damaged chloroplasts, chlorophagy is likely a micro-
autophagy pathway that requires some core ATG pro-
teins including ATG5 and ATG?7 (Nakamura et al,
2018).

Recent studies have also revealed that ubiquitination
is involved in the degradation of chloroplast-associated
proteins. SUPPRESSOR OF PPI1 LOCUS1 (SP1) is a
chloroplast outer envelope-anchored E3 (Ling et al.,
2012). The main targets of SP1 are the subunits of a
protein import complex in the chloroplast outer enve-
lope known as TOC (translocon at the outer envelope
membrane of chloroplasts). SP1-mediated turnover of

Plant Physiol. Vol. 183, 2020



TOC proteins is mediated by the 26S proteasome, in a
process termed chloroplast-associated protein degra-
dation (CHLORAD), and is important in chloroplast
development and in the control of reactive oxygen
species (ROS) production during abiotic stresses (Ling
et al., 2012, 2019; Ling and Jarvis, 2015). Notably, an-
other recent study demonstrated that the plastid ferro-
chelatase? (fc2) mutant can conditionally accumulate the
ROS singlet oxygen (*O,) in chloroplasts, which sub-
sequently leads to the degradation and removal of
photodamaged chloroplasts (Woodson et al., 2015). A
genetic suppressor screen of fc2 mutants identified the
cytosolic E3 PLANT U-BOX4 (PUB4) as playing a role
in this pathway. It was hypothesized that PUB4 may
directly (or indirectly) ubiquitinate photodamaged
chloroplasts to mark them for removal.

As mentioned above, ubiquitination acts as a signal
that induces autophagic degradation as well as pro-
teasomal breakdown; however, the interaction between
autophagy and chloroplast-associated E3s has not been
addressed. In this study, we focused on the requirement
of chloroplast-associated E3s for the induction of
chloroplast-targeting autophagy in Arabidopsis and
showed that PUB4 and SP1 are dispensable for the in-
duction of both chlorophagy and RCB-mediated au-
tophagy. We further assessed the relationship between
PUB4-related degradation and autophagy through
the phenotypic analysis of single or double mutant
Arabidopsis lines with mutations affecting the two
pathways. During developmental growth or under
starvation conditions, single mutants of autophagy
genes or PUB4 showed distinct phenotypes; conversely,
double mutants with mutations affecting both systems
showed synergistic phenotypes. These results further
support the notion that autophagy and PUB-related
ubiquitination independently contribute to protein
turnover to control oxidative damage and nutrient
recycling.

RESULTS

PUB4 Mutation Does Not Affect the Induction
of Chlorophagy

Ubiquitination acts as a direct signal to induce
mitochondrion-targeting autophagy in mammals
(Pickles et al., 2018). In Arabidopsis, both chlorophagy
and PUB4-related ubiquitination serve to remove dam-
aged chloroplasts during photooxidative conditions
(Woodson et al., 2015; Nakamura et al., 2018). Therefore,
we began our assessment of the requirement for PUB4 in
the induction of chlorophagy by using a mutant allele of
Arabidopsis PUB4, pub4-6 (Supplemental Fig. S1A), in
which an amino acid substitution in PUB4 compromises
the ubiquitination of ROS-overaccumulating chloro-
plasts (Woodson et al., 2015).

When chloroplasts are incorporated into the vacuole
via chlorophagy, vacuole-enclosed chloroplasts lose
their envelopes and stromal components earlier than
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they lose thylakoid structures and chlorophyll signals,
as evidenced by numerous observations of chlor-
ophagy via confocal microscopy or transmission elec-
tron microscopy in previous studies (Izumi et al., 2017;
Nakamura and Izumi, 2018). Therefore, in leaves
expressing fluorescent proteins targeted to the chloro-
plast stroma, vacuole-enclosed chloroplasts exhibit a
chlorophyll signal without a stromal marker signal, and
the number of such stromal marker-deficient chloro-
plasts reflects the degree of chlorophagy activity (Izumi
et al., 2017; Nakamura et al.,, 2018; Nakamura and
Izumi, 2018). Thus, we prepared wild-type, pub4-6,
and atgb-1 plants expressing a GFP fused to a transit
peptide of a chloroplast protein, RecA, under the con-
trol of the cauliflower mosaic virus 35S promoter (Pro-
355:CT-GFP; Kohler et al., 1997), and subjected them to
treatments with 2 h of high light (HL; 2,000 mol m~2
s™1) at either 23°C or low temperature (LT; 10°C).
Chloroplasts deficient in this stromally targeted GFP
fusion were visible in wild-type plants but not in atg5-
1 plants (Fig. 1A, arrowheads), confirming the occur-
rence of core ATG-dependent chlorophagy in HL-
damaged leaves. Stromal marker-deficient chloro-
plasts also appeared in HL-damaged pub4-6 leaves
(Fig. 1A, arrowheads). Since the maximum quantum
yield of PSII (F,/F,,) decreases in response to the level of
photoinhibition, the reduction of the F,/Fy, ratio in this
assay (Fig. 1B) reflects the extent of HL-induced chlo-
roplast damage. In wild-type and pub4-6 plants, similar
levels of PSII damage led to similar levels of induction
of stromal GFP-deficient chloroplasts (Fig. 1, B and C).
Additionally, the greater declines of F,/Fy, seen at 10°C
as compared with 23°C corresponded to the higher in-
duction levels of stromal GFP-deficient chloroplasts in
both wild-type and pub4-6 plants at 10°C (Fig. 1, B and
C). These observations confirm the occurrence of
chlorophagy in pub4-6 plants.

To directly observe chloroplast accumulation in
the vacuolar lumen, we exposed transgenic lines
expressing the vacuolar membrane marker VACU-
OLAR H*-PYROPHOSPHATASE1 (VHP1)-mono-
meric GFP (ProVHP1:VHP1-mGFP; Segami et al.,
2014) to HL (Fig. 1D). A confocal microscopy assay
confirmed that similar amounts of chloroplasts were
present inside the vacuole in wild-type and pub4-6
plants, but not in atgb-1 plants, after HL damage
(Fig. 1, D and E). Additionally, we confirmed that
chloroplasts accumulated in the vacuole in T-DNA
insertional knockout mutants of PUB4 (pub4-1 and
pub4-2; Supplemental Fig. S1, B and C; Wang et al.,
2013), supporting the proposal that PUB4 itself is
dispensable in the induction of chlorophagy.

To corroborate the confocal microscopy results, we
assessed the activity of chloroplast autophagy via a
cleavage assay based on immunoblot detection (Fig. 2).
When fluorescent protein-tagged chimeric proteins are
transported into the lytic organelles through autoph-
agy, fluorescent polypeptide tags are released and ac-
cumulate in the vacuole/lysosomes because of their
tolerance for lytic degradation activity (Mizushima
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Figure 1. Chlorophagy occurs in pub4-6 mutant A

WT

leaves. A, Confocal images of wild-type (WT),
pub4-6, and atg5 mesophyll cells expressing
chloroplast stroma-targeted (CT)-GFP from either
nontreated control plants or plants 2 d after HL
(2,000 umol m~2 s~1) exposure for 2 h at 10°C.
Chlorophyll (magenta) and CT-GFP (green) signals
are shown. In the merged images, overlapping
regions of chlorophyll and GFP appear white.
Only merged images are shown for atg5 plants.
Arrowheads indicate CT-GFP-deficient chloro-
plasts. Bars = 10 um. B, F/F;, ratios measured
before (Cont.) and immediately after HL treatment
for 2 h at 23°C (HL) or at LT (HL+LT; 10°C). Error
bars indicate st (n = 4). C, Proportions of cells with

Control

2 d after HL

Chlorophyll

CT-GFP

€

pub4-6

stromal CT-GFP-deficient chloroplasts in a fixed
region, measured 2 d after HL treatment. Error bars
indicate st (n = 4). D, Confocal images of wild-
type, pub4-6, and atg5 mesophyll cells expressing
the tonoplast marker VHPT-mGFP from either
nontreated control plants or plants 2 d after HL
treatment for 2 h at 10°C. Chlorophyll (magenta)
and VHP1-mGFP (green) signals are shown. Only
merged images are shown. Arrowheads indicate
vacuole-enclosed chloroplasts. Bars = 10 um. E,
Proportions of cells with vacuole-enclosed chlo-
roplasts in the fixed region, measured 2 d after HL
treatment for 2 h at 10°C. Error bars indicate st
(n = 4). In B, C, and E, different letters denote

Control

2 d after HL

o

OCont. OHL OHL+LT

"ol |l s

WT pub4-6 atgh

CT-GFP

significant differences based on Tukey’s test
(P <0.05).

Control

2 d after HL

et al., 2010). Therefore, the biochemical detection of
fluorescent tags derived from autophagic degradation
of target proteins is widely used to assess the activity of
various types of autophagy pathways. We subjected
plants expressing the stroma-localized Rubisco small
subunit (RBCS) fused to monomeric red fluorescent
protein (mRFP; ProRBCS:RBCS-mRFEP; Ono et al., 2013)
to HL treatment; this construct was selected because
RFP is more tolerant of lytic activity compared with
GFP (Kimura et al., 2007). We observed faint RFP sig-
nals spread out in the vacuolar lumen, in addition to
RBCS-mRFP-deficient chloroplasts, in the HL-damaged
leaves of wild type and pub4-6 but not atgs plants
(Supplemental Fig. S2). Immunoblot detection of RFP in
protein extracts showed that free mRFP was released in
the leaves of wild-type and pub4-6 plants but only
minimally in atg5 plants (Fig. 2A). Free mRFP increased
in response to HL treatment in wild-type and pub4-6
plants but not in atg5 plants (Fig. 2). This biochemical
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evidence supports the notion that the pub4-6 mutation
does not affect the activity of chlorophagy.

Piecemeal-Type Chloroplast Autophagy via RCBs during
Sugar Starvation Occurs in pub4-6 Plants

We next assessed the occurrence of another type of
chloroplast-targeting autophagy, RCB-mediated au-
tophagy, that partially transports the chloroplast
stroma as a type of autophagic cargo, termed RCBs,
especially in response to sugar starvation (Ishida et al.,
2008; Izumi et al., 2010). To induce this pathway, we
incubated detached leaves expressing Pro-355:CT-GFP
in darkness as a sugar-starvation condition. Addition-
ally, we supplied concanamycin A, which inhibits vac-
uolar H*-ATPase and consequently reduces vacuolar
lytic activity, to stabilize the resulting accumulation of
RCBs. After 1 d of this treatment, similar amounts of
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Figure 2. Biochemical assay for chloroplast autophagy activity in leaves damaged by HL. A, RFP and cFBPase (loading control)
detected by immunoblotting of soluble protein extracts of wild-type (WT), pub4-6, and atg5 leaves expressing RBCS-mRFP from
either nontreated control plants or plants 2 d after HL (2,000 wmol m~2 s~1) exposure for 2 h at 10°C. The open arrowhead
indicates RBCS-mRFP fusion, and the closed arrowhead indicates free mRFP derived from autophagic degradation of RBCS-
mRFP. Confocal images of leaves in the same treatment groups are shown in Supplemental Figure S2. B, Quantification of free
mRFP/RBCS-mRFP ratio shown relative to that of nontreated wild-type plants, which was set to 1. Error bars indicate st (n = 4).
Asterisks denote significant differences due to HL treatment based on Student’s t test (*P < 0.05).

RCBs appeared in wild-type and pub4-6 plants, but no
RCBs were seen in atgh mutant plants (Fig. 3, A and B).
To biochemically evaluate the activity of RCB-mediated
autophagy via the cleavage assay, we incubated RBCS-
mRFP-expressing leaves in darkness without con-
canamycin A, since we postulated that RCBs are
digested by lytic activity, and mRFP signals derived
from lytic cleavage of RBCS-mRFP accumulate in the
vacuole in a fashion similar to their accumulation after
the induction of chlorophagy (Fig. 2; Supplemental Fig.
52). We observed the dispersed RFP signals in the
vacuolar lumen in the leaves of wild-type and pub4-6
but not atg5 plants after the 2-d incubation in darkness
without concanamycin A (Supplemental Fig. S3).
Consistent with this observation, a cleavage assay with
anti-RFP antibody in dark-treated leaves revealed the
autophagy-dependent release of similar amounts of
free mRFP in wild-type and pub4-6 plants (Fig. 3, C and
D). These results indicate that comparable piecemeal
chloroplast autophagy activity occurs in wild-type and
pub4-6 plants. Thus, we concluded that PUB4 function
is not required for the induction of both full organelle-
type and partial-type chloroplast-targeting autophagy.

SP1 Is Also Dispensable for the Induction of Chlorophagy
and RCB-Mediated Autophagy

We next investigated the involvement of SP1, a
chloroplast envelope-anchored E3 that controls the
degradation of TOC proteins (Ling et al., 2012), in the
induction of the two main types of chloroplast au-
tophagy. After constructing transgenic lines expressing
VHP1-mGFP in the wild-type and sp1-3 mutant back-
grounds, we observed that vacuole-enclosed chloro-
plasts had a similar appearance in both backgrounds
(Fig. 4A). HL treatment caused similar PSII damage in
the transgenic wild-type and sp1-3 plants, and their
levels of chlorophagy induction were also comparable
(Fig. 4B). Upon subjecting further transgenic lines
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expressing stromal RBCS-mRFP in the wild-type and
spl-3 backgrounds to sugar starvation, we observed
similar numbers of RCBs accumulating in each geno-
type (Fig. 4, D and E). These results revealed that
chloroplast autophagy can occur without SP1 function.

Here, to examine whether there is any potential re-
dundancy between PUB4 and SP1 in the induction of
chloroplast autophagy, we generated pub4-6 spl-3
double mutants and additionally checked the chlor-
ophagy activity and RCB production (Fig. 4). Chlor-
ophagy after HL damage (Fig. 4A) and RCB production
during sugar starvation (Fig. 4D) occurred even in pub4-
6 sp1-3 double mutants. The induction levels of both
autophagy pathways were the same among wild-type,
pub4-6, sp1-3, and pub4-6 sp1-3 plants (Fig. 4, C and E),
indicating that PUB4 and SP1 do not have redundant
roles in chloroplast autophagy. Thus, it is unlikely that
these previously identified chloroplast-associated E3s
act as triggers of chloroplast autophagy.

Disrupted ROS Management and Enhanced Chlorosis in
the Double Mutants of Autophagy and PUB4

An independent role of SP1, the turnover of chloro-
plast outer envelope-anchored translocon proteins by
the 26S proteasome termed CLORAD, was well estab-
lished (Ling et al., 2012, 2019; Ling and Jarvis, 2015). By
contrast, previous studies have proposed that both
autophagy proteins and PUB4 contribute to the re-
moval of damaged chloroplasts under photooxidative
stress (Woodson et al., 2015; Nakamura et al., 2018).
Our data indicate that the two systems act indepen-
dently (Figs. 1-3). Therefore, to further define their re-
lationship genetically, we generated double mutants of
PUB4 and two autophagy genes: pub4-6 atg5-1 and
pub4-6 atg7-2.

Interestingly, the double mutants had more extreme
phenotypes than the respective single mutants. At 28 d
after sowing, the plants did not exhibit clear phenotypic
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Figure 3. Comparable activity of piecemeal-type A

WT

chloroplast autophagy between wild-type (WT)
and pub4-6 leaves. A, Confocal images of wild-
type, pub4-6, and atg5 mesophyll cells expressing
CT-GFP from either nontreated control leaves or
leaves incubated in darkness for 1 d with con-
canamycin A (ConA) added. Chlorophyll (ma-
genta) and CT-GFP (green) signals are shown. In
the merged images, overlapping regions of chlo-
rophyll and GFP appear white. Only merged im-
ages are shown for atg5 plants. Small GFP dots
represent RCBs in the vacuole. Bars = 10 um. B,
Number of RCBs in a fixed area after 1 d of in-
cubation in darkness with concanamycin A. Error
bars indicate st (n = 3). Different letters denote
significant differences based on Tukey’s test (P <
0.05). C, RFP and cFBPase (loading control)
detected by immunoblotting of soluble protein

Control

1 d dark + ConA

Chlorophyll

CT-GFP

extracts from wild-type, pub4-6, and atg5 leaves
expressing RBCS-mRFP. Proteins extracted from
either nontreated control leaves (Cont.) or leaves
after 2 d of incubation in darkness were used. The
open arrowhead indicates RBCS-mRFP fusion,
and the closed arrowhead indicates free mRFP
derived from autophagic degradation of RBCS-
mRFP. The confocal images for leaves in the
same treatment groups are shown in

Control

Chlorophyll

‘ RCB nurﬁber
. : . . [+1]
\5&\ Hﬂ
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Supplemental Figure S3. D, Quantification of free %
mRFP/RBCS-mRFP ratio shown relative to that of O
nontreated wild-type leaves, which was set to 1. ;
Error bars indicate st (n = 3). Asterisks denote =
significant differences due to the dark treatment o
based on Student’s t test (***P < 0.001). E
Cc
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473
31.3- -
25.7—
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differences between genotypes (Fig. 5A, top), but after
40 d, pub4-6 atg5-1 or pub4-6 atg7-2 plants showed ac-
celerated chlorosis of rosette leaves (Fig. 5A, bottom).
This visible chlorosis was consistent with the reduction
of leaf photosynthetic capacity: the F,/F,, ratio was
lower in the leaves of the double mutants than in the
wild type and the respective single mutants at 38 d after
sowing (Fig. 5B). We further evaluated the transcript
levels of senescence-associated genes (SAGs) and ob-
served that the transcript abundances of SAGI12 and
SAG13 were elevated in the leaves of 37-d-old pub4-6
atgb-1 and pub4-6 atg7-2 plants relative to the respective
single mutants (Fig. 5C, left). These results indicate an
acceleration of leaf senescence symptoms in the double
mutants. Numerous studies have demonstrated that atg
single mutants display early-senescence phenotypes
compared with wild-type plants (Hanaoka et al., 2002;

1536

T R TR e S e s <TRBCS-mRFP

[JCont. EDark

-
(=]
o

*x Kk kkk

[e=]
o

B
o

— ~free-mRFP

o
o

—

WT pub4-6 atgh

free-mRFP/RBCS-mRFP

Yoshimoto et al., 2009; Guiboileau et al., 2012); there-
fore, our data show that the pub4-6 mutation synergis-
tically enhances such phenotypes.

We additionally checked the transcript levels of
marker genes of ROS accumulation and identified ele-
vated expression of two ROS-responsive genes, THIO-
REDOXIN H-TYPES (TH8) and WRKY40 (Laloi et al.,
2007; Shao et al., 2013), in the double mutants (Fig. 5C,
right). Accordingly, we directly assessed the accumu-
lation of ROS in senescent rosette leaves. 'O, staining
with the fluorescent probe singlet oxygen sensor green
(SOSG) showed greater 'O, production in the double
mutants than in the respective single mutants (Fig. 6, A
and B). Furthermore, the leaves of the double mutants
displayed a stronger signal for 3,3'-diaminobenzidine,
which stains hydrogen peroxide (H,O,; Fig. 6C). Con-
sistent with this cytological observation, quantification
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Figure 4. SP1 is dispensable for the induction of

WT pubd-6 sp1-3

o
-
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OcCont. OHL
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chloroplast autophagy. A, Confocal images of
wild-type (WT), pub4-6, sp1-3, pub4-6 sp1-3, and
atg5 mesophyll cells expressing the tonoplast
marker VHP1-mGFP from either nontreated con-
trol leaves or leaves 2 d after HL (2,000 wmol m-
25~1) treatment for 2 h at 10°C. Arrowheads in-
dicate vacuole-enclosed chloroplasts. Chloro-
phyll (magenta) and VHP1-mGFP (green) signals
are shown. Only merged images are shown. B, F,/
F, ratios measured before (Cont.) and immedi-
ately after HL treatment. Error bars indicate st (n =
6). C, Proportions of cells with vacuole-enclosed
chloroplasts in a fixed region, measured 2 d after
HL treatment. Error bars indicate st (n = 4). D,
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of the H,O, contents of homogenized leaf lysates
showed elevated H,O, in senescing leaves of the double
mutants (Fig. 6D). These results reveal increased accu-
mulation of ROS in the pub4-6 atg double mutants
during senescence, associated with the early-chlorosis
phenotype.

Through phenotypic analysis, we further observed
that the pub4-6 atg double mutants had abnormal si-
liques containing defective seeds (Fig. 7A). We
therefore counted the number of normal seeds per
silique and observed that the number was lower in
the atg single mutants than in the wild type and even
lower in the double mutant (Fig. 7B). Thus, the syn-
ergistic effects of the autophagy deficiency and PUB4
mutations visibly influenced seed production, which
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letters denote significant differences based on
Tukey’s test (P < 0.05). Bars = 10 um (A and D).

is a critical event in the final stages of the plant
life cycle.

Effects of Autophagy Deficiency and the pub4-6 Mutation
on the Accumulation of Ubiquitinated Proteins

Since PUB4 is an E3 ubiquitin ligase, we evaluated
the effects of pub4-6 mutation (either alone or in com-
bination with the autophagy mutations) with regard to
the appearance of ubiquitinated proteins through im-
munoblot analysis of total leaf protein extracts (Fig. 8).
In the leaves of 27-d-old plants, the ubiquitination state
of total proteins did not show clear differences among
the analyzed genotypes (Fig. 8, left). By contrast, in the
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Figure 5. Accelerated leaf senescence in pub4-6 atg double mutant
plants. A, Photographs of 28-d-old or 40-d-old wild-type (WT), pub4-6,
atg5, atg7, pub4-6 atg5, and pub4-6 atg7 plants. Bars = 10 mm. B, F,/F,,,
ratios measured in leaves of 28- or 38-d-old plants. Error bars indicate s
(n = 4). C, Transcript levels of the senescence-associated genes SAG12
and SAG13 and the ROS-responsive genes TH8 and WRKY40 in leaves
of 35-d-old plants. The respective transcript levels are normalized
to the level of 185 rRNA and are shown relative to the wild-type
expression, which was set to 1. Error bars indicate st (n = 3). In B
and C, different letters denote significant differences based on Tukey’s
test (P < 0.05).

leaves of 35-d-old plants, smear bands representing
polyubiquitinated proteins were more prominent in the
total protein extracts of afgb or atg7 single mutants than
in those of the wild type (Fig. 8, right), indicating that
active autophagy helps prevent the accumulation of
ubiquitinated proteins. In the presence of the pub4-6
mutation, decreased levels of polyubiquitinated pro-
teins were observed in both the wild-type and atg
backgrounds (Fig. 8, right); thus, PUB4-related ubig-
uitination also functions in senescing leaves. These
results reveal the contributions of autophagy and
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PUB4-related ubiquitination to protein degradation in
senescing leaves.

Deficiency of Autophagy and PUB4 Enhances
Susceptibility to Starvation

Plants must reutilize previously assimilated nutrients
to survive starvation conditions; thus, such conditions
emphasize the physiological importance of intracellular
protein degradation systems. In fact, it is widely rec-
ognized that the growth defects and cell death pheno-
types of atg mutants are enhanced under nitrogen- or
carbon-starvation conditions (Doelling et al., 2002;
Hanaoka et al., 2002; Yoshimoto et al., 2004; Thompson
et al., 2005; Phillips et al., 2008; Hirota et al., 2018).
Therefore, we subjected the autophagy gene and pub4-6
double mutant plants, along with the wild type and the
respective single mutants, to nitrogen or carbon star-
vation (Fig. 9).

When the plants were exposed to 5 d of darkness to
induce sugar starvation, leaf chlorosis appeared in the
atgb or atg7 single mutants and pub4-6 atg double mu-
tants (Fig. 9A, center). After this treatment, the atg sin-
gle mutants started to grow again, whereas the double
mutants died (Fig. 9A, right). This susceptibility was
consistent with declines in photosynthetic capacity in
the various genotypes: the F, /F, ratio was lower in atg
mutant and pub4-6 atg double mutant leaves than in
wild-type and pub4-6 plants after 3 d of darkness, and
the double mutants showed further reductions after 5 d
of darkness (Fig. 9B).

We further exposed the plants to nitrogen-deficiency
treatments (Fig. 9, C and D). The double mutants
showed enhanced leaf chlorosis phenotypes in the
nitrogen-deficient condition (Fig. 9C, arrows), which is
consistent with the greater declines of F, /F,, seen in the
double mutant leaves after 7 d of growth in nitrogen-
deficient solution (Fig. 9D). The pub4-6 atg double mu-
tants consistently displayed enhanced phenotypes rel-
ative to the respective single mutants during natural
senescence (Figs. 5-7) and under carbon or nitrogen
starvation (Fig. 9). These results suggest a parallel co-
operation of autophagy and PUB4 in protein degrada-
tion in response to senescence or starvation.

DISCUSSION

Ubiquitination acts as a signal inducing various types
of selective autophagy. Recent studies have revealed
the contributions of autophagy and ubiquitination to
chloroplast turnover (Woodson et al., 2015; Izumi et al.,
2017; Nakamura et al., 2018; Nakamura and Izumi, 2018).
Thus, we assessed the involvement of chloroplast-
associated E3s in the induction of chloroplast-targeting
autophagy. Our microscopy observations, biochemical
assays of autophagy flux, and phenotypic analyses of the
mutants all indicated that autophagy does not depend on
the chloroplast-associated E3s PUB4 and SP1. Genetic
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Figure 6. Enhanced ROS production in the
leaves of pub4-6 atg double mutant plants.
A, Confocal images of 'O, stained by

SOSG in mesophyll cells from 35-d-old
a wild-type (WT), pub4-6, atg5, atg7, pub4-
6 atg5, and pub4-6 atg7 plants. Bars = 10
um. B, Relative intensities of SOSG in a

Relative intensity of SOSG

pub4-6 atg5 2r b P b fixed area of mesophyll cells relative to the
B i 1-’—}| ﬂ ’_}‘ wild-type intensity, which was set to 1.
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L > mm. D, Amounts of H,O, in leaf extracts
from 35-d-old plants, in micromoles per
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analyses further suggested that autophagic processes
and those mediated by PUB4 act in parallel.

Relationship between PUBs and Autophagy

PUBs, U-box-type E3s in plants, constitute a large
gene family—PUBI to PUB64 were annotated in the
Arabidopsis genome (Azevedo et al., 2001)—and are
involved in multiple processes (Trujillo, 2018). Inter-
estingly, the pub4-6 mutant allele leads to a single
amino acid substitution (Gly-255 to Arg) and a semi-
dominant phenotype. This suggests that the pub4-6 al-
lele may have a dominant-negative effect on closely
related members of the PUB family (Woodson et al.,
2015), although this has not yet been tested directly.
This study clearly indicates that chlorophagy occurs
normally in pub4-6 mutant plants; therefore, the func-
tion of PUB4 is not directly linked to the induction of
chlorophagy (Figs. 1-3). Instead, PUB4 may be in-
volved in a parallel, but distinct, pathway of chloroplast
degradation and removal. Unlike chlorophagy, the
damaged chloroplasts removed via the PUB4 pathway

become degraded in the cytoplasm before interacting
with the tonoplast. Furthermore, these chloroplasts
do not retain recognizable thylakoid structures or
chlorophyll once transported into the central vacuole
(Woodson et al., 2015). The identification of direct
ubiquitination targets of PUB4 may help to further
elucidate the precise mechanism of PUB4-mediated
chloroplast degradation in response to oxidative
damage.

Autophagy plays an important role in the degrada-
tion of cytoplasmic ubiquitinated protein aggregates. In
mammals, the autophagic receptors p62/SQSTM1 and
NBR1 bind ubiquitinated proteins to transport them to
the lysosomes as autophagosomal cargos (Komatsu
et al, 2007; Kirkin et al., 2009). Plant orthologs of
NBR1 (NBR1 in Arabidopsis and Joka2 in tobacco)
serve similar functions (Svenning et al., 2011; Zientara-
Rytter et al., 2011; Zhou et al., 2013). The enhanced
accumulation of ubiquitinated proteins has been ob-
served in Arabidopsis atg mutant lines and nbrl mu-
tants during senescence or abiotic stresses (Zhou et al.,
2013; Munch et al., 2014). In this study, we observed the

Figure 7. Impaired seed production in pub4-6
atg double mutant plants. A, Photographs of
siliques from main stems in wild-type (WT),
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Figure 8. Accumulation of ubiquitinated proteins in response to leaf
senescence. Ubiquitinated proteins were detected by immunoblotting
of total protein extracts from leaves in 27- or 35-d-old wild-type (WT),
pub4-6, atgh, atg7, pub4-6 atg5, and pub4-6 atg7 plants (top). Total
proteins were stained with Coomassie Brilliant Blue (CBB) as a loading
control (bottom). Representative results from one of three independent
experiments are shown.

hyperaccumulation of ubiquitinated proteins in senes-
cent leaves of atgb or atg7 mutants as compared with the
wild type (Fig. 8). By contrast, the pub4-6 mutation re-
duced the level of ubiquitinated proteins (Fig. 8). If
PUB4-mediated ubiquitination is required to induce the
autophagic degradation of ubiquitinated proteins dur-
ing leaf senescence, atg single mutants and pub4-6 atg
double mutants should show similar phenotypes.
However, we observed enhanced phenotypic severity
in the double mutants, including accelerated chlorosis
and an increase in ROS contents in senescent leaves
(Figs. 5 and 6). In addition, pub4-6 single mutants did
not show similar phenotypes to atg single mutants
(Figs. 4-9; Woodson et al., 2015). These results support
the notion that autophagy and PUB4 cooperate to carry
out protein degradation in parallel, and thus the im-
pairment of both systems in the double mutants leads to
synergistic phenotypes.

The remobilization of nitrogen or carbon sources
from vegetative tissues to seeds is impaired in atg mu-
tant plants (Guiboileau et al., 2012; Barros et al., 2017),
resulting in reduced seed production. Although the
pub4d-6 single mutation does not by itself affect seed
production, the introduction of the pub4-6 mutation
into atg mutant backgrounds further reduced seed
production as compared with the atg single mutants
(Fig. 7). These results suggest that autophagy is the

1540

major pathway supporting nutrient recycling and that
the additional defects brought about by the loss of
PUB4 activity in atg plants is due to aggravation of the
autophagy phenotypes.

Relationship between SP1 and Autophagy

Previous studies have demonstrated that the major
TOC subunits TOC33, TOC75, and TOC159 are the
specific targets of the chloroplast outer envelope-
anchored E3 SP1 (Ling et al., 2012). A recent study
further identified additional players in the extraction
of polyubiquitinated TOC proteins to the cytosol:
the chloroplast outer envelope channel protein SP2
and cytoplasmic AAA™ chaperone (CELL DIVISION
CYCLE48) form complexes with SP1 to mediate
the release of polyubiquitinated TOCs and their di-
gestion by 26S proteasomes (Ling et al., 2019). This
system, termed CHLORAD, is important for the
regulation of protein import via TOC complexes in
response to plastid biogenesis or abiotic stresses
(Ling and Jarvis, 2015; Ling et al., 2019). Accumulat-
ing evidence has established an essential role for SP1
in the degradation of TOCs by cytoplasmic 26S pro-
teasomes. However, this study does not support a di-
rect connection between SP1 and autophagy-mediated
degradation.

Previous studies showed the importance of autoph-
agy in the response to abiotic stresses such as drought
or salt stress (Avin-Wittenberg, 2019). Since spl mu-
tants also show susceptibility to salt or osmotic stresses
(Ling and Jarvis, 2015), we would expect that cooper-
ation between the autophagy and CHLORAD systems
helps plants adapt to such stress conditions. The gen-
eration and analysis of autophagy and SP1 double
mutants could provide evidence for such cooperation in
Arabidopsis plants.

Mechanisms for Chloroplast Autophagy

The molecular mechanism conferring selectivity
in chloroplast autophagy remains largely unknown.
Chlorophagy selectively removes membrane-damaged
chloroplasts (Nakamura et al., 2018). Although this
study does not show that ubiquitination is involved in
the recognition of damaged chloroplasts (Figs. 1, 2, and
4), unidentified E3s might function in chlorophagy. In
budding yeast, the anchoring of the transmembrane
protein ATG32 into the mitochondrial outer envelope is
an initiation signal for mitophagy (Kanki et al., 2009;
Okamoto et al., 2009). The phosphorylation of ATG32
allows its interaction with ATG11, inducing the recog-
nition of ATG32 by ATGS8 for autophagosomal se-
questering (Kanki et al., 2013; Furukawa et al., 2018).
Therefore, the accumulation of specific proteins on
the chloroplast outer envelope and their interaction
with ATG8 might act as an induction signal for
chlorophagy. This study also showed that some
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Figure 9. Enhanced susceptibility to starva-
tion in pub4-6 atg double mutant plants. A,
Wild-type (WT), pub4-6, atg5, atg7, pub4-6
atg5, and pub4-6 atg7 plants grown for 20 d
(0 d; before treatment) under long-day condi-
tions (14 h of light/10 h of dark), subjected to
an extended dark treatment for 5 d (Immedi-
ately after 5-d dark), and allowed to recover
’,’-. under the long-day condition for 5 d (5-d dark
+ 5-d recovery). B, F/F,, ratios measured in
leaves from 20-d-old plants (0 d of treatment)
and then from plants after 3 and 5 d of dark
treatment. Error bars indicate st (n = 3-4). C,
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chloroplast-associated E3s are dispensable for the
induction of piecemeal-type chloroplast autophagy
that delivers a portion of stroma in response to
sugar starvation (Figs. 3 and 4). During this process,
Endosomal Sorting Complexes Required for Trans-
port III proteins mediate the sorting of autophago-
somes containing chloroplast stroma to the vacuole
(Spitzer et al., 2015). However, how autophago-
somes interact with the chloroplast envelope to
degrade a portion of chloroplasts also remains
uncertain.

Here, we conclude that previously identified chloroplast-
related E3s are not required for the induction of
chloroplast-targeting autophagy. Our data also in-
dicate that autophagy and ubiquitination indepen-
dently support plant growth and stress adaptation.
Plants have multiple systems for protein degrada-
tion; for example, previous studies have revealed
that diverse intrachloroplastic proteases and autophagy-
independent vesicular systems contribute to chloroplast
protein degradation in addition to autophagy- and UPS-
dependent systems (Martinez et al., 2008; Ling et al,,
2012; Wang and Blumwald, 2014; Nishimura et al,,
2016; Izumi and Nakamura, 2018). The existence of this
multiplicity of complex systems for organelle and pro-
tein turnover may provide a means for plants to opti-
mally orchestrate chloroplast turnover to ensure their
health throughout the life cycle and overcome periods of
nutrient insufficiency.
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Wild type, pub4-6, atgh, atg7, pub4-6 atg5,
and pub4-6 atg7 plants grown for 20 d (0 d;
before treatment) in nutrient-rich solution
and then for a further 7 d either in the same
nutrient-rich solution (Control) or in nitrogen-
deficient solution (—N). Arrows indicate
dead leaves by chlorosis. D, F/F, ratios
measured in leaves from 20-d-old plants (O d
of the treatment) and from plants after 7 d of
growth in the control or —N conditions. Error
bars indicate st (n = 4). In B and D, different
letters denote significant differences based on
Tukey’s test (P < 0.05). Bars = 10 mm (A and
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MATERIALS AND METHODS
Plant Materials

Arabidopsis (Arabidopsis thaliana) ecotype Columbia was used for all ex-
periments. Plants were grown in soil or hydroponic solution in chambers at
23°C under a 14-h-light/10-h-dark photoperiod using fluorescent lamps or
light-emitting diode lamps (120 umol m~2 s™1). The Arabidopsis T-DNA in-
sertion lines of atg5 (atg5-1; SAIL_129_B07), atg7 (atg7-2; GABI_655B06), sp1
(sp1-3; SALK_002099), and pub4 (pub4-1; SALK_ 108269 and pub4-2;
SALK_054373) were described previously (Thompson et al., 2005; Hofius et al.,
2009; Ling et al., 2012; Wang et al., 2013). The Arabidopsis PUB4 point mutation
line (pub4-6) was described previously (Woodson et al., 2015). Transgenic
Arabidopsis expressing chloroplast stroma-targeted GFP driven by the cauli-
flower mosaic virus 355 promoter (Pro-35S:CT-GFP), VHP1-mGFP driven by
the VHP1 promoter (ProVHP1:VHP1-mGFP), §TIP-YFP driven by the 8TIP
promoter (ProdTIP:3TIP-YFP), and RBCS2B-mRFP driven by the RBCS2B pro-
moter (ProRBCS:RBCS-mRFP) were described previously (Kohler et al., 1997;
Ono et al., 2013; Segami et al., 2014; Nakamura et al., 2018).

Light Treatment

The HL exposure for 2 h was provided by a xenon light source (MAX303;
Asahi Spectra) equipped with a mirror module (MAX-VIS; Asahi Spectra) to
extract visible light (wavelengths between 385 and 740 nm) and a rod lens
(MDRLQ1B; Asahi Spectra) to emit light with uniform intensity in a chamber at
23°C or 10°C. Plants were subjected to the light exposure at 14 d after sowing,
and the second rosette leaves were observed 2 d later by confocal microscopy.
After the HL treatments, plants were cultivated in the indicated growth con-
ditions until microscopic observation.

Starvation Treatment

For the sugar-starvation treatment of detached leaves, second rosette leaves
of 21-d-old plants were excised and incubated in MES-NaOH (pH 5.5) buffer for
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2 d in darkness. For the treatment with concanamycin A, which is an inhibitor of
vacuolar H*-ATPase, MES-NaOH (pH 5.5) containing 1 uM concanamycin A
was infiltrated into the leaves with a 1-mL syringe and then the leaves were
incubated in darkness for 1 d. Concanamycin A inhibits the degradation of
RCBs in the vacuolar lumen, resulting in the vacuolar accumulation of RCBs
(Ishida et al., 2008). For the sugar-starvation treatment of whole plants, 20-d-old
plants in soil were put in a growth chamber without light supply at 23°C for the
indicated days.

For the nitrogen-starvation treatment of whole plants, plants were hydro-
ponically grown in rock-wool blocks containing nutrient-rich solution as pre-
viously described (Izumi et al., 2010), with slight modification. The rock-wool
blocks with 20-d-old plants were washed with distilled water and then soaked
with either nitrogen-deficient solution for —N treatment or nutrient-rich solu-
tion as a control. The nutrient-rich solution contained 4 mm KNOs, 2.5 mm
potassium phosphate buffer (pH 5.5), 2 mm Ca(NOgz),, 2 mm MgSOy, 50 um Fe-
EDTA, 70 um H3BOy4, 14 um MnCl,, 0.2 uMm NayMoQOy4, 10 uM NaCl, 0.5 um
CuSo4, 1 uM ZnSOy, and 0.01 um CoCl,. The nitrogen-deficient solution was
prepared by replacing KNO; and Ca(NOj3), with KCl and CaCl,, respectively.

Measurement of the Quantum Yield of PSII

The F,/F, was calculated using a pulse-modulated fluorometer (FluorCam
FC 800; Photon Systems Instruments) at room temperature. Before measure-
ment of fluorescence emission, the plants were incubated in darkness for
30 min. Then, initial (minimum) and subsequent maximum PSII fluorescence in
the dark-adapted state were measured with a measuring light and a
saturating pulse.

Imaging Analysis with Laser Scanning
Confocal Microscopy

Laser scanning confocal microscopy (LSCM) was performed with an inverted
Carl Zeiss LSM800 system equipped with a C-Apochromat LD63X water-
immersion objective lens (numerical aperture, 1.15; Carl Zeiss) or an inverted
Nikon C2 system equipped with a CFI Apochromat LWD AS 40XC WI (nu-
merical aperture, 1.15). For quantitative evaluation of the frequency of chlor-
ophagy, four different regions (204 X 204 X 40 um each) per plant were
monitored through LSCM by adjusting the focus to calculate the proportion of
cells with stromal GFP-deficient chloroplasts or vacuole-enclosed chloroplasts.

For quantitative evaluation of RCB number, images of four different areas
(204 X 204 um each) per plant were obtained by LSCM and the number of RCBs
was counted. For quantitative evaluation of vacuolar RFP intensity, the RFP
intensity of four different vacuolar areas (25 X 25 um) per plant was measured.
The intensity of vacuolar RFP in nontreated control leaves of wild-type plants
was set to 1.

Immunoblotting

Immunoblotting was performed as previously described (Ishida et al., 2008;
Izumi et al., 2015), with slight modification. For the cleavage assay of RBCS-
mRFP, leaves were homogenized in HEPES-NaOH (pH 7.5) containing 14 mm
2-mercaptoethanol, 10% (v/v) glycerol, and protease inhibitor cocktail (Roche)
and then centrifuged at 10,000¢ for 10 min. The supernatants (soluble protein
extract) were 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 and incubated for 5 min at 95°C. For the detection of ubiquitinated
proteins, leaves were homogenized in HEPES-NaOH (pH 7.5) containing 14 mm
2-mercaptoethanol, 10% (v/v) glycerol, 2% (w/v) SDS, and protease inhibitor
cocktail (Roche) and then centrifuged at 10,000g for 5 min. The supernatants
were incubated for 5 min at 95°C as total protein extract. Equal amounts of
protein were analyzed by SDS-PAGE using TGX FastCast acrylamide gels (Bio-
Rad). The protein amounts were quantified by Lowry assay (Bio-Rad). Im-
munoblotting was performed with an anti-RFP 1G9 clone antibody (MBL), an
anti-cFBPase antibody (Agrisera), or an anti-ubiquitin P4D1 clone antibody
(Cytoskeleton). Goat anti-mouse IgG (H+L) secondary antibody DyLight
800 4X PEG (Invitrogen), goat anti-rabbit IgG (H+L) secondary antibody
DyLight 800 4X PEG (Invitrogen), or goat anti-mouse HRP secondary antibody
(Dako) was used as secondary antibody. Their fluorescence signals, or chemi-
luminescence signals developed with SuperSignal West Dura Extended Dura-
tion Substrate (Pierce), were detected using a ChemiDoc MP system (Bio-Rad).
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Reverse Transcription Quantitative PCR

Total RNA was isolated from rosette leaves using the RNeasy kit (Qiagen) and
used for cDNA synthesis with the PrimeScript RT reagent kit with gDNA eraser
(Takara). Analiquotof the synthesized cDNA derived from an equal amount of total
RNA was subjected to reverse transcription quantitative PCR analysis using the
KAPA SYBR FAST qPCR Kit (KAPA Bio-systems) using a real-time PCR system
(CFX96; Bio-Rad). The level of 185 rRNA was measured as an internal control
(Izumi et al., 2012). The gene-specific primers were described previously (Laloi
etal., 2007; Carbonell-Bejerano et al., 2010; Shao et al., 2013; Supplemental Fig. S4).

Detection of H,O, and 10,

H,0, staining was performed as previously described (Orozco-Cardenas
and Ryan, 1999), with slight modification. Leaves were infiltrated with an
H,0, staining solution consisting of 1 mg mL~1! 3,3'-diaminobenzidine (pH 3.8)
using a 50-mL syringe and incubated for 8 h in darkness with gentle shaking.
The samples were then boiled in bleaching solution consisting of 60% (v/v)
ethanol, 20% (v/v) acetic acid, and 20% (v/v) glycerol for 10 min. The quan-
tification of H,O, amount in leaf lysates was performed as previously described
(Chakraborty et al., 2016) by using the Amplex Red Hydrogen Peroxide/Per-
oxidase Assay Kit (Invitrogen) and the plate reader SPARK (Tecan).

10, staining was performed using SOSG (Invitrogen). Leaves were infil-
trated with 100 um SOSG using a 50-mL syringe and incubated for 10 min in
darkness. The leaves were washed briefly by distilled water, and their meso-
phyll cells were observed by confocal microscopy. For quantitative evaluation
of SOSG intensity, the intensity of SOSG signal in a region of fixed size (204 X
204 pm) for each plant was measured. The intensity of the SOSG signal in
nontreated control leaves of wild-type plants was set to 1.

Statistical Analysis

For statistical analysis, Student’s t test was used for the comparison of paired
samples, and Tukey’s test or Dunnett’s test was used for the comparison of
multiple samples, as indicated in the figure legends.

Accession Numbers

Genetic information from this article can be found in the Arabidopsis In-
formation Resource under the following accession numbers: ATG5, AT5G17290;
ATG7, AT5G45900; PUB4, AT2G23140; SP1, AT1G63900; SAG12, AT5G45890;
SAG13, AT2G29350; THS, AT1G69880; and WRKY40, AT1G80840.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Chlorophagy occurs in T-DNA insertional
knockout mutants of PUB4.

Supplemental Figure S2. Vacuolar accumulation of chloroplast marker in
leaves damaged by HL.

Supplemental Figure S3. Vacuolar accumulation of chloroplast marker in
sugar-starved leaves.

Supplemental Figure S4. Primer sequences used in this study.
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