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regulates chloroplast development and
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Abstract

Background: Plant plastidic caseinolytic protease (Clp) is a central part of the plastid protease network and consists
of multiple subunits. The molecular functions of many Clps in plants, especially in crops, are not well known.

Results: In this study, we identified an albino lethal mutant al3 in rice, which produces albino leaves and dies at
the seedling stage. Molecular cloning revealed that AL3 encodes a plastid caseinolytic protease, OsCIpR1,
homologous to Arabidopsis ClpR1 and is targeted to the chloroplast. Compared with the wild type, chloroplast
structure in the al3 mutant was poorly developed. OsCIpR1 was constitutively expressed in all rice tissues, especially
in young leaves. The OsClpR1 mutation affected the transcript levels of chlorophyll biosynthesis and chloroplast
development-related genes. The RNA editing efficiency of three chloroplast genes (rpl2, ndhB, ndhA) was remarkably
reduced in al3. Using a yeast two-hybrid screen, we found that OsCIpR1 interacted with OsClpP4, OsClpP5, OsClpP2,

and OsClpST.

Conclusions: Collectively, our results provide novel insights into the function of Clps in rice.
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Background
Chloroplasts are a semi-autonomous organelle respon-
sible for photosynthesis, and the biosynthesis and stor-
age of multiple metabolites (Moreira et al. 2000;
Sugimoto et al. 2004). The functional chloroplast is de-
rived from the proplastid, and is synergistically regulated
by the plastid and nuclear genomes (Lopez-Juez 2007;
Sakamoto et al. 2008). Accumulating evidence indicates
that protein degradation plays an important role in
chloroplast biogenesis (Clarke et al. 2005; Kato and
Sakamoto 2010).

Plastids contain several proteases, such as the stromal
Ser Clps, the thylakoid-bound FtsH metalloproteases,
and EGY1 proteases (Adam et al. 2006; Zheng et al
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2006). The ATP-dependent Clp peptidase has been stud-
ied, and the plastid Clp proteolytic system in plants con-
sists of five ClpP proteins, four ClpR proteins, and three
Clp chaperones (ClpC1, ClpC2, and ClpD; Constan et al.
2004; Sakamoto 2006; Sjogren and Clarke 2011). Add-
itionally, plants have two specific accessory ClpTs and
an adaptor ClpS (Sjogren and Clarke 2011). Recent stud-
ies have reported that plant chloroplast Clps are in-
volved in controlling chloroplast development and plant
growth. In Arabidopsis thaliana, the loss of function
mutants clpp4 and clpp5 are embryonic lethal, while the
loss of function mutant clpp3 is seedling lethal (Kova-
cheva et al. 2007; Kim et al. 2013). The ClpC1 knockout
mutant exhibits growth retardation and leaf chlorosis,
while there was no obvious phenotype in the c/pC2 mu-
tant (Zhang et al. 2018). However, the clpCl/clpC2
double mutant exhibits defects in embryogenesis. In rice,
the leaves of the homozygous mutant osclpP5 were light
yellow, and died at the three-leaf stage (Tsugane et al.
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2006). A rice yellow leaf mutant vyl showed a yellowing
phenotype during the whole growth period, and then
gradually turned green from the top to the bottom
(Dong et al. 2013). VYL encodes a subunit of the plastid
caseinolytic protease homologous to the Arabidopsis
ClpP6 subunit. In addition, the OsClpP6 mutation af-
fected plant height, panicle length, and leaf morphology
(Li et al. 2013). However, little is known about the struc-
ture and function of chloroplast Clps in rice.

In this study, we isolated a rice albino lethal mutant
al3 with decreased chlorophyll contents and impaired
chloroplasts. AL3 encodes a subunit of the plastid casei-
nolytic protease, OsCIpR1, and influenced the transcrip-
tion of chlorophyll biosynthesis and chloroplast
development-related genes. Notably, OsCIpR1 affected
the chloroplast RNA editing of rpl2, ndhB, and ndhA.
Furthermore, using the yeast two-hybrid analysis, we
found that OsClpR1 interacted with OsClpP4, OsClpP5,
OsClpP2, and OsClpS1.

Results

Characterization of the al3 Mutant in Rice

We isolated a leaf color mutant albino lethal 3 (al3) by
screening the T-DNA insertion library in rice (Dongjin
background). The al3 mutant exhibited the albino
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phenotype and could not be recovered at a later devel-
opmental stage compared with wild-type (Fig. la, b).
Eventually, the a/3 plants died. Consistent with the al-
bino leaf phenotype of a/3, the chlorophyll 4 and b con-
tents were reduced significantly in a/3 (Fig. 1c).

To further investigate the leaf color phenotype be-
tween wild-type and al3, we performed TEM to observe
and compare the chloroplast ultrastructure of the al3
mutant and wild-type. The chloroplasts of al3 leaves
were poorly developed and lacked organized thylakoids
(Fig. 1d, e), whereas the development of chloroplasts in
wild-type leaves were well developed and had well-
structured thylakoids (Fig. 1f, g). Taken together, the
AL3 gene is essential for rice chloroplast development.

Molecular Cloning of the AL3 Gene

To clone the gene for al3, we used tail-PCR to obtain
the flanking sequence in al3. Only one fragment se-
quence was aligned with the rice gene LOC_0Os05¢51450,
suggesting that one T-DNA was located in al3. Further-
more, we identified a genomic flanking sequence by
searching the T-DNA insertion database (http://
orygenesdb.cirad.fr/). Subsequently, we designed three
PCR primers (P1, P2, and P3) and identified the T-DNA
insertion site in al3 (Fig. 2a, b). The result suggested that
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Fig. 1 Phenotypes of the wild-type and the al3 mutant. a, b Leaf color of the 7-day-old wild-type and al3 seedlings. Bars =5 cm. ¢ Chlorophyll
contents of 7-day-old wild-type and al3 seedlings. d, e Chloroplast ultrastructure in the wild type mesophyll cell. f, g Chloroplast ultrastructure in
al3 mesophyll cell. Bars =10 um for (d) and (f); 1 um for (e) and (g)
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Fig. 2 Molecular cloning of AL3. a Schematic representation of the AL3 gene. Black boxes represent exons, and the lines represent introns. T-DNA
is inserted into the first exon of LOC_Os05g51450. b PCR verification of the T-DNA insertion site. ¢ Expression level of AL3 in the wild-type and al3

WT al3

the T-DNA was located in the first exon of LOC_
Os05¢51450 (Fig. 2a, b), which consists of nine exons
and eight introns (Fig. 2a). To explore the influence of
the T-DNA insertion on LOC_Os05g51450, we analyzed
the expression level of LOC_0Os05¢51450. The transcript
level of LOC_0s05g51450 was significantly reduced by
the T-DNA insertion in al3 (Fig. 2c). Therefore, we
speculated that LOC_Os05¢51450 was the candidate AL3
gene. To confirm that LOC_0Os05¢g51450 was the candi-
date AL3 gene, we used CRISPR/Cas9 to knock out
LOC_0s05¢51450 in the Nipponbare background. We
sequenced LOC_Os05¢g51450 in the 25 T, transgenic
plants and obtained six heterozygous mutants which
were similar to the leaf color of wild-type plants. Then,
three T; transgenic homozygous plants were obtained,
which exhibited albino leaves (Fig. 3a, b). In addition, we
detected the potential off-target sites and did not find
any mutations in any of the potential off-target sites
(Additional file 1: Table S1). These results revealed that
LOC_0Os05¢51450 is the AL3 gene.

AL3 Is a Plastid-Localized and Conserved Clp Protease

Sequence and bioinformatic analysis indicated that
the AL3 contains nine exons and eight introns
(Fig. 2a). AL3 is predicted to encode a Clp protease

of 386 amino acids. A BLAST search of the sequence
suggested that the protein encoded by AL3 shares
52.5% amino acid sequence identity with the plastid
ClpPR protease ClpR1 in Arabidopsis thaliana (Kim
et al. 2009; Fig. 4). Therefore, we named AL3 as
OsClpR1. The ClpRI mutant developed slower than
the wild type with pale green leaves and affected
chloroplast development (Koussevitzky et al. 2007).
Amino acid comparison indicated that proteins hom-
ologous to OsClIpR1 are highly conserved among Zea
mays, Hordeum vulgare, Sorghum bicolor, Setaria ita-
lica, Brachypodium distachyon (Fig. 4).

ChloroP analysis revealed that OsClpR1 has a chloro-
plast transit peptide at the N-terminus with 40 amino
acids (www.cbs.dtu.dk/services/ChloroP/). To verify this
prediction, we constructed two transformation vectors
expressing the OsCIpR1-GFP and OsClpR1*'7>%.GFP
fusion protein and introduced them into rice protoplasts.
The results showed that the green fluorescence of
OsClpR1-GFP fully co-localized with the Chl fluores-
cence of the chloroplasts (Fig. 5b). However, OsClpR1**~
386_GFP fluorescence was observed in the cytosol (Add-
itional file 1: Figure S2). These results indicated that the
N-terminal 40 amino acids are essential for OsCIpR1 to
target the chloroplasts.
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CK TCTCCTCGCGGAACTGCTTGGGGATGTG
0sclprla TCTCCTCGCGGAACTGCTTTGGGGATGTG +1 bp

osclprib TCTCCTCGCGG

................. GGGGATGTG -8 bp

osclpric TCTCCTCGCGGAACTGCATTGGGGATGTG +1 bp

Fig. 3 CRISPR/Cas9-targeted mutagenesis of AL3. a Mutation of the knockout lines. The 20-bp gene-specific target sequences and PAM are
underlined and in red. The number of nucleotides deleted and inserted are indicated by the minus (=) and plus (+) signs, respectively. b
Comparisons of leaf color in the knockout lines. CK indicates transgenic negative plants. Bars=5cm

Expression Pattern of AL3
To analyze the expression pattern of AL3, we first
searched the AL3 gene in the Rice eFP Browser (http://

bar.utoronto.ca/efprice/cgi-bin/efpWeb.cgi),

and found

that OsCIpRI was expressed in various tissues, and

especially in leaves (Additional file 1: Figure S2). To test
the result of the prediction, we carried out qRT-PCR to
analyze the OsClpRI expression in roots, young leaves,
seedlings, and panicles. The result indicated that OsCIpR1
was constitutively expressed in various tissues (Fig. 5a).

KRE8779654.1.seq
NP_564560.1.seq
OsClpR1.seq
PWZ18265.1.seq
XP_002441620.1.seq
XP_003567789.1.seq
XP_004961020.1.seq
Consensus

KAE8779654.1.seq
NP_564560.1.seq
0OsClpR1.seq
PWZ18265.1.seq
XP_002441620.1.seq
XP_003567789.1.seq
XP_004961020.1.seq
Consensus

KAE8779654 .1.seq
NP_564560.1.seq
OsClpR1.seq
PWZ18265.1.seq
XP_002441620.1.seq
XP_003567789.1.seq
XP_004961020.1.seq
Consensus

KAES779654.1.seq
NP_564560.1.seq
OsClpR1.seq
PWZ18265.1.seq
XP_002441620.1.seq
XP_003567789.1.seq
XP_004961020.1.seq
Consensus

KAE8779654.1.seq
NP_564560.1.seq
0OsClpR1.seq
PWZ18265.1.seq
XP_002441620.1.seq
XP_003567789.1.5eq
XP_004961020.1.seq
Consensus

L

T

L
MISLLIPTLPLSTLSIPSRIQSNPPOARREETRRGRDPQFTHTPLP L RC PAATSS....

L

L

L

RC AAASPA. . ..RAPFPNSSSHYHP. . .QSAARL RR..PVGGC CQY
VS LTSQINHEAVCSKFVLPKSPFMSGSKLFSSNM CSTVPRRTR SHC
RC AAASPSPA. .KSTFPPSSSP PPSRL RR..PPASC CY.

RC PAATSS....
RC .AATPS...... . QPARI RRRQAGAGC CH.
PPARV RR..PPATF CNY

RC .AATSS
ma al p P r
NHGDGP. . PRSF EEN LDYN FL SPSME MIDNN YN LSQK ISALRS DEF .MYSL THEGPTS. N QMG
FASAKD. . .MSF GDN VQFN YF NSAMD MIEDS VR QAEK ISSRNN LNN GIWSM MNAADARR S SVQ
YYGDGGGFRKNY EEN LDYN FL SPAIE MNDDN YD QSQR ISASRS DEF .MYNL MHEGPAG. S QMG
YYGDGG . FRKNY EEN LDYH FL SAAME MNDDN YN QSQK VSAARS DEF .MYTL MHEGPAS. S QG
YYGDDG. FRKSY EEN LDYN FL SSAME MNDDN YN QSQK VSAARS DEF .MYTL MHEGPAS. S QG
YYGDGGARRGSY EEG LDYN FL SPAIE TNDDN YN QSKK VAASRS DEF .MYNL QHEGPAS. S DMG
'YYGDGGGFRKNY EEN LDYN FL SPAME MNDDN YN QSQK VSAARS EEF .MYTL MHEGPAS. S QMG
dhipkafr lkdgmnk vpg ygl g mf pr vtees Yy 9 sg ym

P....SMSM.. RA K YR M SsA S IF IA L DR T MNNLA DY FN
YRG........ GG G SE P TAP A CY W M NP P ONKMTG EY TS
G....TMSM.. RA R YR M SSA S IF IA L DR T MNNLA DF FN
GGSM.SMSM.. RG R YR M SSA S IF IA L DR T MMNNLA DY FN
GGSM.SMSM.. RG R YR M SSA S IF I L DR T MMNNLA DY FN
SMGMGNASMRM RA R YR M SSA S IF A L DR T MMNNLA DY FN
GGSM.SMSMGM RG R YR M SSA S IF A L DR T MMNNLA DY F N
m g gg rr pdlpsllld ri lgmpivpavtel agf wldyd tkpiylyins gt e e v set a aiad i
RS AK s Y M KGLNTI H HK G ET D LEVS V P EIAFIRGRFR EI
YC SD G F K YAQHS Y NR S DA E IEIA T S QINDIKRKIQ AT
RS SK IS Y V KGLNTI Y HK G DT D LELS V P EIAFIKGRFR ETI
RS SK Is Y V KGLNI H HK G DI D LELS V P EIAFIRGRFR EL
RS SK Is Y V KGLNI H HK G DI D LELS V P EIAFLKGRFR ETI
RS SK Is Y M KGLNI H HK G DI D LELS V P EIAFIRGRFR EI
RS SK Is Y F KGLNI H HK G DI D IDLS V P EIAFLKGRFR ETI
k vytin ma ggaamllslg kg r v p s tkl Ipkv s gaaidmwikakel nt yy 1 kg gk ke e py agqa
L TIHLG KOKLTSQ KAQE QS KRAP G RWSTP.AP

I KADQS EKR YDGT QR.A PG GSPA P IR

L TIHLG KPK LTAQ KAQE QS KRPA G RWSTPSVP

L TIHLG KPK LTAQ KAQA QS KRAA G RWSTPTAP

L TIHLG KPK LTAQ KAQA QS KRAA G RWSTPTAP

L TIHLG KPK LTAQ KAKE QS KRAA G RWSTPTAP

L TIHLG KPK LTAQ KAQA QS KRAA G RWSTPTAP
dygadi sdsf d la mr g a ag

45
54
42

42
40
41

141
151
140
185
139
138
139

235
243
234
282
236
238
238

335
343
334
382
336
338
338

385
387
385
433
387
389
389

Fig. 4 Amino acid sequence alignment of OsClpR1 and its homologs PWZ18265.1 (Zea mays), XP_002441620.1 (Sorghum bicolor), XP_004961020.1
(Setaria italica), XP_003567789.1 (Brachypodium distachyon), KAE8779654.1 (Hordeum vulgare), NP_564560.1 (Arabidopsis thaliana). Amino acids that
are fully or partially conserved are shaded black and pink, respectively
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wild-type plants. b Subcellular localization of OsClpR1. Green, red and yellow fluorescence show GFP, chloroplast autofluorescence, and the
merged fluorescence, respectively
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Altered Expression of Chlorophyll Biosynthesis and
Chloroplast-Associated Genes in al3

We observed that chloroplasts were impaired in a/3 and
hypothesized that the loss of function of OsClpR1 may
influence the expression of chlorophyll biosynthesis and
chloroplast-associated genes. To test this hypothesis, we
carried out qRT-PCR to analyze the expression of these
genes. Our results indicated that the expression levels of
three tetrapyrrole biosynthesis genes (HEMA, HEMC,
and HEME), three subunits of Mg-chelatase (CHLH,
CHLI, and CHLM), magnesium-protoporphyrin IX
monomethyl ester cyclase CRD, and divinyl reductase
DVR were remarkably reduced in al3, compared with
wild-type (Additional file 1: Figure S3A). In addition, the
expression levels of chloroplast-associated genes, e.g.
psaA, atpB, and rps2, were significantly down-regulated
(Additional file 1: Figure S3B). Taken together, our re-
sults revealed that the OsClpRl1 may coordinate the
chlorophyll biosynthesis and chloroplast-associated
genes to regulate rice chloroplast development.

Altered RNA Editing of rp/2-1, ndhA-1019, ndhB-611 and
ndhB-737 in al3

Previous studies have shown that plastid RNA editing
plays an important role in regulating chloroplast devel-
opment in plants (Xiao et al. 2018; Huang et al. 2020;
Wang et al. 2020). To verify whether the OsClpR1 muta-
tion affects chloroplast RNA editing, we examined the
RNA editing efficiency of 21 editing sites in wild-type
and al3. We observed that the RNA editing of rp/2-1,

ndhA-1019, ndhB-611 and ndhB-737 in al3 were signifi-
cantly reduced compared to wild-type (Fig. 6a), whereas
the other 17 editing sites were not affected (Additional
file 1: Figure S4).

In addition, we examined the editing efficiency of rpl2—
1, ndhA-1019, ndhB-611 and ndhB-737 in the CRISPR/
Cas9 knock-out lines. RNA editing at these four editing
sites was also reduced in the CRISPR/Cas9 knock-out
lines (Fig. 6b). These results suggest that the OsClpRI mu-
tation affects chloroplast RNA editing in rice.

Interactions between OsClpR1, OsClpP2, OsClpP4,
OsClpP5, and OsClpS1

To investigate the role of OsCIpR1 in the assembly
of the rice Clp complex assembly, we carried out a
yeast two-hybrid screen to identify the proteins that
directly interact with OsCIpR1l. We cloned the rice
homologs of the Arabidopsis protease complex and
named them as OsCIpR2 (Os06g0136800), OsCl-
p5(0s03g0344900), OsClpS1(0Os08g0432500), OsClp-
P2(0s04g0525600), OsClpP3(0s01g0507900),
OsClpP4(0s10g0580800),  OsClpP5(0s03g0308100),
and OsClp-T (0Os03g0247000). As shown in Fig. 7,
OsCIpR1 interacted with OsClpS1, OsClpP2,
OsClpP4, and OsClpP5, but not with OsClpR2,
OsClp5, OsCIpP3, VYL and OsClp-T (Additional file
1: Figure S5A-B). This result indicated that OsClpR1
likely serves as a core component in the assembly of
the rice Clp complex. OsClpP4 and OsClpT are re-
ported to interact with themselves and form
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homodimers (Dong et al. 2013). Therefore, we used
yeast two hybrid analysis to verify whether OsClpR1
can form a homodimer. However, OsClpR1 could
not interact with itself to homodimerize (Additional
file 1: Figure S5C).

Discussion

Plastid caseinolytic protease has been extensively studied
in dicotyledonous plants, but it has been scarcely studied
in monocotyledonous plants, especially in rice (Zhang
et al. 2018). In this study, we isolated and identified a
rice plastid caseinolytic protease protein OsClpR1. The
OsClIpR1 gene was highly expressed in young leaves, and
lowly expressed in roots and panicles. Knockout of
OsCIpR1 caused a significant decrease of chlorophyll
contents and functional chloroplasts. OsCIpR1 was lo-
cated in chloroplasts and is conserved among Zea mays,
Hordeum vulgare, Sorghum bicolor, and Arabidopsis

thaliana. In summary, our results provide novel insights
for the regulation of chloroplast development by Clps in
rice. Leaf color is one of the important factors affecting
photosynthesis, which directly affects rice yield. To date,
more than 120 genes have been reported to regulate
chloroplast development in rice, such as YGLS, TSCI,
and Lhca4 (Kong et al. 2016; Shi et al. 2018; Yamatani
et al. 2018). The expression levels of chlorophyll biosyn-
thesis and plastid-encoded genes in the a/3 mutant were
remarkably reduced compared with the wild type (Add-
itional file 1: Figure S3). Our study was helpful to im-
prove the molecular mechanism of Clps regulating
chloroplast development in rice.

In addition, we observed defects in RNA editing of
rpl2-1, ndhA-1019, ndhB-611 and ndhB-737 in the al3
mutant (Fig. 7a), whereas all other chloroplast editing
sites were similar to the wild-type (Additional file 1: Fig-
ure S3). Additionally, the RNA editing of rpl2-1, ndhA-

AD

BD \OsClpP40sClIpP5 OsClpS

10sClpP2

SD/-Trp-Leu-His-Ade

| I SD/-Trp-Leu

Fig. 7 Interaction between OsClpR1 and OsClpP4, OsClpP5, OsClpP2, and OsClpST by the yeast two-hybrid analysis. OsClpR1 was fused to the
pGBKT7 vector (OsClpR1-BD). OsClpP4, OsClpP5, OsClpP2, and OsClpST were fused to the pGADT7 vector
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1019, ndhB-611 and ndhB-737 in CRISPR/Cas9 knock-
out plants were also reduced (Fig. 7b). RNA editing, as a
posttranscriptional modification, is essential for generat-
ing mature transcripts of plastid genes (Yan et al. 2018).
However, not all albino mutants in rice exhibit chloro-
plast RNA editing defects in rice. For example, the rice
albino mutant ws/3 has almost no impairment in chloro-
plast RNA editing (Wang et al. 2020). Previous studies
have shown that multiple organellar RNA editing factor
(MOREF) proteins are essential for plastid and mitochon-
drion RNA editing in Arabidopsis and rice (Bentolila
et al. 2012; Zhang et al. 2017). The MORF protein
WSP1 is involved in the editing of six plastid RNA edit-
ing sites in rice (Zhang et al. 2017). To investigate
whether OsCIpR1 affects RNA editing by interacting
with MORFs, we used the yeast two-hybrid screen to
examine the interaction between OsClpR1 and the 7
MOREF proteins in the rice genome. Unfortunately,
OsClIpR1 did not interact with any of the seven MORF
proteins in the screen (data not shown), suggesting that
OsClIpR1 influences chloroplast RNA editing independ-
ent of an interaction with MORFs. Our future studies
will be focus on identifying the interacting proteins of
OsCIpR1 to elucidate the mechanism of its regulation of
chloroplast RNA editing.

Conclusions

OsClIpR1 regulates chloroplast development in rice and
influences chloroplast RNA editing. Our findings con-
tribute to understanding the mechanisms of rice devel-
opment and the functional characterization of Clps in
monocots.

Methods

Plant Materials

The al3 mutant (1A-08939) was isolated from a T-DNA
insertion library with the cv Dongjin background (Jeon
et al. 2000; Jeong et al. 2006). The mutant and wild-type
plants were planted in paddy fields under natural condi-
tions in Huaian, China.

Chl Content Determination and Transmission Electron
Microsocpy (TEM)

Leaves from wild-type and al3 plants were collected at
the seedling stage. Approximately 200 mg of powdered
leaves were soaked in 20 mL of 95% ethanol for 48 h in
the dark. Chl contents for each sample were measured
in triplicate as previously described (Liu et al. 2020).

For TEM, leaves from wild-type and a/3 plants were
collected and fixed in 2.5% (v/v) glutaraldehyde. The
sample preparation was performed as previously de-
scribed (Liu et al. 2020). The chloroplast structure of leaf
cells was observed under a JEOL 1200EX transmission
electron microscope.
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Identification of T-DNA Insertion Locus and CRISPR/Cas9
Knock-out of AL3

To identify the T-DNA insertion locus in al3, we
searched the flanking sequence database (Jeong et al.
2006; http://orygenesdb.cirad.fr/). The T-DNA locus was
detected by PCR with the primers P1, P2, and P3 (Add-
itional file 1: Table S2).

To knock out AL3, one CRISPR/Cas9 vector was con-
structed as previously described (Lu et al. 2017). The
recombinant vector was transformed into rice cv Nippon-
bare by Agrobacterium. The genotype of CRISPR/Cas9
plants was analyzed by PCR and the amplification prod-
ucts were sequence-verified. Genome target sequences
and PCR primers are listed in Additional file 1: Table S2.

RNA Extraction and Quantitative RT-PCR

Total RNA from roots, young leaves, seedlings at the two-
leaf stage, and panicles were isolated by the RNAprep
Pure Plant Kit (CWBIO, Jiangsu, China). First-strand
cDNA was generated from 1pg of total RNA using the
PrimeScript 1st Strand cDNA Synthesis Kit (TaKaRa).
Quantitative RT-PCR was performed as previously de-
scribed and the primers used to measure the expression
level of chlorophyll biosynthesis and chloroplast-
associated genes were obtained from the study by Liu
et al. 2020. The primers used for the expression level of
OsClIpRI are listed in Additional file 1: Table S2.

Subcellular Localization of OsCIpR1

To confirm the subcellular localization of OsClpR1, the
coding region of OsClpR1 (without the stop codon) was
introduced into the pANS580-GFP vector and trans-
formed into rice protoplasts. To detect the chloroplast
signal of the OsClpR1 protein, and one truncated
OsCIpR1 segment were inserted into the pAN580-GFP
vector, termed OsClpR1*'7>*_GFP. Fluorescence was
observed by a Zeiss LSM700 confocal laser-scanning
microscope. The primers used for constructing the vec-
tor are listed in Additional file 1: Table S2.

Analysis of RNA Editing

Specific cDNA fragments containing editing sites were
amplified and sequenced. The ¢cDNA sequences were
compared to identify C to T changes resulting from
RNA editing as previously described (Tan et al. 2014;
Cui et al. 2019; Huang et al. 2020).

Yeast Two-Hybrid Analysis

The full-length ¢cDNA of OsClpRI and nine Clp genes
were cloned into pGBKT7 and pGADT7, respectively.
The vectors were transformed into yeast strain AH109
according to the manufacturer’s instructions (Clontech).
The primers used for constructing the vectors are listed
in Additional file 1: Table S2.
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