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SUMMARY

Leaf senescence is a complex process that is triggered by many developmental and environmental factors.
However, the mechanisms regulating leaf senescence remain unclear. Here, we revealed that rice ribulose-
1,5-bisphosphate carboxylase/oxygenase activase (RCA) promotes the onset of basal dark-induced senes-
cence. RCA was mainly expressed in the leaves, and its expression level quickly declined under dark condi-
tions. Furthermore, rca mutant plants presented a prolonged leaf longevity phenotype in the dark, whereas
overexpression of the large isoform of RCA (RCA,), not small isoform (RCAs), in rice and Arabidopsis accel-
erated leaf senescence. Filamentation temperature-sensitive H (OsFtsH1), a zinc metalloprotease, interacts
with RCA_ and RCAg and presents a higher binding efficiency to RCA_ than RCAs in darkness. Furthermore,
we found that RCA_ promotes 26S proteasome-mediated degradation of OsFtsH1 protein, which can be
inhibited by protease inhibitor MG132. Consequently, OsFtsH1 loss-of-function mutants exhibit accelerated
leaf senescence, whereas OsFtsH1-overexpressing plants display delayed senescence. Collectively, our find-
ings highlight the significant role of RCA, isoform in regulating leaf senescence under dark conditions, par-
ticularly through enhancing the degradation of OsFtsH1.

Keywords: rice (Oryza sativa L.), RuBisCO activase (RCA), dark-induced senescence (DIS), filamentation tem-

perature-sensitive H (OsFtsH1), chloroplast.

INTRODUCTION

Leaf senescence is a complex, highly coordinated, and
probably orderly process that involves several physiologi-
cal and molecular processes, such as the breakdown of
proteins and chlorophyll, reallocation of nutrients, increase
in reactive oxygen species (ROS), enhanced programmed
cell death/necrosis, membrane ion leakage, and differential
expression of many genes (Have et al., 2017; Sarwat
et al., 2013; Woo et al., 2019). Plants undergo senescence
due to abiotic factors, such as hormones, high salinity, pro-
longed darkness, nutrient deficiency, extreme tempera-
tures, and drought, as well as biotic factors, such as
ageing and pathogen attack (Guo & Gan, 2012; Sakuraba
et al., 2018; Woo et al., 2019). Various internal or external
cues can cause premature senescence, which severely
reduces the post-harvest shelf life and results in a signifi-
cant loss in agricultural vyield. In contrast, efficient

© 2025 Society for Experimental Biology and John Wiley & Sons Ltd.

senescence maximizes viability in subsequent generations
and seasons (Hortensteiner & Feller, 2002; Schippers
et al., 2015; Zhang et al., 2022).

Dark-induced senescence (DIS) induces the expression
of senescence-associated genes (SAGS) to initiate synchro-
nized senescence in leaves (Fukao et al., 2012; Gao
et al., 2012). Many functional SAGs have been identified
using a dark-detached system, which has been widely used
as an intracellular senescence model to investigate
age-triggered senescence (Song et al., 2014). According to
Li et al. (2020), SAGs include transcription factors, metabolic
regulators, and receptors that convey hormones or signals
related to stress responses (Li et al., 2020). The reduction of
chlorophyll content is also considered to be a classic extra-
cellular sign of leaf senescence, as chlorophyll is drastically
reduced in plants under DIS conditions. In total, a substan-
tial number of genes, including those belonging to families
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of transcriptionally controlled transcription factors such
as Tryptophan-Arginine-Lysine-Tyrosine (WRKY), basic
helix-loop-helix (bHLH), NAM/ATAF1/2/CUC2 (NACs), ethyl-
ene response factor (ERF) and myelocytomatosis/
myeloblastosis (MYC/MYBs), altered their expression under
DIS and contributed to leaf senescence, according to a tran-
scriptome analysis of rice leaves exposed to darkness
(Lakshmanan et al., 2015). A senescence phenotype that is
accelerated by darkness is observed in transgenic plants
that overexpress OsEIL2, a rice transcription factor that
mimics ethylene-insensitive 3, but OsEIL2-RNAi plants
exhibit the opposite phenotype (Jin et al., 2020). OSWRKY5
promotes leaf senescence under both naturally occurring
and DIS conditions by upregulating the expression of
senescence-induced NAC, abscisic acid (ABA) biosynthesis,
and chlorophyll degradation genes (Kim et al., 2019). Addi-
tionally, senescence is linked to the upregulation of the
SAGs 0sS40-1, 0sS40-7, 0sS40-12, 0sS40-13, and OsS40-
14, which are upregulated in response to dark treatment
(Habiba et al., 2021). Green leaves were retained signifi-
cantly longer by OsMYB102-overexpressing transgenic
lines than by the wild type under ABA-induced, dark-
induced, and natural senescence conditions. Furthermore,
under both dark-induced and ABA-induced leaf senescence
conditions, an osmyb102 knockout mutant displayed accel-
erated senescence phenotype, suggesting that OsMYB102
plays a major role in the process of leaf senescence (Piao
et al,, 2019). In addition to ABA, other plant hormones
involved in the control of DIS include jasmonic acid (JA),
salicylic acid (SA), and ethylene (Jan et al., 2019; Jibran
et al., 2013). Under DIS conditions, a rice jasmonate
ZIM-domain protein  (OsJAZ8) negatively controls
JA-mediated leaf senescence (Uji et al., 2017). In contrast,
osmed25 mutants delayed JA-regulated leaf senescence
under DIS (Suzuki et al., 2021). The submergence tolerance
regulator SUBMERGENCE1A (SUB1A) can alter the
response to extended darkness by limiting ethylene synthe-
sis and the response to JA and SA. Consequently, this may
lessen the accumulation of messenger RNAs associated
with senescence and the breakdown of carbohydrates and
chlorophyll (Fukao et al., 2012).

In green plants, ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO) catalyzes the irreversible
carboxylation of ribulose-1,5-bisphosphate and CO, to gen-
erate two 3-phosphoglyceric acid molecules (Flecken
et al., 2020; Miziorko & Lorimer, 1983). A member of the
huge AAA* superfamily proteins, RuBisCO activase (RCA),
can modify the structure of RuBisCO, activate it in vivo, and
remove inhibitory sugar phosphates and carbamylation
from its catalytic sites (Bracher et al., 2017; Jin et al., 2006).
In the past few decades, several researchers have discov-
ered that RCA serves as a multifunctional stress responder
in addition to its activation feature on RuBisCO (Chen
et al., 2015; Waheeda et al., 2023). Transgenic rice plants

that co-overproduce RCA and RuBisCO enhance photosyn-
thesis in the ideal temperature range of 32-40°C. Nonethe-
less, at 25°C, the rates of CO, assimilation matched those of
wild-type plants (Qu et al., 2021; Suganami et al., 2021). The
RCA isoforms found in rice, known as large (RCA,) and
small (RCAs), are produced by the alternative splicing of
RCA from a single nuclear gene (Nagarajan & Gill, 2018; To
et al., 1999; Werneke et al., 1989; Zhang & Komatsu, 2000).
According to Wang et al. (2010), heat stress dramatically
increased the expression of RCA, but had little effect on the
expression of RCAs (Wang et al., 2010). Thus, transgenic
rice plants expressing increased amounts of RCA_ exhibit
higher thermotolerance and grow better at high tempera-
tures than wild-type and transgenic rice plants expressing
RCAs (Wang et al., 2010). Moreover, it has been suggested
that N supply affects RuBisCO content when RCA is overex-
pressed. Additionally, 10-20% less RuBisCO was found in
RCA-overproducing plants at 0.5 mM-N (0.25 mM NH;NO3)
and 2.0 mM-N (1.0 mM NH4NO3) supplements in nutrient
solution. Conversely, at 8.0 mM-N (2.5 mM NH4;NO;z plus
3.0 MM NaNOs), RuBisCO content remained unchanged
(Suganami et al., 2018, 2020). However, studies have shown
that under variable light conditions, RCA-induced activation
of RuBisCO can hinder photosynthesis (Salvucci et al., 1986;
Zhang et al., 2002). Transgenic rice plants overproducing
RCA had a higher activation state of RuBisCO and faster
induction of photosynthesis when exposed to high light
intensities (Zhang et al., 2002). Additionally, an “H,0,
burst” in the chloroplast was brought on by infection with
Oryza meyeriana and Xanthomonas oryzae pv. oryzae
(X00), leading to the redistribution of RCA from the chloro-
plast stroma to the thylakoid membrane (Yang et al., 2011).
This redistribution of RCA to the thylakoid membrane under
light conditions protects the membrane from H,0,-induced
oxidative damage (Mei et al., 2019). Furthermore, proteomic
research has identified rice protein patches, including RCA
isoforms, that are significantly altered in response to
drought (Ji et al., 2012; Salekdeh et al., 2002). RCA,-
overexpressing plants were more vulnerable to drought
stress than the wild type, whereas RCAs-overexpressing
plants showed a mildly drought-sensitive phenotype (Fan
etal., 2022). Fan et al. found that Ghd2 significantly acceler-
ated leaf senescence and enhanced RCA_ expression in
drought-affected plants (Fan et al., 2022).

In the present investigation, we identified a rice RCA,
especially the large isoform RCA_, which interacts with
chloroplast-localized filamentation temperature-sensitive H
(OsFtsH1) and accelerates the degradation of OsFtsH1.
Dark stress downregulates the expression level of RCA and
promotes the degradation of RCA protein, resulting in the
stabilization and accumulation of OsFtsH1 protein, which
helps plants cope with prolonged dark stress. Taken
together, our results demonstrate that RCA is an activator
of RuBisCO and a repressor of OsFtsH1 to affect DIS.
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RESULTS
RCA is a member of dark-suppressed protein in rice

When only a portion of the plant is affected, light depriva-
tion, in the form of intense shade or darkening of leaves,
causes rapid senescence in many plant species (Keech
et al., 2010; Liebsch & Keech, 2016). Therefore, transcrip-
tome sequencing of rice samples exposed to darkness
allowed us to better understand the mechanisms underly-
ing shade-induced senescence and DIS. To conduct the
DIS transcriptomic analysis, RNA samples were taken from
rice plants exposed to darkness at different times. After
dark treatment for 4 h, 1348 upregulated genes and 1481
downregulated genes were identified, as shown in the vol-
cano plot (P < 1e-10 for both upregulated and downregu-
lated genes) (Figure S1A; Table S1). These genes were
concentrated in more than 10 pathways obtained by KEGG
pathway enrichment analysis (Figure S1B). Among the dif-
ferentially expressed genes (DEGS) involved in photosyn-
thesis, most were involved in photosystem I, photosystem
Il (PSIl), and chlorophyll degradation (Figure S1C-E). RCA,
a presumed photosynthetic activator, showed a declining
expression pattern during DIS (Figure S1C). Similar results
have been obtained using microarray analysis in Arabidop-
sis (Song et al., 2014; van der Graaff et al., 2006). Thus,
RCA was selected, and its potential role in the DIS was
investigated. Quantitative reverse transcription-polymerase
chain reaction (QRT-PCR) revealed that the expression of
both RCA_ and RCAs rapidly decreased in response to 3 h
of dark treatment and was retained at only 5% after 12 h of
dark treatment (Figure 1A). Using an antibody specifically
recognizing the RCA C-terminal (Figure S2), immunoblot
analysis revealed that the amount of both RCA; and RCAg
proteins was gradually reduced by dark treatment and the
decline was not affected by the application of 26S protease
inhibitor MG132 (Figure 1B), indicating that the degrada-
tion of RCA during dark treatment is independent of pro-
teasome degradation pathway. In both MG132-treated and
untreated samples, RCA expression levels remained low
after 2 and 6 days of dark treatment (Figure 1C). Similarly,
RCA protein significantly decreased in the area of the blade
where natural senescence began (Figure 1D). Thus, both
the transcriptional and protein levels of RCA might be
involved in leaf senescence caused by ageing and dark-
ness, and the transcriptional regulation of RCA may play a
major role.

According to protein domain analysis by Conserved
Domain Search (CD-SEARCH) via the National Center for
Biotechnology Information (NCBI) website, RCA has a con-
served domain with some ATP-binding sites (amino acid
positions 154-298) of the AAA" protein family (Figures S3A
and S4), which frequently perform chaperone-like func-
tions that aid in the assembly, operation, or disassembly
of protein complexes (Neuwald et al., 1999; Olivares

et al., 2016). Phylogenetic analysis was conducted using
the protein sequences of the rice RCA protein and its
homologous proteins from other species. The results
showed that the rice RCA protein exhibited very high
sequence homology with other RCA proteins from gramin-
eous plants, such as Hordeum vulgare, Triticum aestivum,
Phragmites australis, Sorghum bicolor, and Zea mays,
forming a distinct clade (marked blue) and separating from
clades of eudicots (marked red) and algal (marked green)
plants (Figure S3B). Representative species of green plants
exhibit conserved sequence similarities in RCA proteins, as
demonstrated by amino acid alignment and LOGO analysis
of the protein domains. Interestingly, monocot and eudicot
plants show greater similarity to each other than to the
green alga Auxenochlorella pyrenoidosa, with five fully
conserved amino acid differences in the studied plants and
seven differences in fairly conserved amino acids between
the groups (Figure S3C). This observation suggests that
although RCA proteins are conserved within monocots and
eudicots, the distinct differences imply that A. pyrenoidosa
has followed a unique evolutionary path that diverges
from that of terrestrial species.

Expression pattern and subcellular localization

Rice has long been recognized to have two isoforms of
RCA; however, little is known about the expression pat-
terns of RCA_ and RCAgs in different rice tissues (Zhang &
Komatsu, 2000). In this study, gRT-PCR and
semi-quantitative RT-PCR were used to examine the
expression of RCA_ and RCAg in various tissues. As shown
in Figure 1, RCAs was mainly expressed in green tissues,
with the highest expression level in leaves, followed by the
stem and leaf sheath, whereas it was weakly expressed in
roots and panicles (Figure 1E). Additionally, the expression
level of RCA_ was noticeably lower than that of RCAs in all
tissues. Semi-quantitative RT-PCR performed on the same
tissues verified these expression patterns (Figure 1F).
Immunoblot analysis of total protein extracts from various
wild-type plant tissues was performed to further ascertain
RCA expression in these tissues. Consistent with the
gRT-PCR results, immunoblot analysis indicated that both
RCA_ and RCAs proteins accumulated primarily in the
leaves (Figure 1G).

Next, we performed subcellular location analysis of
RCA_-green fluorescence protein (GFP) and RCAs-GFP in
rice cells after identifying the RCA expression pattern.
Using PEG-mediated protoplast transient transformation,
35S::GFP, 35S::RCA_-GFP, and 35S::RCAs-GFP were intro-
duced into the rice protoplasts. As shown in Figure 1(H-J),
the fluorescence signal distributions of RCA_-GFP and
RCAs-GFP co-localized with chloroplast spontaneous fluo-
rescence, whereas the fluorescence of the free GFP was
dispersed throughout the cytoplasm. These findings sug-
gest that RCA is primarily localized in chloroplasts.
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Figure 1. RCA is a dark-suppressed protein in chloroplast.

(A) Expression of RCAs and RCA_ in response to dark treatment. Two-week-old wild-type plants were treated, and leaves were pooled for RNA extraction.
Expression was determined by gRT-PCR. The CK samples were set as “1.” This experiment has been repeated three times.

(B) Immunoblot analysis using anti-RCA antibody to show RCA protein levels with and without MG132 treatment after dark treatment for different times. To
block proteasomal protein degradation, rice seedlings were pre-treated with 50 IM MG132 for 2 h and then treated with darkness. D-0, dark treatment for 0 day;
D-2, dark treatment for 2 days; and D-6, dark treatment for 6 days. Western blot against histone H3 served as loading control. Quantifications (red numbers)
were obtained from Image Lab software. ND, not detected.

(C) Expression levels of RCA with and without MG132 treatment after dark treatment. Histone H3 was used as the control. The expression levels on D-0 were set
as “1.” D-0, dark treatment for 0 day; D-2, dark treatment for 2 days; and D-6, dark treatment for 6 days. This experiment has been repeated three times. Data
are means of three replicates with SD.

(D) Western blotting experiment detected the protein levels of RCA in a senescing leaf. One-month-old leaves showing approximately 20% senescence were dis-
sected into three parts as indicated. Western blot against actin served as loading control. Quantifications (red numbers) were obtained from Image Lab
software.

(E) Expression of RCA| and RCAs in various organs analyzed by gRT-PCR analysis. All the materials were harvested from a mature wild-type plant. Actin was

used as the internal control.

(F) Expression of RCA_ and RCAg in various organs analyzed by semi-quantitative PCR analysis. Actin was used as the internal control.
(G) Immunoblot analysis of RCA in various organs in the wild-type plant. Western blot against actin served as loading control. Quantifications (red numbers)

were obtained from Image Lab software. ND, not detected.
(H) Subcellular localization of 35S::RCA-GFP.
(1) Subcellular localization of 35S::RCAs-GFP.

(J) The binary vector containing 35S::GFP was transiently expressed in rice protoplasts. GFP, green fluorescence protein. BF, bright field; CHL, chlorophyll fluo-

rescence. Scale bars = 2 Im.

Knockdown of RCA causes delayed dark-induced leaf
senescence

To determine the function of RCA in vivo, the T-DNA inser-
tion mutant line PFG_1B-13 514 (hereafter designated as
rca; wild type is Dongjin, hereafter designated as DJ) was
isolated from a T-DNA insertion mutant library (Jeon
et al., 2000; Jeong et al., 2006). The T-DNA was inserted
into the 5 untranslated region (—285) of the RCA gene
(Figure S5A), reducing RCA expression in homozygous rca
plants to 30% of that in wild-type plants, as determined by
gRT-PCR and semi-quantitative RT-PCR (Figure S5B-D).
Additionally, immunoblot analysis revealed that the rca
mutant had lower levels of both RCAs and RCA, proteins
compared with the wild-type plant (Figure S5E), indicating
that rca is a knockdown mutant. In addition, the rca mutant
had lower chlorophyll content in leaves than wild-type
plants during the first week of growth and exhibited a
pale-green phenotype in 5-day-old and 7-day-old seedlings
when they were planted in both the greenhouse and field
(Figure S6A-D). However, when the seedlings grew to
10 days of age, the phenotype of pale-green leaves of rca
gradually recovered, and there was no variation identified
in the determination of pigments (Figure S6E,F).

To determine whether RCA is associated with DIS,
leaf segments of wild-type (DJ) and rca plants were incu-
bated in 3 mM MES buffer at 27°C in the dark. After
8 days of dark treatment, wild-type leaves completely
turned yellow, whereas rca leaves still had some green
pigment remnants (Figure 2A). To eliminate variations in
the developmental stage, we assessed the expression
levels of senescence genes SGR and NAP in DJ and rca
mutants and found no significant differences in their
expression during the seedling stage (Figure S7A,B). We
further compared the tolerance of mutant seedling leaves

at the 21-day-old stage with wild-type leaves at various
developmental stages (15 and 21 days) under dark treat-
ment for 8 days. The results showed that compared to
wild-type seedlings with the same growth period or
those that were 6 days younger, leaf segments of the rca
mutant both exhibited a delayed senescence phenotype
(Figure S7C,D). Meanwhile, H,O, content also increased
significantly in the wild type compared with the rca
mutant (Figure 2B). As a biomarker of photosynthetic
efficiency and stability of PSIl in response to stress, the
Fv/IFm (the ratio of variable (Fv) to maximum (Fm) fluo-
rescence) of rca and wild-type plants was measured
using chlorophyll fluorescence imaging (Figure 2C-E). On
the 4th, 6th, and 8th days of dark treatment, the Fv/Fm
ratio in the rca mutant was significantly higher than
those in the wild type (Figure 2D,E), and the final chloro-
phyll content was also higher (Figure 2F). Next, we
examined the phenotype of the rca mutant during DIS in
the whole plant. Following 10 days of dark incubation,
the majority of rca leaves remained green, but many
wild-type leaves became yellow, which resembled the
leaf segment assay (Figure 2G,H). To further verify
the conservation of RCA function in DIS, we produced
rca-ami plants in different wild-type backgrounds (Nip-
ponbare, short for NIP) using artificial miRNAs (amiR-
NAs) method and examined whether the rca-ami allele
exhibited a delayed senescence phenotype similar to that
of rca plants (Figure S8A). The rca-ami mutant we gener-
ated was a severe knockdown allele because only a few
RCA transcripts and proteins remained in the mutant
leaves (Figure S8B,C). During DIS, the leaf segments of
rca-ami also displayed a delayed senescence phenotype
(Figure S8D). These findings suggest that RCA may act
as an activator of leaf senescence in the DIS assay.
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Figure 2. rca mutant displayed delayed dark-induced leaf senescence.

(A) The color change that occurs in leaf segments of DJ (wild type, Dongjin) and rca during DIS. They were incubated in 3 mM MES (pH 5.8) buffer with the
abaxial side up at 27°C in darkness.

(B) Leaves incubated in dark for 8 days were stained with DAB. Scale bar = 1 cm.

(C) Fv/Fm images obtained from chlorophyll fluorescence using the PlantView230F imaging system before and after dark treatment.

(D) Fv/Fm values. Data are means of three replicates with SD. Different letters indicate significant differences between DJ and rca plants with or without dark
stress (8 days for dark), according to one-way ANOVA and Tukey’s multiple-range tests (P < 0.05).

(E) The Fv/Fm values of DJ and rca plants under normal conditions and dark treatment at different time points. Values are presented as means + SD, and the
statistically significant differences were determined by Student’s t-test (biological replicates, n = 4, **P < 0.01, ***P < 0.001).

(F) Chlorophyll content of leaves in (A).

(G) DJ and rca whole plants were grown for 1 month under LD (14-h light/day) conditions and then were transferred to darkness at 28°C for 10 days (10 DDI).
Scale bars = 5 cm.

(H) Chlorophyll content of leaves in (F). Mean and SD values in (F, H) were obtained from at least three biological replicates. Asterisks indicate significant differ-
ence (Student’s t-test, **P < 0.01). DDI, day(s) of dark incubation.

RCA, overexpression promotes DIS both in rice and

Arabidopsis promotor (Figure S9A). According to qRT-PCR and semi-

quantitative RT-PCR analysis, the expression levels of either

To determine the roles of RCA, and RCAs in influencing leaf
senescence, we generated both RCA- and RCAs-
overexpressing lines in the NIP background by introducing
each CDS sequence, followed by GFP and His tags (HisT for
short), into pCAMBIA2300 vector driven by ubiquitin

RCA_ or RCAg were hundreds of times higher than those in
the wild type (Figure S9B-D,F-H). Additionally, employing
the GFP tag, HisT, and its particular antibody, immunoblot
analysis revealed that both RCAs and RCA, proteins were
largely accumulated in transgenic plants (Figure S9E,I).

© 2025 Society for Experimental Biology and John Wiley & Sons Ltd.,
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Next, for phenotypic characterization under dark conditions,
we used two representative lines of each T2 transgenic rice
seedling (RCA_-OE-1, RCA, -OE-2, RCAs-OE-1, and RCAs-OE-
2) (Figure S9B-I). Transgenic and wild-type plants did not
show significant differences under typical growth condi-
tions, and there was no difference in the expression levels
of senescence genes during the seedling stage (Figure S10).
Six days after dark treatment, both RCA_- and RCAs-
overexpressing lines, particularly RCA_-overexpressing
lines, showed severe yellowing of leaves (Figure 3A,B).
There was a noticeable difference in the amount of chloro-
phyll between the wild-type and RCA-overexpressing lines

Figure 3. RCA reduces tolerance to prolonged darkness.

after dark treatment (Figure 3C,D). Additionally, after the
plants were exposed to dark treatment for 6 days, leaves
from RCA_- and RCAs-overexpressing plants showed more
intense staining with DAB than leaves from wild-type
plants, suggesting a greater build-up of H,O, (Figure 3E).
Consistently, dark treatment using detached leaf segments
resulted in the same earlier senescence phenotype in over-
expression lines (Figure 3F). To assess whether RCA
overexpression affects the integrity of the photosynthetic
machinery, we analyzed the relative change in Fv/Fm values
after dark treatment. The values of Fv/Fm in RCA_-OEs were
markedly lower and declined faster than those in the wild-

(A) Phenotype of NIP, RCA -OE-1, RCA -OE-2, RCAs-OE-1, and RCAs-OE-2 plants under regular growth conditions. Scale bar = 5 cm.

(B) Phenotype of NIP, RCA -OE-1, RCA, -OE-2, RCAs-OE-1, and RCAs-OE-2 plants with 6 days of complete darkness. Scale bar = 5 cm.

(C) Chlorophyll content of NIP, RCA_-OE-1, RCA -OE-2, RCAs-OE-1, and RCAs-OE-2 plants in (A).

(D) Chlorophyll content of NIP, RCA_-OE-1, RCA, -OE-2, RCAs-OE-1, and RCAs-OE-2 plants in (B). Values are presented as means + SD, and the statistically signif-
icant differences were determined by Student’s t-test (biological replicates, n = 20, *P < 0.05, **P < 0.01).

(E) DAB staining of leaves with and without dark treatment for 6 days.

(F) Leaves of NIP, RCA_-OE, and RCAs-OE were treated with darkness for 4 and 6 days and photographed.

© 2025 Society for Experimental Biology and John Wiley & Sons Ltd.,
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type plant after dark treatment, while the values of Fv/Fm in
RCAs-OEs were slightly lower than those in the wild type
(Figure S11). Since lower Fv/Fm values are often observed
in mutants defective in PSI, PSII, or the cytochrome b6f
complex (Kato et al., 2018), we inferred that RCA_-OEs
might be defective in photosynthetic protein complexes.

To investigate whether RCA function in dark-induced
leaf senescence is conserved between rice and Arabidop-
sis, we isolated a homozygous Atrca T-DNA insertion line
(SALK_003204). Sequence analyses showed that double T-
DNAs were inserted in the 5 untranslated region, 223 base
pairs upstream of the start codon (Figure S12A,B). Similar
to the rice rca mutant, the Atrca mutant retained 20% of its
expression level compared with wild-type Col and had
pale-yellow leaves at the seedling stage (Figure S12C-G).
We then transformed rice RCAg and RCA_ into Atrca plants,
and the transcription and translation levels of RCAs and
RCA_ were analyzed in two representative homozygous T3
transgenic lines (Figure S13A-E). We found that the Atrca
phenotypes, such as pale-yellow and shorter leaves, were
fully restored in transgenic plants (Figure S14A). Moreover,
after 8 days of dark treatment, RCA-OEs lines exhibited a
more severe senescence phenotype compared with Col. In
contrast, the Atrca mutant had more green leaves than the
Col plants (Figure S14B). Consistent with the visible yellow
leaf phenotype, the chlorophyll content of RCA.-
overexpressing lines was lower than that of Col
(Figure S14C,D). Collectively, the RCA exhibits its consis-
tent role in monocotyledonous rice and dicotyledonous
Arabidopsis, as the presence of RCA_ in rice and Arabidop-
sis both accelerate the process of dark-induced leaf
senescence.

RCA, interacts with OsFtsH1 in the chloroplast

To further investigate how RCA affects dark-induced leaf
senescence, we investigated the interacting partners of
RCA by immunoprecipitation using RCA_-OE plants. Co-
immunoprecipitation (Co-IP) against a monoclonal anti-
HisT antibody was performed using purified total proteins
from various plants. Five distinct bands were detected by
sodium dodecyl sulfate (SDS)-PAGE and staining of the
RCA_-OE plant. No band was observed at the same loca-
tion in the control lane. The probable proteins that interact
with RCA_ were then identified by LC-MS/MS analysis of
the Co-IPed proteins (Figure S15A,B). Subsequently, LC-
MSI/MS data revealed that one of the candidate proteins
that piqued our curiosity was the ATP-dependent zinc
metalloprotease (OsFtsH1) (Figure S15C), homologous pro-
teins of which have been reported to be involved in the
degradation of the D1 protein (Kato et al., 2023; Krynicka
et al., 2023; Liu et al., 2024). We used various techniques to
investigate the physical interactions between RCA_ and
OsFtsH1. First, Y2H experiments revealed that RCA_
and OsFtsH1 interacted in vitro (Figure 4A). We then

performed bimolecular fluorescence complementation
(BiFC), Co-IP, and colocalization assays to detect their inter-
actions in vivo. Yellow fluorescent protein signals were
detected in the chloroplasts of Nicotiana benthamiana leaf
mesophyll cells by BiFC studies (Figure 4B), indicating that
RCA_ and OsFtsH1 in living tobacco cells interact directly.
Moreover, RCA_ co-precipitated with OsFtsH1-GFP, but not
with GFP, when tagged proteins were transiently
expressed in N. benthamiana leaves, further confirming
the interaction between OsFtsH1 and RCA_ (Figure 4C).
Additionally, in the colocalization assay, GFP fluorescence
contributed by RCA_-GFP overlapped with OsFtsH1-
mCherry fluorescence in the chloroplast (Figure 4D). Taken
together, these in vitro and in vivo data indicate that RCA_
and OsFtsH1 interact in chloroplasts.

Given that RCAg also plays its role in the context of
dark-induced leaf senescence, even though its effect is
less pronounced than RCA_ (Figure 3), we investigated
whether RCAg and OsFtsH1 interact as well. Likewise, the
interaction between RCAs and OsFtsH1 was validated by
Y2H assay (Figure 5A), Co-IP analysis (Figure 5B), and
luciferase  complementation imaging (LCl) assay
(Figure 5C). Our Co-IP experiments showed that, under
normal conditions, the OsFtsH1 protein appeared in both
RCA_. and RCAs patches with comparable efficiency
(0.93:1) (Figure 5D), indicating that RCA,_ and RCAs could
bind with OsFtsH1. However, under dark conditions, the
abundance of OsFtsH1 in the RCAs patch was signifi-
cantly reduced (statistical analysis: 1:7.63 compared with
RCA_-OE) (Figure 5E). These results indicate that OsFtsH1
prefers to interact with RCA_ rather than RCAg in dark
environments.

RCA_ promotes the degradation of OsFtsH1 protein

In order to investigate the biological significance of the
RCA-OsFtsH1 physical interaction, we first measured
the expression level and protein abundance of OsFtsH1 in
both rca mutants and RCA-overexpressing plants at vari-
ous intervals during dark treatment. gRT-PCR showed that
the expression of OsFtsH1 was slightly higher in the rca
mutant than in the wild-type plant and lower in the RCA,-
OE-1 plant from D-0 of dark processing to D-4. However,
the change in OsFtsH1 expression in RCAs-OE-1 plant was
similar to wild-type plant (Figure 6A,B). Immunoblot anal-
ysis showed that in wild-type plants NIP and DJ, the level
of OsFtsH1 protein accumulated significantly after 2 days
of dark treatment, followed by a slight decline after 6 days
(Figure 6C). Similarly, this trend was also observed in
both RCA,- and RCAs-overexpressing plants. However, we
found that the overall levels of OsFtsH1 protein in the
RCA-overexpressing lines, particularly in
RCA_-overexpressing plants, were much lower than that
in wild-type plants even under normal conditions
(Figure 6C). In contrast, the OsFtsH1 protein abundance in

© 2025 Society for Experimental Biology and John Wiley & Sons Ltd.,
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Figure 4. OsFtsH1 is the interacting protein of RCA.

(A) Y2H showed that OsFtsH1 interacts with RCA_. SD-T-L, SD medium without Leu and Trp; SD-T-L-H, SD medium without Trp, Leu, and His.
pPGBKT7 + pGADT7, pGBKT7-OsFtsH1+ pGADT7, and pGBKT7 + pGADT7-RCA_ were used as negative controls.

(B) BIiFC analysis of in vivo interactions by transient expression in Nicotiana benthamiana. First column, OsFtsH1::NmVen210/CVen210 parent vector, shows little
weak background signal; middle column, NmVen210/RCA_::CVen210 parent vector shows little weak background signal; bottom column, OsFtsH1::NmVen210
interacts with RCA_::Cven210. YFP (Yellow fluorescent protein) = mVenus BiFC; CHL, chlorophyll autofluorescence; BF, bright field.

(C) In vivo interaction between OsFtsH1-GFP and RCA revealed by the co-immunoprecipitation assay. After immunoprecipitation with anti-GFP magnetic beads,
precipitated proteins were probed with an anti-RCA antibody.

(D) RCA_-GFP and OsFtsH1-mCherry fusion constructs were transiently expressed in rice protoplasts for subcellular localization analysis. BF, bright field; CHL,
chlorophyll fluorescence. Scale bars = 4 Im.

the rca mutant was higher than that in the wild-type plant observed that in all plants, the RCA protein gradually
and maintained a consistently elevated level during dark decreased with the onset of dark treatment (Figure 6C).
treatment (Figure 6C, right panel). Meanwhile, we Taken together, these evidences suggest that RCA might

© 2025 Society for Experimental Biology and John Wiley & Sons Ltd.,
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Figure 5. OsFtsH1 is the interacting protein of RCAs.

(A) Y2H showing that OsFtsH1 interacts with RCAs. SD-T-L, SD medium without Leu and Trp; SD-T-L-H, SD medium without Trp, Leu, and His.
pGBKT7 + pGADT7, pGBKT7-OsFtsH1+ pGADT7, and pGBKT7 + pGADT7-RCAs were used as negative controls.

(B) In vivo interaction between OsFtsH1 and RCAs revealed by the co-immunoprecipitation assay. After immunoprecipitation with anti-HisT, precipitated pro-
teins were probed with an anti-OsFtsH1 antibody.

(C) Firefly luciferase complementation imaging (LCI) assay showing the interaction between RCAs and OsFtsH1. LUC image of Nicotiana benthamiana leaves co-
infiltrated with Agrobacterium strains containing plasmids shown below. LUCN, the firefly LUC fragments of 2-416 amino acids; LUCS, the firefly LUC fragments
of 398-550 amino acids. The color bar above shows the range of luminescence intensity in the image. The descriptor below the pictures illustrates the distribu-
tion of four combinations of injected Agrobacterium strains.

(D, E) In vivo interaction among OsFtsH1, RCA -HisT, and RCAs-HisT under normal and dark conditions revealed by the co-immunoprecipitation assay. After
immunoprecipitation with anti-HisT beads, precipitated proteins were probed with anti-GFP and anti-OsFtsH1 antibodies. Quantifications (red numbers) were
obtained from Image Lab software.

affect the protein stability of OsFtsH1. To test this hypoth- the levels of the OsFtsH1-GFP-HisT protein gradually
esis, we further performed cell-free assays by incubating declined in the wild-type plant. In contrast, this decline
OsFtsH1-GFP-HisT protein purified from Escherichia coli was mitigated in the rca mutant or upon treatment with
with total proteins extracted from wild-type DJ or rca MG132 (Figure 6E). These findings suggest that RCA facili-
plants (Figure 6D). The immunoblot assay revealed that tates the degradation of OsFtsH1.

© 2025 Society for Experimental Biology and John Wiley & Sons Ltd.,
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OsFtsH1 inhibits dark-induced leaf senescence

To further assess the role of OsFtsH1 in RCA-mediated leaf
senescence, we generated osftshl-ami mutants and
OsFtsH1-overexpressing plants. Twenty independent trans-
genic lines were obtained from each transformation, and
two lines for single transformants were selected for subse-
guent experiments. According to the gRT-PCR results, the
osftshl-ami mutant showed a 50% decrease in the tran-
scriptional level of OsFtsH1 compared with the wild type,
whereas the OsFtsH1-OE plants showed an approximately
fourfold to sixfold increase (Figure S16A). At the protein
level, Western blots also confirmed the same results
(Figure S16B). We then treated the detached leaves of the
osftsh1l-ami mutant and OsFtsH1-OE plants in the dark and
investigated their senescence phenotypes. As expected,
the leaves of OsFtsH1-OE plants showed delayed senes-
cence compared with the leaves of the wild-type and
osftshl-ami mutant plants (Figure 7A). Additionally,
OsFtsH1 overexpression significantly increased the chloro-
phyll content and Fv/Fm ratios (Figure 7B,C). Based on the
studies mentioned earlier, we conclude that RCA promotes
dark-induced leaf senescence by accelerating the degrada-
tion of the OsFtsH1.

DISCUSSION

Leaf senescence is characterized by the transition from
nutrient assimilation to remobilization and has a critical
effect on agriculture (Avila-Ospina et al., 2014). However,
premature senescence of leaves caused by harsh growth
conditions is a critical challenge that causes significant
economic losses in terms of crop yield. Although low light
causes losses of up to 50% and affects rice yield and qual-
ity, its regulatory mechanisms remain poorly understood
(Gad et al., 2021). Darkness, an extreme light condition, is
often used to induce rapid and synchronous senescence in
detached leaves and has been widely used as a senescence
model to study the physiological, biochemical, and molec-
ular mechanisms of leaf senescence (Li et al., 2013). In this
study, we examined the underlying mechanisms of DIS in
intact rice plants and found that RCA, particularly the large
isoform RCA_, promotes dark-induced leaf senescence by
binding with OsFtsH1.

RCA, promotes dark-induced leaf senescence

Previous studies have shown that RCA is involved in many
stress responses, suggesting additional roles for RCA
beyond RuBisCO regulation (Chen et al.,, 2015). In C4
grasses, proteomic data suggest that the larger RCA iso-
form was present at a very low abundance under control
conditions, but its expression increased considerably at
higher temperatures, allowing for the maintenance of
RuBisCO activation, thus indicating a potential thermopro-
tective role in carbon fixation (Kim et al., 2021). In rice

plants, however, our results showed that both RCA_ and
RCAs were markedly downregulated by dark treatment
using transcriptomic analysis (Figure S1) and gRT-PCR
analysis (Figure 1A). The decline, shown at both the mRNA
and protein levels, persisted throughout the dark treatment
and natural ageing process (Figure 1B-D), suggesting that
RCA is a novel factor involved in the dark stress response.

Dark-induced premature leaf senescence is a well-
studied stressor that involves a complex regulatory net-
work. Plant hormones, macromolecular hydrolysis, ROS
accumulation, and transcriptional regulation are all
involved in DIS (Biswal & Pandey, 2018; Gregersen
et al., 2013; Piao et al., 2019; Shim et al., 2019; Zhang
et al., 2016). However, in these previously discovered regu-
latory pathways, researchers have paid more attention to
the regulation of SAG expression (Zhang et al., 2022) and
the stability of the photosynthetic machinery during abiotic
stress (Gururani et al., 2015). In the present study, we found
that RCA, an enzyme that regulates photosynthesis by acti-
vating RuBisCO, may promote dark-induced leaf senes-
cence. First, rca mutant plants are more tolerant to dark
stress (Figure 2). Second, the rca-ami mutant replicated the
phenotype of the rca mutant (Figure 2; Figure S8). Third,
RCA overexpression caused early dark-induced leaf senes-
cence (Figure 3; Figure S9). In addition, heterologous
expression of RCA_ in Arabidopsis reduced basal dark toler-
ance (Figure S14). Together, these results demonstrate that
RCA plays an important role in DIS in rice plants.

Two RCA isoforms have different roles under dark
conditions

Alternative splicing is commonly believed to be a major
source of cellular protein diversity and plenty of cases have
shown the unique role of protein isoforms (Dong
et al., 2018). Differences in the length and abundance of
RCA isoforms among plant species have been documented
(Salvucci et al., 1987), emphasizing the diversity in their
gene and protein isoform production. The large RCA iso-
form, in its oxidized state, forms a disulfide bond that
reduces ATP affinity while increasing sensitivity to ADP
inhibition (Shen et al., 1991; Zhang & Portis Jr., 1999). Con-
versely, the shorter isoform, lacking regulatory cysteines,
is less sensitive to ADP inhibition and exhibits no redox
regulation. In Arabidopsis, only large isoforms respond to
redox regulation due to a C-terminal extension featuring
conserved redox-sensing cysteine residues modulated by
thioredoxin f (Zhang & Portis Jr., 1999). While Arabidopsis
and spinach express the two isoforms in similar amounts
(Kim et al., 2016, 2020), rice displays significantly higher
levels of small isoforms, both at the mRNA and protein
levels (Figure 1), likely due to differing alternative splicing
efficiencies. RCA_ is essential for photosynthetic acclima-
tion under moderate stress, while RCAg primarily main-
tains RuBisCO activity in normal conditions (Fan
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Figure 6. RCA affects the proteolytic degradation of OsFtsH1 protein.

(A, B) Expression level of OsFtsH1 in DJ, rca, NIP, RCA -OE-1, RCA -OE-2, RCAs-OE-1, and RCAs-OE-2 plants. Actin was used as the internal control. Expression
levels in the wild-type plants were set as “1.” Values are presented as means + SD, and the statistically significant differences were determined by Student’s t-

test (biological replicates, n = 3, *P < 0.05, **P < 0.01, ***P < 0.001).

(C) Immunoblot analysis of OsFstH1 and RCA in DJ, rca, NIP, RCA -OE, and RCAs-OE plants upon dark stress (0, 2, and 6 days). Three-week-old seedlings were
placed in a completely dark condition, and samples were collected at 0, 2, and 6 days to extract total protein. Equal protein loading was confirmed with the anti-
histone H3 antibody and Coomassie Blue staining (CBB). Quantifications (red numbers) were obtained from Image Lab software.

(D) Coomassie blue staining of OsFtsH1-GFP-HisT protein. Both lanes contain the obtained OsFtsH1-GFP-HisT protein.

(E) Promotion of OsFtsH1 degradation by RCA in vitro. OsFtsH1-GFP-HisT protein purified from Escherichia coli was incubated with extracts from DJ or rca
plants in the absence or presence of MG132 in cell-free assays. Protein levels were detected at different time points by immunoblotting with anti-HisT antibody.
Histone H3 was used as a loading control of plant-extracted proteins. The graph shows the quantitative analysis of protein levels (red numbers). The protein
levels at DJ + OsFtsH1-0 were set to “1” as a reference for calculating the relative protein levels.

et al., 2022; Wang et al., 2010). Studies suggest that larger
isoforms may facilitate high-temperature acclimation in C4
grasses, showing increased expression with rising temper-
atures and indicating a thermoprotective role (Kim
et al., 2021). However, adaptation strategies vary among
grasses; for instance, maize and wheat enhance small iso-
form expression (Chen et al., 2015). Transgenic plants
overexpressing RCA_ display heightened sensitivity to
drought stress yet improved thermotolerance, in contrast
to RCAs-overexpressing plants, which demonstrate weak
drought sensitivity (Salvucci, 2008; Wang et al., 2010). In
our study, the functional differences between RCA_ and
RCAg are significant in dark-induced leaf senescence. RCA_
has been shown to play a more prominent role in promot-
ing leaf senescence under dark conditions. This is evi-
denced by the observation that overexpression of RCA_
accelerates leaf senescence, while RCAg only exhibits
minor effect (Figure 3; Figure S14). In terms of molecular
interactions, RCA_ demonstrates a higher binding affinity
for OsFtsH1 (Figure 5D,E), a zinc metalloprotease involved
in the degradation of proteins within chloroplasts (Liu
et al., 2024), thereby affecting the stability of OsFtsH1 dur-
ing dark stress (Figure 6). In contrast, RCAs has a minimal
effect on the stability of OsFtsH1 and does not significantly
contribute to the promotion of senescence (Figures 3 and
6). This distinction highlights the more pronounced role of
RCA_ in facilitating OsFtsH1 degradation and its subse-
guent influence on leaf senescence under dark conditions,
while RCAg appears to play a lesser role in this process.

OsFtsH1 plays a vital role in dark-induced leaf senescence

Rice contains nine FtsH genes in its genome (Yu
et al., 2005), and the function mechanisms of FtsH genes in
rice have not been fully understood so far. Among the nine
OsFtsH proteins, three (OsFtsH3, OsFtsH4, and OsFtsH5) are
expected to be located in the mitochondria, whereas the
other six are thought to be found in chloroplasts (Yu
etal., 2005; Zhang & Sun, 2009). The hetero-hexametric FtsH
complex, consisting of type A and type B subunits, is pre-
sent in the thylakoid membranes of photosynthetic organ-
isms (Yi et al., 2022). OsFtsH2 is crucial for the development
of rice chloroplasts (Wu et al., 2021) and for the regulation
of the turnover of cleaved D1 during the booting and

seedling stages of chilling tolerance (Liu et al., 2024). In this
study, our results suggest that OsFtsH1 is a critical compo-
nent in the regulation of dark-induced leaf senescence in
rice. The role of OsFtsH1 in DIS is underscored by its interac-
tion with RCA, specifically the large isoform RCA_ (Figures 4
and 5). This interaction is pivotal as RCA, facilitates the deg-
radation of OsFtsH1 (Figure 6), thereby influencing its stabil-
ity and function during dark stress. Under dark conditions,
the expression of RCA is downregulated, leading to a subse-
quent accumulation of OsFtsH1 (Figures 1C and 6C). This
accumulation is critical for maintaining cellular homeostasis
and mitigating the adverse effects of dark-induced stress
(Figure 7). Furthermore, FtsHs have been identified as hav-
ing a role in protein turnover and processing and are
involved in many biological processes, especially through
quality control of the PSIl complex (Yi et al., 2022). We spec-
ulate that OsFtsH1 may be involved in the degradation of
thylakoid membrane proteins such as D1, D2, CP43, and
CP47, among others. Further studies will be needed to con-
firm the interactions between OsFtsH1 and its targets and
reveal the mechanisms by which OsFtsH1 participates in
dark-induced leaf senescence.

In conclusion, using physiological and molecular ana-
lyses, we identified several processes during DIS in rice
and demonstrated that RCA is a key positive regulator of
these processes; thus, we propose a working model (Fig-
ure 8). Under dark conditions, RCA_ is predominantly bind-
ing with OsFtsH1 compared to RCAs and facilitates the
degradation of OsFtsH1. On the other hand, dark stress
induces a significant decrease in RCA in the RNA expres-
sion and protein level. The decline in RCA protein subse-
quently led to the accumulation and stabilization of
OsFtsH1 protein, thereby enabling plants to better with-
stand extended periods of dark stress. However, in rca
mutants, the absence of RCA leads to a reduction in the
degradation of OsFtsH1 protein, making the plants more
tolerant to dark stress.

EXPERIMENTAL PROCEDURES

Phylogenetic analysis of RCA homologous proteins

Sequences of RCA protein orthologs were obtained using BLASTP
software available at the NCBI website (http://mww.ncbi.nlm.nih.gov/)
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Figure 7. OsFtsH1 inhibits dark-induced leaf senescence.

(A) Leaves of wild-type (NIP), osftsh1-ami, and OsFtsH1-OE plants were treated with darkness for 4 and 6 days and photographed.

(B) Chlorophyll content of wild-type (NIP), osftshl-ami, and OsFtsH1-OE plants. Values were presented as means + SD, and the statistically significant differ-
ences were determined by Student’s t-test (biological replicates, n = 20, **P < 0.01, ***P < 0.001, compared with the wild type).

(C) Fv/Fm images of wild-type (NIP), osftshl-ami, and OsFtsH1-OE plants obtained using the PlantView230F imaging system under normal conditions and dark

treatment.

Figure 8. Proposed model depiction of the key role of RCA in dark-induced senescence.

RCA is a positive regulator in dark-induced senescence. On the one hand, dark stress inhibits the transcription of the RCA gene and also promotes the degrada-
tion of RCA protein. On the other hand, OsFtsH1, as an interacting protein of RCA_ and RCAs, negatively regulates the senescence induced by dark stress. Under
dark stress, OsFtsH1 is more likely to form a complex with RCA, than with RCAs protein, which accelerates the degradation of OsFtsH1 and ultimately leads to

the acceleration of senescence.

and UniProt website (https://www.uniprot.org/). BLASTP analyses
were performed against the protein databases of monocotyledons,
dicotyledons, and algae. Clustal alignment was used to align the 32
RCA proteins, and the neighbor-joining approach was used to deter-
mine evolutionary history (Chen et al., 2021). Thirty-two amino acid
sequences were analyzed. All positions with missing data and gaps
were removed. MEGA7.0 was used to perform evolutionary analyses
(Kumar etal., 2016). Phylogenetic analysis was performed using FAS-
TTREE (http://www.microbesonline.org/fasttree/) (Zhao et al., 2019).
The conserved domain of RCA protein was predicted using the NCBI
conserved domain database (https://www.ncbi.nlm.nih.gov/cdd).

Sequences analysis

Rice RCA protein sequences were obtained from the Rice Genome
Annotation Project Database (http://rice.plantbiology.msu.edu/).
RCA sequences from other species (N. tabacum, Ipomoea batatas,
Spinacia oleracea, Arabidopsis thaliana, Brassica oleracea, Cucu-
mis sativus, Helianthus annuus, Phaseolus vulgaris, Vigna radiata,

Glycine max, Z. mays, S. bicolor, H. vulgare, T. aestivum, P. aus-
tralis, A. pyrenoidosa, and Chlamydomonas reinhardtii) were col-
lected from UniProt (https://www.uniprot.org/). All the sequences
were aligned using Clustal Omega (https://www.ebi.ac.
ukiTools/msa/clustalo/). AAA* domains selected from the repre-
sentative species were aligned using JALVIEW software with
MAFFT and LOGO analyses (Chen et al., 2021).

Plant material and growth conditions

Wild-type (Dongjin) and T-DNA insertional mutant (rca) plants
were obtained from the Crop Biotech Institute of Kyung Hee Uni-
versity (Seoul, Korea) (Jeon et al., 2000; Jeong et al., 2006). rca-
ami and osftshl-ami plants were generated using amiRNAs, as
described previously (Schwab et al., 2006). The target sequences
of RCA (5'-tagtcgtacgttctcagaccc-3') and OsFtsH1 (5'-ttgctataatce-
taaccgcca-3') were cloned into the pBWA(V)HS-ccdB-ami vector
and subsequently inserted into NIP rice calli by Agrobacterium
(EHA105)-mediated transformation. Twenty independent lines
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were obtained for each transformation. Genomic DNA was
extracted from transgenic plants and amplified by PCR for geno-
typing (Table S2); two of these were used in the subsequent
analysis.

The rice seeds were sterilized with 95% ethyl alcohol and
washed five times with sterile water. The sterilized seeds were
soaked in water for 2 days, and the uniformly germinated seeds
were sown in bottomless 96-well PCR plates with appropriate
spacing in the nutrient solution. They were then grown at 30°C
under white light at approximately 50 Imol m~2 sec™* for 14 h
and then at 25°C in a dark cycle for 10 h in a growth chamber
(zhang et al., 2023).

A. thaliana ecotype Col-0 was used in this work. The mutants
(SALK_003204) were obtained from the Arabidopsis Biological
Resource Center, and homozygous mutants were collected by
genotyping with the primers listed in Table S2. After sterilization
in 70% ethanol for 3 min, Arabidopsis seeds were rinsed three
times with sterile water and placed on 1/2 Murashige and Skoog
medium plates supplemented with 1% sucrose. The seeds were
then stratified at 4°C for 2 days in the dark before being moved
into continuous light conditions for germination. The seeds were
then grown under a 16-h light (23-25°C)/8-h dark (17-20°C) photo-
period. Plants were grown in soil under the same photoperiod.

Transcriptome sequencing and KEGG enrichment analysis

Total RNA was extracted from 30-day-old wild-type plants under
normal growth conditions and after 4 h of dark treatment.
Sequencing was performed on a Gene*Seg-2000 sequencing sys-
tem (GenePlus, Beijing, China) with 100-bp paired-end reads,
according to the manufacturer’s recommendations. The raw reads
were further processed using a bioinformatics pipelinetool Gene-
Plus Cloud (https://www.jyjcloud.com/) online platform. Quantifi-
cation of gene expression levels was performed using FPKM
(fragments per kilobase of transcript per million mapped frag-
ments). The dataset was filtered to retain only genes with FPKM
>2 in at least two samples, thus removing genes that were not
expressed or expressed at a very low level. The quantitative tran-
scriptome results were analyzed via difference analysis to obtain
the log2(fold change) and P-value of different statistical tests for
the relative expression of the transcriptome in each comparison
group. Differentially regulated transcripts were defined as |log2
(fold change)| >1 and a P-value (Padj, P values corrected for multi-
ple testing) <le-10. Differential expression between the two
groups was analyzed using DESeq2 (Chen et al., 2023). For KEGG
pathway enrichment analysis, the DEGs were first mapped to the
KEGG pathway term in the UniProt ID mapping database
(https://www.uniprot.org/id-mapping). Then, KEGG Mapper-
Search website (https://www.kegg.jp/kegg/mapper/) was applied
to find pathways that were significantly enriched in the candidate
gene map with respect to the entire genome background (Kane-
hisa & Sato, 2020).

Purification of fusion protein and generation of antibody

Using the primers listed in Table S2, the RCA fragment (AA:1-428,
removed chloroplast transit peptide) was amplified from NIP
cDNA. The fragments were digested with BamHI and Hindlll and
then introduced into the pET30a expression vectors for protein
expression in the E. coli BL21 (DE3) strain. OsFtsH1 fragments
from NIP cDNA were inserted into pET30a-GFP vector for His-GFP-
tagged protein after EcoRI and BamHI digestion and expressed in
the E. coli Transetta (DE3) strain (Zhang et al., 2021). After reach-
ing an OD600 of 0.6 at 37°C, the cells were incubated overnight at
24°C using 0.2 mmol L™* IPTG (isopropyl b-b-thiogalactoside).

Cultures were collected by centrifugation, resuspended in binding
buffer (40 mM PBS, pH 7.4), and purified using Ni-NTA His-bind
resin. Protein concentrations were calculated using Bradford
reagent (Bio-Rad) and bovine serum albumin (BSA) as a reference
(Zhang et al., 2023).

A polyclonal antibody against RCA was raised in the rabbit at
Wuhan Genecreate Biological Engineering Co., Ltd. In total,
500 mg of a polypeptide (GDANSDAMKTGSFYG) was used for the
initial immunization, and 250 mg of the same polypeptide was
used for each of the next three booster shots. For western blot-
ting, antibodies were used at a dilution of 1:300. The antibody was
verified using the purified protein described earlier.

Immunoblot assays

The total protein content of rice seedlings was extracted using an
extraction buffer containing 50 mM Tris pH 6.8, 4% SDS, 10%
glycerol, 5% 2-mercaptoethanol, 20% bromophenol blue, and a
complete protease inhibitor (Sigma). Cellular debris was removed
by centrifugation at 4°C, and the supernatant concentration was
quantified using the Bradford assay with BSA as a standard. All
samples were adjusted to the same concentration for the immu-
noblot assay. Proteins were separated using 12% SDS-PAGE and
transferred onto polyvinylidene fluoride (PVDF) membranes,
and then, the PVDF membrane was blocked with 5% milk in Tris-
buffered saline with Tween-20 (TBST) (0.8% NacCl, 0.02% KCl, 0.3%
Tris, pH 7.4, and 0.05% Tween 20) for an hour at room tempera-
ture. Excess milk was washed off with TBST. Primary antibodies
were applied to the blots and incubated for 2 h at room tempera-
ture. In this investigation, six polyclonal antibodies (1:5000 dilu-
tion) were used: anti-histone H3 (ab1791; Abcam), anti-actin
(ABM40122; Abbkine), anti-FtsH1 (PHY1823S; PHYTOAB), anti-GFP
(G6539; Roche), anti-His (CW0286; CWBIO), and anti-GST
(CW0088M; CWBIO). The secondary antibodies were applied for
an hour at room temperature. Blots were developed with ECL
chemiluminescence detection solutions (Invitrogen), and the Che-
miDoc system (Bio-Rad) was used to detect the results. Actin and
histone H3 were used as the internal controls.

RNA isolation, semi-quantitative RT-PCR, and RT-PCR

To determine gene expression, total RNA was extracted using TRI-
zol reagent (Invitrogen) according to the manufacturer’s instruc-
tions. Following the manufacturer’s instructions, RNA samples
were reverse transcribed using TOROBlue® gRT Premix with
gDNA Eraser 2.0 (TOYOBO), and qRT-PCR was performed on a
gRT-PCR system (CFX96; Bio-Rad) using SYBR Premix (TaKaRa).
Semi-quantitative RT-PCR was performed using 1 IL cDNA as a
template (Karmakar et al., 2017). The relative expression of the tar-
get gene was normalized to that of rice OsActinl
(LOC_0s03g50885) or histone H3 (0s06g0160001). All the primers
used for qRT-PCR and semi-quantitative RT-PCR are listed in
Table S2.

Vector construction and rice transformation

The ubiquitin promoter, eGFP fragment, and NOS Terminator
were amplified from pGA3427 (Kim et al., 2009), digested with
EcoRI and Xmal, and inserted into pCAMBIA2300 to generate the
pUbi::GFP-pCAMBIA2300 vector. The ORFs of RCA_, RCAs, and
OsFtsH1 were cloned into pUbi::GFP-pCAMBIA2300 vector with
Mlul and Spel digestion and introduced into NIP rice calli by Agro-
bacterium (EHA105)-mediated transformation, respectively. At
least 20 independent lines were obtained for each transformation.
Genomic DNA was extracted from transgenic plants and amplified
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by PCR for genotyping (Table S2), two of which were used for fur-
ther investigation.

Subcellular localization

Vectors were constructed as described previously to investigate
the subcellular localization of RCA_ and RCAs. For co-localization
of RCA, and OsFtsH1, the ORF of OsFtsH1 was amplified by PCR
and inserted into the pCAMBIA1300-35S-mcherry vector. The
primers used are listed in Table S2. The construct was transiently
expressed in protoplasts of NIP and RCA,-OE plant cell suspen-
sions by polyethylene glycol-mediated transformation. Fluores-
cence signals were visualized using a confocal laser-scanning
microscope (LSM710, Carl Zeiss, Germany) (Wang et al., 2022).

DIS

Detachable fully developed flag leaves were taken from 3-week-
old rice plants and placed with the abaxial side facing upward in
an incubator with 3 mM MES buffer (pH 5.8) at 27°C for 4 or
8 days under dark conditions (Suzuki et al., 2021). Whole rice
plants were grown for 1 month under normal conditions for the
DIS tests, after which they were placed in the dark at 28°C for
10 days (Shim et al., 2020). The chlorophyll content of the flag
leaves was determined.

Chlorophyll fluorescence analysis and determination of
chlorophyll content

For detached leaves, Fv/Fm images and Fv/Fm ratios were
obtained using a PlantView230F Imaging System (BLT, Guang-
zhou, China). For dark tolerance experiments, the plants were
exposed to darkness for the indicated times, and then, fully
expanded flag leaves were detected. For chlorophyll determina-
tion, equal weights of freshly harvested, fully expanded flag
leaves from seedlings that were 5, 7, and 10 days old were mari-
nated in 95% ethanol for 48 h under dark conditions. The residual
plant debris was removed by centrifugation. The supernatants of
these samples were then analyzed using a spectrophotometer
(RUNQEE, Shanghai, China), and the quantities of chlorophylls
were measured at 663 and 645 nm (Cho et al., 2018).

DAB staining

One-month-old rice seedlings were transferred to darkness at 28°C
for 6 days, and the leaves were harvested and treated in
1 mg mL~* DAB (3,3-diaminobenzidine) solution for 4 h to detect
the cellular H,O, following straining. The leaves were triple
washed with ddH,0, incubated and decolorized in 75% ethanol for
24 h, and then photographed (Zhang et al., 2018).

Co-IP and mass spectrometry analysis

Co-IP was performed as previously reported, with minor modifica-
tions (Li et al., 2018). The total protein of wild-type, RCA_-OE, and
RCAs-OE plants was extracted using 1 g of each sample with
2.5 mL extraction buffer containing 50 mM Tris pH 7.6, 150 mM
NaCl, 5 mM MgCl,, 10% glycerol, and a complete protease inhibitor
(Sigma). Proteins were immunoprecipitated using 40 IL of
BeyoMag™ Anti-GFP Magnetic Beads (Beytime) for 3 h at 4°C, and
the immunoprecipitates were eluded with 40 IL loading buffer
[0.5 M Tris pH 6.8, 2% (w/v) SDS, 5% (v/w) glycerol, 2.5% (v/v) 2-
mercaptoethanol, and 10% (v/w) bromophenol blue]. Twenty
microliter samples were separated using SDS-PAGE. After release
from the bead-bound complex, protein levels were measured using
western blotting. For proteomic analysis, LC-MS/MS detection was

performed using a hybrid quadrupole time-of-flight LC-MS/MS
mass spectrometer. MS/MS analysis was performed using Protein-
Pilot Software 5.0, and amino acid sequences from the UniProt rice
protein database were used to analyze the MS/MS-acquired data.

For Co-IP assay performed in N. benthamiana leaves, full-
length OsFtsH1 and RCA, were amplified and inserted into pUbi::
GFP-pCAMBIA2300 and pCAMBIA1300-cLUC vectors, respectively.
The resulting transient expression constructs were transformed
into GV3101. After incubation for 2 days, 1 g of sample was used
to extract protein with 2.5 mL extraction buffer (25 mM Tris-HClI,
pH 7.5, 1 mM EDTA, 150 mM NaCl, 10% glycerol, and 5 mM
dithiothreitol) in the presence of protease inhibitor cocktail
(Sigma). After immunoprecipitation with anti-GFP Magnetic
Beads, precipitated proteins were eluded with 40 IL loading
buffer. Twenty microliter samples were used for loading and test-
ing. Their interaction was detected by an anti-RCA antibody.

Experiments to validate protein-protein interactions

For the Y2H assays, the ORFs of the two interacting genes were
individually inserted into the pGBKT7 and pGADT?7 vectors. The
bait and prey plasmids were transformed into yeast strain AH109.
To examine protein interactions, yeast colonies were patched in
duplicate onto synthetic dropout Trp-Leu (SD-T-L), SD-T-L-H (SD-
T-L-H), and SD-T-L-H + X-a-Gal plates, which were then incubated
at 30°C for 2-3 days.

For BiFC assays, the pDOE-03 BiFC vector was adopted for
the BiFC assays (Gookin & Assmann, 2014). The CDS of RCA with-
out stop codon was ligated into multiple cloning site 3 of the
pDOE-03 plasmid to create a “parent” vector. The CDS of OsFtsH1
was inserted into multiple cloning site 1 of the pDOE-03 plasmid
and parent vector. The above vectors were transformed into Agro-
bacterium strain GV3101 and then infiltrated into N. benthamiana
leaves for the BIiFC assay. After 48 h of incubation, the trans-
formed leaves were observed for yellow fluorescence using a
Zeiss LSM710 confocal laser scanning microscope (Carl Zeiss,
Germany). The laser is 514 nm, intensity is 2.0%, collection band-
width is 519-576 nm, and master gain is 682.

For LCI assays, the coding sequences of RCAs and OsFtsH1
were amplified and cloned into the pCAMBIA1300-LUC® and
pCAMBIA1300-LUCN vectors, respectively. Agrobacterium tumefa-
ciens (GV3101) bacteria bearing the above constructs were infil-
trated into N. benthamiana leaves, and the leaves were
subsequently covered with plastic for 2 days and exposed to light
again for 16 h. LUC images were obtained using a low-light,
cooled CCD imaging system (ROPER CA2048B; ROPER Scientific)
(Wu et al., 2023).

Vector construction and Arabidopsis transformation

To further verify the function of RCA protein, the RCA_ and RCAg
segments were inserted into pCAMBIA2300-GFP with Mlul and
Spel digestion. The resulting plasmids were transformed into
Atrca mutants using Agrobacterium strain GV3101 via floral dip-
ping (Hsu et al., 2022). At least 10 independent lines were
obtained, and two of them were used for further study.

Protein degradation assay

In vitro OsFtsH1 degradation assays were performed as described
previously with some modifications (Wang et al., 2020). Briefly,
total proteins of DJ and rca plants were extracted in buffer con-
taining 50 mM Tris-HCl (pH 8.0), 500 mM sucrose, 1 mM
MgCl2,10 mM EDTA (pH 8.0), and 1 mM DTT. Then, the extracted
total proteins were incubated with OsFtsH1-GFP-HisT protein
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purified from E. coli under dark at 30°C with or without 50 mM
MG132 in different time gradients. After incubation, 10 IL sample
was loaded for both immunoblot, and anti-HisT antibody was
used to detect the OsFtsH1 protein.
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