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Abstract: The COP9 signalosome (CSN) is a conserved protein complex, with CSN1 being one of the
largest and most important subunits in the COP9 complex. To investigate the N-terminus function of
OsCSNT1, we edited the N-terminus of OsCSN1 and found that the mutant of OsCSN1 with 102 amino
acids missing at the N-terminus showed insensitivity to red light in terms of the embryonic sheath,
stem elongation, and main-root elongation. Moreover, the mutant was able to produce, develop,
and bear fruit normally. The research results indicate that OsCSN1 is a negative regulator of stem
elongation in rice seedlings regulated by red light. Under red-light treatment, OsCSN1 assembles
into CSN, which degrades SLR1 through de NEDDylation, affecting PIL11 activity and ultimately
inhibiting stem elongation. OsCSN1 also plays an important regulatory role in the inhibition of rice
embryonic sheath elongation under red light. By regulating the degradation of SLR1 and PIL14
through the ubiquitin/26S protease pathway, the elongation of the embryonic sheath is ultimately
inhibited. OsCSN1 forms a COP9 complex and is modified with RUB/NEDDS of the E3 ligase of
CULL1 to promote the degradation of SLR1 and PIL14, ultimately affecting the elongation of the
embryonic sheath. The regulatory domain is located at the N-terminus of CSN1.

Keywords: COP9 signalosome (CSN); rice (Oryza sativa L. spp. japonica); red light; ubiquitin
degradation; hormone

1. Introduction

The COP9 signalosome (CSN) is a conserved protein complex that is usually composed
of eight subunits (named CSN1 to CSN8) in higher eukaryotes (such as plants and animals).
However, CSN is a conserved protein complex in some low-level eukaryotes, such as plants
and animals. Eukaryotes (such as yeast) are composed of fewer subunits. CSN was first
identified in Arabidopsis as an inhibitor of photomorphogenesis. It was later considered
a 450-kDa nuclear-enriched protein complex ubiquitous in almost all eukaryotes with
conserved structures [1-3]. Biochemical, genetic, and genomic studies have shown that CSN
regulates various cellular processes, including cell-cycle progression, signal transduction,
and transcriptional regulation [1-3].

CSN has recently been shown to interact with Skpl-cullinF-box (SCF) E3 ubiqui-
tin ligases and promote the Rub1/Nedd8 deconjugation of the SCF cullin subunit [4,5].
SCF represents a conserved class of E3 enzymes that contain Skp1, Cdc53/cullin, and
Hrt1/Rocl/Rbx1 as core components [6]. Rub1l/Nedd8 is a ubiquitin-related polypeptide
that can be conjugated to members of the Cullin family through an enzymatic cascade
similar to that of ubiquitin conjugation [7,8]. Cullin modification is necessary for the proper
function of SCF in higher eukaryotes [9].
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Plants sense signals, such as differences in light quality and intensity, and constantly
adjust their growth and development to adapt to the changing environment to the greatest
extent possible. Numerous studies have shown that light affects multiple developmental
processes in plants, from seed germination to fruit maturity [10,11]. Plants complete this
critical task using a series of photoreceptors, such as phytochromes (phy), cryptochromes,
and phototropins. The phy family mainly senses and responds to red (R) and far-red (FR)
light regions and controls various responses in the plant life cycle. A small gene family
encodes phytochromes in higher plants, and the phytochrome gene family in Arabidopsis
consists of five members (PHYA~PHYE) [12,13]. The rice phytochrome gene family includes
three members: PHYA, PHYB, and PHYC [14-17].

Different monochromatic lights can affect plant growth and quality by regulating
photosynthesis, photomorphogenesis, and secondary metabolism [18-20]. Phytochromes
play a wide range of roles in plant responses to red and far-red light [21,22]. Studies have
shown that, compared with white light, red light can cause a reduction in plant biomass and
leaf area [23-26], cause excessive stem elongation, and affect leaf number and chlorophyll
content [18,27]. The adverse effects caused by monochromatic red light, the so-called “red
light syndrome” [28], are mainly due to the stimulation of phytochromes by the lack of far-
red light, resulting in an imbalance of phytochromes [29]. Overall, impaired plant growth
results from the effect of red light on plant photosynthesis, which is caused by a sluggish
stomatal response, low photosynthetic capacity, and low utilization efficiency [30-32].
Additionally, in the presence of red light, phyB undergoes a conformational change from
the red light-absorbing form (Pr) to the far-red light-absorbing form (Pfr), resulting in a
blocked light-absorbing form (Pfr). The receptive area is exposed, thereby causing the
nuclear translocation of phyB [33]. Previous studies have shown that phyB is essential in
regulating de-etiolation, leaf angle, flowering stage, and abiotic stress responses in rice
seedlings. phyB can sense red light and positively regulate chlorophyll synthesis in rice,
whereas red light inhibits coleoptile elongation in seedlings and plays a significant role in
this process [34].

Light signals can affect plant hormone metabolism and responses, and hormone
status can also affect plant responses to light [35-37]. As a diterpene phytohormone,
gibberellins (GAs) are critical regulatory hormones in plant growth and development and
affect many aspects of plants’ seed germination, stem and leaf growth, and flower and
fruit development. Among them, GA has the most vigorous physiological activity and has
been studied the most; the most common GA is GA3 [38,39]. Studies on Arabidopsis thaliana
revealed that the DELLA protein is a negative regulator of the GA-signaling pathway.
There are five DELLA proteins in Arabidopsis [40], but only one DELLA protein, SLENDER
RICE1 (SLR1), has been found in rice. Because the GA-signaling mechanism is conserved,
SLR1 is a negative regulator of the GA-signaling pathway in rice [41]. Arizumi et al. [42]
reported that the inhibition of Arabidopsis seed germination via DELLA could be alleviated
by proteolysis via the ubiquitin—proteasome pathway or by GA hormone signaling in a
proteolysis-independent manner. The binding of GA to the GA receptor GID1 stimulates
the formation of the GID1-GA-DELLA complex, which in turn triggers the ubiquitination
and proteolysis of the DELLA protein through the SCF (SLY1) E3 ubiquitin ligase and the
26S protease receptor.

Under normal light conditions, light can induce photomorphogenesis in plants. Phy-
tochromes sense red or far-red lights. In plants, the phytochrome exists in the cytoplasm in
an inactive Pr conformation. When a plant is irradiated with light, phytochrome molecules
are converted into a biologically active Pfr conformation. The phytochrome in the Pfr form
is transferred to the nucleus [43], where it interacts with phytochrome-interacting factors
(PIFs) to induce the expression of light-regulated genes and photomorphogenesis [44,45].
However, as mentioned above, GA inhibits photomorphogenesis, which is the opposite of
the effect of light. Recently, the molecular mechanisms underlying the antagonistic effects of
GA and phytochromes on the regulation of photomorphogenesis in Arabidopsis have been
reported [46—48]. The phyB-signaling mechanism also involves direct interactions with



Agronomy 2024, 14, 572

3o0f21

COP1, a RING-finger E3 ubiquitin ligase that negatively regulates photomorphogenesis
and its enhancer, SPA1 [49].

The role of the CSN complex in regulating the growth and development of organisms
has received increasing attention. Studies have shown that Arabidopsis CSN1 requires the
integrity of the CSN complex to maintain its stability in CSN1 plants. The PCI domain
of CSN1 is involved in interactions between complex subunits and plays a critical role in
complex formation. On the other hand, the N-terminus of CSN1 was not involved in the
formation of the CSN complex but had other essential functions that are still unclear. In
particular, the role of CSN1 in rice has yet to be determined. Therefore, this study used
gene editing and overexpression technology to construct and screen OsCSN1-knockout
and -overexpression mutants in rice (Oryza sativa L. spp. japonica). Phenotypic changes
in the mutants were observed under red-light conditions, and phenotypic and proteomic
changes in the mutants were analyzed through the addition of the exogenous hormone
GA and the GA-synthesis inhibitor paclobutrazol (PAC) to investigate the mechanisms
of OsCSN1-related germination. The location of OsCSN1 expression in rice seedlings
under different treatments was spatiotemporally analyzed. Considering the changes in
the expression levels of hormone-related proteins in rice seedlings under different light
treatments, it was speculated that the expression levels of OsCSNT1 in rice seedlings under
different light treatments were significantly different from the expression levels of OsCSN1
in rice seedlings under red-light and hormone treatments and the signaling pathways
for seedling growth and biological function of the N-terminus of OsCSN1. Through this
pathway, the growth of rice seedlings can be promoted by adjusting light and hormone
treatments, thereby shortening the growth cycle and having a certain impact on improving
the agronomic traits of rice.

2. Materials and Methods
2.1. Protein Structure Prediction

After searching for protein sequences on NCBI, we used DNAMAN, the Expasy
website, Plant mP Loc, NetPhos 3.1 Server, PSIPRED Workbench, and SWISS MODLE to
compare analysis sequences, analyze the primary structure, predict the subcellular localiza-
tion, and predict the phosphorylation site and the tertiary structure of the OsCSN1 protein.

2.2. Construction of Plant Expression Vectors and Screening of Mutant Strains

In this study, rice was used as a wild-type control and knockout and overexpres-
sion mutants were constructed. We searched and amplified the sequences of rice (Oryza
sativa L. spp. japonica) on NCBI. Three gRNA targets were designed on Exonl of OsCSN1
using CRISPR/Cas9 gene-editing technology. The vector, Pp1C.3 (containing the OsU3
promoter), suitable for monocotyledonous plants, was selected, and OsCSN1 single-gene
knockout vectors OsCSN1G1, OsCSN1G2, and OsCSN1G3 were constructed using the
homologous recombination principle. To construct the overexpression vector, pCUbil390
was selected. OsCSNT1 full length, the OsCSN fragment without N-terminal 32 amino
acid (amino acid 33-441) (OsCSN1DNB32) length, the CSN fragment without N-terminal
102 amino acid (amino acid 103-441) (OsCSN1DN102) length, and GFP length were ampli-
fied separately. The amplified sequence was connected to the cleaved pCUbil1390 plasmid
through multi-fragment homologous recombination. OsCSN1-GFP, OsCSN1DN32-GFP,
and OsCSN1DN102-GFP constructed vectors were obtained, respectively. We transferred
the constructed knockout and overexpression vectors into rice using a Agrobacterium-
mediated method. The cultivation and passage of rice through callus tissue after PCR and
Western Blot experiments, and OsCSN1 knockout mutants and reduce mutants oscsn1-1
and oscsnl-2 were screened, as well as the OsCSN1 entire sequence overexpression mutant
strains OsCSN1-GFP-OE, OsCSN1 N-terminal deletant mutant, OsCSN1DN32-GFP-OE,
and OsCSN1DN102-GFP-OE mutant.
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2.3. Growth Conditions and Data Measurement of Plant Materials

The husks were removed from rice seeds, soaked in 75% ethanol for 5-10 min, disin-
fected with Bleach made of 70% NaCIO and 1% X-Triton for 30 min, removed from Bleach,
washed 5-6 times with sterile distilled water, and sowed in 0.8% (w/v) agar medium for
cultivation. We added 10 mM/L GA3 and 100 mM/L PAC to the agar medium for hormone
treatment. We sowed WT and mutant seeds in the culture medium as mentioned above
under red-light treatment conditions of 28 °C and continuous red-light irradiation for
24 h with a wavelength of 650 nm; light treatment at 28 °C, 12 L:12 D light cultivation, light
intensity of 24,000 Lx; dark treatment at 28 °C and 24 h cultivation without light.

After 9 days of growth, the WT and samples were measured for plant height, root
length, and embryonic sheath length during the seedling stage. All measurements in each
group were repeated 5 times (N = 5). Data are presented as mean =+ standard error for the
control and experimental groups. Statistical significance was set at p < 0.05. Experimental
data were analyzed using Excel 2019 and Statistical Product Service Solutions 28.0 (SPSS,
https:/ /www.ibm.com/cn-zh/products/spss-statistics, accessed on 25 May 2023), and
graphs were plotted using GraphPad Prism 8 (https://www.graphpad-prism.cn/, accessed
on 25 May 2023).

2.4. Protein Extraction and Western Blot/Antibody Analysis

Samples of 0.5 g of 9-day seedlings from the treatment groups mentioned above were
frozen in liquid nitrogen and ground. Plant RIPA Lysis Buffer (Beyotime, Shanghai, China)
was used to extract proteins from the sample tissue, and a final concentration of 1 mM
PMSF was added before use. After thoroughly mixing the sample and extraction solution
at a low temperature, the samples were centrifuged at 4 °C and 15,000 rpm for 10 min.
The supernatant was transferred to a new tube, and an appropriate amount of sample
buffer 5 was added to each sample x Mix SDS-PAGE (Genstar, Beijing, China). The mixed
sample was boiled for 10 min and cooled on ice for later use. Protein electrophoresis was
performed using 5% concentrated gel and 8% separation gel, with 20 samples per sample
uL, and electrophoresis was stopped when the bromophenol blue in the sample reached
the bottom of the separation gel using a constant current of 20 mA. The SDS-PAGE gel
was transferred onto the PVDF membrane using the Trans-Blot Turbo Blotting System
(170-4150, BIO-RAD, Hercules, CA, USA) under a condition of 2.5 V constant pressure
for 10 min, sealed with 4% skimmed milk, incubated with the antibody, and then ECL
chemiluminescence color developing solution was used for color development (ABclonal,
Wuhan, China). The antibodies used in this study were all purchased from Wuhan ABclonal
Biotechnology Co., Ltd., including rabbit polyclonal antibody OsphyB, rabbit polyclonal
antibody OsCSN2, rabbit polyclonal antibody OsABI5, rabbit polyclonal antibody OsSLR1,
rabbit polyclonal antibody OsCUL4, anti-plant action, secondary antibody IgG HRP go
anti-rabbit antibody y, and secondary antibody IgG HRP go anti-mouse antibody Use
Universal Hood III (731BR03292, BIO-RAD) to visualize the signal.

2.5. Spatiotemporal Positioning

Seal leaves, roots, and embryonic sheaths of rice seedlings were cultured for 9 days on
two layers of cover glass slides (24 mm x 60 mm). Images were obtained using a Leica TCS
SP8 CARS confocal microscope (Leica, Wetzlar, Germany). Select 10 x 0.40 eyepiece and
20x and observe with an objective lens of 0.70. The selected positioning point was excited
with a 488 nm laser and we detected GFP fluorescence with a 500-530 nm band.

2.6. Total RNA Extraction and Real-Time Quantitative Polymerase Chain Reaction

A Spectrum Plant Total RNA kit (Sigma-Aldrich, Darmstadt, Germany) extracted total
RNA from the seedlings. Reverse transcription was performed using StarScript II First
Strand cDNA Synthetic Mix and gDNA Remover (GenStar, Beijing, China), using total RNA
0.5 mg as a template. A 2x RealStar Green Fast Mixture with ROX (GenStar, Beijing, China)
was used to complete a rapid quantitative polymerase chain reaction on a StepOnePlusTM
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real-time PCR device (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA).
The blank control (rice) GAPDH gene (JN848809) was used to quantify relative mRNA
levels by averaging three replicates.

3. Results
3.1. The Absence of the Ubiquitination Site at the N-Terminus of OsCSN1 Affected the
Deubiguitination of CSN

The NCBI website was searched for rice CSN1 (LOC4331403), located at positions
935098-939209 on chromosome 3. The gene was 4112 bp in length and contained six exons.
The full length of the CDS was 1326 bp, encoding a total of 441 amino acids. The molecular
weight of the protein was 49,829.76, the total number of atoms was 7004, and the theoretical
isoelectric point was 6.42. The average hydrophilicity of the proteins was —0.311, and
the aliphatic amino acid index was 91.2. OsCSN1 and AtCSN1 are highly homologous.
Previous studies on Arabidopsis thaliana showed that the N-terminus of CSN1 is redundant
and may have other functions; therefore, the N-terminus of OsCSN1 was selected and
removed. In total, 32 amino acids (OsCSN1DN32) and 102 amino acids (OsCSN1DN102)
were identified, and their N-terminal functions are further discussed. Compared to those in
OsCSNT1, the number of standard amino acid residues constituting the active centers of the
enzymes in OsCSN1DNB32 and OsCSN1DN102 was lower. A comparison of the stability
factors of the three proteins revealed that they were stable. However, their half-lives were
significantly different in different species of cells, which might be related to the cellular
environment and changes in the protein folding structure.

From the perspective of amino acids, the OsCSN1 protein accounted for the highest
proportion of nonpolar R-based amino acids (41.8%), whereas acidic amino acids accounted
for the lowest proportion (13.4%). The amino acid compositions of OsCSN1DN32 and
OsCSN1DN102 were similar to that of OsCSN1, with nonpolar R-group amino acids
accounting for the highest proportion (40.5% and 40.4%, respectively) and acidic amino
acids accounting for the lowest proportion (13.0% and 12.4%, respectively) (Table 1).

Table 1. Comparison of physicochemical properties of CSN1 among different species.

Ai‘;fjﬁ;f’:"s Oryza sativa ~ OsCSN1DN32-OE  OsCSN1DN102-OE
Number of amino acids 441 441 409 339
Molecular weight 50,578.88 49,829.76 46,883.57 38,869.38

Theoretical pl 6.9 6.42 8.16 8.24

Aliphatic index 87.44 91.2 92.35 92.68

Grand average of hydropathicity (GRAVY) —0.408 —0.311 —0.347 —0.341
Total number of (Ijzsg;tivgﬁll )charged residues 60 59 53 4
Total number of positively charged residues 59 55 55 m

(Arg + Lys)

assuming all pairs of
Cys residues 37,290 34,060 34,060 28,100

EXtinCtiOn form Cystines

coefficients - c
assurming af -ys 36,790 33,810 33,810 27,850
residues are reduced
mammalian 30h 30h 08h 11h
retlculocytes, in vitro

Estimated half-life — - -
yeast, in vivo >20h >20h 10 min 3 min
Escherichia coli, in vivo >10h >10h 10h >10h

Instability index 35.41 31.97 29.31 30.74




Agronomy 2024, 14, 572

6 of 21

The secondary structure of OsCSN1 was predicted using the PSIPRED Workbench.
We found that, compared with those of AtCSN1, both genes started with random coils and
a-helices at the N-terminus, but the difference was that the x-helix of Arabidopsis was
shorter and lacked six amino acids compared with that of rice (Figure 1A). OsCSN1 ends
with a 3-sheet and a random coil at the C-terminus, whereas AtCSN1 does not have the
final (3-sheet.

The functions of the CSN1 protein in Arabidopsis and rice are different, possibly
because of differences in their secondary structures. The N-terminal fragment (amino acid
1-32) contained one a-helix, and the N-terminal fragment (amino acid 1-102) contained five
a-helices. Since the a-helix is one of the primary forms of protein secondary structure, and
because the biological activity and physicochemical properties of proteins are determined
mainly by the integrity of the steric structure, the absence of an «-helix may affect the
folding and coiling of the entire protein polypeptide chain. Therefore, the spatial structure
of a protein may change as a function of the protein.

Using SWISS MODLE, the tertiary structures of OsCSN1, OsCSN1DN32, and OsCSN1DN102
were predicted (Figure 1B-D). A structural comparison showed that the structures of
AtCSN1 and OsCSN1 were generally similar. However, the tail of the entire structure
was slightly different due to the addition of an extra (3-sheet to OsCSN1. OsCSN1DN32
lacks 32 amino acids in the N segment and contains an «-helix; therefore, this gene is
structurally related to the small segment of OsCSN1, but the overall conformation does not
change significantly. In contrast, OsCSN1DN102 had a deletion of 102 amino acids at the
N-terminus, which significantly impacted the entire structure of CSN1 and significantly
differed from the original structure of OsCSN1. This may have resulted in significant
changes in the functions of OsCSNDN102, OsCSN1, and OsCSN1DN32.

The iRice-MS platform predicted possible ubiquitination sites in the OsCSN1 protein
(Figure 1A). There were 25 lysine ubiquitination sites in the secondary structure of OsCSN1.
The possibility of lysine ubiquitination at positions 77, 91, 99, and 215 in rice CSN1 is high
(>80%). All phosphorylation sites were less than 80%. The possibility of ubiquitination
at positions 77 and 91 is high. Therefore, we speculated that after editing the N-terminus
of OsCSN1, the absence of 32 amino acids would not affect the ubiquitination function
of OsCSN1. However, after deleting 102 amino acids, the leading ubiquitination site was
also deleted, and OsCSN1 may have lost its ubiquitination function. Therefore, it could
not respond to light signals and maintained its phenotype under normal light conditions,
thereby affecting the expression of OsCSN1 in rice seed germination and the whole growth
cycle. Therefore, it can be speculated that the region preceding the 102 amino acids at
the N-terminus of CSN1 may have various functions, such as regulating the cell cycle,
promoting cell division and proliferation, and being involved in the regulation of gene
expression (Figure 1E).

3.2. The Effect of the N-Terminus of OsCSN1 on the Spatiotemporal Localization of OsCSN1,
OsCSN1DN32, and OsCSN1DN102 under Red-Light Treatment

The GFP fusion protein was used to investigate the subcellular localization of OsCSN1
in different rice tissues, and the effect of the N-terminus on the expression of the GFP fusion
protein was analyzed. During the confocal laser observation of the aboveground parts of
the rice mutant plants, none of the stems of the plants expressed the GFP fusion protein.
Regardless of whether the N-terminus was knocked out, GFP was always present in the
coleoptiles. The expression levels of GFP in leaves varied.

Under normal light conditions (Figure S1A), the GFP fusion protein was expressed in
the coleoptiles of the OsCSN1DN102-GFP-OE, OsCSN1DN32-GFP-OE, and OsCSN1-GFP-
OE mutant plants. No fusion protein was expressed in the leaves of the OsCSN1DN32-GFP-
OE or OsCSN1-GFP-OE mutant plants, whereas a high level of GFP was expressed in the
leaves of the OsCSN1DN102-GFP-OE mutant plants. The roots of the OsCSN1DN102-GFP-
OE and OsCSN1DN32-GFP-OE mutants did not express the GFP fusion protein, whereas
the roots of the OsCSN1-GFP-OE mutant expressed low levels of the GFP fusion protein.



Agronomy 2024, 14, 572 7of 21

A

Arabidopsis thaliana 7 € € € € € € € € CCCHHCCCCCEEEECECCCCCCCCCCCHHHNHHHCCCHHMNMN

Oryza sativa et € € €€ € € C € MM M H M M H M C € €€ C € CCEcccecccec N MIIIEEETHNM’N
e MDYV E G E VP AAAAEAVANGLGGAE RS PAPYSAEQLDVEAYAAQYTGRTRLA
® ® ®
ATGDIGOPS'S NAaN3  peeq 1 M M H M M H M C GG C M H H M H K M HCH B M H KM H G C GG MM H MMM H KM H M € CCCCc

A RLLFI ANHCGGNHALQGFDALRMAYDEI KKGENTQLFREVVNKI G NRLGEK

Oryza sativa fred MM H MMM H M C CCHMMMHHHHHHHHHHHHCCCCHHHMMHHNNNNNCCCCCCC

A KLLPIAERCOVEAVELEALRMAYDEI KRGEOIMFHREVINKI NORLGPKY

Arabidopsis thallana 5. € C € C HHHHHHHHHHHHHHHHHHHHHHHHHHHCCCCHHHHHHHHHHHHHHR
A Y GMDLAWCEAVDRRAEQKKVKLENELSSYRTNLI KESI RMGYNDFGDFYY

Oryza sativa Fred € € CHH H H H H H MMM MMM M H H H KR OHOH M H M H C CCC MM H M HHHH HH KK
M ALDQAWTDSVNRRAEQR

@® @

LESELNGYRTNLI KESIRMGYNDIGDFFYA
® ® ® © @

Arabidopsis thaliana M CCCHHHHHHHHHHHHHHCCCHHHHHHHHHHHHHHHHHCCCHHHHHHH NN
M ACGMLGDAFKNYI RTROYCTTTKHI I HMCMNAI LVS1 EMGAQFTHVTS Y VN

Oryza sativa Fras € € C MM H H MM MM MMM MM K C CC M H M H MMM MMM M M M H M C CC MMM M M M M M K

A HGHLSDAFKSYI RTROYCTTSKHI VAMCMNVI LVSI ELGAFPHYSNY VS K

@® @ ® OO ® &0

Arabidopsis thallana s HHH € € € CCCCHMHHHHHHHHHHHHHHHHCCHHHHHHHHHHHCCCCHHCCC
MK AEQNPETLEPMYNAKLRCASGLAHLELKKYKLAARKFLDVNPELGNS YN

Oryza sativa s MM € CCCCCCHHHHHHHHHHHHHHHHHCCCHHHHHHHHHHHHHHCCCCCHHA
M AEQTPOTLDPI I VAKLRAAAGLAYLATKKYKLAARKFVETGHELGNNYSE
® ® oL © ® ® @®

Model Confidence:
W Very high (pLDDT>90)

W Confident (90>pLDDT>70)

Low (70>pLDDT>50)

[ Very low (pLDDT<50)

AlphaFold produces a perresidue confifence score (pLDDT)
between 0 and 100. Some regions with low pLDDT may be
unstructured in isolation.

Arabidopsis thallana 4. € € € € HHHHHHHHHHHHHHCCCHHHHHHHHHCCHHHHHHHHHCHHHHHHHH

A EVI APQDI ATYGGLCALASFORSELKQGKYI DNINFRNFLELVPDVRELI N

Oryzasativa  piea € CCH MMM HHHHHHHHHHCCCHHHHHHHHCCCHHHHHHHHHCHHHHHHHHH
M VI APADVAVYGALCALASFOR

®

sou

@®

KVIDNSNFRNFLELVPEVRELVND
®

Avabidopsis thaliana % P H € € € HURHHH N R R R R G GG CH R R R KRR R R R € C G
& AA B F Y S S RYASCLEYLASLKSNLLLEI HLMBHVDTLYDGI RKKALI QY TLRE

oo e

® @ e e

AtiayTiees

&

® @

Arabidopsis thaiana it BB E € MM M M M M M M C CCHHHHHHHHHHHHHCCCCCEEEECCCCEEERECCCCH
M ME—
Oryza sativa fred £ E € H MM HHHHHC CCHHHHHHHHHHHHHCCCCCEEEECCCCEEEECCCCHM

S VO LNTMAAAFMTSVSMLEKELAALI TENKI QAR D
® ® @

sSHNKILYARHADGR

® ®

Arabidopsis thaliana .. M M HHHHHHHHHHHHHHHHHHHHHHHHHRHCCCCCCCCCCC
A RNATFQKVLQMGNEFDRDVRAMLLRANLLKHEYHARS ARKL

Oryza sativa Fred MMM H MM H MM MM H KM M HHHHHHHHHHCCCEECCCCCCC
M NATFQRVLQZGNEFERDVKSLLLAANLI KHOFNGRAGARKM

>Sequence 441 amino acids -
# # Sequence 204 T KAEQTPDTL 0.974 unsp YES
# netphos-3. 1b prediction results # Sequence 204 T KAEQTPDTL  0.548 p38MAPK  YES
# #
# Sequence # x  Context Score  Kinase Answer # Sequence 227 T  AYLATKKYK 0.916 PKC YES
# #
# Sequence 25 S GAEPSPAPY  0.515 YES # Sequence 240 T KFVETGHEL 0.690 unsp YES
# # Sequence 240 T KFVETGHEL 0.594 CKII YES
: Sequence 30 S PAPVSAEQL  0.977 YES # Sequence 240 T KFVETGHEL 0.520 PKG YES

#
# Sequence 39 Y DVEAYAAQY  0.550 TES # Sequence 249 S GNNYSEVIA 0.519 CKI YES
# Sequence 39 Y DVEAYAAQY  0.503 YES #
#

# Sequence 268 S CALASFDRS 0.671 PKC YES
# Sequence 82T RGEDTMFHR 0.724 unsp YES # @
#

# Sequence 272 S SFDRSDLKS 0.668 PKC YES
# Sequence 89 T HREVTNKIN 0.818 unsp YES
# Sequence 89 T HREVINKIN 0.767 YES : Sequence 272 S SFDRSDLKS 0. 662 unsp YES
#
# Sequence 109 S AWIDSVNRR 0.502 cdc2 YES : g:::::z: ggg z %gggg g' g:é sty g:
M .
# Sequence 123'S  EKLESELNG 0.854 unsp YES : Sequence 302 Y VNDFYSSRY 0.547 EGFR YES
#
# Sequence 128 Y ELNGYRTNL 0.506 INSR YES # Seauence 304 S DFYSSRYGS  0.635  unsp YES
#
# Sequence 130 T NGYRTNLIK 0.504 cde2 YES : Sequence 306 Y YSSRYGSCL 0.504  INSR YES
#

# Sequence 308 § SRYGSCLEH 0.987 unsp YES
#S 136 S LIKESIRMG 0.506 PKA TES
y rauemee # Sequence 308 S SRYGSCLEH 0.624 PKA YES
# Sequence 155 S HGHLSDAFK  0.714 PKC TES #
# Sequence 155 S HGHLSDAFK  0.505 CKII YES : Sequence 332 T DHVETLYMD  0.693 unsp YES
#
# Sequence 160 S DAFKSYIRT 0.981 unsp YES # Sequence 334 Y VEILYMDIR  0.975 unsp YES
# Sequence 160 S DAFKSYIRT 0.527 PKC YES : Sequence 334 Y VETLYMDIR  0.522  SRC YES
#
# Sequence 164 T SYIRTRDYC 0.617 PKC YES # Sequence 345 Y  ATIIQYTLPF  0.506  INSR YES
# #
# Sequence 169 T RDYCTTSKH 0.795 PKC YES # Sequence 351 S LPFISVDLN 0.572 PKA YES
# #
# Sequence 170 T DYCTTSKHI  0.819 PKC YES # Sequence 366 S MISVSMLEK 0.873 unsp YES
# Sequence 170 T DYCTTSKHI ~ 0.702 unsp TES # Sequence 366 S MTSVSMLEK 0.590 CKII YES
# #
# Sequence 171 S YCTTSKHIV 0.524 PKC YES # Sequence 387 S ARIDSHNKI  0.567 RSK YES
# #
# Sequence 197 Y  HVSNYVSKA  0.752 unsp YES # Sequence 393 Y NKILYARHA 0.874 unsp YES
# Sequence 197 Y HVSNYVSKA 0.515 EGFR YES #
# # Sequence 410 T RVLQTGNEF 0.642 unsp YES
# Sequence 199 S SNYVSKAEQ 0.719  unsp YES # Sequence 410 T RVLQTGNEF 0.577 PKC YES
# Sequence 199 S SNYVSKAEQ  0.535  CKII YES # Sequence 410 T RVLQTGNEF  0.562 CKII YES

Figure 1. Structural analysis of OsCSN1. (A) Secondary structure comparison of OsCSN1 in
rice and Arabidopsis, where P represents phosphorylation site and U represents ubiquitination site.
(B) Prediction of OsCSNT1 tertiary structure. (C) Prediction of OsCSN1DNB32 tertiary structure.
(D) Prediction of OsCSN1DN102 tertiary structure. (E) Prediction of OsCSN1 phosphorylation sites.
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Under red-light treatment (Figure S1B), the coleoptiles of the OsCSN1DN32-GFP-OE,
OsCSN1DN102-GFP-OE, and OsCSN1-GFP-OE mutants expressed the GFP fusion pro-
tein. The leaves of the OsCSN1DN102-GFP-OE mutant did not express the GFP fusion
protein, whereas those of the OsCSN1DN32-GFP-OE mutant and OsCSN1-GFP-OE mutant
expressed low levels of GFP fusion protein. A high amount of the GFP fusion protein was
expressed in the roots of the OsCSN1DN102-GFP-OE mutant, whereas no GFP fusion pro-
tein was expressed in the roots of the OsCSN1DN32-GFP-OE or OsCSN1-GFP-OE mutants.

Under red light with a PAC treatment (Figure S1C), the coleoptiles of the OsCSN1DN102-
GFP-OE, OsCSN1DN32-GFP-OE, and OsCSN1-GP-OE mutants expressed low levels of
the GFP fusion protein. No GFP fusion protein was expressed in the leaves of the
OsCSN1DN102-GFP-OE mutant, while the leaves of the OsCSN1DN32-GFP-OE mutant and
OsCSN1-GFP-OE mutant expressed low levels of the GFP fusion protein. The roots of the
OE mutants did not express GFP fusion proteins, while the roots of the OsCSN1-GFP-OE
mutants expressed high level of the GFP fusion protein.

Under the red light with GAj treatment (Figure S1D), the GFP fusion protein was
expressed in the leaves and coleoptiles of all mutants. A high amount of the GFP fusion
protein was expressed in the coleoptiles of the OsCSN1DN32-GFP-OE mutant, whereas
the OsCSN1DN32-GFP-OE and OsCSN1DN102-GFP-OE mutant plants did not express the
GFP fusion protein in the roots, whereas the OsCSN1-GFP-OE mutant plants expressed
more GFP fusion protein in the roots. Therefore, the localization of OsCSN1-GFP was
not observed in rice stems, and the localization and expression of GFP fusion proteins in
coleoptiles were not affected by light or hormones, nor were they affected by changes in
the N-terminus. These results suggest that the localization of OsCSN1 in coleoptiles is
relatively stable. For leaves, a large amount of the GFP fusion protein was expressed under
normal light irradiation when OsCSN1N102 was knocked out. Under red-light treatment,
the expression of the GFP fusion protein was eliminated when the N102 region of OsCSN1
was knocked out. These results show that red light changed the localization of OsCSN1 in
leaves and promoted the localization of OsCSN1 in leaves. Red light and the hormone GA
promoted the localization of OsCSN1 in leaves but were not affected by the GA inhibitor
PAC. Red light affected the localization of OsCSN1 in leaves. In the root system, OsCSN1
was not located in the roots under normal light irradiation, but under red light, the N102
knockout of OsCSN1 promoted the expression of the GFP fusion protein. CSN1 promoted
the expression of GFP fusion proteins in roots when GA3 and PAC were added, whereas
the N-terminal deletion of CSN1 did not result in the expression of GFP fusion proteins.

3.3. OsCSNI1 Is a Negative Regulator of Rice Seedling Stem Elongation Regulated by Red Light

Under light treatment, the heights of the oscsn1-1 mutant, oscsnl-2 mutant, OsCSN1-
OE mutant, OsCSN1DN32-GFP-OE mutant, and OsCSN1DN102-GFP-OE mutant plants
were greater than those of the WT plants; the oscsn1-2 mutant had the most significant
height, while the OsCSN1-GFP-OE mutant had the shortest height (Figure 2A,B). These
results indicated that CSN1 may be a negative regulator of rice-seedling growth.

Compared with those in the light treatment, the heights of the WT plants and OsCSN1-
GFP-OE mutants in the red-light treatment were significantly greater, and the heights of
oscsnl-1, oscsnl-2, and OsCSN1DN102-GFP-OE mutants were significantly lower.
(Figure 2D,E). The results showed that the OsCSN1-GFP-OE mutant was sensitive to red
light, whereas oscsn1-1, oscsnl-2, OsCSN1DN102-GFP-OE, and OsCSN1DN32-GFP-OE mu-
tants were insensitive to red light. The negative effects caused by monochromatic red light
can reduce plant biomass and leaf area and cause excessive stem elongation [24]. oscsn1-1,
oscsn1-2, OsCSN1DN32-GFP-OE, and OsCSN1DN102-GFP-OE plants were insensitive to
red light. It has been speculated that red light may affect shoot elongation in rice plants by
regulating OsCSN1, and the functional domain may be at the N-terminus.
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Figure 2. Analysis of plant under red-light and hormone conditions. (A) Plant height data graph
of WT and OsCSN1 mutants grown under light. (N = 5; Statistical significance was set at p < 0.05).
(B) Plant height phenotype of WT and OsCSN1 mutants grown under light. (C) Protein expression
of wild type and OsCSN1 mutants grown 9d under light. Detection of OsphyA, OsphyB, OsABI5,
OsSLR1, OsCSN2, OsGID1, and OsCUL4 levels in sample lines by Western blot. (D) Plant height data
graph of WT and OsCSN1 mutants grown under red light. (N = 5; Statistical significance was set at
p < 0.05). (E) Plant height phenotype of WT and OsCSN2 mutants grown under red light. (F) Protein
expression of wild type and OsCSN1 mutants grown 9 d under red light. Detection of OsphyA,
OsphyB, OsABI5, OsSLR1, OsCSN2, OsGID1, and OsCULA4 levels in sample lines by Western blot.
(G) Expression of genes associated with WT and OsCSN1 mutants grown for 9 d under red-light
treatment at the mRNA level. (H) Plant height data graph of WT and OsCSN1 mutants grown under
red light and PAC. (N = 5; Statistical significance was set at p < 0.05). (I) Plant height phenotype
of WT and OsCSN2 mutants grown under red light and PAC. (J) Protein expression of wild type
and OsCSN1 mutants grown 9d under red light and PAC. Detection of OsphyA, OsphyB, OsABI5,
OsSLR1, OsCSN2, OsGID1, and OsCUL4 levels in sample lines by Western blot. (K) Expression of
genes associated with WT and OsCSN1 mutants grown for 9 d under red light and PAC of treatment
at the mRNA level. (L) Plant height data graph of WT and OsCSN1 mutants grown under red light
and GA. (N = 5; Statistical significance was set at p < 0.05). (M) Plant height phenotype of WT and
OsCSN2 mutants grown under red light and GA. (N) Protein expression of wild type and OsCSN1
mutants grown 9 d under red light and GA. Detection of OsphyA, OsphyB, OsABI5, OsSLR1, OsCSN2,
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OsGID1, and OsCUL4 levels in sample lines by Western blot. (O) Expression of genes associated
with WT and OsCSN1 mutants grown for 9 d under red light and GA of treatment at the mRNA level.
(1: WT; 2: oscsnl-1; 3: oscsnl-2; 4: OsCSN1DN32-GFP-OE; 5: OsCSN1DN102-GFP-OE; 6: OsCSN1-
GFP-OE) (a: WT; b: oscsnl-1; c: oscsnl-2; d: OsCSN1DN32-GFP-OE; e: OsCSN1DN102-GFP-OE;
f: OsCSN1-GFP-OE).

PAC can inhibit the expression of the endogenous plant hormone GA3, delay plant
growth, and inhibit stem elongation. Under PAC with red-light treatment, the growth of all
plants was significantly inhibited, and the heights of the oscsn1-1 and OsCSN1DN102-GFP-
OE mutant plants were significantly inhibited, indicating that under red-light treatment,
the oscsn1-1 and OsCSN1DN102-GFP-OE plants exhibited attenuated sensitivity to PAC
(Figure 2H,I). After adding PAC, the adverse effects caused by red light were reduced.
Therefore, red light may affect plant growth and development through the CSN1-mediated
endogenous GA-signaling pathway.

After treatment with the exogenous hormone GA3 with red light, the plant height of
the WT was not affected, whereas the plant heights of the oscsn1-1 mutant, OsCSN1DN32-
GFP-OE mutant, and OsCSN1DN102-GFP-OE mutant were inhibited, indicating that ex-
cessive exogenous GA inhibited the plant-growth phenotype (Figure 2L,M). The height of
OsCSN1-GFP-OE mutant plants was significantly greater after adding GA3, and OsCSN1-
GFP-OE plants were sensitive to red light. Thus, in response to red light, OsCSN1 acts
as a negative regulator of stem elongation in rice plants. Red light may regulate the GA-
signaling pathway through OsCSN1, thereby affecting the growth and development of rice
plants. The OsCSN1 domain may be located at the N terminus of OsCSN1.

3.4. OsCSNI1 Is a Positive Regulator of Red-Light-Regulated Coleoptile Elongation in Seedlings

A typical feature of rice photomorphogenesis is the inhibition of coleoptile elongation
under light treatment. Under light treatment, the coleoptiles of the OsCSN1DN102-GFP-OE
and OsCSN1-GFP-OE mutants were longer than those of the WT, and the coleoptiles of
the oscsnl-1, oscsnl-2, and OsCSN1DN102-GFP-OE mutants were shorter than those of the
WT. Under light treatment, the expression of the GFP fusion protein was detected in the
coleoptiles of the three mutants. The expression level in the OsCSN1DN32-GFP-OE mutant
was greater than that in the OsCSN1DN102-GFP-OE mutant and OsCSN1-GFP-OE mutant,
and the proteins were distributed mainly near the coleoptile veins. OsCSN1DN32-GFP-OE
mutants expressed the most GFP fusion protein and the shortest coleoptile. Although
OsCSN1DN102-GFP-OE and OsCSN1-GFP-OE plants expressed the GFP fusion protein, the
coleoptiles were relatively long (Figures 3A,B and S2A). These results indicate that OsCSN1
is involved in coleoptile elongation and photomorphogenesis in rice. This result is consis-
tent with previous studies in Arabidopsis, showing that CSN1 is critical for the structural
integrity of the CSN and that AtCSN is a negative regulator of photomorphogenesis.

A previous study showed that red light could inhibit plant coleoptile elongation [34].
However, under red-light treatment, the number of coleoptiles of the OsCSN1DN102-GFP-
OE mutant, OsCSN1DN32-GFP-OE mutant, oscsn1-1 mutant, and oscsn1-2 mutant increased
significantly compared to that under light treatment, indicating an inhibitory effect of
red light on the coleoptiles of rice plants. However, this effect was not significant. The
expression of the OsCSN1-GFP fusion protein was detected in the coleoptile of the OsCSN1-
GFP-OE mutant, and the elongation of the coleoptile was significantly inhibited, indicating
that the OsCSN1-GFP-OE mutant is sensitive to red light (Figures 3C,D and S2B). These
results indicate that the inhibitory effect of red light on rice coleoptile elongation requires
the participation of intact OsCSN1.
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Figure 3. Analysis of coleoptile under red-light and hormone conditions. (A) Coleoptile phenotype
of WT and OsCSN1 mutants grown under light. (B) Coleoptile length data graph of WT and OsCSN1
mutants grown under light. (N = 5; Statistical significance was set at p < 0.05). (C) Coleoptile
phenotype of WT and OsCSN1 mutants grown under red light. (D) Coleoptile length data graph of
WT and OsCSN1 mutants grown under red light. (N = 5; Statistical significance was set at p < 0.05).
(E) Coleoptile phenotype of WT and OsCSN1 mutants grown under red light and PAC. (F) Coleoptile
length data graph of WT and OsCSN1 mutants grown under red light and PAC. (N = 5; Statistical
significance was set at p < 0.05). (G) Coleoptile phenotype of WT and OsCSN1 mutants grown under
red light and GA. (H) Coleoptile length data graph of WT and OsCSN1 mutants grown under red
light and GA. (N = 5; Statistical significance was set at p < 0.05). (a: WT; b: oscsnl-1; c: oscsnl-2;
d: OsCSN1DN32-GFP-OE; e: OsCSN1DN102-GFP-OE; f: OsCSN1-GFP-OE).

Red light has an inhibitory effect on rice coleoptiles by inhibiting excessive elongation.
Under PAC with red-light treatment, the coleoptile length of the OsCSN1-GFP-OE mutant
was significantly shorter than that under light treatment, indicating that this mutant was
sensitive to PAC. The coleoptile lengths of the other mutants were similar to those of the
plants subjected to light treatment, and these mutants were sensitive to PAC. In sensitive
cells, the elongation of the coleoptile was not inhibited by PAC. Under red-light treatment,
the addition of GA3 rescued the inhibitory effect of red light on the oscsnl-1, oscsnl-2,
OsCSN1DN102-GFP-OE, and OsCSN1-GFP-OE mutants (Figures 3E,F and S2C). Under
GA3 with the red-light treatment, the coleoptiles of the oscsn1-1 mutant, oscsnl-2 mutant,
and OsCSN1DN102-GFP-OE mutant were significantly elongated, whereas those of the
OsCSN1-GFP-OE mutant and the OsCSN1DN32-GFP-OE mutant were elongated, but the
difference was not significant. After the addition of GA3, the sensitivity of the coleoptile of
the OsCSN1DN32-GFP-OE mutant to red light increased, the sensitivity of the coleoptile
of the OsCSN1DN102-GFP-OE mutant to red light was unchanged, and the coleoptiles
of the OsCSNI-GFP-OE mutant were sensitive to red light. The light sensitivity was
reduced (Figures 3G,H and S2D). Exogenous GA could rescue the effect of red light on
the inhibition of coleoptile elongation in the OsCSN1DN32-GFP-OE and OsCSN1-GFP-OE
mutants. Therefore, OsCSN1 plays an essential regulatory role in the red-light-mediated
inhibition of rice coleoptile elongation. It regulates the GA-signaling pathway to affect the
growth and development of rice coleoptiles, and the regulatory domain may be located at
the N-terminus of CSN1.

3.5. Regulatory Effect of OsCSN1 on the Tap Root Extension of Rice Plants under Red Light

Under light conditions, the growth of the tap roots of the OsCSN1DN102-GFP-OE mu-
tant did not change significantly, whereas that of the other mutants increased significantly,
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with the most significant difference between the oscsn1-1 mutant and WT plants occurring
in the absence of GFP fusion protein expression (Figures 4A,B and S3A). Red light inhibited
the extension of rice tap roots (Figure 4C,F). Under red-light treatment, the roots of the
oscsnl-1 and oscsnl-2 mutant plants grew significantly, and the roots of the OsCSN1DN102-
GFP-OE and OsCSN1-GFP-OE mutant plants were significantly shorter. Furthermore, there
was no expression of the GFP fusion protein in the roots of the OsCSN1DN32-GFP-OE
mutant or OsCSN1-GFP-OE mutant plants. The expression level of the GFP fusion protein
in the OsCSN1DN102-GFP-OE mutant was higher (Figure S3B). Extensions in the tap roots
of the oscsnl1-1, oscsnl-2, OsCSN1DN102-GFP-OE, and OsCSN1DN32-GFP-OE mutants were
insensitive to red-light inhibition. In contrast, the OsCSN1-GFP-OE mutant was sensitive to
red-light inhibition.
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Figure 4. Analysis of root under red-light and hormone conditions. (A) Root phenotype of WT
and OsCSN1 mutants grown under light. (B) Root-length data graph of WT and OsCSN1 mutants
grown under light. (N = 5; Statistical significance was set at p < 0.05). (C) Root phenotype of WT and
OsCSN1 mutants grown under red light. (D) Root-length data graph of WT and OsCSN1 mutants
grown under red light. (N = 5; Statistical significance was set at p < 0.05). (E) Root phenotype of WT
and OsCSN1 mutants grown under red light and PAC. (F) Root-length data graph of WT and OsCSN1
mutants grown under red light and PAC. (N = 5; Statistical significance was set at p < 0.05). (G) Root
phenotype of WT and OsCSN1 mutants grown under red light and GA. (H) Root-length data graph
of WT and OsCSN1 mutants grown under red light and GA. (N = 5; Statistical significance was set
atp < 0.05). (a: WT; b: oscsnl-1; c: oscsnl-2; d: OsCSN1DN32-GFP-OE; e: OsCSN1DN102-GFP-OE;
f: OsCSN1-GFP-OE).

Red light inhibits the elongation of tap roots in rice plants. In the aboveground plant
parts, both low and high concentrations of PAC inhibited the elongation of coleoptiles and
stems. However, low concentrations of PAC (less than 107® mol/L) could promote tap
root extension in dark-grown rice plants, and high concentrations of PAC (greater than
10~° mol/L) could inhibit tap root extension [50]. Under the PAC with red-light treatment,
except for the OsCSN1-GFP-OE mutant, the root length of all samples was significantly
shorter than that under red-light treatment, and the OsCSN1DN32-GFP-OE mutant and
OsCSN1DN102-GFP-OE mutant did not express the GFP fusion protein. OsCSN1-GFP-
OE mutants expressed a high level of GFP fusion protein. This difference may be due
to the inhibitory effect of red light on root length. Another reason might be that a high
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concentration of PAC (greater than 10~ mol/L) could inhibit the extension of tap roots. In
contrast, the root length of the OsCSN1-GFP-OE mutant did not change under red light
or PAC with red-light treatment, indicating that the OsCSN1-GFP-OE mutant was not
sensitive to exogenous PAC under red-light treatment (Figures 4E,F and S3C).

Under the GA3 with red-light treatment, the length of the tap roots of all the rice
species decreased, indicating that the addition of exogenous GA did not promote the
extension of the tap roots of the rice plants; moreover, these findings indicate that the
signaling pathway involved in the elongation of the tap roots of the rice plants was not
significantly related to the GA-signaling pathway (Figures 4G,H and S3D).

3.6. The Effect of OsCSN1 Signal Transduction on the Growth and Development of Rice Plants at
the Seedling Stage

To further analyze the signaling pathway of OsCSN1 in the process of red-light-
regulated growth and development in rice plants, we detected changes in the gene expres-
sion levels of OsGID1, OsSLR1, OsphyB, and OsPIL1 in the above-depicted rice mutant
seedlings under different treatments. Further, we investigated the involvement of OsCSN1
in metabolic regulation. Furthermore, at the protein level, changes in the expression levels
of OsphyB, OsABI5, OsSLR1, OsCUL4, and OsCSN2 were detected to analyze and validate
the signaling role of OsCSNT1 in rice-seedling growth and development.

Under light treatment, the expression levels of OsSLR1 in the oscsn1-1 and OsCSN1DN32-
GFP-OE mutants were very low and could hardly be detected. The expression levels of
OsSLR1 in the oscsn1-2 mutant and OsCSN1DN102-GFP-OE mutant were lower than that in
the WT, whereas the OsCSN1-GFP-OE mutant had the highest expression level of OsSLR1.
Under light treatment, the OsCSN1-GFP-OE mutant had the highest expression level of
OsABI5, whereas the oscsnl-1 mutant, oscsn1-2 mutant, and OsCSN1DN32-GFP-OE mutant
had lower OsABI5 expression levels than the WT (Figure 2C). The expression level of
OsABI5 in the OsCSN1DN102-GFP-OE mutant was similar to that in the WT because of the
photolysis characteristics of OsphyB, and the expression of OsphyB was not detected in
any of the rice plants, as mentioned above.

OsSLR1 is a negative regulator of the rice GA-signaling pathway. The results of the
fluorescence quantitative detection showed that under red-light treatment, the expression
level of OsSLR1 in the OsCSN1DN102-GFP-OE mutant was significantly upregulated. The
expression levels of OsCSN1IDN32-GFP-OE and OsCSN1-GFP-OE were also upregulated
compared to those in the WT. In contrast, the expression level of OsSLR1 was signifi-
cantly downregulated in the 1 mutant and oscsn1-2 mutant (Figure 2G). The results of
fluorescence-based quantitative analysis of OsGID1, another receptor protein in the GA-
signaling pathway, revealed that under red-light treatment, the expression level of the
OsGID1 gene in the OsCSN1DN32-GFP-OE mutant was significantly upregulated. The ex-
pression level of the OsGID1 gene in the oscsn1-2 mutant and OsCSN1-GFP-OE mutant was
significantly upregulated. The expression level of the OsGID1 gene also tended to increase,
while the expression level of the OsGID1 gene in the oscsn1-2 mutant and OsCSN1DN102-
GFP-OE mutant decreased. A study of OsphyB gene expression showed that the expression
levels of the oscsn1-1 mutant, oscsnl1-2 mutant, and OsCSN1-DN32GFP-OE mutant were
upregulated, whereas the remaining mutants exhibited little difference. Based on the above
quantitative fluorescence results, we speculated that OsCSN1 might regulate the growth
and development of rice plants by regulating the degradation of OsSLR1. We performed
analysis and validation at the protein level to validate this inference further.

Under the red-light treatment (Figure 2F), the expression levels of OsSLR1 and OsABI5
in the oscsn1-1 mutant were very low. The OsCSN1DN102-GFP-OE mutant exhibited the
highest expression levels of OsSLR1 and OsABI5. The oscsn1-2 and OsCSN1DN32-GFP-OE
plants expressed a high level of OsSLR1, whereas the expression level of OsABI5 was
very low. OsCSLR1 expression was higher in OsCSNI1-GFP-OE plants than in WT plants,
whereas OsABI5 expression levels were similar to those in WT plants. Therefore, the
deletion of OsCSNT1 affected the expression of OsSLR1, whereas the expression level of
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OsABI5 did not change significantly. Therefore, under red-light treatment, OsCSN1 can
affect the expression of OsSLR1 through the GA pathway to regulate plant growth, whereas
the ABA-signaling pathway does not play a leading role in this process.

Under the red-light treatment, significant differences in rice OsphyB expression were
also observed. OsphyB was the most highly expressed gene in the oscsn1-1 mutant, followed
by the OsCSN1DN32-GFP-OE mutant, which also had higher OsphyB expression levels,
and the OsCSN1-GFP-OE mutant, which had the lowest expression level. phyB is a positive
regulator that affects plants by controlling their height. The OsphyB expression level was
consistent with the results, showing that the plant height of the oscsn1-1 mutant was shorter
than that of the light-treatment group. The plant height of the OsCSN1-GFP-OE mutant
was greater than that of the light-treatment group. The oscsn1-1 and OsCSN1DN32-GFP-OE
mutants expressed the most OsphyB, but neither the extension of the tap roots nor the
elongation of the stems were affected by red light. OsCSN1-GFP-OE plants expressed
lower levels of OsphyB but exhibited an insensitive phenotype to the influence of red
light. The oscsnl-2 mutant and OsCSN1DN32-GFP-OE mutant had moderate OsphyB
expression levels, and their phenotype showed weak sensitivity to red light. Therefore,
it was speculated that OsphyB senses red light and regulates rice-seedling growth and
development through OsCSN1.

After treatment with red light with PAC (Figure 2K), the results of the fluorescence
quantification showed that the OsSLR1 expression levels in the OsCSN1DN102-GFP-OE
mutant and OsCSN1DN32-GFP-OE mutant were significantly upregulated. In contrast,
those in the OsCSN1-GFP-OE and OsCSN1DN32-GFP-OE mutant were significantly up-
regulated. The upregulation trend of the oscsn1-2 mutant was similar, whereas that of the
oscsnl-1 mutant showed a trend toward downregulation. Moreover, OsGID1 in the oscsn1-1
and oscsnl-2 mutants tended to be downregulated, and the OsGID1 gene tended to be
downregulated in the other overexpression mutants, regardless of whether the N-terminus
of OsCSN1 was deleted. After the addition of PAC, the oscsn1-1 mutant had the lowest ex-
pression levels of OsSLR1 and OsABI5, and the expression levels of the remaining mutants
were greater than those of the WT. Similarly, the expression levels of OsSLR1 and OsABI5
in the oscsn1-2 and OsCSN1DN32-GFP-OE mutants were more significant than those in the
WT (Figure 2]).

Similarly, in the OsCSN1DN102-GFP-OE mutant, the expression level of OsSLR1 was
lower, whereas the expression level of OsABI5 was higher. OsCSN1-GFP-OE mutants had
higher expression levels of OsSLR1 and lower expression levels of OsABI5. Almost no phyB
expression was detected after the addition of PAC, indicating that under these conditions,
the inhibitory effect of PAC was far more significant than that of red light. The results of the
fluorescence quantification showed that the expression levels of OsphyB were upregulated
in all mutants, of which OsCSN1DN32-GFP-OE had the most significant upregulation. After
the addition of PAC, the plant height of the mutants decreased. After the addition of GA, the
height of the OsCSN1-GFP-OE mutant plants was strongly sensitive to red light, whereas
that of the oscsn1-1 mutant, oscsnl-2 mutant, and OsCSN1DN32-GFP-OE mutant plants
were insensitive to red light, indicating that exogenous GA can promote the expression
of OsphyB, exogenous PAC can inhibit the expression of OsphyB, and the deletion of
OsCSNI1 or N-terminal deletion can affect the expression of OsphyB. The results showed
that under red light with PAC treatments, the effect of PAC was more significant than
that under red light, and the oscsn1-1 mutant had the weakest sensitivity to the inhibition
of PAC. OsphyB senses red light and regulates the GA-signaling pathway to affect the
growth and development of rice plants through CSN1. The main regulatory domain is
located at the N-terminus of CSN1. The N-terminal domain of CSN is related mainly to the
photoreception and light-signal transduction of phytochrome. In contrast, the C-terminal
domain is involved mainly in the formation of phytochrome dimers and interactions
with downstream signaling molecules [51]. The results of our study are consistent with
these findings.
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After treatment with red light with GA (Figure 20), the results of the fluorescence
quantification showed that OsSLR1 and OsGID1 were significantly upregulated in the
OsCSN1DN102-GFP-OE mutant and oscsn1-2 mutant, and the OsCSN1DN32-GFP-OE mu-
tant, OsCSN1-GFPOE mutant, and OsCSN1-GFP-OE mutant were significantly upregulated.
The expression level of OsSLR1 in the mutant was upregulated but not significantly. The
expression level of OsSLR1 in the oscsn1-1 mutant was downregulated, but the upregulation
trend of OsGID1 was minimal. The expression level of OsGID1 in the OsCSN1DN32-GFP-
OE and OsCSN1-GFP-OE mutants did not change. After treatment with red light with GA
(Figure 2N), all mutants expressed more OsSLR1 than the WT plants, especially oscsn1-1
and oscsn1-2, and the expression level of OsSLR1 was the lowest in the OsCSN1-GFP-OE
mutant. However, the expression level of OsABI5 in the oscsn1-1 mutant was lower than
that in the WT, the expression level of OsABI5 in the OsCSN1-GFP-OE mutant was similar
to that in the WT, and the expression levels of the other mutants were more significant
than those in the WT. After adding GA, the expression level of phyB increased in all the
plants, and the expression level of OsphyB in the oscsn1-1 and oscsn1-2 mutants was the
highest. The expression level in the OsCSN1-GFP-OE mutant was the lowest, and the
expression level in the OsCSN1DN32-GFP-OE mutant was the lowest. In both mutant and
OsCSN1DN102-GFP-OE plants, the expression level of OsphyB in the mutant was similar to
that in the WT. These results indicated that only the expression level of the OsCSN1-GFP-OE
mutant OsphyB was upregulated.

With the addition of GA, the sensitivity of the oscsn1-1 and oscsnl-2 mutants to red
light was still very weak, and external GA did not enhance the negative effect of red light
on plants. Under red light with the GA treatment, the expression levels of OsSLR1 and
ABI5 in the OsCSN1-GFP-OE mutant decreased, and the negative effect of red light on
plants increased in response to the addition of GA. OsCSN1 can regulate the response
of rice plants to red light at the seedling stage by regulating the degradation of OsSLR1,
thereby affecting plant growth and development. The effect of red light on the plant’s
aboveground parts was more significant. The domains involved in this regulation may be
related to the N terminus of OsCSNT1.

4. Discussion
4.1. The Structure of OsCSN1 Is Conserved, and the Ubiquitination Site at the N-Terminus
Regulates the Function and Spatiotemporal Positioning of CSN

Ubiquitination is a post-translational modification of proteins at lysine residues and
plays a crucial role in regulating the balance of proteins and enzymes in plants. It accounts
for approximately 6% of genes in Arabidopsis. It encodes the ubiquitin-26s proteasome
component. This protein-degradation pathway involves plant morphogenesis, flowering,
photoperiod, and hormone regulation. CSN can regulate the plant’s response to light
signals through the ubiquitin-degradation pathway, thus enabling plants to complete the
transition from dark growth to light morphogenesis. The currently known modification
substrates of NEDD8/RUBI are limited to the CULLIN protein and p53, with the former
being SCF or a subunit of E3, similar to SCE. The RUB1 modification of CULLIN and
CULLIN4 can activate the E3 ligases to which they belong. Experiments in Arabidopsis
have shown that the CUL4 E3 complex can form a complex with CDD. In contrast, CSN
can modify CUL4 to remove RUBI to inhibit its activity, thus causing phenotypic changes
in plant photomorphogenesis.

Although the Arabidopsis mutant fus6/C231 lacking the CSN1-N end can form a
CSN complex structure, and the deneddylation activity of CSN is unaffected, this mutant
exhibits a closed cotyledon phenotype. This indicates that the AtCSN1 N-terminal domain
is required for light-dependent cotyledon opening. More importantly, the AtCSN1 N-
terminus was required to produce true leaves through the shoot apex, indicating the
transition from seedling to normal plant development. It is possible that the ubiquitination
locus associated with the regulatory functions of some genes was missing. This indicates
that the N-terminus of CSN1 has special functions in plant development and is related
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to the essential physiological functions of CSN1. The N-terminus of CSN1 regulates the
de-ubiquitination of the CSN complex, affects the degradation of proteins by the ubiquitin—
proteasome system, regulates the stability of related proteins in the complex hormone
network in rice, and ultimately regulates the growth and development of rice.

Protein structure analysis revealed that the a-helix at the N-terminus of OsCSN1
contained six more amino acids than that of AtCSN1; the end of OsCSN1 at the C-terminus
was a [3-sheet and random coil, but AtCSN1 was not. These structural changes might
endow OsCSN1 with different functions.

Our results showed that the coleoptile sheaths, stem elongation, coleoptile elongation,
and tap root elongation of the OsCSN1 mutant with the deletion of the 102 amino acid at the
N-terminus were insensitive to red light, and the mutants produced and developed typically
and set fruit, which is consistent with the findings of previous studies on Arabidopsis thaliana.
Arabidopsis plants lacking the CSN1-N-terminus can form the CSN complex structure
under normal growth conditions, and the deneddylation activity of CSN is not affected;
however, these plants exhibit a dark phenotype. This finding indicates that the N-terminal
domain of OsCSN1, similar to the N-terminal domain of AtCSN1, is required for light-
dependent growth.

Under all treatments, the fusion proteins were expressed in the coleoptiles with the
N-terminal deletion of 32 amino acids and the deletion of 102 amino acid mutants. Under
red light with PAC treatment, a low amount of the GFP fusion protein was expressed in the
coleoptiles of the OsCSN1-overexpressing plants. In addition, the length of the coleoptile
and the expression levels of OsSLR1, OsGID1, OsPIL14, and OsphyB in the DN32 mutants
were similar to those in the OsCSN1 overexpression mutants, indicating that 32 at the N-
terminus of OsCSNI1 is involved in the process of the red-light inhibition of rice coleoptile
elongation. Under all treatments, the changes in coleoptile length and expression levels of
OsSLR1, OsGID1, PIL14, and phyB in the DN102 mutants were the same as those in the
OsCSN1-deletion mutants. The results showed that 32-102 amino acid at the N-terminus of
OsCSN1 was the main domain that inhibited rice coleoptile elongation through red light.
OsCSN1 is involved in the regulatory effect of red light on the elongation of rice coleoptiles,
mainly through the ubiquitination of three key ubiquitination sites at positions 77, 91, and
99, affecting the degradation of SLR1 and PIFs and inhibiting the elongation of coleoptiles.

Moreover, our study showed that OsCSN1 mutants with 102 amino acid deletions at
the N-terminus were more insensitive to red light than OsCSN1 mutants with 32 amino
acid deletions at the N-terminus. The three key ubiquitination sites at position 99 reduce the
sensitivity of the mutants to red light. However, further studies are needed to determine
which phosphorylation or ubiquitination site at positions 77, 91, or 99 endows the N-
terminus with special functions.

4.2. Under Red-light treatment, OsCSN1, an Essential Component of the CSN, Degrades SLR1
through De-Neddylation, Promotes the Expression of PIL11, and Promotes the Elongation of
Rice Stems

Compared to white light, red light can reduce plant biomass and leaf area, cause
excessive stem elongation, and affect leaf number and chlorophyll content. In Arabidopsis,
the PIF3 protein was the first to interact with phytochromes. It has been reported that the
interactions between the C-terminal ends of phyB and phyA and between the C-terminal
ends of the PIE3 protein were verified through yeast two-hybrid experiments [52]. Using
biological methods such as genetics and reverse genetics, phytochrome-interacting proteins,
such as PIF4, PIF5, and PIF6 [53-55], which are the currently known members of the PIF
family in Arabidopsis, have been identified. Eight proteins (PIF1, PIF3-PIF8, and PIL1,
later named PIF2) have slightly different molecular characteristics and functions [48,56].
Through homologous sequence analysis, six phytochrome-interaction factors were pre-
dicted in the rice genome and named OsPIL11-OsPIL16. OsPIL13 and OsPIL14 in rice are
highly homologous to Arabidopsis PIF4 and PIF5, and OsPIL15 and OsPIL16 are related to
PIF3. This sequence has a high homology.



Agronomy 2024, 14, 572

17 of 21

The heights of the OsCSN1-deletion mutants and reduced mutant plants were insensi-
tive to red light. The expression levels of OsSLR1 and OsABI5 in the deletion mutants were
very low, but the expression level of OsSLR1 in the reduced mutants was high, indicating
that deletion or reduction of OsCSNT1 affects OsSLR1. Moreover, both mutants increased
the expression levels of phyB, GID1, CSN2, PIL11, and CULL. It is speculated that OsCSN1
regulates neddylation through CSN to degrade the negative regulator SLR1 in the GA
pathway, thereby inhibiting the degradation of PIL11 and, eventually, the inhibition of stem
elongation. Furthermore, the heights of the OsCSN1-deletion mutants and reduced mutant
plants under red-light treatment were insensitive to exogenous GA or PAC, especially the
OsCSN1-deletion mutants, which were highly insensitive to PAC. Under GA treatment,
the expression levels of phyB, CSN2, ABI5, and GID1 in the OsCSN1-deletion mutants
increased, the expression levels of SLR1 and CUL1 decreased, and the expression level
of PIL11 remained unchanged. The height of the OsCSN1-deletion mutants and mutant
plants showed little change. Under PAC treatment, the expression level of GID1 increased;
the expression levels of SLR1, ABI5, phyB, and CSN2 decreased; and the expression level
of PIL11 decreased. OsCSN1-deletion mutants also showed the most significant increase in
plant height.

These results showed that red light had a minor negative effect on the OsCSN1-
deletion mutants, that exogenous GA did not aggravate the negative effect of red light, and
that exogenous PAC did not inhibit the stem elongation of the mutants. It was speculated
that OsCSN1 affected the activity of PIL11 by regulating the degradation of SLR1. The
regulation of rice-stem elongation was caused by red light in rice: GID1 binds to GA to
induce a conformational change in the GID1 protein. GID1 directly interacts with DELLA
proteins to bind SLR1 to the ubiquitin E3 ligase complex (SCF SLY1/GID2), ultimately
activating SLR1 via the 26S protease. Therefore, this enzyme can be degraded in the body
to promote signal transduction by GA and regulate the height of rice plants.

OsCSN1-overexpressing plants exhibited enhanced sensitivity to red light. Under
red-light treatment, plant height significantly increased, OsSLR1, OsABI5, OsphyB, and Os-
PIL11 expression levels significantly decreased, and OsCSN2, CUL1, and OsGID1 increased.
Temporal and spatial locus data showed that a low level of GFP fusion protein was ex-
pressed in the leaves. Exogenous GA aggravated the sensitivity of OsCSN1 overexpression
mutants to red light. Exogenous PAC inhibited the sensitivity of OsCSN1 overexpression
mutants to red light but not completely. Under exogenous GA treatment, the expression
levels of SLR1, ABI5, OsCSN2, CUL1, and phyB in the OsCSN1 overexpression mutants
decreased, as did the expression level of PIL11. Temporal and spatial locus data showed
that a high level of the GFP fusion protein was expressed in the leaves, and the amount in
OsCSN1-overexpressing mutants also decreased. The expression mutants were sensitive to
GA. Under exogenous PAC treatment, the expression levels of SLR1, ABI5, CSN2, CUL1,
and PIL11 in OsCSN1-overexpressing plants increased, whereas the expression level of
phyB decreased. A low level of the GFP fusion protein was expressed in the leaves of the
spatiotemporal locus. These findings further suggested that OsCSN1 assembled into the
CSN under red-light treatment, which degraded SLR1 through de-neddylation, affected
PIL11 activity, and ultimately inhibited stem elongation.

4.3. Under Red Light, the Coleoptile Elongation of Rice Plants Is Affected by OsCSN1-Regulated
PIL14 Degradation

The rice phytochromes phyA, phyB, and phyC play essential roles in plant photomor-
phogenesis. Light signals mediated by these three phytochromes inhibited the elongation
of the coleoptile. phyB is the most essential red-light receptor [33]. In the presence of red
light, phyB undergoes a conformational change from Pr to Pfr, which exposes the covered
photoreceptor area, thereby causing the nuclear translocation of phyB. phyB also plays a
significant role in inhibiting coleoptile elongation in seedlings under red light.

The expression of monochromatic red light had an inhibitory effect on rice coleoptiles
and inhibited excessive elongation. The elongation of coleoptiles with OsCSN1 deletion
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and reduced mutants was not sensitive to red light, and coleoptile elongation was not
inhibited. OsSLR1, OsGID1, PIL14, and phyB levels increased. Under red-light treatment,
PAC inhibited the elongation of coleoptiles in the OsCSN1 weak-expression mutants, but
the difference was insignificant. However, PAC did not inhibit coleoptile elongation in
OsCSN1-deletion mutants. Exogenous GA promoted the elongation of coleoptiles with
OsCSN1 deletion and reduced the number of mutants.

Under red-light treatment, in the coleoptiles of OsCSN1 deletion and reduced mutants,
although the expression levels of OsSLR1, OsGID1, and phyB increased, the expression
level of PIL14 also increased. The degradation of PIL14 may require the ubiquitin/26S
protease pathway regulated via OsCSN1. This conclusion is consistent with the fact that,
under light conditions, photosensitized phyB in plant seedlings binds to PIF3 or PIF4,
resulting in their ubiquitination.

The elongation of coleoptiles in OsCSN1-overexpressing plants is sensitive to red
light, and the elongation of coleoptiles is inhibited by red light. The coleoptiles of the
mutants expressed a high level of the GFP fusion protein; the expression levels of OsSLR1,
OsGID1, and PIL14 were reduced, and the expression of phyB was reduced. The amount
increased. Under red-light treatment, PAC inhibited the elongation of the coleoptiles of
OsCSN1-overexpressing plants, did not express the GFP fusion protein, increased the
expression levels of OsSLR1, OsGID1, and phyB, significantly decreased the expression
level of PIL14, and inhibited the elongation of the coleoptiles. Exogenous GA rescued the
inhibition of coleoptile elongation via red light in these mutants. A low level of the GFP
fusion protein was expressed in the mutants; the expression levels of OsSLR1 and OsGID1
decreased, and the expression levels of phyB and PIL14 increased, promoting coleopsis
and elongation. Under red-light treatment, OsCSN1-overexpressing plants formed CSN
through CSN1 and regulated the degradation of SLR1 and PIL14 through the ubiquitin/26S
protease pathway, ultimately affecting the elongation of the coleoptile.

Red light may regulate the degradation of SLR1 and PIL14 through the ubiquitin/26S
protease pathway, eventually inhibiting the elongation of the coleoptile. OsCSN1 promotes
the degradation of SLR1 and PIL14 by forming CSN and modifying it with RUB/NEDDS,
an E3 ligase of CUL1 (Figure 5). This process eventually affects the elongation of coleoptiles.

Figure 5. Presumed red light mediates the signaling pathway of OsCSN1 in regulating seedling
growth and development.

Rice is one of the most important food crops in the world, and plant height is an
important agronomic trait of rice. Plants that are too tall are prone to lodging, while those
that are too short can lead to insufficient growth. Reducing plant height appropriately



Agronomy 2024, 14, 572 19 of 21

without affecting other important agronomic traits is beneficial for increasing rice yield.
Using molecular genetic methods and techniques to improve rice-plant height on the basis
of existing excellent varieties is one of the effective ways to solve the problem of food
security. In the research process of regulating the mechanism of rice-plant height, it has
been found that there are many hormones that can regulate rice-plant height, and all of
them can further affect rice yield. Therefore, understanding the regulatory mechanism
and research progress of hormones on rice-plant height is of great significance for rice
production and food security.

5. Conclusions

The research results indicate that OsCSNT1 is a negative regulatory factor for red-
light-regulated stem elongation in rice seedlings. Under red-light treatment, OsCSNT1 is
assembled into CSN, which undergoes NEDD acylation to degrade SLR1, affecting the
PIL11 activity and ultimately inhibiting stem elongation. OsCSN1 also plays an important
regulatory role in the inhibition of rice embryo sheath elongation under red light. By
regulating the degradation of SLR1 and PIL14 through the ubiquitin/26S protease pathway,
the elongation of the embryonic sheath is ultimately inhibited. OsCSN1 forms a COP9
complex and is modified with the RUB/NEDDS of the E3 ligase of CUL1 to promote the
degradation of SLR1 and PIL14, ultimately affecting the elongation of the embryonic sheath.
The regulatory domain is located at the N-terminus of CSN1.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy14030572/s1, Figure S1. Laser confocal focusing on rice
seedling leaves. Figure 52. Laser confocal focusing on rice root. Figure S3. Laser confocal focusing on
rice coleoptile.
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