
Zhang et al., Sci. Adv. 11, eadr2441 (2025)     3 January 2025

S c i e n c e  A d v A n c e S  |  R e S e A R c h  A R t i c l e

1 of 11

P L A N T  S C I E N C E S

Ubiquitination of OsCSN5 by OsPUB45 activates 
immunity by modulating the OsCUL3a- OsNPR1 module
Chongyang Zhang1,2†, Liang Fang1,3†, Feng He1, Xiaoman You1, Min Wang1, Tianxiao Zhao1, 
Yanyan Hou1, Ning Xiao4, Aihong Li4, Jian Yang5, Jue Ruan2, Frédéric Francis3, Guo- Liang Wang6, 
Ruyi Wang1*, Yuese Ning1*

The COP9 signalosome (CSN) is a highly conserved protein complex in eukaryotes, with CSN5 serving as its critical 
catalytic subunit. However, the role of CSN5 in plant immunity is largely unexplored. Here, we found that suppres-
sion of OsCSN5 in rice enhances resistance against the fungal pathogen Magnaporthe oryzae and the bacterial 
pathogen Xanthomonas oryzae pv. oryzae (Xoo) without affecting growth. OsCSN5 is ubiquitinated and degraded 
by the E3 ligase OsPUB45. Overexpression of OsPUB45 increased resistance against M. oryzae and Xoo, while dys-
function of OsPUB45 decreased resistance. In addition, OsCSN5 stabilized OsCUL3a to promote the degradation of 
a positive regulator OsNPR1. Overexpression of OsPUB45 compromised accumulation of OsCUL3a, leading to sta-
bilization of OsNPR1, whereas mutations in OsPUB45 destabilized OsNPR1. These findings suggest that OsCSN5 
stabilizes OsCUL3a to facilitate the degradation of OsNPR1, preventing its constitutive activation without in-
fection. Conversely, OsPUB45 promotes the degradation of OsCSN5, contributing to immunity activation upon 
pathogen infection.

INTRODUCTION
Pathogenic organisms can cause severe damages to crop plants, 
posing a threat to global food security. Plants have developed com-
plex immune systems to protect against these pathogens (1, 2). How-
ever, activating defense mechanisms in the absence of pathogens 
can be costly and harmful to plant growth and overall fitness (3). 
For example, removing the Mildew Resistance Locus O (MLO) gene 
in barley, Arabidopsis (Arabidopsis thaliana), and wheat (Triticum 
aestivum) can provide broad- spectrum resistance to powdery mil-
dew, but it can also lead to unintended consequences such as 
premature aging (4). Similarly, knocking out SPOTTED LEAF 11 
(SPL11) and ENHANCED BLIGHT AND BLAST RESISTANCE 1 
(EBR1) in rice can enhance resistance to Magnaporthe oryzae, but 
it can also cause notable cell death (5, 6), making it challenging to 
use these defense genes in practical agricultural settings. Recent 
studies have shown that some gene knockouts can provide disease 
resistance without adversely affecting plant growth (7). For in-
stance, knocking- out PUCCINIA STRIIFORMIS- INDUCED PROTEIN 
KINASE 1 (TaPsIPK1) in wheat, BROAD- SPECTRUM RESISTANCE 
DIGU 1 (BSR- D1) and valine- glutamine (VQ) motif- containing protein 
OsVQ25 in rice, or nicotinate N- methyltransferase (ZmNANMT) in 
maize can enhance resistance to fungal and/or bacterial pathogens 
without affecting plant growth (8–11). Therefore, it is essential to 
identify genes that offer resistance without causing yield penalties.

The COP9 signalosome (CSN) is a highly conserved protein 
complex found in higher eukaryotes, consisting of eight subunits 
known as CSN1 to CSN8 (12). Among these subunits, CSN5 plays a 
crucial role in removing “Related to Ubiquitin” (RUB) modification 
from the cullin subunit in Cullin (CUL)- RING ubiquitin ligase 
(CRL) complexes (13). In mammals, CSN5 positively regulates the 
Cul3/Keap1- mediated degradation of the nuclear factor E2- related 
factor 2 to control innate immune responses in macrophages (14). 
In Arabidopsis, mutations in either CSN5A or CSN5B lead to the 
inactivation of CSN and a loss of deRUBylation by CUL1 and CUL4 
(15). Arabidopsis CSN5A interacts with NB- LRR proteins, RLKs, 
and 29 distinct effectors from Hyaloperonospora arabidopsidis (Hpa) 
and Pseudomonas syringae (Psy). Dysfunction of CSN5A enhances 
resistance to Hpa and Psy (16), indicating a critical role of CSN5 
proteins in immunity. Furthermore, silencing or mutation of TaC-
SN5 enhances wheat resistance against Puccinia triticina and multiple 
Puccinia striiformis f. sp. tritici isolates (17, 18). Transient silencing 
of VvCSN5 in grapevine (Vitis vinifera) boosts resistance to powdery 
mildew (19). These studies have shown that plant CSN5 proteins 
are crucial for immunity. However, the regulation of CSN5 and 
its related signaling pathway in plant immunity remains not fully 
understood.

Ubiquitination- mediated protein degradation is a universal mech-
anism that regulates the amount of key immune regulators to main-
tain immune system function (20–22). For instance, the U- box type 
E3 ligases PUB25 and PUB26 target nonactivated BIK1 for polyubiq-
uitination and degradation in Arabidopsis (23). In rice, SDS2 and 
OsBAG4 positively regulate resistance against M. oryzae and their 
overexpression, leading to autoimmunity and cell death. However, the 
E3 ligases SPL11 and EBR1 degrade SDS2 and OsBAG4, respectively, 
to coordinate the trade- off between defense and growth (5, 6). Rice 
plants overexpressing OsNPR1, an ortholog of Arabidopsis salicylic 
acid (SA) and immune signaling master regulator NPR1, have shown 
enhanced resistance to M. oryzae and Xoo, although this overexpres-
sion affects plant growth and development (24–26). While OsCUL3a 
interacts with OsRBX1a or OsRBX1b to form a CRL complex, which 
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mediates the degradation of OsNPR1, thereby negatively regulating 
resistance against the aforementioned pathogens (27). In mammals, 
phosphorylated CSN5 undergoes ubiquitination through the 26S pro-
teasome pathway to activate nuclear factor κB (NF- κB) activity (28). 
CSN5 plays crucial roles in plant immunity regulation, while whether 
it can be modified by ubiquitination, and the related E3 ubiquitin li-
gase remains largely unexplored in plants.

In this study, we found that silencing of OsCSN5 in rice enhanced 
disease resistance against fungus M. oryzae and the bacterial Xoo 
without growth penalties. We found that OsCSN5 is ubiquitinated 
and degraded by the E3 ligase OsPUB45 via the 26S proteasome 
pathway. Conversely, OsPUB45 positively regulates disease resis-
tance against M. oryzae and Xoo. OsCSN5 interacts with OsCUL3a, 
which is proven to degrade OsNPR1 to negatively regulate immu-
nity. Overall, our results indicate that OsCSN5 contributes to the 
stabilization of OsCUL3a, which facilitates the degradation of Os-
NPR1, while OsPUB45 degrades OsCSN5 to inhibit OsCUL3a and 
activate OsNPR1- mediated immunity.

RESULTS
Silencing of OsCSN5 in rice leads to broad- spectrum disease 
resistance without growth penalties
To determine the role of OsCSN5 in blast disease resistance, we ex-
amined its expression pattern in Nipponbare (NPB) plants following 
infection with the compatible M. oryzae isolate RB22. Quantitative 
reverse transcriptase polymerase chain reaction (qRT- PCR) analysis 
showed that OsCSN5 was rapidly induced at 12 and 24 hours after 
inoculation with M. oryzae (fig. S1A). To further explore the disease 
resistance phenotype of OsCSN5, OsCSN5 knockout mutants (oscsn5) 
were generated by CRISPR- Cas9–mediated genome editing approach 
(fig. S1B). Various editing types in the T0 generation, including 1–, 
2–, and 4–base pair (bp) deletions leading to early termination 
occurred. However, we were unable to obtain loss- of- function 
oscsn5 homozygous mutants in T1 generation (fig. S1C), suggesting 
potential embryo mortality. As an alternative, we generated OsCSN5 
knockdown lines via RNA interference (RNAi) approach. Two 
OsCSN5 RNAi constructs, OsCSN5 RNAi (I) and OsCSN5 RNAi 
(II), targeting the regions of 594 to 891 bp and 822 to 1083 bp of 
OsCSN5 coding sequence, respectively, were built and introduced 
into NPB plants (fig. S1D), resulting in two independent OsCSN5- 
RNAi lines with significantly reduced expression of OsCSN5 as esti-
mated by qRT- PCR (fig. S1E). The spray inoculation assay at the 
seedling stage demonstrated that the OsCSN5- RNAi plants exhibited 
enhanced resistance with lower fungal biomass relative to the wild 
type NPB plants (Fig. 1, A and 1B). Subsequent punch inoculation 
of OsCSN5- RNAi lines at the tillering stage also developed smaller 
lesion area and reduced fungal biomass (Fig. 1, C to E), indicat-
ing that OsCSN5 negatively regulates M. oryzae resistance at both 
seedling and tillering stages.

To investigate the resistance mechanism mediated by OsCSN5, 
we measured the accumulation of reactive oxygen species (ROS) in 
response to chitin treatment. The OsCSN5- RNAi lines exhibited a 
higher ROS burst compared to the NPB control (Fig. 1F). Moreover, 
the transcript levels of defense marker genes, OsPAL1 and OsPR10, 
were significantly up- regulated in the OsCSN5- RNAi plants at 0 and 
24 hours after inoculation with M. oryzae isolate RB22 (Fig. 1, G and 
1H). To further assess the impact of OsCSN5 suppression on resistance 
against bacterial pathogen, the OsCSN5- RNAi plants were inoculated 

with a compatible Xoo isolate. Two weeks after inoculation, the 
OsCSN5- RNAi plants displayed enhanced resistance to Xoo, as evi-
denced by shorter lesions and lower bacterial growth compared to 
NPB plants (Fig. 1, I and J, and fig. S1F). These findings indicated 
that OsCSN5 plays a negative regulatory role in resistance to fungal 
and bacterial diseases.

The broad- spectrum resistance displayed by OsCSN5- RNAi lines 
prompted us to investigate their agronomic traits in field conditions. 
Unexpectedly, the OsCSN5- RNAi plants showed normal growth in 
the field (Fig. 1K). To further evaluate their performance, various 
agronomic traits such as plant height, grain length, grain width, ef-
fective panicle numbers per plant, grain number per panicle, seed 
setting rate, and thousand- grain weight were analyzed. These traits 
were comparable to those of the NPB plants (Fig. 1L and fig. S1, G to 
K). These findings demonstrated that suppression of OsCSN5 can 
improve broad- spectrum disease resistance without obvious growth 
penalties.

OsCSN5 interacts with and is ubiquitinated by OsPUB45
To explore the regulation mechanism of the OsCSN5 protein, tran-
siently experiments were conducted in rice protoplasts through ex-
pressing OsCSN5- GFP and treatment with the 26S proteasome 
inhibitor MG132. Immunoblotting analysis showed a notable in-
crease of the OsCSN5 protein level upon MG132 treatment. In addi-
tion, RT- PCR analysis indicated that the transcript levels of OsCSN5 
remained consistent (Fig. 2A), suggesting that OsCSN5 protein may 
be targeted for degradation through the 26S proteasome pathway. To 
further explore the proteins involved in the degradation of OsCSN5, 
we screened the ubiquitin E3 ligase (UbE3)–ORFeome library us-
ing OsCSN5 as bait (29), leading to the identification of a U- box 
domain- containing protein known as OsPUB45 (encoded by 
LOC_Os02g33680). Subsequent yeast two- hybrid assay confirmed 
the interaction between OsCSN5 and OsPUB45 (Fig. 2B). To exam-
ine their interaction in vivo, we conducted a co- immunoprecipitation 
(co- IP) assay by coexpressing OsCSN5- GFP and OsPUB45- HA or 
HA- nLuc in rice protoplasts. Immunoblot analysis with an anti- GFP 
antibody showed that OsCSN5–green fluorescent protein (GFP) co-
precipitates with OsPUB45–hemagglutinin (HA), but not with the 
control HA- nLuc (Fig. 2C). Moreover, a bimolecular fluorescence 
complementation (BiFC) assay demonstrated the reconstitution of 
yellow fluorescent protein when OsCSN5- nYFP [OsCSN5 fused to the 
N- terminal half of yellow fluorescent protein (YFP)] and OsPUB45- 
cYFP (OsPUB45 fused to the C- terminal half of YFP) were coex-
pressed, supporting the interaction between these proteins in cytoplasm 
and nucleus (fig. S2, A and B). The collective evidence solidifies the 
conclusion that OsCSN5 interacts with OsPUB45 in planta.

We then investigated whether OsPUB45 ubiquitinates OsCSN5. 
In the presence of ubiquitin, E1, and E2, the auto- ubiquitination ac-
tivity of MBP- OsPUB45 was detected using an anti- ubiquitin anti-
body (Fig. 2D). A high–molecular weight polyubiquitination band 
of glutathione S- transferase (GST)–OsCSN5 was evident when in-
cubated with MBP- OsPUB45, E1, E2, and ubiquitin (Fig. 2D), indi-
cating that OsCSN5 can be polyubiquitinated by OsPUB45. To 
determine whether OsPUB45 promotes the degradation of OsCSN5 
in vivo, we coexpressed the same amount of OsCSN5- GFP either 
alone or together with increasing amounts of OsPUB45- HA in rice 
protoplasts. The OsCSN5- GFP protein decreased substantially with 
higher levels of OsPUB45 protein (Fig. 2E). Treatment with MG132 
markedly inhibited the degradation of OsCSN5 by OsPUB45, and 
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RT- PCR analysis showed consistent transcript levels of OsCSN5 in 
all conditions (Fig. 2E). As OsPUB45 exhibits E3 ligase activity, we 
investigated whether OsPUB45- mediated OsCSN5 degradation de-
pended on its U- box domain. We first tested the self- ubiquitination 
activity with deletion of the U- box domain. The auto- ubiquitination 
activity lost in MBP- OsPUB45- Δubox compared to MBP- OsPUB45 
(fig. S2C), indicating the importance of the U- box domain for self- 
ubiquitination. In vivo degradation assays revealed that the decreased 
OsCSN5- GFP levels by OsPUB45- HA was partially blocked when 
coexpressing with OsPUB45- Δubox- HA, with consistent OsCSN5 
transcript levels in all conditions (Fig. 2F). These findings suggested 
that OsPUB45 ubiquitinates OsCSN5, leading to its proteasomal 
degradation. To determine whether the ubiquitination and degrada-
tion of OsCSN5 by OsPUB45 is influenced by chitin treatment. We 

transiently coexpressed OsCSN5- GFP and OsPUB45- HA in rice 
protoplasts with or without 80 nM chitin treatment for 1 hour. Im-
munoblot analysis revealed that chitin treatment enhanced the 
ubiquitination and degradation of OsCSN5 by OsPUB45 (fig. S2, 
D and E).

OsPUB45 positively regulates disease resistance against  
M. oryzae and Xoo
To determine the role of OsPUB45 in rice blast disease resistance, the 
expression levels of OsPUB45 were examined in NPB plants infected 
with compatible M. oryzae isolate. OsPUB45 was significantly up- 
regulated at 48 hours after inoculation compared to mock- treated 
plants (fig. S3A), suggesting a potential involvement of OsPUB45 in 
rice blast resistance. Next, ospub45 knockout mutants were generated 

Fig. 1. Silencing of OsCSN5 in rice enhances disease resistance against M. oryzae and Xoo without growth penalties. (A and B) disease symptoms (A) and relative 
fungal biomass (B) of representative leaves from OsCSN5- RnAi and nPB plants after spray inoculation with M. oryzae isolate RB22. (C to E) disease symptoms (c), the rela-
tive leaf area with lesions as measured by imageJ (d), and relative fungal biomass (e) of representative leaves of OsCSN5- RnAi and nPB plants after punch inoculation with 
M. oryzae isolate RB22. (F) chitin- induced ROS accumulation dynamics in OsCSN5- RnAi and nPB plants. Water treatment (Mock) was the negative control. (G and h) Rela-
tive transcript levels of the defense- related genes OsPAL1 (G) and OsPR10 (H) in OsCSN5- RnAi and nPB plants at 0 and 24 hours after spray inoculation with M. oryzae 
isolate RB22 as determined by qRt- PcR. (I and J) Phenotypes of the leaves of OsCSN5- RnAi plants inoculated with the Xoo isolate PXO99A (i) and lesion length (J). Scale 
bar, 2 cm. (K) Morphological phenotypes of OsCSN5- RnAi plants. Scale bar, 10 cm. (L) Grain width (left) and grain length (right) of OsCSN5- RnAi and nPB plants. Scale bar, 
1 cm. All the statistical analysis data are shown as mean ± Se, and significance was determined at *P < 0.05 and **P < 0.01 (n = 3) with a two- tailed Student’s t test.
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using the CRISPR- Cas9 approach in the japonica rice variety Zhonghua 
11 (ZH11), which is highly conserved with NPB at the genome level 
(30). Two independent homozygous lines, i.e., 10- 1 and 23- 1 in 
which a 1- bp insertion and 2- bp deletion occurred, respectively, 
leading to early termination (fig. S3B). The spray inoculation assay at 
the seedling stage showed that the ospub45 mutants displayed in-
creased susceptibility to M. oryzae infection, as evidenced by higher 
fungal biomass compared to the wild- type ZH11 plants (fig. S3, C 
and D). We subsequently also performed the punch inoculation with 
the same isolate at tillering stage. The ospub45 mutants developed 
much larger disease lesion area and more fungal biomass than that in 
ZH11 plants (Fig. 3, A to C). Corresponding to reduced resistance, the 
ospub45 mutants showed reduced chitin- triggered ROS burst and lower 
expression levels of defense- related genes OsPAL1 and OsPR10 at 

0 and 24 hours after inoculation with M. oryzae isolate RB22 (Fig. 3, 
D to F), these findings demonstrated that dysfunction of OsPUB45 
compromised rice blast responses. The OsPUB45 overexpressing trans-
genic rice plants driven by maize UBIQUITIN promoter (OsPUB45- 
OX) were then generated and identified by qRT- PCR analysis (fig. 
S3E), two independent lines were selected for resistance evaluation 
inoculated with M. oryzae isolate. Contrast with the ospub45 mutants, 
the OsPUB45- OX plants showed enhanced resistance to M. oryzae 
infection, with smaller lesion size and reduced fungal biomass com-
pared with the wild- type ZH11 (Fig. 3, G to I). Moreover, the chitin- 
triggered ROS burst and the expression of defense- associated genes 
OsPAL1 and OsPR10 were largely increased in OsPUB45- OX plants 
at 0 and 24 hours after inoculation with M. oryzae isolate RB22 com-
pared to the wild type (Fig. 3, J to L). To explore whether OsPUB45 

Fig. 2. OsPUB45 ubiquitinates and targets OsCSN5 for degradation via the 26S proteasome pathway. (A) OscSn5- GFP abundance was detected in transfected 
protoplasts after treatment with dimethyl sulfoxide or MG132. OscSn5- GFP was then detected by immunoblotting with an anti- GFP antibody. hA- nluc serves as a load-
ing control. the relative transcript levels of OsCSN5 and OsUBQ were detected by Rt- PcR. (B) OsPUB45 interacts with OscSn5 in yeast. Ad, pGAdt7 Ad vector; Bd, pGBKt7 
Bd vector. Yeast were grown on ddO (Sd- leu- trp) or QdO (Sd- leu- trp- his- Ade) medium. (C) co- iP assay for the interaction between OscSn5 and OsPUB45 in rice proto-
plasts. OscSn5- GFP was coexpressed with hA- nluc and OsPUB45- hA in rice protoplasts. (D) Ubiquitination assay of OscSn5 by OsPUB45 in vitro. GSt- OscSn5 from 
Escherichia coli was incubated with e1, e2, Ub, and rice total extract preincubated MBP- OsPUB45 in the reactions. Ubiquitination of GSt- OscSn5 was detected by anti- GSt 
antibody. Ubn- OscSn5 denotes ubiquitinated OscSn5 band. (E) degradation of OscSn5 is OsPUB45 dosage dependent. OscSn5- GFP was coexpressed with hA- nluc, 
OsPUB45- hA in rice protoplasts, respectively. numbers under the bands indicate relative OscSn5- GFP abundance, normalized to cMyc- luc as loading control. the relative 
transcript levels of OsCSN5 and OsUBQ were detected by Rt- PcR. Similar results were obtained from three independent biological experiments. (F) OsPUB45 promotes the 
degradation of OscSn5 via 26S proteasome pathway in vivo. OscSn5- GFP was cotransfected with hA- nluc, OsPUB45- hA, or OsPUB45- Δubox- hA in rice protoplasts, re-
spectively. Actin serves as an internal control. the relative transcript levels of OsCSN5 and OsUBQ were detected by Rt- PcR. Similar results were obtained from three inde-
pendent biological experiments.
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Fig. 3. OsPUB45 positively regulates rice disease resistance to M. oryzae and Xoo. (A to C) disease symptoms (A), the relative leaf area with lesions as measured by 
imageJ (B), and relative fungal biomass (c) of representative leaves of ospub45 mutants and Zh11 plants after punch inoculation with M. oryzae isolate RB22. (D) chitin- 
induced ROS accumulation dynamics in ospub45 mutants and Zh11 plants. Water treatment (Mock) was the negative control. (E and F) Relative transcript levels of 
defense- related genes OsPAL1 (e) and OsPR10 (F) in ospub45 mutants and Zh11 plants at 0 and 24 hours after spray inoculation with M. oryzae isolate RB22 as determined 
by qRt- PcR. (G to I) disease symptoms (G), the relative leaf area with lesions as measured by imageJ (h), and relative fungal biomass (i) of representative leaves of 
OsPUB45- OX and Zh11 plants after punch inoculation with M. oryzae isolate RB22. (J) chitin- induced ROS accumulation dynamics in OsPUB45- OX and Zh11 plants. Water 
treatment (Mock) was the negative control. (K and L) Relative transcript levels of defense- related genes OsPAL1 (K) and OsPR10 (l) in OsPUB45- OX and Zh11 plants at 
0 and 24 hours after spray inoculation with M. oryzae isolate RB22 as determined by qRt- PcR. (M and N) Phenotypes of ospub45 mutants inoculated with the Xoo isolate 
PXO99A (M) and lesion length (n). Scale bar, 2 cm. (O and P) Phenotypes of OsPUB45- OX plants inoculated with the Xoo isolate PXO99A (O), and lesion length (P). Scale 
bar, 2 cm. (Q) time- course degradation of OscSn5- GFP in rice protoplasts from Zh11 or ospub45 mutants. cotransfected rice protoplasts were treated with 100 μM chX 
to block protein synthesis for the indicated duration of time, and OscSn5- GFP levels were monitored by immunoblotting. All the statistical analysis data are shown as 
mean ± Se, and significance was determined at *P < 0.05 and **P < 0.01 (n = 3) with a two- tailed Student’s t test.
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was also involved in bacterial disease resistance, we evaluated the 
resistance of the ospub45 mutants and OsPUB45- OX lines to infec-
tion with the Xoo isolate PXO99A. Two weeks after inoculation, the 
Xoo disease lesions developed longer, and bacterial growth was high-
er on the ospub45 mutants than on ZH11 plants (Fig. 3, M and N, 
and fig. S3F), whereas the OsPUB45- OX plants showed shorter le-
sion length and lower bacterial growth (Fig. 3, O and P, and fig. S3G). 
Together, these data further supported the role of OsPUB45 as a 
positive regulator of rice immunity. Next, we determined the stability 
of OsCSN5 in ospub45 mutants through transiently expressing 
OsCSN5- GFP in rice protoplasts isolated from ospub45 mutant and 
ZH11 plants. The protoplasts were treated with protein synthesis in-
hibitor cycloheximide (CHX). The results revealed that the degrada-
tion of OsCSN5- GFP protein was slower in ospub45 protoplasts 
compared to ZH11 protoplasts (Fig. 3Q). Conversely, the OsCSN5- 
GFP protein exhibited decreased stability when expressed in OsPUB45- 
OX protoplasts (fig. S3H). These results indicate that OsPUB45 
facilitates the degradation of OsCSN5 in rice cells.

OsCSN5 interacts with and stabilizes OsCUL3a
In Arabidopsis, csn5a- 2 cul3a double mutants exhibit substantially 
enhanced disease resistance against the virulent Oomycete Hpa and 
overaccumulation of PR1 protein compared to cul3a single mutants, 
suggesting that CUL3a and CSN5 coordinately negatively regulate 
resistance (16). In rice, OsCUL3a has been found to negatively 
regulate cell death and resistance against M. oryzae and Xoo (27). 
To confirm the interaction between OsCSN5 and OsCUL3a in rice 
cell, we performed a co- IP assay by transfecting rice protoplasts 
with OsCSN5- GFP and either HA- OsCUL3a or HA- nLuc plasmids. 
The HA- OsCUL3a fusion protein was immunoprecipitated from 
the rice extracts using an anti- HA antibody, and OsCSN5- GFP 
was specifically detected in the immunocomplex (Fig. 4A). To fur-
ther verify the location of the interaction between OsCSN5 and 
OsCUL3a in the cell, Agrobacterium strains containing OsCSN5- 
nYFP and OsCUL3a- cYFP constructs were co- infiltrated into 
Nicotiana benthamiana leaves. The BiFC assay showed that recon-
stituted YFP fluorescence occurred in the cytoplasm and nucleus, 
while no signal was observed in the negative control combinations 
(Fig. 4B and fig. S4A). These findings collectively demonstrate that 
OsCSN5 interacts with OsCUL3a in planta.

To understand how OsCSN5 interacts with OsCUL3a to regu-
late rice resistance, we conducted experiments by cotransfecting 
HA- OsCUL3a with either OsCSN5- GFP or 2×GFP in rice proto-
plasts. Immunoblotting analysis revealed a substantial increase of 
OsCUL3a protein level when coexpressed with OsCSN5- GFP 
compared to the 2×GFP control while similar transcript levels of 
OsCUL3a in both combinations (Fig. 4C), demonstrating that 
OsCSN5 can promote the accumulation of OsCUL3a protein. 
Subsequently, we transfected HA- OsCUL3a plasmid into proto-
plasts isolated from NPB and OsCSN5- RNAi lines. The intensity of 
the HA- OsCUL3a band was notably weaker in OsCSN5- RNAi 
protoplasts compared to that in NPB protoplasts (Fig. 4D). 
These results demonstrated that OsCSN5 plays a role in stabilizing 
OsCUL3a protein in planta.

OsCSN5- mediated resistance through downstream 
OsCUL3a- OsNPR1 pathway
OsCUL3a plays a crucial role in regulating cell death and immunity 
by promoting the degradation of OsNPR1 (27). The stabilization of 

OsCUL3a by OsCSN5 prompted us to determine the impact of 
suppressing OsCSN5 on OsCUL3a- mediated OsNPR1 degradation. 
Total proteins were extracted from OsCSN5- RNAi and NPB plants, 
and immunoblotting analyses revealed higher levels of OsNPR1 
protein in OsCSN5- RNAi lines compared to that in NPB plants 
despite similar transcript levels of OsNPR1 in both (Fig. 4E). Con-
versely, when coexpressing with OsCSN5- GFP, a lower level of 
OsNPR1 protein was detected using anti- cMyc antibody compared 
to coexpress with 2×GFP in rice protoplasts (fig. S4B). To determine 
whether OsCSN5- mediated OsNPR1 degradation is dependent on 
OsCUL3a, we transiently coexpressed cMyc- OsNPR1 with OsCSN5- 
GFP or the control 2×GFP in rice protoplasts from oscul3a mutant 
and ZH11. Immunoblotting analysis showed a rapid decrease in 
OsNPR1 levels when coexpressed with OsCSN5- GFP in ZH11 
plants (Fig. 4F, lane 1 and lane 2). In contrast, cMyc- OsNPR1 
protein levels remained stable in the oscul3a mutant (Fig. 4F, lane 3 
and lane 4), with consistent transcript levels of OsNPR1 in all 
combinations as confirmed by RT- PCR analysis (Fig. 4F). These 
findings demonstrate that OsCSN5 stabilizes OsCUL3a to promote 
OsNPR1 degradation.

To determine whether OsCSN5- mediated resistance through 
OsNPR1, we utilized CRISPR- Cas9 technology to generate osnpr1 
knockout mutants in both NPB and OsCSN5- RNAi backgrounds 
(Fig. 4G and fig. S4C). Subsequently, we assessed their resis-
tance phenotypes against M. oryzae. The osnpr1 mutants exhibited 
decreased resistance compared to NPB, as evidenced by larger le-
sions and higher fungal biomass (fig. S4, D to F). The resistance of 
OsCSN5- RNAi plants was compromised in plants harboring 
both osnpr1 mutation and OsCSN5 suppression (Fig. 4, H and 
I). These results indicate that OsCSN5- mediated resistance likely 
achieved through the downstream action of OsNPR1.

OsPUB45 interferes with the effects of OsCSN5 on 
OsCUL3a- mediated OsNPR1 degradation
To further explore the impact of OsPUB45 on the stability of 
OsCUL3a mediated by OsCSN5, we conducted an experiment 
by coexpressing HA- OsCUL3a with OsCSN5- GFP or 2×GFP in 
OsPUB45- OX and ZH11 protoplasts. Immunoblotting analysis re-
vealed that the increased amount of HA- OsCUL3a by OsCSN5- 
GFP in ZH11 was remarkably reduced in OsPUB45- OX plants 
(Fig. 5A), indicating that OsPUB45- mediated degradation of OsCSN5 
leads to a decrease in OsCUL3a protein abundance. Given that 
OsCSN5 negatively regulates OsNPR1 accumulation, we also in-
vestigated the impact of OsPUB45 on OsNPR1 protein accumula-
tion. Upon isolating total RNA and proteins from OsPUB45- OX 
lines and ZH11, we observed comparable transcript levels of 
OsNPR1 (fig. S5A). However, the protein levels of OsNPR1 were 
increased in two OsPUB45- OX lines when analyzed using an anti- 
OsNPR1 antibody (Fig. 5B). Conversely, the transcript level of 
OsNPR1 remained consistent (fig. S5B), but the OsNPR1 protein 
level was reduced in ospub45 mutants (Fig. 5C). These findings 
indicate that OsPUB45 degrades OsCSN5 to positively regulate 
immunity through the OsCUL3a- OsNPR1 pathway. Upon chitin 
treatment, OsPUB45 was found to promote the ubiquitination and 
degradation of OsCSN5 (fig. S2E). To further explore the impact 
of chitin treatment on OsNPR1 degradation by OsCUL3a, we co-
expressed cMyc- OsNPR1 and HA- nLuc or HA- OsCUL3a in rice 
protoplasts with or without 80 nM chitin treatment for 1 hour. Im-
munoblot analysis revealed that chitin treatment attenuated the 
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ubiquitination and degradation of OsNPR1 by OsCUL3a (fig. S6). 
These findings suggest that chitin treatment enhances the ubiquiti-
nation and degradation of OsCSN5, leading to reduced OsCSN5 
levels. This reduction in OsCSN5 subsequently lowers OsCUL3a 
level, weakening the ubiquitination and degradation of OsNPR1 
and ultimately activating immunity.

DISCUSSION
Suppression of OsCSN5 in rice endows enhanced resistance 
without any yield penalties
Developing resistant materials against multiple pathogens is a desir-
able goal in crop breeding programs. However, it is often observed 
that strong immune responses can come at the cost of reduced 

Fig. 4. OsCSN5- mediated resistance through OsCUL3a- OsNPR1 pathway. (A) co- iP assay for the interaction between OscSn5 and OscUl3a in rice protoplasts. (B) BiFc 
assay to confirm the interaction between OscSn5 and OscUl3a in N. benthamiana. Scale bars, 50 μm. mcherry- Osh2B was coexpressed to indicate the nucleus. (C) Stability 
of OscUl3a promoted by OscSn5 in rice protoplasts. HA- OsCUL3a was cotransfected with 2×GFP, OsCSN5- GFP in rice protoplasts, followed by immunoblotting. cMyc- luc 
protein was coexpressed as a loading control. the relative transcript levels of OsCUL3a and OsUBQ were detected by Rt- PcR. there were three biological replicates with 
similar results. (D) Stability of OscUl3a in OsCSN5- RnAi rice protoplasts. Plasmid of HA- OsCUL3a was transfected into nPB and OsCSN5- RnAi rice protoplasts. Actin protein 
was served as the internal control. the relative transcript levels of OsCUL3a and OsUBQ were detected by Rt- PcR. (E) immunoblot analysis of OsnPR1 protein levels in the 
nPB and OsCSN5- RnAi plants using an anti- OsnPR1 antibody. three independent experiments were carried out with similar results. (F) degradation of OsnPR1 by OscSn5 
in Zh11 and oscul3a rice protoplasts. the relative transcript levels of OsNPR1 and OsUBQ were detected by Rt- PcR. (G) diagram of the mutations in osnpr1 mutants gener-
ated by the cRiSPR- cas9 technology. the yellow boxes represent exons, and gray boxes represent untranslated regions (UtRs). (H and I) disease symptoms, the relative 
leaf area with lesions as measured by imageJ (h), and relative fungal biomass (i) of representative leaves of osnpr1, OsCSN5- RnAi, osnpr1/OsCSN5- RnAi, and nPB plants 
after punch inoculation with M. oryzae isolate RB22. values are means ± Sd (n = 3, technical repeats).
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growth (31, 32). Therefore, identifying resistant materials that con-
fer immunity without impacting growth is of great value in crop 
breeding (33–35). While completely loss of susceptibility (S) genes 
or negative regulators can lead to growth defects and reduced 
yield, recent studies have shown that specific gene mutations can 
strike a balance between immunity and growth (36). For example, 
knocking out the RESISTANCE OF RICE TO DISEASES1 (ROD1) 
gene in rice confers resistance to multiple pathogens but results in 
reduced yield. A naturally ROD1 allele with a single- base substitu-
tion in the coding sequence maintains resistance while alleviating 
the yield penalty of the rod1 mutant (37). Similarly, knockout of 
RESISTANCE TO BLAST1 (RBL1) provides broad- spectrum resis-
tance against rice blast but caused a considerable reduction in yield. 
However, a mutation lacking of 12- bp segment of RBL1 produces 
an elite allele that confers broad- spectrum resistance without com-
promising yield (38).

It has been shown that mutation of CSN5a in Arabidopsis and 
dysfunction or silencing of its orthologs in wheat or grapevine 
largely enhances resistance to respective fungal pathogens (16–
19). We found that knockout of OsCSN5 in rice resulted in embryo 
mortality, but the suppression of OsCSN5 by RNAi approach sub-
stantially boosted disease resistance against M. oryzae and Xoo, 
chitin- induced ROS production, and the expression of defense- 
related genes (Fig. 1). Silencing of OsCSN5 did not have a notice-
able impact on major agronomic traits (Fig. 1), indicating that 
reducing the expression of OsCSN5 could be beneficial for rice 
resistance breeding. Recent studies has indicated that knockdown 
of OsCSN5 leads to stronger symptoms of rice black- streaked 
dwarf virus (39); in addition, a positive role of CSN5 in immunity 
have been reported in which down- regulation of SlCSN5- 1 and 
SlCSN5- 2 in tomato results in reduced resistance against the 
necrotrophic fungal pathogen Botrytis cinerea and stunted growth 
(40). The suppression of SlCSN5- 1 and SlCSN5- 2 did not affect 
resistance against tobacco mosaic virus (40). These results imply 
that CSN5 may play distinct roles in mediating immunity against 
different pathogens.

Ubiquitination of OsCSN5 by OsPUB45 modulates 
plant immunity
In mammals, the CSN complex inhibits constitutive NF- κB activity 
in nonactivated cells. Knocking down CSN5 enhances basal NF- κB 
activity and improves cell survival under stress (28). The IκB kinase 
2 interacts with and phosphorylates CSN5, leading to its ubiquitina-
tion via the 26S proteasome pathway to activate NF- κB activity (28). 
However, the specific E3 ubiquitin ligase responsible for targeting 
CSN5 has not been identified. In the current study, we revealed that 
OsCSN5 protein can be degraded by an E3 ligase, and the U- box–type 
E3 ligase OsPUB45 was initiatively identified from a rice UbE3 
library (29). In vitro ubiquitination assay revealed that OsCSN5 was 
directly ubiquitinated by OsPUB45 (Fig. 2). Moreover, OsPUB45 
positively regulated resistance against M. oryzae and Xoo (Fig. 3), 
resemble to the phenotype observed in OsCSN5- RNAi plants, indi-
cating that ubiquitination of OsCSN5 triggered immunity. Given the 
high conservation of CSN5 protein across species and the importance 
of U- box–type E3 ligase in coordinating plant immunity, it is likely 
that CSN5 protein is targeted for degradation by OsPUB45 orthologs 
in other species.

OsCSN5- mediated resistance through 
OsCUL3a- OsNPR1 module
Cullin- RING ligases (CRLs) are a major class of E3 ligases, compris-
ing approximately 63% of all E3s in rice (41). CRLs can be catego-
rized on the basis of different CULs and the substrate adapters (42). 
Loss- of- function mutations of CUL1 in Arabidopsis are lethal, while 
a weak mutation, Atcul1–7, results in a dwarf phenotype and consti-
tutive defense response (43, 44). Emerging studies have highlighted 
the crucial role of CUL3 E3 ligases in plant immunity (41). For in-
stance, OsCUL3a has been shown to negatively regulate resistance 
against fungal M. oryzae and bacterial Xoo in rice (27). The canoni-
cal function of CSN5 is to catalyze the removal of NEDD8 (de- 
neddylation) from CUL proteins to regulate E3 ligase activity (45). 
In Arabidopsis, csn5a csn5b double mutants exhibit a notable in-
crease in neddylation levels of CUL1 and CUL4, but not CUL3s 

Fig. 5. OsPUB45 interferes with the effects of OsCSN5 on OsCUL3a and OsNPR1 abundance. (A) Stability of OscUl3a by OscSn5 in Zh11 and OsPUB45- OX rice 
protoplasts. Plasmid of HA- OsCUL3a was cotransfected with 2×GFP or OsCSN5- GFP into Zh11 and OsPUB45- OX rice protoplasts. Actin protein was served as the inter-
nal control. OscUl3a protein levels were determined by immunoblotting. (B) immunoblot analysis of OsnPR1 protein levels in Zh11 and OsPUB45- OX plants by an 
anti- OsnPR1 antibody. Actin was used as the internal control. (C) immunoblot analysis of OsnPR1 protein levels in Zh11 and ospub45 mutants by an anti- OsnPR1 
antibody. Actin was used as the internal control. (D) OscSn5 interacts with and stabilizes OscUl3a to promote the degradation of OsnPR1 for rice normal growth in 
the absent of infection. the expression of OsPUB45 is induced by pathogen infection. OsPUB45 promotes OscSn5 degradation to inhibit OscUl3a and activate 
OsnPR1- mediated immunity.
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(15). The barley yellow striate mosaic virus (BYSMV) P6 protein 
interacts with CSN5 of barley plants and negatively affects CSN5- 
mediated deRUBylation of CUL1 (46). Our research revealed that 
the expression of OsCSN5 promotes the accumulation of OsCUL3a, 
while the suppression of OsCSN5 reduces OsCUL3a protein abun-
dance (Fig. 4, C and D), indicating that OsCSN5 plays a role in regulat-
ing OsCUL3 protein stability. This finding is similar to previous studies 
conducted in Drosophila melanogaster, where the CUL3 protein was 
lower in CSN5 null mutants and exhibited a shorter half- life in 
CSN5- RNAi cells, indicating that CUL3 protein degradation maybe 
a prominent mechanism (47). The degradation of CUL3 in CSN5 
null mutants was prevented by coexpressing CSN5 protein, suggest-
ing that CSN5 protects CUL3 from degradation (47). It is possible 
that CSN5 recycles unstable CUL3 into a more stable form and 
thereby promoting CUL3- organized E3 activity in vivo. We infer 
that this protective effect of CSN5 is likely also occur with OsCUL3a 
in rice. csn5a- 2 cul3a double mutants in Arabidopsis displayed nota-
bly enhanced immunity compared to cul3a mutant (16). However, it 
is still unknown whether CUL3a and CSN5a in Arabidopsis share 
similar regulatory mechanisms. Notably, a substantial decrease in 
OsCUL3a and increase in OsNPR1 protein levels were detected in 
OsCSN5- RNAi transgenic plants (Fig. 4, D and E), with the decrease 
in OsNPR1 by OsCSN5 being compromised in oscul3a mutants 
(Fig. 4F). This suggests that OsCSN5 promotes the accumulation of 
OsCUL3a, preventing overactivation of OsNPR1 due to reduced 
OsCUL3a protein level. The relationship between protein regulation 
can also be confirmed through disease resistance phenotypes. We 
further found that the enhanced blast resistance in OsCSN5- RNAi 
plants was lost in osnpr1/OsCSN5- RNAi mutants (Fig. 4, H and I), 
supporting the role of OsCSN5 in negatively regulating rice disease 
resistance through OsNPR1. Therefore, OsCSN5 stabilizes OsCUL3a 
protein levels and maintains OsNPR1 homeostasis to balance de-
fense response and plant growth in rice.

On the basis of our research findings, we have developed a work-
ing model that illustrates how OsPUB45, OsCSN5, and OsCUL3a- 
OsNPR1 interact to regulate immunity in rice (Fig. 5D). Our results 
show that OsCSN5 plays a key role in stabilizing OsCUL3a, which 
destabilizes the OsNPR1 protein, preventing its constitutive activa-
tion in noninfected plants. In addition, pathogens such as M. oryzae 
induce the accumulation of OsPUB45, which interacts with and 
promotes the degradation of OsCSN5. This leads to a reduction in 
OsCUL3a protein levels and an increase in OsNPR1 accumulation, 
ultimately activating immunity in rice.

MATERIALS AND METHODS
Plant materials and growth conditions
The rice (Oryza sativa L.) cultivars NPB and ZH11 were used for 
disease evaluation in this study. The OsCSN5- RNAi lines were gen-
erated in NPB background. In the OsCSN5- RNAi constructs, a 
fragment of 594 to 891 bp and a fragment of 822 to 1083 bp in the 
OsCSN5 CDS region were targeted to suppress its expression. The 
oscsn5 and ospub45 mutants were generated in NPB and ZH11 
backgrounds by CRISPR- Cas9. The OsPUB45- OX (driven by the 
maize Ubiquitin promoter) transgenic plants were generated in the 
ZH11 background. All the resulting constructs were introduced 
into Agrobacterium (Agrobacterium tumefaciens) strain EHA105 
for rice transformation. T0 progeny were screened by PCR, se-
quencing, or qRT- PCR. Rice seedlings were grown in a growth 

chamber at 26°C and 70% relative humidity with a 12- hour 
light/12- hour dark photoperiod.

N. benthamiana plants
N. benthamiana were cultivated in soil under a 12- hour light/12- hour 
dark photoperiod at 25°C. Four- week- old N. benthamiana leaves were 
used in bimolecular fluorescence complementation assays.

Blast fungus inoculation and phenotypic analysis
M. oryzae isolate RB22 was cultivated on oat solid medium at 
28°C for 14 to 21 days to produce spores. For punch inoculation, 
a spore suspension of 3.0 × 105 spores/ml was used on the second 
leaf (from the top) of 6- week- old plants as previously described 
(48). Disease symptoms on leaves were scored 14 days after inocu-
lation; lesion areas were measured with ImageJ. For spray inocula-
tion, 3- week- old rice seedlings were sprayed with spore suspension 
(2.0 × 105 spores/ml). At 7 days after inoculation, leaves with rep-
resentative lesions were photographed. A segment of rice leaf 3 cm 
in length with a lesion was then cut and subjected to DNA extrac-
tion with the cetyltrimethyl ammonium bromide method. Rela-
tive fungal biomass was measured as previously described with 
DNA- based qPCR.

Xanthomonas oryzae pv. oryzae (Xoo) inoculation and 
disease symptom evaluation
Xoo PXO99A was grown on prostate- specific antigen (PSA) medi-
um plates at 30°C for 2 days before it was suspended in sterilized 
water. The bacterial suspension was adjusted to optical density at 
600 nm (OD600) = 0.5 and then used to inoculate rice leaves. Leaves 
of 6- week- old rice plants were cut with a scissors that had been 
dipped into the bacterial suspension (48). The lesion lengths were 
measured at 14 days after inoculation. For bacterial growth analysis, 
inoculated leaves (n = 3) were thoroughly ground, and the ground 
tissue was suspended in 1 ml of sterilized water. The leaf suspensions 
were then diluted and transferred to PSA medium plates containing 
cephalexin (15 mg/liter). The plates were incubated at 30°C, and colo-
nies were counted within 2 to 3 days (49).

Expression pattern analysis
Rice leaves were collected at different time points after spray inocu-
lation with M. oryzae isolates RB22. Water with 0.1% (v/v) Tween 
20 was used as a mock inoculation control (Mock). Total RNA was 
extracted from rice seedlings and converted to first- strand cDNA 
using the HiScript II First Strand cDNA Synthesis Kit (Vazyme, 
R212- 01). qRT- PCR was performed with 2×RealStar Fast SYBR 
qPCR Mix (GenStar, A301- 01) on an ABI QuantStudio 6 instru-
ment (10). The rice Ubiquitin gene (OsUBQ, LOC_Os03g13170) 
was used as the reference genes for rice. Gene expression levels were 
calculated using data from three technical repeats, and all experi-
ments were repeated thrice.

Measurement of ROS
Pathogen- associated molecular pattern (PAMP)- triggered oxida-
tive burst in OsCSN5- RNAi, ospub45, and OsPUB45- OX seedlings 
was detected as described previously. Leaf punches collected from 
the second leaves of 4- week- old plants were immersed in ddH2O 
overnight and were then transferred into 100 μl of luminol contain-
ing 1.0 μl of horseradish peroxidase (1 μg/μl), and elicitor (8 μM 
hexaacetylchitohexaose or water as a control). Chemiluminescence 
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was measured using a GloMax 20/20 luminometer (50). Three tech-
nical replicates were included for each sample.

Yeast two- hybrid assays
For E3 library screening, the OsCSN5 coding region was cloned in- 
frame into the pGBKT7 vector as the bait for the screening of inter-
acting proteins from the rice E3 ubiquitin ligase library (29). After 
screening the yeast transformants on SD- Leu- Trp selected plates, 
positive clones were transferred to SD- Leu- Trp- His- Ade medium 
to confirm the interaction. The yeast cells were grown on selective 
medium for 3 days at 30°C.

Co- IP assays
For co- IP assay, the desired constructs were cotransfected into rice 
protoplasts. After being kept in an incubator for 20 hours, total pro-
tein was extracted in native buffer [50 mM tris- MES, (pH 8.0), 0.5 
M sucrose, 1 mM MgCl2, 10 mM EDTA, 5 mM dithiothreitol (DTT), 
and protease inhibitor cocktail]. A total of 300 μl of supernatants of 
cell lysate was used for immunoprecipitation with 2 μl of GFP or HA 
antibody at 4°C for 2 hours with gentle shaking before the addition 
of 35 μl of Protein G agarose beads (Millipore) followed by 2 hours 
of incubation at 4°C. The beads were washed six times with 1× 
phosphate- buffered saline (PBS) with 1% Tween 20 (PBST) buffer 
and subsequently separated by SDS–polyacrylamide gel electropho-
resis (SDS- PAGE) (51).

BiFC assays
For BiFC assay, full- length coding sequences of OsCSN5, OsPUB45, 
and OsCUL3a were individually cloned into the p2YN (nYFP) or 
p2YC (cYFP) vectors to produce the fusion to the N-  or C- terminal 
of YFP, including OsCSN5- nYFP, OsPUB45- cYFP, and OsCUL3a- 
cYFP. The desired plasmids were separately transformed into 
Agrobacterium strain EHA105 and then transiently infiltrated in 
N. benthamiana leaves. Fluorescent signals were observed using 
a laser scanning confocal microscope (Zeiss LSM880) at 48 hours 
after infiltration (48). Total proteins were extracted from 4- week- old 
N. benthamiana leaves in ice- cold protein extraction buffer. After 
centrifuge at 15,000g for 10 min at 4°C, the protein extracts were mixed 
with 4×SDS loading buffer and separated by SDS- PAGE. Proteins 
were detected by immunoblotting using anti- HA (ABclonal, AE008) 
or anti- GFP antibody (Abcam, ab290).

In vivo degradation assay
The in vivo degradation assays were conducted in rice protoplasts. 
The desired combinations of plasmids were transfected into NPB, 
ZH11, or the indicated rice protoplasts. The proteins were extracted 
using protein denaturing buffer [50 mM tris- HCl (pH 7.5), 150 mM 
NaCl, 0.5% NP- 40, 4 M urea, and 1 mM phenylmethylsulfonyl fluo-
ride]. Appropriate amounts of 4×protein loading buffer was added 
and separated by SDS- PAGE before immunoblotting. Protein abun-
dance was detected by immunoblotting and normalized to the indi-
cated protein in each sample by ImageJ software (51). In addition, 
the total RNA was isolated and the relative transcript levels of each 
gene were determined by RT- PCR (10).

Anti- OsNPR1 antibody
Immunoblotting for OsNPR1 protein was performed with anti- 
OsNPR1 antibody (ABclonal, A20582) according to the manufac-
turer’s instructions.

In vitro E3 ligase ubiquitination assay
In vitro OsPUB45 E3 ligase activity and in vitro ubiquitination of 
OsCSN5 by OsPUB45 was done by following the method described 
previously (29). Briefly, crude extract containing E1 (wheat E1), E2 
(AtUBC8), ubiquitin (2 μg/μl), MBP, or MBP- OsPUB45 were mixed 
in 1× reaction buffer [50 mM tris- HCl (pH 7.4), 10 mM MgCl2, 5 
mM adenosine 5′- triphosphate, and 2 mM DTT]. The reactions were 
incubated at 30°C for 2 hours, and in vitro E3 ligase activity was de-
termined using an anti- Ub antibody and anti- MBP antibody. For the 
substrate ubiquitination assay, equal amounts of GST- OsCSN5 were 
added to the reaction mixture, and ubiquitination was measured by 
immunoblotting.

Accession numbers
The accession numbers of major genes mentioned in this study are as 
follows: OsCSN5, LOC_Os04g56070; OsPUB45, LOC_Os02g33680; 
and OsCUL3a, LOC_Os02g51180.

Quantification statistical analysis
Statistical analysis was performed with GraphPad Prism. Data were 
analyzed by two- tailed Student’s t test or one- way analysis of vari-
ance (ANOVA) to test the significance of the changes as indicated in 
the figure legends. Different lowercase letters or asterisks (*P < 0.05 
and **P < 0.01; ns, not significant) representing significance levels 
are given in the figures.

Supplementary Materials
This PDF file includes:
Figs. S1 to S6
table S1
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