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Abstract
Leaf angle is an essential component of plant architecture. Brassinosteroids (BRs) plays important roles
in regulating leaf angle. WD-40 repeat proteins (WDRPs) act as versatile scaffolds for protein–protein
interactions and participate in plant growth and development. To date, the functions of OsWDRPs have
been largely unknown. Here, we found that OsWDRP3 regulates leaf angle through the BR pathway in
rice. qRT–PCR and GUS reporter assays revealed that OsWDRP3 was expressed in a variety of tissues,
especially leaves. OsWDRP3 predominantly resides in the cytoplasm and aggregates near the cell
membrane. OsWDRP3-RNAi plants exhibited less sensitivity to BR than the wild type. Using bimolecular
�uorescence complementation assays and Co-IP, we determined that OsWDRP3 interacts physically with
OsBAK1. More importantly, an in vitro cell-free degradation assay showed that OsWDRP3 participates in
the protein degradation of OsBAK1. We also found that the degradation of OsBAK1 was delayed in
OsWDRP3 RNAi plants. In conclusion, our data suggest that OsWDRP3 affects BR signaling by regulating
the concentration of OsBAK1 in the cytoplasm and thus regulating the leaf angle in rice.

Background
Leaf angle is an essential component of plant architecture and plays important les in breeding yields
(Sinclair and Sheehy 1999; Xu et al. 2021). Recent analysis has shown that a complex
network participates in the regulation of leaf angle, and protein kinases and hormones, especially
brassinosteroids (BRs), play important roles in this network (Zhou et al. 2017; Li et al. 2020; Xu et al.
2021). Loss-of-function mutants of BR biosynthesis genes show erect leaves (Hong et al. 2002, 2003,
2005; Sakamoto et al. 2006; Tanabe et al. 2005). OsHAP3E regulates leaf angle by inhibiting BR
biosynthesis (Ito et al. 2011). In addition, SLENDER GRAIN (SLG), as a positive regulator of BR
synthesis, participates in the regulation of lamina joint angle (Feng et al. 2016). BU1, D1/RGA1, ILI1,
OsBRI1, DLT, OsBAK1, OsBZR1 and TUD1, as BR signaling components, also positively regulate leaf angle
in rice (Bai et al. 2007; Hu et al. 2013; Li et al. 2009; Tanaka et al. 2009; Tong et al. 2012; Wang et al.
2006; Zhao et al. 2013; Ruan et al. 2018). Some BR signaling factors, such as GSK2, IBH1 and OsLIC,
negatively regulate the leaf angle in rice (Tong et al. 2012; Zhang et al. 2009; Wang et al. 2008).

Several other identi�ed BR-related genes participate in the regulation of leaf angle. OFP3 is an interactor
of both GSK2 and DLT. It has been reported that OFP3-overexpressing lines show reduced plant height,
leaf angle and grain size (Xiao et al. 2020). Biochemical and genetic assays demonstrated that GSK2
phosphorylates WRKY53 and lowers its stability. WRKY53 has also been shown to interact with BZR1.
Genetic evidence shows that WRKY53 functions in a common pathway with the MAPKKK10-MAPKK4-
MAPK6 cascade in leaf angle and seed size control (Tian et al. 2021). Certain MADS genes, such as
OsMADS55, OsMADS22 and OsMDP1, which are negative regulators in BR signaling, negatively regulate
lamina joint bending (Lee et al. 2008; Duan et al. 2006). LC2 is a BR-induced gene that regulates lamina
joint bending by affecting cell division (Zhao et al. 2010). A number of other genes positively regulate
lamina joint bending, such as SDG725, OsGRAS19, RGA, SCR and XIAO (Sui et al. 2012; Chen et al. 2013;
Lin et al. 2019; Jiang et al. 2012). A positive regulator of BR signaling, reduced leaf angle 1 (RLA1),



Page 3/28

physically interacts with OsBZR1 and then regulates leaf angle in rice (Qiao et al. 2017; Hirano et al.
2017). Some bHLH transcription factors, such as OsBLR1, participate in leaf angle regulation though the
BR pathway in rice (Wang et al. 2020). Similarly, gain-of-function OsbHLH079 also causes a wide leaf
angle, while OsbHLH079-RNAi lines show the opposite phenotype (Seo et al. 2020). OsBUL1 positively
affects leaf angles by controlling cell elongation (Jang et al. 2017). Recently, Guo et al. (2021)
demonstrated that OsbHLH98 negatively regulates leaf angle by regulating the transcription of OsBUL1.
Therefore, BR biosynthesis and signaling greatly in�uence the rice leaf angle.

WD40 repeat proteins have an approximately 40 amino acid core region. The N-terminus of the core
region contains a glycine-histidine (GH) dipeptide, and the C-terminus has a tryptophan-aspartate (WD)
dipeptide (Migliori et al. 2012). The sequences of WD40 proteins are poorly conserved, and their functions
are diverse (Jain and Pandey 2018). The WD40 protein family has been identi�ed using genome-wide
identi�cation in Arabidopsis (van Nocker et al. 2003), cotton (Salih et al. 2018), foxtail millet (Mishra et al.
2014), rice (Ouyang et al. 2012), wheat (Hu et al. 2018), humans (Zou et al. 2018), peach (Feng et al.
2019) and mango (Tan et al. 2021). The functions of some WD proteins have been revealed. Three WD40
proteins, i.e., LEUNIG homolog (LUH), FRAGILE FIBER3 (FRA3) and TWD40-2, are associated with cell wall
formation (Bui et al. 2011; Zhong et al. 2004; Bashline et al. 2015). Another three WD40 proteins, i.e.,
CYP71, HOS15 and MS11, are associated with gene regulation (Li et al. 2007; Zhu et al. 2008; Mehdi et al.
2016). ULCS1, a WD40 protein in Arabidopsis, participates in the degradation of various
proteins by interacting with the E3 ligase complex (Beris et al. 2016). Another Arabidopsis WD40 protein,
i.e., NEDD, plays a role in microtubule organization (Zeng et al. 2009). The WD repeat-containing protein
TTG1 has functions in the immune response (Zhao et al. 2008). Therefore, studying the function of
WD40 proteins is of great signi�cance for further understanding the regulatory mechanism of plant
development.

To date, there are approximately 200 putative WD40 proteins in rice (Ouyang et al. 2012). However, the
roles of most WD40 proteins remain unknown. In this paper, we found that a WD40 protein in rice was
involved in the regulation of leaf upright growth, and RNAi transgenic plants showed BR insensitivity. In
vitro degradation results showed that the degradation of OsBAK1 was delayed in RNAi transgenic plants,
which inhibited BR signal transduction. This study provides insights into the roles of OsWDRP3 in the BR
pathway.

Results

OsWDRP3-RNAi knockdown transgenic plants display erect
leaves
To investigate the biological function of OsWDRP3, an OsWDRP3 mutant (wdrp3, 2A-20340) was isolated
from a T-DNA insertion library with the cv Dongjin background (Jeon et al. 2000; Jeong et al. 2006).
wdrp3 plants were short with a small leaf angle, but the number of seeds was very small; thus, we
developed OsWDRP3-overexpressing and OsWDRP3-silenced lines to characterize the roles of OsWDRP3
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in rice plants. Over 20 independent T0 OsWDRP3 RNAi lines were obtained. We then selected the RNAi14
line with the lowest OsWDRP3 gene expression to analyze the gene functions (Fig. 1A). We
also generated transgenic rice plants overexpressing OsWDRP3 (OE) under the control of a
maize ubiquitin promoter. The expression level of OsWDRP3 was higher in OE line 9 than in wild-type
plants. We selected OE line 9 to analyze the phenotype (Fig. 1B). In this study, all the transgenic
lines, including the OE and RNAi lines, were in the background of Hejiang19, a japonica variety.

OsWDRP3-RNAi lines showed a reduction in plant height (to 70%-75% of the wild-type height, n = 15, P <
0.01). OsWDRP3-OE plants were slightly higher than the wild ones, but there was no signi�cant difference
(Fig. 1C). Internode elongation was inhibited in all of the RNAi plants. We measured the lengths of the
individual internodes of plants. The results showed that each internode of OsWDRP3-RNAi plants had a
different length than the wild type. The �rst, second, third and fourth internodes were shortened by 17%,
41%, 48% and 53%, respectively (Fig. 1D). Based on the proportion of each internode to the total internode
length, OsWDRP3-RNAi plants belong to type D6 dwar�sm, which is usually related to BR synthesis or
signal transduction correlation (Takeda 1974). Additionally, although the plant height of the
overexpressed transgenic plants was similar to that of the wild type, its internode length changed, in
which the �rst internode extended relative to the wild type. It was 39% longer in the �rst internode, 2%
shorter in the second, 43% shorter in the third and 88% shorter in the fourth compared with the wild type.
Some overexpressed transgenic plants did not even have the fourth internode.

In wild-type rice, the leaf blade bends away from the vertical axis of the leaf sheath, whereas the leaves of
OsWDRP3-RNAi seedlings were erect at the seedling and adult stages (Fig. 1). The second lamina joint
angle of 9-day-old wild-type seedlings was 17.49 ± 4.09°, whereas that of the OsWDRP3-RNAi was
5.80 ± 1.63° (Fig. 1E), representing a 3-fold increase in the lamina angles of wild-type relative to that of
the OsWDRP3-RNAi plants. At the heading and harvest stages, the �ag leaf angle, second leaf angle and
third leaf angle of OsWDRP3-RNAi plants were reduced by 36%, 28% and 32%, respectively, compared
with the wild type (Fig. 1F). Since BR regulates the bending of the lamina joint (Yamamuro et al. 2000;
Hong et al. 2003), these results suggest that OsWDRP3 may be involved in BR biosynthesis
or signal transduction in rice.

OsWDRP3 participates in the regulation of BR synthesis and
transduction
We checked the expression of OsWDRP3 in wild-type rice under BR treatment by quantitative
PCR. Seven DAG wild-type rice seedlings were treated with 1 μM 24-epibrassinolide (24-eBL, the active
BL), and leaves treated with 0 h, 2 h, 4 h, 8 h, 12 h and 24 h were extracted. Total RNA was extracted, and
cDNA was synthesized by reverse transcription in vitro. OsWDRP3 gene expression increased after 2
h of treatment with 1 μM 24-eBL and decreased after 4 h of treatment (Fig. 2A). The results showed that
BR induced OsWDRP3 gene expression, suggesting that the OsWDRP3 gene may be involved in the BR
signaling pathway.
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BR biosynthesis and signal transduction are modulated in an intricate manner in plants (Tanaka 2005).
OsBRI1 and OsBZR1 have been identi�ed, and their loss-of-function mutants display erect leaves
(Yamamuro et al. 2000; Bai et al. 2007). OsBZR1 directly regulates the expression of the DWARF AND
LOW TILLERING (DLT) gene, an important BR response factor in rice (Tong et al. 2009). To investigate
whether OsWDRP3 was involved in the BR signaling pathway, we examined the expression of BR-related
genes in wild type and OsWDRP3-RNAi. The expression of OsBRI1 was downregulated in wild-type plants
under BR treatment, which was consistent with a previous report (Yamamuro et al. 2000). In RNAi
transgenic plants, the expression of OsBRI1 was downregulated, and there was little change in the
expression level after BR treatment. The results also showed that the BR signaling pathway regulation
gene OsBAK1 upregulated expression in wild-type plants under BR treatment. Additionally, the expression
of OsBAK1 was upregulated in RNAi plants but decreased after BR treatment, which was different from
wild-type plants. The expression levels of BZR1, which plays positive roles in BR signaling,
were upregulated when BR treatment was applied to wild-type plants, but no signi�cant
change occurred in OsWDRP3-RNAi plants (Fig. 2B).

We therefore analyzed the expression of BR biosynthetic genes in WT and OsWDRP3-RNAi (Tanabe et al.
2005; Hong et al. 2003). It was previously shown that the expression of CPD, which is involved in BR
biosynthesis, is downregulated by BL treatment (Tanaka et al. 2005). Hence, the expression level of CPD
can be used as an indicator of BL perception. We studied the effect of eBL on the expression of BR-
speci�c biosynthetic genes in wild-type and OsWDRP3-RNAi plants. When the plants were
treated with eBL, the expression of these genes in the wild-type plants was visibly reduced but not
affected in OsWDRP3-RNAi plants (Fig. 2C).

qRT–PCR results suggested that BR signal transduction was impaired in the OsWDRP3-RNAi plants. BR
signaling represses BR synthesis in a negative feedback manner, and impaired BR signaling usually
promotes the transcript accumulation of BR biosynthesis genes (Bai et al. 2007; Tong et al. 2009). These
results suggest that OsWDRP3 might be a positive regulator in the BR signaling pathway.

OsWDRP3-RNAi plants show BR-insensitive phenotypes
To examine whether the leaf-bending morphology of OsWDRP3-RNAi was related to BR signaling, we
tested the effect of exogenous BR on wild-type plants and RNAi plants.

First, we examined the coleoptile elongation of wild-type and OsWDRP3-RNAi seedlings in response to
eBL. Rice seeds were germinated in MS medium in the dark with or without 1 μM eBL. In wild-type plants,
coleoptile elongation was promoted when 1 μM eBL was added to the medium, but the same
experimental phenomenon was not seen in OsWDRP3-RNAi plants (Fig. 3A).

Second, we tested the response of root growth of the wild-type and OsWDRP3-RNAi seedlings to eBL. In
the absence of eBL, the root growth of OsWDRP3-RNAi plants was obviously shorter than that of the wild
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type. (Fig. 3 B). In the presence of 1 μM eBL, root elongation in wild-type seedlings was inhibited, whereas
OsWDRP3-RNAi showed the same growth status before and after treatment (Fig. 3B).

eBL can promote bending at the lamina joint, and BR-de�cient and BR-insensitive mutants show
decreased bending of the lamina joint (Cao and Chen 1995; Tanabe et al. 2005). We analyzed the
sensitivity of OsWDRP3-RNAi and OsWDRP3-OE to eBL with a lamina joint assay (Yamamuro et al.
2000). The lamina inclination assay revealed that the OsWDRP3-RNAi plants displayed an insensitive
phenotype to BR. After treatment with 100 nM 24-eBL, the second lamina joint angle of the 7-day-old wild-
type and OsWDRP3-RNAi seedlings increased by 8.12 ± 0.18 and 4.83 ± 0.14 times, respectively (Fig. 3C).
The lamina angles of wild-type plants increased signi�cantly after eBL treatment, whereas those of
OsWDRP3-RNAi had no obvious response. There was no signi�cant difference between OsWDRP3-OE
and wild-type plants (Fig. 3C).

These results suggested that the OsWDRP3-RNAi seedlings were less sensitive to exogenous BR than
wild-type seedlings.

OsWDRP3 is a WD40 repeat protein and widely express in
rice
The deduced amino acid sequence of OsWDRP3 consists of 345 residues. The primary sequence
contains seven WD40 domains, one WDxR motif and one putative DWD box (Fig. 4A). WD40 domains
often fold into the most ideal and stable seven-bladed β-propellers with a funnel-like shape (Jain and
Pandey 2018). We analyzed the WD40 domain in OsWDRP3 (https://swissmodel.expasy.org/). There
were seven WD40 repeat domains and a funnel-like shape, as displayed in Figure 1A. This
result suggests that OsWDRP3 may be involved in intracellular protein interactions similar to other WD40
proteins.

Comparison of amino acid sequences indicated that OsWDRP3 shared high identities with three WD
repeat proteins in Arabidopsis (At3g15610, 79% sequence identity; At1g52730, 79% sequence identity;
At1g15470/XIW1, 74% sequence identity) (Fig. 4B). These data clearly suggested that OsWDRP3 is one
of the closest relatives of WD repeat proteins in Arabidopsis.

We performed RT–qPCR assays using total RNA from various tissues of plants at the seedling stage and
reproductive stage, including panicles, different internodes, nodes, leaf blades, leaf sheaths, and roots.
OsWDRP3 expression was detected in all tissues examined but primarily in dividing tissues, including the
uppermost internode, node, and leaf sheath. The abundance of transcripts encoding OsWDRP3 was
highest in the internode at 60 days after germination (DAG) and lower in the seedling, stem and
lamina joints of the japonica rice variety Hejiang19 (Fig. 5A).

To analyze the expression pattern of OsWDRP3 in detail, we cloned a 2-kb promoter region of OsWDRP3
to drive the GUS gene and then transformed rice plants. GUS staining was observed in various organs in
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transgenic plants. Overall, the histochemical staining results showed that OsWDRP3 expressed in most
tissues throughout plant growth and development. A high level of expression was primarily observed in
the root, pollen and internodes (Fig. 5B). We examined the lamina joint region, leaf blade and sheath in 9-
d-old transgenic seedlings (Fig. 5B). The veins in the leaf blade and sheath were well stained (Fig. 5B). In
the reproductive stage, staining was observed in the vascular bundles of the lemma and palea
in particular (Fig. 5B), and the anther was also stained (Fig. 5B). Thus, OsWDRP3 functions throughout
plant growth and development.

To investigate the subcellular localization of OsWDRP3, we constructed a pUbi::OsWDRP3-GFP construct.
We observed the �uorescence of the OsWDRP3-GFP fusion protein and found that GFP was distributed in
the cytoplasm (Fig. 5C), indicating cytoplasmic localization of OsWDRP3.

OsWDRP3 interacts with OsBAK1 and regulates its
degradation in rice
Based on the bioinformatics analysis, OsWDRP3 is a serine-threonine kinase receptor-associated protein.
Combined with the previous phenotypic analysis results, we speculated that OsWDRP3
might interact with BR-related serine-threonine kinases.

Brassinosteroid insensitive 1 (BRI1) is the BR receptor in plants. BRI1 heteromerizes with BRI1-associated
kinase 1 (BAK1) and forms a receptor complex to activate BR signaling. We chose OsBRI1 and OsBAK1 to
analyze the interactions with OsWDRP3.

To determine whether WDRP3 and BAK1 or BRI1 interact in plant cells, we performed bimolecular
�uorescence complementation (BiFC) in Agrobacterium tumefaciens-in�ltrated tobacco (N. benthamiana)
and rice protoplasts. We fused WDRP3 to the N-terminal yellow �uorescent protein (YFP) fragment
(OsWDRP3-N-YFP) and the intracellular kinase region of OsBAK1 (BAK1K) or OsBRI1 (BRI1K) to the C-
terminal YFP fragment (BAK1K-C-YFP, BRI1K-C-YFP). In control experiments, WDRP3-N-
YFP coexpressed with unfused C-YFP or unfused N-YFP coexpressed with BAK1K-C-YFP (Fig. 6 A and
B). When fused WDRP3-N-YFP was coexpressed with BAK1K-C-YFP in tobacco leaves or rice protoplasts,
�uorescence signals were detected in transformed cells (Fig. 6 A and B), but no signal was detected in
WDRP3-N-YFP/BRI1K-C-YFP coexpressed cells.

OsBAK1-GFP fusion protein is principally located on the plasma membrane. However, OsBAK1-GFP was
abundant in the cytoplasm during plasmolysis experiments and distributed in a spot-like way (Li et al.,
2009). This result suggested that BAK1 might break off above the membrane and enter the cytoplasm
under treatment conditions. Our BiFC results showed that OsBAK1 was also localized in the cytoplasm
when it interacted with OsWDRP3 in rice protoplasts (Fig. 6B).

Coimmunoprecipitation assays showed that OsWDRP3 interacts with OsBAK1 in planta. Rice
seedling leaves isolated from the Ubi::OsWDRP3-Myc transgene plant were ground in protein extraction
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buffer. After centrifugation, the supernatant was used as a total protein extract. Protein extracts (input)
were immunoprecipitated with anti-MYC magnetic beads. Immunoblots were developed with anti-BAK1
antibody to detect BAK1 and with anti-MYC to detect OsWDRP3 (Fig. 6C).

We used in vitro degradation experiments to investigate whether OsWDRP3 promotes the degradation
of the OsBAK1 protein. Puri�ed OsBAK1-6His was incubated with protein extracts from wild-type,
OsWDRP3-RNAi, and OsWDRP3-OE plants and detected with anti-6 × His, anti-OsBAK1, and anti-
plant actin antibodies. As shown in Figure 7, when the puri�ed OsBAK1259-624 and OsBAK1307-624

proteins were incubated with the wild-type protein extract, only OsBAK1259-624 proteins were degraded,
while OsBAK1307-624 proteins were not degraded (Fig. 7A). Subsequently, we examined the effect of
OsWDRP3 on the degradation of OsBAK1259-624 protein. OsBAK1259-624 protein was incubated with
protein extracts from OsWDRP3-OE, wild-type and OsWDRP3-RNAi plants, and the degradation rate of
OsBAK1259-624 protein was slowed down in turn (Fig. 7B).

To verify the effect of OsWDRP3 on the degradation of OsBAK1259-624 protein, we added puri�ed
OsWDRP3 into the protein extract of wild-type plants and then incubated OsBAK1259-624 protein. The
degradation rate of OsBAK1259-624 protein in the reaction system with OsWDRP3 added was faster than
that in the system without OsWDRP3 added (Fig. 7B and 7C).

Discussion
The WD provides a platform for protein interactions to form multiprotein complexes, which regulate
important cellular pathways in eukaryotes (Smith et al. 1999; Bjerkan et al. 2012; Stirnimann et al. 2010;
Cai et al. 2020; Kim et al. 2021; Choi et al. 2021; Jain and Pandey 2018).

In this paper, we found that OsWDRP3, as a WD40 protein in rice, is involved in the regulation
of upright leaf growth. Based on the characterization of WD proteins, we analyzed the interacting proteins
of OsWDRP3 to reveal the functions of OsWDRP3 in regulating leaf upright growth, and because
OsWDRP3-RNAi transgenic plants showed BR insensitivity and semidwar�sm, we chose those
proteins that are related to BR signaling in rice.

Among these BR-related proteins, BRI1-associated kinase 1 (BAK1) was proven to interact with
OsWDRP3. BAK1 is a Thr/Ser/Tyr kinase with �ve leucine-rich repeat (LRR) copies. As a coreceptor,
BAK1 mediates multiple signaling pathways, including BR signaling and PAMP-triggered immunity (He et
al. 2013). Fine-tuning of BAK1 is essential to its function. Several proteins are involved in the regulation
of BAK1. For example, BAK1–interacting receptor-like kinases3 (BIR3) can interact with BAK1 to prevent
BAK1 receptor complex formation, thus negatively regulating BR signaling (Imkampe et al. 2017). MSBP1
(a membrane steroid-binding protein 1) can bind to BAK1 in vitro and is negatively involved in BR
signaling (Song et al. 2009). Overexpression of a truncated intracellular domain of OsBAK1 (without the
extracellular domain) results in BR insensitivity and a dwarfed phenotype (Li et al. 2009). These results
indicate that the increase in BAK1 content in the cytoplasm can inhibit BR signal transduction.

https://www.ncbi.nlm.nih.gov/pubmed/?term=Imkampe%20J%5BAuthor%5D&cauthor=true&cauthor_uid=28842532
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Posttranslational regulation takes part in BR signaling. BES1 and BZR1 can be degraded by the
proteasome (Wang et al. 2013; He et al. 2002). Whether BAK1 is regulated by protein degradation has not
been reported. Through bioinformatics analysis, we identi�ed the homologous genes of the OsWDRP3
gene in Arabidopsis as At1g15470/XIW1, At3g15610 and At1g52730 (Zhang et al. 2008). Among them,
XIW1 is XPO1-interacting WD40 protein 1 and interacts with ABA insensitive 5 (ABI5) in the nucleus and is
involved in regulating the stability of ABI5 (Xu et al. 2019; Cai et al. 2020). Our previous work in
Arabidopsis thaliana showed that a WD protein is involved in the degradation of the protein kinase CRK5
(Teng et al. 2016). OsWDRP3 is a serine-threonine kinase receptor-associated protein. Based on our
results, we speculated that OsWDRP3 might interact with the BR-related serine-threonine kinase BAK1
and be involved in the intracellular degradation of BAK1 (Fig. 8). OsBAK1-GFP fusion
protein is principally located on the plasma membrane. However, OsBAK1-GFP is abundant in the
cytoplasm during plasmolysis experiments and distributes in a spot-like way (Li et al. 2009). This result
suggested that BAK1 might break off above the membrane and enter the cytoplasm under treatment
conditions. After BAK1 departs from the membrane and enters the cytoplasm through endocytosis, BAK1
might be degraded mediated by WDRP3 in the cytoplasm. It has been reported that overexpressed BAK1K
in the cytoplasm inhibits BR signal transduction, leading to a BR-insensitive and dwarfed phenotype (Li et
al. 2009). BAK1K in the cytoplasm can also bind to BRI1, but unlike BAK1 localized to the cell membrane,
BAK1K in the cytoplasm cannot act as a coreceptor in BR signal transduction. Therefore, excess BAK1K
in the cytoplasm can inhibit BR signaling to some extent (Fig. 8). In our future research, we will further try
to reveal how WDRP3 participates in degradation in the cytoplasm in rice.

In summary, we showed the involvement of OsWDRP3 in BR signaling in rice, and the �ndings implied
that OsWDRP3 might be a potential genetic module for future rice breeding strategies.

Methods

Plant materials and growth conditions
The RNAi and OE lines were generated on the Hejiang 19 background. All rice plants were grown in paddy
�elds  from May to September  in Wuhan (104.06°E, 30.67°N), China. In winter, the plants were grown in
green house with 16 h light and 8 h dark.

Dry rice seeds were immersed in NaClO solution (2% active chlorine) for 30 min, and then sterilized
distilled water was used to wash away the remaining NaClO. The sterilized seeds were dried and then
transferred to MS solid medium (SIGMA-ALDRICH). After grown for 7–10 days at 28°C with 16 h light and
8 h dark, the seedlings were transplanted to soil. 

Sequence analysis
The OsWDRP3‐related sequences from Arabidopsis were identi�ed using Protein BLAST
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). Protein sequences were aligned using Jotun Hein Method. 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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Vector construction and rice transformation
To generate the RNAi construct (Ubi:RNAi-OsWDRP3), the region containing 539 bp of the OsWDRP3
coding sequence was ampli�ed from Hejiang 19 cDNA and then transferred into the plant binary RNAi
vector pUbi (modi�ed from pCambia1301). The hairpin structure with two inverted repeat fragments was
expressed under the control of the maize ubiquitin promoter. 

To generate the over-express construct (Ubi::OsWDRP3), the full-coding region of OsWDRP3 was
ampli�ed from Hejiang 19 cDNA and inserted into pCambia1300-3×Flag. 

The constructed transgenic vector was transferred into EHA105 (Agrobacterium tumefaciens strain).
Sterilized wild-type rice seeds were planted on callus induction medium (N6 medium including vitamins,
0.06% casein hydrolysate, 3% sucrose, 2.5 mg/L 2, 4-dichlorophenoxyacetic acid,  pH 5.8). After 4 weeks,
embryonic calli were used to co-cultivate with Agrobacterium containing the transgenic vector (Ubi::RNAi-
OsWDRP3 or Ubi::OsWDRP3). Transformed calli were selected on the 40 mg/L hygromycin-containing
callus induction medium and transferred to the regeneration medium. 

The expression of OsWDRP3 in the wild type, OsWDRP3-RNAi and OsWDRP3-OE plants were examined
by qRT-PCR.

RNA isolation and RT-PCR analyses 
Total RNA was isolated from seedlings using the plant RNA puri�cation reagent (Invitrogen). Transcript
levels were detected by qRT-PCR. DNase (Fermentas) -treated total RNA (1 μg) were used to generate
cDNA templates by Revert M-MuLV reverse transcriptase (Fermentas). qRT-PCR reactions were performed
with denaturation 95°C for 5 min, 30 cycles of 95°C for 10 s, 60°C for 60 s and 72°C for 60 s. qRT-PCR
was conducted using Biolab real-time PCR with SYBR Green Premix Ex TaqII
(Takara, https://www.takarabio.com) according to the manufacturer’s instructions. Data were analyzed
using CFX manager software (Bio-Rad; www.bio-rad.com). For each gene, three replicates were analyzed.
Each analysis was biologically repeated twice. OsUBQ10 was used to normalize the qRT-PCR data.

Histochemical GUS analysis
To obtain pOsWDRP3::GUS transgenic plants, a 3630 bp promoter region of OsWDRP3 was ampli�ed
using the forward primer 5′- CCCAAGCTTGAAGACATGGCAATTTGGT-3′ and the reverse primer 5′-
CCCAAGCTTTGCATCAATCTCAACCCC-3′ from the genome of Hejiang19, and inserted into the Hind III site
of the pCAMBIA-1381Xb-GUS vector. 

Fresh samples from pOsWDRP3::GUS transgenic plants were incubated in a GUS staining solution at 37
°C for 24 h. The GUS staining solution includes50 mM phosphate buffer (pH 7.2), 0.5% (v/v) Triton-X100,
5 mM potassium ferricyanide, 5 mM potassium ferrocyanide and 2 mM 5-bromo-4-chloro-3-indolyl-β-D

https://www.takarabio.com/
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glucuronide. Then the samples were treated with fresh 70% ethanol until no chlorophyll color left. In the
end, we used microscope (DM1000; Leica, Wetzlar, Germany) to examine the samples and photographed
with a digital camera.

Rice Protoplast Transformation
The wild-type rice seeds were placed on MS solid medium to grow for 8-10 days. The shoots of seedling
were cut into 0.5-mm strips, and then incubated in enzyme solution with gentle shaking (50 rpm) at 28 °C
for 4-5 h in the dark. The enzyme solution includes 0.6 M mannitol, 10 mM MES, 1.5% cellulase RS, 0.75%
macerozyme R-10, 1 mM CaCl2, 0.1% BSA, 5 mM β-mercaptoethanol, pH 5.7. 10 mL of pre-cooled W5
solution (154 mM NaCl, 125 mM CaCl2, 5 mM KCl, 2 mM MES, pH 5.7) was slowly added to the
enzymatic hydrolysate. Then the solution was �ltered through a 35 mm nylon mesh. The protoplasts
were collected by centrifugation at 1500 r/min for 3 min. The supernatant was sucked out with pipetting
gun, then 2 mL of precooled MMG solution (0.6 M mannitol, 15 mM MgCl2, 4 mM MES, pH 5.7) was
gently added to the protoplast, and then added 8 mL precooled MMG solution was mixed and ice bathed
for 30 min to restore the vitality of protoplasts. The solution was centrifuged at 1500 r/min for 3 min, and
then discarded the supernatant. The protoplasts were gently resuspended to a density of 2×106 / mL with
MMG solution. Next, plasmid was mix with 100 μL of resuspended protoplasts, and then 110 μL of
polyethylene glycol (PEG) solution (0.6 M mannitol, 100 mM CaCl2, 40% [w/v] PEG 3350) were added
evenly. The mixture was incubated at 28 °C for 20 min. After centrifugation at 1500 r/min for 3 min, the
protoplasts were resuspended in W5 solution with proper volume, and then incubated overnight at 28 °C
in the dark. 

Subcellular localization of the OsWDRP3 protein
To determine the subcellular localization of the OsWDRP3 protein, the full-length ORF of OsWDRP3 was
cloned into the pmGFP4 vector, driven by the CaMV 35S promoter. The fusion construct was transferred
into rice protoplasts, and the empty pmGFP4 as a control. This plasmid was introduced into the rice
protoplasts through polyethylene glycol‐mediated transformation (Wang et al., 2013; Lichocka and
Schmelzer, 2014). The subcellular localizations of OsWDRP-mGFP were observed using a laser scanning
confocal microscope at the proper time after transformation or in�ltration (Leica DMI6000 equipped with
a Leica TCS SP8 confocal laser-scanning device, Leica Microsystems).

Brassinosteroid sensitivity assay
For lamina joint inclination analysis, after sterilization, the seeds were cultured in MS solid medium at 28
°C until two-leaf stage. 1 μL of ethanol solution containing various concentrations (0, 10, 100, 1000 ng/
μL) of 24-epiBL were dropped at the lamina joints of the second leaf. After cultured for 2 days, the angles
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of the second leaf were photographed and measured with IMAGEJ. For each treatment, 10 plants were
used to measure the angle. All the experiments were repeated three times 

For coleoptile elongation analysis, seeds were germinated in MS solid medium with or without 1 μM eBL
at 28 ℃ in darkness for 3 days. 

For root elongation analysis, seeds were soaked in water for 2 days at 28 ℃. Geminated rice seeds were
then transferred to MS liquid medium with or without 1 μM eBL at 28 °C for 5 days.

Immunoblots
One-week-old seedlings were soaked in liquid nitrogen and then ground to extract protein. Immunoblots
analysis were followed the same methods as described by Teng et al. (2016). Protein sample was
separated by 10% SDS-PAGE, then transferred onto NC Membrane (Millipore). The membrane was
incubated for 2 h in TBST blocking buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.05% Tween 20, and
5% dry skimmed milk) with anti-BAK1 or anti-6× His antibody (1:1000 dilution). After washing with TBST
three times, the membranes were incubated for 1 h with an anti-rabbit secondary antibody (Pierce;
dilution 1:5000). After washing with TBST, horseradish peroxidase substrate (TIANGEN) was used for
color rendering.  

Bimolecular Fluorescence Complementation (BIFC) 
To generate the BiFC constructs, the coding region of OsWDRP3 without stop codons was sub-cloned into
35S-SPYNE vector, and the coding region of OsBAK1307-624 was sub-cloned into 35S-SPYNE vector. 

For transient expression, Agrobacterium tumefaciens strains GV3101 carrying 35S-OsWDRP3-SPYNE and
35S-OsBAK1307-624-SPYCE were infiltrated into 5–6-week-old Nicotiana benthamiana leaves (Waadt et
al., 2014). BIFC for rice protoplast transformation was followed the method by Wang et al (2013).
Microscopic techniques were performed refer to Offenborn et al. (2015). Images were processed using the
Adobe Photoshop software package.

In vivo co-immunoprecipitation (Co-IP) assay
The rice seedlings leaves isolated from Ubi::OsWDRP3-Myc transgene plant were ground in protein
extraction buffer (25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5% glycerol, 1 mM EDTA, 1 mM PMSF,
1×complete cocktail of protease inhibitors (Roche), 1 mM DTT). The extracts were centrifuged at 13,000
g for 10 min. The supernatant was used as a total protein for subsequent experiments. The protein
concentration was determined using the Bio-Rad protein assay kit. 5 mg of total proteins was mix with 30
μl of anti-MYC monoclonal antibodies (Bioss, Beijing, China) immobilized on Sepharose Fast Flow beads
at 4 °C overnight. After washing with the protein extraction buffer, the precipitated samples were eluted by
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SDS protein loading buffer with boiling for 5 min. The protein complex was analyzed by western blotting
using the anti-myc monoclonal rabbit antibody (1:2000), anti-BAK1 (1:200) and anti-plant actin (1:2000,
Abbkine) antibodies, respectively.

In vitro Cell-free degradation assay
For recombinant proteins used in the assay, cDNAs were recombined into pET28a vectors to obtain
fusion proteins with 6 × His tag. Recombinant proteins were expressed in Escherichia coli strain Rosetta
(DE3) and puri�ed using Ni-NTA resin (QIAGEN). The protein concentration was determined using the Bio-
Rad protein assay kit.

Cell-free degradation assays were carried out as previously described (Wang et al., 2009). Total protein
was extracted from 7-day-old Hejiang19, OsWDRP3-RNAi or OsWDRP3-OE seedlings using extraction
buffer (25 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 5 mM DTT, and protease inhibitor mixture). After
centrifugation at 18,000 × g for 20 min at 4 °C, the supernatant was transferred to a new tube. 

For the degradation assay, 2.6 μg of recombinant OsBAK1259-624 or OsBAK1307-624 was incubated with
0.5 mg of total protein extract, 10 mM MgCl2 and 10 mM ATP. The �nal reaction volume was 400 μL. 30
μL of the reaction mixture was taken out at 0, 5, 15, 30, 60 and 120 min respectively and mix with 5 × SDS
loading buffer to stop the reaction. As control, 30 μM MG132 as proteasome inhibitor was added before
the start of the control assay. Protein levels were determined by immunoblots using 6 × His antibodies
(Roche) at 1:5,000 dilution followed by horseradish peroxidase- conjugated anti-mouse IgG (Sigma) at
1:2,000 dilution.
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Figure 1

Phenotypic analysis of the RNAi (OsWDRP3-RNAi) and overexpression (OsWDRP3-OE) transgenic lines in
the Hejiang 19 background.

A.  Transcript abundance of OsWDRP3 in the leaves of Hejiang19 and OsWDRP3-RNAi plants as detected
by qPCR.

B.  Transcript abundance of OsWDRP3 in the leaves of Hejiang19 and OsWDRP3-OE plants as detected
by qPCR.

C.  Plant height of Hejiang19, OsWDRP3-RNAi and OsWDRP3-OE plants.

D.  Internodes length of Hejiang19, OsWDRP3-RNAi and OsWDRP3-OE plants.

E.  The OsWDRP3-RNAi plants displayed a smaller leaf inclination in seedlings.

F.   The OsWDRP3-RNAi plant displays a smaller leaf inclination than that in Hejiang 19. Flag leaf: the
�rst fully expanded leaf from the top of the main stems; 2nd: the second fully expanded leaf from the top
of the main stems; 3rd: the third fully expanded leaf from the top of the main stems. Values represent
means ± SD of 10 replicates. (**P < 0.01).
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Figure 2

Responses to BR Treatment in OsWDRP4-Modi�ed Plants

A.  The expression of OsWDRP3 gene under BR treatment. Wild-type rice seedlings were treated with 1 μM
eBL, total RNA was extracted at 0 h, 2 h, 4 h, 8 h, 12 h and 24 h, and cDNA was synthesized by reverse
transcription in vitro.
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B.  Transcript levels of BR-responsive genes in Hejiang19 and OsWDRP3-RNAi plants.

C.  Transcript levels of BR biosynthesis gene genes in Hejiang19 and OsWDRP3-RNAi plants under BR
treatment.

In B and C, total RNA was extracted from seedlings with 1 μM eBL treatment for 6 h, and cDNA was
synthesized by reverse transcription in vitro. The relative abundance of transcripts was estimated as the
relative fold change of transcripts in a sample compared to those at Hejiang 19 without BR treatment.
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Figure 3

OsWDRP3-RNAi plants showed a brassinosteroid-insensitive phenotype

A.  Effect of 1 μM eBL on coleoptile elongation in Hejiang19 and OsWDRP3-RNAi seedlings.

B.  Root growth inhibition in response to 1 μM eBL n in Hejiang19 and OsWDRP3-RNAi seedlings. Data
presented in A and B are the means from 10 plants. Error bars indicate SE.

C.  Lamina joint inclination assay. Quanti�cation of lamina joint angle in right. Error bars indicate SE (n =
10). Signi�cant differences at p < 0.01 by ANOVA.

Figure 4

 Sequence and structure analysis of OsWDRP3

A.  Protein structure of OsWDRP3 depicting the predicted WD40 region. The WD40 domains were
predicted using the SMART motif search program (http://smart.embl-heidelberg.de/).

B.  Amino acid sequence alignment of OsWDRP3 with WD40 proteins in Arabidopsis. Alignment was
carried out using clustalW. Amino acid residues conserved among all the proteins listed are shaded.
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Figure 5

Expression pattern of OsWDRP3.

A.  Relative abundance of OsWDRP3 in different tissues by qPCR. The relative abundance of transcripts
was estimated as the relative fold change of transcripts in a sample compared to those at the seedling
stage. The expression level of the rice β-Actin gene was determined as a control. Values are the means ±
SDs of at least three independent experiments.

B.  Histochemical GUS staining of rice plants harboring OsWDRP3::GUS. 1: Root. 2: Lateral root. 3:
Internode. 4: Stem. 5: Leaves, arrows indicate GUS staining of the vascular bundle. 6: The leaf lamina
joint. 7: Rachilla and spikelet. 8: Palea and lemma. Stained blue line is a vascular bundle. 9: Flower. The
red arrow showed anther. 10: Mature anther.

C.Subcellular localization of the OsWDRP3 protein. Localizations of 35S::GFP and 35S::WDRP3-GFP in
rice protoplast cells are shown. Bars = 20 μm.
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Figure 6

OsWDRP3 Interacts with OsBAK1 by Binding to Its Kinase Domain

A.  Bimolecular �uorescence complementation (BiFC) analysis of the interactions between OsWDRP3 and
OsBAK1307-624 in tobacco leaf epidermal cells.

B.  BiFC analysis of the interactions between OsWDRP3 and OsBAK1307-624 in rice protoplasts.

C.  The interaction between OsWDRP3 and OsBAK1 was detected by Co-IP. Input, extracted proteins; IP,
immunoprecipitated proteins; anti-Myc, Myc antibodies; anti-BAK1, BAK antibodies.
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Figure 7

OsBAK1259-624 protein was degraded in an OsWDRP3-dependent manner

A.  OsBAK1259-624-6×His, but not OsBAK1307-624-6×His, degraded in an in vitro cell-free degradation assay.

B.  In vitro cell-free degradation of OsBAK1259-624-6×His, which was incubated (0, 5, 15, 30, 60 and 120
min) in crude extracts from Hejiang 19, OsSWDRP3-RNAi and OsWDRP3-OE cells. MG132 treatment
inhibited the degradation of OsBAK1259-624-6×His.
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C.  In vitro cell-free degradation of OsBAK1259-624-6×His, which was incubated (0, 5, 15, 30, 60 and 120
min) in crude extracts from Hejiang 19 when OsWDRP3-6×His was added.

Figure 8

Diagram of OsWDRP3 regulating BR signaling by degrading OsBAK1


