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Abstract
Lateral roots (LRs) are a main component of the root system of rice (Oryza sativa) that increases root surface area, en-
abling efficient absorption of water and nutrients. However, the molecular mechanism regulating LR formation in rice
remains largely unknown. Here, we report that histone deacetylase 1 (OsHDAC1) positively regulates LR formation in rice.
Rice OsHDAC1 RNAi plants produced fewer LRs than wild-type plants, whereas plants overexpressing OsHDAC1 exhibited
increased LR proliferation by promoting LR primordia formation. Brassinosteroid treatment increased the LR number, as
did mutation of GSK3/SHAGGY-like kinase 2 (OsGSK2), whereas overexpression of OsGSK2 decreased the LR number.
Importantly, OsHDAC1 could directly interact with and deacetylate OsGSK2, inhibiting its activity. OsGSK2 deacetylation
attenuated the interaction between OsGSK2 and BRASSINAZOLE-RESISTANT 1 (OsBZR1), leading to accumulation of
OsBZR1. The overexpression of OsBZR1 increased LR formation by regulating Auxin/IAA signaling genes. Taken together,
the results indicate that OsHDAC1 regulates LR formation in rice by deactivating OsGSK2, thereby preventing degradation
of OsBZR1, a positive regulator of LR primordia formation. Our findings suggest that OsHDAC1 is a breeding target in rice
that can improve resource capture.

Introduction

The lateral root (LR) is a main component of the plant root
system; its formation is controlled by an endogenous pro-
gram and external environmental conditions (Malamy, 2005;
Gifford et al., 2013; Yu et al., 2016). Understanding the regu-
lation of LR formation is of great agronomic value because
LR formation increases the absorbing surface for efficient
water and nutrient uptake; it also provides better plant an-
chorage (Orman-Ligeza et al., 2013; Rogers and Benfey, 2015;
Meng et al., 2019). Arabidopsis (Arabidopsis thaliana) is a

model dicot plant with a taproot system composed of an
embryonic primary root and postembryonic LRs arising from
the primary roots (Dubrovsky et al., 2000; Marhav�y et al.,
2016; Motte et al., 2019); rice (Oryza sativa) is a model
monocot cereal, which forms a fibrous root system consist-
ing of an embryonic primary root, several seminal roots, and
the LRs generated from primary and seminal roots (Coudert
et al., 2010; Yu et al., 2016). Arabidopsis LRs completely
emerge from pericycle cells (Dubrovsky et al., 2000; Marhav�y
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et al., 2016; Motte et al., 2019). In contrast, the LRs in cereals
are formed via division of the pericycle and endodermis cells
(Coudert et al., 2010; Yu et al., 2016). Auxin is a key hor-
mone that regulates LR formation; numerous components
of auxin signaling pathways are involved in several stages of
LR formation in Arabidopsis (Bhalerao et al., 2002; Lv et al.,
2021; Singh et al., 2020). Other hormones have also been
reported to regulate LR formation. For example, cytokinin
and abscisic acid function as negative regulators of LR for-
mation; brassinosteroid (BR) positively regulates LR forma-
tion, possibly by interacting with auxin-regulated genes in
Arabidopsis (Fukaki and Tasaka, 2009; Jia et al., 2021). Most
available information concerning the involvement of these
hormones in LR formation is obtained from studies in
Arabidopsis. Numerous auxin-related genes are involved in
LR formation in cereals, such as auxin signaling transduction
genes, auxin transport genes, and cell cycle-regulated genes
(Malamy, 2005; Yu et al., 2015; Yamauchi et al., 2019; Mao
et al., 2020). Little is known regarding the mechanisms by
which BR and the components of BR signaling pathways af-
fect LR formation in rice.

Histone deacetylases (HDACs) in plants can be classified
into three types, two of which are identified according to
their sequence similarity to three HDAC families in yeast: re-
duced potassium dependency 3 (RPD3)/histone deacetylase
1 (HDA1) and silent information regulator 2 (Sir2). The third
type is a plant-specific class of HDACs, HD2 (Pandey et al.,
2002). HDACs have functions in plant growth and develop-
ment, as well as responses to external and internal cues.
HDA19 (AtRPD3A or AtHD1) is involved in the ethylene and
jasmonic acid signaling pathways in response to pathogens
in Arabidopsis (Zhou et al., 2005). Arabidopsis HDA6
(AtRPD3B) mediates heterochromatin silencing (To et al.,
2011). HDA101 is related to gene transcription in maize
(Rossi et al., 2007). The overexpression of the RPD3-type
HDAC gene OsHDAC1 increases root growth in rice seed-
lings and alters rice architecture (Jang et al., 2003). The HD2-
subfamily member HDT701 negatively regulates rice innate
immunity (Ding et al., 2012). HDACs regulate gene expres-
sion by removing the acetyl moieties from acetylated lysines
of histones. However, many nonhistone proteins are acetyla-
tion targets of HDACs, which affect various cellular path-
ways (Narita et al., 2019). The acetylation of metabolic
enzymes in response to extracellular nutrient flux directly
affects enzyme activity or stability (Zhao et al., 2010).
Reversible lysine acetylation is a modification of multiple
nonhistone proteins in Arabidopsis (Wu et al., 2011). In
Arabidopsis, HDA6 interacts with and deacetylates
BRASSINOSTEROID-INSENSITIVE 2 (BIN2) kinase to inhibit
its activity, which may be related to energy status (Hao
et al., 2016). Acetylated proteins are also implicated in the
regulation of plant metabolic processes, such as photosyn-
thesis and respiration (Shen et al., 2015). There are 17
HDAC genes in the rice genome (Hou et al., 2021), but the
functions and underlying mechanisms of most OsHDAC
genes are unclear.

In rice, several primary BR signaling components have
been identified. OsGSK2 encodes a GSK3/SHAGGY-like ki-
nase that negatively regulates BR signaling and phosphory-
lates the transcription factor OsBZR1, leading to its
proteasome-mediated degradation (Peng et al., 2008; Tong
et al., 2012). Here, we report that OsHDAC1 positively regu-
lates LR formation by inducing LR primordia formation in
rice. OsHDAC1 functions to deacetylate and deactivate
OsGSK2, preventing its interaction with OsBZR1. This results
in the accumulation of OsBZR1 to promote the expression
of LR formation-related genes and LR initiation in rice. Our
findings show that this OsHDAC1–OsGSK2–OsBZR1 mod-
ule mediates LR formation in rice.

Results

OsHDAC1 positively regulates LR development in
rice
HDACs have important roles in various biological processes.
In rice, there are 17 HDAC genes, 14 of which are the RPD3/
HDA1 type (Hou et al., 2021). Transcriptional changes in
RPD3/HDA1-type deacetylase genes were first investigated to
unravel the potential involvement of OsHDACs in rice
growth and development. Analysis of the published RNA-
seq data sets from rice (O. sativa L.) revealed that OsHDAC1
transcripts were highly abundant in roots, leaves, seeds,
young panicles, and shoot apical meristems (Supplemental
Figure S1A). A quantitative real-time polymerase chain reac-
tion (RT-qPCR) experiment confirmed the high abundance
of OsHDAC1 transcript in roots, leaves, and shoots
(Supplemental Figure S1B). Phylogenetic analysis revealed
that OsHDAC1 exhibits 78.60% amino acid sequence similar-
ity with the extensively studied Arabidopsis HDA19
(Supplemental Figure S2, A and 2, B). The five key deacety-
lase sites for HDAC activity in OsHDAC1 were highly con-
served (Supplemental Figure S2C). Arabidopsis HDA19
regulates many aspects of plant development and stress re-
sponse (Chen et al., 2020), suggesting comparable roles for
rice OsHDAC1.

To determine the subcellular localization of OsHDAC1,
OsHDAC1–sGFP fusion proteins encoded by an HBT-sGFP
vector were transiently expressed in rice protoplasts.
OsHDAC1 was detected in the nucleus and cytoplasm, im-
plying roles in nuclear and cytoplasmic protein deacetylation
(Supplemental Figure S3). To investigate the function of
OsHDAC1 in protein deacetylation and rice development,
we produced RNA interference and gain-of-function trans-
genic plants. Transgenic rice plants overexpressing (OE)
OsHDAC1 were generated using a pCXUN vector that con-
tained the OsHDAC1 CDS fused to the HA tag under the
control of the ubiquitin promoter (Supplemental Figure
S4A). We obtained 10 OE lines with increased OsHDAC1 ex-
pression (Supplemental Figure S4B). OsHDAC1 OE plants
were confirmed by immunoblotting analysis of selected OE
lines (Supplemental Figure S4C). For further studies, we se-
lected the lines OE5 and OE6, which displayed the highest
OsHDAC1 expression levels (Supplemental Figure S4B). The
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OsHDAC1 RNAi transgenic rice plants were generated by us-
ing a pCambia1300 vector that contained two inverted cop-
ies of a 202-base pair-specific cDNA fragment of OsHDAC1
under the control of the 35S promoter (Supplemental
Figure S4D). We obtained seven knockdown lines with de-
creased OsHDAC1 expression (Supplemental Figure S4E). For
further studies, we selected the lines Ri2 and Ri3, which dis-
played the lowest OsHDAC1 expression levels. To determine
whether the expression levels of homologs of OsHDAC1 were
affected in OsHDAC1-RNAi plants, the expression levels of
OsHDAC2 and OsHDAC3 were determined in OsHDAC1 Ri2
and Ri3 plants by RT-qPCR (Supplemental Figure S2, A–C).
Compared with wild-type plants, the expression level of
OsHDAC1 was markedly reduced in OsHDAC1-RNAi plants
(Supplemental Figure S4E). No obvious changes were ob-
served in OsHDAC2 and OsHDAC3 (Supplemental Figure S4F).
Therefore, the OsHDAC1-RNAi plants were genuine OsHDAC1
knockdown transgenic plants.

We examined the LR phenotypes of OsHDAC1 Ri and OE
lines. OsHDAC1 Ri2 and Ri3 seedlings exhibited fewer LRs on
primary roots, compared with wild-type plants. OsHDAC1
OE5 and OE6 lines showed more LRs on the primary roots
(Figure 1A). The LR densities of OsHDAC1 Ri2 and Ri3 seed-
lings were decreased compared with the LR density of wild-
type plants, while the LR densities of OsHDAC1 OE5 and
OE6 lines were significantly increased (Figure 1B). Taken to-
gether, these results indicate that OsHDAC1 positively regu-
lates LR formation in rice. LR formation requires initiation,
patterning, and emergence. We thus examined the emer-
gence of LR primordia (LRPs) on the seedling primary roots
via methylene blue staining. Many intensely stained regions,
indicating the presence of LRP, were visible on the primary
root of 5-day-old seedlings overexpressing OsHDAC1,
whereas staining was less intense in OsHDAC1 Ri2 and Ri3
plants than in wild-type rice seedling roots (Figure 1, C and
D). These results suggest that OsHDAC1 regulates LR num-
ber by modulating LRP initiation.

OsHDAC1 physically interacts with OsGSK2
To investigate the mechanism underlying OsHDAC1-
mediated LR formation, we attempted to identify its deace-
tylation target(s) and other interacting proteins in a yeast
screening assay. OsHDAC1 could interact with OsGSK2, a
GSK3/SHAGGY-like kinase, as shown by yeast two-hybrid as-
say (Figure 2A). OsGSK2 negatively regulates BR signaling by
inhibiting the activity of OsBZR1 (Tong et al., 2012). BRs
promote LR development by increasing acropetal auxin
transport in Arabidopsis (Bao et al., 2004). Thus, we specu-
lated that OsGSK2 was a potential interactor for OsHDAC1-
mediated LR formation.

To confirm this hypothesis, we evaluated the physical in-
teraction between OsHDAC1-nLUC and cLUC-OsGSK2 using
a luciferase complementation imaging assay. After the
OsHDAC1-nLUC and cLUC-OsGSK2 vector pairs were co-
expressed in Nicotiana benthamiana leaves, we detected lu-
ciferase activity in the OsHDAC1 and OsGSK2 combination,

but not in the negative control combinations (Figure 2B).
These findings suggest that OsHDAC1 interacts with
OsGSK2 in N. benthamiana. Furthermore, OsHDAC1-HA
and OsGSK2-MYC were co-expressed in rice protoplasts and
subjected to coimmunoprecipitation analysis. OsGSK2-MYC
co-purified with OsHDAC1-HA using an anti-HA antibody,
but no OsGSK2-MYC was obtained from the control
(Figure 2C). We conclude that OsHDAC1 interacts with
OsGSK2 in vivo. In addition, for in vitro interaction assays,
we purified recombinant GST-OsHDAC1 and OsGSK2-His
proteins from Escherichia coli (BL21) to conduct GST-pull-
down assays (Supplemental Figure S5). OsGSK2-His was
pulled down by GST-OsHDAC1 but not by GST (Figure 2D).
Taken together, these in vivo and in vitro results suggest
that OsHDAC1 physically interacts with OsGSK2.

OsGSK2 negatively regulates LR formation in rice
To determine whether OsGSK2 is involved in rice LR devel-
opment, we generated loss-of-function and gain-of-function
transgenic plants. We used clustered regularly interspaced
short palindromic repeats (CRISPR)/CRISPR-associated (Cas)
protein 9 system to create OsGSK2 knockout mutants, by
selecting one site in the fourth exon for small guide RNA
(sgRNA) design (Figure 3A). Among the mutant lines iso-
lated, osgsk2-1 had a single-nucleotide deletion and osgsk2-2
had a five-nucleotide deletion at the sgRNA site (Figure 3A).
Each mutation causes a frameshift in the OsGSK2 coding se-
quence that disrupts translation by generating a premature
stop codon. In addition, transgenic rice plants overexpress-
ing OsGSK2 were generated using a pCXUN vector that con-
tained OsGSK2 cDNA fused to the MYC tag under the
control of the ubiquitin promoter (Supplemental Figure
S6A). We obtained 10 lines with increased OsGSK2 expres-
sion (Supplemental Figure S6B); overexpression of OsGSK2
was confirmed by immunoblotting analysis of selected OE
lines (Supplemental Figure S6C). For further studies, we se-
lected the lines OE5 and OE10, which had the highest
OsGSK2 expression levels.

The phenotypes of OsGSK2 mutant and OE lines were
evaluated. We found that osgsk2-1 and osgsk2-2 seedlings
exhibited more LRs on primary roots than did wild-type
plants, whereas OsGSK2 OE5 and OE10 plants showed fewer
LRs on the primary roots (Figure 3B). The LR densities of
osgsk2-1 and osgsk2-2 seedlings were significantly increased,
compared with the LR density of the wild-type plants, while
the LR densities of OsGSK2 OE5 and OE10 plants were sig-
nificantly decreased (Figure 3D). Taken together, these
results indicate that OsGSK2 negatively regulates LR forma-
tion in rice. Methylene blue staining showed that more LRPs
were visible on the primary root in the osgsk2-1 and osgsk2-
2 seedlings and less in OsGSK2 OE5 and OE10 plants, com-
pared with wild-type rice seedlings (Figure 3, C and E).
These results suggest that OsGSK2 and OsHDAC1 have op-
posite functions during LR formation in rice.
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OsHDAC1 deacetylates OsGSK2 and inhibits its
kinase activity
BIN2, an ortholog of OsGSK2, is deacetylated in Arabidopsis
(Hao et al., 2016). To examine whether OsGSK2 can be
deacetylated by OsHDAC1, the deacetylation activity of pu-
rified GST-OsHDAC1 fusion protein was evaluated using a
deacetylation assay. In the presence of the same amount of
the substrate Kac-peptide, the absorbance was increased by
the addition of GST-HDAC1 (Figure 4A), demonstrating that
OsHDAC1 possesses deacetylation activity in vitro.

To confirm in vitro deacetylation of OsGSK2 proteins by
OsHDAC1, in vitro-purified OsGSK2-His fusion protein was
incubated with or without GST-OsHDAC1 in deacetylation
buffer. In the absence of GST-OsHDAC1, OsGSK2-His
showed a high level of lysine acetylation, indicating that the
proteins were acetylated in E. coli cells (Figure 4B). The pres-
ence of OsHDAC1 reduced their lysine acetylation levels
(Figure 4B). Furthermore, we incubated the immunoprecipi-
tated OsGSK2-MYC protein produced in OsGSK2 OE lines
with or without E. coli-produced GST-OsHDAC1. Incubation
with GST-OsHDAC1 reduced the lysine acetylation level of
OsGSK2-MYC, indicating that OsGSK2 was acetylated in rice
and could be deacetylated by OsHDAC1 in vitro (Figure 4C).

As the prior study has shown that BIN2 activity is regulated
by deacetylation in Arabidopsis (Hao et al., 2016), we hy-
pothesized that OsHDAC1 modulates OsGSK2 activity via
deacetylation. As expected, OsGSK2-His activity in the pres-
ence of GST-OsHDAC1 was significantly decreased com-
pared with the absence of GST-OsHDAC1 (Figure 4D),
suggesting that OsGSK2 activity is inhibited by OsHDAC1
via deacetylation. To confirm these results, we tested the
in vivo deacetylation of OsGSK2 by OsHDAC1. We immuno-
precipitated OsGSK2 protein from wild-type, OsHDAC1 Ri2,
Ri3, OE5, and OE6 plants using an anti-GSK2 antibody. We
then analyzed OsGSK2 lysine acetylation levels by immuno-
blotting using an anti-LysAc antibody. Higher and lower lev-
els of OsGSK2 lysine acetylation were detected in OsHDAC1
Ri and OE lines, respectively, compared with wild-type
plants (Figure 4E). Therefore, OsGSK2 could be acetylated
and deacetylated by OsHDAC1 in rice plants. In addition,
the immunoprecipitated OsGSK2 proteins were used to ex-
amine the activity of OsGSK2. OsGSK2 activity was in-
creased in OsHDAC1 Ri plants and decreased in OE plants,
compared with wild-type plants (Figure 4F). These results
suggest that OsHDAC1 deacetylates OsGSK2 to inhibit its ki-
nase activity in rice plants.

Figure 1 OsHDAC1 promotes LR formation. A, Phenotype of roots in 5-day-old seedlings of WT, OsHDAC1 Ri2, Ri3, OE5, and OE6 plants. Scale
bar = 1 cm. B, LR densities of WT, OsHDAC1 Ri2, Ri3, OE5, and OE6 plants. Values are means ± SD (n = 20 plants). Asterisks mark significant
changes compared with WT based on Student’s t test: *P5 0.05, **P5 0.01. C, Methylene blue staining showed LRPs in a segment of the root-tip
of 5-day-old seedlings of WT, OsHDAC1 Ri2, Ri3, OE5, and OE6 plants. Scale bar = 2 mm. D, LR + LRP densities of WT, OsHDAC1 Ri2, Ri3, OE5,
and OE6 plants. Values are mean ± SD (n = 20 plants). Asterisks mark significant changes compared with WT based on Student’s t test: *P5 0.05,
**P5 0.01. WT, wild-type rice; OE, OsHDAC1-overexpressing lines; Ri, OsHDAC1-RNAi lines.
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OsHDAC1 contributes to BR-induced rice LR
formation
Low concentrations of brassinolide (BL) reportedly promote
LR formation in Arabidopsis (Bao et al., 2004). We applied 1,
10, 100, and 1,000-nM BL to wild-type plants for 5 d and
evaluated the role of BL in the regulation of rice seedling LR
formation. BL increased LR formation (Supplemental Figure
S7, A and B). We also used methylene blue staining to ex-
amine the emergence of LRPs from seedling primary roots
that had been treated with exogenous BL for 5 d. The num-
bers of signal dots, indicating LRPs, were significantly in-
creased on the BL-treated primary root, compared with the
untreated primary root (Supplemental Figure S7, C and D).
Because higher concentrations of BL inhibited primary root
growth, 10 nM was used in subsequent experiments.
Therefore, BR regulates LR formation in rice.

The findings that BL promotes LRP formation to increase
the number of LRs, and that OsHDAC1 and OsGSK2 are in-
volved in LR formation in rice, prompted us to assess the
contribution of OsHDAC1 to BR-induced LR formation.
Treatment of OsHDAC1 Ri2 and Ri3 seedlings with BL yielded
little or no increase in the LR number, compared with
untreated RNAi rice seedlings (Figure 5, A and B). BRs directly
regulate BIN2 through the BRI1 plasma membrane receptor

in Arabidopsis (Kim et al., 2009). Therefore, we hypothesized
that OsHDAC1 is involved in BRs by regulating OsGSK2 in
rice. To test this hypothesis, we examined the mRNA levels of
OsHDAC1 in wild-type plants that had or had not been
treated with BL. OsHDAC1 was significantly upregulated in re-
sponse to BL (Figure 5C). Furthermore, we examined the ac-
tivity of OsGSK2 in OsHDAC1 Ri and wild-type plants in
response to BL treatment. As expected, OsGSK2 activity was
unchanged in OsHDAC1 Ri2 and Ri3 plants that had been
treated with BL, whereas OsGSK2 activity in wild-type plants
was significantly decreased in response to BL (Figure 5D). We
next used Bikinin, an inhibitor of GSK3/SHAGGY-like kinases,
to treat OsHDAC1-knockdown plants. Compared with wild-
type rice, these RNAi lines showed increased LR formation
(Figure 5, A and B). In OsHDAC1 RNAi seedlings, Bikinin but
not BL induced LR formation. This finding indicates that
OsHDAC1 regulates BR-induced LR formation by deacetylat-
ing OsGSK2 and other GSK3/SHAGGY-like kinases.

OsHDAC1 promotes OsBZR1 accumulation in an
OsGSK2-dependent manner
Considering that OsBZR1 is a downstream transcription fac-
tor of the BR pathway, which is phosphorylated by OsGSK2

Figure 2 OsHDAC1 interacts with OsGSK2. A, Yeast two-hybrid assays showed that OsHDAC1 interacts with OsGSK2 in yeast. Empty pGBKT7/
OsGSK2-AD and empty pGADT7/OsHDAC1-BD were the negative controls, respectively; co-transfer of pGBKT7-53 and pGADT7-T (Clontech)
was used the positive control. B, Luciferase complementation imaging assays showed that OsHDAC1 interacted with OsGSK2 in N. benthamiana
leaves. Empty nLUC and cLUC were used as negative controls. C, Coimmunoprecipitation assays showed that OsHDAC1 interacted with OsGSK2
in rice protoplast. D, Pull-down assays showed that OsHDAC1 interacted with OsGSK2 in vitro. The GST tag was used as the negative control. +
or –, presence or absence of protein. SD, synthetic dropout medium; BD, binding domain; AD, activation domain; LUC, luciferase gene; IP, immu-
noprecipitation; HA, HA epitope tag sequence; MYC, MYC epitope tag sequence; GST, GST epitope tag sequence; His, His epitope tag sequence.
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and destabilized (Tong et al., 2012), we next examined
whether OsHDAC1 affects the interplay between OsGSK2
and OsBZR1. Yeast three-hybrid assay analysis showed that
the OsBZR1–OsSGK2 interaction was suppressed in yeast
cells expressing OsHDAC1 (Figure 6A). Trichostatin A (TSA)
is an HDAC inhibitor, which can inhibit the activity of
HDACs in vivo and in vitro (Tanaka et al., 2008). In coim-
munoprecipitation assays, OsBZR1-Flag was co-expressed
with OsGSK2-MYC in rice protoplasts with or without TSA
treatment; OsBZR1-Flag was detected in a complex immu-
noprecipitated using an anti-FLAG antibody (Figure 6B).
When OsHDAC1-HA was co-expressed with OsBZR1-Flag
and OsGSK2-MYC in rice protoplasts, the amount of immu-
noprecipitated OsBZR1-Flag was lower than in the absence
of OsHDAC1, whereas the amount of immunoprecipitated
OsBZR1-Flag was increased by TSA treatment (Figure 6B).
Therefore, OsHDAC1 disrupted the OsBZR1–OsGSK2 inter-
action in vivo.

This conclusion was supported by the results of in vitro
pull-down assays. Purified GSK2-His and MBP-OsBZR1 were
incubated with or without GST-OsHDAC1 in deacetylation
buffer for 3 h to conduct His-pull-down assays. Co-
precipitation of MBP-OsBZR1 with OsGSK2-His was largely
prevented by incubation with GST-OsHDAC1 (Figure 6C).
Addition of the HDAC-inhibitor TSA partially restored the
binding of MBP-OsBZR1 to OsGSK2-His in the presence of
GST-OsHDAC1 (Figure 6C). These data, combined with the
results of the coimmunoprecipitation assays, demonstrated
that the OsHDAC1-mediated deacetylation of OsGSK2

attenuates the association between OsGSK2 and OsBZR1.
Next, to determine whether deacetylated OsGSK2 prevents
OsBZR1 degradation in plants, we compared the abundance
of OsBZR1 protein in wild-type, OsHDAC1 Ri2, Ri3, OE5, and
OE6 plants. The level of OsBZR1 was increased in OsHDAC1
OE lines (Figure 6D). In contrast, OsBZR1 proteins were re-
duced in OsHDAC1 RNAi lines, compared with wild-type
plants (Figure 6E). These results indicate that OsHDAC1 sta-
bilizes OsBZR1 by deacetylating OsGSK2.

OsHDAC1-mediated OsBZR1 stabilization to
regulate LR formation
BZR1/BES1 in Arabidopsis is important for the control of LR
development (Xu et al., 2020). To investigate the function of
OsBZR1 in rice LR development, we generated OsBZR1 gain-
of-function transgenic plants by using a pCXUN vector that
contained OsBZR1 cDNA fused to the FLAG tag under the
control of the ubiquitin promoter (Supplemental Figure
S8A). We obtained nine OE lines with increased OsBZR1 ex-
pression (Supplemental Figure S8B). OsBZR1 OE was con-
firmed by immunoblotting analysis of selected OE lines
(Supplemental Figure S8C). For further studies, we selected
the lines OE4 and OE8, which displayed the highest OsBZR1
expression levels (Supplemental Figure S8B). The OsBZR1
OE4 and OE8 lines had more LRs on the primary roots than
did wild-type plants (Figure 7, A and B). Methylene blue
staining showed greater numbers of stained dots in OsBZR1
OE4 and OE8 plants, compared with wild-type rice seedling
roots (Figure 7, C and D). Taken together, these results

Figure 3 OsGSK2 inhibits LR formation. A, Gene structure and mutation sites of OsGSK2. sgRNA, small guide RNA; PAM, protospacer adjacent
motif. B, Phenotype of roots in 5-d-old seedlings of WT, osgsk2-1, osgsk2-2, OsGSK2 OE5, and OE10 plants. Scale bars = 1 cm. C, Methylene blue
staining of LRPs in a segment of the root-tip of 5-d-old seedlings of WT, osgsk2-1, osgsk2-2, OsGSK2 OE5, and OE10 plants. Scale bar = 2 mm. D, LR
densities and (E) LR + LRP densities of WT, osgsk2-1, osgsk2-2, OsGSK2 OE5, and OE10 plants. Values are mean ± SD (n = 20 plants). Asterisks
mark significant changes compared with WT based on Student’s t test: *P5 0.05, **P5 0.01, ***P5 0.001. WT, wild-type rice; OE, OsGSK2-over-
expressing lines.
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suggest that OsBZR1 regulates LRP formation to increase
the number of LRs.

Arabidopsis BZR1 controls the expression of several signal-
ing components of the auxin/IAA signaling pathway (Sun
et al., 2010). In rice, OsIAA11 negatively regulates LR growth
(Jing et al., 2015) and OsIAA13 enhances LR growth (Kitomi
et al., 2012). Therefore, we investigated the expression of
OsIAA11 and OsIAA13 in OsBZR1 OE lines. OsIAA11 was sig-
nificantly downregulated and OsIAA13 was significantly
upregulated in OsBZR1 OE4 and OE8 plants, compared with
wild-type plants (Figure 7E). As expected, OsIAA11 expres-
sion was significantly increased and OsIAA13 expression was
significantly decreased in OsGSK2 OE5 and OE10 plants,
compared with wild-type plants; OsIAA11 expression was
significantly decreased and OsIAA13 expression was signifi-
cantly increased in osgsk2-1 and osgsk2-2 plants (Figure 7F).

These results imply that the OsGSK2/OsBZR1 module con-
trols LR formation by modulating the expression of LR
formation-related genes (e.g. OsIAA11 and OsIAA13). Next,
the expression levels of OsIAA11 and OsIAA13 were mea-
sured in OsHDAC1 transgenic rice plants. The mRNA level of
OsIAA11 was higher in OsHDAC1 RNAi plants and lower in
OsHDAC1 OE plants, compared with wild-type plants;
OsIAA13 expression showed the opposite pattern in
OsHDAC1 transgenic rice plants (Figure 7G). The exogenous
application of Bikinin significantly decreased OsIAA11 ex-
pression and increased OsIAA13 expression, even in
OsHDAC1 RNAi plants (Figure 7H); these effects were similar
to results of OsGSK2 mutation. Therefore, OsHDAC1 posi-
tively regulates OsBZR1 by inactivating OsGSK2, thus induc-
ing the expression of LR formation-related genes and LR
development.

Figure 4 OsHDAC1 deacetylates OsGSK2 and inhibits its kinase activity. A, OsHDAC1 has deacetylation activity in vitro. The GST-OsHDAC1 fu-
sion protein was expressed and purified in E. coli for deacetylase activity assays; the catalytic rate of OsHDAC1 was represented by the absorbance
of the reaction at 450 nm. B, In vitro deacetylation assays of OsGSK2 from E. coli. The purified OsGSK2-His protein was incubated with ( + ) or
without (–) GST-OsHDAC1 in deacetylation buffer and analyzed by immunoblotting using an anti-LysAc antibody. CBB staining was used as a
protein loading control. C, In vitro deacetylation assays of OsGSK2-MYC from plants. OsGSK2-MYC proteins immunoprecipitated from OsGSK2
OE5 seedlings were incubated with ( + ) or without (–) GST-OsHDAC1 in deacetylation buffer and analyzed using an anti-LysAc antibody. CBB
staining was used as a protein loading control. D, OsHDAC1 inhibits OsGSK2 activity in vitro. Recombinant OsGSK2-His protein was purified from
E. coli; OsGSK2-His activity was measured with ( + ) or without (–) GST-OsHDAC1 in deacetylation buffer. Values are mean ± SD (n = 3). Asterisks
mark significant changes compared with WT based on Student’s t test: ***P5 0.001. E, Effects of OsHDAC1 loss- or gain-of-function on lysine acet-
ylation of OsGSK2 in vivo in rice plants. OsGSK2 was immunoprecipitated from OsHDAC1 Ri2, Ri3, OE5, OE6, and WT plants by anti-OsGSK2 and
analyzed by immunoblotting using the indicated antibodies. Anti-OsGSK2 was used as a protein loading control. F, OsGSK2 activity of roots in
5-d-old seedlings of WT, OsHDAC1 Ri2, Ri3, OE5, and OE6 plants. The activity of OsGSK2 in the WT was set to 1. Values are mean ± SD (n = 3).
Asterisks mark significant changes compared with WT based on Student’s t test: *P5 0.05, **P5 0.01. GST, GST epitope tag sequence; His, His
epitope tag sequence; MYC, MYC epitope tag sequence; WT, wild-type rice; OE, OsHDAC1-overexpressing lines; Ri, OsHDAC1-RNAi lines.
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Discussion

LR formation is a key determinant of the root system archi-
tecture; thus, understanding the molecular mechanism that
regulates LR formation in rice (O. sativa L.) is of great agro-
nomic value. We identified OsHDAC1 as a positive regulator
and OsGSK2 as a negative regulator of LR formation in rice.
OsHDAC1 regulated LR formation in rice by interacting with
and deactivating OsGSK2, which prevented OsBZR1 degra-
dation and led to the expression of downstream LR forma-
tion genes. Thus, our data support a model in which
OsHDAC1 regulates BR-mediated LR formation through
OsGSK2/OsBZR1 in rice (Figure 8).

HDACs transcriptionally regulate gene expression by re-
moving acetyl groups from histones, resulting in various
physiological changes. In Arabidopsis, HD2A and HD2B are
recruited to the promoters of target genes and repress their
transcription (Wu et al., 2010). HDACs catalyze the removal
of acetyl groups from both histones and acetylated nonhis-
tone proteins; these activities have vital roles in animal cell
metabolic and plant development regulation (Hao et al.,
2016; Narita et al., 2019). Rice OsHDAC1 is an RPD3-type
deacetylase, similar to HDA19 in Arabidopsis. OsHDAC1 con-
trols seedling root growth in rice (Chung et al., 2009). To in-
vestigate the role of OsHDAC1 in protein deacetylation and
root development, we generated OsHDAC1 loss-of-function

Figure 5 OsHDAC1 contributes to BR-induced rice LR formation by OsGSK2. A, Phenotype of LR formation of 5-d-old WT, OsHDAC1 Ri2, and Ri3
seedlings grown on Murashige and Skoog medium with 10-nM BL and 5-lM Bikinin. Scale bar = 1 cm. B, LR densities of WT, Ri2, and Ri3 plants
with or without 10-nM BL and 5-lM Bikinin. Values are mean ± SD (n = 20 plants). Asterisks mark significant changes compared with WT, Ri2, or
Ri3 without 10-nM BL and 5-lM Bikinin treatment based on Student’s t test: **P5 0.01. n.s., no significant change. C, Expression of OsHDAC1 in
the WT treated with 10-nM BL for 0, 2, 4, and 8 h. Total RNA was extracted from the root tips of WT and subjected to RT-qPCR. The expression
levels of genes in the WT without BL treatment were set to 1. Values are mean ± SD (n = 3). Asterisks mark significant changes compared with WT
plants without BL treatment based on Student’s t test: ***P5 0.001. D, OsGSK2 activity of roots in 5-d-old seedlings of WT, OsHDAC1 Ri2, and
Ri3 plants with or without 10-nM BL treatment. OsGSK2 activity in the WT without 10-nM BL treatment was set as 1. Values are mean ± SD

(n = 3). Asterisks mark significant changes compared with WT plants with 10-nM BL treatment based on Student’s t test: **P5 0.01. n.s., no sig-
nificant change; WT, wild-type rice; Ri, OsHDAC1-RNAi lines.
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mutants using the CRISPR/Cas9 system. However, although
we propagated several generations, we did not generate ho-
mozygous seeds. This is consistent with the approach in a
previous study, which used heterozygous OsHDAC1 KO
plants because the authors could not obtain homozygous
seeds, despite selection for several generations (Jang et al.,
2003). Therefore, we generated OsHDAC1 RNAi transgenic
rice lines (Supplemental Figure S4, D–F). These knockdown
lines demonstrated decreased OsHDAC1 expression; they
also exhibited fewer LRs than did wild-type rice plants. We
constructed transgenic rice plants overexpressing OsHDAC1,

which showed increased OsHDAC1 expression and increased
LR formation (Supplemental Figure S4, A–C; Figure 1, A–D).
Therefore, OsHDAC1 is a positive regulator of LR formation
in rice.

Auxin is a key regulator of plant LR formation. Genetic
analysis of a bri1 mutant defective in the BR receptor, which
showed fewer LRs compared with wild-type rice, indicated
that BR interacts with auxin to promote LR development in
Arabidopsis (Bao et al., 2004). Little is known regarding how
the BR signaling pathway participates in plant LR formation.
Multiple components of the BR signaling pathway have

Figure 6 OsHDAC1 inhibits the interaction between OsGSK2 and OsBZR1. A, Yeast three-hybrid assays of the effect of OsHDAC1 on the
OsGSK2-OsBZR1 interaction. Empty pBridge and pGADT7 were used as negative controls. B, In vivo coimmunoprecipitation assays showed that
OsHDAC1 prevented the interaction of OsGSK2 and OsBZR1. Total proteins extracted from rice protoplasts co-expressing OsHDAC1-HA,
OsGSK2-MYC, OsBZR1-FLAG or OsGSK2-MYC, and OsBZR1-FLAG with ( + ) or without (–) 0.1-mM TSA treatment were immunoprecipitated by
an anti-MYC antibody. OsBZR1-FLAG was used as a loading control. C, In vitro pull-down assays showed that GST-OsHDAC1 inhibited the inter-
action between OsGSK2-His and MBP-OsBZR1. Purified OsGSK2-His and MBP-OsBZR1 proteins were incubated with purified GST-OsHDAC1 pro-
tein in reaction buffer with ( + ) or without (–) 0.1-mM TSA. MBP-OsBZR1 was used as a loading control. D, OsBZR1 protein levels in WT,
OsHDAC1 OE5, and OE6 plants. Actin was used as a loading control. E, OsBZR1 protein levels in WT, OsHDAC1 Ri2, and Ri3 plants. Actin was used
as a loading control. IP, immunoprecipitation; MYC, MYC epitope tag sequence; HA, HA epitope tag sequence; FLAG, FLAG epitope tag sequence;
MBP, MBP epitope tag sequence; His, His epitope tag sequence; GST, GST epitope tag sequence; TSA, trichostatin A; WT, wild-type rice; OE,
OsHDAC1-overexpressing lines; Ri, OsHDAC1-RNAi lines.
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been identified in rice (Tong et al., 2012; Qiao et al., 2017).
Bioinformatics analysis revealed that there are nine genes
that encode GSK3/SHAGGY-like kinases in the rice genome
(Youn and Kim, 2015). OsGSK2 functions as a key negative
regulator in the BR signaling pathway and has important
roles in linking many other signaling pathways. In
Arabidopsis, the phosphatase BSU1 may dephosphorylate
BIN2 to inhibit its kinase activity (Kim et al., 2009), and
HDA6 deacetylates and inhibits BIN2 (Hao et al., 2016).
Thus, BIN2 may be regulated by multiple protein modifica-
tions, such as phosphorylation and acetylation, in
Arabidopsis. Exogenous BL treatment led to a significant

increase in OsHDAC1 expression, whereas the treatment of
OsHDAC1-knockdown seedlings with BL did not increase the
LR number, compared with untreated OsHDAC1-knockdown
seedlings (Figure 5, A–C). These results implicate OsHDAC1
in BR signaling to induce LR formation by inactivating
OsGSK2 in rice.

In vitro and in vivo molecular experiments showed that
OsHDAC1 directly interacts with and deacetylates OsGSK2
(Figure 2, A–D and Figure 4, B, C, and E). Thus, our results
suggest that rice has a conserved HDAC-mediated OsGSK2
deacetylation mechanism in the BR signaling pathway, simi-
lar to Arabidopsis. Arabidopsis HDA6 interacts directly with

Figure 7 The OsHDAC1/OsGSK2/OsBZR1 module mediates the expression of LR formation-related genes and LR formation. A, Phenotype of
roots in 5-d-old seedlings of WT, OsBZR1 OE4, and OE8 plants. Scale bar = 1 cm. B, LR densities of WT, OsBZR1 OE4, and OE8 plants. Values are
mean ± SD (n = 20 plants). Asterisks mark significant changes compared with WT based on Student’s t test: *P5 0.05. C, Methylene blue staining
of LRPs in a segment from the root-tip of 5-d-old seedlings of WT, OsBZR1 OE4, and OE8 plants. Scale bar = 1 mm. (D) LR + LRP densities of WT,
OsBZR1 OE4, and OE8 plants. Values are mean ± SD (n = 20 plants). Asterisks mark significant changes compared with WT based on Student’s t
test: *P5 0.05. E, Expression of OsIAA11 and OsIAA13 in WT, OsBZR1 OE4, and OE8 plants. F, Expression of OsIAA11 and OsIAA13 in WT, osgsk2-
1, osgsk2-2, OsGSK2 OE5, and OE10 plants. G, Expression of OsIAA11 and OsIAA13 in WT, OsHDAC1, Ri2, Ri3, OE5, and OE6 plants. H, Expression of
OsIAA11 and OsIAA13 in WT, OsHDAC1, Ri2, and Ri3 plants with or without Bikinin treatment. Total RNA was extracted from root tips and sub-
jected to RT-qPCR. The expression levels of genes in the WT were set to 1.00. Values are mean ± SD (n = 3). Asterisks mark significant changes
compared with WT or WT without Bikinin treatment based on Student’s t test: *P5 0.05, **P5 0.01, ***P5 0.001. WT, wild-type rice; OE,
OsBZR1 or OsGSK2-overexpressing lines; Ri, OsHDAC1-RNAi lines.
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BES1 (Hao et al., 2016) but our results showed that
OsHDAC1 did not interact with OsBZR1 (Supplemental
Figure S9). Furthermore, our phylogenetic analysis showed
78.60% sequence similarity between OsHDAC1 and
Arabidopsis HDA19 (Supplemental Figure 2, A–C).
Therefore, different plants might use specific HDACs to reg-
ulate GSK3/SHAGGY-like kinases.

Notably, OsGSK2 mutants had opposite phenotypes to
OsHDAC1 mutants with respect to LR numbers, showing in-
creased LR formation (Figure 3, A–E). The analysis of
OsGSK2 kinase activity showed that the OsHDAC1–OsGSK2
interaction promoted the deacetylation of OsGSK2 and re-
pressed its kinase activity in vitro (Figure 2, D and Figure 4,
B–D). Assays in OsHDAC1 overexpressing plants revealed
that an interaction between OsHDAC1 and OsGSK2 in rice
plants promoted the deacetylation of OsGSK2 and sup-
pressed its kinase activity (Figure 2, C and Figure 4, E and F).
These data suggest that OsHDAC1 acts with OsGSK2 to
control LR formation. This conclusion was supported by the
observation that inhibition of GSK3/SHAGGY-like kinase ac-
tivity caused LR formation in OsHDAC1 RNAi plants and in
wild-type rice, even in the absence of exogenous BL
(Figure 5, A and B). The findings concerning the effects of
OsHDAC1, OsGSK2, and OsBZR1 on LR formation-related
genes support our conclusion (Figure 7, E–H).

OsGSK2 interacts with OsBZR1, a transcription factor, and
is responsible for its degradation (Tong et al., 2012). The
deacetylation of OsGSK2 by OsHDAC1 is important for reg-
ulating OsGSK2 kinase activity and its binding to OsBZR1 in

rice. In the absence of OsHDAC1, OsGSK2 has kinase activity
and interacted with OsBZR1. In the presence of OsHDAC1
(Figure 6, A–C), OsHDAC1 binds to and deacetylates
OsGSK2 to inhibit its kinase activity, leading to the accumu-
lation of OsBZR1 (Figure 6E). Overexpression of OsBZR1 in-
creased LR formation (Figure 7, A–D). Chip-seq and RNA-
seq data in Arabidopsis revealed that BZR1 could regulate
genes involved in auxin synthesis and metabolism, transport,
and signaling to affect root growth (Sun et al., 2010).
OsIAA11 was shown to inhibit LR growth (Jing et al., 2015)
and OsIAA13 positively regulated LR growth in rice (Kitomi
et al., 2012). Thus, the active form, OsBZR1, is not phos-
phorylated by OsGSK2; this form induces the expression of
OsIAA13 and represses the expression of OsIAA11, leading
to the overall LR formation. The transcriptomics microarray
data on root cells in rice showed that OsHDAC1, OsGSK2,
and OsBZR1 are co-expressed in roots (Takehisa et al.,
2012). Taken together, the OsHDAC1-GSK2/OsBZR1 module
controls LR formation in rice (Figure 7, E–H). Further investi-
gations are required to determine how BL signaling compo-
nents interplay with auxin-related genes to synergistically
regulate LR formation in plants, which histone acetylases
regulate OsGSK2 acetylation, and how the phosphorylation
and acetylation of OsGSK2 are synergistically regulated.

Materials and methods

Plant materials and growth conditions
Wild-type rice of Nipponbare and mutant seeds in the
Nipponbare background were soaked in 75% (v/v) ethanol
for 1 min and then in 15% (w/v) NaClO for 15 min. They
were then washed five times in double-distilled water. Seeds
were stratified in water for 24 h at 37�C in the dark; they
were then transferred to Murashige and Skoog liquid me-
dium under 16-h light/28�C and 8-h dark/26�C, 70% relative
humidity for 5 d. Nicotiana benthamiana plants were grown
at 20± 2�C, a photoperiod of 8 h, and in soil for 6 weeks.

Hormone and inhibitor treatments
BL (APExBIO, USA), Bikinin (Selleck Chemicals, USA) and
TSA (Selleck Chemicals) were dissolved in dimethyl sulfox-
ide. For hormone and inhibitor treatments, sterilized rice
seeds were planted in Murashige and Skoog liquid medium
containing the indicated concentration of BL, Bikinin, or
TSA for 5 d. The control groups were grown in an identical
volume of dimethyl sulfoxide as a mock treatment.

Root phenotyping analysis
Five-day-old rice seedlings were collected for phenotyping
analysis; initial and emerging LRs were counted using a Leica
microscope. The root system was scanned by a Nikon cam-
era scanner and measured using Image J software.

Plasmid construction and generation of transgenic
plants
For the purification of GST-OsHDAC1, OsGSK2-His, and
MBP-OsBZR1 recombinant proteins, the OsHDAC1 CDS

Figure 8 Proposed model of OsHDAC1/OsGSK2/OsBZR1 module-me-
diated LR formation in rice. Exogenous application of BRs upregulates
OsHDAC1, which binds to and deacetylates OsGSK2 to inhibit its ki-
nase activity. Deacetylated OsGSK2 loses its binding and kinase activi-
ties for the transcription factor OsBZR1, leading to the accumulation
of OsBZR1. Stable OsBZR1 controls LR formation by inducing the ex-
pression of OsIAA13 and inhibiting the expression of OsIAA11.

OsHDAC1 regulates LR formation PLANT PHYSIOLOGY 2022: 00; 1–16 | 11

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiac015/6515303 by W

uhan U
niversity Library user on 11 February 2022

https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac015#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac015#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac015#supplementary-data


fragment was amplified and cloned into the pGEX4T-1 vec-
tor, the OsGSK2 CDS fragment was inserted into the pET28a
vector, and the full length OsBZR1 CDS fragment was
inserted into the pMalC2x vector. To generate OsHDAC1-
sGFP for subcellular localization, the OsHDAC1 CDS frag-
ment was cloned into the HBT-sGFP vector. To generate the
OsHDAC1-BD, OsGSK2-AD, and OsBZR1-AD constructs for
yeast two-hybrid assays, the OsHDAC1 CDS fragment was
amplified and cloned into the pGBKT7 vector, while the
OsGSK2 and OsBZR1 CDS fragments were PCR-amplified
and cloned into the pGADT7 vector. To generate the
pBridge–OsBZR1–OsHDAC1 constructs for yeast three-
hybrid assays, the OsBZR1 CDS fragments were PCR-
amplified and inserted into the multiple cloning site (MCS) I
sites of the pBridge vector; the OsHDAC1 CDS fragments
were PCR-amplified and inserted into the MCS II sites of
pBridge-OsBZR1 constructs. To generate the OsHDAC1-
nLUC and cLUC-OsGSK2 constructs, the OsHDAC1 CDS
fragments were cloned into the pCambia1300-nLUC vector,
while OsGSK2 CDS fragments were cloned into the
pCambia1300-cLUC vector.

To generate OsHDAC1 RNA interference plants, the
OsHDAC1-RNAi vector was constructed by sequentially
inserting two inverted copies of a 202-base pair-specific
cDNA fragment of OsHDAC1 (nucleotides 355–556) into the
pCambia1300 vector. To generate OsGSK2 mutant plants,
two sgRNAs for the CRISPR/Cas9 system and plasmid con-
struction were designed as described previously (Ma et al.,
2016). CRISPR-P (http://cbi.hzau.edu.cn/crispr) was used to
select sgRNAs targeting exons of genes of interest. The Cas9
destination vector was driven by the maize ubiquitin pro-
moter for expression in rice; sgRNA expression was driven
by the pol III type promoter of U6 sgRNA. The Gibson
Assembly Cloning method was used to ligate the sgRNA to
the Cas9 destination vector; Cas9 and the sgRNA were
inserted into the pCambia1300 binary T-DNA vector. To
generate OsHDAC1, OsGSK2, and OsBZR1 overexpression
plants, the OsHDAC1 CDS fragments were fused to a HA
tag, OsGSK2 CDS fragments were fused to a MYC tag, and
OsBZR1 CDS fragments were fused to a FLAG tag to gener-
ate fusion genes; all fusion genes were cloned into a pCXUN
vector. These vectors were transformed by Agrobacterium
tumefaciens (strain EHA105)-mediated infection into wild-
type plants to generate OsHDAC1-, OsGSK2-, and OsBZR1-
overexpressing lines. T2 seedlings of these transgenic lines
were used for the phenotypic evaluation.

RNA extraction and RT-qPCR
RT-qPCR analysis of gene expression was performed as de-
scribed by Hou et al. (2021). Total RNA was extracted from
rice organs using Trizol reagent (Invitrogen, USA); purified
RNA was reverse-transcribed to cDNA using the Revert Aid
First-Strand cDNA Synthesis Kit (Fermentas, Canada).
Synergy Brands Green Real-Time PCR Master Mix
(TOYOBO, Japan) was used to perform RT-qPCR on a
StepOne Plus Real-Time PCR system. The rice GAPDH gene

was used as an internal control (Hou et al., 2021). The
2–DDCt method was used to calculate relative mRNA levels.

Subcellular localization assay
To evaluate the subcellular localization of OsHDAC1,
OsHDAC1-sGFP constructs were transformed into rice pro-
toplasts as described previously (Hu et al., 2013). The trans-
formed protoplasts were photographed using a confocal
laser-scanning microscope (Leica SP8, USA; i.e. lasers, inten-
sity, collection bandwidth, and gains) used for the confocal
work.

Images were analyzed with Image LAS-AF software.
The settings used for confocal microscopy were as follows

(in nm: excitation [ex] and emission [em]): for sGFP, ex 488,
em 500–550; for RFP, ex 552, em 575–625; fluorescence
indensity, 5%; gains value, 500–800.

Phylogenetic analysis
The full-length protein sequences of OsHDAC1 homologs in
rice and Arabidopsis were used to construct a phylogenetic
tree by the neighbor-joining method in MEGA 7.0. The
parameters were as follows: complete deletion and 1,000
bootstrap replicates.

Methylene blue staining
Methylene blue staining was performed to detect rice LRPs.
Root samples were incubated in FAA solution (18:1:1 fv/v/
vg 70% alcohol: acetic acid: formalin) at 4�C for 24 h. After
samples had been washed three times in ddH2O for 10 min
each, they were transferred to 0.01% (w/v) methylene blue
solution for 5 min, and then washed with ddH2O for 10
min. A Nikon SMZ25 stereomicroscope was used to obtain
images of the LRPs.

Protein extraction and immunoblotting
For protein extraction, fresh samples were ground to pow-
der with liquid nitrogen and resuspended in protein extrac-
tion buffer (100-mM Tris–HCl, pH 7.4, 50-mM NaCl, 5-mM
ethylenediaminetetraacetic acid, 1� cocktail [Roche], and 1-
mM phenylmethylsulfonyl fluoride). Samples were heated
for 10 min at 100�C, and then centrifuged at 13,000g for 10
min at room temperature. The supernatants were trans-
ferred into new tubes; total protein concentrations were
measured by the Bradford method, in accordance with the
manufacturer’s instructions (Bio-Rad Protein Assay, USA).
For immunoblotting, proteins were separated by electropho-
resis in a 12% sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS–PAGE) gel, transferred to polyvinyli-
dene fluoride membranes, and immunoblotted as described
previously (Hou et al. 2017). For Coomassie brilliant blue
(CBB) gel staining, proteins were separated by electrophore-
sis in a 12% SDS–PAGE gel and then stained by using CBB
fast staining solution (Cat#PA101-01, TIANGEN, China)
according to the manufacturer instruction.

The antibodies used were anti-OsGSK2 (Cat#AbP80050-
A-SE, Beijing Protein Innovation, China, 1:1000), anti-
OsBZR1(Cat#AbP80051-A-SE, Beijing Protein Innovation,
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1:1000), anti-Actin (Cat#E021111-01, EarthOx, USA, 1:1000
dilution), anti-HA (Cat#51064-2-AP, Proteintech, China,
1:2000), anti-MYC (Cat#60003-2-lg, Proteintech, 1:2000),
anti-FLAG (Cat#20543-1-AP, Proteintech, 1:2000), anti-GST
(Cat#66001-2-lg, Proteintech, 1:2000), anti-His (Cat#66005-
1-Ig, Proteintech, 1:2000), anti-MBP (Cat#66003-1-Ig,
Proteintech, 1:2000), and anti-LysAc (Cat#3067, Dia-an,
China, 1:2000).

Yeast screening assay and yeast two-hybrid assay
For yeast screening assay, Full-length OsHDAC1 was cloned
into the pGBKT7 vector using the Matchmaker GAL4 Two-
Hybrid System 3, in accordance with the manufacturer’s
instructions (Clontech, USA), and then the construct was
transformed into the yeast strain Y2HGold. The transformed
Y2HGold yeast strain was fused with the Y187 yeast strain
containing a rice cDNA library constructed in the pGADT7
vector. The medium lacking Leu–Trp–His–Ade was used for
selection. Positive clones were selected for sequencing.

The interactions between OsHDAC1 and OsGSK2 were
verified by yeast two-hybrid assays according to the
Matchmaker GAL4 Two-Hybrid System 3 manufacturer’s
manual (Clontech, USA).The prey plasmid, pGADT7-OsGSK2
or pGADT7-OsBZR1, was co-transformed with the bait plas-
mid, pGBKT7-OsHDAC1 into Saccharomyces cerevisiae strain
AH109. After transformants had been cultured on synthetic
medium plates (SD medium) lacking Trp and Leu (SD/–
Trp/–Leu) at 30�C for 2 d, they were transferred onto me-
dium plates (SD/–Trp–Leu–His–Ade) for development.

Split luciferase complementation assay
For split luciferase complementation assays, Agrobacterium
GV3101 cells containing cLUC-OsGSK2 and OsHDAC1-
nLUC vector pairs were transformed into N. benthamiana
leaves, as described elsewhere (Li et al., 2020). N. benthami-
ana leaves were sprayed with 0.5-mM luciferin and incu-
bated in the NightOWL II LB983 imaging apparatus for
5 min before luminescence detection.

Yeast three-hybrid assay
Yeast three-hybrid analysis was performed as described pre-
viously (Zhang et al., 2017). Constructs expressing OsBZR1
and bridge protein OsHDAC1 or expressing OsBZR1 were
generated. Saccharomyces cerevisiae strain AH109 was trans-
formed with a pair of plasmids, pBridge–OsBZR1–OsHDAC1
and pGADT7–OsGSK2, or with pBridge–OsBZR1 and
pGADT7–OsGSK2. pBridge and pGADT7–OsBZR1 or
pBridge–OsBZR1 and pGADT7 were used as the negative
control. The transformed colonies were screened on syn-
thetic medium (SD/–Leu/–Met/–Trp) and the transform-
ants were transferred onto plates (SD/–Ade/–Met/–Trp/–
Leu/–His) for development.

Coimmunoprecipitation assays
To verify the in vivo interaction between OsHDAC1 and
OsGSK2, coimmunoprecipitation assays were performed as
described previously (Zhang et al., 2017). Total proteins

were extracted from rice protoplasts expressing two pairs of
plasmids (OsHDAC1-HA and OsGSK2-MYC or HA and
OsGSK2-MYC) and incubated with rProtein A sepharose
(GE Healthcare, USA) and an anti-HA antibody. Proteins
bound to sepharose were detected using an anti-MYC
antibody.

For the interference assay, proteins were extracted from
rice protoplasts expressing OsGSK2-MYC and OsBZR1-Flag
with or without OsHDAC1-HA. Anti-MYC-rProtein A
sepharose was used to purify the protein complex. After
separation and blotting, protein bands were detected using
an anti-Flag antibody.

In vitro purification of recombinant proteins
GST-HDAC1, OsGSK2-His, and MBP-OsBZR1 proteins were
purified as described previously (Ye et al., 2019). These con-
structs were transferred into E. coli strain BL21DE3; expres-
sion was induced by adding 0.5-mM isopropyl b-D-1-
thiogalactopyranoside to the culture for 12 h at 16�C. The
fusion proteins were purified by affinity chromatography.

In vitro pull-down assays
In vitro pull-down assays were performed by incubating GST
or OsHDAC1-GST coupled GST-tag purification resin
(Beyotime, China) with OsGSK2-His for 2 h at 4�C; the com-
plexes were washed thoroughly, boiled in SDS–PAGE sample
buffer for 10 min, and analyzed by immunoblotting using an
anti-His antibody.

For the in vitro interference assays, purified OsGSK2-His
and MBP-OsBZR1 were incubated with or without GST-
OsHDAC1 in deacetylase buffer (50-mM Tris, pH 8.0, 137-
mM NaCl, 2.7-mM KCl, 1-mM MgCl2, 1-lM ZnCl2, and 1-
mM dithiothreitol) at 37�C for 3 h, as described previously
with minor modification (Xu et al., 2021). Next, the reac-
tions were stopped by adding stop buffer (1-M HCl and
0.16-M acetic acid). Subsequently, His-tag purification resin
was used to purify the protein complex. After separation
and blotting, protein bands were detected using an anti-
MBP antibody.

OsHDAC1 activity assay in vitro
To assay the deacetylation activity of OsHDAC1, a suitable
amount of purified GST-OsHDAC1 was used to test in vitro
HDAC activity using an HDAC Activity/Inhibition Direct
Assay Kit (Cat#P-4034, Epigentek, USA), in accordance with
the manufacturer’s instructions. After the reactions were
complete, the absorbance at 450 nm was measured using a
microplate reader.

In vivo and in vitro OsGSK2 acetylation and activity
assays
In vitro deacetylation assays were performed as described
previously with modifications (Xu et al., 2021). Briefly, total
proteins from OsGSK2 OE5 plants were extracted using a
Protein Extraction Kit (Cat#319815, BestBio, China), in accor-
dance with the manufacturer’s instructions, then incubated
with an rProtein A sepharose-coated anti-OsGSK2 antibody
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for 12 h at 4�C. Finally, OsGSK2-MYC protein purified from
plants or OsGSK2-His from E. coli was incubated with or
without GST-OsHDAC1 in deacetylase buffer at 37�C for 3
h. The products were subjected to immunoblotting analysis
using an anti-LysAc antibody. For in vivo OsGSK2 deacetyla-
tion assays, 5-d-old roots of wild-type, OsHDAC1 Ri2, Ri3,
OE5, and OE6 plants were collected. Samples were ground
into power with liquid nitrogen and extracted using a
Protein Extraction Kit (Cat#319815, BestBio, China), then in-
cubated with an rProtein A sepharose-coated anti-OsGSK2
antibody for 12 h at 4�C. After three washes with
phosphate-buffered saline plus Tween, the coimmunopreci-
pitated proteins were separated by SDS–PAGE and detected
using anti-GSK2 and anti-LysAc antibodies. In vivo- and
in vitro-acetylated OsGSK2 protein was subjected to kinase
activity assays using the plant GSK3/SHAGGY-like kinases as-
say system (MLBio, China), in accordance with the manufac-
turer’s instructions. After the reactions were complete, the
absorbance at 450 nm was measured using a microplate
reader.

Statistical analysis
Student’s t test (t test) was used to perform comparisons of
two groups in Excel software (2018). All P-values were two-
tailed. “Type 2” was chosen for equivariance hypothesis be-
tween two groups. Values of P5 0.05 were considered to
indicate statistical significance.

Primer sequences
The sequences of primers used in this study are listed in
Supplementary Table S1.

Accession numbers
Sequence data from this article can be found in the
GenBank/NCBI libraries under the following accession num-
bers: OsHDAC1 (AF513382), OsHDAC2 (AF513383), OsHDAC3
(AF513384), OsGSK2 (AK102147), OsBZR1 (AK106748),
OsIAA11 (Q0DQ61), and OsIAA13 (AK059838).
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The following materials are available in the online version of
this article.

Supplemental Figure S1. eFP browser view of the expres-
sion pattern of OsHDAC1.

Supplemental Figure S2. Alignment of the Class I RPD3-
type HDAC subfamily in rice and Arabidopsis.

Supplemental Figure S3. Subcellular localization analysis
of OsHDAC1 in rice protoplasts.
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the vector constructs and expression analysis of OsHDAC1
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ity analysis.
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