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ABSTRACT: Brassinosteroids (BRs) are crucial plant hormones influencing diverse developmental processes in rice. While several
enzymes in BR biosynthesis have been identified, their regulatory mechanisms remain largely unknown. This study highlights a novel
regulatory pathway wherein the CHD3 chromatin remodeler, BLA1, epigenetically modulates the expression of key BR biosynthesis
genes, BRD1 and D2. Phenotypic analysis of bla1 mutants revealed significant alterations, such as increased leaf angles and longer
mesocotyls, which were alleviated by BR synthesis inhibitors. Moreover, the bla1 mutants showed elevated BR levels that correlated
with the significant upregulation of the expression levels of BRD1 and D2, particularly at the lamina joint sites. Mechanistically, the
yeast one-hybrid and chromatin immunoprecipitation assays revealed specific binding of BLA1 to the promoter regions of BRD1 and
D2, accompanied by a marked enrichment of the transcriptionally active histone modification, H3K4me3, on these loci in the bla1
mutant. Functional assessments of the brd1 and d2 mutants confirmed their reduced sensitivity to BR, further underscoring their
critical regulatory roles in BR-mediated developmental processes. Our findings uncovered an epigenetic mechanism that governs BR
biosynthesis and orchestrates the expression of BRD1 and D2 to modulate BR levels and influence rice growth and development.
KEYWORDS: leaf angle, mesocotyl elongation, chromatin remodeler, Brassinosteroid biosynthesis, histone modification, phytohormone,
rice (Oryza sativa L.)

■ INTRODUCTION
Brassinosteroids (BRs), a class of plant steroid hormones, play
pivotal roles in regulating various physiological processes, such
as cell expansion and division, vascular differentiation, seed
germination, photomorphogenesis, flowering, senescence, and
responses to environmental stresses.1 In rice (Oryza sativa L.),
BRs exert a specific influence on leaf angle modulation,
primarily by facilitating cell expansion on the adaxial side while
modulating cell division on the abaxial side.2 This precise
regulation is essential to optimize canopy photosynthesis,
thereby enhancing light penetration to lower leaves and
ultimately increasing crop yields.3 Understanding the genetic
mechanisms governing BR biosynthesis in rice holds significant
promise for agricultural advancement. By elucidating the genes
involved in BR biosynthesis and their regulatory pathways,
researchers can develop targeted strategies to effectively
manipulate BR levels. Such endeavors not only enhance our
comprehension of fundamental plant biology but also offer
practical solutions for optimizing crop productivity and
resilience in response to fluctuating environmental conditions.
Over the years, both forward and reverse genetics

approaches have been instrumental in dissecting the biosyn-
thesis routes of BRs. Currently, three distinct pathways leading
to the production of C27-, C28-, and C29-type BRs have been
identified.4 The synthesis of cycloartenol, a plant-specific C30
sterol and a precursor to BRs, initiates from squalene through
two pathways: the nonmevalonate and mevalonate pathways.5

Enzymes, such as squalene epoxidase (SQE) and cycloartenol
synthase (CAS), play crucial roles in the conversion of

squalene to cycloartenol.6 The synthetic pathway branches into
three distinct routes: the cholesterol branch, the campesterol
branch, and the sitosterol branches.4 Within these branches, a
multitude of genes, including SMO2, DWF7, DWF5, DWF1,
SMT2, SSR2, SMO3, SMO4, and DET2, orchestrate various
enzymatic reactions.7 Among the BRs, C28-type BRs that are
synthesized from campesterol are notably abundant in plants,
while C27 and C29 BRs are derived from cholesterol and
sitosterol, respectively.8 The biosynthesis pathway of C28 BRs
has been extensively studied, primarily in Arabidopsis thaliana.9

Campesterol undergoes oxidation pathways to yield campes-
tanol (CN) and campestanol (CS).8 Additionally, campesterol
can be converted into 6-deoxocathasterone via an early C22
oxidation pathway or 3-dehydro-6-deoxoteasterone via a C23
hydroxylation pathway, leading to the synthesis of CS.9

Enzymes such as DWF4, CYP724A1, CYP90C1, CTP90D1,
CTP90A1, DET2, and CYP85A1/2 are instrumental in these
processes.10 However, compared with model plant species, our
understanding of BR biosynthesis pathways in rice, a staple
food crop, remains limited. While a few genes related to BR
biosynthesis have been identified, including OsCYP51G3,11

BRD2,12 OsDWF4,13 D2,14 CPD1, CPD2,15 D11,16 and
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BRD1,17 the overall pathway in rice requires further
elucidation. D2 is a critical enzyme in the BR synthesis
pathway, operating at the C3 dehydrogenation steps. It is
responsible for converting teasterone (TE) to 3-dehydrotea-
serone (3DT) and 6-deoxoTE to 6-deoxo3DT, acting
upstream of BRD1.7 Additional research efforts are warranted
to uncover novel genes and regulatory mechanisms governing
BR biosynthesis in rice, and this could have significant
implications for crop improvement and agricultural sustain-
ability.
To achieve optimal growth and development, plants must

carefully regulate internal levels of BR. These steroid hormones
are curtailed, but their excess can be detrimental.18 In rice, the
balance of BRs is maintained through complex and diverse
mechanisms. For instance, other hormones influence BR levels;
the gene OsGSR1, a member of the GA-stimulated transcript
gene family, is activated by GA and interacts with DIM/DWF1
to modulate BR levels.19 Additionally, hormonal treatments,
such as methyl jasmonate (MeJA), suppress the expression of
genes related to BR biosynthesis, thus reducing endogenous
BR levels.20 Abscisic acid also mitigates BR effects on the
bending of leaf joints by targeting specific BR biosynthesis and
signaling genes.21 Moreover, environmental factors such as
light play a significant role in BR biosynthesis. Blue light
increases CS levels in aerial tissues, while far-red light adjusts
them in roots.22 Epigenetic factors are also critical, and
modifications such as the methylation of histone H3K36 by the
rice enzyme SDG725 influence BR-related gene expression.23

RAV6 epigenetic modification is essential for BR homeostasis
maintenance,24 highlighting the importance of epigenetic
regulation in BR biosynthesis. However, the potential effect
of other histone modifications, such as H3K4 methylation, on
BR biosynthesis remains an intriguing question. Furthermore,
melatonin and O-linked N-acetylglucosamine transferase
repress BR biosynthesis through an unknown mechanism.25

Proteins that bind to chromosome helicase DNA (CHD)
play crucial roles in gene regulation across various stages of
plant development. Based on their functions and structures,
these proteins are divided into three subfamilies (CHD1,
CHD3, and CHD7).26 In Arabidopsis, there is one identified
CHD1 protein and two CHD3 proteins, while rice has one
CHD3 protein identified.27 Specifically, the Arabidopsis
CHD1-related gene, CHR5, is activated during embryo
development. Mutations disrupt the formation of seed storage
proteins and reduce the expression of key embryo regulators
such as LEC1, ABI3, and FUS3. Moreover, CHR5 is known to
bind to the promoters of ABI3 and FUS3, significantly
reducing nucleosome occupancy close to their transcriptional
start site.28 PICKLE (PKL), another important protein,
encodes a CHD3 protein that regulates germination by
repressing the expression of seed-associated genes through
H3K27me3 enrichment. The repression is further enhanced by
the plant growth regulator gibberellin (GA).29 Additionally,
PKL and the histone variant, H2A.Z, have opposing roles in
maintaining H3K27me3-enriched chromatin.30 In Arabidopsis,
CHROMATIN REMODELING4 (CHR4), another member
of the CHD3 family, interacts with transcription factors that
are crucial for floral meristem identity, influencing the
expression of vital floral regulators.31 In rice, the CHD3
protein, CHR729, significantly influences various aspects of
plant development such as early chloroplast architecture in
adaxial mesophyll cells, as well as plant height, tillering, panicle
size, leaf size, seed germination, and root growth.32 CHR729

modulates both H3K4 and H3K27 methylation on repressed
or tissue-specific genes and plays a role in the gibberellin
pathway for development regulation.32,33 It also affects crown
root formation through the auxin pathway, with mutants
showing defective crown root development and down-
regulation of OsIAA genes.34 Recent studies have further
linked CHR729 to the epigenetic regulation of genes involved
in oxidative stress responses and wax biosynthesis genes during
leaf development.35,36 These findings highlight the complex
and multifaceted roles of CHD proteins in plant development,
underscoring the ongoing need to unravel the specific
mechanisms by which these proteins influence plant growth
and their response to environmental cues.
The primary objective of this research is to functionally

characterize BLA1, a CHD3 protein that plays a crucial role in
regulating leaf angle and mesocotyl elongation in rice. We used
the chemical brassinazole (BRZ) to reduce endogenous BR
levels that effectively mitigated the phenotypes associated with
the loss of BLA1 function, which were characterized by
increased leaf angles and extended mesocotyls. Our findings
revealed that BLA1 mutations disrupted the normal patterns of
H3K27me3 and H3K4me3 histone modifications at the
genomic loci of the BR biosynthesis genes BRD1 and D2.
This disruption led to elevated expression levels of these genes,
subsequently increasing BR production. The results unveiled a
novel epigenetic function of BLA1 (also known as CHR729) in
regulating genes essential for BR production in rice, high-
lighting its critical role in plant development and the potential
for manipulating BR pathways for agricultural benefit.

■ MATERIALS AND METHODS
Plant Materials and Growth Conditions. The bla1 mutant was

identified from a population in which Shuhui527 (SH) mature seeds
were treated with ethyl methane sulfonate (EMS). The phenotype of
the bla1 mutant was consistently observed under field and greenhouse
conditions in Hangzhou, Zhejiang, China. For this study, all plants
were cultivated in the experimental field at the China National Rice
Research Institute in Hangzhou. The plants were grown under natural
conditions and in a growth chamber that was set to a 14-h light (30
°C)/10-h dark (24 °C) cycle.37
Map-Based Cloning. To identify the genomic location of the

BLA1 locus, we crossed the bla1 mutant with the Japonica variety
Nipponbare (NIP for short) and used the resulting F2 population for
genetic mapping. A total of 569 individual F2 mutant plants were used
for mapping the BLA1 locus. The bla1 mutation was identified
through PCR amplification of the BLA1 genomic region from the
wild-type and bla1 mutant plants followed by sequencing.
Mesocotyl Elongation and Emergence Evaluation. The

mesocotyl elongation experiment was performed as described
previously with some minor modifications.38 The procedure is as
follows. Uniform dehulled rice seeds were first sterilized with 75%
ethanol for 5 min, followed by 1% sodium hypochlorite for 10 min.
The seeds were then washed three times immediately with sterilized
water to remove any residual sterilant. Ten seeds were placed in a test
bottle containing half-strength Murashige and Skoog (MS) medium.
For plants treated with BRZ, the medium was supplemented with 10
μM BRZ. The seeds were grown for 7 days under controlled
conditions. An emergence evaluation was performed according to
previous experimental methods. In short, mature seeds were
pretreated by soaking on wet gauze for 2 days and sown at a depth
of 2 or 5 cm in a soil mixture (three parts nutrient soil to one part
vermiculite). All the grooves were exposed to 20,000 lx white
fluorescent light for a 14-h light/10-h dark cycle at 30 °C and 75%
relative humidity (RH). The emergence of seedlings was recorded
daily for 9 days to assess budding conditions.39
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Microscopic Analysis. For cross sections, leaves were sectioned
and fixed using 2.5% glutaraldehyde in a fixation buffer (20 mM
PIPES, 5 mM MgCl2, 5 mM EGTA, 0.5 mM phenylmethylsulfonyl
fluoride, and 1% dimethyl sulfoxide, pH 7.0). The fixed samples were
then embedded in Spur’s resin, and the sections were cut using a
Reichert ultramicrotome. Subsequently, the sections were stained with
toluidine blue and observed under a microscope. For transmission
electron microscopy observation, leaf samples from both the wild-type
and bla1 mutant were grown under a 14-h light/10-h dark cycle at 30
°C in a growth chamber. Samples were fixed in 2.5% glutaraldehyde in
a phosphate buffer at 4 °C for 4 h and then rinsed. Fixed samples were
incubated overnight in 1% OsO4 at 4 °C, followed by an additional
1−2 h of fixation, dehydrated through an ethanol series, and then
embedded in Spur’s medium. Thin sections were cut and then dual-
stained with uranyl acetate and lead citrate. The stained sections were
examined using a JEOL JEM-1230 EX electron microscope (JEOL,
Japan).40

Phylogenetic Analysis. The phylogenetic relationships among
proteins from various plant species were investigated to understand
their evolutionary history. The methodology used involved the use of
protein sequences for species that included Oryza sativa, Theobroma
cacao, and others up to Aegilops tauschii that were downloaded from
UniProt (https://www.uniprot.org/) and aligned using the Clustal
alignment tool, and the evolutionary history was inferred using the
neighbor-joining method.41 The robustness of the tree was tested with
1000 bootstrap replicates.42 The tree was drawn to scale, where
branch lengths correlated with the evolutionary distances measured by
the number of amino acid differences per sequence. Distances were
computed using the number of differences method. All positions with
gaps and missing data were eliminated, with the final data set
composed of 1069 positions. Evolutionary analyses were conducted
using MEGA5 software.43

RNA Extraction and Reverse Transcription and Quantitative
Polymerase Chain Reaction (RT-qPCR). Total RNA was extracted
from separately sampled leaf and lamina joint regions using TRIzol
reagent (Invitrogen, Cat. No. 15596-026, USA). First-strand cDNA
was synthesized from isolated RNA using the PrimeScript II first
Strand cDNA Synthesis Kit with gDNA remover (TaKaRa, Beijing,
China), ensuring the removal of genomic DNA that could interfere
with the PCR results. RT-qPCR was performed using SYBR Premix
Ex TaqII (TaKaRa, Beijing, China) with a CFX96 Real-Time PCR
Detection System (Bio-Rad). The rice OsActin1 gene (LO-
C_Os03g50885) was used as an internal control to normalize the
expression data.36 Supplementary Table 2 lists the specific primers
used for RT-qPCR.
Subcellular Localization. The expression construct, CaMV35S::-

BLA1::GFP,44 was transiently introduced into protoplasts isolated
from NIP cell suspensions. The transformation was facilitated by
polyethylene glycol (PEG) that promoted the uptake of DNA into the
protoplasts. After transformation, the protoplasts were incubated for
16 h to allow for adequate expression of the GFP-tagged protein. A
confocal laser scanning microscope (LSM 710, Zeiss, Germany) was
used to visualize the GFP fluorescence, indicating the location of the
BLA1 protein within the cells. To delineate the nuclei, they were
stained with 4′,6-diamidino-2-phenylindole (DAPI) that binds
strongly to DNA and fluoresces blue under ultraviolet light.45

Lamina Inclination Assay. Plants were grown in a controlled
environment within a growth chamber and under white light at
approximately 20 μmol/m−2 s−1 for a 14-h period and at a
temperature of 30 °C. During the dark cycle that lasted 10 h, the
temperature was maintained at 25 °C. At 10 days after germination, 1
μL of ethanol containing 10 μM BRZ, a BR biosynthesis inhibitor,
was precisely applied to the tips of the lamina of the second leaves.
Ethanol serves as a solvent that facilitates the absorption of BRZ into
the plant tissue. Following the BRZ treatment, seedlings were allowed
to grow under the same conditions for an additional 2 days.
Subsequently, the lamina joints of the second leaves were photo-
graphed to measure the lamina bending angle.46

Endogenous BR Measurement. To assess the concentrations of
endogenous BRs in various rice variants (SH, bla1, NIP, and t483),

specific plant tissues, including leaf tissues and lamina joint regions,
were systematically sampled. Leaf tissues were collected from each
plant type under standardized conditions to ensure consistency across
samples. Samples were specifically chosen from similar developmental
stages and at the same time of day to minimize variability. The BR
levels were quantified using enzyme-linked immunosorbent assays,
following a method detailed in a previous study.47 The assay included
three biological replicates per plant type and six technical replicates
per biological sample. Data are presented as means ± SD of three
biological replicates. A Student t test was used to statistically compare
the BR concentrations between the wild-type and mutant plants.
Immunoblot Experiments. Plant materials were ground into a

fine powder in liquid nitrogen to preserve protein integrity. Proteins
were extracted using a buffer containing 50 mM Tris pH 6.8, 4%
sodium dodecyl sulfate (SDS), 10% glycerol, 5% 2-mercaptoethanol,
and a trace amount of bromophenol blue, along with a complete
protease inhibitor from Sigma to prevent protein degradation. The
protein concentration was quantified using a Bradford assay, with
bovine serum albumin (BSA) serving as the standard. Proteins were
separated by electrophoresis on a 10% sodium dodecyl sulfate−
polyacrylamide gel electrophoresis (SDS−PAGE) gel. The separated
proteins were then transferred onto a nitrocellulose membrane for
blotting. The membrane was blocked with 5% milk in tris-buffered
saline with TWEEN20 (TBST) (0.8% NaCl, 0.02% KCl, 0.3% Tris,
pH 7.4, and 0.05% Tween20) for 30 m at room temperature to
prevent nonspecific antibody binding. Primary antibodies were
applied and incubated overnight at 4 °C. After washing with TBST,
secondary antibodies were applied and incubated for 1 h at room
temperature. Blots were developed using the enhanced chemilumi-
nescence (ECL) solutions from Invitrogen to visualize the protein
bands.
Chromatin Immunoprecipitation Analysis. Chromatin immu-

noprecipitation (ChIP) was used to investigate the enrichment of
specific histone modifications, H3K4me3 and H3K27me3, in the rice
lamina joint regions. The methodology was adapted from a previously
published protocol.48 Simply, approximately 2 g of tissue was
harvested and cross-linked using 1% formaldehyde under a vacuum
for 15 m to fix the proteins to the DNA. The cross-linked chromatin
was fragmented to an average size of 200−500 bp using sonication.
Fragmented chromatin was incubated with antibody-coated beads
overnight to isolate complexes with H3K4me3 and H3K27me3
modifications. The specific antibodies used included Anti-H3K4me3
from Abcam (ab8580) and Anti-H3K27me3 from Millipore (07-449).
Following the immunoprecipitation, cross-links were reversed, and
DNA was purified. Real-time PCR was performed to quantify the
enrichment of each histone modification. Enrichment was calculated
using the equation 2(Ct of input−Ct of sample ChIP) that normalizes the
threshold cycle (Ct) of the ChIP sample to that of the input DNA.
Supplementary Table 2 lists the specific primers used for real-time
PCR.
Yeast One-Hybrid Assay. BLA1 was segmented into three

fragments based on its conserved domains. Each fragment was then
cloned into the pGADT7 vector using double-enzyme digestion with
EcoR I and BamH I. The promoters of BRD1 (595 base pairs) and D2
(577 base pairs) genes were cloned and separately recombined into
the pAbAi vector. Using the Matchmaker Gold Yeast One-Hybrid
Library Screening System (TaKaRa), the linearized plasmids pAbAi-
BRD1 and pAbAi-D2 were introduced into the yeast strain, Y1H
Gold, and the yeast was cultured on SD/-Ura agar plates to select the
successful transformations. Yeast cultures were screened on SD/-Ura/
AbA plates with aureobasidin A (AbA) concentrations of 600 and
1000 ng/ml to determine the minimum concentration that inhibited
yeast growth. Subsequently, the pGADT7-BLA1-1, -2, -3 plasmids
were transformed into yeast strains already harboring pAbAi-BRD1 or
pAbAi-D2. The transformed yeast strains were then plated
successively on SD/-Leu and SD/-Leu/AbA media. Yeast growth at
30 °C was monitored to assess protein−DNA interactions.
Supplementary Table 2 shows the primers.
Data Processing and Analysis. All data were statistically

analyzed and plotted using GraphPad Prism 9 software (San Jose,
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CA, USA). Statistical significance was assessed using Student’s t test.
A p-value < 0.05 indicated a significant difference. All results are
expressed as mean values ± standard errors (SE). The different letters
indicate a significant difference (p < 0.05, one-way analysis of variance
(ANOVA)).
Accession Numbers. Sequence data from this article can be

found in the GenBank data libraries under the following accession
numbers: BLA1 , LOC_Os07g31450; OsBRI1(D61), LO-
C_Os01g52050; D2, LOC_Os01g10040; D11, LOC_Os04g39430;
OsCPD1, LOC_Os11g04710; BRD1, LOC_Os03g40540; BRD2,
LOC_Os10g25780; DSG1, LOC_Os06g06090; BAK1, LO-
C_Os08g07760; LIC1, LOC_Os06g49080; ILI1, LOC_Os04g54900;
BU1, LOC_Os06g12210; RAVL1, LOC_Os04g49230; GSK1,
LOC_Os01g10840; BLE2, LOC_Os07g45570; OsActin1, LO-
C_Os03g50885; and OsActin7, LOC_Os11g06390.

■ RESULTS

Phenotypic Characterization of the bla1 Mutant. To
explore the molecular mechanism of BR biosynthesis in rice,
we screened the library of EMS-induced mutants for variations
in the lamina joint bending angles. The bla1 mutant,
characterized by a larger leaf angle than its wild-type,
Shuhui527 (SH), was identified. Throughout all developmen-
tal stages, the bla1 mutant exhibited a significantly larger leaf
angle than the wild-type (Figure 1A,B,E). Under total
darkness, the mesocotyl elongation of rice was enhanced,
mirroring the dependency on BR seen in Arabidopsis hypocotyl
elongation.49,50 We compared the mesocotyl elongation of the
wild-type and bla1 mutant seedlings that germinated in the
half-strength MS medium under dark conditions, and the

Figure 1. Phenotypic characterization of the wild-type (WT) and bla1 mutants. (A) Lamina joint images of the wild-type (SH) and bla1 mutant
plants displaying the significantly increased leaf angle in the mutant plant. Scale bars = 1 cm. (B) Measurements of the lamina joint angles of the
wild-type and bla1 seedlings. Data presented are means from 30 plants. Statistical analysis was performed using Student’s t test. **P < 0.01. (C)
Mesocotyls of the etiolated seedlings of the bla1 mutants were longer than those of the wild-type (SH) under continuous darkness for 7 days.
Arrows indicate the mesocotyls. Scale bar = 5 mm. (D) Measurements of the mesocotyl lengths of the wild-type and bla1 seedlings. Data presented
are means from 50 plants. A statistical analysis was performed using Student’s t test. **P < 0.01. (E) Phenotypes of the wild-type and bla1 seedlings
cultured in the field at the booting stage. Scale bar = 20 cm. (F) Phenotypes of the spikes of the wild-type and bla1 plants. Scale bar = 5 cm. (G)
bla1 mutants emerged faster than the SH plants. Photograph captured on the fourth day after sowing in 2-cm-deep soil. (H) Dynamic emergence
rates of the bla1 mutants and SH recorded for 9 days after sowing under 2 cm soil. Statistical analysis was performed using Student’s t test. Means ±
SD are given in H (n = 3). *P < 0.05 and **P < 0.01. (I) Phenotypes of the mesocotyl of the SH and bla1 plants. (J) Mesocotyl lengths. Statistical
analysis was performed using Student’s t test. Data are presented as means ± SD (n = 30). Error bars indicate standard deviations. *P < 0.05 and
**P < 0.01.
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findings showed that the bla1 mutant’s mesocotyl length was
longer than that of the wild-type plant (Figure 1C,D).
Additionally, the humus soil culture method was used to

measure the mesocotyl length of both the wild-type and bla1
mutant. The wild-type and mutant seeds were sown at a soil
depth of 2 cm, and the emergence rates were observed for 9
days. The seeds showing identical buds were selected to
eliminate the influence of varied germination speeds. The
results showed that the bla1 mutant seedlings showed faster
and more consistent growth than the wild-type, although both
groups ultimately showed similar emergence rates. Under the
same soil conditions, the bla1 mutants consistently had longer
mesocotyls than the wild-type counterparts (Figure 1I,J).
Moreover, the mutant showed several other growth defects,

including adaxial albino and narrower leaves at all growth
stages (Figure S1A−D). In contrast to the wild-type, the
mutant bla1 exhibited a noticeably reduced rate of germination
(Figure S1F). At maturity, the mutant was shorter with fewer
and smaller panicles and shorter seeds than the wild-type
(Figures 1F and S1E; Table S1). According to an analysis of

the leaf cross-sections from the wild-type and bla1 plants, the
majority of cells in the mutant leaves on the adaxial side lacked
chlorenchyma (Figure S1G,H). Transmission electron micros-
copy (TEM) studies revealed that while the wild-type leaves
had well-developed chloroplasts in the membrane structures
and densely packed thylakoids (Figure S2A−C), the mutant
leaves displayed abnormal chloroplast shapes with loose
thylakoid membranes and less dense grana stacks on the
adaxial side (Figure S2D,F). On the abaxial side, there were no
appreciable variations in chloroplast ultrastructures between
the wild-type and bla1 mutant (Figure S2G−I).
Map-Based Cloning of the BLA1 Gene. For the genetic

analysis of the bla1 mutant, we conducted a cross between bla1
and NIP (a Japonica variety). The segregation ratio in F2
plants was approximately 3:1, suggesting that the mutant’s
phenotypic abnormalities are controlled by a single recessive
nuclear gene. We used map-based cloning to isolate the BLA1
gene (Figure 2A), initially localizing it between markers P1 and
P2 on the long arm of chromosome 7 using 24 F2 plants
homozygous for bla1. Further mapping with additional F2

Figure 2. Cloning of BLA1. (A) bla1 was mapped initially to the middle of rice chromosome 7 between markers P5 and P6. Fine-mapping was
performed to narrow down bla1 to a region in AP004259. Mutation sites were found in BLA1. (B) Comparison of the sequencing results of bla1
and the WT (SH). The red stars represent the mutation site. (C) Sequences of SH, NIP, and bla1. (D) Structures of BLA1 in the WT (SH) and
bla1 were predicted using standard template-based modeling. White boxes indicate the mutation sites.
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plants refined the location to a region between the SSR
markers P5 and P6. A sequence analysis within this region
revealed a single nucleotide substitution (A-to-T) in
LOC_Os07g31450 at the fifth exon, 3362 bp downstream
from the start codon. This mutation likely changes amino acid
1121 from glutamate (E), a conserved residue, to valine (V)
(Figure 2B,C). Further investigation of the rice genome
database indicated that LOC_Os07g31450 includes ten exons
and nine introns and encodes a chromatin-remodeling factor
(OsCHR4) that consists of 2259 amino acids. This protein had
been noted in previous studies as LOC_Os07g3145032−36,44

and identified as a potential candidate gene for BLA1.
The 3D structure of BLA1 was modeled using SWISS-

MODEL, a standard template-based approach. BLA1 is
composed of multiple functional domains: a plant homeo-
domain (PHD) zinc finger domain, two chromo domains, an
SNF2-related helicase domain, and a DNA binding domain.
Within the DNA binding domain, the glutamate residue at
position 1121 (E1121) was found to be critical. The

investigation indicated that the substitution of glutamate at
this position with valine (E1121V) might alter the protein’s
structural integrity by modifying the charge and hydrophilic
characteristics at this junction (Figure 2D). Given that Val is
hydrophobic and Glu is a hydrophilic residue, the change from
hydrophilic amino acids into hydrophobic amino acids may
affect how the protein dissolves and folds correctly by altering
its affinity ability for water molecules. However, the Glu acidic
amino acid contains a negatively charged −CH2)2−COO- side
chain, and the nonpolar Val amino acid has side chains of −H
and −CH3. Consequently, the substitution of Glu1121Val
alters this protein’s charge characteristics, and this may affect
its hydrophilicity, charge properties, and overall structure.
Verification and Evolutionary Analysis of BLA1. To

further validate the role of BLA1 in the phenotypes, such as
increased leaf angles and dark-induced mesocotyl elongations,
we examined the t483 mutant. This mutant carries a single
nucleotide substitution (T to A) in the gene LO-
C_Os07g31450 at 2701 bp downstream of the start codon

Figure 3. Phenotypic characterization of the wild-type (WT) and t483 mutants. (A) Lamina joint images of the wild-type and t483 mutant plants
showing significantly increased leaf angles in the mutant plant. Scale bars = 1 cm. (B) Mesocotyls of the etiolated seedlings of the t483 mutants
were longer than those of the WT under continuous darkness for 7 days. Arrows indicate the mesocotyls. Scale bar = 5 mm. (C) t483 mutants
emerged faster than the WT plants. Photograph captured on the fourth day after sowing in 2 cm deep soil. (D) Dynamic emergence rates of the
t483 mutants and WT recorded for 9 days after sowing under 2 cm soil. (E) Phenotypes of the mesocotyls of the WT and t483 plants under 2 cm
soil. (F) Mesocotyl lengths under 2 cm soil. (G) Phenotypes of the mesocotyls of the WT and t483 plants under 5 cm soil. (H) Mesocotyl lengths
under 5 cm soil. Data are presented as means ± SD (n = 30). Error bars indicate standard deviations. **P < 0.01 and *P < 0.05.
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in the fifth exon, introducing an early stop codon (Figure
S3A,B).32 Like the bla1 mutant, the t483 mutant exhibited
greater leaf angles than the wild-type in both seedling and
mature plants in a field condition (Figures 3A and S3C), as
well as increased mesocotyl elongation (Figure 3B).
Emergence rate experiments further demonstrated that seed-
lings of the t483 mutant had a higher emergence rate than the
wild-type when covered with 2 cm of soil, and this was
particularly noticeable between the fourth and fifth days after
planting, although rates eventually converged (Figure 3C,D).
Under both 2 and 5 cm of soil cover, the mesocotyls of the
t483 mutants were significantly longer than those of the wild-
types (Figure 3E−H). Additionally, the complementary plants
carry a pCAMBIA1300::GFP plasmid containing 3,096-bp
promoter of BLA1 and a 6,857-bp cDNA fragment, with higher
expression level of BLA1 than the wild-type plants (especially
the C1 line), showed significantly lower emergence rates than
that of the wild-type (Figure S4). Moreover, another allelic
mutant of the BLA1 gene, (crl6), reported by Wang et al.,
displayed larger flag leaf angles than the wild-type.34 These
findings collectively confirm that mutations in BLA1 are linked
to the phenotypic changes observed in the bla1 mutant,
particularly in terms of leaf angles and mesocotyl elongation.
To explore the evolutionary relationships and sequence

conservation of the BLA1 protein among plants, we used
protein sequence comparison techniques, including the
neighbor-joining tree method (Figure S5A). A phylogenetic
analysis revealed that the BLA1 protein is highly conserved
among gramineous plants such as Zea mays, Sorghum bicolor,
Oryza brachyantha, and Triticum urartu, forming a distinct
clade separate from other plant species. Within this clade, the
rice BLA1 aligned closely with O. brachyantha and

Brachypodium distachyon, and other plant species were
primarily divided into monocotyledons and dicotyledons
subfamilies. Through a sequence alignment, the E1121 site
was identified as highly conserved across all examined
sequences, underscoring its critical role in the function of the
CHR4 protein (Figure S5B).
Expression Pattern and Subcellular Localization of

BLA1. To elucidate the expression pattern of BLA1, RT-qPCR
analysis (using OsActin1 and H3 genes as internal control)
were conducted on the total RNA extracted from various
organs of the wild-type plants: the roots, stems, leaves, leaf
sheaths, and panicles. The analysis revealed that BLA1 was
expressed in all the samples, with the highest level of
expression occurring in the leaves during the seedling stage.
It was also found to be highly expressed in other tissues
(Figures 4A and S6). This expression pattern was further
supported by semiquantitative PCR that confirmed the
constitutive expression of BLA1 across the different rice tissues
(Figure 4C). A notable variance in BLA1 expression between
the leaf blades of the wild-type and bla1 mutant suggested a
feedback regulation at the RNA level, possibly triggered by the
single amino acid mutation (Figures 4B and S6).
Following the determination of BLA1’s expression profile,

we assessed its subcellular localization in rice cells through
transient transformation assays using protoplasts. The
constructed CaMV35S::OsCHR4::GFP and control
35S::GFP were introduced into the rice protoplasts. The
fluorescence of BLA1-GFP colocalized with the DAPI-stained
nuclei indicated its nuclear localization (Figure 4D−H). In
contrast, the GFP signal from the 35S::GFP vector control was
distributed ubiquitously throughout the cells (Figure 4I−M).
These observations confirm that BLA1 predominantly

Figure 4. Expression pattern and intracellular localization of BLA1. (A) Analysis of the expression of BLA1 in various organs using RT-qPCR. All
the materials were harvested from a mature WT plant. OsActin1 was used as the internal control. Data are presented as means ± SD (n = 3).
Different lowercase letters indicate statistically significant differences (P < 0.05, one-way ANOVA). (B) Expression of BLA1 in the wild-type (SH)
and bla1 mutant. Data are presented as means ± SD (n = 3). Error bars indicate standard deviations. ***P < 0.001. (C) Analysis of the expression
of BLA1 in various organs using a semiquantitative PCR assay. (D−H) Subcellular localization of BLA1. (D) DAPI staining. (E) Binary vector
containing 35S::BLA1-GFP was transiently expressed in the rice protoplasts. (F) Autofluorescence chlorophyll (red), (G) bright field, (H) merged
image, and (I) DAPI staining. (J) Binary vector containing 35S::GFP was transiently expressed in the rice protoplasts. (K) Autofluorescence
chlorophyll (red), (L) bright field, and (M) merged image. Scale bars = 2 μm.
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localized to the nucleus, aligning with its presumed role in
chromatin remodeling.
BLA1 Was Involved in BR Biosynthesis, Not BR

Signaling. The role of BLA1 in rice BR biosynthesis rather
than BR signaling was investigated by examining its effect on
plant growth under different conditions. To discern between
BR-deficient and BR-insensitive mutants, we used the
sensitivity of rice lamina joint bending to BRs and the
inhibition of mesocotyl and coleoptile elongation by BRZ
under a dark condition. In the absence of BRZ, a BR synthesis
inhibitor, the wild-type plants displayed normal elongation of
mesocotyls and coleoptiles in a half-strength MS medium
under dark conditions. Upon application of 10 μM BRZ,
growth of these tissues was notably suppressed (Figure
5A,C,D), agreeing with the expected outcomes for BR
synthesis inhibition. In contrast, the bla1 mutant exhibited
significant elongation of mesocotyls and coleoptiles in the
absence of BRZ, surpassing wild-type growth levels. When
treated with 10 μM BRZ, the elongation of mesocotyls and

coleoptiles in the bla1 mutant reverted to levels comparable to
the wild-type, indicating the suppression of an enhanced BR
biosynthesis pathway (Figure 5B−D). Additionally, when BRZ
was applied directly to the lamina tips of 10-day-old seedlings,
the bending angle of the second leaves in the bla1 mutant
decreased markedly, resembling that of the wild-type (Figure
5E,F). Similar to bla1, the t483 mutant displayed corrective
responses in mesocotyl elongation and lamina bending angles
upon BRZ treatment (Figure S7). Notably, mutants known to
be involved in BR signaling did not exhibit changes in
mesocotyl and coleoptile length when treated with BRZ,51

which supported the notion that the phenotypic changes in
bla1 were due to increased endogenous BR synthesis rather
than defects in the BR signaling pathways.
To further substantiate this hypothesis that the BLA1

mutation influences BR biosynthesis, we measured the
endogenous BR concentrations in both the wild-type and
mutant plants, focusing on leaves and lamina joint regions. The
wild-type plants exhibited a baseline BR content of

Figure 5. Phenotype of the bla1 mutant rescued by BRZ treatment and the detection of endogenous BR. (A) Mesocotyls of the etiolated seedlings
of the wild-type (SH) with and without 10 μM BRZ under continuous darkness for 7 days. Red and blue arrows indicate mesocotyls and
coleoptiles, respectively. Scale bar = 5 mm. (B) Mesocotyls of the etiolated seedlings of bla1 with and without 10 μM BRZ under continuous
darkness for 7 days. Red and blue arrows indicate mesocotyls and coleoptiles, respectively. Scale bar = 5 mm. (C) Mesocotyl lengths of the SH and
bla1 mutant with and without BRZ treatment. (D) Coleoptile lengths of the SH and bla1 mutant with and without BRZ treatment. (E,F) Lamina
joints of the wild-type and bla1 mutant plants with and without BRZ treatment. Scale bars = 1 cm. (G) Quantification of the endogenous BR
contents of the SH and bla1 mutant in leaves. (H) Quantification of the endogenous BR contents of the WT and t483 mutant in leaves. (I)
Quantification of the endogenous BR contents of the SH and bla1 mutant in lamina joint regions. (J) Quantification of the endogenous BR
contents of the WT and t483 mutant in lamina joint regions. Data are presented as means ± SD (n = 30). Error bars indicate standard deviations.
**P < 0.01 and *P < 0.05.
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approximately 0.16964 ng/g fresh weight in the leaves. In
contrast, the bla1 mutant showed a significantly increased
concentration of 0.266802 ng/g fresh weight, highlighting a
substantial enhancement in BR synthesis (Figure 5G).
Similarly, in the lamina joint regions, the wild-type plants
maintained a BR level of 0.170135 ng/g fresh weight, while the
bla1 mutant had a notably higher content of 0.278368 ng/g
fresh weight, further supporting the enhanced BR biosynthetic
activity in this mutant (Figure 5I). These patterns of increased
BR concentrations were also significantly observed in the t483
mutant allele that shares the BLA1 mutation (Figure 5H,J).
These results conclusively indicate that mutations in the BLA1
gene led to an upregulation of BR biosynthesis in rice. The
elevated endogenous BR levels in the bla1 and t483 mutants
correlated strongly with the observed phenotypic manifes-

tations, such as increased leaf angle and mesocotyl elongation.
This enhanced BR production was likely responsible for the
distinct growth characteristics seen in these mutants,
confirming the crucial role of the BLA1 gene in the BR
biosynthesis pathway rather than in the signaling mechanisms.
Histone Modification of the BR Biosynthesis-Related

Gene Was Affected in bla1. To investigate the increased
endogenous BR output in the bla1 and t483 mutants, we
analyzed the expression levels of genes involved in BR
biosynthesis: D2, D11, BRD1, BRD2, and OsCPD1. A RT-
qPCR analysis was conducted on RNA extracted from leaves
and lamina joint regions of the 30-day-old plants. The analysis
revealed a significant upregulation of BRD1 and D2 transcripts
in the lamina joint regions of both the bla1 and t483 mutants
compared with the wild-type plants, with a slight increase also

Figure 6. BLA1 regulates the expression of genes related to BR biosynthesis. (A) Relative expression levels of BRD2, D2, D11, OsCPD1, and BRD1
in leaves of the SH, bla1, WT, and t483 plants. (B) Relative expression levels of BRD2, D2, D11, OsCPD1, and BRD1 in the lamina joint regions of
the SH, bla1, WT, and t483 plants. (C−R) ChIP-qPCR analysis of the enrichment of H3K4me3 (C−J) and H3K27me3 (K−R) on BR synthesis
and signaling genes in the bla1 mutant relative to the WT. OsActin7 was used for the normalization of the qPCR analysis. Data are presented as
means ± SD. Error bars indicate standard deviations. *P < 0.05, **P < 0.01, and ***P < 0.001.
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observed in leaves (Figures 6A,B and S8A,B). The expression
levels of BRD2, D11, and OsCPD1 showed only minor
increases in the lamina joint regions (Figure 6B). However,
these genes showed a decreasing trend in complementary lines
(Figure S9). In contrast, BR signaling genes did not show
consistent changes across the mutants (Figure S8C). Notably,
BLA1 expression was similar between each of the BR signaling
mutants and the wild-type plants (Figure S8D,E), suggesting
that BLA1’s functional deficiency affected BR biosynthesis
predominantly by modulating the expression of specific
biosynthetic genes, particularly BRD1 and D2.
Previous studies have shown that histone methylation states,

such as trimethylation of histone lysine 4 (H3K4me3)
associated with gene activation and lysine 27 (H3K27me3)
with suppression, are crucial for gene regulation.29,52 The rice
CHD3 protein OsCHR4, identified as a chromatin remodeler,
regulates gene expression by modulating levels of H3K4me3
and H3K27me3.53 We investigated changes in these histone
modifications in the bla1 mutant by isolating histones from the
leaves and lamina joint regions of the 3-week-old SH, bla1,
Nip, and t483 plants and performing Western blot analysis
with specific antibodies. The results indicated a global
reduction in both H3K4me3 and H3K27me3 in the bla1 and
t483 mutants compared with their respective wild-type

controls (Figure S10), suggesting a role for BLA1 in modifying
histone methylation at a key genomic region.
Given these findings, we hypothesized that BLA1 might

influence the transcription of BR biosynthesis genes by altering
H3K4me3 and H3K27me3 depositions. ChIP assays using
specific antibodies for these modifications, followed by qPCR
analysis of the 5′ end regions of the biosynthetic genes, showed
significant changes in the enrichment of H3K4me3 and
H3K27me3 (Figure 6C−R). Importantly, BRD1 and
OsCPD1 showed increased H3K4me3 and decreased
H3K27me3 levels (Figure 6C,G,K,O), suggesting an activation
of these genes. In contrast, BRD2 showed a decrease in both
H3K27me3 and H3K4me3 (Figure 6D,L), while D2 exhibited
a substantial increase in H3K4me3 and H3K27me3 in the bla1
mutant (Figure 6E,M). Other genes related to BR signaling did
not show significant methylation changes (Figure 6F,H−J,P−
R). Additionally, two downregulated genes in the bla1 mutant
(LOC_Os12g10630 and LOC_Os08g36110) displayed de-
creased levels of H3K4me3 and H3K27me3 (Figure S11A−F),
which was consistent with previous reports33 and demon-
strated the reliability of our ChIP-qPCR results. Thus, it was
concluded that BLA1 likely exerts its effects on histone
modifications associated with BR biosynthesis genes, especially

Figure 7. BLA1 binds with BRD1 and D2 promoters. (A) Diagram of the BLA1 protein domain. (B) Yeast one-hybrid (Y1H) assays showing the
interactions between BLA1 and the BRD1 and D2 promoters. pAbAi + pGADT7 and pAbAi + BLA1-pGADT7 were used as the negative controls.
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in BRD1 and D2, thereby epigenetically regulating their
expression.
To confirm BLA1’s role in regulating BR biosynthesis genes,

we conducted a yeast one-hybrid (Y1H) assay using the
promoter regions of BRD1 and D2 as bait. Fragments of BLA1
containing its functional domains were tested for interaction in
the Y1H system (Figure 7A). As depicted in Figure 8, all
clones were able to grow on SD/-Leu plates. However, only
the yeast strains transformed with pGADT7-BLA1−2/pAbAi-
BRD1, pGADT7-BLA1−3/pAbAi-BRD1, and pGADT7-
BLA1−3/pAbAi-D2 were able to survive on the medium
supplemented with 600 or 1000 ng/mL AbA, while the

negative controls failed to grow (Figure 7B), further
confirming the binding ability of BLA1 to the promoter
regions of BRD1 and D2. This evidence further supports the
regulatory role of BLA1 in BR biosynthesis through epigenetic
modulation of key biosynthetic genes.
D2 Acted Downstream of BLA1 to Regulate Meso-

cotyl Elongation and the Emergence Rate. Given that
BLA1 binds to the promoter regions of BRD1 and D2, we
asked whether D2 is the downstream player of BLA1. We used
a d2 mutant that has a single nucleotide base change at the
coding sequence (CDS) that results in the conversion of
glycine to aspartic acid (Figure 8A,B). We then conducted
mesocotyl elongation and emergence rate assays. Under dark
conditions, the wild-type plants displayed significant mesocotyl
elongation, achieving nearly 2 mm of length on the 1/2
strength MS medium, while the d2 mutant showed no such
elongation (Figure 8C−E,G). Additionally, under dark
conditions, the coleoptiles of the d2 mutant were notably
shorter than those of the wild-type (Figure 8F). In addition,
the emergence rate experiments revealed that when planted
under 5 cm of soil, the d2 mutant seedlings exhibited a
substantially lower emergence rate than the wild-type seed-
lings. By the seventh day, while nearly 90% of the wild-type
seedlings had emerged, the d2 mutant displayed no emergence
at all (Figure 8H,I). The lack of mesocotyl and coleoptile
elongation in the d2 mutant suggested a significant disruption
in BR biosynthesis that led to impaired growth under soil
cover.
These observations collectively indicate that BLA1, poten-

tially via its regulation of BR synthesis genes such as D2 and
BRD1, played a fundamental role in controlling the elongation
processes of mesocotyls and coleoptiles. This regulatory
mechanism is essential for optimal seedling emergence and
early plant development, emphasizing the interplay between
genetic regulation and hormone biosynthesis pathways in plant
physiology.

■ DISCUSSION
In this study, we have delineated the specific roles of CHR729
and its allelic mutants in regulating BR biosynthesis via
epigenetic modifications, a process less understood in rice
compared with other plant models. Unlike other CHD
proteins, CHR729, particularly through its BLA1 variant,
played a pivotal role in modulating histone methylation
patterns at key BR synthesis genes such as BRD1 and D2.
The upregulated expression of these genes in the bla1 mutants
correlated with increased BR levels that directly contribute to
phenotypic traits such as increased leaf angles and mesocotyl
elongation. These findings not only advance our understanding
of the functions of the CHD protein in chromatin dynamics
but also suggest potential genetic targets for enhancing crop
resilience and growth characteristics under variable environ-
mental conditions. Further studies should explore the full
spectrum of genes regulated by BLA1 and investigate the
potential coregulation of these genes with other epigenetic
modifications to fully elucidate the chromatin-based regulatory
networks in plant development.
The following six CHD proteins were found in the rice

genome: CHR705, CHR702, CHR703, CHR729, CHR723,
and CHR744.54 Among these proteins, five are members of the
CHD3 subfamily, while CHR705 is a member of the CHD1
subfamily. In comparison to other proteins, CHR729 has been
the subject of more thorough investigations. Six other allelic

Figure 8. Phenotypic characterization of the wild-type (NIP) and d2
mutants. (A) Phenotypes of the 15-day-old WT and d2 plants. Scale
bars = 5 cm. (B) Sequencing confirmation of the D2 gene in d2
plants. (C) Photomorphogenic phenotype of d2 grown in the dark.
Scale bars = 5 mm. (D,E) Close-up of the boxed region in (C), scale
bar = 2 mm. (F) Coleoptile lengths of NIP and d2 under continuous
darkness for 7 days. (G) Mesocotyl lengths of NIP and d2 under
continuous darkness for 7 days. (H) d2 mutants emerged slower than
the WT plants. Photograph captured on the ninth day after sowing in
5 cm deep soil. (I) Dynamic emergence rates of the d2 mutants and
WT recorded for 9 days after sowing under 5 cm soil. Red triangles
and blue arrows indicate mesocotyls and coleoptiles, respectively.
Data are presented as means ± SD (n = 40). Error bars indicate
standard deviations. ***P < 0.001.
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mutants of CHR729 have been identified in earlier research,
and these mutants all display consistent traits such as adaxial
albino,44 dwarfism,33 narrow leaves, enhanced drought
tolerance,36 sluggish germination,32 and irregular crown root
development.34 A new allelic mutant of CHR729, known as
bla1, was identified during the screening of mutants linked to
BRs. In addition to the abnormalities linked to gene mutation,
it was noted that the mutant’s leaf angle was noticeably greater
than that of the wild-type (Figure 1). Interestingly, Wang et al.
showed that the crl6 mutant also exhibited significantly bigger
flag leaf angles than the wild-type.34 Furthermore, the mutant
showed an increase in the endogenous BR content that was
linked to the upregulated expression of BR synthesis genes,
BRD1 and D2, and the enrichment of H3K4me3 on BRD1 and
D2 regulated by BLA1.
BRs are produced by a multienzyme biosynthesis pathway in

plants. Nevertheless, little is known about how the genes
encoding these enzymes are regulated, especially when it
comes to epigenetic mechanisms. Evidence from this work has
demonstrated that BLA1 controls the expression of BRD1 and
D2 that negatively inhibit the production of BR. Mutant alleles
of BLA1, including bla1 (Figure 1), t483 (Figure 3), and crl6,
displayed increased leaf angles, which is a typical reaction to
BR in rice.34,55 Additionally, it was discovered that mutant
lines had longer mesocotyls in darkness than the wild-type
(Figures 1 and 3), a process that is highly dependent on BR.50

The endogenous BR level measurement verified a rise in
mutants, and these abnormalities may be restored by BRZ
treatment (Figures 5 and S7). All of these findings imply that a
loss function of BLA1 affects the BR biosynthesis pathway.
Although BLA1/OsCHR4 has been shown to possess a variety
of functions, our research further demonstrated these functions
in plant development.
Histone modifications play a crucial role in regulating plant

growth by influencing chromatin structure and transcription
activity.56 In heterochromatin sections of the plant genome, for
instance, histone H3 lysine 9 monomethylation and
dimethylation (H3K9me1 and H3K9me2) are associated
with the maintenance of repressive states.57 In contrast,
H3K4me3 is linked to genes that are actively transcribed, and
it is especially prevalent near transcriptional start sites.58

H3K27me1 and H3K27me3 both have repressive functions,59

and the co-occurrence of active H3K4me3 and repressive
H3K27me3 marks at the same genomic locations may result in
coregulation of gene transcription.60 The evolutionarily
conserved polycomb repressive complex 2 in Arabidopsis
facilitates the deposition of H3K27me3 at different phases of
plant development.61 Research has shown that the PHD finger
and trimethylated histone H3 lysine 27 interact with
chromodomains of the rice CHD3 protein, CHR729, to affect
several aspects of plant growth.33 Furthermore, in agreement
with earlier research,35 our results implied that BLA1 deletion
caused a global decline in the levels of H3K27me3 and
H3K4me3 (Figure S10), and this may have an effect on the
transcriptional regulation of BR synthesis-related genes. Our
ChIP-qPCR results showed lower H3K4me3 levels for BRD2
and decreased H3K27me3 levels for BRD1, BRD2, and
OsCPD1 (Figure 6K,L,N,O). Interestingly, several genes,
such as BRD1, D2, and OsCPD1, showed higher amounts of
H3K4me3 compared with the wild-type (Figure 6C,E,G). In
agreement with the ChIP-qPCR findings, the RT-qPCR
analysis confirmed the increase in the expression levels of
BRD1 and D2 in the absence of BLA1 (Figure 6B). In
addition, BLA1’s binding to the promoter regions of BRD1 and
D2 was validated using the Y1H assays (Figure 7). Moreover,
in agreement with earlier research, the d2 mutant had
nonelongated mesocotyls (Figure 8).62 However, researchers
have also noted that the brd1 mutant exhibits a phenotype that
is comparable to the d2 mutant.17 Remarkably, unlike BRD1
and D2, BRD2 and OsCPD1 did not show statistically
significant changes between the wild-type and bla1 mutant
(Figure 6B). This discrepancy implies that other variables
might be involved in the control of BRD2 and OsCPD1
expression. The aforementioned discoveries have greatly
broadened our understanding of the CHR729 epigenetic
regulatory network concerning BR production, illuminated its
target genes, and improved our understanding of its function in
plant growth.
To summarize, BLA1 modulated the histone methylation

levels of BR synthesis genes, which is a crucial step in
controlling endogenous BR synthesis in plants. BLA1
specifically suppressed the expression levels of BRD1 and D2

Figure 9. Possible model for the regulation of BRD1 and D2 transcription by BLA1.
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by lowering the levels of H3K4me3 at their promoters.
Furthermore, transcriptional downregulation caused by
elevated levels of H3K27me3 at the BRD1 promoter inhibited
BR production, reducing leaf angles and shortening mesocotyls
(Figure 9).
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