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The genetic pathways of rice seedling growth have a major impact on seedling emergence from soil and
development. In this study, we identified a new bHLH transcription factor, BEAR1, from rice RNAi mutant
library. Both the BEAR1-RNAi and bear1 CRISPR mutants had accelerated seedling growth. Histological
section of leaves showed accelerated development of lacuna and vascular bundles in bear1 mutant.
GUS staining revealed that BEAR1 was highly expressed in coleoptiles and leaves at seedling stage.
Expression analysis of gibberellin (GA) biosynthesis and metabolic genes and content determination of
active GAs indicated that the expression of GA biosynthesis genes, especially OsKS4 and OsCPS2, were
upregulated and the GAs content were significantly increased in bear1, which correlated with the seed-
ling phenotype of bear1 mutant. Molecular and biochemical assays revealed that BEAR1 directly binds to
the promoter of OsKS4, thereby repressing its expression. Haplotypes analysis showed clear differentia-
tion in indica and japonica rice varieties, and a strong correlation with seedling height. These findings pro-
vide novel insights into the regulation of seedling growth in rice.

� 2022 Crop Science Society of China and Institute of Crop Science, CAAS. Production and hosting by
Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Rice is a primary food crop that feeds billions of people around
the world. As labor costs increase, the cultivation pattern of rice is
shifting from seedling transplanting to direct sowing, where rapid
seedling growth and fast sprouting from the soil are vital for the
emergence rate and yield. Seedling growth and development are
the basis of rice tillering and reproduction [1]. Rice seedling pos-
sesses a coleoptile, which shields the plumule, and a mesocotyl.
The length of both the mesocotyl and coleoptile is determined by
a combination of genetic and environmental factors. Many genes
were identified as key players in early seedling growth. OsWRKY50
mediates seedling growth via ABA-dependent pathway [2]. bZIP72
promotes rice seedling elongation by activating ADH1 expression
[3]. OsDSK2a (DOMINANT SUPPRESSOR of KAR2) mediates seed-
ling growth by regulating GA metabolism [4]. OsRTH1 affects seed-
ling growth by controlling ethylene-induced coleoptile elongation
[5]. SnRK1A protein kinase regulates seedling growth in rice by
involving in the sugar signaling cascade [6].

Phytohormones play important roles in the regulation of plant
growth and development. Of these, GA plays a pivotal role in seed
germination, stem elongation, tillering [7], flower development,
anther maturation and grain production [8–11]. GAs have been iso-
lated and characterized, with over 130 gibberellic acids identified,
of which GA1, GA3, GA4 and GA7, are the most biologically active.
GA biosynthesis begins with geranylgeranyl diphosphate (GGDP)
and is divided into three steps, catalyzed in plastid, endoplasmic
reticulum and cytoplasm respectively. The plastid step involves
transforming GGDP to ent-copalyl diphosphate (ent-CDP) by ent-
copalyl diphosphate synthase (CPS), and then to ent-kaurene by
ent-kaurene synthase (KS) [12]. Subsequently ent-kaurene was
converted by ent-kaurene oxidase (KO) in the endoplasmic reticu-
lum to ent-kaurenoic acid, and then to GA12 by ent- kaurenoic acid
oxidase (KAO) [13–15]. The cytoplasm step involves converting
GA12 into different types of GAs with varying bioactivities, mainly
by GA 20-oxidase (GA20ox) and GA 3-oxidase (GA3ox) [16]. GA
2-oxidase (GA2ox) is the major responsible factor for the
deactivation of GAs [17,18].
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Transcription factors play a crucial role in fine-tuning the levels
of GA in plant cells at different stages. LEAFY COTYLEDON 2 (LEC2)
and FUSCA 3 (FUS3), inhibit GA biosynthesis and regulate embryo-
genesis and seed development in Arabidopsis by suppressing the
expression of AtGA3OX2 [19]. AGAMOUS-LIKE 15, a MADS domain
transcription factor, can positively regulate the GA-deactivation
gene AtGA2OX6 during embryonic development [20]. KNOX
(KNOTTED-like homeobox) class transcription factors can also
inhibit the expression of GA20OX genes [21]. Notably, bHLH tran-
scription factors are particularly indispensable in the regulation
of GA biosynthesis and signaling; PIL5, a phytochrome interacting
bHLH protein, can inhibit seed germination by regulating GA
responses [22].

bHLH transcription factors are involved in a wide range of hor-
mone metabolism, and play important roles in seed germination
[22,23], root development, hypocotyl elongation, vascular tissue
establishment [24], stomatal differentiation [25,26], anthocyanin
synthesis, photosensitive pigment signal transduction, pollendevel-
opment and flowering regulation [27–30]. The bHLHgenesGLABRA3
(GL3) and ENHANCER OF GLABRA3 (EGL3) determine the epidermal
cell fate in root development [31]; PIFs, photochrome-interacting
factors, play a central role in plant morphogenesis and hypocotyl
growth regulation [32–35]; KIDARI, encoding a non-DNA binding
bHLHprotein, represses light signal transduction [36]; BIM1, a bHLH
protein, controls plant embryonic patterning through brassinos-
teroid pathway [37]; In JA pathway, the complex of MYB/bHLH/
WD40 can participate in anthocyanin biosynthesis [38].

Here we report OsBEAR1 (bHLH transcription factor with EAR

motif 1, ID: LOC_Os11g15210), encoding a 459 amino acids protein
localized in the nucleus, regulate sprouting from soil and develop-
ment of rice seedling. We confirmed the function of OsBEAR1 by
CRISPR line and RNAi knockdown line, and revealed that OsBEAR1
control plant growth and development at seedling stage by
repressing of the expression level of GA biosynthesis gene OsKS4.
2. Materials and methods

2.1. Plant materials and growth conditions

The rice RNAi mutant library was generated by transforming
artificial miRNA constructs into the japonica rice cultivar Nippon-
bare (Nip). The bear1 mutants in the Nip background were gener-
ated using the CRISPR method [39,40], in which the target region
is 50-GGCTCTCGTCGACCGTATCA-30. The promoter region of BEAR1
was amplified by using primers (Table S1) followed by cloning into
the gateway entry vector pENTR-D-TOPO. The pGWB533 binary
vector, were used to generate constructs for GUS reporter by LR
reaction. Then, the resulting plasmids were introduced into Nip
via agrobacterium-mediated transformation.

Phenotypic analysis of CRISPR mutant and RNAi seedlings of
BEAR1 was conducted using the Nip as control. Hydroponic exper-
iments in both light and dark conditions have been performed.
Light hydroponic experiment was conducted with 10 h light and
14 h darkness cycle at 28 �C, while dark hydroponic experiment
was performed in 24 h of darkness at 28 �C. Additionally, seedling
emergence experiments were performed in the 2-cm depth soil in
24 h of darkness at 28 �C.

2.2. Domain analysis, phylogenetic analysis and cis-elements analysis

The protein structure and conserved domain of BEAR1was ana-
lyzed by SWISS-MODEL (https://swissmodel.expasy.org/) [41],
Pfam (//pfam.xfam.org/) [42] and Prosite domains database
(//https://www.expasy.org/prosite/) [43]. The phylogenetic tree of
211 bHLH members in japonica rice from the PlantTFDB database
745
was conducted using the Maximum Likelihood method in
MEGA X with 1000 bootstrap replications for statistical support
of the nodes in the phylogenetic tree [44]. All positions with <
80% site coverage were removed. The 980 bp promoter sequences
of P3 fragment were used for cis-elements analysis by PlantCARE
(https://bioinformatics.psb.ugent.be/webtools/plantcare/html/).

2.3. Histological section analysis

Histological section analysis was performed on 8-day-old seed-
lings of Nip and bear1 in a hydroponic experiment with a photope-
riod of 10 h light and 14 h of darkness at 28 �C. The leaves of the
seedlings were fixed in formalin/acetic acid/alcohol solution for
24 h, dehydrated in follow series of ethanol gradients: 75% ethanol,
85% ethanol, and 95% ethanol and then transparent in xylene of dif-
ferent gradients before being embedded in paraffin. The paraffin
block was cut into about 8 mm thick slices for staining, the
8 mm cross sections were stained with filtered 0.1% toluidine blue
Sections of the same parts of both materials were stained with
ferro solid green, and then photographed using a scanner [45].

2.4. GUS staining

For GUS staining, different tissues were collected from BEAR1
promoter-GUS reporter transgenic plants, followed by immersing
tissues in staining solution (50 mmol L�1 sodium phosphate, pH
7.0; 10 mmol L�1 EDTA; 0.5 mmol L�1 K3[Fe(CN)6]; 0.5 mmol L�1

K4[Fe(CN)6]; 0.1% [v/v] Triton X-100; and 1 mmol L�1 5-bromo-4-
chloro-3-indolyl-b-D-glucuronic acid) for 24 h at 37 �C. After the
samples were dehydrated in 75% (v/v) ethanol to remove the
chlorophyll, images were taken under a stereoscopic microscope.

2.5. Quantitative real-time PCR (qPCR) for expression pattern of BEAR1
gene and GA-related genes

For the temporal and spatial expression analysis of BEAR1 at
seedlings stage, the aerial parts of Nip seedlings that grow in the
hydroponic and light condition were harvested at an interval of
2 days after germination for total RNA extraction. To analysis the
deferent expression levels of GA biosynthesis and metabolism
genes in Nip and bear1 mutant, the 8-day-old seedlings of two
materials were harvested and used to extract total RNA. Total
RNA was extracted from seedlings by using the RNA Easy Fast Plant
Tissue Kit with DNaseI treatment (TIANGEN). cDNAs were synthe-
sized by HiScript Q RT SuperMix for qPCR (Vazyme). qPCR was per-
formed on the Applied Biosystems 7500 Fast Real-Time PCR
System using OsACT1 as control [46]. Primers used in this assay
are listed in Table S1.

2.6. Quantification of endogenous active GAs

The 8-day-old seedlings of Nip and bear1 were used for the
quantification of endogenous active form of GAs, including GA1,
GA3, GA4 and GA7. The GA compounds were detected by Wuhan
Greensword Creation Technology Company [47]. Briefly, the appro-
priate amount of stable isotope-labeled GAs was added to the sam-
ples homogenized with liquid nitrogen as internal reference,
extracted with acetonitrile overnight in darkness at 4 �C and
infused with Fe3O4@TiO2 magnetic nanoparticles for purification.
After that, the extract was determined by Liquid Chromatography
Tandem Mass Spectrometry (LC-MS/MS).

Analysis of phytohormones was performed on a UPLC-ESI (+/-)-
MS/MS system consisting of an AB SCIEX 4500 triple quadrupole
mass spectrometer with an electrospray ionization source, a Shi-
madzu LC-30AD HPLC system with two 30AD pumps, a SIL-30AC
auto sampler, a CTO-30A thermostat column compartment, and a
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DGU-20A5R degasser. Data acquisition and processing were per-
formed using AB SCIEX Analyst 1.6 software.

2.7. Yeast one-hybrid (Y1H) and luciferase activity assays

For Y1H, the full-length coding region (1377 bp) of BEAR1 was
cloned into the pB42AD vector, and truncated fragments of the
OsKS4 promoter including KS4-P1 (787 bp), KS4-P2 (438 bp),
KS4-P3 (980 bp), KS4-P4 (153 bp), KS4-P5 (282 bp), KS4-P6
(216 bp), KS4-P7 (176 bp), and KS4-P8 (247 bp) and the fragments
of OsCPS2 promoters, including CPS2-P1 (806 bp), CPS2-P2
(823 bp), and CPS2-P3 (562 bp) were cloned into the pLacZi vector,
respectively [48]. The resulting constructs were co-transformed
into the yeast strain EGY48 and selected on SD/-Ura/-Trp agar
medium. Colonies were finally plated onto SD/-Ura/-Trp agar
medium containing raffinose, galactose, and 5-bromo-4-chloro-
3-indolyl-b-D-galactopyranoside for blue color development.
Primers used in this assay are listed in Table S2.

The luciferase activity assay was performed following the
method with modification [49]. The full-length coding region of
BEAR1 was cloned into pCAMBIA1305 and pCAMBIA1300 to express
BEAR1-GFP and BEAR1-FLAG fusion protein. The promoter frag-
ments of OsKS4 were ligated into the pGreenII0800-LUC vector
(Biovector, USA) to generate the corresponding reporter constructs.
The tobacco leaves were then co-injected with BEAR1-GFP/FLAG
and pOsKS4:LUC followed by incubation at 25 �C for 2–3 days.
The injected leaves were sprayed with 1 mmol L�1 luciferin
(E1601, Promega) for 5 min, and luciferase activities were mea-
sured using CCD imaging system (NightShade LB 985, Berthold).
To detect the luciferase activity, we used the Dual-Luciferase
Reporter Assay System (Promega, USA) and normalized the firefly
luciferase activity with the internal control, Renilla luciferase
(LUC/REN). Primers used for this assay are listed in Table S2.

2.8. Chromatin immunoprecipitation-qPCR assay

The ChIP assay was performed as previously described [50]. In
brief, to perform ChIP-qPCR assay, the full-length coding region
of BEAR1 was cloned into the pCAMBIA1300Flag vector to produce
p35S:BEAR1-FLAG construction. These vectors were introduced into
Agrobacterium tumefaciens strain EHA105. The young tobacco
leaves were co-transformed with p35S:BEAR1-FLAG and pOsKS4:
LUC vector. The fresh samples were cross-linked in 50 mL of 1%
formaldehyde for 15 min. Then the chromatin was extracted from
the samples, and DNA was sheared to 100–500 bp fragments. Anti-
Flag M2 Magnetic Beads (Sigma, M8823), and protein A magnetic
beads (Beyotime) were used for immunoprecipitation. The final
extracted DNA was used as a template for the ChIP-qPCR assay.
The ratio of IP to input was used as the result of enrichment. Pri-
mers used in this assay are listed in Table S3.

2.9. Haplotypes analysis of BEAR1

To analyze the haplotypes of BEAR1 in controlling seedling
height, the full-length encoding regions of BEAR1 (1377 bp) were
used to BLAST in RFGB database (https://www.rmbreeding.cn/).
The resources of 1568 indica and 813 japonica cultivars and the
data of seedling height were all collected from the RFGB database.
3. Results

3.1. Rnai library screening for early seedling growth

To analyze the functional genes involved in regulating rice
seedling growth, we screened RNAi library of rice transcription fac-
746
tors, which was generated for targeting transcription factors with
Ethylene-responsive element binding factor-associated Amphiphi-
lic Repression (EAR) motifs, defined as conserved sequence of tran-
scription repressor. To mimic seed germination in soil, the light
was absent during seeds imbibition and seedlings growth. As
shown in Fig. S1A, one line named BEAR1-RNAi was isolated with
a faster growth rate compared to Nip. The 4-day-old etiolated
seedlings of BEAR1-RNAi were approximately 50% higher than
Nip (Fig. S1C). To investigate if the light condition affects the
growth rate of BEAR1-RNAi, the seed germination and seedling
growth were checked under light. As shown in Fig. S1B, the 12-
day-old BEAR1-RNAi seedlings were stronger than Nip and the sta-
tistical results manifested that the seedling height of BEAR1-RNAi
seedlings was significantly higher than Nip (Fig. S1C). To confirm
the BEAR1-RNAi line, the RNA interference efficiency of BEAR1
was measured by qPCR. As shown in Fig. S1D, the mRNA of BEAR1
was reduced to < 20% of Nip.

3.2. Motif and phylogenetic analysis of the bHLH family members in
rice

The result of motif analysis and phylogenetic analysis revealed
that BEAR1 contains a basic Helix-loop-Helix domain, which is a
characteristic of the bHLH transcription factor family (Fig. S2A).
Additionally, the C-terminal region of BEAR1 has an inhibitory
function motif, with LxLxL structure. To further investigate the
bHLH family, a Maximum Likelihood (ML) tree for bHLH family
members of japonica rice was constructed (Fig. S2B). Results
showed that the bHLH family was classified into 11 groups, with
group 4 including BEAR1, OsGL3b, OSB1, OSB2, OsRb and OsRb2
related to anthocyanin metabolism.

3.3. Early seedling growth function was confirmed by bear1 CRISPR
mutant

To confirm the early sprouting phenotype of BEAR1-RNAi line,
the bear1 mutant line was generated by CRISPR/Cas9 gene editing.
bear1 has a frameshift from the N-terminal at the 50th amino acid
residue and prematurely terminated at the 143th amino acid resi-
due, which resulting in the loss of bHLH domain. The bear1 seed-
lings showed a marked increase in growth and development
under both light and dark conditions (Figs. 1, S3). In the maturation
stage, bear1 and Nip showed no significant difference in plant
height (Fig. S4). In the hydroponic experiment under light condi-
tions, themost pronounced phenotypic differences between CRISPR
mutant bear1 and Nipwere observed in the aerial part (Fig. 1A). Sta-
tistical analysis revealed that the primary differences between the
two genotypes were in seedling height, or more specifically, heart
leaf height (Fig. 1B–F). Under dark conditions, the phenotypic dif-
ference between bear1 and Nip were even more pronounced than
light condition. The hydroponic experiment showed that the phe-
notypic differences between Nip and bear1 (Fig. S3A–C). The emer-
gence experiment also showed that bear1 seedlings grew
significantly faster and higher than Nip in soil (Fig. S3D, E).

3.4. Differentiation in development of lacuna and vascular bundles

Significant developmental phenotypes between Nip and bear1
were observed in the tissue sections. In the cross-section, the most
obvious difference was in the development of lacuna: the lacuna of
Nip was not yet mature (Fig. 2A, C), while the corresponding lacuna
of bear1 had developed well (Fig. 2B, D). Notably, bear1 had one
more vascular bundle than Nip, demonstrating accelerated growth
and development in bear1 mutant (Fig. 2E–H). In the longitudinal
section, the cell lengths of bear1 were significantly higher than
Nip, and the tissue structure of bear1was more complex and highly
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Fig. 1. Hastened growth of bear1 seedlings under light conditions.
(A) 10-day-old seedlings of Nip and bear1 in the hydroponic experiment under the condition of 10 h light and 14 h darkness at 28 �C. (B) Seedlings of 10-day-old Nip and bear.
(C) First leaves of 10-day-old Nip and bear1. (D) Leaf sheaths of 10-day-old Nip and bear1. (E) Height statistics of stem, seedling, FL and PL of the seedlings of Nip and bear1. (F)
Width statistics of FL and stem of the seedlings of Nip and bear1. FL, first leaf; PL, primary leaf. Scale bar, 2 cm; error bars represent SD (n = 9). *, P < 0.05; **, P < 0.01
(Student’s t-test).
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differentiated than that of Nip, which mostly consisting of compact
spongy tissues (Fig. S5).

3.5. BEAR1 participates in GA synthesis pathway

To investigate the expression pattern of BEAR1 in rice, we gen-
erated the BEAR1 promoter-driven GUS expression construct. By
agrobacterium-mediated transformation into Nip, the resulting
transgenic plant was used for GUS signal detection. As shown in
Fig. S6, BEAR1 was preferentially expressed in the buds and young
leaves. These results indicate that BEAR1 had a role in seedling
growth of rice. To further assess the expression level of BEAR1 dur-
ing seedling stage (from day 2 to day 12 after germination), qPCR
was performed and results revealed that BEAR1 expression level
747
increased with plant development, peaking at 8 days after germi-
nation (Fig. 3A).

To analyze the molecular mechanism of BEAR1 in regulating
seedling height, we examined the expression level of genes related
to GA biosynthesis and metabolism pathways (Fig. 3B). qPCR
results indicated that two GA synthesis genes, OsCPS2 and OsKS4,
were upregulated by 3 times compared to Nip (Fig. 3C, D). In the
GA degradation pathway, four genes were slightly upregulated,
and three genes were slightly downregulated (Fig. 3E).

To further confirm whether BEAR1 affects GA biosynthesis in
plant, we measured the GA contents in Nip and bear1. The LC-
MS/MS results showed that, compared to Nip, the active GA forms
including GA1 and GA3 in bear1 was significantly increased, while
GA4 was slightly increased and GA7 had no differences (Figs. 4, S7).



Fig. 2. Accelerated development of lacuna and vascular bundles in bear1 mutant.
(A, B), Leaf cross section of Nip (A) and bear1 (B). The lacuna of Nip was developing. The lacuna of bear1 was matured. (C, D), Enlarged view of the lacuna in Nip (C)
and bear1 (D) respectively. L, lacuna. Scale bar, 100 lm. 10-day-old seedling of Nip and bear1 were subjected to histological section. (E) Cross section of heart leaf of Nip. The
red arrow 1 indicated emerging of the vascular bundle, the red arrow 2 indicated developing of the vascular bundle. (F) Cross section of heart leaf of bear1. The red arrow 1
indicated developing of the vascular bundle, the red arrow 2 indicated the developed vascular bundle. (G, H) Enlarged view of the lacuna in Nip and bear1 respectively. PH,
phloem; XY, xylem; BS, bundle sheath; CO, collenchyma. Scale bar, 100 lm. The area indicated by the arrow has visible differences.
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To investigate whether bear1was sensitive to GA or GA inhibitor
(Paclobutrazol, PAC), Nip and bear1 CRISPR mutant were treated
with a range of GA and PAC concentrations. For GA treatment, the
seedlings height of Nip and bear1 obviously rose with increasing
GA concentrations (Fig. 5A, B). Conversely, the seedlings height of
Nip and bear1 were significantly decreased with the increase of
PAC concentration (Fig. 5C, D). Interestingly, when PAC concentra-
tion was above 10 lmol L�1, there was no difference in plant height
betweenNip and bear1, which indicating that the difference of plant
height between Nip and bear1 was caused by the content of GA.

3.6. BEAR1 directly binds to the promoter of OsKS4 and represses its
expression

As shown in Fig. 3 and Fig. 4, BEAR1 functions in GA signal path-
way to regulate seedling height by repressing the expression of GA
748
related genes. To further investigate whether BEAR1 can directly
bind to the promoter of OsKS4 or OsCPS2, which were found to be
upregulated in bear1 mutant, Y1H and LCI assays were performed.
The results of the Y1H assay revealed that BEAR1 can indeed binds
to P8 region of the OsKS4 promoter (Fig. 6A, B), but not to the pro-
moter of OsCPS2 (Fig. S8). Chromatin immunoprecipitation (ChIP)-
qPCR assay also showed that BEAR1 had significant enrichment in
the q4 of the OsKS4 promoter (Fig. 6C). These results revealed that
BEAR1 can directly bind to the OsKS4 promoter and repress its
expression. To confirm this, we transformed different effectors into
tobacco plants to test the effect of BEAR1 on OsKS4 expression. The
activity of luciferase driven by OsKS4 promoter was significantly
decreased when the BEAR1-GFP and BEAR1-FLAG protein were
added, compared to the control (Fig. 6D, E). These findings suggested
that BEAR1 represses the expression of OsKS4 by directly binding to
its promoter, thus regulating GA biosynthesis and seedling height.



Fig. 3. GA biosynthesis and metabolism genes were differently regulated in bear1.
(A) Expression pattern of BEAR1 gene. The seedlings after germination were harvested and total RNA was extracted. qPCR was performed to determine the expression levels
of BEAR1. D2 to D12 represents the day after germination. (B) Diagram of GA biosynthesis and metabolism pathway in rice. (C, D) Expression pattern of GA biosynthesis-
related genes between Nip and bear1. (E) Expression pattern of GA deactivation-related genes between Nip and bear1. Error bars represent SD (n = 3). *, P < 0.05; **, P < 0.01
(Student’s t-test).
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3.7. Haplotypes analysis of BEAR1 in rice cultivars

To further investigate the molecular role of BEAR1 in controlling
seedling height, we analyzed the haplotypes of 1568 indica and 813
japonica cultivars (https://www.rmbreeding.cn). The full-length
encoding regions of BEAR1 (1377 bp) were used to identify 9 SNPs,
4 of which caused changes in amino acid sequence in cultivars
(Fig. 7A). Based on these SNPs, 6 main haplotypes
749
(frequencies > 2%) were shown in detail in indica and japonica cul-
tivars, with Hap 1 mainly present in japonica cultivars (87.08%) and
only 1.21% in indica (Fig. 7B). The other haplotypes (Hap 2 to Hap 5)
were major in indica cultivars with 35.78%, 30.93%, 23.60% and
6.31%, respectively (Fig. 7B). Seedling height was significantly dif-
ferent between indica and japonica cultivars, with Hap 1 and Hap
6 (the two main japonica haplotypes) showing 35.5 cm and
34.1 cm respectively, whereas Hap 2 to Hap 5 (the two main indica
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Fig. 4. Determination of endogenous active GAs content of Nip and bear1 seedlings.
(A) Contents of endogenous GA1 and GA3 in Nip and bear1 seedlings. Error bars represent SD (n = 3). *, P < 0.05; **, P < 0.01 (Student’s t-test). (B) Molecular structure of active
GAs. (C) Chromatograms of GA1 in Nip and bear1. The red area represents the amount of GA1. (D) Chromatograms of GA3 in Nip and bear1. The red area represents the amount
of GA3.
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haplotypes) showing seedling height from 38.1 cm to 41.2 cm
(Fig. 7C). Plant height of these haplotypes had no obvious differ-
ences, which is consistent with the phenotype of bear1 at mature
stage. These results indicate that BEAR1 has distinct haplotype dif-
ferentiation between indica and japonica rice varieties, and is
strongly associated with seedling height, implying a pivotal role
of BEAR1 in controlling height between indica and japonica
cultivars.
4. Discussion

In this study, we collected four lines of evidence to support the
notion that BEAR1 controls seedling height by functioning in GA
biosynthesis pathway and inhibiting the expression of OsKS4.
Firstly, we observed that the BEAR1-RNAi line and bear1 CRISPR
mutant displayed higher seedling phenotype compared to Nip. Sec-
ondly, qPCR results revealed that the expression of OsKS4 and
750
OsCPS2 related to GA biosynthesis was significantly increased in
the bear1 mutant. Thirdly, the LC-MS/MS assay confirmed that
the content of endogenous active GA was notably increased in
bear1 mutant. Finally, our molecular and biochemical experiments
revealed that BEAR1 represses the expression of OsKS4 by directly
binding to its promoter. These findings enable us to conclude that
BEAR1 binds to the promoter of OsKS4 to inhibit its expression,
which in turn regulates GA content and seedling height, thus
resulting in the higher seedling of bear1 mutant. These results dee-
pen our understandings of the molecular mechanisms of bHLH
transcription factor in regulating early seedling growth in rice.
4.1. Other possible function of BEAR1

Analysis of evolutionary data revealed that the genes most clo-
sely related to BEAR1, such as OsGL3b, OSB1, OSB2, OsRb and OsRb2
(Fig. S2B), were all related to flavonoid and anthocyanin metabo-



Fig. 5. Phenotypes of Nip and bear1 under GA and PAC treatment.
(A, B) Seedling phenotypes (A) and height statistics (B) of Nip and bear1 with different concentrations of GA treatment under the condition of 24 h darkness at 28 �C.
*, P < 0.05; **, P < 0.01 (Student’s t-test). (C, D) Seedling phenotypes (C) and height statistics (D) of Nip and bear1 with range of concentrations of PAC treatment under the
condition of 24 h darkness at 28 �C. *, P < 0.05; **, P < 0.01 (Student’s t-test).
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lism [51–53]. GL3 and EGL3 are homologous genes of OsGL3b in
Arabidopsis thaliana, which not only participate in anthocyanin
metabolism, but also in the regulation root development [54,55].
These clues suggest BEAR1 may involve in a possible link between
plant growth and anthocyanin metabolism.

4.2. Expression of BEAR1 at seedling stage

Expression profile analysis of qPCR and GUS staining revealed
that BEAR1 was preferentially expressed in the coleoptile and
leaves of seedling. This was further corroborated by the significant
phenotypes of CRISPR and RNAi mutants, indicating that BEAR1
plays an important role in the regulation of rice growth and devel-
opment and is strictly regulated. qPCR showed that the expression
of BEAR1 significantly increased 8 days after germination (Fig. 3A),
which was consistent with GUS staining results that GUS signal
was also detected in seedlings at same stage (Fig. S6). Moreover,
GUS signals were mostly distributed in the most active parts of
seedlings, which was in agreement with the phenotype of bear1.
We also checked the expression of BEAR1 at mature stage. The
GUS signal cannot be detected in roots, stem and leaves (Data
not shown).

4.3. BEAR1 functions in GA metabolism

By analyzing the expression of genes related to GA biosynthesis
and degradation, we found that 4 genes expression in GA degrada-
tion were up-regulated about 1.5–2 folds, and 3 genes were down-
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regulated to about 1/2. These results indicated that genes of GA
degradation pathway had little changes in general, which sug-
gested that GA2 degradation pathway may not be the main regula-
tion pathway of BEAR1. For the gene expression in GA biosynthesis,
four genes were significantly up-regulated (up to 3.5 folds), espe-
cially CPS2 and KS4 (Fig. 3), so we mainly studied the GA synthesis
pathway regulated by BEAR1. Our further molecular and biochem-
ical experiments also confirmed that BEAR1 regulates GA biosyn-
thesis and inhibits the expression of OsKS4 by binding to the P8
fragment of its promoter (Fig. 6). The cis-element analysis revealed
that the P8 fragment in OsKS4 promoter contained four conserved
motifs, including W-box (GGTCAA), DRE core motif (GCCGACC),
ABRE4 motif (CACGTA) and G-box (CACGTT) (Fig. S9). The G-box
element was reported as the core DNA binding motif of the bHLH
TF mainly binding site [56], which suggested that BEAR1 may bind
to the promoter of OsKS4 by directly binding the G-box motif.

4.4. The application of BEAR1

There are many mechanisms by which plants regulate seedling
growth [57–59]. In recent reports, gy1 mutant is similar to bear1
mutant in many aspects, and its etiolated seedlings also show a
longer and faster phenotype. GY1 plays a role in the early stage
of JA synthesis and inhibits the elongation of the mesocotyl and
coleoptile of seedlings by positively regulating JA synthesis and
JA content, and acts as a growth suppressor just like BEAR1. The
spatiotemporal expression conditions of GY1 are also very strict,
and the mutant gy1 is only observed in the early stage of etiolated



Fig. 6. BEAR1 represses the expression of OsKS4 by directly binding to its promoter.
(A) Schematic depictions of the fragments in the promoter of OsKS4. (B) Y1H assay showed that BEAR1 can directly bind to the promoter of OsKS4. (C) ChIP-qPCR assay showed
that BEAR1 had significant enrichment in the q4 region of OsKS4 promoter. (D) Transient expression assay showed BEAR1 repressed the expression of OsKS4 in N. benthami-
ana leaves (n = 3). (E) Dual-luciferase assay showed the relative LUC expression (n = 4). LUC/REN ration represents the relative activity of the promoters.
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seedlings [60]. By contrast, phenotype of bear1 is more obvious and
is present in both photoperiod and dark environments (Figs. 1, 2).

BEAR1 has a promising application prospect, as demonstrated
by the CRISPR mutant, which accelerates growth and development.
This acceleration of growth at seedling stage can indirectly
improve grain yield, making it useful for the cultivation and opti-
mization of rice varieties.
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Fig. 7. Haplotypes analysis of BEAR1 associate with rice seedling height.
(A) The polymorphic nucleotides of BEAR1 encoding region in japonica and indica cultivars. (B) Distribution of proportion of 6 haplotypes in japonica (left) and indica cultivars
(right). (C) Seedling height and plant height statistics of 6 haplotypes.
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