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Abstract: Brassinosteroids (BRs) play critical roles in plant growth by promoting cell elongation
and division, leading to increased leaf inclination angles. BRASSINAZOLE RESISTANT 1 (BZR1)
and BRI1-EMS-SUPPRESSOR 1 (BES1) act as transcription factors in the brassinosteroid signaling
pathway and are involved in several physiological activities regulated by BRs. In this study, we
identified and cloned BcBZR1 from the heitacai non-heading Chinese cabbage (NHCC) cultivar. The
sequence analysis showed that the coding sequence length of BcBZR1 is 996 bp, encoding 331 amino
acid residues. Subcellular localization assays showed that BcBZR1 is localized in the nucleus and
cytoplasm and that BcBZR1 protein is transported to the nucleus after receiving BR signals. Compared
with Col-0, the leaf inclination angle was smaller in BcBZR1-OX. The EBR treatment experiment
indicated that BRs regulate the differential expression of paclobutrazol resistancel (PRE1) and ILI1
binding bHLH1 (IBH1) in the adaxial and abaxial cells of the petiole through BZR1, thus regulating the
leaf inclination angle. The bimolecular fluorescence complementation (BiFC) assay indicated that
BcBZR1 interacts with C-repeat Binding Factor2 (BcCBF2) and CBF3. Taken together, our findings not
only validate the function of BcBZR1 in leaf inclination angle distribution in non-heading Chinese
cabbage, but also contribute to the mechanism of leaf inclination angle regulation in this species
under cold stress.
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1. Introduction

Crop yield is mainly affected by photosynthetic efficiency, which plants adjust by
regulating the canopy structure [1]. The angle between the foliar normal and the zenith
direction, known as the leaf inclination angle, is one of the main canopy structure parame-
ters affecting light interception and photosynthetic efficiency [2]. Many studies have found
that the plant leaf inclination angle is mainly regulated by hormones such as BRs [3,4],
auxin [5-7] and gibberellins (GAs) [8-11].

BRs promote cell elongation and division [12], and exogenous BRs promote the expres-
sion of cell division cycle protein 48 (CDC48) gene, which is a cell cycle regulatory gene [13].
Previous studies have found that the leaf inclination angle is determined by differences
between the adaxial and abaxial tissues at the leaf base, with the length and number of cells
being the main influencing factors [14]. Therefore, the synthesis and signaling of BRs are
important factors affecting the regulation of the plant leaf inclination angle [3]. Activators
for cell elongation (ACEs), basic helix-loop-helix ((bHLH) transcription factors, directly
activate the transcription of cell elongation-related genes. However, the interaction between
IBH1 and ACEs interferes with the binding of ACEs to the target genes, disrupting cell
elongation. PRE1 indirectly restores the transcriptional activity of ACEs by competing with
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ACEs for binding to IBH]1, thereby promoting cell elongation [15,16]. In rice, exogenous
brassinosteroids inhibit IBHI transcription and activate the expression of ILI1 through
BZR1 [17], a key regulatory gene in the BR signal transduction pathway [18,19]. ILI1 in-
teracts with the bHLH protein, IBH1, to regulate the development of adaxial and abaxial
cells, thereby inhibiting the leaf vertical growth induced by IBH1 overexpression [17,20]. In
addition, BZR1/BES1 is not only a key component of the BR signaling pathway, but also
interacts with components of other signaling pathways as a core regulator, thus integrating
various signals and ultimately regulating the leaf inclination angle in plants [21]. BZR1 in-
teracts with ELONGATED HYPOCOTYL 5 (HY5), antagonizing downstream target genes,
thus coordinating plant photomorphogenesis [22]. Low temperatures promote the binding
of BZR1 to BRRE and E-BOX in the promoter region of CBF1 and CBF2 and enhance the
transcriptional regulation of growth-related genes performed by BZR1, thus balancing
growth and cold tolerance in plants [23,24]. These results suggest that BZR1 plays an
important role in leaf inclination angle regulation.

Non-heading Chinese cabbage is a Brassica species belonging to the Brassicaceae
family and is widely planted in the Yangtze River Basin, constituting a significant source of
income for farmers. Therefore, research on the regulatory mechanism of leaf inclination
angle in this species may result in increases in yield and farmers’ income. In order to
investigate whether BRs regulate the leaf inclination angle in the abovementioned species
and whether BZR1 is involved, BcBZR1 was isolated from this plant, and BcBZR1-OX
Arabidopsis thaliana was successfully obtained. EBR treatment results show that BRs are
involved in regulating the leaf inclination angle in non-heading Chinese cabbage and that
BcBZR1 plays a key role in this mechanism. We further demonstrated that BcCBF1 and
BcCBF2 interact with BcBZR1 in vivo and participate in the transcriptional regulation of
BcPREI1. These findings deepen our understanding of the function of BZR1 in the Brassi-
caceae family, suggesting that BcBZR1 is involved in the regulation of the leaf inclination
angle in non-heading Chinese cabbage.

2. Materials and Methods
2.1. Plant Materials and Growth Conditions

The seeds of the heitacai non-heading Chinese cabbage cultivar were provided by the
Cabbage Systems Biology Laboratory of Nanjing Agricultural University and grown in
illumination incubators under a light/dark cycle for 16 h/8 h at 24 °C/22 °C, respectively.
The leaves, petioles, roots, and stems of 1-month-old seedlings and fully open flowers were
collected for gene expression analysis. The Nicotiana benthamiana and Col-0 used in this
study were grown in illumination incubators under the same conditions.

2.2. Sequence Analysis of BcBZR1

The full-length coding sequence (CDS) of BcBZR1 was obtained from the heitacai
non-heading Chinese cabbage cultivar. The physicochemical characteristics of the BcBZR1
protein were analyzed using the Expasy website (https://web.expasy.org/protparam/
(accessed on 6 September 2021)). The homologous genes of BcBZR1 were searched on the
online BLAST server (https://blast.ncbi.nlm.nih.gov/Blast.cgi (accessed on 6 September
2021)). The multiple-sequence alignment of homologous proteins was performed with
Jalview (downloaded from https:/ /jalview.software.informer.com/ (accessed on 6 Septem-
ber 2021)); then, a phylogenetic tree analysis was performed using MEGA-X (downloaded
from https://www.megasoftware.net/ (accessed on 6 September 2021)). The conserved
motifs were analyzed using the MEME website (http://meme-suite.org/tools/meme
(accessed on 6 September 2021)).

2.3. Subcellular Localization

For subcellular localization, first, the protein-coding region of BcBZR1 was cloned into
pEasy-Blunt (TransGen, Beijing, China); then, 355: BcBZR1-GFP was generated through an
LR reaction between pEasy-BcBZR1 and the PR101-GFP vector. The main primers used
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in our study are listed in Table S1. These plasmids were transformed into Agrobacterium
strain GV3101 for infiltration into tobacco leaves. Then, the leaves were injected with 35S:
BcBZR1-GFP/355: GFP and RFP (nuclear maker red fluorescent protein). About 60 h after
infiltration, we collected images by using confocal laser scanning microscopy (LSM 500;
Zeiss, Oberkochen, Germany).

2.4. Agrobacterium-Mediated Transformation

To obtain BcBZR1-OX lines, Arabidopsis thalina (Columbia) was transformed with 35S:
BcBZR1-GFP by using an Agrobacterium tumefaciens-mediated floral-dip method [25]. The
Ty seeds from the transfected plants were harvested, surface-sterilized and screened on
MS solid medium containing 50 mg/L Kana and 16 mg/L Timetin. After about 14 days,
only the positive seedlings could grow normally. These were further examined with PCR
analysis and then transplanted and grown in a plant growth chamber. The seeds obtained
from the positive seedlings were transgenic seeds of the T; generation, which were further
selected on MS solid medium with the same resistance and verified by using PCR. We
repeated this process until we obtained the T3 generation. Then, the T3 BcBZR1-OX lines
were selected for quantitative real-time PCR (qRT-PCR) analysis.

2.5. RNA Extraction and gRT-PCR Analysis

Total RNA was extracted by using an easy-to-use total RNA extraction kit (TTANGEN,
Beijing, China). The quality of the RNA samples was analyzed using agarose gel analysis.
cDNA was synthesized using a Hifair II 1st Strand cDNA Synthesis Kit (Yeasen, Shanghai,
China). AtActin (AT1G80000) and BcActin (BraC09g068080.1) were used as the internal
reference to which the relative expression level was normalized. The gene-specific primer
sequences used are listed in Table S1. The qPCR analysis was performed using SYBR Green
Master Mix (Yeasen, Shanghai, China). The data were analyzed using the 2~ 22T method [26].

2.6. EBR Treatment

The three-week-old non-heading Chinese cabbage specimens were transferred to a
10 mL centrifuge tube for hydroponics and acclimated for three days. According to the
preliminary test results (Figure S1), two treatments were set up: water (control check) and
1 umol/L 2, 4-epibrassinolide (EBR). The samples were collected at specific time-points
after treatment for a gene expression assay. A photograph was taken 2 d after treatment,
and the leaf inclination angle in the photograph was measured by using Image J [27]. The
samples were cut at the bend of the petiole to make paraffin sections, which were used to
observe the differences in cell morphology between adaxial and abaxial ends [28].

2.7. Low-Temperature Stress Treatment
To analyze the expression levels of genes, 15-day-old seedlings were transferred to

illumination incubators for low-temperature stress treatment at 4 °C for 2 days, and samples
were collected at specific time-points.

2.8. Bimolecular Fluorescence Complementation

To generate constructs for bimolecular fluorescence complementation (BiFC), the
coding sequences of both BcBZR1 and BcCBF2/3 were amplified and cloned into pFGC-
YN173 and pFGC-YC155, respectively. These plasmids were transformed into Agrobacterium
strain GV3101 for infiltration into tobacco leaves. Then, the leaves were injected with
BcCBF2/3-cYFP or BcBZR1-nYFP. About 60 h after infiltration, we collected images of the
leaves using confocal laser scanning microscopy (LSM 500; Zeiss, Oberkochen, Germany).

3. Results
3.1. Sequence and Expression Analysis of BcBZR1

To identify BZR genes in NHCC, we analyzed the NHCC001 genomic database using
the CDSs of AtBZR1/2 and AtBEH1/2/3/4 as the reference sequences [29]. We identified
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14 putative BZR orthologs and then constructed the phylogenetic tree. The results show
that BraC07g027980.1 and BraC07g038780.1 are in the same subfamily as AtBZR1, and the
former was denoted as BcBZR1 (Figure S2). We cloned the CDS of BcBZR1 from the heitacai

variety by using homology cloning.

The sequence analysis showed that the coding sequence length of BcBZR1 is 996 bp,
encoding 331 amino acid residues. The analysis with Expasy online software showed that
the molecular weight of BcBZR1 protein is 35.88 kDa and that the theoretical isoelectric point
(pI) is 9.05. The multiple-sequence alignment of BcBZR1 and BZR1 proteins from different
crops (Brassica napus, Brassica rapa, Brassica oleracea, Raphanus sativus, Hirschfeldia incana,
Arabidopsis thaliana and Eutrema salsugineum) showed that they have a highly conserved
BES1 domain at the N-terminal (Figure 1a). In addition, the results of the motif analysis
indicate that there were identical motifs of full proteins. These results suggest that the

function of BZR1 is conservative in Brassicaceae crops (Figure 1b).

(@)
BcBZR1/1-332
BnBZR1/1-331
BrBZR1/1-331
BoBZR1/1-333
HBZR2/1-334
RsBZR1/1-333
AtBZR1/1-336
EsBZR1/1-333

BcBZR1/1-332
BnBZR1/1-331
BrBZR1/1-331
BoBZR1/1-333
HBZR2/1-334
RsBZR1/1-333
AtBZR1/1-336
EsBZR1/1-333

BcBZR1/1-332
BnBZR1/1-331
BrBZR1/1-331
BoBZR1/1-333
HBZRY1-334
RsBZR1/1-333
AtBZR1/1-336
EsBZR1/1-333

BcBZR1/1-332
BnBZR1/1-331
BBZR1/1-331
BoBZR1/1-333
HBZR2/1-334
RsBZR1/1-333
AtBZR1/1-336
EsBZR1/1-333

BcBZR1/1-332
BnBZR1/1-331
BrBZR1/1-331
BoBZR1/1-333
HBZR2/1-334
RsBZR1/1-333
AtBZR1/1-336
EsBZR1/1-333

BcBZR1/1-332
BnBZR1/1-331
BrBZR1/1-331
BoBZR1/1-333
HBZRY/1-334
RsBZR1/1-333
AtBZR1/1-336
EsBZR1/1-333

(b)

Figure 1. Results of sequence analysis of BcBZR1 protein.
of BcBZR1 protein and BZR1 proteins in Brassica napus (BnBZR1, XP_013648890.1), Brassica
rapa (BrBZR1, XP_009104725.1), Brassica oleracea (BoBZR1, XP_013591836.1), Raphanus sativus (Rs-
BZR1, XP_018446811.1), Hirschfeldia incana (HiBZR1, KAJ0255834.1), Arabidopsis thaliana (AtBZR1,
NP_565099.1) and Eutrema salsugineum (EsBZR1, XP_006390354.1). The red box marks the BES1

286 VA -

286 ARG VF
287 ABRAVF
287 ABA - F
200 THA-F
287 ABA - L

[BCBZR'
BnBZR1

BrBZR1

BoBZR1
RsBZR1

HiBZR2
ABZR1

EsBZR1

=]

®

E1

=]

L

9

G
G
G
G
R
R
R
R

W
=)
=)

0

T T T T T T T T T T T 3
30 60 90 120 150 180 210 240 270 300 330 360

conserved domain in different species. (b) Motif analysis of BZR1.

I Motif 10
- Motif 6

I Motif 1
I Motif 9

Motif S
Motif 7
- Motif 4
- Motif 3
- Motif 8
- Motif 2

(a) Multiple-sequence alignment



Horticulturae 2024, 10, 324

50f13

To verify the temporal and spatial expression patterns of BcBZR1 in different tissues
and organs in non-heading Chinese cabbage, qRT-PCR assays were performed to identify
its expression levels. The results show that the level of BcBZR1 was the highest in the leaves
and the lowest in the stems and petioles (Figure 2). These results indicate that BcBZR1
plays important roles in the leaf growth process and that trace amounts of BcBZR1 regulate
the leaf inclination angle in non-heading Chinese cabbage petioles.
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Figure 2. Expression levels of BcBZR1 in different tissues of non-heading Chinese cabbage (roots,
stems, leaves and flowers). The value of the BcBZR1 expression level in roots was set to ‘1’ as a
control. The data represent the averages of three replicates, and the error bars represent the standard
deviation among the replicates. a, b, ¢, d and e refer to the one-way ANOVA Duncan test at the
0.05 level.

3.2. Subcellular Localization of BcBZR1 Protein

To investigate the function of BcBZR1, we performed a subcellular localization assay.
The fusion constructs of 355: BcBZR1-GFP and the control vector 355: GFP were injected
into tobacco leaves, and the red fluorescent protein (RFP) construct was co-transferred to
tobacco leaves as a nuclear localization signal. As shown in Figure 3b, yellow and green
fluorescence could be observed in the nucleus and the cytomembrane, respectively, in the
tobacco leaves injected with 355: BcBZR1-GFP. The results indicate that the BcBZR1 is active
in the nucleus, conforming to the characteristics of transcription factors.

To investigate how BcBZR1 responds to BR signals, tobacco leaves were injected with
the fusion constructs of 355: BcBZR1-GFP and 355: GFP. Then, the leaves were sprayed
with 1 umol/L EBR. As shown in Figure 3¢, yellow fluorescence could be observed in the
nucleus, but no fluorescence signal was observed in the cytoplasm, indicating that BcBZR1
is transferred to the nucleus to act as a transcription factor after receiving the BR signal.
This result indicates that BcBZR1 is involved in the BR signal pathway, which is consistent
with previous studies [30].
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Figure 3. Subcellular localization of BcBZR1. (a) Schematic diagram of 35S: GFP and 35S: BcBZR1-GFP
constructs. GFP: green fluorescent protein; NOS: nopaline synthase gene. Transient expression of 35S:
GFP and 35S: BcBZR1-GFP fusion proteins in tobacco (b) before and (c) after EBR treatment. GFP:
GFP fluorescence detected in the green channel; RFP: RFP fluorescence detected in the red channel.
Bright field: bright-field image. Merged: merged green-, red- and bright-channel images; scale bars =
20 pum.

3.3. Overexpression of BcBZR1 in Arabidopsis Causes Leaf Inclination Angle Decrease

To investigate the function of BcBZR1 in BR-regulated plant leaf inclination angle in
non-heading Chinese cabbage, we obtained transgenic Arabidopsis thaliana overexpressing
BcBZR1 by using a constitutive 355 promoter. The result of qRT-PCR revealed a much higher
transcript level of BcBZR1 in BcBZR1-OX compared with Col-0 (Figure 4a). Further, the
results show that leaves spread more widely in BcBZR1-OX than in Col-0 (Figure 4b,c). The
results of leaf inclination angle measurements show that this parameter was significantly
smaller in BcBZR1-OX than in Col-0 (Figure 4d). Further, we examined the expression
levels of AtPRE1 and AtIBHI, cell elongation antagonist genes. The results show that
the transcript levels of AtPRE1 were significantly increased and that the expression level
of AtIBH1 was significantly reduced in BcBZR1-OX compared with Col-0 (Figure 4ef).
Therefore, we hypothesized that the difference in the expression levels of genes encoding
the elongation of adaxial and abaxial cells might have been responsible for the increased
leaf angle observed in BcBZR1-OX.
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Figure 4. Results of analysis of BcBZR1-OX. (a) Expression levels of BcBZR1 in BcBZR1-OX (#2,
#3 and #5) and Col-0. (b) Phenotypes of one-week-old BcBZR1-OX and Col-0. (c) Phenotypes of
two-week-old BcBZR1-OX and Col-0; scale bars, 2 cm. (d) Leaf inclination angle in Arabidopsis plants
(Col-0 and BcBZR1-OX). (e) Expression levels of AtPRE1 in Col-0 and BcBZR1-OX. (f) Expression
levels of AtIBH1 in Col-0 and BcBZR1-OX. (a,d—f): The data represent the averages of the three
replicates, and the error bars represent the standard deviation among the replicates. ** p < 0.01.

3.4. EBR Treatment Leads to Reduced Leaf Inclination Angle in Non-Heading Chinese Cabbage

To investigate whether BRs regulate the leaf inclination angle in non-heading Chinese
cabbage, three-week-old seedlings were treated with 1 umol/L EBR. We observed that
leaves spread more widely and the leaf inclination angle was smaller in EBR-treated NHCC
than in CK (Figure 5a,b, respectively). Further, we measured the length and width of the
cells at the petiole—stem junction of the treatment and CK groups. The results show that
in the treatment group, the length and width of the adaxial cells were 1.61 and 1.72 times
greater than those of the abaxial cells, respectively; in the control group, the length and
width of the adaxial cells were 1.36 and 1.22 times greater than those of the abaxial cells,
respectively. These results suggest that EBR increases the difference in cell length and
width between the adaxial and abaxial axes at the petiole-stem junction to regulate the leaf
inclination angle in non-heading Chinese cabbage (Figure 5e,j). Then, we examined the
difference in BcBZR1, BcPRE1 and BcIBH1 expression between CK and treatment groups.
As shown in Figure 5k,], the expression levels of BcBZR1 and BcPRE1 in the proximal and
distal axes first increased and then decreased, reaching the maximum value after 8 h of
EBR treatment. The differences in the expression levels of BcBZR1 and BcPRE1 between
adaxial and abaxial cells also first increased and then decreased. However, the expression
levels of BcIBH1 in the proximal and distal axes were opposite to those of BcBZR1 and
BcPRET (Figure 5m). These results suggest that EBR regulates the differential expression of
PRE1 and IBH1 in the adaxial and abaxial cells of the petiole through BZR1, which then
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affects the adaxial and abaxial cell growth and thus regulates the leaf inclination angle in
non-heading Chinese cabbage.
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Figure 5. EBR treatment led to reduction in leaf inclination angle in non-heading Chinese cabbage.
(a) Phenotypes of non-heading Chinese cabbage (CK and EBR treatment groups); scale bar = 2 cm.
(b) Leaf inclination angle in non-heading Chinese cabbage. Transversal sections at petiole-stem
junction showing cell morphology in (c) CK and (d) EBR treatment groups; scale bars = 200 pm.
(e) Width of cells. (f) Adaxial and (g) abaxial longitudinal sections in CK group. (h) Adaxial and
(i) abaxial longitudinal sections in EBR treatment group; scale bars = 100 um. (j) Length of cells.
(k-m) Expression levels of BcBZR1, BcPRE1 and BcIBHI, respectively, between CK and EBR-treated
non-heading Chinese cabbage. ** p < 0.01.
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3.5. Interaction between BcBZR1 and BsCBF2/3 In Vivo

Many studies have demonstrated that BZR1/BES1-based responses are part of cold
tolerance mechanisms [31,32]. To investigate whether BcBZR1 is involved in the regulation
of the leaf inclination angle at low temperatures, non-heading Chinese cabbage seedlings
were subjected to 4 °C low-temperature stress. We measured the leaf inclination angle of
specimens in the treatment and control groups, and the results show that the leaf inclination
angle in NHCC at 4 °C was significantly smaller than that in the CK group (Figure 6a,b).
Then, we examined the expression levels of BcBZR1, BcCBF2/3 and BcPRE1. As shown
in Figure 6c, the expression levels of the former two increased, while that of the latter
first increased and then decreased, reaching the maximum value after 12 h of treatment.
The results indicate that short-term low-temperature stress promotes the transcription of
BcCBF2/3, BcBZR1 and BcPRE1. However, the transcription of the latter, a cell elongation
gene downstream of BcBZR1, was repressed under long-term low-temperature stress in our
study. These results are consistent with those of previous studies on the growth regulatory
role of BZR1 under low-temperature stress [24].

We then isolated BcCBF2/3 from the heitacai cultivar and performed bimolecular
fluorescence complementation (BiFC) in tobacco leaves. Tobacco leaves co-injected with
the fusion constructs of BcCBF2/3-cYFP and BcBZR1-nYFP formed the treatment group,
and those injected with cYFP+nYFP/cYFP+BcBZR1-nYFP, the negative control group.
As shown in Figure 6d, strong nuclear YFP signals were observed in combination with
BcBZR1-nYFP and BcCBF2/3-cYFP, while no YFP signals were detected in the negative
controls. These results indicate that BcBZR1 and BcCBF2/3 may form a complex to regulate
cell growth under low-temperature stress, resulting in a reduced leaf inclination angle in
non-heading Chinese cabbage.
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(d) YFP Bright field Merged

cYFP-nYFP

cYFP+BcBZR1-nYFP

BcCBF2-cYFP+BcBZR1-nYFP

BcCBF3-cYFP+BcBZR1-nYFP

Figure 6. Interaction between BcBZR1 and BsCBF2/3 in vivo in non-heading Chinese cabbage. (a) Phe-
notypes at 24 °C and 4 °C; scale bar = 2 cm. (b) Leaf inclination angle at 24 °C and 4 °C; ** p < 0.01.
(c) Expression levels of BcCBF2/3, BcBZR1 and BcPRE1 at 4 °C; data represent averages of three repli-
cates, and error bars represent standard deviation among replicates; * p < 0.05, ** p < 0.01. (d) BiFC
verification of BcBZR1 and BcCBF2/3. YFP: YFP fluorescence detected in the yellow channel. Bright
field: bright-field image. Merged: merged yellow- and bright-channel images; scale bars = 20 um.

4. Discussion

The leaf inclination angle is one of the main plant strain indicators, and its distribution
is closely related to plant canopy light interception, leaf photosynthetic efficiency and
biomass accumulation [33]. The plant leaf inclination angle is regulated by two types
of pathways, namely regulatory pathways involving plant hormones [34] and non-plant
hormonal regulatory pathways, such as cell wall thickness [35] and mechanical tissue
strength pathways [36]. Previous reports have shown that the synthesis and signaling of
BRs affect the regulation of the plant leaf inclination angle, in which BZR1, a key regulatory
gene in the BR signaling pathway, is also involved [17]. However, the biological role of
BZR1 in non-heading Chinese cabbage is poorly understood. In this study, we isolated
BcBZR1 from the heitacai non-heading Chinese cabbage variety, which has a typical BSE1
domain and is homologous to BnBZR1 in Brassica napu. Multiple-sequence and motif
analyses revealed high similarity between BcBZR1 and AtBZR1, suggesting that BcBZR1
may also be involved in leaf inclination angle regulation in non-heading Chinese cabbage.
Through subcellular localization, we found that BcBZR1 is localized in the nucleus and
cytoplasm and is translocated to the nucleus to act as a transcription factor after receiving
BR signals. We further analyzed the expression levels of BcBZR1 in different tissues and
found that they were the lowest in the petioles, which indicates that trace amounts of
BcBZR1 are sufficient to regulate leaf inclination angle distribution in petioles.

We overexpressed BcBZR1 in Arabidopsis thaliana to visually investigate its function.
We found that the seedling phenotypes of BcBZR1-OX included significantly long petioles
and a small leaf inclination angle, similar to PRE1-overexpressing Arabidopsis thaliana [37]
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but opposite to IBHI1-overexpressing lines [38,39]. It was shown that in rice, exogenous
brassinosteroids repress IBH1 transcription and activate PREI expression through BZR1,
leading to increased leaf inclination angle [17]. We hypothesized that overexpression of
BcBZR1 promotes the expression of cell growth-related genes and decreases the expression
of growth inhibitory factors. The results of our analyses show that the expression levels
of AtPRE1 were significantly increased in BcBZR1-OX compared with Col-0, while those
of AtIBH1 were significantly decreased. Numerous studies have shown that the leaf
inclination angle is due to differences in cells and tissues on the proximal and distal axial
surfaces at the base of leaves [40], so we hypothesized that the decreased leaf inclination
angle in BcBZR1-OX Arabidopsis seedlings might have been due to different expression
levels of AtPRE1 and AtIBH1 in adaxial and abaxial cells.

To investigate whether the abovementioned function of BcBZR1 is similar in non-
heading Chinese cabbage, we treated seedlings of this species with EBR and found that
their leaf inclination angle was significantly reduced. Then, we sectioned the specimens to
observe the differences between adaxial and abaxial cells at the petiole-stem junction and
found that EBR treatment resulted in the significant elongation and thickening of adaxial
cells, while the growth of abaxial cells was relatively slow. The qRT-PCR results show that
EBR increased the differences in the expression levels of BcBZR1, BcPRE1 and BcIBH1 in the
proximal and distal axes. These results suggest that BcBZR1 regulates the leaf inclination
angle in non-heading Chinese cabbage by regulating the differential expression of adaxial
and abaxial cell growth genes. Nevertheless, the principles of differential gene expression
need to be further investigated.

Previous studies have shown that BZR1/BES] is involved in the regulation of plant
growth at low temperatures and that long-term low temperatures inhibit the expression
of growth-promoting factors [22]. Since the leaf inclination angle in non-heading Chinese
cabbage is also regulated by growth-related genes, we investigated whether low tem-
peratures affect the regulation of leaf inclination angle performed by BcBZR1. The CBF
transcription factor is a member of the Apetala2/Ethylene responsive factor (AP2/ERF)
family of transcription factors involved in plant response to cold stress factors [41,42]. To
determine the relationship between CBFS and BZR1 in non-heading Chinese cabbage, we
examined the expression levels of BcCBF2/3 and BcBZR1 and found that low temperatures
promoted their expression. To gain further insights into their relationship, we performed
BiFC assays. The results show that BcCBF2/3 could bind to BcBZR1 in tobacco leaves and
that the expression level of BcPRE1, a downstream gene of BcBZR1, first increased and
then decreased. Therefore, we hypothesized that low-temperature stress promotes the
transcription of BcCBF2/3 and BcBZR1 and that BcCBF2/3 can bind to BcBZR1 to shift the
transcriptional activity of the latter, which in turn affects the expression of growth-related
genes, resulting in reduced leaf inclination angle at low temperatures in non-heading
Chinese cabbage.

5. Conclusions

In summary, we cloned BcBZR1 from non-heading Chinese cabbage, which has a
highly conserved BES1 domain. In this study, we preliminarily confirmed that BcBZR1
negatively affects the leaf inclination angle by regulating the expression of growth-related
genes (PRE1 and IBHI). We also found that BZR1 interacts with CBF to regulate leaf
inclination at low temperatures. These findings contribute to a better understanding of the
regulatory mechanism of leaf inclination angle in non-heading Chinese cabbage or other
species in the Brassicaceae family. In addition, the plant landward phenotype induced by
BcBZR1 overexpression could provide a direction for plant phenotype improvement to
increase yield in non-heading Chinese cabbage.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /horticulturae10040324 /s1, Table S1: Primers used in the study;
Figure S1: Leaf inclination angle of non-heading Chinese cabbage under different EBR concentra-
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tions; Figure S2: Phylogenetic analysis of putative BZR orthologs of NHCC and AtBZRs proteins
in Arabidopsis.
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