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Abstract: The primary domain/leucine zipper (bZIP) transcription factor, Elongated Hypocotyl
(HY5), is crucial for the photomorphogenesis of seedlings. Here, we identified BcHY5 as a regulator
of hypocotyl length from the non-heading Chinese cabbage (NHCC) variety ‘Suzhouqing’, which
encoded a protein comprised 164 amino acid residues. Ectopic expression of BcHY5 in Arabidopsis
shortens the length of the hypocotyl. Additionally, we discovered a protein called BcBBX24 containing
the B-BOX (BBX) domain, which is the interacting partner of BcHY5. Yeast two-hybrid (Y2H),
bimolecular fluorescence complementation (BiFC) and GST pull-down assays revealed that BcHY5
interacted with BcBBX24. Additionally, by physically binding to the promoter of BcHY5, BcBBX24
inhibited the transcriptional activity of BcHY5. Therefore, our findings reveal a transcriptional
mechanism through which light response occurs in NHCC seedlings, where BcHY5 can interact with
BcBBX24 and BcBBX24 can prevent BcHY5 transcription.

Keywords: non-heading Chinese cabbage; BcHY5; photomorphogenesis; hypocotyl; BcBBX24

1. Introduction

Light is one of the most important abiotic factors for plant growth and development.
Plants have developed a sophisticated signaling network that includes photoreceptors,
transcription factors, and downstream targets to take in light and produce their nutrition.
Phytochromes (phyA-phyE) absorb red/far-red light, cryptochromes (cry1 and cry2) absorb
blue/UV-A light, phototropin (phot1 and phot2) absorb blue light, and UVR8 photoreceptor
absorbs UV-B light, dividing photoreceptors into four categories based on wavelength [1–4].

HY5, a bZIP protein, is essential for plant photomorphogenesis and takes part in vari-
ous developmental processes, such as the development of hypocotyls, hormone regulation,
and anthocyanin synthesis. In addition, it regulates nearly one-third of gene expression
in Arabidopsis thaliana [5–8]. Constitutively photomorphogenic 1 (COP1), repressing pho-
tomorphogenesis in darkness, is a critical negative regulator in light signaling. It is an
E3 ubiquitin ligase that aims to degrade the transcription factor HY5 in the dark. It then
inhibits HY5 from interacting with other proteins or binding to downstream promoters,
thereby regulating hypocotyl length [9,10]. HY5 regulates hypocotyl by coordinating hor-
mones, such as gibberellins (GAs), brassinosteroids (BRs), cytokinins (CTKs), abscisic acid
(ABA), strigolactones (SLs), ethylene, and auxin (AUX), which promote photomorphogen-
esis and skotomorphogenesis [11–17]. Furthermore, MYB12, MYB75/PAP1, and MYB111,
which influence the synthesis of anthocyanin, can all be expressed by direct binding of HY5
to the G-box or ACE-box of the promoter region of MYB family genes [7,18,19].

The Zn finger proteins in the Arabidopsis BBX family have one or two conserved B-box
domains at the N-terminus [20]. There are 32 BBX family members, among which BBX20,
BBX21, BBX22, and BBX23 have been reported as positive regulators of photomorphogene-
sis, while BBX24 and BBX25 are negative regulators [20–26]. BBX24 was initially identified
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from Arabidopsis as a protein conferring salt tolerance in yeast. Nevertheless, most of its
functions are related to light signaling in Arabidopsis, interacting with HY5 and inhibiting
the binding of HY5 to downstream promoters [27].

NHCC (Brassica campestris ssp. Chinensis), native to China, is a popular cruciferous
vegetable. It is uncertain whether BcHY5 employs comparable pathways in NHCC, despite
the fact that research on plant photomorphogenesis, such as that of apple, tomato, and
pear, has advanced significantly [28–31]. Our study identified the key gene BcHY5 for
photomorphogenesis in ‘Suzhouqing’ and constructed the BcHY5 overexpression transgenic
lines with shortened hypocotyls. In addition, we verified the physical interaction between
BcHY5 and BcBBX24 through molecular biological approaches. Our findings provide new
insights into the regulatory mechanisms of photomorphogenesis in NHCC and cruciferous
crop breeding.

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

The seeds of ‘Suzhouqing’ (B. rapa ssp. chinensis var. communis Tesnet Lee, cv., com-
mon type) were provided by the Cabbage Systems Biology Laboratory of the College of
Horticulture, Nanjing Agricultural University (Nanjing, China), which were grown in
illumination incubators under light 16 h/24 ◦C and dark 8 h/18 ◦C. The gene expression
after treatments with salt (0.2 M NaCl), darkness, or ABA (0.1 M ABA) was studied in
seedlings at the four-leaf stage. Leaves of the plants were collected after treatment for 0, 2,
4, 8, 12, and 24 h. The various treatment samples were sampled and frozen immediately
in liquid nitrogen and stored at −70 ◦C. For each time point, three distinct leaves were
independently replicated three times. In this study, the seeds of hy5 were purchased from
Arashare (https://www.arashare.cn/index/News/info/id/157.html, accessed on 10 Au-
gust 2020). Nicotiana benthamiana and Arabidopsis thaliana wild-type (WT) were grown in
illumination incubators under the same conditions.

2.2. Cloning and Analysis of BcHY5

The CDS (coding sequence) of the BcHY5 gene from ‘Suzhouqing’ was cloned us-
ing the primers BcHY5-F and BcHY5-R for BcHY5 [32]. By using the online BLAST
(https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 5 June 2020), the orthologues of
BcHY5 were searched. Using the Expasy website (https://web.expasy.org/protparam/,
accessed on 10 June 2020), the physicochemical characteristics of BcHY5 were obtained.
DNAman (6.0) was used to carry out the multiple sequence alignments of homologous
proteins. The conserved motifs were analyzed using the MEME website (http://meme-
suite.org/tools/meme, accessed on 10 June 2020). The neighbor-joining phylogenetic tree
was contrasted with MEGA7.0 (1000 bootstrap replicates) (Auckland, New Zealand). The
primers are listed in Table S1.

2.3. Subcellular Localization of BcHY5 in Tobacco

The BcHY5 CDS without termination was integrated into the plant expression vector
pRI101-GFP with primers BcHY5-GFP-F and BcHY5-GFP -R (Table S1). The recombinant
plasmid BcHY5-GFP and empty vector plasmid 35S:GFP were transformed into Agrobac-
terium tumefaciens strain GV3101 cells. Histone H2B-RFP fusion protein was used as the
nuclear marker [33]. When the OD600 of bacteria liquid is 0.8–1.0, the transformed strains
were injected into tobacco leaves. After 60 h, we collected the images using confocal laser
scanning microscopy (Zeiss, LSM 500, Oberkochen, Germany).

2.4. Total RNA Extraction and Gene Expression Analysis by Quantitative Real-Time PCR

RNA from NHCC and Arabidopsis was extracted using an RNA simple Total RNA Kit
(Tiangen, Beijing, China). The cDNA was obtained using the PrimeScript™ RT reagent Kit
with gDNA Eraser (Takara, China). For gene expression analysis, qRT-PCR was performed
using Hieff® qPCR SYBR Green Master Mix (Yeasen, Shanghai, China). The NHCC gene

https://www.arashare.cn/index/News/info/id/157.html
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BcActin (BraC09g068080.1) and Arabidopsis gene AtActin (AT1G80000) were used as refer-
ence genes. Relative gene expression levels were calculated using the 2−∆∆Ct method [34].
The primers are listed in Table S1.

2.5. Yeast Two-Hybrid Assay

The full-length CDS of BcBBX24 was acquired from the ‘Suzhouqing’ cDNA using
PrimerSTAR Max Premix (Takara, Dalian, China) and cloned into pGADT7 (AD) by specific
primers BcBBX24-AD-F/R (Table S1). The CDS of BcHY5 was cloned into pGBKT7 (BD)
by specific primers BcHY5-BD-F/R (Table S1). To verify whether they were interact,
we transformed recombinant plasmids (BcBBX24-AD, BcHY5-BD) and negative controls
plasmid (AD, BD) into Y2H Gold yeast cells (Clontech, Mountain View, CA, USA) using
the lithium acetate-mediated method. Meanwhile, the positive control used pGBKT7-53
and pGADT7-7. The transformed yeast strains were grown on SD/-Leu-Trp medium for
2–3 days and SD/-Leu-Trp-Ade-His (X-α-gal) medium for 3–4 days at 28 ◦C, respectively,
and then observed and photographed.

2.6. BiFC Assay in Tobacco

Using specific primers BcHY5-nYFP-F/R and BcBBX24-cYFP-F/R, the CDSs of BcHY5
and BcBBX24 were constructed into pBiFC-VN173 and pBiFC-VC155, respectively (Table S1).
The recombinant plasmids were subsequently transformed into Agrobacterium tumefaciens
strain GV3101 cells. As a control, the pBiFC-VN173 and pBiFC-VC155 were employed.
After being injected into tobacco leaves for 60 h, the fluorescence was observed by confocal
laser scanning microscopy (Zeiss, LSM 500, Oberkochen, Germany).

2.7. GST Pull-Down Assay

The CDSs of BcHY5 and BcBBX24 were constructed into pET32a-His and pGEX4T1-
GST by specific primers BcHY5-His-F/R and BcBBX24-GST-F/R, respectively (Table S1).
Protein with a His-tagged or GST-tagged was expressed in Escherichia coli BL21 strain
in vitro and purified using a Ni-NTA Agarose Resin (Yeasen, Shanghai, China) and Glu-
tathione Agarose Resin (Yeasen, Shanghai, China). The Glutathione Agarose Resin (Yeasen,
Shanghai, China) was incubated with two purified proteins at 4 ◦C for 4 h. After 3 min of
collection at 2500 rpm, the SDS loading buffer was added and brought to the boil. After-
ward, samples were separated on 10% SDS-PAGE gel and were then transferred to a PVDF
membrane. Anti-GST (Sangon, Shanghai, China) and Anti-His (Sangon, Shanghai, China)
were used at a 1:1000 dilution, followed by the Anti-rabbit HRP secondary antibody 1:5000
(Sangon, Shanghai, China).

2.8. Overexpressing Transgenic Lines in Arabidopsis

We used the floral-dip method to transform BcHY5-GFP/BcBBX24-GFP into Arabidopsis
thaliana. [35]. Resistance screening and gene relative expression detection were used to
identify the transgenic lines, after which the phenotypes were evaluated.

2.9. Hypocotyl Length Measurement

The sterilized seeds were sown on Murashige Skoog (MS) plates, kept in the dark
at 4 ◦C for 3 days, and then moved to white light for 8 h to induce uniform germination.
The seeds were then placed in a lighted incubator for cultivation. 6-day-old seedlings
were scanned with a scanner, and the hypocotyl length was measured using ImageJ
software v 1.8.0.

2.10. Yeast One-Hybrid Analysis

A 381 bp sequence upstream of the transcription start site of BcHY5 was defined as the
promoter region of BcHY5. BcBBX24 binding cis-acting elements on the BcHY5 promoter
were predicted by JASPAR (http://jaspar.genereg.net/, accessed on 10 October 2020).

http://jaspar.genereg.net/


Agronomy 2022, 12, 2573 4 of 13

Yeast one-hybrid assay was performed using the Matchmaker Gold Yeast One-Hybrid
System Kit (TaKaRa, Dalian, China). Briefly, promoter fragments were ligated into the
pAbAi vector by specific primers pAbAi-proBcHY5-F/R, and the BcBBX24 was cloned into
the pGADT7 vector (AD). The pAbAi vector was linearized and transformed into the yeast
strain Y1HGold. Transformants were selected on a medium containing SD/-Ura. The prey
vectors were then transformed into Y1HGold cells containing pAbAi baits and tested on
SD/-Leu/AbA plates. The primers used are listed in Table S1.

2.11. Dual-Luciferase Assay

Dual-luciferase assay was performed with reference to Hellens [36]. The BcBBX24
full-length CDS was cloned into the pRI101-GFP vector, while the promoter sequence was
inserted into the pGreenII 0800-LUC vector. The recombinant plasmid was transformed into
the Agrobacterium strain GV3101 (harboring the pSoup vector). The combined Agrobacterium
solutions were injected into the tobacco leaves. Luciferase activity was detected after
60 h using a Dual-Luciferase Reporter Assay System (Princeton, PIXIS 1024B) and Dual-
Luciferase Reporter Gene Assay Kit (Yeasen, China). The primers used are listed in Table S1.

2.12. Statistical Analysis

Experiments were carried out with three biological repeats and three technical repeats.
Student’s t-test was used to analyze the significant differences between each treatment.

3. Results
3.1. The Characteristics of BcHY5

There has been a lot of reporting that HY5 plays a pivotal role in the growth and
development of plants [6]. Therefore, according to the CDS of AtHY5, we obtained the CDS
from the non-heading Chinese cabbage database after alignment, cloned from NHCC, and
named BcHY5, which is the orthologue of AtHY5. The results showed that the length of
BcHY5 was 495 bp, encoding 164 amino acids. The molecular weight was 18.02 kDa, and
its pI was 10.01. Multiple sequence alignments of HY5-like proteins from different plants,
including BcHY5, showed that they had a conserved bZIP domain (Figure 1a).

The results of multiple sequence alignment showed that the homology of BcHY5
protein with MdHY5, PpHY5, NbHY5 and SlHY5 was 73.17%, 73.78%, 73.89% and 72.61%,
respectively, while the homology with AtHY5, RsHY5, BrHY5, and BnHY5 was 93.25, 97.56,
97.56 and 99.38%, respectively, which further confirmed the conservation of cruciferous
plants in the evolutionary process (Figure 1b, Table S2). In addition, the result of motif
analysis showed that the identical motif existed in BcHY5, BrHY5, BnHY5, and RsHY5,
which was similar to that in AtHY5. More specifically, motifs 2 and 4 located in the
N-terminal region are highly conserved in all HY5 proteins, while NbHY5, SlHY5, PpHY5,
and MdHY5 lack a motif 5 at the C-terminus (Figure 1c).

3.2. Subcellular Localization of BcHY5 Protein and Expression Patterns

To verify the subcellular localization of the BcHY5 protein, we constructed the 35S:BcHY5-
GFP and expressed it in tobacco leaves alongside 35S: GFP as a control. The results showed
that the BcHY5-GFP signal could be observed only in the nucleus of tobacco cells and
overlapped with the Histone H2B-RFP nucleus marker protein (Figure 2a) [33].

HY5 is a vital gene connecting light and hormones [6]. It has been reported that HY5
is involved in the ABA signal pathway, light signal, and salt stress [37–39].To explore the
biological function of BcHY5, qRT-PCR was performed to examine the expression patterns
of BcHY5 in NHCC (Figure 2b). Influenced by light and circadian rhythm, the expression
of BcHY5 without any treatment increased first and then decreased, reaching the maximum
at 8 h, which was 2.5 times that at 0 h (Figure S1). The expression of BcHY5 was reduced
within the first 2 h. The expression level of BcHY5 started to increase dramatically with
the lengthening of the treatment after 4 h. After spraying ABA for 12 h, the expression
increased 9.2 times that before treatment. During the first two hours in the dark, there
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was little change in the expression of BcHY5. The expression of BcHY5 started to rise after
4 h of treatment and peaked at a level 13.7 times that before treatment. In the case of salt
treatment, expression of BcHY5 decreased first, then increased, and then reduced, reaching
its peak 4 h after treatment.
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Figure 1. The characteristics of BcHY5 protein. (a) Amino acid sequence alignment of HY5-like
proteins in Brassica oleracea (BoHY5, XP_013609113.1), Raphanus sativus (RsHY5, NP_001330553.1),
Brassica rapa (BrHY5, XP_009121971.1), Arabidopsis thaliana (AtHY5, NP_568246.1), Solanum lycop-
ersicum (SlHY5, NP_001234820.1), Malus domestica (MdHY5, NP_001280752.1), Nicotiana tabacum
(NtHY5, OIT35567.1), and Pyrus ssp (PpHY5, QRR19189.1). (b) HY5 phylogenetic analysis in different
species. (c) The motif analysis of HY5. The relevant sequence information is shown at the bottom of
the figure, and the p-value represents the significance of each motif.
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3.3. Overexpression of BcHY5 Results in Shorter Hypocotyl Length in Arabidopsis

Two lines of Arabidopsis with BcHY5 overexpression were obtained in order to in-
vestigate the role of BcHY5 (Figure 3a). The result showed that the hypocotyl length of
the transgenic lines was significantly shorter than that of the wild-type and hy5, and the
hypocotyl length of the complement line hy5 returned to normal (Figure 3b,c). AtHY2
(AT3G09150) and AtYUC8 (AT4G28720), two genes that have been identified as important
regulators of hypocotyl length, were selected to investigate the expression differences
between WT and transgenic lines [40–42]. As an auxin synthesis gene, AtYUC8 is involved
in the regulation of hypocotyl length, which can restore hypocotyl shortening caused by
the ztl mutant, and is a positive regulator of hypocotyl length; hy2 plants have significantly
longer hypocotyls, which is the same as the hy5 mutant phenotype and can negatively
regulate hypocotyl length. Therefore, AtHY2 expression was increased in BcHY5-OX lines.
The relative expression of AtYUC8 was down 50% in two transgenic lines relative to WT,
and the mRNA level of AtHY2 was generally higher relative to WT (Figure 3d).
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of 6-day-old seedlings. (d) The analysis of genes’ relative expression level related to hypocotyl
length of 6-day-old seedlings. The unit of hypocotyl length is millimeters. Error bars represent the
standard deviation among independent replicates. Asterisks (** p < 0.01, Student’s t-test) indicate
statistical significance.

3.4. BcHY5 Interacts with BcBBX24

In Arabidopsis thaliana, BBX proteins can interact with HY5 [43]. We screened a BBX24
orthologous protein interacting with BcHY5 in NHCC using a yeast two-hybrid assay and
named it BcBBX24 (Figure 4a). To further demonstrate the interaction between BcHY5
and BcBBX24, we fused BcHY5 to the N-terminus of the yellow fluorescent protein and
BcBBX24 to the C-terminus of the yellow fluorescent protein and then co-expressed them
in tobacco. Consequently, we observed a strong yellow fluorescent signal in the nucleus.
Nevertheless, when BcHY5-nYFP and cYFP, or BcBBX24-cYFP and nYFP were co-expressed,
tobacco cells showed no fluorescence (Figure 4b). Moreover, GST-tagged BcBBX24 was able
to pull-down His-tagged BcHY5 in the pull-down assay (Figure 4c). These results proved
that BcHY5 interacted with BcBBX24 in vitro.

3.5. The Hypocotyl Length of BcBBX24-OX*BcHY5-OX Transgenic Lines Returned to Normal

We generated the BcBBX24-OX*BcHY5-OX transgenic lines to explore the relationship
between BcBBX24 and BcHY5 further. The results showed that the hypocotyl length of
BcBBX24-OX was longer than WT, but the hypocotyl length of double overexpressing
transgenic lines had been reduced and was near WT (Figure 5a,b). Two genes associated
with hypocotyl length had significant changes in their expression (Figure 5c). These results
identified that BcHY5 could repress the expression of BcBBX24.
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3.6. BcBBX24 Binds to the Promoter of BcHY5

BBX proteins can directly bind to the G-box elements of target genes [44,45]. We
analyzed the promoter of BcHY5 and discovered that it contained G-box sites in the BcHY5
promoter, and we split the promoter of BcHY5 into two segments based on the position
of the G-box sites (Figure 6a). To verify the interaction between BcBBX24 and the BcHY5
promoter, we performed a Y1H assay to confirm the interaction between BcBBX24 and the
BcHY5 promoter. The results showed that BcBBX24 could bind the promoter of BcHY5, and
two G-box sites both could interact with BcBBX24 (Figure 6b). Also, dual-luciferase activity
assaywas used to determine the BcBBX24 on the expression of BcHY5. We generated the
35S:BcBBX24-GFP and proBcHY5-pGreen II 0800-LUC. The luciferase activity of proBcHY5
was significantly lower in the co-expression combination of BcBBX24 and proBcHY5 com-
pared with the empty load (Figure 6c,d). These results suggested that BcBBX24 was bound
to the BcHY5 promoter and negatively regulated its expression.
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Figure 6. BcBBX24 binds to the BcHY5 promoter and represses its expression. (a) Distribution of
light-responsive cis-elements in the BcHY5 promoter region. Blue triangles indicate G-boxes (G1-box:
−220 bp to −226 bp; G2-box: −92 bp to −98 bp), and green triangles indicate the MYB motif. (b) Yeast
one-hybrid assays of BcBBX24 and the promoter of BcHY5. (c) Representative images of transient
expression in Nicotiana benthamiana. (d) Activation effects of the BcBBX24 on the BcHY5 promoter.
LUC/Ren, ratio to firefly to Renilla luciferase activity. Asterisks (** p < 0.01, Student’s t-test) indicate
the statistical significance of the difference between the two groups.

4. Discussion

HY5, a major transcription factor for plant growth and development, regulates the
expression of several genes via various pathways [6]. Previous studies have shown that
HY5 regulates photomorphogenesis, temperature, and anthocyanin synthesis pathways [6].

In our study, BcHY5, an orthologue of HY5, was cloned from the non-heading Chinese
cabbage ‘Suzhouqing’. Sequence analysis revealed that BcHY5 has a typical bZIP domain,
participating in DNA-binding and transcription factor dimerization. The transgenic lines
that overexpressed BcHY5 had considerably shorter hypocotyl lengths than WT. This study
is the first to show that the BcHY5 gene regulates hypocotyl length in NHCC, enhancing
our understanding of the seedlings’ hypocotyl lengths. Different trends of ABA, dark, and
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salt treatment generated BcHY5 (Figure 2b). The functions of BcHY5 upon exposure to
abiotic stresses and ABA signaling also need further study.

In order to maintain its activity for light-mediated seedling growth, HY5 can interact
with other proteins, the most typical of which are the BBX family proteins [27]. In Arabidop-
sis, the BBX family has 32 members. BBX24 has been identified as a negative regulator of
photomorphogenesis and has been shown to respond to salt stress [25,46,47]. Our results
suggested that BcHY5 interacted with BcBBX24 in vitro (Figure 4a). Interestingly, compared
with BcHY5-OX lines and BcBBX24-OX lines, the hypocotyl length of BcHY5-OX*BcBBX24-
OX lines, the hypocotyl length of double overexpression lines, recovered to a normal level
close to that of the wild-type. The related genes also changed, indicating that the two
proteins inhibited each other’s function in hypocotyl regulation. Studies have confirmed
that BBX family proteins can bind to T/G-box elements in the promoters of downstream
target genes [20]. We observed that the BcHY5 promoter contains multiple G-box elements
and speculated that BcBBX24 might bind to the BcHY5 promoter. We demonstrated that
BcBBX24 can bind to the promoter of BcHY5 and inhibit BcHY5 expression by yeast one-
hybrid assay, and the dual-luciferase assay. As expected, BcBBX24 was able to bind the
promoter of BcHY5, and the luciferase activity assay showed that BcBBX24 could inhibit
the expression of BcHY5 (Figure 5b,c).

Previous studies have only explored the relationship between the two from the per-
spective of their interaction [25,27]. Our results confirmed that BcBBX24 not only interferes
with the expression of BcHY5 via interacting with BcHY5 but also inhibits the transcription
of BcHY5 by binding to the promoter of BcHY5. Therefore, we proposed the possibility
of regulatory pathways in non-heading Chinese cabbage between BcHY5 and BcBB24.
First, BcHY5 interacts with BcBBX24 in a manner similar to that of Arabidopsis, which
inhibits BcHY5 binding to the promoter of downstream genes to regulate the expression of
downstream genes [48]. The second is that BcBBX24 binds to the promoter of BcHY5 and
prevents the transcription of BcHY5, which further affects the regulation of downstream
genes. It is important to continue researching how the BcHY5-BcBBX24 module accurately
controls downstream genes.

We have revealed that BcHY5 interacts with BcBBX24, a negative regulator of pho-
tomorphogenesis, to positively regulate hypocotyl length. These findings provide more
possibilities for elucidating the mechanism of BcHY5 and BcBBX24 co-regulating the photo-
morphogenesis of NHCC (Figure 7). We will keep focusing on whether the components of
the BcHY5-BcBBX24 module complete each other in the light signaling pathway.
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