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ABSTRACT: Tip-burn in Chinese cabbage (Brassica rapa L. ssp. pekinensis) is a calcium-deficiency-induced physio-
logical disorder, and BrWRKY25 functions as a negative regulator of tip-burn resistance. To elucidate the regulatory
mechanisms underlying BrWRKY25-mediated tip-burn resistance, we constructed a yeast cDNA library from Chinese
cabbage subjected to calcium-deficient treatment to identify its key upstream transcription factors. The constructed
yeast cDNA library exhibited a titer of 9.5 x 10° colony forming unit (CFU)-mL~! and an average insert size exceeding
1000 bp, meeting the quality criteria for downstream applications. Using the 1044-bp promoter of BrWRKY25 as
bait, we screened several transcription factors, including zinc finger proteins, heat shock proteins, and ion transport
proteins. Furthermore, conserved domain analysis of two zinc finger protein transcription factors, BrZFP4 (Bra039750)
and BrZFP19 (Bra033588), revealed that BrZFP4 contains a conserved C,H, zinc finger domain, while BrZFP19
contains two conserved B-box zinc finger domains. Yeast one-hybrid assays and dual-luciferase reporter gene assays
demonstrated that both BrZFP4 and BrZFP19 directly bind to the BrWRKY25 promoter and activate its transcription.
These findings suggest that the BrZFP4/19-BrWRKY25 regulatory module plays a pivotal role in tip-burn resistance,
offering a theoretical framework for understanding the molecular mechanisms governing BrWRKY25-mediated
resistance in Chinese cabbage.
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1 Introduction

Chinese cabbage (Brassica rapa L. ssp. pekinensis) is one of the most economically important leafy
vegetables in China. Tip-burn, a physiological disorder, severely affects its yield and quality [1]. The
incidence rate typically ranges from 10% to 30%, and can exceed 80% in severe cases, causing significant
economic losses for growers, with a trend of increasing severity [2]. Tip-burn primarily affects heading
leaf vegetables, such as Brassica rapa L. ssp. pekinensis, Brassica oleracea var. capitata, Brassica oleracea
var. botrytis, and Lactuca sativa var. capitata [3,4]. It is mainly caused by uneven calcium distribution or
insufficient calcium uptake within the plant, and environmental stresses like drought and high temperature
can exacerbate the condition [1].
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Research on tip-burn in Chinese cabbage has largely focused on calcium ion absorption and transport-
related proteins, such as calreticulin BrCRT2, Ca?*/H* exchangers BrCAX1-1 and BrCAX1-2 [2,5,6]. A
few studies have also indicated the close association of calcium signaling pathway proteins with tip-burn
resistance [7]. The calcium signaling pathway primarily involves proteins like CNGCs, CaMs/CMLs,
and CDPKs [8]. Using extreme tip-burn-resistant and tip-burn-sensitive inbred lines for resequencing
analysis, researchers found that mutations in CNGCs are closely linked to tip-burn susceptibility in Chinese
cabbage [9]. CNGCs in many species have been demonstrated to transport Ca?* and play crucial roles in
plant calcium signaling [7,10,11]. Transcriptome (RNA-seq) analysis of inner leaves from the sister inbred
lines ‘J39290’ (tolerant) and ‘J95822’ (sensitive) identified 22 calcium signaling pathway genes associated with
tip-burn resistance, encoding CDPK and CML proteins [12]. Further integrated analysis of transcriptomic
differences between calcium-deficient and control-treated leaves validated that multiple calcium signaling
pathway genes (CaBPs and CMLs) respond significantly to calcium deficiency and are closely related to
tip-burn resistance [13]. Functional analysis of a key candidate gene, BrCML5, and its interaction network
suggested that in J39290’, the BrCMLS5 protein might enhance tip-burn resistance by affecting calcium
distribution in leaves, potentially acting through CDPK1/2 [14]. These findings collectively indicate that
Chinese cabbage can enhance tip-burn resistance by improving the defense system mediated by the calcium
signaling pathway.

Our previous study identified BrWRKY25 as a key regulator of tip-burn resistance, however, the
upstream molecular regulators controlling its expression remain largely unknown. Zinc finger proteins
(ZFPs) constitute one of the largest and most functionally diverse superfamilies of transcriptional regulators
in eukaryotes, extensively involved in processes such as gene expression regulation, epigenetic modulation
and RNA metabolism [15]. In plants, ZFPs play critical roles in responses to stresses like drought, salt, cold,
and heat [16], yet their function in calcium deficiency-induced tip-burn has not been reported.

Yeast library screening is a fundamental approach for deciphering protein-protein interactions and
transcriptional regulatory networks. In particular, cDNA libraries constructed using the Gateway® recom-
bination cloning system are extensively utilized in plant molecular biology owing to their high efficiency
and cloning fidelity [17]. This technology utilizes A phage site-specific recombination (BP/LR reactions)
to achieve seamless transfer of DNA fragments between different vectors, avoiding issues like fragment
loss and reading frame shifts associated with traditional restriction-ligation methods [18]. In studies on
plant stress-induced disease resistance mechanisms, constructing full-length ¢cDNA libraries via Gateway
technology preserves the open reading frames of stress-responsive genes, significantly improving library
coverage [19]. Therefore, this study first cloned the promoter sequence of the BrWRKY25 gene and analyzed
its cis-acting elements. Subsequently, a bait vector containing the BriWRKY25 promoter and a yeast cDNA
library from calcium-deficient-treated Chinese cabbage were constructed. Yeast library screening was then
employed to identify potential upstream transcription factors of BriWRKY25, with candidate interactions
validated using yeast one-hybrid assays. These results provide an important theoretical foundation for
further elucidating the molecular mechanism of BriWRKY25-mediated tip-burn resistance in Chinese cabbage
and offer potential genetic resources for breeding new varieties with enhanced tip-burn resistance.

2 Materials and Methods
2.1 Plant Material Treatment and Sampling

The tip-burn-susceptible Chinese cabbage variety ‘HK8 with a two-week-old seedling age was used as
plant material. The seeds were obtained from a cabbage cultivar developed by the Chinese Cabbage Research
Group at Henan Institute of Science and Technology. The plants were first subjected to low-calcium (10 pM)
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treatment. On the fourth day post-treatment, roots and leaves were collected. The samples were mixed,
immediately flash-frozen in liquid nitrogen, and stored at —80°C for subsequent use.

2.2 Construction of a Yeast One-Hybrid cDNA Library for Chinese Cabbage

To construct the yeast cDNA library, total RNA was extracted from the roots and leaves of the low-
calcium-treated Chinese cabbage using the CTAB method [20]. The purity and integrity of the RNA were
assessed using a NanoDrop 2000C spectrophotometer [21]. mRNA was isolated and purified using the
Dynabeads™ mRNA purification kit (Thermo Fisher Scientific, Shanghai, China). The Gateway™ BP-LR
recombination system [22] was employed. The cDNA was first inserted into the entry vector pPDONR222 to
generate a primary library using the standard CloneMiner™ II protocol, and then subsequently recombined
into the destination vector pPGADT7-GW using the LR reaction to construct the secondary (nuclear) yeast
cDNA library. To determine the library titer, 10 uL of the primary bacterial culture was diluted 1000-fold,
and 50 uL of the dilution was spread on LB plates containing kanamycin. After incubation at 37°C for one
day, the colonies were counted. The library titer (CFU-mL™') was calculated as: (number of colonies/50 L) x
10° x 10 pL. The total library capacity (CFU) was determined by multiplying the titer (CFU-mL™') by the
total volume of the library culture (mL). The average insert size was confirmed by colony PCR.

2.3 Cloning, Analysis, and Bait Vector Construction of the BrWRKY25 Promoter

The promoter sequence of the BrWRKY25 gene was PCR-amplified using genomic DNA from the
leaves of the tip-burn-susceptible ‘HK8’ as a template. Primers were designed specifically based on the
promoter sequence obtained from the Chinese cabbage genome database (http://brassicadb.cn/#/) (Table S1).
The amplified product was ligated into the pPDONR222 vector and transformed into E. coli DH5a competent
cells. Positive single colonies were selected by colony PCR and sent to Sangon Biotech (Shanghai) for
sequencing. The cis-acting elements within the BrWRKY25 promoter region were predicted and analyzed
using the PlantCARE online database (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) [23].
Subsequently, the BrWRKY25 promoter fragment was cloned into the pAbAi vector using a seamless cloning
method [24], and the recombinant bait vector was named pAbAi-BrWRKY25.

2.4 Transformation of the Bait Vector into the Yeast Strain and Auto-Activation Test

The bait vector pAbAi-proBrWRKY25 and the positive control plasmid p53-AbAi were linearized
by digestion with the restriction enzyme BstB 1. The digestion reaction was performed at 65°C for 1 h.
After digestion, the linearized DNA fragments were recovered using 1% agarose gel electrophoresis. The
linearized plasmids were then transformed into the yeast competent cells YIHGold. After incubation at
30°C for 3-5 days, regular white single colonies were picked for positive identification of recombinant
yeast strains via PCR. The PCR reaction program was as follows: pre-denaturation at 98°C for 15 min;
35 cycles of denaturation at 95°C for 15 s, annealing at 55°C for 30 s, and extension at 72°C for 1 min 30 s;
final extension at 72°C for 5 min; and hold at 4°C. The PCR products were analyzed by 1% agarose gel
electrophoresis. Primers used for the positive control and bait recombinant strains are listed in Table S1.
Finally, serial dilutions of the transformed yeast cultures were plated on SD/-Ura plates containing a
gradient of Aureobasidin A (AbA) concentrations (0, 50, 100, 150, 200, 500, 800, 1000 ng/mL) to test for
auto-activation. The plates were incubated at 30°C for 3-5 days. The minimum concentration of AbA that
completely inhibited the growth of the bait-reporter yeast strain was determined and designated as AbA™.
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2.5 Yeast Library Screening

After determining the minimal inhibitory concentration of AbA (AbA), competent cells of the yeast
strain YIHGold containing the bait plasmid [pAbAi-proBrWRKY25] were prepared. The Chinese cabbage
yeast nuclear library plasmids were transformed into these competent cells. The transformation mixture
was spread on SD/-Leu plates supplemented with AbA. The plates were incubated at 30°C for 3-5 days, and
colony growth was observed.

2.6 Identification of Positive Yeast Clones and Sequence Alignment

All large, plump colonies from the SD/-Leu+AbA* screening plates were picked. The cells were
resuspended in physiological saline and re-streaked onto SD/-Ura-Leu+AbA” plates for a secondary screen,
followed by incubation at 30°C for 3-5 days. Colony PCR was performed on positive clones from the
secondary screen, and the amplification products were electrophoresed. The target DNA bands were
gel-purified and sent for sequencing. The obtained sequences were compared against the Chinese cabbage
CDS database (http://brassicadb.cn/#/) to identify the corresponding prey protein information.

2.7 Yeast One-hybrid Assay

To validate the interaction between the candidate prey proteins and the BriWRKY25 promoter, the prey
plasmids (AD fusion vectors) were co-transformed into the YIHGold yeast strain harboring the bait plasmid
pAbAi-proBrWRKY25. Positive co-transformants were selected. The positive yeast clones were diluted with
sterile water to an ODgq of 0.6. Equal volumes of the diluted cultures were spotted onto SD/-Leu plates
(control, no selection) and SD/-Leu+AbA~ plates (selection). The plates were incubated at 30°C for 3-5 days,
and the growth of yeast colonies was photographed and observed.

2.8 Dual-luciferase Reporter Assay

To analyze the transcriptional activation activity of BrZFP4/19 on the BrWRKY25 promoter, the pro-
moter sequence of BrWRKY25 was cloned into the pGreenlI 0800-LUC vector to construct the recombinant
plasmid proBrWRKY25: LUC. The coding sequences (CDS) of BrZFP4 or BrZFP19 were cloned into the
effector vector pRI101. The recombinant reporter plasmid and the effector plasmid were co-transformed
into the leaves of Nicotiana benthamiana via Agrobacterium-mediated infiltration. At 50 h post-infiltration,
leaf tissues from the infiltrated sites were harvested for luminescence detection using the Dual-Luciferase®
Reporter Assay System (Promega, Madison, WI, USA). Three biological replicates were performed for
each experiment.

2.9 Prediction of Conserved Domains and Phylogenetic Analysis of BrZFP4/19

To analyze the sequences of the key upstream transcription factors BrZFP4 and BrZFP19, the open
reading frames (ORFs) of these genes were cloned. The predicted amino acid sequences were analyzed
for conserved domains using the online SMART program (http://smart.embl-heidelberg.de/) [25]. The
phylogenetic relationship between BrZFP4/19 proteins and ZFP proteins from other species was constructed
using MEGA 5.0 software [26]. All Arabidopsis thaliana AtZFP proteins were retrieved from the NCBI
database (https://www.ncbi.nlm.nih.gov/). The neighbor-joining method was used, and the reliability of the
phylogenetic tree was assessed using the bootstrap method with 1000 replicates, employing the pairwise
deletion option for gap treatment.
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2.10 Analysis of Tissue-Specific Expression Patterns and Transcript Levels of BrZFP4/19

To determine the relative expression levels of BrZFP4 and BrZFP19 in various tissues, total RNA was
first extracted from ground (liquid nitrogen) samples using the RNA extraction kit (Tiangen, Beijing, China)
according to the manufacturer’s instructions. The extracted RNA was then reverse-transcribed into cDNA
using the Prime Script RT reagent kit (TaKaRa, Dalian, China). Subsequently, quantitative real-time PCR
(gqRT-PCR) was performed using the SYBR Premix ExTaq kit (TaKaRa, Dalian) and gene-specific primers
for BrZFP4, BrZFP19, and the reference gene (Table S1) on an ABI 7500 real-time PCR system (Applied
Biosystems). The thermal cycling conditions were as follows: 98°C for 20 s; 40 cycles of 98°C for 30 s
and 60°C for 30 s. A dissociation curve analysis was performed with the following parameters: 95°C for
20 s, 60°C for 1 min, and 95°C for 20 s. The experiment was performed with three technical replicates and
three biological replicates. Relative gene expression levels were calculated using the 2"t method [27].
Statistical analyses were performed using one-way ANOVA in SPSS 18.0 (IBM Corp., Armonk, NY, USA).
Data are presented as means + standard deviation (SD). To further investigate the roles of BrZFP4 and
BrZFP19 in Chinese cabbage tip-burn, transcriptome data from previously reported tip-burn-resistant and
tip-burn-sensitive materials [12] were analyzed. The normalized gene expression data in FPKM (Fragments
Per Kilobase of transcript per Million mapped reads) were converted to log,(FPKM) values.

3 Results
3.1 Construction and Quality Assessment of the Primary Yeast cDNA Library

To construct a yeast cDNA library for Chinese cabbage, a primary library was first established. Total
RNA was extracted from mixed root and leaf samples of the Chinese cabbage ‘HK8’ using the CTAB method.
Gel electrophoresis of the extracted RNA revealed two distinct and sharp bands corresponding to the
28S and 18S rRNAs, with no smearing observed, and the 28S band was approximately twice as intense as
the 18S band (Fig. 1A). Quantitative analysis indicated an RNA concentration of 1408 ng/uL, and quality
assessment showed an Aygp/Asg ratio of 2.2 (Fig. S1), confirming the high quality of the RNA. Subsequent
mRNA isolation and gel electrophoresis demonstrated a smear predominantly ranging from 300 to 2000 bp
(Fig. 1B). The mRNA was then reverse-transcribed, amplified, and transformed into E. coli DH10B competent
cells. Observation and counting of the transformed colonies revealed healthy growth. After dilution to a
1: 1000 ratio, the library solution has a total volume of 2 mL. Apply 50 uL per plate, resulting in a monoclonal
count of per 1 mL of library solution (CFU/mL) = (401 colonies/50 uL) x 10* x 10® uL = 8.0 x 10° CFU/mL.
The total number of clones (CFU) was 8.0 x 10° CFU/mL x 2 mL = 1.6 x 10’ CFU (Fig. 1C). Finally, colony
PCR was performed on randomly selected positive clones to assess the insert size, which showed that
the inserts were mainly between 500 and 2000 bp (Fig. 1D), indicating successful library construction.
These results demonstrate that the primary library was qualified and suitable for plasmid extraction for
subsequent use.

3.2 Construction and Quality Assessment of the Secondary Yeast cDNA Library

To construct the secondary yeast cDNA library, the plasmid DNA from the primary library was used
as the template. The cDNA inserts were transferred into the destination vector pGADT7-GW via an
LR recombination reaction. The resulting constructs were subsequently transformed into E. coli DH10B
competent cells, and the growth status of the transformed colonies was observed. After dilution to a
1: 1000 ratio, the library solution has a total volume of 2 mL. Apply 50 uL per plate, resulting in a monoclonal
count of per 1 mL of library solution (CFU/mL) = (477 colonies/50 uL) x 10° x 10% uL = 9.5 x 10° CFU/mL.
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The total number of clones was determined to be 1.9 x 10’ CFU (Fig. 2A). Analysis of the insert size by
electrophoresis and assessment of the library capacity revealed that the average insert size of the library was
greater than 1000 bp, with a positive clone rate of 100% (Fig. 2B). These results indicate that the constructed
secondary library meets all required quality standards and is suitable for subsequent screening experiments.
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Figure 1: Construction and quality assessment of the primary yeast cDNA library. (A) Electrophoresis image of total
RNA. (B) Electrophoresis image of mRNA. (C) Image showing colony growth status and library capacity assessment.
(D) Image for recombination rate and insert size analysis. M, DNA marker; lanes 1-24 represent experimental samples.
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Figure 2: Yeast library construction and quality assessment. (A) Image for library capacity assessment. (B) Image for
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recombination rate and insert size analysis. M, DNA marker; lanes 1-24 represent experimental samples.

3.3 Analysis of the BrWRKY25 Promoter Sequence and Construction of the Bait Vector
pADbAi-proBrWRKY25

To clone the promoter sequence of BrWRKY25, PCR amplification was performed using specific primers
(Table S1) with genomic DNA from Chinese cabbage as the template. The results showed that the amplified
BrWRKY25 promoter fragment was 1044 bp in length (Fig. 3A). In silico analysis of the BriWRKY25 promoter
revealed cis-acting elements responsive to salicylic acid, abscisic acid, methyl jasmonate, and other plant
hormones (Fig. 3A), suggesting that BrWRKY25 expression is likely modulated by multiple transcription
factors. To identify the upstream transcription factors regulating BrWRKY25, the BrWRKY25 promoter
was first inserted into the pAbAi vector using seamless cloning to construct the bait vector (Fig. 3B). The
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recombinant vector was subsequently verified by double digestion with BsrG I and EcoR I. The results
indicated that the circular recombinant vector was approximately 4000 bp in size. After digestion, two
fragments were obtained: one ranging between 1000-1500 bp and the other between 4000-5000 bp (Fig. 3C),
which matched the expected fragment sizes. Therefore, these results confirm the successful construction of
the bait vector pAbAi-proBrWRKY25.

A ATCTAACGTGGTTTTTGTTTTGCCAGAATTGAAGAGATCTCTTTACTGTTTGTTCTCACAGTTTGGGAGGATTCTCGATGTGGTTGCTTTGAAGACTCCTAAGCT
Abscisic acid response element

CCGTGGCCAAGCTTGGGTTGCCTTTAGTGACGTCACTGCTGCTACTAATGCCGTTCGCCAGATGCAGAACTTCCCTTTCTACGATAAGCCTATGGTCAGTAAAT
CTTCTCTGTGTTAGTTATATGTGTTTTCAGCTGTTTCTTTGTACAACTAAAGATTGCCTCTTTCGGGTGTATGGGCTATTTATTTGCTTCCAGTCATGTGTATGAAA

CTAATGTGTGGTCTTTTTTTGTGTGCAGCGCATACAGTTCGCAAAAGAAAAGTCAGATTGTATTGCTAAAGAGGAGGGAACTTTCGTTCCCAAAGATAAGAAG
Salicylic acid response element
AGGAAGAAAGAAGAGAAAGGTAACTGATCCCAGACTTATGCCTAGATTAAGATTATGGTTTTTTTATTAGTTAGTTTTTTTTCATAATTTACTGTATATGCTAGTA

TTTTGATAAGTTGAATCAAGACCTATATATAAGGGTTTCTACTGACTTATAAGAAATTAACCAAGAGTTAACCTTAATCTCCAAGAGAGTTTATGGTTAATAGGAA

GCTTAGCTTAAATCTCTTTCTTAAGCAAAAGTGGATTCATATCAGTAACTTTGATTTTACTTTCTGCATTTTGTCTTTGAGTTGTTAGATACAATGGTAAACTTCTG
Auxin-responsive element

TTACATGATTACTTGCAGCTGAAAGAAAGCGTGAAGAAACCCAACGACCAAACACAGCTAATGCCCCAACTCCACAGAACGGAGCCCCTCCGGTAAGTGCCT

Methyl j
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+ 1 ¢
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bp

12000

8000
6000
S000
4000

=
g =1

7

5062) wsmeL - Esp3L

Bz o7
Aval - BsoBI - PacR7I - Xhol (1053

3000
2500
2000

HEIREIRN

1500

BamM1 (1349

ADAI-DrOBIWRKY23
VAPAT ey 1000

1IKb DNA Marker

5105) DRt P Erdng ste

Figure 3: Analysis of the Br-WRKY25 promoter sequence and construction of the bait vector. (A) Analysis of cis-acting
elements in the BrWRKY25 promoter. (B) Schematic diagram of the BrWRKY25 promoter bait vector. (C) Double
digestion verification of the BrWRKY25 promoter bait vector.

3.4 Detection of the Yeast Recombinant Strain YIHGold[pAbAi-proBrWRKY25] and Determination
of the Minimum Inhibitory Concentration of AbA (Aureobasidin A)

The pAbAi-proBrWRKY25 plasmid was linearized using the restriction endonuclease BstB I. The
linearized plasmid was then transformed into Y1HGold competent yeast cells via a yeast transformation
system, followed by PCR analysis of the yeast cultures to determine the band size. The results showed that
the positive control recombinant yeast strain, Y1IHGold[p53-AbAi], produced a band between 1500-2000 bp
upon electrophoresis, which is close to the theoretical size of 1771 bp (Fig. 4A). Similarly, the experimental
recombinant yeast strain, Y1IHGold[pAbAi-proBrWRKY25], produced a band close to 2000 bp, corresponding
to the theoretical size of 1961 bp (Fig. 4A). To determine the minimum inhibitory concentration (MIC) of
Aureobasidin A (AbA) for YIHGold[pAbAi-proBrWRKY25], yeast competent cells containing the pAbAi-
proBrWRKY25 bait plasmid were plated on SD/-Ura medium containing different concentrations of AbA.
The results indicated that the growth of the positive control strain, YIHGold[p53-AbAi], was completely
inhibited at an AbA concentration of 100 ng/mL (data not shown). For Y1HGold[pAbAi-proBrWRKY25],
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normal growth was observed in the absence of AbA, while colony growth was inhibited upon AbA addition.
Complete inhibition of strain growth was achieved at an AbA concentration of 200 ng/mL (Fig. 4B). Therefore,
200 ng/mL was determined as the minimum inhibitory concentration of AbA and was subsequently used
for yeast library screening.

A B SD-Ura+AbA*

PADbAI-
proBrWRKY25|

pAbAI-
proBrWRKY25 §

200ng/mLAbA 500ng/mLAbA 800ng/mLAbA 1000ng/mLAbA

Figure 4: Positive identification of the recombinant yeast strain and determination of the minimum inhibitory concen-
tration of AbA. (A) Positive identification of the recombinant yeast strain. M, DNA marker; from bottom to top: 100,
200, 500, 750, 1000, 1500, 2000, 3000, and 5000 bp. (B) Determination of the minimum inhibitory concentration of AbA.

3.5 Screening for Upstream Transcription Factors of the BrWRKY25 Promoter

To identify upstream transcription factors of the BrWRKY25 promoter, the library plasmids were
transformed into the YIHGold[pAbAi-proBrWRKY25] yeast strain. The transformants were cultured on
SD/-Leu (SD/-L) plates, and the number of colonies was counted starting from the second day to calculate the
transformation efficiency (Fig. 5A). The results showed that the total number of transformants was calculated
as (980/0.9 + 143/0.09 + 6/0.01)/3 x 4800 = 5.24 x 10°. The transformation efficiency was 5.24 x 10%/25 pg =
2.10 x 10°/ug. A total of 5.24 x 10° transformants were obtained from this transformation. On the third
day of culture, the grown single colonies were inoculated into liquid culture and adjusted to an ODggo of
0.8. Subsequently, 7 puL of each culture was spotted onto SD/-L plates supplemented with 200 ng/mL AbA
for further screening. A total of 105 positive clones were obtained (Fig. 5B). To confirm the identity of the
prey proteins, the inserts from 105 positive clones were amplified and sequenced. Sequencing analysis
revealed that Bra039750 (BrZFP4) and Bra033588 (BrZFP19) were identified with relatively high frequencies,
appearing three and four times, respectively (Table S2). Thus, BrZFP4 and BrZFP19 were identified as
candidate upstream regulators of BrWRKY25.

3.6 Conserved Domains and Phylogenetic Analysis of BrZFP4/19

Analysis of the conserved domains of BrZFP4 revealed that it encodes 262 amino acids (aa) and contains
a conserved C,H, zinc finger domain located at positions 87-109 aa (Fig. 6A). BrZFP19 encodes 182 amino
acids (aa) and contains two conserved B-box zinc finger domains located at positions 4-47 aa and 51-96 aa,
respectively (Fig. 6B). To analyze the phylogenetic relationships of BrZFP4 and BrZFP19, sequence alignment
was performed using the NCBI database. The results showed that the aligned sequences were all Arabidopsis
thaliana AthZFPs. The phylogenetic tree indicated that BrZFP4 is most closely related to AtZFP4, with
an amino acid sequence identity of 82.33%, and is more distantly related to AtZFP6, with an identity of
58.14% (Fig. 6C, Table S3). BrZFP19 is most closely related to AtZFP19, sharing 88.11% amino acid sequence
identity, and is more distantly related to AtZFP20, with an identity of 39.04% (Fig. 6C, Table S3).
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Figure 5: Screening library transformation efficiency and positive clones obtained. (A) SD/-Ura-Leu (SD/-UL) culture
plates containing yeast, used for calculating the transformation efficiency of the screening library. (B) Positive single
clones screened on SD/-UL plates supplemented with 200 ng/mL AbA.
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C2H2 zinc finger domain
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DLGITRPTQETIIRNIARFNQGYFSNFVPFLVEDDEAELLWPGSFRQQASDAAEGGNGD

LGQRKMDYLEVKQAVDMKCSLPDLTLKL*

B B-box-type zinc finger
MRILCDACENAAAIVFCAADEAALCRACDEKVHMCNKLASRHVRVGLAEPSNAPCC

RQRIEFPGDKPKPPNNT
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Figure 6: Conserved domains and phylogenetic relationship of BrZFP4/19. (A) Conserved domains of BrZFP4. The
asterisk indicates a stop codon, and no amino acid is produced. (B) Conserved domains of BrZFP19. The asterisk
indicates a stop codon, and no amino acid is produced. (C) Phylogenetic relationship of BrZFP4/19. At, Arabidopsis
thaliana; Br, Brassica rapa.
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3.7 Tissue-Specific Expression Patterns of BrZFP4/19

To analyze the tissue-specific expression patterns of BrZFP4 and BrZFP19, qRT-PCR was performed.
The results revealed that the expression level of BrZFP4 was lowest in pods. In contrast, relatively higher
expression was observed in roots, stems, and leaves, with levels being 76.34, 21.64, and 13.41 times that in
pods, respectively (Fig. 7A). For BrZFP19, the highest expression was detected in flowers, followed by callus
and pods, while the lowest expression was found in stems, which was only 18.18% of the level in flowers
(Fig. 7B). Moreover, analysis of publicly available transcriptome data revealed that BrZFP4 expression was
5.45-fold higher in tip-burn-sensitive materials than in resistant ones, mirroring the expression pattern of
BrWRKY25 (Fig. 7C,D).
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Figure 7: Tissue-specific expression patterns of BrZFP4/19. (A) Tissue-specific expression pattern of BrZFP4. (B) Tissue-
specific expression pattern of BrZFP19. Different letters above the columns indicate significant differences between
different tissues (p < 0.05). (C) Transcriptome data of BrZFP4 in leaves of tip-burn-resistant and tip-burn-sensitive
materials. (D) Transcriptome data of BrWRKY25a in leaves of tip-burn-resistant and tip-burn-sensitive materials.
The significance of the difference between resistant and sensitive plants was calculated using a Student’s t-test,
***p-value < 0.001.

3.8 Construction of Prey Vectors for the Upstream Transcription Factors BrZFP4/19 of BrWRKY25
and Verification by Double Digestion

To validate the binding of BrZFP4 and BrZFP19 to the BriWRKY25 promoter, the open reading frame
(ORF) sequences of the BrZFP4 and BrZFP19 genes were individually cloned into the EcoR I and BamH 1
restriction sites of the pGADT?7 vector. The resulting recombinant vectors were designated pGADT7-BrZFP4
and pGADT7-BrZFP19, respectively (Fig. 8A,C). To confirm the successful construction of these vectors, the
recombinant plasmids were subjected to digestion with EcoR1and BamH 1. The results showed that digestion
of the pGADT7-BrZFP4 vector yielded two fragments: one between 750-1000 bp, consistent with the 789 bp
OREF length of BrZFP4 (Fig. 8B); and another between 6000—-8000 bp, close to 8000 bp, corresponding to
the size of the linearized vector backbone (Fig. 8B). Similarly, digestion of the pGADT7-BrZFP19 vector
produced two fragments: one approximately 500 bp, matching the 549 bp ORF length of BrZFP19 (Fig. 8D);
and another approximately 8000 bp, aligning with the expected size of the linearized vector backbone
(Fig. 8D).
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Figure 8: Construction of yeast prey vectors for BrZFP4/19 and verification by double digestion. (A) Schematic diagram
of the pGADT7-BrZFP4 recombinant vector. (B) Double digestion verification of pPGADT7-BrZFP4. (C) Schematic
diagram of the pGADT7-BrZFP19 recombinant vector. (D) Double digestion verification of pPGADT7-BrZFP19.

3.9 Validation of the Interaction Between BrZFP4/19 and the BrWRKY25 Promoter

To validate the interaction between BrZFP4/19 and the BrWRKY25 promoter, the prey vectors (pGADT7-
BrZFP4 and pGADT7-BrZFP19) were individually co-transformed into the yeast strain YIHGold harboring
the bait plasmid pAbAi-proBrWRKY25. The yeast strain YIHGold containing p53-AbAi was used as a
positive control. The transformed yeast cultures were plated on both SD/-Leu medium and SD/-Leu medium
supplemented with the selective concentration of AbA (200 ng/mL), followed by incubation at 30°C for
3-5 days. The results showed that both the positive control and all experimental co-transformants grew not
only on the non-selective SD/-Leu medium but also normally on the selective SD/-Leu medium containing
200 ng/mL AbA (Fig. 9A), demonstrating that both BrZFP4 and BrZFP19 are capable of binding to the
BrWRKY25 promoter region. To further verify this regulatory relationship within plant cells, dual-luciferase
reporter assay results indicated that transient co-expression of BrZFP4 or BrZFP19 significantly enhanced
the relative luciferase activity of proBrWRKY25: LUC compared to the empty vector control (Fig. 9B).
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In conclusion, BrZFP4 and BrZFP19 can specifically bind to the BrWRKY25 promoter and activate its

transcriptional activity.
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PAbAi-proWRKY25a+pGADT7-BrZFP4 o
PAbAi-proWRK Y25a+pGADT7-BrZFP19 (@)

pAbAI-53+pGADT7-tEC-ps3 @

0
10

0800+62sk oo od

62sk-BrZFP

+62sk-BrZFP

800-proBrWRKY25 0800-pr08r“’RKV2.>

BrZFP4-proBrWRKY25 BrZFP19-proBrWRKY25

Figure 9: Validation of the interaction between BrZFP4/19 and the BrWRKY25 promoter by the yeast one-hybrid
assay and the dual-luciferase reporter assay. (A) Growth status of yeast negative control, positive control, and
experimental co-transformant strains on SD/-Leu medium and SD/-Leu medium supplemented with 200 ng/mL
Aureobasidin A (AbA). Rows in the culture plates: row 1, negative control (pAbAi-proBrWRKY25 + pGADT?7); row 2,
experimental group (pAbAi-proBrWRKY25 + pGADT7-BrZFP4); row 3, experimental group (pAbAi-proBrWRKY25
+ pGADT7-BrZFP19); row 4, positive control (pAbAi-p53 + pGADT7-rEC-p53). (B) Validation of the interaction
between BrZFP4/19 and the BrWRKY25 promoter by dual-luciferase reporter assay.

4 Discussion

Tip-burn in Chinese cabbage is a common physiological disorder that primarily affects the head leaves,
severely compromising both quality and yield [28]. The initial symptoms manifest as necrosis of the leaf
tips and margins of the inner leaves, followed by browning and wilting of the entire leaf. A typical symptom
during the heading stage is normal growth of the outer leaves, while upon dissection of the head, the
margins of some inner leaves appear blanched, yellowed, or desiccated, with a sharp demarcation between
affected and healthy tissue [12].

A yeast cDNA library comprises a collection of cloned cDNA fragments reverse-transcribed from the
total mRNA of an organism, inserted into a yeast expression vector. It is used to screen for proteins that
interact with a specific nucleic acid or protein [29]. Gateway technology, utilizing BP and LR recombination,
enables the construction of such libraries, allowing for the generation of either yeast nuclear or membrane
libraries as required [30]. Typically, the quality of a library is primarily judged by two criteria: the repre-
sentativeness of the cDNA library and the integrity of the recombinant sequences. The representativeness
is reflected by the library titer. A library is generally considered suitable for screening low-abundance tran-
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scripts when its titer exceeds 1 x 10° CFU-mL™! and the total number of clones surpasses 1.7 x 10° CFU [31].
In this study, using the tip-burn-susceptible Chinese cabbage line ‘HKS8’, we successfully constructed a
calcium-deficiency-induced yeast cDNA library. The constructed library had a titer of 9.5 x 10 CFU-mL ™!,
a total of 1.9 x 107 clones, and an average insert size greater than 1000 bp (Fig. 1), meeting the requirements
for completeness and high quality necessary for subsequent yeast one-hybrid screening experiments.

Analysis of cis-acting elements revealed that the promoter of BrWRKY25 contains response elements for
methyl jasmonate, abscisic acid, salicylic acid, among others (Fig. 3), suggesting that BFWRKY25 expression
may be responsive to multiple hormones. BriWRKY?25 is a key gene for calcium-deficient-induced tip-
burn resistance, and our previous research found that exogenous salicylic acid could induce BrWRKY25
expression and alleviate tip-burn symptoms [12]; however, the effects of other hormones on BrWRKY25
require further validation. Using the yeast one-hybrid library screening technique with the BriwRKY25
promoter as bait, we obtained 105 positive clones. Sequencing and comparison of 105 of these clones, after
removing duplicates, ultimately identified 89 different protein-coding genes. These included functional
proteins such as zinc finger proteins, heat shock proteins, ribosomal proteins, and transport proteins,
indicating that BrWRKY25 might be co-regulated by multiple transcription factors and environmental
signals. Given their high screening frequency, BrZFP4 and BrZFP19 were selected for further validation.
This study provides preliminary evidence that both transcription factors directly activate BriWRKY25
expression, as demonstrated by yeast one-hybrid and dual-luciferase reporter assays. Future studies should
confirm these interactions in planta using techniques such as ChIP-qPCR [32]. These results not only lay a
foundation for elucidating the molecular mechanism by which BrWRKY25 regulates calcium distribution
but also provide potential genetic resources for breeding new Chinese cabbage varieties with enhanced
tip-burn resistance through genetic engineering.

The etiology of tip-burn is extremely complex. Current scholarly consensus, both domestic and
international, holds that tip-burn is primarily a physiological disorder induced by calcium deficiency within
the plant itself [33,34]. Calcium deficiency manifests in two ways: firstly, an insufficient capacity for
calcium absorption and transport in Chinese cabbage; secondly, various factors cause calcium in the soil to
exist predominantly in mineral forms that are difficult for plants to absorb, leading to inadequate levels
of bioavailable calcium, which prevents Chinese cabbage leaves from acquiring sufficient calcium via
transpiration pull [35]. Correspondingly, physiological dysfunction is evident in two aspects: firstly, Ca**
is preferentially transported to vigorously growing leaf tissues and is difficult to redistribute to young,
tender parts, ultimately causing tip-burn to occur preferentially in the heart leaves of Chinese cabbage [14];
secondly, cell membranes and cell walls are damaged due to insufficient calcium [12]. In our library
screen, we identified a zinc finger protein, BrZFP4. Since BrZFP4 clusters in the same phylogenetic clade as
Arabidopsis thaliana ZFP1 (Fig. 6C), and studies have reported that AtZFP1 enhances salt tolerance [36],
BrZFP4 may therefore be involved in salt stress response. Furthermore, we found that the expression
level of BrZFP4 was significantly higher in susceptible varieties than in resistant materials—5.45 times
higher—which is consistent with the transcript abundance trend of BrWRKY25. Based on these findings,
we hypothesize that the BrZFP4- BrWRKY25 module may regulate tip-burn resistance in Chinese cabbage.
However, the downstream regulatory pathways governed by the BrZFP4-BrWRKY25 module in tip-burn
development, as well as its integration with calcium signaling networks, warrant further investigation.

5 Conclusions

In this study, a yeast cDNA library was constructed and validated under calcium-deficient conditions,
leading to the successful identification of several transcription factors capable of binding to the BrWRKY25
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promoter, including the zinc finger proteins BrZFP4 and BrZFP19. Among these, the expression of BrZFP4
was found to be significantly upregulated in tip-burn-susceptible materials. Furthermore, both proteins
were confirmed to directly bind to the BriWRKY25 promoter. These results preliminarily suggest that
the BrZFP4/19-BrWRKY25 transcriptional regulatory module may play a key role in modulating tip-burn
resistance in Chinese cabbage, providing important clues for further elucidating the molecular mechanisms
underlying resistance to calcium deficiency-induced tipburn.
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