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ABSTRACT

Hot pepper (Capsicum annuum var. conoides) is a significant vegetable that is widely cultivated around the world.
Currently, global climate change has caused frequent severe weather events, and waterlogging stress harms the pep-
per industry by affecting the planting period, growth conditions, and disease susceptibility. The gene CaABI3/VP1-1
could improve pepper waterlogging tolerance. In order to explore the upstream regulatory mechanism of CaABI3/
VP1-1, a high-quality standardized yeast hybrid library was successfully constructed for yeast one-, two-, and three-
hybrid screening using pepper ‘ZHC2’ as the experimental material, with a library recombinant efficiency of up to
100%. The length of inserted fragments varied from 650 to 5000 bp, the library titer was 5.18 × 106 colony-forming
units (CFU)·mL−1, and the library capacity was 1.04 × 107 CFU of cDNA inserts. The recombinant bait plasmid was
used to successfully identify 78 different proteins through the yeast one-hybrid system, including one transcription
factor within the ethylene-responsive factor family and the other within the growth-regulating factor family. The
interaction happened between LOC124895848 and CaABI3/VP1-1 promoter by point-to-point yeast one-hybrid
experiment. The expression level of the 12 selected protein-coding genes was then evaluated by quantitative
real-time polymerase chain reaction. Results indicated the protein coding genes showed different responses to
waterlogging stress and that the activity of the CaABI3/VP1-1 promoter could be inhibited or activated by up-reg-
ulating or down-regulating gene expression, respectively. The identification of these proteins interacting with the
promoter provides a new perspective for understanding the gene regulatory network of hot pepper operating under
waterlogging stress and provides theoretical support for further analysis of the complex regulatory relationship
between transcription factors and promoters.
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1 Introduction

Peppers (Capsicum annuum var. conoides) are the important vegetables in the Solanaceae family. The
fruits have a bright color and unique taste, and they are widely used fresh or after processing or extraction.
Peppers are used in medicine, as well as food, because they contain a variety of important secondary
metabolites. Due to current global climate change, extreme environments occur more frequently, resulting
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in reduced crop yields and economic losses. During the pepper growth cycle, plants are susceptible to various
abiotic stresses, resulting in the stunting of their growth and development. Waterlogging stress is one of the
main environmental factors restricting pepper crop growth and development. Excessive soil moisture can
lead to growth inhibition, or even death in severe cases, causing huge economic losses, especially for
shallow-rooted plants such as peppers. When their organs are surrounded by water (especially still water),
it often leads to plant hypoxia, resulting in gas homeostatic imbalance and hypoxia, causing the
accumulation of reactive oxygen species, which can harm cell membranes and aggravate the damage
caused by the primary stress [1,2]. Therefore, it is particularly important to take various measures to
reduce the damage caused by waterlogging stress. Based on our previous study, pepper CaABI3/VP1-1 is
an important gene due to its role in waterlogging tolerance [3].

ABI3 (ABSCISIC ACID-INSENSITIVE 3) is a plant-specific transcription factor that contains the B3
(the Basic3 DNA-binding) domain and is involved in the abscisic acid (ABA) signaling pathway. Since the
first discovery of the B3 domain in the maize gene VIVIPAROUS1 (VP1), it has been found in 118
Arabidopsis genes and 91 rice genes [4]. ABI3 participates in different ABA signaling cascades, and, in
Arabidopsis, appears to interact with pre-existing ABA signaling pathways in differentiating vegetative
tissues to enable ABA to transactivate seed-specific promoters [5]. Many transcription factors containing
the B3 domain regulate a range of biological processes in plants, influencing nutrition and reproductive
development [6,7]. For ABI3/VP1 genes, research has been mainly focused on processes in plant seeds,
such as seed development and dormancy [8–10]. ABI3/VP1 genes have various functions, such as
regulating the growth of axillary meristems, controlling flowering, and regulating chloroplast
differentiation [11]. There have been several reports of stress tolerance associated with ABI3/VP1 genes.
Under low oxygen conditions, OsGF14h interacts with two transcription factors, OsHOX3 and OsVP1, of
the ABI3/VP1 subfamily, to block the ABA receptor OsPYL5. This reduces ABA sensitivity while
activating gibberellin biosynthesis promotes the germination and emergence of weedy rice seeds, and
enhances rice adaptability to anaerobic environment [12]. The heterologous transformation of AtABI3 into
cotton showed that the transgenic cotton had greater tolerance to drought stress in greenhouse and field
conditions, and enhanced photosynthetic efficiency by promoting root growth and leaf area expansion in
cotton [13]. The ABI3 gene is a key factor in regulating dehydration stress signaling in Arabidopsis
thaliana and reveals the genetic and epigenetic factors required for ABI3 gene expression [14].

The gene transcriptional expression pattern is mediated by cis-regulatory elements (CREs), which
include DNA sequences that specifically recognize and bind to transcription factors [15]. As a CRE, the
promoter can ensure the normal expression of genes at different times and environments, which helps
plants respond in a timely manner to growth, development, and stress, and reduces the damage caused by
adverse environments. Promoters can control gene expression by binding to transcription factors;
therefore, it is important to determine whether there is interaction between a promoter and transcription
factors to understand gene function. The yeast one-hybrid (Y1H) assay is a novel system derived from
the yeast two-hybrid system [16]. The Y1H assay is a direct technique to research the interaction between
DNA promoters and transcription factors through the screening of yeast cDNA libraries and prey proteins
based on the sequence of the bait DNA promoter [17]. This technique is widely used in promoter studies
of pepper [18,19], tomato [20], strawberry [21], lily [22], wheat [23], and Arabidopsis [24].

CaABI3/VP1-1, a key stress-response gene in peppers, has been shown to significantly increase the
waterlogging tolerance of peppers [3], but the CaABI3/VP1-1 upstream regulatory mechanisms are still
unclear. Therefore, a high-capacity yeast hybrid cDNA library was constructed using pepper ‘ZHC2’.
Specifically, the CaABI3/VP1-1 promoter was used as the bait DNA, and the proteins interacting with
CaABI3/VP1-1 were identified by screening using the Y1H assay. The purpose of this research was to
reveal the regulatory switches operating in response to waterlogging stress, investigate the CaABI3/VP1-1
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upstream regulatory mechanism, and assess its significance for breeding waterlogging-tolerant pepper
cultivars.

2 Materials and Methods

2.1 Plant Materials
The plant material used was the waterlogging-tolerant hot pepper pure line ‘ZHC2’. Full and uniformly

sized ‘ZHC2’ seeds were selected and surface sterilized by immersing in 75% (v/v) alcohol for 1 min. The
seeds were then rinsed with distilled water and allowed to germinate in an incubator at 25°C. After
germination, the seeds were sown in 8 cm diameter pots containing quartz sand of three different degrees
of coarseness: the lower (70–140-mesh), middle (4–6-mesh), and upper (20–40 mesh) layers of quartz
sand, 1:1:1 (v/v/v), and then put in a culture room at a 25°C/20°C day/night temperature,
270 μmol·m−2·s−1 light intensity, and 10 h/14 h light/dark photoperiod. During the period from cotyledon
expansion to the third-leaf expansion, 1/2-strength Hoagland’s solution was utilized for irrigation, and
full-strength Hoagland’s solution was utilized for irrigation from the third-leaf stage onwards. At the 6-
leaf, 8-leaf, and fruit stages of pepper plant development, the roots, leaves, and fruits were collected,
rapidly snap-frozen in liquid nitrogen, and stored at −80°C before cDNA library construction and
promoter cloning.

2.2 Total RNA Extraction, mRNA Isolation, and Purification
Equal parts (by weight) of the roots, leaves, and fruits from hot pepper ‘ZHC2’ were evenly mixed, and

then total pepper RNA was extracted for subsequent library construction using Cetyltrimethylammonium
Bromide (CTAB) method [25]. mRNA isolation and purification were performed according to the
procedure described by the manufacturer of the FastTrack MAG mRNA Isolation Kit (Thermo Fisher
Scientific, Waltham, MA, USA). RNA concentration and quality were assessed by electrophoresis on 1%
agarose gel and a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific), respectively.

2.3 Construction of the cDNA Primary Library
The mRNA was reverse-transcribed into double-stranded cDNA and was then ligated to the

attB1 recombinant adapter. Then, the double-stranded cDNA was normalized with the Trimer-Direct
Trimmer Direct cDNA Normalization Kit (Evrogen, Moscow, Russia). After separation and collection,
the normalized cDNA was introduced into the pDONR222 vector using the attB and attP site
recombination reaction. The recombinant vector was electrotransformed into competent Escherichia coli
strain DH10B cells. After transformation, 2 mL of Super Optimal broth with Catabolite repression
medium was added. After shaking and culturing for 1 h at 37°C, the cDNA library solution was obtained.
An aliquot (50 μL of 1/1000× diluted suspension was plated on Luria Broth (LB) medium for library
capacity identification. The remaining bacterial suspension was mixed with a volume of 60% (v/v)
glycerol (2:1 ratio) to obtain the cDNA primary library suspension and stored at −80°C.

2.4 Construction of the Yeast Secondary Library
The library plasmid was obtained from the cDNA primary library, and the attL and attR site

recombination reaction system was operated. The library plasmid was recombined with the pGADT7-
DEST vector, and the recombinant plasmid was electroporated into competent E. coli DH10B cells. After
culture, the yeast secondary library bacterial suspension was obtained, to which was added glycerol to a
final concentration of 20% (v/v), followed by storage at −80°C.

2.5 Library Capacity and Insert Fragment Identification
Aliquots (50 μL) of diluted 1/1000× primary library suspension and secondary library suspension were

plated on LB medium and then cultured overnight at 37°C. Twenty-four single clones were randomly
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selected for identification by PCR. The primers are listed in Table 1. The pDONR222 primers were used for
primary library identification, and the ADR and T7 primers for secondary library identification. The
amplified products were detected by electrophoresis on 1% agarose gels and the library capacity was
calculated according to the following equations:

Library, titer (CFU·mL−1) = number of clones on the medium/volume of bacterial solution × n × 103 (n is
dilution fold).

library capacity (CFU) = library titer (CFU·mL−1) × total volume of library bacterial solution (mL).

library recombination rate (%) = number of clones with inserted fragments/total number of clones × 100.

Table 1: Primers used in this study

Primer name Primer sequence Role

pDONR222-F TCCCAGTCACGACGTTGTAAAACGACGGCCAGTCTT Primary library
identificationpDONR222-R AGAGCTGCCAGGAAACAGCTATGACCATGTAATA

CGACTC

T7 TAATACGACTCACTATAGGGCGAGCGCCGCCATG Secondary library
identificationADR GTGAACTTGCGGGGTTTTTCAGTATCTACGATT

CaABI3/VP1-1-F TAAGCTCAGTCGGCTAATGATGCC Promoter clone

CaABI3/VP1-1-R CATAGAAGAAGAGGTGGCAATCGC

CaABI3/VP1-1-
phis2-F

ATACGACTCACTATAGGGCGAATTCCATAGAAGAAG
AGGTGGCA

Construction of bait
plasmid

CaABI3/VP1-1-
phis2-R

ACCGCGGATCGATTCGCGAACGCGTCAGTCGGCTAAT
GATGC

pGADT7-
LOC124895848-F

TATGGCCATGGAGGCCAGTGAATTCATGCAAATGATG
ACGAC

Construction of
plasmid

pGADT7-
LOC124895848-R

TCTGCAGCTCGAGCTCGATGGATCCTTAAAAATTCAG
CACCTC

LOC107843092-F CCGAGGCAGTTGACATCTTGAAG qPCR

LOC107843092-R CTACTTGGCTGACTGTGTTCTTGAC

LOC107859881-F GAGTTAAGCCACCAGCACCAAG

LOC107859881-R GTTGCAGCAGCTTCCACAGG

LOC107840027-F CCTCATTTCTGGTTCTGGCACTG

LOC107840027-R GAGCAAGAATGTCAGCACAGGAG

LOC107841799-F AAGTATTCCTGGCGTAGTTGATGAC

LOC107841799-R ATGCTCCATTCTAAACCACAATTTCTG

LOC107867269-F GCGGAGGCGGAGGTTGTG

LOC107867269-R TCCTTCTCCTCACTCACTTCCATC

LOC107866274-F GGTGCTACTTTGTCCTCGTTCTG

LOC107866274-R GATGCGTGTATATCGTTTCAGTTTCC

CaLTPIII-F CTGGCAGTATTGGCGGCATC

CaLTPIII-R AGTGGAAGGACTGATCTGGTAAGG
(Continued)
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2.6 Cloning of CaABI3/VP1-1 Promoter
The 2200-bp sequence before the initiation codon of the CaABI3/VP1-1 gene was retrieved from the

NCBI database (https://www.ncbi.nlm.nih.gov/ (accessed on 10 December 2024)) as a template for
cloning the promoter. Genomic DNA from ‘ZHC2’ leaves was extracted by the CTAB method, and the
CaABI3/VP1-1 promoter was cloned with 2 × Phanta Max Master Mix (Vazyme, Nanjing, China) and the
primers CaABI3/VP1-1-F and CaABI3/VP1-1-R (Table 1).

2.7 Construction of the Bait Plasmid
The CaABI3/VP1-1 promoter sequence was ligated with the Y1H bait plasmid pHIS2 vector (digested

with EcoRI andMluI) by seamless cloning with ClonExpress Ultra One Step Cloning Kit (Vazyme). The bait
plasmid was transformed into competent E. coliDH5α cells and screened on LB medium with 50 ug·mL−1 of
kanamycin. Twelve E. coli transformants were randomly selected and inoculated into a liquid LB medium.
After shaking culture at 37°C and 250 rpm for 16 h (or overnight), PCR detection was performed. When
sequencing showed the correct insertion fragment size, subsequent experiments were carried out.

2.8 Auto-Activation Detection of the Bait Plasmid
Different plasmid combinations were transferred into the recipient yeast strain Y187 by the LiAC

method [26] (Table 2), which were inoculated on the SD-LWH (10 mM 3-AT (3-amino-1,2,4-triazole),
SD-LWH (30 mM 3-AT), and SD-LWH (60 mM 3-AT) defective screening media. 3-AT is a competitive
inhibitor and controls the leaky HIS3 reporter gene expression. The bait reporter gene yeast strain was
cultured for 4 days at 30°C, after which the minimum 3-AT concentration that could significantly inhibit
yeast strain growth was selected for later library screening.

2.9 Y1H Analysis and Screening of Interacting Proteins
The Y187 yeast transformants containing the pHIS2-CaABI3/VP1-1 bait plasmid were used as the

recipient bacteria into which the PGADT7-pepper cDNA library plasmid was transferred. An aliquot
(20 μL) of the suspension was taken and coated on three SD-LW media (diluted 10×, 100×, and 1000×)
to test the library transformation efficiency. The remaining suspension was plated on SD-LWH medium

Table 1 (continued)

Primer name Primer sequence Role

LOC107867263-F AAGGAGCAGAATCTTTATGGAGTAACC

LOC107867263-R AAGCCACGGCAGTTCACTAATG

LOC107863737-F GCCACCCTCAGCCTTCAAATG

LOC107863737-R TGCCTTCTCAGCCAATTCAACAG

LOC107850312-F TGGTGTCTACTATTCGGAGGATAAGC

LOC107850312-R TGGTCCAATACGGTGTCTCTGAG

LOC124895848-F AATGATGACGACACAAGACGAAGG

LOC124895848-R GCAGGAATTGAGACTGTTGATGAATG

LOC107877537-F AGGATTATGCTGGACCGACTCTTC

LOC107877537-R GTTCCTTTGGAGTTTGCTACAATGAC

GAPDH-F ATGATGATGTGAAAGCAGCG

GAPDH-R TTTCAACTGGTGGCTGCTAC
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and incubated for 3–4 days at 30°C to observe the transformation results. In order to confirm the positive
interaction, the screened positive clones were transferred to a fresh SD-LWH medium for colony PCR
detection, followed by plasmid extraction, sequencing, and BLAST comparison. Gene Ontology (GO)
and protein-protein interaction (PPI) analyses of the interacting proteins were carried out.

2.10 Point-to-Point Y1H Experiment
The gene LOC124895848 was cloned and ligated with the pGADT7 vector to generate the recombinant

plasmid pGADT7-LOC124895848 by seamless cloning with ClonExpress Ultra One Step Cloning Kit
(Vazyme). pGADT7-LOC124895848 and pHIS2-CaABI3/VP1-1 were co-transformed into yeast Y187.
The transformed yeast was cultured on SD-LWH (with 3-AT) medium. All transformants were incubated
for 3–4 days at 30°C. Primers used for Y1H are shown in Table 1.

2.11 Quantitative Real-Time PCR ( qPCR) Analysis of Gene Expression in Response to Waterlogging
‘ZHC2’ seedlings were cultured as described in Section 2.1 above to the 6-leaf stage, at which point

seedlings were exposed to waterlogging stress according to Guo et al. [27]. The leaves and roots were
harvested at 0 and 24 h after waterlogging stress was applied and after 1 h of recovery from 24 h of
waterlogging. Total RNA was isolated from 0.1 g of plant materials with RNAsimple Total RNA Kit
(Tiangen, Beijing, China), and cDNA was gotten with HiScript II Q RT SuperMix for qPCR (+gDNA
wiper) (Vazyme), following the manufacturer’s instructions. Twelve protein-coding genes were selected
according to high identity (>95%) to the reference gene and functional annotation for the qPCR assay.
Specific primers were designed by Primer Premier5 (Premier Biosoft, San Francisco, CA, USA)
(Table 1), with GAPDH as the internal reference gene [28]. The qPCR reaction was carried out using the
2 × RealStar Fast SYBR qPCR Mix (Genestar, Beijing, China). The relative expression level for
quantification was calculated according to the 2−ΔΔCt formula method [29]. Three biological replicates
and three technical replicates for each of the three samples were included in this experiment.

2.12 Statistical Analysis
Three biological replicates of each sample were subjected to a one-way analysis of variance (ANOVA),

and the significant differences (p < 0.05) were determined by the least significant difference (LSD) test. Data
analysis was carried out with SPSS 26.0 software (IBM Inc., Armonk, NY, USA). GraphPad graphical
software (Origin 2021, Northampton, MA, USA) was applied for the construction of the figures.

3 Results

3.1 Cloning of CaABI3/VP1-1 Promoter
Genomic DNA was extracted from ‘ZHC2’ leaves and agarose gel electrophoresis showed that the

extracted DNA bands were clear and bright, reflecting high DNA quality (Fig. 1A). The extracted DNA
was utilized as a template for PCR amplification with specific primers. The result of agarose gel
electrophoresis and sequencing indicated that a promoter 2143 bp in length had been successfully cloned

Table 2: Plasmid combinations

Reaction Prey plasmid Bait plasmid Medium type Purpose

1 pGADT7-53 pHIS2-53 SD-LW Positive control

2 pGADT7 pHIS2-53 SD-LW Negative control

3 pGADT7 pHIS2-CaABI3/VP1-1 SD-LW Auto-activation detection

4 pHIS2-CaABI3/VP1-1 SD-W Screening of Y1H library
Note: SD: synthetic dropout medium; SD-LW: SD/−leu/−trp; SD-W: SD/−trp.
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from the pepper (Fig. 1B). There was a 1-bp difference in length between the CaABI3/VP1-1 promoter in
‘ZHC2’ and the reference sequence of C. annuum ‘Zunla1’ by DNAMAN (Lynnon Biosoft, San Ramon,
CA, USA) comparison.

3.2 Pepper Total RNA Extraction and mRNA Isolation
After total RNA of the pepper was extracted by the CTAB method, agarose gel electrophoresis showed

that the total RNA presented clear 18S and 28S rRNA bands, indicating that the extracted RNA had not
degraded and showed high integrity (Fig. 2A). The RNA concentration determined
spectrophotometrically was 1060.9 ng·μL−1 and the A260/A280 ratio was 2.03, indicating that the RNA
was basically free of protein contamination, with high quality and purity. Total RNA was isolated and
purified to obtain the mRNA fraction. Agarose gel electrophoresis showed that the mRNA presented a
uniform diffuse state without obvious 18 and 28S bands, was mainly distributed above 850 bp in length
without impurity or contamination (Fig. 2B), and the quality of isolated mRNA was high enough to meet
the requirements of subsequent library construction.

3.3 Construction and Quality Assessment of Normalized cDNA Primary Library
The full-length enriched cDNAs obtained were normalized, which reduces the proportion of high-

abundance transcripts and balances transcript levels in a cDNA sample. The results of agarose gel
electrophoresis (Fig. 3B) showed that the normalized cDNAs presented more uniform and more

Figure 1: Results of pepper ‘ZHC2’ genomic DNA and promoter cloning. (A) Pepper ‘ZHC2’ genomic
DNA. M: DNA marker, 1–7: Genomic DNA. (B) CaABI3/VP1-1 promoter clones, 1–4: CaABI3/VP1-1
promoter, N: Negative control

Figure 2: Results of total RNA extraction and mRNA isolation. (A) ‘ZHC2’ total RNA extraction, M: DNA
marker, 1: Total RNA. (B) ‘ZHC2’ mRNA isolation, 1: mRNA
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consistent intensities than the non-normalized cDNAs (Fig. 3A). Therefore, the normalized cDNAs
successfully reduced the abundance differences of the different genes in the library. These normalized
cDNAs were used to construct a cDNA library and provided a reliable basis for subsequent research.

The normalized cDNAs were recombined with the pDONR222 vector through the attB and attP site
reaction and then transformed into E. coli DH10B to gain the primary library bacterial suspension. An
aliquot (1 μL) of the original bacterial suspension after transformation was diluted 1000× and a 50 μL
aliquot was plated on LB medium. Two hundred and forty-one clones in total were acquired on the
medium (Fig. 4A). The calculated library titer was 4.82 × 106 CFU·mL−1 and the library capacity was
9.64 × 106 CFU. Twenty-four single clones were at random selected for colony PCR testing. Agarose gel
electrophoresis showed (Fig. 4B) that the size of the amplified fragments varied significantly. The size of
the inserted amplified fragments ranged from 300 to 5000 bp, and the average length was greater than
1000 bp, with the library recombination rate being 100%. This shows that the library had considerable
richness and the insertion fragments were diverse and homogeneous, covering more genetic information
and reaching the standards of a high-quality primary library.

Figure 3: cDNA normalization results. (A) Before normalization, M: DNA marker, 1: cDNA before
normalization. (B) After normalization, 1: cDNA after normalization

Figure 4: Results of the quality assessment of primary and yeast libraries. (A) Primary library capacity
assessment. (B) Primary library insert fragment PCR assessment, M: DNA marker. (C) Yeast library
capacity assessment. (D) Yeast library insert fragment PCR identification. (E) Magnified DNA marker
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3.4 Construction and Quality Assessment of the Yeast Secondary Library
The plasmid was taken out from the previously obtained primary library suspension; the attL and attR

site reaction was then performed with the pGADT7 vector, and the recombinant product was transformed
into E. coli DH10B to gain the secondary library suspension. Two hundred and fifty-nine clones in total
were collected on the medium (Fig. 4C). The library titer was 5.18 × 106 CFU·mL−1 and the library
capacity was 1.04 × 107 CFU. The 24 monoclones for PCR were at random chosen. Agarose gel
electrophoresis showed (Fig. 4D,E) that the insert fragment size ranged from 650 to 5000 bp, with the
average length being more than 1000 bp. The recombination rate of the secondary library was 100%,
which achieves the standard of a high-quality secondary library for yeast one-, two-, and three-hybrid
screening.

3.5 The Auto-Activation Detection of the Bait Vector
The promoter segment of CaABI3/VP1-1 was successfully ligated to the pHIS2 vector using the

seamless cloning technology, and the sequencing results verified that the pHIS2-CaABI3/VP1-1 bait
vector had been successfully constructed. The results of bait vector auto-activation showed (Fig. 5) that
the control strains grew normally on SD-LW deficient medium, the positive control grew normally on
medium at the different concentrations of 3-AT, and the growth of the pGADT7+pHIS2-CaABI3/VP1-1
transformant on SD-LWH (30 mM 3-AT) defective medium was significantly inhibited; furthermore, the
growth status was broadly similar to that of the negative control, indicating that the HIS3 reporter gene
was not activated. As a consequence, Y1H library screening was then performed on the 30 and 60 mM
3-AT concentrations in this experiment.

3.6 Y1H Library Screening and Identification of Interacting Proteins
After gradient dilution (1/10×, 1/100×, and 1/1000×) of the pHIS2-CaABI3/VP1-1 yeast cell suspension,

14957, 8352, and 1026 clones were obtained on SD-LW medium, respectively (Fig. 6). The total number of
transformed clones was 2.68 × 107, and the transformation efficiency was 1.07 × 107·μg−1, indicating that the
efficiency of the library screening was high.

Overall, 82 initial positive clones were obtained from the SD-LWH (60 mM 3-AT) medium (Fig. 7). To
further determine whether there was interaction between them, they were transferred to fresh SD-LWH
(60 mM 3-AT) medium for culture and then PCR detection and DNA sequencing were performed on the
colonies, and BLAST comparison analysis was carried out against sequences in the GenBank database
(https://www.ncbi.nlm.nih.gov/genbank/ (accessed on 10 December 2024)). The detection results from the
HIS3 reporter gene showed that all 82 initial positive clones grew on SD-LWH (60 mM 3-AT) medium,
suggesting that the HIS3 reporter gene in all clones was activated and interacted with the CaABI3/VP1-1
promoter. Finally, these proteins were analyzed by BLAST and 78 different proteins were identified, with
four duplicate clones. Among these 78 unique clones, there were two transcription factors and two non-
coding RNAs, with one transcription factor within the ethylene-responsive factor (ERF) family and the
other within the growth-regulatory factor (GRF) family.

Figure 5: CaABI3/VP1-1 auto-activation assay results at three concentrations of 3-AT. SD: synthetic defined
medium; SD-LW: SD/−leu/−trp; SD-LWH: SD/−leu/−trp/−his; 3-AT: 3-amino-1,2,4-triazole
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3.7 GO and PPI Analyses of Interacting Proteins
Using the GO enrichment analysis (Fig. 8A), three proteins were discovered to be enriched in each of the

terms “cell wall”, “cell wall organization”, “cell wall biogenesis”, “xyloglucan metabolic process”,
“xyloglucan: xyloglucosyl transferase activity”, “apoplast”, “plasmodesma”, “peroxisome”, “hydrogen
peroxide catabolic process”, and “hydrolase activity, and hydrolyzing O-glycosyl compounds”. In
addition, there were two proteins in each of the “response to reactive oxygen species”, “reductive
pentose-phosphate cycle”, “ribulose-1,5-bisphosphate carboxylase activity”, “photorespiration”, “4-
coumarate-CoA ligase activity”, and “Hsp90 protein binding” terms.

PPI network analysis of interacting proteins showed that 17 proteins may interact with each other
(Fig. 8B). LOC107855695 and LOC107867269 were related to “Hsp90 protein binding”, while
LOC107847568, LOC107864515, and LOC107855307 were annotated to “4-coumarate-CoA ligase
activity” or “peroxisome” terms.

Figure 6: Library transformation efficiency assay. (A) Aliquot (20 μL) diluted with a 10× bacterial
suspension. (B) Aliquot (20 μL) diluted with a 100× bacterial suspension. (C) Aliquot (20 μL) diluted
with a 1000× bacterial suspension

Figure 7: HIS3 reporter gene detection of transformant-positive clones. 1–82: 82 initial positive clones
screened; 83: negative control; 84: positive control. SD: synthetic dropout medium; SD-LW: SD/−leu/
−trp; SD-LWH: SD/−leu/−trp/−his; 3-AT: 3-amino-1,2,4-triazole
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3.8 Interaction between LOC124895848 and CaABI3/VP1-1 Promoter
Point-to-point Y1H experiment was used to determine the interaction between the transcription factor

LOC124895848 and the CaABI3/VP1-1 promoter. The positive control could grow on the deficient
medium with different concentrations of 3-AT, while the negative control could not. The transformed
yeast could grow on the medium, indicating that the interaction happened between LOC124895848 and
CaABI3/VP1-1 promoter (Fig. 9).

Figure 8: Results of GO (Gene Ontology) and PPI (protein–protein interaction) analysis of interacting
proteins. (A) GO enrichment analysis. (B) PPI analysis
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3.9 qPCR Assay
To explore whether the screened interacting proteins played a certain role under waterlogging stress,

12 protein-coding genes (including LOC124895848 and LOC107867263, encoding two transcription
factors) that might be potentially related to waterlogging stress response, were selected for examination of
their expression patterns in different tissues of pepper under waterlogging stress. In leaves, the expression
levels of LOC107840027, LOC107850312, LOC107841799, LOC107863737, LOC107866274, CaLTPIII,
and LOC124895848 were upregulated after waterlogging and expression continued to increase after
recovery (Fig. 10). The expression levels at the three time periods (before waterlogging, after
waterlogging, and after recovery) were significantly different from each other, with CaLTPIII having the
highest upregulation (fold) level, followed by LOC107840027. The expression levels of LOC107843092,
LOC107877537, and LOC107889881 under waterlogging and recovery conditions were significantly
higher than that of the control, but there was no marked difference in expression between the
waterlogging and recovery stages. The expression levels of LOC107867269 and LOC107867263 after 1 h
recovery were markedly higher than that of the controls or in the waterlogging period, but there was no
marked difference in expression for either gene under control and waterlogging conditions.

Figure 9: Point-to-point yeast one-hybrid assay of the interaction between LOC124895848 and CaABI3/
VP1-1 promoter at three concentrations of 3-AT. SD: synthetic defined medium; SD-LW: SD/−leu/−trp;
SD-LWH: SD/−leu/−trp/−his; 3-AT: 3-amino-1,2,4-triazole

Figure 10: (Continued)
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In roots, the expression patterns of LOC107840027, LOC107866274, and LOC107863737 in response
to waterlogging were similar to those in leaves, the only difference being that expression of LOC107863737
was not significantly different between waterlogging and recovery conditions (Fig. 11). The expression
pattern of LOC107850312 and LOC107877537 in roots showed an opposite trend to that in leaves. The
expression level was significantly lower after waterlogging than in the CK treatment and was significantly
higher in the recovery phase than under waterlogging stress but was still significantly lower than that of
the control. The expression level of LOC107841799 showed no significant change during the three
experimental stages. The expression levels of LOC107843092, LOC107889881, and LOC107867263
increased significantly after recovery, compared with the control and waterlogging stress. On the contrary,
the expression level of LOC124895848 after recovery was markedly lower than that at the other two
stages. CaLTPIII and LOC107867269 showed the same expression pattern, increasing first (from CK to
waterlogging) and then decreasing (from waterlogging to recovery), with significant differences in
expression among the three stages for each gene.

Expression levels of several genes, such as LOC107840027 and CaLTPIII, were constantly upregulated
under waterlogging stress and recovery conditions, suggesting that such genes might have a critical role in
both waterlogging stress and recovery responses. The expression levels of other genes, such as
LOC107867263, increased significantly after recovery, indicating that they might act primarily in the
recovery period to help plants recover from stress. However, the opposite expression patterns of
LOC107850312 and LOC107877537 in leaves and roots suggest that their expression was tissue-specific.
Specifically, the response patterns of these genes to waterlogging stress varied between different pepper
tissues, suggesting that these genes might have different regulatory roles in the response to waterlogging
stress and recovery and that the findings may reflect plant complex regulatory mechanisms in response to
environmental stresses.

Figure 10: The relative expression levels of CaABI3/VP1-1-interacting protein-coding genes in ‘ZHC2’
leaves at waterlogging stress and recovery stages. CK indicates normal (control) culture. The error bars
refer to standard errors. After analysis by one-way analysis of variance (ANOVA) and multiple pairwise
comparison by the LSD test, any two bars for the same gene with a shared letter were not markedly
different (p > 0.05)
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4 Discussion

In recent years, plant science has entered the post-genomic era. With the rapid development of functional
genomics, the interaction between proteins and DNA has become a research focus in the field of molecular
biology. The Y1H assay technique is one of the most effective strategies by which to study the interaction
between proteins and DNA. To use the Y1H technology to screen for potential interacting proteins, the
establishment of a high-quality and comprehensive Y1H library is the prerequisite. In addition, the same
experiment may produce inconsistent results at different times and under different conditions, leading to
unreliable experimental results. Therefore, it is crucial to ensure the quality of the cDNA library in the

Figure 11: Analysis of the expression levels of CaABI3/VP1-1 interacting protein-coding genes in ‘ZHC2’
roots at waterlogging stress and recovery stages. CK indicates normal (control) culture. The error bars refer to
standard errors. After analysis by one-way analysis of variance (ANOVA) and multiple pairwise comparison
by the LSD test, any two bars for the same gene with a shared letter were not markedly different (p > 0.05)
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experiment. The key elements for constructing a high-quality Y1H library include the concentration,
integrity, and purity of mRNA, while the evaluation criteria for yeast libraries include transformation
efficiency, recombination efficiency, and library capacity, with the latter needing to be ≥1 × 106 CFU
[22,30–32]. To avoid constructing a cDNA library with incomplete genetic information due to limited
genes and different spatiotemporal expression patterns, this study extracted total RNA from pepper roots,
leaves, and fruits to expand the scope of screening for interacting proteins. The A260/A280 ratio of the
RNA sample used for the cDNA library construction was 2.03. In agarose gel electrophoresis analysis,
the 18 and 28S RNA bands looked clear, indicating that the RNA was of high quality and integrity.
Meanwhile, the mRNA also showed clear and distinct state, indicating high quality. The primary library
capacity was 9.64 × 106 CFU. The yeast secondary library capacity was 1.04 × 107 CFU, the library
transformation efficiency was 1.07 × 107·μg−1, and the recombination rate was 100%. The insertion
fragments (650 to 5000 bp) covered more genetic information, which could improve the accuracy of
identification of any interacting proteins. These results shown that the yeast library had complete genetic
information, high capacity, and high quality, which laid the foundation for the subsequent screening for
interacting proteins.

The Y1H assay system was based on the yeast two-hybrid technique. It is mainly used to study the
interaction between DNA and proteins and is a powerful tool to reveal the complexity of gene regulation
and protein/DNA interactions. Using the Y1H assay system, researchers can screen candidate interacting
proteins from cDNA libraries and identify whether specific transcription factors can bind to specific DNA
sequences (such as promoter regions). The practical application of this technique is of great value in
understanding gene regulatory mechanisms, cell functions, and developmental processes [33–35]. In
recent years, the Y1H assay system has made significant progress in plant genetic engineering. Y1H
screening, using a library composed of only Arabidopsis transcription factors, further improves the
efficiency of identifying specific DNA-sequence-bound transcription factors, marking an important
advance in the field [24]. The one-hybrid interaction drives the expression of the HIS3 gene on the
pHIS2 vector, allowing the host cells to grow on a histidine-deficient medium. The HIS3 expression level
is extremely low if not activated. During library screening, 3-AT is supplemented to the culture medium
to control the leaky HIS3 expression. It can be used to observe how much 3-AT the transformant can
withstand to distinguish between “strong” and “weak” interaction phenotypes [33]. pGADT7 and the bait
vector were co-transformed into Y187, and then the auto-activation activity was detected under different
3-AT concentrations. The goal was to find the lowest 3-AT concentration that could effectively inhibit the
expression of HIS3. The Y187 strain lacked the HIS reporter gene in the genome, unlike the
AH109 strain, to reduce background expression. This experiment showed that the growth of pGADT7
+pHIS2−CaABI3/VP1-1 transformants exhibited marked differences in SD-LWH medium containing
different 3-AT concentrations (Fig. 5). Under 30 mM 3-AT conditions, the transformant growth was
significantly inhibited, whereas, under 60 mM 3-AT conditions, its growth status was similar to that of
the negative control because the HIS3 reporter gene was not activated. The results showed that the bait
vector constructed could be used for further library screening, laying the foundation for screening for
proteins interacting with the CaABI3/VP1-1 promoter, studying CaABI3/VP1-1 response to waterlogging
stress, and constructing a regulatory network of waterlogging tolerance in pepper.

In this study, the pHIS2-CaABI3/VP1-1 bait vector was used to screen for interacting proteins in the
pepper cDNA library, and a total of 78 interacting proteins were detected, including two transcription
factors from important families, namely the ERF and GRF families, and two non-coding RNAs with
potential functions. This finding provided new insights into the CaABI3/VP1-1 role in pepper growth,
development, and stress tolerance. Expression analysis of 12 genes showed that they all responded to
waterlogging stress to varying degrees. They might activate or inhibit the activity of the CaABI3/VP1-1
promoter by up-regulating or down-regulating gene expression, thereby affecting CaABI3/VP1-1
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expression. However, it is not excluded that the gene expression itself can change plant waterlogging
tolerance.

However, although some potential regulatory factors were initially screened out through the Y1H assay
technique, due to the characteristics of the Y1H system, there is a probability of false positives among the
screened interacting proteins. In order to confirm whether they have an interactive relationship in plants,
further experiments are needed [36].

The ERFs are important transcription factors that mediate ethylene reactions and belong to a large family
of plant-specific transcription factors related to the regulation of abiotic stress responses, which play a key
role in activating gene expression in abiotic stress responses by binding to specific CREs in promoters, such
as dehydration response elements/C-repeat [37]. ERFs from different plant species have been demonstrated
to play a significant role in adaptation to abiotic stresses [38–42]. Ethylene plays a vital role in adaptation to
plant hypoxia and in plant metabolism under waterlogging stress. Tomato ERFs can enhance plant
adaptability to waterlogging stress [43], while Arabidopsis AtERF71/HRE2 plays a key regulatory role in
osmotic and hypoxic stress responses. Loss-of-function mutations of AtERF71/HRE2 show increased
sensitivity to osmotic stress, while overexpression improves tolerance to waterlogging, drought, and salt
[44]. Fan et al. [45] screened three waterlogging stress-related genes, namely ThERF15, ThERF39, and
ThRAP2.3, by transcriptome sequencing, among which ThRAP2.3 was considered to be the key gene in
downstream response to ERF and ethylene signal output generated by waterlogging stress. GRF
transcription factors are a type of plant-specific transcription factor that contributes to rice leaves and
stems [46], and have also been shown to be involved in plant growth, development, flowering, and stress
tolerance [47–50]. Currently, most studies focus on the association between the GRFs and stress
responses other than waterlogging, and there are few studies on the relationship between the GRFs
and waterlogging stress. However, in Arabidopsis, the GRFs were found to be indirectly associated with
waterlogging stress [47]. Our results offer new clues for the role of GRFs in plant response to
waterlogging stress.

5 Conclusion

A high-quality pepper yeast hybrid library was successfully constructed, with a library recombination
efficiency of 100%, library titer of 5.18 × 106 CFU·mL−1, library capacity of 1.04 × 107 CFU, and
diverse insert fragment sizes. The pepper CaABI3/VP1-1 promoter sequence was cloned, and its
interacting proteins were identified by screening, using the Y1H assay system. Seventy-eight proteins that
interacted with the CaABI3/VP1-1 promoter were successfully identified by screening and included two
non-coding RNAs and two transcription factors, belonging to the important ERF and the GRF families.
The expression patterns of 12 selected promoter-interacting protein-coding genes were analyzed by
qPCR. They were upregulated or downregulated to varying degrees in response to waterlogging stress.
The upregulation or downregulation of gene expression might affect the CaABI3/VP1-1 promoter activity.
This study revealed how pepper responds and adapts to waterlogging stress through specific molecular
mechanisms. It also provided a reference point for further analysis of the complex regulatory relationship
between transcription factors and promoters in response to waterlogging stress in peppers. Manipulation
of this relationship could help to increase tolerance of this commercially important stress in peppers.
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