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Characterization and
transformation of the CabHLH18
gene from hot pepper to
enhance waterlogging tolerance
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Agricultural Sciences, Guiyang, Guizhou, China

Basic helix—loop—helix (bHLH) proteins are important in abiotic stress control.
Here, a specific bHLH transcription factor gene, CabHLH18, from a strong
waterlogging-tolerant pepper cultivar, ZHC2', was successfully cloned. The
CabHLH18 gene presented a coding sequence length of 1,056 bp, encoding
352 amino acids, and the protein was the closest to Capsicum annuum
XM016694561.2 protein. The CabHLH18 protein was located in the nucleus.
The transformation of the CabHLH18 overexpression vector into the plumules of
hot peppers, 'DFZJ" and "ZHC1', exhibited 21.37% and 22.20% efficiency,
respectively. The root length, plant height, and fresh weight of the 'DFZJ’
overexpression lines were greater than those of wild-type (WT) plants under
waterlogging conditions. Compared with the WT plants, the overexpression lines
generally showed greater contents of water, the amino acid, proline, soluble
sugar, root viability, and superoxide dismutase activity, but lower
malondialdehyde content under waterlogging conditions. Plant fresh weight,
amino acids, proline, and soluble sugar levels of the overexpression lines were
39.17%, 45.03%, 60.67%, and 120.18% greater, respectively, compared with the
WT plants at 24 h after waterlogging stress. Therefore, the CabHLH18 gene could
be implicated in conferring waterlogging tolerance in hot peppers and holds
promise for enhancing their overall waterlogging tolerance.
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Introduction

Capsicum annuum of the Solanaceae family is a vegetable crop of worldwide importance.
In 2020, global production was approximately 39.28 million tons (FAO, 2020). Waterlogging
is a major abiotic stress that affect plants (Mickelbart et al,, 2015). Waterlogging obviously
decreases crop production by 32.9% on average (Tian et al,, 2021). The annual economic loss
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is more than billions of dollars (Sauter, 2013; Voesenek and Bailey-
Serres, 2015). Waterlogging stress causes physiological and
biochemical changes in plants, leading to inhibition of growth and
development (Perata and Voesenek, 2007; Bailey-Serres and
Voesenek, 2008; Vidoz et al., 2010; Phukan et al.,, 2016). Under
waterlogging stress, the inhibition of plant aerobic respiration limits
energy metabolism, thus restraining plant growth and development,
including seed germination, vegetative growth, and reproductive
growth (Pan et al, 2021). Plants also respond to waterlogging
stress by regulating their morphology, energy metabolism,
hormone biosynthesis, and signal transduction (Shinozaki and
Yamaguchi-Shinozaki, 2007; Hirabayashi et al., 2013; Kuroh et al.,
2018). Pepper is a shallow root plant with weak roots and poor
waterlogging resistance and can die after a few hours under water,
seriously affecting the yield and quality (Molla et al, 2022).
Consequently, increasing research to improve the waterlogging
resistance of peppers has been conducted. At present, research on
waterlogging stress has been focused on wheat, rice, and corn. Most
of the studies related to waterlogging stress in peppers have
concentrated on morphological observations, physiological
examinations, and biochemical analyses, devoting limited attention
to waterlogging tolerance mechanisms (Kato et al., 2020; Kaur et al,
2021; Komatsu et al., 2022). Basic helix-loop-helix (b HLH) proteins
play important roles in regulating plant resistance to stress, which
belong to a superfamily of regulatory proteins present in eukaryotes,
having highly conserved bHLH domains (Toledo-Ortiz et al., 2003;
Upadhyay et al., 2018). The HLH domain is located at the carboxyl-
terminus and consists of two hydrophobic residues in a helical-ring-
helical structure, which promotes protein-protein interactions
(Murre et al, 1989). bHLH proteins regulate plant growth and
development, and biological and abiotic stress responses by
suppressing or activating the expression of related downstream
genes through transcriptional regulation or nuclear localization.
Many bHLH transcription factor genes have been identified from
different plants including Arabidopsis (Bailey et al., 2003). Zhang
etal. (2020) identified 122 members of the bHLH transcription factor
family in peppers, among which a few were noted to be involved in
responses to cold, heat, drought, and salt stress (Zhang et al., 2020).
Low temperature stress can induce significant upregulation of
WbHLH046 gene expression in wheat and improve the expression
of the rice bHLH gene (RsICEI) (Man et al, 2017). Arabidopsis
bHLH122 positively regulates drought tolerance, salt tolerance, and
osmotic signaling (Liu et al., 2013), and CdICEI of the
chrysanthemum bHLH family regulates tolerance to low
temperature, drought, and salt stress (Chen et al, 2012). Pepper
bHLH transcription factor CabHLHO035 can enhance salt tolerance
by regulating ion homeostasis and proline biosynthesis (Zhang et al.,
2022), and OrbHLHI8 overexpression in Arabidopsis can
significantly improve cold resistance (Li et al., 2010). The
CsbHLHI8 gene of sweet orange enhances cold tolerance in
transgenic tobacco (Geng and Liu, 2018). MebHLHI8 expression
can increase peroxidase activity, decrease reactive oxygen species
(ROS), and change the abscission rate of cassava leaves at low
temperatures (Liao et al, 2023). However, no studies have been
reported on the waterlogging tolerance effects of the bHLH gene
in plants.
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bHLH genes are involved in regulating plant tolerance to abiotic
stresses, such as drought, salinity, and low temperature. However,
there are no reports on the bHLH gene function in hot pepper under
waterlogging stress. In the present study, an important bHLH
transcription factor gene, CabHLHIS8, in hot pepper was
successfully cloned. Next, the sequence characteristics,
evolutionary relationship, expression pattern, and subcellular
localization of the CabHLH18 gene were examined. Subsequently,
the growth and physiological response of CabHLHIS8
overexpression lines under waterlogging stress were analyzed, and
the function of the CabHLH18 gene was preliminarily explored. The
results provide a reference for generating waterlogging-
tolerant peppers.

Materials and methods
Plant materials and treatment

Three hot pepper cultivars, ZHC2’ (waterlogging-tolerant),
ZHCY’, and ‘DFZJ’ (waterlogging-sensitive) were used in this
study. ZHC2’ and ZHCI’ are inbred lines, which were donated
by the Zunyi Academy of Agricultural Sciences (Zunyi, China), and
‘DFZJ’ is a local inbred line from Guizhou province. Pepper
seedlings were planted in plastic pots (length x width x depth:
32 x 24 x 13 cm, with one seedling per pot) filled with sand and
cultured at 25 + 2/20 + 2°C for a 10-h/14-h light/dark photoperiod
with an irradiance of 270 pwmol m > s™'. Before and after the
formation of two leaves, the pepper seedlings were watered with
1/2 Hoagland solution (only macroelements halved, while
microelements were not) and further Hoagland solution once a
day. After the formation of five leaves, seedlings with uniform
growth were transferred to trays for waterlogging treatment and
placed into 2-cm-deep water above the sand surface. The seedlings
were subjected to three treatments as follows: 6 h (T1) and 24 h (T2)
of waterlogging stress and 1 h of recovery (R) after 24 h of
waterlogging stress according to the preliminary experiments.
Normal culture (no waterlogging stress) conditions served as the
control (CK). At each stage, leaf, stem, and root samples were
selected from 10 plants, mixed, immediately frozen in liquid
nitrogen, and stored in a —80°C freezer until use for gene cloning.
The phenotype and physiology of T; pure transgenic hot pepper
‘DFZJ’ and wild-type (WT) plants were determined and cultured as
mentioned earlier. Three biological replicates with 10 plants per
replicate were established for the experiments.

RNA reverse transcription, CabHLH18
amplification, and construction of
overexpression vector

RNA was reverse-transcribed into cDNA using a PrimeScript
RT kit (Takara, Dalian, China). The full-length coding sequence of
the CabHLHI8 gene was amplified from the hot pepper ZHC2’
(under 24 h of waterlogging stress) cDNA, using primers with Bsal
restriction sites at the 5'- and 3’-ends. The primers used for
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amplification are shown in Table 1. The amplified fragment was
digested with Sacl/Spel and BamHI/Kpnl and inserted into the
PEGOEPubi-H vector (modified to contain the green fluorescence
protein (GFP) gene), using T4-DNA ligase (Takara), according to
the manufacturer’s protocol. The inserted sequence was driven by a
corn UBI promoter.

Bioinformatics analysis of the
CabHLH18 gene

The CabHLHI8 gene sequence was compared using the
DNAMAN global alignment method (Tsai et al.,, 2006). The NCBI
Open Reading Frame (ORF) Finder was used to analyze the ORF of
the CabHLHI8 gene and predict its amino acid sequence. Expert
Protein Analysis System (Expasy) (https://web.expasy.org/protscale/)
was used for hydrophobicity prediction, and NetPhos 2.0 (http://
www.cbs.dtu.dk/services/NetPhos/) and CPHmodels 3.2 (http://
www.cbs.dtu.dk/services/CPHmodels/) were employed for
phosphorylation site analyses. The homologous sequences of the
CabHLH18 proteins were retrieved by BLAST search in the NCBI
database (accession numbers in Supplementary Table SI). A
phylogenetic tree was constructed using MEGA 7 (Mega Limited,
Auckland, New Zealand) with maximum-likelihood method of 1,000
bootstraps (Kumar et al., 2016). MODELLER9.22 (https://salilab.org/
modeller/) was adopted for homology modeling of the CabHLH18
protein (Benjamin and Andrej, 2016), using the X-ray crystal
structure of a putative bHLH protein, 5gnj.1.A, as the template.
The predicted model was analyzed using SAVES (https://
servicesn.mbi.ucla.edu/SAVES/). GROMACS software (http://
www.gromacs.org/) was employed for calculating root-mean-square
deviation and the potential energy value of the model protein (Hess
et al, 2008). Ramachandran plots were examined using Rampage
server (http://mordred.bioc.cam.ac.ukrapper/rampage.php) (Lovell
et al., 2003).

Subcellular localization of
CabHLH18 protein

Subcellular localization of CabHLH18 protein was analyzed
after transient expression in Nicotiana benthamiana leaf
epidermal cells. The plasmid containing the target gene was

TABLE 1 Primers used in this study.

Primer role Primer sequence (5'-3’)

CabHLH18 amplification ActagggtctcGcaccATGGAATATTATGGCT
TTAATCAACAATGG
ActagggtctcTcgccTATAACCATTTTGAGA
GCTGTGTGCAA

PCR identification
of transformant

TTAGCCCTGCCTTCATACGC
GACACGCTGAACTTGTGG

Control 18§ TCGGGATCGGAGTAATGA

TTCGCAGTTGTTCGTCTT
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amplified and spliced to the 1300-GFP vector by seamless cloning
methodology. Agrobacterium GV3101 containing the 1300-
CabHLHI18-GFP vector plasmid was cultured. The bacterial cells
were suspended in 10 mM MgCL, buffer to an optical density of 600
nm (ODggp) of 1.0. Two microliters of 100 mM 2-morpholino
ethane sulfonic acid was added to the bacterial suspension, which
was then incubated for more than 3 h. Subsequently, the prepared
bacterial suspension was inoculated into the lower epidermal layer
of 3-4-week-old N. benthamiana leaves and incubated for 72 h for
transformation. As the control, leaf transformation of the 1300-GFP
vector with no target gene was used. After transformation and
20 min of 1 uM 4’-6-diamino-2-phenylindole (DAPI) staining, the
samples were observed using laser confocal fluorescence
microscopy (FV1000 Olympus Corp., Tokyo, Japan). The
excitation and emission spectra used for DAPI were 405 nm and
455-470 nm, respectively. For GFP analyses, the excitation and
emission spectra were 488 nm and 507 nm, respectively. At least
three fields of view from three leaves were examined.

Gene transformation and identification

Agrobacterium rhizobiae strain LBA4404 containing the
CabHLHI8 gene was inoculated onto Luria broth (LB) solid
medium (with 20 mg/L rifampicin and 50 mg/L kanamycin
sulfate) and incubated in the dark for 24 h at 28°C. Then, single
colonies were selected and inoculated into LB medium for 24 h
under constant shaking. Subsequently, 50 UL of the bacterial culture
was inoculated into 50 mL of fresh LB medium and incubated in a
shaker (180 rpm, 28°C) for 12 h until ODgq, of 0.5-0.6 was reached.

After germination of the seeds of hot peppers ‘DFZ]’ and
ZHCI’ to a radicle length of 1-2 mm, the seed coats were
removed to expose their plumules and placed into the suspension
of Agrobacterium containing the CabHLHI18 gene, with 200 uL/L
SILWET1-77 surfactant and 1 mL/L acetoeugenone under 15 kPa
pressure for 5 min. Then, the bacterial suspension was removed,
and the seedlings were placed in a clean dish, cultured in dark for 3
days at 28°C, and planted in cell trays with peat substrate. Three
biological replicates with 100 seeds per replicate were employed for
germination and gene transformation. The T, transgenic seedlings
containing the GFP reporter gene were detected at the cotyledon
stage using a hand-held lamp (LUYOR-3415RG, Shanghai, China).
The leaves of the three-leaf stage putative transformants were
identified by multiple PCR with specific primers for the UBI
promoter and GFP gene, and primers for the housekeeping gene
18S were used as an internal control (Table 1). The PCR products
were separated on 1% (w/v) agarose gels.

Analysis of phenotypes and
physiological indicators

The T lines were segregating after self-fertilization of T,
transgenic plants. The T3 pure overexpression lines of hot pepper
were screened by PCR and hygromycin tolerance. The T; lines of
hot pepper and WT plants were cultured using the abovementioned
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method. After the growth of five leaves, samples were collected after
0h (CK), 6 h (T1), and 24 h (T2) of waterlogging stress, and at 1 h
(R1) after recovery. The primary root length, seedling height, fresh
weight, water content, and root viability (CAS No. G0124F, Geruisi,
Suzhou, China); root proline content (CAS No. BC0295, Solarbio,
Beijing, China); and amino acid (not including proline and
hydroxyproline, CAS No. BC1575, Solarbio), soluble sugar (CAS
No. BC0035, Solarbio), and malondialdehyde (MDA; CAS No.
BC0025, Solarbio) levels, and superoxide dismutase (SOD; CAS
No. BCO0175, Solarbio) activity were analyzed according to the
instructions provided in the respective kits. Plant water content
was calculated as: plant fresh weight — plant dry weight)/plant fresh
weight x 100%.

Statistical analyses

Statistical software (SPSS 20.00, IBM Inc., Armonk, NY, USA)
and graphics software (Origin 2017, OriginLab Inc., Northampton,
MA, USA) were used for the data analysis and figure construction,
respectively. The Duncan’s multiple range test was performed to
determine significant differences between means at a significance
level of p < 0.05, after showing a significant effect using one-way
analysis of variance.

Results

Cloning and bioinformatics analysis of the
CabHLH18 gene

A 1,056-bp cDNA sequence from ‘ZHC2’ was amplified by PCR
(Figure 1A) using LOC107879909-specific primers, and named

100

(o] 1
Query seq.

10.3389/fpls.2023.1285198

CabHLH]I8. Bioinformatics analyses revealed that CabHLHIS is a
hydrophilic protein encoding 352 amino acids (Figure 1B) and has a
bHLH_AtNAIl-like conserved domain at 170-242 at the C-
terminus (Figure 1C), which mediates endoplasmic reticulum
formation and may play a role in plant tolerance to abiotic stress.
Phylogenetic tree analyses based on amino acid sequences of
various plant species found that CabHLHI18 protein had
maximum similarity with Capsicum annuum XM 016694561.2
protein (Figure 2A) and that their domains were similar. The
prediction model revealed that the similarity between the 3D
structure model of CabHLHI18 and the template 5gnj.1.A was as
high as 99.6% and that both proteins had a bHLH-binding domain
and belonged to the bHLH family, indicating good model quality
(Figure 2B). The root-mean-square deviation curve reached
equilibrium after 2,750 ps, with fluctuations in the range of 1.66-
2.24 nm. These results showed that CabHLHI8 had a stable
structure (Figure 2C). The Ramachandran diagram verification of
the protein denoted its suitability because there were no residues in
the disallowed regions (Figure 2D).

Subcellular localization of
CabHLH18 protein

To determine the subcellular localization of CabHLH18 protein,
the 1300-CabHLH18-GFP fusion protein was expressed transiently
in N. benthamiana mesophyll cells. The infective solution was
injected into N. benthamiana from the lower epidermis of the
leaves, and the sample was analyzed after 72 h. CabHLH18 protein
was localized in the nucleus, while the empty vector GFP signal was
distributed throughout the cell, indicating that CabHLH18 might
have a regulatory role as a transcription factor (Figure 3).

T T T T T
150 200 250 300 350

Amino acid position

T T T
0 50 100 400

200 300 352

putative DNA binding site 1034 k
putative dimer interface VAL L

Specific hits
Superfanilies

FIGURE 1

BHLH_AtNAI1 like
bHLH_SF superfamily

Molecular identification of CabHLH18 gene in "ZHC2'. (A) Amplification of bands using 'ZHC2' cDNA as template. M: 2,000-bp DNA marker; 1-2:
'ZHC2' cDNA. (B) Hydrophilic analysis of CabHLH18 protein. (C) CabHLH18 protein domains.
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XM 051035254.1 Pisum sativum (garden pea) =5

XM 051035255.1 Pisum sativum (garden pea)

XM 024307663.2 Rosa chinensis
XM 024307664.2 Rosa chinensis

XM 019401332.1 Nicotiana attenuata
XM 01940133 1.1 Nicotiana attenuata
XM 003536271.5 Glycine max (soybean)
XM 006589322.4 Glycine max (soybean)
XM 047393594.1 Capsicum anmum L.

100 XM 016723880.2 Capsicum anmum L.
[~ CabHLHI8
100——— XM 0166945612 Capsicum annuum L.

25

RMSD (nm)

NM 001288169.1 Solanum tuberosum (potato)

FIGURE 2

Psi (degrees)

~b

135 ﬂo

Phi (degrees)

Phylogenetic tree, homology modeling, and molecular simulation of CabHLH18 protein. (A) Phylogenetic tree of bHLH proteins in various plant
species with bHLH homologs. (B) Homology modeling of CabHLH18 protein using MODELLER9.22. (C) Molecular dynamics simulation. Backbone of
root mean squared deviation (RMSD) plotted versus time (in ps). (D) Ramachandran plot analysis. A, B, and L regions: most favored residues; a, b, |,
and p regions: additional allowed residues; ~a, ~b, ~|, and ~p regions: generously allowed residues.

Transformation and identification of
CabHLH18 gene in hot pepper

To investigate the function of CabHLHI8 gene, CabHLHI18
overexpression vector was transformed into the plumules of hot
pepper. The specific primers of CabHLH18 and housekeeping gene
18S were identified by multiple PCR analyses. The seedlings of hot
peppers ‘DFZJ” and “ZHC1’ were selected for transformation, which
presented efficiencies of 21.37% and 22.20%, respectively, indicating
that this transformation technique was stable and repeatable
(Figure 4A). The housekeeping primers amplified in all plant
samples, indicating that the DNAs were of good quality. Lanes 1,

1300-GFP

1300-CabHLH18
-GFP

FIGURE 3

DAPI

4,7, and 9 showed amplification with construct-specific primer sets,
indicating that these plants had incorporated the
transgene (Figure 4B).

Overexpression of CabHLH18 gene
improved waterlogging tolerance in
hot pepper

After 7 days of waterlogging stress, the leaf wilted degree of hot
pepper ‘DFZ]’ overexpression lines was lower than that of the WT
plants (Figure 5), whereas the root length, seedling height, and fresh

Subcellular localization of CabHLH18 protein in N. benthamiana mesophyll cells. (A) Vector 1300-GFP was introduced into tobacco leaves.
(B) Fusion protein 1300-CabHLH18-GFP was introduced into tobacco leaves. The sample was observed under a confocal laser-scanning

microscope. Green fluorescent protein (GFP), nuclear fluorescence (blue
images are displayed. Bar = 25 pm.
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Transformation and identification of CabHLH18 gene in hot pepper. (A) Transformation of CabHLH18 overexpression vector into the plumules of
two pepper cultivars. (B) PCR identification of CabHLH18 transgenic plants. PCR detection of CabHLH18 gene in the genomic DNA of transgenic Tq
plant leaves. The yellow arrow indicates the target fragment of the CabHLH18 gene. The white arrow shows the amplification band of the
housekeeping gene 18S. M: 2,000-bp DNA marker; lanes 1, 4, 7, and 9: transgenic plants; lanes 2, 3, 5, 6, 8, and 10-12: non-transformed plants; P:
positive control (CabHLH18 recombinant plasmid); N: negative control (wild-type DNA).

weight of the overexpression lines reached 1.29-, 1.17-, and 1.39-
fold that of the WT plants at the T2 (24 h after waterlogging stress)
stage, respectively (Figures 6A-C). The overexpression lines showed
greater height and longer roots than the WT plants (Figures 6A, B).
Under normal culture conditions, no difference was observed in the
water content between the overexpression lines and WT plants.
However, at the T1 and T2 stages, the water content in the WT
plants was less than that in the overexpression lines, showing
reductions of 0.70% and 2.69%, respectively. At the R stage, the
water content in both the overexpression lines and WT plants
increased, and the overexpression lines had higher water content
than the WT plants (Figure 6D). At the T2 and R stages, the root
viability of the overexpression lines was 28.14% and 26.56%,
respectively, when compared with the WT plants (Figure 6E).

Normal culture

Wild type

Overexpression

FIGURE 5

Under waterlogging stress, the amino acid content (Figure 6F),
proline level (Figure 6G), and soluble sugar level (Figure 6H) in the
roots of the overexpression lines reached a peak at the T2 stage and
were 45.03%, 60.67%, and 120.18% higher, respectively, than those
in the roots of the WT plants. However, at the R stage, the amino
acid content, proline level, and soluble sugar level decreased in the
overexpression lines, and the decrease was more rapid than that
noted in the WT plants, indicating that the overexpression lines
responded more sensitively to waterlogging stress and recovery.

The SOD activity of both the overexpression lines and WT plants
increased under waterlogging stress, peaked at the T2 stage, and
decreased at the R stage (Figure 6I). In particular, the SOD activity
of the overexpression lines was higher than that of the WT plants under
waterlogging conditions, indicating that the overexpression lines had

Waterlogging stress

Effects of waterlogging stress on hot pepper ‘DFZJ’ overexpressing CabHLH18 gene. (A, B) Growth of WT pepper under normal and waterlogging
stress conditions, respectively. (C, D) Growth of overexpression lines under normal and waterlogging stress conditions, respectively
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Effects of waterlogging stress and recovery on the (A) root length, (B) seedling height, (C) fresh weight, (D) water content, (E) root viability, (F) amino
acid content, (G) proline content, (H) soluble sugar content, (I) SOD activity, and (J) MDA content of the overexpression line. CK, T1, T2, and R

denote control, 6 h after waterlogging stress, 24 h after waterlogging stress, and 1 h after recovery, respectively. The column represents mean value
of SD (n = 3), and values with different letters are significantly different (p < 0.05)

better ROS scavenging ability. After a longer waterlogging stress period,
the MDA content in both the overexpression lines and WT plants
increased, reaching a peak at the T2 stage and decreasing at the R stage

(Figure 6]). However, the MDA content in the overexpression lines was
lower than that in the WT plants under both waterlogging stress and

recovery conditions, with the overexpression lines presenting greater
MDA decline rates than the WT plants after recovery.
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Cloning and expression characteristics of
the CabHLH18 gene

The bHLH family of transcription factors responds to plant
abiotic stresses (Kiribuchi et al., 2004; Zhang et al., 2020). A novel
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bHLH transcription factor, PtrbHLH66, from Triloba orange has
been reported to actively regulate plant drought tolerance by root
growth effects and ROS clearance (Liang et al., 2022). Arabidopsis
AtbHLH122 positively regulates plant responses to drought and salt
stress by inhibiting CYP707A3 expression and increasing abscisic
acid levels (Liu et al., 2015). Overexpression of SIbHLH22 in tomato
has been observed to increase secondary metabolites and
osmoregulatory substances, enhance ROS scavenging ability, and
improve drought and salinity tolerance (Waseem et al., 2019).
Zhang et al. (2020) identified 122 members of the bHLH
transcription factor family in C. annuum, among which only a
few were noted to regulate plant responses to stresses, such as cold,
heat, drought, and salt stress (Zhang et al,, 2020). The bHLH
transcription factor gene CabHLHO035 in peppers has been found
to improve salt tolerance by regulating ion homeostasis and proline
biosynthesis (Zhang et al., 2022). Currently, most of the studies
related to waterlogging stress on peppers have only concentrated on
morphological observation, physiological examination, and
biochemical analysis, devoting limited attention to waterlogging
tolerance mechanisms (Kato et al., 2020; Kaur et al., 2021; Komatsu
et al., 2022). In the present study, the CabHLHI18 gene was cloned
from hot pepper ‘ZHC2’ with strong waterlogging tolerance.
Phylogenetic tree analyses of bHLH proteins from different plant
species showed that CabHLH18 and capsicum-related proteins
clustered together, thus suggesting that they might have close
genetic relationships in evolution and function.

Subcellular localization of
CabHLH18 protein

A majority of the bHLH transcription factor proteins are
located in the nucleus and might have nuclear protein functions.
For instance, bHLH122 is localized in the nucleus and plays an
important role in drought resistance, osmotic stress resistance, and
inhibition of Arabidopsis abscisic acid catabolism (Liu et al., 2013).
The ThBHLH1-encoded protein of the bHLH gene of Salix sphinx is
localized in the nucleus and improves abiotic stress tolerance by
increasing osmotic potential and reducing ROS accumulation (Ji
etal, 2016). The wheat transcription factor TabHLH39 is located in
the nucleus and improves the tolerance of transgenic plants to
abiotic stress (Zhai et al., 2016). In the present study, CabHLH18
protein was also localized in the nucleus, indicating that it may
predominantly function in the nucleus and might regulate gene
expression and control plant responses to waterlogging stress.

Establishment of the plumules
transformation system of hot pepper

The transformation complexity of peppers restricts their
development of genetic engineering, breeding, and molecular
biology (Mahto et al., 2018). Owing to high genotype dependence
and tenacity of pepper (Kothari et al.,, 2010), it is difficult to achieve
a stable transformation system, impeding the development of
pepper transgenic technology development (Heidmann and
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Boutilier, 2015). The transformation of peppers mainly uses
Agrobacterium-mediated and gene-gun methodologies. For
example, cotyledon (Kim et al, 2017) and hypocotyl (Kumar
et al, 2012) were used as explants to establish an Agrobacterium-
mediated transformation system of Capsicum; however, this
method was unstable and not only required complicated tissue
culture processes but also needed specific plant materials to achieve
regeneration. Currently, achieving a highly efficient hot pepper
transformation system is particularly important, and transgenic
plants obtained without tissue culture can significantly reduce the
cost. In one study, plant meristems were induced to produce shoots
with targeted DNA modifications, and targeted genes were
transmitted to the progeny, which sidesteps the need for tissue
culture (Maher et al., 2020). Cao et al. (2023) achieved the
transformation of several plant species by using a cut-dip-
budding delivery system to transform plant genes without tissue
culture (Cao et al,, 2023). In our study, the seed coats of hot pepper
were removed to expose the plumules and then infected with
Agrobacterium containing the target gene. Effective
transformation of peppers could be achieved with radicle length
of 1-2 mm, Agrobacterium density (ODggo) of 0.50-0.60 nm, at 15
kPa. Two pepper cultivars (‘ZHC1’ and ‘DFZJ’) were transformed
by this method, and no significant difference was found in the
transformation efficiency, indicating that the transformation system
was stable in the hot peppers. This transformation method does not
depend on tissue culture, thus avoiding some problems associated
with tissue culture such as contamination, browning, and soma
clonal variation, and the efficient transformation system might
provide strong technical support for pepper genetics and
breeding studies.

Effect of the CabHLH18 gene on
waterlogging tolerance of
transgenic peppers

Waterlogging stress inhibits root respiration and ATP synthesis,
blocking the generation of water potential gradients and ion
transport systems on the root endodermis and causing plant
withering (Sairam et al, 2008). Under well-watered conditions,
the overexpression of the Populus euphratica gene, oxPebHLH35, in
Arabidopsis resulted in longer taproots, higher leaf numbers, and
increased leaf area, thus improving the plant water stress tolerance,
when compared with the vector control plants (Waseem et al,
2019). After treatment with 100 mM and 150 mM NaCl, the roots of
the CabHLHO035 transgenic tobacco lines were longer than those of
the WT plants. In comparison with the WT plants, the CabHLH035
transgenic lines had substantially lower water loss (Zhang et al,
2022). In our study, under waterlogging stress, the WT pepper
plants exhibited higher leaf wilting degree and lodging at the T2
stage and had lower water content, when compared with those
noted in the overexpression lines. Furthermore, the seedlings of the
overexpression lines were stronger than the WT plants under the
same growth conditions (Figures 6A-E). These results are similar to
those reported in a previous study (Waseem et al, 2019; Zhang
et al., 2022). Thus, under waterlogging stress, the growth of the WT
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pepper plants was inhibited, whereas the overexpression lines
adapted to this stress and maintained normal growth.

Plants can adapt to waterlogging stress through the
accumulation of proline and soluble sugar (Nanjo et al, 1999;
Hildebrandt et al.,, 2015; Hildebrandt, 2018; Khan et al., 2020).
Proline is a main solute molecule involved in plant osmotic
regulation and is also a free radical scavenger, protecting the
plant’s photosynthetic activity and cells from damage, to ensure
sustained plant growth under long-term stress (Silva-Ortega et al.,
2008; Kavi Kishor and Sreenivasulu, 2014). The increase in higher
proline content regulates the osmotic potential and improves
abiotic stress tolerance (Ji et al, 2016). The ThbHLHI gene has
been reported to activate proline biosynthesis by inducing the
expression of P5CS and BADH/ALDH (Ji et al., 2016).
Overexpression of VvbHLHI in Arabidopsis has been found to
increase the proline content, maintain osmotic balance between
intracellular and extracellular environments, and protect membrane
integrity, thus enhancing salt and drought tolerance (Wang et al,
2016). Furthermore, TabHLH39 transgenic plants have been noted
to exhibit higher levels of soluble sugars and proline and lower levels
of electrolyte leakage. The TabHLH39 protein in the transgenic
plants can protect the plant cells by increasing the soluble sugar
content to provide energy and redistribute the soluble osmotic
sugars and improve plant stress resistance by promoting proline
accumulation. The soluble sugars and proline act as osmotic
regulators and molecular chaperones to protect the protein
integrity and enhance enzyme activity, thus improving
Arabidopsis resistance to abiotic stress (Zhai et al., 2016). The
synthesis of soluble sugars and other substances can provide
sufficient reducing sugars under waterlogging stress (Sairam et al.,
2009). In the present study, the contents of proline, soluble sugar,
and amino acid levels in CabHLHI8 overexpression lines were
significantly higher than those in the WT plants under waterlogging
stress. The overexpression lines accumulated more substances
involved in osmotic regulation and energy supply, leading to
stronger osmotic regulation ability and adequate energy supply,
which mitigated the damage caused by waterlogging stress.

Limited oxygen levels can cause ROS accumulation under
waterlogging stress, resulting in membrane lipid peroxidation,
structural changes in proteins and nucleic acids (Mittler et al,
2004; Bansal and Srivastava, 2012; Mittler, 2017), decreased activity
of antioxidant enzymes, and increased MDA. Plants maintain ROS
homeostasis to adapt to abiotic stress by activating the antioxidant
system, and the increased SOD activity can enhance plant resistance
(Tavanti et al.,, 2021). Zhang et al. (2022) reported CabHLHO035-
protected plants from oxidative damage by removing ROS through
increased expression of the SOD gene (Zhang et al., 2022). In the
present study, SOD activity was higher, and MDA content was
lower in the overexpression lines, when compared with those in the
WT plants under waterlogging stress, indicating that CabHLH18
overexpression lines could reduce the damage caused by ROS under
waterlogging stress.
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Conclusion

In this study, the CabHLH 18 gene was found to contain a 1,056-
bp ORF and encode 352 amino acids. The CabHLH18 protein was
determined to be located in the nucleus. Subsequently, an effective
transformation system of hot pepper was established, with an
efficiency of 22.20%. Under waterlogging stress, CabHLH18
overexpression lines showed significantly greater root length,
plant height, fresh weight, water content, and root viability, when
compared with WT plants. The contents of amino acids, proline,
soluble sugars, and SOD activity were also significantly higher, but
the MDA level was lower in the overexpression lines, when
compared to the WT plants. Thus, the CabHLHI8 gene could
enhance waterlogging tolerance of CabHLHI8-overexpressing hot
pepper and might be a valuable gene for improving waterlogging
tolerance of crops.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Author contributions

HT: Software, Writing - original draft, Data curation,
Investigation. GF: Writing - original draft, Investigation. XX:
Investigation, Writing - original draft. HW: Writing - original
draft, Data curation. SZ: Conceptualization, Writing - review &
editing. GG: Writing - review & editing, Conceptualization,
Funding acquisition.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This
research was funded by the National Natural Science Foundation
of China, grant number “32260760”, the Science and Technology
Program of Guizhou Province, grant numbers “20201Y116,
2022050, 2020172002, and 202021027, and the Science and
Technology Bureau of Zunyi, grant number “20216”.

Acknowledgments

We thank Hao Tian (Zunyi Academy of Agricultural Sciences)
for providing experimental materials. We thank International
Science Editing (http://www.internationalscienceediting.com) for

editing this manuscript.

frontiersin.org


http://www.internationalscienceediting.com
https://doi.org/10.3389/fpls.2023.1285198
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Tian et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

Bailey, P. C., Martin, C., Toledo-Ortiz, G., Quail, P. H., Hug, E., Heim, M. A,, et al.
(2003). Update on the basic helix-loop-helix transcription factor gene family in
Arabidopsis thaliana. Plant Cell. 15 (11), 2497-2502. doi: 10.1105/tpc.151140

Bailey-Serres, J., and Voesenek, L. A. C. J. (2008). Flooding stress: Acclimations and
genetic diversity. Annu. Rev. Plant Biol. 59, 313-339. doi: 10.1146/
annurev.arplant.59.032607.092752

Bansal, R., and Srivastava, J. P. (2012). Antioxidative defense system in pigeon pea
roots under waterlogging stress. Acta Physiologiae Plantarum. 34, 1595-1595.
doi: 10.1007/s11738-012-0977-z

Benjamin, W., and Andrej, S. (2016). Comparative protein structure modeling using
Modeller. Curr. Protoc. Bioinf. 47, 1-32. doi: 10.1002/cpbi.3

Cao, X. S, Xie, H. T., Song, M. L,, Lu, J. H., Ma, P., Huang, B. Y,, et al. (2023). Cut-
dip-budding delivery system enables genetic modifications in plants without tissue
culture. Innovation. 4 (1), 100345. doi: 10.1016/j.xinn.2022.100345

Chen, L., Chen, Y., Jiang, J. F., Chen, S. M., Chen, F. D., Guan, Z. Y., et al. (2012). The
constitutive expression of Chrysanthemum dichrum ICE1 in Chrysanthemum
grandiflorum improves the level of low temperature, salinity and drought tolerance.
Plant Cell Rep. 31 (9), 1747-1758. doi: 10.1007/s00299-012-1288-y

Food and Agriculture Organization of the United Nations (2020). Crops (Roma,
Italy).

Geng, J. J., and Liu, J. H. (2018). The transcription factor CsbHLH18 of sweet orange
functions in modulation of cold tolerance and homeostasis of reactive oxygen species
by regulating the antioxidant gene. J. Exp. Bot. 69 (10), 2677-2692. doi: 10.1093/jxb/
ery065

Heidmann, I, and Boutilier, K. (2015). Pepper, sweet (Capsicum annuum). Methods
Mol. Biol. 1223, 321-334. doi: 10.1007/978-1-4939-1695-5_26

Hess, B., Kutzner, C., van der Spoel, D., and Lindahl, E. (2008). GROMACS 4:
algorithms for highly efficient, load-balanced, and scalable molecular simulation. J.
Chem. Theory Computation. 4 (3), 435-447. doi: 10.1021/ct700301q

Hildebrandt, T. M. (2018). Synthesis versus degradation: Directions of amino acid
metabolism during Arabidopsis abiotic stress response. Plant Mol. Biol. 98 (1-2), 121-
135. doi: 10.1007/s11103-018-0767-0

Hildebrandt, T. M., Nunes, N. A., Aratjo, W. L., and Braun, H. P. (2015). Amino acid
catabolism in plants. Mol. Plant 8 (11), 1563-1579. doi: 10.1016/j.molp.2015.09.005

Hirabayashi, Y., Mahendran, R,, Koirala, S., Konoshima, L., Yamazaki, D., Watanabe,
S., et al. (2013). Global flood risk under climate change. Nat. Climate Change. 3, 816-
821. doi: 10.1038/s41558-020-00952-0

Ji, X. Y., Nie, X. G,, Liu, Y. J., Zheng, L., Zhao, H. M., Zhang, B., et al. (2016). A bHLH
gene from Tamarix hispida improves abiotic stress tolerance by enhancing osmotic
potential and decreasing reactive oxygen species accumulation. Tree Physiol. 36 (2),
193-207. doi: 10.1093/treephys/tpv139

Kato, Y., Collard, B. C. Y., Septiningsih, E. M., and Ismail, A. M. (2020). Increasing
flooding tolerance in rice: combining tolerance of submergence and of stagnant
flooding. Ann. Botany. 124 (7), 1199-1210. doi: 10.1093/aob/mcz118

Kaur, G., Vikal, Y., Kaur, L., Kalia, A., Mittal, A., Kaur, D,, et al. (2021). Elucidating
the morpho-physiological adaptations and molecular responses under long-term
waterlogging stress in maize through gene expression analysis. Plant Science. 304,
110823. doi: 10.1016/j.plantsci.2021.110823

Kavi Kishor, P. B., and Sreenivasulu, N. (2014). Is proline accumulation per se
correlated with stress tolerance or is proline homeostasis a more critical issue? Plant
Cell Environment. 37 (2), 300-311. doi: 10.1111/pce.12157

Khan, N, Ali, S., Zandi, P., Mehmood, A., Ullah, S., Ikram, M., et al. (2020). Role of
sugars, amino acids and organic acids in improving plant abiotic stress tolerance.
Pakistan J. Botany. 52, 355-363. doi: 10.30848/PJB2020-2(24

Kim, J., Park, M., Jeong, E. S., Lee, J. M., and Choi, D. (2017). Harnessing
anthocyanin-rich fruit: A visible reporter for tracing virus-induced gene silencing in
pepper fruit. Plant Methods 13, 1-10. doi: 10.1186/s13007-016-0151-5

Frontiers in Plant Science

10

10.3389/fpls.2023.1285198

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1285198/

full#supplementary-material

Kiribuchi, K., Sugimori, M., Takeda, M., Otani, T., Okada, K., Onodera, H., et al.
(2004). RER]1, a jasmonic acid-responsive gene from rice, encodes a basic helix-loop-
helix protein. Biochem. Biophys. Res. Commun. 325 (3), 857-863. doi: 10.1016/
j.bbrc.2004.10.126

Komatsu, S., Yamaguchi, H., Hitachi, K., Tsuchida, K., Rehman, S. U., and Ohno, T.
(2022). Morphological, biochemical, and proteomic analyses to understand the
promotive effects of plant-derived smoke solution on wheat growth under flooding
stress. Plants. 11 (11), 1508. doi: 10.3390/plants11111508

Kothari, S. L., Joshi, A., Kachhwaha, S., and Ochoa-Alejo, N. (2010). Chilli peppers-A
review on tissue culture and transgenesis. Biotechnol. Advances. 28 (1), 35-48.
doi: 10.1016/j.bioteChadv.2009.08.005

Kumar, R. V., Sharma, V. K., Chattopadhyay, B., and Chakraborty, S. (2012). An
improved plant regeneration and Agrobacterium-mediated transformation of red
pepper (Capsicum annuum L.). Physiol. Mol. Biol. Plants. 18 (4), 357-364.
doi: 10.1007/s12298-012-0132-8

Kumar, S., Stecher, G., and Tamura, K. (2016). MEGA7: molecular evolutionary
genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evolution. 33 (7), 1870-1874.
doi: 10.1093/molbev/msw054

Kuroh, T., Nagai, K., Gamuyao, R,, Wang, D. R,, Furuta, T., Nakamori, M., et al.
(2018). Ethylene-gibberellin signaling underlies adaptation of rice to periodic flooding.
Science. 361 (6398), 181-186. doi: 10.1126/science.aat1577

Li, F, Guo, S. Y., Zhao, Y., Chen, D. Z, Chong, K, and Xu, Y. Y. (2010).
Overexpression of a homopeptide repeat-containing bHLH protein gene
(OrbHLHO001) from Dongxiang wild rice confers freezing and salt tolerance in
transgenic Arabidopsis. Plant Cell Rep. 29 (9), 977-986. doi: 10.1007/500299-010-
0883-z

Liang, B. B, Wan, S. G., Ma, Q. L,, Yang, L., Hu, W,, Kuang, L. Q,, et al. (2022). A
novel bHLH transcription factor PtrbHLH66 from trifoliate orange positively regulates
plant drought tolerance by mediating root growth and ROS scavenging. Int. J. Mol. Sci.
23 (23), 15053. doi: 10.3390/ijms232315053

Liao, W., Cai, J., Xu, H., Wang, Y., Cao, Y., Ruan, M,, et al. (2023). The transcription
factor MebHLH18 in cassava functions in decreasing low temperature induced leaf
abscission to promote low-temperature tolerance. Front. Plant Science. 13. doi: 10.3389/
fpls.2022.1101821

Liu, Y. ], Ji, X. Y., Nie, X. G., Qu, M., Zheng, L., Tan, Z. L., et al. (2015). Arabidopsis
AtbHLH112 regulates the expression of genes involved in abiotic stress tolerance by
binding to their E-box and GCG-box motifs. New Phytologist. 207 (3), 692-709.
doi: 10.1111/nph.13387

Liu, W,, Tai, H., Li, S., Gao, W., Zhao, M., Xie, C,, et al. (2013). bHLH122 is important
for drought and osmotic stress resistance in Arabidopsis and in the repression of ABA
catabolism. New phytologist. 201 (4), 1192-1204. doi: 10.1111/nph.12607

Lovell, S. C., Davis, I. W., Arendall, W. B.IIIL, Bakker, P. I. W., Word, J. M., Prisant,
M. G, et al. (2003). Structure validation by Co geometry: ¢, y and CP deviation.
Proteins. 50 (3), 437-450. doi: 10.1002/prot.10286

Mabher, M. F,, Nasti, R. A., Vollbrecht, M., Starker, C. G., Clark, M. D., and Voytas, D.
F. (2020). Plant gene editing through de novo induction of meristems. Nat. Technology.
38, 84-89. doi: 10.1038/s41587-019-0337-2

Mahto, B. K., Sharma, P., Rajam, M. V., Reddy, P. M., and Dhar-Ray, S. (2018). An
efficient method for Agrobacterium-mediated genetic transformation of chili pepper
(Capsicum annuum L.). Indian ]. Plant Physiol. 23 (3), 573-581. doi: 10.1007/s40502-
018-0389-1

Man, L. L., Xiang, D. ], Wang, L. N, Zhang, W. W., Wang, X. D,, and Qi, G. C.
(2017). Stress-responsive gene RsICEI from Raphanus sativus increases cold tolerance
in rice. Protoplasma. 254 (2), 945-956. doi: 10.1007/s00709-016-1004-9

Mickelbart, M. V., Hasegawa, P. M., and Bailey-Serres, J. (2015). Genetic
mechanisms of abiotic stress tolerance that translate to crop yield stability. Nat. Rev.
Genet. 16 (4), 237-251. doi: 10.1038/nrg3901

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2023.1285198/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1285198/full#supplementary-material
https://doi.org/10.1105/tpc.151140
https://doi.org/10.1146/annurev.arplant.59.032607.092752
https://doi.org/10.1146/annurev.arplant.59.032607.092752
https://doi.org/10.1007/s11738-012-0977-z
https://doi.org/10.1002/cpbi.3
https://doi.org/10.1016/j.xinn.2022.100345
https://doi.org/10.1007/s00299-012-1288-y
https://doi.org/10.1093/jxb/ery065
https://doi.org/10.1093/jxb/ery065
https://doi.org/10.1007/978-1-4939-1695-5_26
https://doi.org/10.1021/ct700301q
https://doi.org/10.1007/s11103-018-0767-0
https://doi.org/10.1016/j.molp.2015.09.005
https://doi.org/10.1038/s41558-020-00952-0
https://doi.org/10.1093/treephys/tpv139
https://doi.org/10.1093/aob/mcz118
https://doi.org/10.1016/j.plantsci.2021.110823
https://doi.org/10.1111/pce.12157
https://doi.org/10.30848/PJB2020-2(24
https://doi.org/10.1186/s13007-016-0151-5
https://doi.org/10.1016/j.bbrc.2004.10.126
https://doi.org/10.1016/j.bbrc.2004.10.126
https://doi.org/10.3390/plants11111508
https://doi.org/10.1016/j.bioteChadv.2009.08.005
https://doi.org/10.1007/s12298-012-0132-8
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1126/science.aat1577
https://doi.org/10.1007/s00299-010-0883-z
https://doi.org/10.1007/s00299-010-0883-z
https://doi.org/10.3390/ijms232315053
https://doi.org/10.3389/fpls.2022.1101821
https://doi.org/10.3389/fpls.2022.1101821
https://doi.org/10.1111/nph.13387
https://doi.org/10.1111/nph.12607
https://doi.org/10.1002/prot.10286
https://doi.org/10.1038/s41587-019-0337-2
https://doi.org/10.1007/s40502-018-0389-1
https://doi.org/10.1007/s40502-018-0389-1
https://doi.org/10.1007/s00709-016-1004-9
https://doi.org/10.1038/nrg3901
https://doi.org/10.3389/fpls.2023.1285198
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Tian et al.

Mittler, R. (2017). ROS are good. Trends Plant Science. 22 (1), 11-19. doi: 10.1016/
j-tplants.2016.08.002

Mittler, R., Vanderauwera, S., Gollery, M., and Van-Breusegem, F. (2004). Reactive
oxygen gene network of plants. Trends Plant Science. 9 (10), 490-498. doi: 10.1016/
j.tplants.2004.08.009

Molla, R. M., Rohman, M. M., Islam, M. R., Hasanuzzaman, M., and Hassan, L.
(2022). Screening and evaluation of chilli (Capsicum annuum L.) genotypes for
waterlogging tolerance at seedling stage. Biocell. 46, 1613-1627. doi: 10.32604/
biocell.2022.019243

Murre, C., McCaw, P. S., and Baltimore, D. (1989). A new DNA binding and
dimerization motif in immunoglobulin enhancer binding, daughterless, MyoD, and myc
proteins. Cell. 56 (5), 777-783. doi: 10.1016/0092-8674(89)90682-x

Nanjo, T., Kobayashi, M., Yoshiba, Y., Sanada, Y., Wada, K., Tsukaya, H., et al.
(1999). Biological functions of proline in morphogenesis and osmotolerance revealed in
antisense transgenic Arabidopsis thaliana. Plant J. 18 (2), 185-193. doi: 10.1046/j.1365-
313x.1999.00438.x

Pan, J., Sharif, R., Xu, X,, and Chen, X. (2021). Mechanisms of waterlogging tolerance
in plants: research progress and prospects. Front. Plant Science. 11. doi: 10.3389/
fpls.2020.627331

Perata, P., and Voesenek, L. A. C. J. (2007). Submergence tolerance in rice requires
SublA, an ethylene-response-factor-like gene. Trends Plant Science. 12 (2), 43-46.
doi: 10.1016/j.tplants.2006.12.005

Phukan, U. J., Mishra, S., and Shukla, R. K. (2016). Waterlogging and submergence
stress: Affects and acclimation. Crit. Rev. Biotechnol. 36 (5), 956-966. doi: 10.3109/
07388551.2015.1064856

Sairam, R. K., Dharmar, K., Chinnusamy, V., and Meena, R. C. (2009).
Waterlogging-induced increase in sugar mobilization, fermentation, and related gene
expression in the roots of mung bean (Vigna radiata). J. Plant Physiol. 166 (6), 602-616.
doi: 10.1016/,jplph.2008.09.005

Sairam, R. K., Kumutha, D., Ezhilmathi, K., Deshmukh, P. S., and Srivastava, G. C.
(2008). Physiology and biochemistry of waterlogging tolerance in plants. Biol.
Plantarum. 52, 401-412. doi: 10.1007/s10535-008-0084-6

Sauter, M. (2013). Root responses to flooding. Curr. Opin. Plant Biol. 16 (3), 282-
286. doi: 10.1016/j.pbi.2013.03.013

Shinozaki, K., and Yamaguchi-Shinozaki, K. (2007). Gene networks involved in
drought stress response and tolerance. J. Exp. Botany. 58 (2), 221-227. doi: 10.1093/jxb/
erl164

Silva-Ortega, C. O., Ochoa-Alfaro, A. E., Reyes-Agiiero, J. A., Aguado-Santacruz, G.
A., and Jiménez-Bremont, J. F. (2008). Salt stress increases the expression of p5cs gene
and induces proline accumulation in cactus pear. Plant Physiol. Biochem. 46 (1), 82-92.
doi: 10.1016/j.plaphy.2007.10.011

Frontiers in Plant Science

11

10.3389/fpls.2023.1285198

Tavanti, T. R., Melo, A. A. R. D., Moreira, L. D. K., Sanchez, D. E. ], Silva, R. D., Silva,
R. M. D,, et al. (2021). Micronutrient fertilization enhances ROS scavenging system for
alleviation of abiotic stresses in plants. Plant Physiol. Biochem. 160, 386-396.
doi: 10.1016/j.plaphy.2021.01.040

Tian, L. X,, Zhang, Y. C,, Chen, P. L., Zhang, F. F., Li, ], Yan, F,, et al. (2021). How
does the waterlogging regime affect crop yield? A global meta-analysis. Front. Plant
Science. 12. doi: 10.3389/fpls.2021.634898

Toledo-Ortiz, G., Hugq, E., and Quai, P. H. (2003). The Arabidopsis basic/helix-loop-
helix transcription factor family. Plant Cell. 15 (8), 1749-1770. doi: 10.1105/tpc.013839

Tsai, W. S,, Shih, S. L., Green, S. K., Rauf, A., Hidayat, S. H., and Jan, F. J. (2006).
Molecular characterization of pepper yellow leaf curl Indonesia virus in leaf curl and
yellowing diseased tomato and pepper in Indonesia. Plant Disease. 90 (2), 247.
doi: 10.1094/PD-90-0247B

Upadhyay, A., Gaonkar, T., Upadhyay, A. K., Jogaiah, S., Shinde, M. P., Kadoo, N. Y.,
et al. (2018). Global transcriptome analysis of grapevine (Vitis vinifera L.) leaves under
salt stress reveals differential response at early and late stages of stress in table grape cv.
Thompson Seedless. Plant Physiol. Biochem. 129, 168-179. doi: 10.1016/
j.plaphy.2018.05.032

Vidoz, M. L., Loreti, E., Mensuali, A., Alpi, A., and Perata, P. (2010). Hormonal
interplay during adventitious root formation in flooded tomato plants. Plant J. 63 (4),
551-562. doi: 10.1111/j.1365-313X.2010.04262.x

Voesenek, L. A. C.J., and Bailey-Serres, J. (2015). Flood adaptive traits and processes:
An overview. New Phytologist. 206 (1), 57-73. doi: 10.1111/nph.13209

Wang, F. B, Zhu, H., Chen, D. H,, Li, Z. ], Peng, R. H., and Yao, Q. H. (2016). A
grape bHLH transcription factor gene, VWbHLH], increases the accumulation of
flavonoids and enhances salt and drought tolerance in transgenic Arabidopsis
thaliana. Plant Cell Tissue Organ Culture. 125, 387-398. doi: 10.1007/s11240-016-
0953-1

Waseem, M., Rong, X. Y., and Li, Z. G. (2019). Dissecting the role of a basic helix-
loop-helix transcription factor, SIbHLH22, under salt and drought stresses in transgenic
Solanum lycopersicum L. Front. Plant Science. 10. doi: 10.3389/fpls.2019.00734

Zhai, Y. Q,, Zhang, L. C, Xia, C, Fu, S. L., Zhao, G. Y,, Jia, J. Z,, et al. (2016). The
wheat transcription factor, TabHLH39, improves tolerance to multiple abiotic stressors
in transgenic plants. Biochem. Biophys. Res. Commun. 473 (4), 1321-1327.
doi: 10.1016/j.bbrc.2016.04.071

Zhang, H. F.,, Guo, J. B,, Chen, X. Q,, Zhou, Y. Y., Pei, Y. P., Chen, L, et al. (2022).
Pepper bHLH transcription factor CabHLHO035 contributes to salt tolerance by
modulating ion homeostasis and proline biosynthesis. Horticulture Res. 9, uhac203.
doi: 10.1093/hr/uhac203

Zhang, Z.S., Chen, |, Liang, C. L., Liu, F., Hou, X. L., and Zou, X. X. (2020). Genome-
wide identification and characterization of the bHLH transcription factor family in
pepper (Capsicum annuum L.). Front. Genet. 11. doi: 10.3389/fgene.2020.570156

frontiersin.org


https://doi.org/10.1016/j.tplants.2016.08.002
https://doi.org/10.1016/j.tplants.2016.08.002
https://doi.org/10.1016/j.tplants.2004.08.009
https://doi.org/10.1016/j.tplants.2004.08.009
https://doi.org/10.32604/biocell.2022.019243
https://doi.org/10.32604/biocell.2022.019243
https://doi.org/10.1016/0092-8674(89)90682-x
https://doi.org/10.1046/j.1365-313x.1999.00438.x
https://doi.org/10.1046/j.1365-313x.1999.00438.x
https://doi.org/10.3389/fpls.2020.627331
https://doi.org/10.3389/fpls.2020.627331
https://doi.org/10.1016/j.tplants.2006.12.005
https://doi.org/10.3109/07388551.2015.1064856
https://doi.org/10.3109/07388551.2015.1064856
https://doi.org/10.1016/j.jplph.2008.09.005
https://doi.org/10.1007/s10535-008-0084-6
https://doi.org/10.1016/j.pbi.2013.03.013
https://doi.org/10.1093/jxb/erl164
https://doi.org/10.1093/jxb/erl164
https://doi.org/10.1016/j.plaphy.2007.10.011
https://doi.org/10.1016/j.plaphy.2021.01.040
https://doi.org/10.3389/fpls.2021.634898
https://doi.org/10.1105/tpc.013839
https://doi.org/10.1094/PD-90-0247B
https://doi.org/10.1016/j.plaphy.2018.05.032
https://doi.org/10.1016/j.plaphy.2018.05.032
https://doi.org/10.1111/j.1365-313X.2010.04262.x
https://doi.org/10.1111/nph.13209
https://doi.org/10.1007/s11240-016-0953-1
https://doi.org/10.1007/s11240-016-0953-1
https://doi.org/10.3389/fpls.2019.00734
https://doi.org/10.1016/j.bbrc.2016.04.071
https://doi.org/10.1093/hr/uhac203
https://doi.org/10.3389/fgene.2020.570156
https://doi.org/10.3389/fpls.2023.1285198
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Characterization and transformation of the CabHLH18 gene from hot pepper to enhance waterlogging tolerance
	Introduction
	Materials and methods
	Plant materials and treatment
	RNA reverse transcription, CabHLH18 amplification, and construction of overexpression vector
	Bioinformatics analysis of the CabHLH18 gene
	Subcellular localization of CabHLH18 protein
	Gene transformation and identification
	Analysis of phenotypes and physiological indicators
	Statistical analyses

	Results
	Cloning and bioinformatics analysis of the CabHLH18 gene
	Subcellular localization of CabHLH18 protein
	Transformation and identification of CabHLH18 gene in hot pepper
	Overexpression of CabHLH18 gene improved waterlogging tolerance in hot pepper

	Discussion
	Cloning and expression characteristics of the CabHLH18 gene
	Subcellular localization of CabHLH18 protein
	Establishment of the plumules transformation system of hot pepper
	Effect of the CabHLH18 gene on waterlogging tolerance of transgenic peppers

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


