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Abstract

Loropetalum chinense var. rubrum is an important ornamental foliage shrub whose leaf coloration is
highly sensitive to high temperature, often exhibiting high temperature-induced color fading due to
reduced anthocyanin accumulation. However, the transcriptional mechanisms underlying this process
remain poorly understood. In this study, we identified LcWRKY18 as a transcription factor affected by
high temperature and associated with color fading, based on the reference genomic data of Loropetalum
chinense var. rubrum and the transcriptomic data under heat stress. Functional analyses showed that
LcWRKY18 negatively regulates anthocyanin accumulation, as its overexpression reduced anthocyanin
accumulation, whereas its suppression promoted anthocyanin accumulation. Further multi-omics
analyses revealed that LcWRKY18 overexpression broadly suppressed the expression of structural genes
in the phenylpropanoid and flavonoid biosynthetic pathways, leading to decreased levels of major
anthocyanin metabolites, particularly cyanidin- and delphinidin-derived compounds. Consistently, dual-
luciferase assays demonstrated that LcWRKY18 directly inhibits the promoter activities of LcPAL, LcANS
and LcUFGT. These results suggest that LcWRKY18 acts as a negative regulator of anthocyanin
biosynthesis that mediates high temperature-induced leaves color fading in L. chinense var. rubrum. This
study provides new insight into the molecular basis of high-temperature-induced leaf color fading and
offers a useful candidate gene for breeding ornamental germplasm with improved color stability under
high temperature stress.

Highlights

- Identified LcWRKY18 as a high temperature-responsive transcription factor associated with leaf color
fading.

* LcWRKY18 negatively regulates anthocyanin accumulation in L. chinense var. rubrum

* Integrated transcriptomic and metabolomic analyses revealed that LcWRKY18 regulates anthocyanin
metabolism by modulating the phenylpropanoid and flavonoid pathway.

* LcWRKY18 suppresses anthocyanin biosynthesis by directly repressing key structural genes in the
phenylpropanoid and flavonoid pathways, including.

1. Introduction

Colored-leaf plants are widely valued in landscape greening due to their distinctive foliage coloration,
which greatly enhances ornamental appeal. However, increasing frequency of extreme weather events,
particularly prolonged high-temperature conditions associated with global warming, has imposed
significant abiotic stress on plants [1]. High temperature is a critical environmental factor affecting leaf
pigmentation in colored-leaf species, often leading to color fading and a decline in ornamental quality,
thereby limiting their landscape application [2].
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Loropetalum chinense var. rubrum, a natural variant of Loropetalum in the Hamamelidaceae family [3], is
a representative ornamental colored-leaf shrub. Its characteristic red foliage is primarily attributed to the
accumulation of anthocyanins [4]. Previous studies have shown that leaves coloration in this species is
mainly determined by anthocyanins derived from pelargonidin, cyanidin, and delphinidin [5,6]. Notably,
high temperature induces a typical regreening phenotype in L. chinense var. rubrum, in which red leaves
gradually lose pigmentation and turn green [5]. which is largely associated with a decline in anthocyanin
accumulation[7-9]. These findings indicate that high temperature plays a pivotal role in regulating
anthocyanin accumulation and leaf coloration in L. chinense var. rubrum. However, the molecular
mechanisms underlying high temperature-induced anthocyanin reduction and leaf color fading remain
largely unclear.

Anthocyanins are natural water-soluble pigments belonging to the flavonoid branch of polyphenolic
compounds [10]. In addition to conferring attractive colors to flowers and fruits, they play important roles
in stress adaptation by enhancing tolerance to adverse environments [11-16]. Anthocyanin biosynthesis
originates from the phenylpropanoid pathway and involves a series of structural genes. Early
biosynthetic genes (EBGs), including CHS, CHI, F3H, F3'H and F3'5'H, catalyze the formation of
dihydroflavonols, whereas late biosynthetic genes (LBGs), including DFR, ANS/LDOX and UFGT, further
convert these intermediates into anthocyanins [17]. In addition, anthocyanins can be modified by
glycosylation, methylation and acylation and are transported into vacuoles for storage with the
involvement of transport-related proteins such as GST [18,19]. Anthocyanin biosynthesis genes are
largely controlled by the MYB-bHLH-WDR (MBW) transcriptional complex [20]. which regulates the
expression of key structural genes and is evolutionarily conserved across plant species [21-25].

In addition to endogenous transcriptional regulation, anthocyanin accumulation is strongly influenced by
environmental factors, including light, temperature, and water status. Among these, temperature is
considered a critical determinant of anthocyanin stability and accumulation, with high temperature often
leading to reduced anthocyanin content and color fading in plants. Environmental cues are known to
modulate anthocyanin biosynthesis primarily by affecting the expression of structural genes and core
regulatory factors such as MYB proteins. In addition to MYB factors, other transcription factors NAC,
MADS-box, bZIP, WRKY and SPL also participate in anthocyanin regulation under environmental stimuli.
For example, NAC and bZIP transcription factors can regulate anthocyanin accumulation by interacting
with MYB proteins or integrating environmental signals, as exemplified by MANAC42 and HY5-mediated
regulatory pathways [26,27]. In recent years, Several WRKY proteins have been reported to either
promote or repress anthocyanin accumulation in different species, suggesting their potential roles in
linking environmental signals with secondary metabolites biosynthesis [28,29].

WRKY transcription factors are a large plant-specific family characterized by a conserved WRKYGQK
motif and their ability to bind W-box cis-elements in target gene promoters, thereby regulating
downstream gene expression [30,31]. Accumulating evidence indicates that WRKY proteins play
important roles in plant responses to abiotic stresses, including drought, salinity, and temperature

extremes, by modulating stress-responsive signaling pathways [32-39] |n addition to their roles in stress
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responses, several WRKY transcription factors have been reported to participate in the regulation of
anthocyanin biosynthesis in different plant species, including MdAWRKY40 [40], MdAWRKY71-L [41],
MdWRKY1 [42], PpPWRKY44 [43] LhWRKY44 [44] AtWRKY41 [21], These findings suggest that WRKY
proteins may function as integrators of environmental signals and pigment metabolism. However, their
specific roles in mediating anthocyanin biosynthesis under high temperature stress remain largely
unclear.

In our previous work, 79 WRKY genes were identified and characterized in L. chinense var. rubrum and
renamed LcWRKY1-LcWRKY79 according to their chromosomal positions [45]. To clarify the regulatory
role of WRKY genes in anthocyanin biosynthesis under high temperature stress, the expression patterns
of 79 LcWRKY genes were systematically analyzed based on previous transcriptome data from high
temperature-treated plants. And then a differentially expressed genes named LcWRKY18 was screened
as a candidate gene potentially involved in high temperature-induced anthocyanin reduction. In this
study, LcWRKY18 was functionally characterized through gene overexpression and silencing approaches,
combined with transcriptomic-metabolomic analysis and molecular assays. Our results aim to clarify the
role of LcWRKY18 in regulating anthocyanin biosynthesis under high temperature stress and to provide
new insights into the molecular mechanisms underlying leaf color variation in ornamental plants.

2. Materials and methods

2.1. Plant materials

Three Loropetalum cultivars, Xiangnong Nishang’, ‘Xiangnong Fendai’ and ‘Hei Zhenzhu’ used in this
study were obtained from the Engineering Research Center for Breeding and Utilization of Mid-
subtropical Quality Ornamental Plants, Hunan Agricultural University. Nicotiana benthamiana plants for
transient expression assays were cultivated in a growth chamber under controlled conditions: a
temperature range of 22-25°C, a photoperiod of 16 h light / 8 h dark, LED light sources, and a relative
humidity maintained between 55-65%. These conditions were implemented to ensure robust plant
growth and stability of the transient expression system.

2.2Heat stress treatment conditions

For transcriptome sequencing in the previous stage of this study, three potted plants each of ‘Hei
Zhenzhu', ‘Xiangnong Fendai’ and ‘Xiangnong Xiangyun’ were subjected to high temperature in a growth
chamber. Day/night temperatures were set at 40/33 C, with a 14-h light / 10-h dark photoperiod. LED
lighting was used, the photosynthetic photon flux density was set at 30,000 Ix, and relative humidity was
maintained at 90%.

2.3Transcriptome data analysis

Raw read-count data obtained from transcriptome sequencing were normalized using the DESeq2
package in R. Size factors were calculated to correct sequencing-depth differences among samples and
generate normalized count values. Differential expression analysis was then conducted with DESeq?2 for
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TOvsT1,TOvs T3, TOvs TS5, TO vs T7, pCAMBIA1305-GFP vs pCAMBIA1305-LcWRKY18, and pTRV2-GFP
vs LcWRKY18 comparisons. Genes with [log2 fold change| >= 1 and false discovery rate (FDR) < 0.05
were considered differentially expressed.

2.4. RNA extraction and qRT-PCR analysis

Total RNA was extracted from roots, stems and leaves of ‘Hei Zhenzhu’, as well as from K599-
transformed roots, using the FastPure Universal Plant Total RNA Isolation Kit (Vazyme) according to the
manufacturer's instructions. High-quality RNA was reverse-transcribed into first-strand cDNA using the
Vazyme reverse transcription kit and stored at -20°C for subsequent cloning and expression analyses.

Primers were designed using Primer3Plus and experimentally validated before use (Table 1).
Loropetalum beta-actin was used as the internal reference gene. Each assay included three biological
replicates and three technical replicates. Quantitative PCR was performed with the SYBR Green Pro Taq

HS premix (Accurate Biology, AG11701), and relative expression levels of LcWRKY18 and anthocyanin

biosynthetic genes were calculated using the 2722¢T method.

2.5. Bioinformatic analysis of LcWRKY18

Candidate LcWRKY genes were first examined by gRT-PCR using cDNA from five high temperature time

points as templates. Relative expression was calculated using the 2 22T method with the TO sample as
the calibrator.

The physicochemical properties of LcWRKY18, including molecular weight and isoelectric point, were
predicted using ExPASy ProtParam. Signal peptides were predicted with SignalP 4.1, transmembrane
domains with TMHMM 2.0, and subcellular localization with WoLF PSORT. Secondary structure was
predicted with SOPMA, and the protein structure was modeled using AlphaFold3.

Homologous proteins of LcWRKY18 were searched using NCBI BLASTP. Sequences showing more than
50% similarity were aligned in DANMAN. A phylogenetic tree was constructed in MEGA7 using the
neighbor-joining method with reported high temperature and anthocyanin-related WRKY proteins from
other species. Cis-regulatory elements in the - 2kb promoter regions upstream of LcWRKY genes were
analyzed using PlantCARE and visualized with TBtools [46].

2.6. Cloning of LcWRKY18

The coding sequence of LcWRKY18 was retrieved from the L. chinense var. rubrum genome database.
Gene-specific cloning primers (Table 1) were designed in Primer3Plus and synthesized by Tsingke
Biotechnology (Beijing, China). Using cDNA from leaves of ‘Xiangnong Nishang’ as the template, the full-
length coding sequence of LcWRKY18 was amplified with a high-fidelity polymerase. The ligation
products were transformed into Escherichia coli DH5a competent cells, and plasmids from positive
colonies were extracted after sequence confirmation.

2.7. Subcellular localization of LcWRKY18
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The pBI121-GFP vector was used for subcellular localization. The full-length CDS of LcWRKY18 was
amplified from pEASY-T1-LcWRKY18 and inserted into pBI121 by homologous recombination after
BamHI digestion. The resulting pBI121-LcWRKY18 construct and the empty vector were introduced into
Agrobacterium tumefaciens GV3101.

Positive Agrobacterium clones were cultured in medium containing 50 mg/L kanamycin and 50 mg/L
rifampicin until OD¢qy reached 1.0. Cells were harvested, washed and resuspended in infiltration buffer
(10 mM MES, 10 mM MgCl,, 0.2 mM acetosyringone, pH 5.6) to an ODg, of 0.8, and then incubated in
darkness for 3 h. The suspensions were infiltrated into the abaxial side of healthy N. benthamiana leaves
with a 1-mL syringe. After 48 h of dark incubation, fluorescent signals around the infiltration sites were
observed and photographed under a laser confocal microscope.

2.8. Transcriptional activation assay

To test self-activation activity and toxicity, the coding region of LcWRKY18 was inserted into the BD
vector through EcoRI and BamHI restriction sites. The resulting BD-LcWRKY18 construct, the negative
control (pGADT7-T + pGBKT7-Lam), and the positive control (oGADT7-T + pGBKT7-p53) were
transformed into yeast strain Y2HGold and analyzed on selective media.

2.9. Vector construction and Agrobacterium rhizogenes-
mediated root transformation

For overexpression, the verified pEASY-T1-LcWRKY18 plasmid was used as a template, and seamless-
cloning primers were designed according to the pPCAMBIA1305-GFP vector map and LcWRKY18
sequence. The vector was linearized with BamHI, and homologous recombination, transformation and
colony screening were performed as described above.

For gene interference, a 300-bp fragment of LcWRKY18 was selected using the VIGS tool in Sol
Genomics Network, and primers containing Saml sites were designed according to the pTRV2 vector.
Homologous recombination and bacterial transformation were performed as for the overexpression
vector.

K599 A. rhizogenes competent cells stored at -80 °C were thawed and transformed with pCAMBIA1305-
LcWRKY18, pTRV2-LcWRKY18, pTRV1, pTRV2 and pCAMBIA1305-GFP. Transformed cells were plated on
selective medium and incubated at 28 °C for 2—-3 d. Positive colonies were identified by PCR and

cultured in TY medium supplemented with 50 mg/L kanamycin and 50 mg/L streptomycin to ODgqq = 0.4.

One-year-old cuttings of ‘Hei Zhenzhu’ were used for root transformation. Lateral roots and fibrous roots
were removed, leaving approximately 1 cm of the main root. Seedlings were immersed for 30 min in
suspensions of pPCAMBIA1305-GFP, pCAMBIA1305-LcWRKY18, pTRV2 or pTRV2-LcWRKY18; for VIGS
treatment, pTRV2-derived cultures were mixed 1:1 with pTRV1 cultures. After inoculation, seedlings were
planted in soil and 2 mL of the corresponding bacterial suspension was applied to the base of the stem.
Plants were then maintained in a growth chamber.
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Genomic DNA was extracted using the SteadyPure Plant Genomic DNA Extraction Kit (CTAB method,
Accurate Biology, AG2106). PCR-based identification of transformed roots was carried out using primers
specific for the rolB gene in the T-DNA region of K599, the GFP marker on pCAMBIA1305 or pTRV2, and
LcWRKY18-specific fragments (Table 1). The expression levels of LcWRKY18 in positive lines were
further examined by qRT-PCR.

Root coloration was recorded photographically. Fresh, normally pigmented roots were washed with
distilled water, mounted as temporary water slides using the potato-clamp method, and observed under
a light microscope. Anthocyanin content was determined using the pH differential method.

2.10. Metabolomic sample preparation

Twelve root samples stored at -80°C were freeze-dried and ground into powder. Powdered material was
weighed and extracted with 0.5 mL of 50% methanol aqueous solution containing 0.1% HCI. Samples
were vortexed for 5 min, ultrasonicated for 5 min, and centrifuged at 12,000 rpm for 3 min at 4 °C. The
extraction was repeated once, the supernatants were combined and filtered, and the resulting solutions
were used for LC-MS/MS analysis of anthocyanin compounds.

Anthocyanin metabolites were analyzed using an ExionLC AD ultra-performance liquid chromatography
system coupled with a QTRAP 6500 + tandem mass spectrometer (SCIEX, China).

2.11. Molecular docking analysis

Based on the amino acid sequence of LcWRKY18 and the core promoter sequences of LcUFGT, LcPAL
and LcANS, three-dimensional structures were predicted with AlphaFold3. Models with high pLDDT
values were selected for docking analysis. Protein-DNA interactions were predicted using the local
version of HDOCKIite v1.1, and the interfaces of the resulting complexes were further analyzed using
PLIP [47]. Relevant interaction details were visualized in PyMOL.

2.12. Dual-luciferase assay

LcWRKY18 and the cloned promoter fragments of LcUFGT, LcPAL and LcANS were used as templates for
In-Fusion cloning into pGreenll 0800-LUC-based reporter vectors and corresponding effector constructs.
Recombinant plasmids were transformed into Agrobacterium and co-infiltrated into tobacco leaves.
Firefly luciferase and Renilla luciferase signals were measured according to the standard dual-luciferase
procedure, and promoter activity was expressed as the LUC/REN ratio.

2.13. Statistical analysis

All analyses were conducted using at least three biological replicates. Data processing was performed in
Excel 2007. Figures were prepared using GraphPad Prism 9.5 and Adobe Photoshop 2023. Significant
differences among treatments were evaluated using Student's t-test and one-way analysis of variance,
and different lowercase letters indicate significant differences at P < 0.05.
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Table 1
Primer sequences used in this study

Primer
name

LCWRKY 18-
QP-F

LcWRKY18-

QP-R

B-actin-F

B-actin-R

LcCHS-F

LcCHS-R

LcCHI-F

LcCHI-R

LcPAL-F

LcPAL-R

LcDFR-F

LcDFR-R

LcANS-F

Note: lowercase letters indicate gene-specific lowercase bases where applicable.

Primer sequence (5'-3")

TGGATGCAGCGTTTAGGGTT

CTCTCGTGGTTGTGGACTCC

CCACAAGGCTTATTGATAGAAT

CAATGGTTGAACCTGAATACT

ATGATTAAGAAGCGTTACA

GTCTAGCATCCAATGAAG

CATTAACGATTGGCTTCT

CCTATGATTGACTCCAGTA

CTGAAGGGGAGTCATTTGGAAG

TCCATCACCCACTCACTACTC

TGCTAAGACATCGGCTGAGAAA

TCAACGCTGGGAGTCCTGAA

CTATACTGAGGCAACAAG

Assay

Quantitative
Real-time
PCR

Quantitative
Real-time
PCR

Quantitative
Real-time
PCR

Quantitative
Real-time
PCR

Quantitative
Real-time
PCR

Quantitative
Real-time
PCR

Quantitative
Real-time
PCR

Quantitative
Real-time
PCR

Quantitative
Real-time
PCR

Quantitative
Real-time
PCR

Quantitative
Real-time
PCR

Quantitative
Real-time
PCR

Quantitative
Real-time
PCR
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Primer
name

LcANS-R

LcUFGT-F

LcUFGT-R

LcWRKY18-
F

LcWRKY 18-
R

pBI121-
LcWRKY18-
F

pBI121-
LcWRKY18-
R

PCAMBIA-
1305-
LcWRKY18-
F

pCAMBIA-
1305-
LcWRKY18-
R

pTRV2-
LcWRKY18-
F

pTRV2-
LcWRKY18-
R

rolB-F
rolB-R
GFP-F

GFP-R

Note: lowercase letters indicate gene-specific lowercase bases where applicable.

Primer sequence (5'-3")

GTCTTCCTTCTTCTAAGC

AAGCAAGCGGTGTAACAT

CAAGGCACTACCATTCCAT

ATGGTCTCCACTGAAAATTTTGG
TTAAGAAGAAGAAGAGCGAGAGGG

GGACTCTAGAGGATCCATGGTCTCCACTGAAAATTTTGGCT

GACCACCCGGGGATCCAGAAGAAGAAGAGCGAGAGGGAG

CACGGGGGACGGATCCATGGTCTCCACTGAAAATTTTGGCT

CTTTGTAGTCGGATCCAGAAGAAGAAGAGCGAGAGGGAG

TCCCCATGGAGGCCTATGGTCTCCACTGAAAATTTTGGC

AAGGTTACCGAATTCTCTAACTCCGATTTCGTTCTAAATGC

GCCAGCATTTTTGGTGAACT
GGCACTGAACTTGCCGTTAT
CTGGTCGAGCTGGACGG
CTGGGTGCTCAGGTAGTGG

Assay

Quantitative
Real-time
PCR
Quantitative
Real-time
PCR
Quantitative
Real-time
PCR

Gene clone

Gene clone

Subcellular
localization

Subcellular
localization

Overpression

Overpression

Gene
silencing

Gene

silencing
detection
detection
detection

detection
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Primer
name

BD-
LcWRKY18-
F

BD-
LcWRKY18-
R

pCAMBIA-
1300-
LcWRKY18-
F

PCAMBIA-
1300-
LcWRKY18-
R

pGreenll
0800-F-
48540A

pGreenll
0800-R-
48540A

pGreenll
0800-F-
48540B

pGreenll
0800-R-
48540B

pGreenll
0800-F-
12653

pGreenll
0800-R-
12653

pGreenll
0800-F-
44833

pGreenll
0800-R-
44833

Primer sequence (5'-3")

CATGGAGGCCGAATTCATGGTCTCCACTGAAAATTTTGGCT

GCAGGTCGACGGATCCTTAAGAAGAAGAAGAGCGAGAGGGAGC

CCAAATCGACTCTAGAATGGTCTCCACTGAAAATTTTGGC

GCAGAAGCTTTCTAGAAGAAGAAGAAGAGCGAGAGGG

CGGTATCGATAAGCTggccaatgacaccaaatcct

TAGAACTAGTGGAT Ctaacctaaaatacctacgatgtcataacaaattca

CGGTATCGATAAGCTttacaaacctacaagtgagcctattcacg

TAGAACTAGTGGATCgggacgtgacaacccccag

CGGTATCGATAAGCTtatttaactagtcgccgcecctgg

TAGAACTAGTGGATCacttctactctccctcttcttatttatgttttatttttttagttaaaaaa

CGGTATCGATAAGCTtagtgcatagttatcagaaccgaacgg

TAGAACTAGTGGATCtattggttgattgaccttctttattttaagaaaaggatcgt

Note: lowercase letters indicate gene-specific lowercase bases where applicable.

Assay

verification

verification

Overpression

Overpression

Dual-
luciferase
assay

Dual-
luciferase
assay

Dual-
luciferase
assay

Dual-
luciferase
assay

Dual-
luciferase
assay

Dual-
luciferase
assay

Dual-
luciferase
assay

Dual-
luciferase
assay

3. Results
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3.1. Expression profiles of anthocyanin pathway genes and LcWRKY family members in different
cultivars under high temperature

Based on transcriptome count data, differential expression analyses were performed for samples
collected at different high temperature stages. In ‘Hei Zhenzhu', a large number of LcWRKY genes were
differentially expressed during the middle stage of high temperature (T1, T3 and T5), whereas a different
response pattern was observed in ‘Xiangnong Fendai’ (Fig.S1A,B).

Using the differential-expression results together with transcript abundance data, high temperature maps
were constructed to visualize the expression patterns of LcWRKY genes in ‘Hei Zhenzhu' and‘Xiangnong
Fendai'under high temperature. In ‘Hei Zhenzhu', LcWRKY18 displayed a highly characteristic expression
profile and was strongly associated with the high temperature regreening phenotype (Fig. 1A,B).

Nine genes, namely LcWRKY13, LcWRKY18, LcWRKY21, LcWRKY30, LcWRKY36, LcWRKY39, LcWRKY46,
LcWRKY49 and LcWRKY74, were preliminarily selected based on differential-expression and expression-
pattern analyses. gRT-PCR verification showed that the expression trend of LcWRKY18 was highly
consistent with the transcriptome data, supporting its selection as the major candidate gene for further
study(Fig. 2A,B).

3.2. Bioinformatic analysis of LcWRKY18

The coding sequence of LcWRKY18 was 534 bp in length according to the Loropetalum genome
database. Using cDNA from leaves of ‘Xiangnong Nishang’ as the template, the full-length CDS was
successfully amplified, and agarose gel electrophoresis showed a single clear band of the expected
size(Fig.S2).

Comprehensive bioinformatic analysis showed that the LcWRKY18 protein consists of 177 amino acids
and has the typical features of a WRKY transcription factor. Prediction using ProtParam indicated a
theoretical molecular mass and isoelectric point consistent with a small regulatory protein. SignalP
predicted that LcWRKY18 lacks a signal peptide, indicating that it is not a secreted protein. TMHMM
analysis further showed that it has no transmembrane domain(Fig.S3A,B).

Secondary-structure prediction indicated that LcWRKY18 is mainly composed of random coils, together
with a small proportion of alpha-helices and extended strands. Structural modeling supported the
presence of a typical WRKY DNA-binding domain(Fig.S3C,D).

Phylogenetic analysis revealed that LcWRKY18 clustered with several reported WRKY proteins involved in
stress responses and anthocyanin regulation in other species, including MdWRKY40 [40], PpWRKY44 [43],
LhWRKY44 [44], AtWRKY41 [21]and ZJWRKY18 [48] (Fig. 3A). Multiple sequence alignment indicated that
LcWRKY18 contained the conserved WRKYGQK motif and a typical C2H2-type zinc-finger structure,
consistent with the defining features of WRKY transcription factors [30,31] (Fig. 3B).
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Using cDNA from leaves, stems and roots of the cultivars ‘Hei Zhenzhu' and ‘Xiangnong Xiangyun’, qRT-
PCR showed that LcWRKY18 was expressed in all tested tissues but exhibited clear tissue specificity
and cultivar-dependent variation. The relatively high expression in pigmented tissues suggested a close
relationship with pigment metabolism and stress responses(Fig.S4).

3.3. Subcellular localization and transcriptional activation
of LcWRKY18

To determine the intracellular localization of LcWRKY18, the pBI121-LcWRKY18 fusion vector was
transiently expressed in tobacco leaves. Confocal microscopy showed that the GFP signal of the fusion
protein was distributed in both the nucleus and cytoplasm, whereas the control showed ubiquitous
fluorescence, indicating that LcWRKY18 is a nucleocytoplasmic protein(Fig. 4).

In yeast, pGBKT7-LcWRKY18 grew normally on SD/-Trp/-Leu medium, suggesting that the bait construct
was not toxic. The transformed yeast strains were then transferred to highly selective media to evaluate
self-activation. The results indicated that LcWRKY178 did not show obvious self-activation activity under
the tested conditions(Fig.S5).

3.4. Functional verification of LcWRKY18 by transient
overexpression and interference

K599-mediated transformation successfully generated transgenic roots in ‘Hei Zhenzhu'. PCR analysis
revealed the presence of the rolB, gfp, and LcWRKY18 genes in the transgenic roots (with no signals
detected in the water and WT controls) (Fig. 5A,B). gRT-PCR assays demonstrated that the vector
pCAMBIA1305-LcWRKY18 upregulated the expression of the target gene in ‘Heizhenzhu’ by 4.17-fold
compared to the empty vector, while the vector pTRV2-LcWRKY18 downregulated its expression to 0.21-
fold of the empty vector(Fig. 5C,D). Collectively, the results from PCR and qRT-PCR verified the
successful establishment of the target gene overexpression and interference systems.

Phenotypic observations showed that in the ‘Hei Zhenzhu’ cultivar, the roots of LcWRKY18
overexpression lines had significantly reduced anthocyanin content, which was decreased to 0.56-fold of
that in the wild-type (WT) and empty vector controls. In contrast, RNA interference-mediated silencing of
LcWRKY18 did not result in a significant fading phenotype; instead, it promoted pigment accumulation,
with the anthocyanin content increased to 2.24-fold of the WT level(Fig. 5E,F,G).The expression levels of
structural genes involved in the anthocyanin biosynthesis pathway in the roots of transgenic plants were
analyzed. The results showed that, compared with the control roots transformed with the empty
pCAMBIA1305 vector, the expression levels of the anthocyanin biosynthetic structural genes PAL, CHS,
CHI, DFR, ANS, and UFGT in the roots of the pCAMBIA1305-LcWRKY18 overexpression line decreased to
0.52-fold, 0.53-fold, 0.83-fold, 0.42-fold, 0.34-fold, and 0.60-fold of the control levels, respectively. In
contrast, compared with the control roots transformed with the empty pTRV2-GFP vector, the expression
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levels of the same genes in the roots of the pTRV2-LcWRKY18 silencing line increased to 1.64-fold, 3.81-
fold, 3.53-fold, 6.53-fold, 4.99-fold, and 2.12-fold of the control levels, respectively(Fig. 5H,1).

These results suggest that LcWRKY18 acts as a negative regulator of anthocyanin biosynthesis,
functioning to repress the accumulation of anthocyanins.

3.5. Transcriptomic and metabolomic analyses of
LcWRKY18 transgenic materials

To further investigate how LcWRKY18 regulates color change in L. chinense var. rubrum, transcriptome
sequencing was performed on 15 transgenic samples. Principal component analysis showed clear
separation among the different groups, indicating good repeatability and distinct transcriptional states
among overexpression, interference and control samples(Fig. 6A).

Based on time-series analysis, the gene expression profiles of WT, pPCAMBIA1305-GFP, pPCAMBIA1305-
LcWRKY18, pTRV2-GFP, and pTRV2-LcWRKY18 were clustered into 10 modules. Significant differences
in expression levels were observed among different sample groups within these modules, suggesting
that Lc(WRKY18 may exert its biological functions by regulating gene expression(Fig. 6B). Differential
expression analysis was performed for four comparison groups: WT vs pCAMBIA1305-LcWRKY18,
pCAMBIA1305-GFP vs pCAMBIA1305-LcWRKY18, WT vs pTRV2-LcWRKY18, and pTRV2-GFP vs pTRV2-
LcWRKY18. The results revealed that the WT vs pCAMBIA1305-LcWRKY18 comparison contained
10,042 differentially expressed genes (DEGSs), including 6,796 up-regulated and 3,246 down-regulated
genes; the pPCAMBIA1305-GFP vs pCAMBIA1305-LcWRKY18 comparison contained 5,076 DEGs,
including 1,624 up-regulated and 3,452 down-regulated genes; the WT vs pTRV2-LcWRKY18 comparison
contained 9,560 DEGs, including 5,959 up-regulated and 3,601 down-regulated genes; and the pTRV2-
GFP vs pTRV2-LcWRKY18 comparison contained 4,103 DEGs, including 3,783 up-regulated and 320
down-regulated genes(Fig. 6C).

GO enrichment analysis indicated that differentially expressed genes were mainly enriched in
phenylpropanoid metabolic process, phenylpropanoid biosynthetic process, lignin metabolic process,
lignin biosynthetic process and response to chitin, among others(Fig. 6D). KEGG enrichment further
showed significant enrichment in flavonoid biosynthesis, monoterpenoid biosynthesis, phenylpropanoid
biosynthesis, starch and sucrose metabolism, and phenylalanine metabolism. These results suggested
that LcWRKY18 broadly affects secondary-metabolism-related pathways(Fig. 6E).

Transcriptome data further showed that overexpression or interference of LcWRKY18 significantly
altered the expression of multiple genes involved in the phenylpropanoid and flavonoid pathways,
including key structural genes associated with anthocyanin biosynthesis.

To investigate the role of LcWRKY18 in flavonoid metabolism more deeply, LC-MS/MS-based
metabolomic profiling was performed on overexpression and interference materials. The results showed
that LcWRKY18 markedly affected the accumulation of various anthocyanin metabolites. In particular,
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overexpression of LcWRKY18 significantly inhibited the accumulation of cyanidin- and delphinidin-related
compounds, whereas interference lines showed the opposite trend(Fig. 7). The heat map of anthocyanin
metabolites clearly illustrated the differential accumulation pattern among the transgenic materials.

3.6. LcWRKY18 represses the promoter activities of
LcUFGT, LcPAL and LcANS

Based on the Loropetalum chinense var. rubrum genome database, the - 2000 bp DNA sequences
upstream of the ATG start codon for six genes—LcPAL, LcCHS, LcCHI, LcDFR, LcANS, and LcUFGT—were
retrieved as candidate promoter regions. These promoter sequences were subsequently submitted to
the PlantCARE online analysis tool for cis-acting element prediction and analysis. Notably, multiple
WRKY transcription factor binding sites (W-box elements) were identified in the promoters of LcPAL,
LcANS, and LcUFGT, suggesting that these genes may be regulated by WRKY family transcription
factors.

Results from overexpression and VIGS/interference experiments indicated that LcWRKY18 may regulate
structural genes involved in anthocyanin biosynthesis. Therefore, promoter regions of LcUFGT, LcPAL
and LcANS were cloned from “Xiangnong Nishang’, and cis-element analysis revealed the presence of W-
box motifs in these promoter fragments(Fig. 8A).

To further determine whether LcWRKY18 directly regulates the expression of LcUFGT, LcPAL, and LcANS
genes, we performed a LUC transient expression assay in Nicotiana benthamiana. The pCAMBIA1300

vector harboring the LcWRKY18 gene was used as the effector vector, while the pGreenll0800 LUC vector
carrying the promoter sequences of LcUFGT, LcPAL, and LcANS was used as the reporter vector(Fig. 8B).

Dual-luciferase assays showed that co-expression of LcWRKY18 significantly reduced the activities of
the LcUFGT, LcPAL and LcANS promoters relative to controls. These results support the conclusion that
LcWRKY18 functions as a transcriptional repressor of key structural genes in the anthocyanin
biosynthetic pathway(Fig. 8C).

Based on the amino acid sequence of LcWRKY18 and the promoter sequences of LcUFGT, LcPAL, and
LcANS, structure prediction was performed using AlphaFold3. The top-ranked structure was selected as
the experimental model based on the pLDDT score. The PLIP interaction analysis platform was
employed to comprehensively describe and systematically analyze the binding interfaces(Fig. 8D).

4. Discussion

WRKY transcription factors participate extensively in plant development, stress adaptation and
specialized metabolism. Since the first WRKY protein SPF1 was cloned from sweet potato [49], large
numbers of WRKY genes have been identified in Arabidopsis [50], rice [51] and maize [52]. Accumulating
evidence shows that WRKY proteins function in seed dormancy and germination [53,54], root
development [55-57], pollen development [58], floral morphogenesis [59], and responses to diverse
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biotic and abiotic stresses, including high temperature [34,36,60,61]. Previous studies have identified a
total of 79 LcWRKY genes in the Loropetalum chinense var. rubrum genome[45], which is approximately
the same as the 74 members found in the model plant Arabidopsis thaliana[62]. Previous research has
shown that Arabidopsis thaliana has undergone at least two whole-genome duplication events, which
have contributed to the rapid expansion of its gene families[63,64].In the present study, LcWRKY18 was
identified from high temperature transcriptome datasets of L. chinense var. rubrum as a candidate gene
associated with anthocyanin metabolism and regreening, and its functional analysis suggested that it
acts as a negative regulator of anthocyanin accumulation under high temperature.

WRKY family members exhibit significant differential responses to heat stress among different plant
species. For instance, in Lilium longiflorum, 62 LdAWRKY genes were identified to be differentially
expressed under heat stress, with 51 genes up-regulated and 11 genes down-regulated[65]; in contrast,
in Phoenix dactylifera, 7 PAWRKY genes were up-regulated while 10 genes showed down-
regulation[66]. Through heat stress treatment of two Loropetalum chinense var. rubrum varieties, ‘Hei
Zhenzhu' and ‘Xiangnong Fendai’, it was observed that the number of differentially expressed members
of the LcWRKY family and their temporal distribution exhibited obvious temporal dynamics. In ‘Hei
Zhenzhu', the largest number of differentially expressed genes was identified at the TO vs T3 stage,
whereas no differentially expressed genes were found at the TO vs T7 stage. In ‘Xiangnong Fendai’, the
number of differentially expressed genes gradually increased with the duration of heat stress, reaching 4
at the TO vs T7 stage.In potato (Solanum tuberosum), the expression level of StWRKY75 shows a
significant difference between the heat-sensitive variety ‘Atlantic’ and the heat-tolerant variety ‘Desiree’,
and this difference is directly related to the thermotolerance of the varieties[67].Meanwhile, the co-
responsive genes of the two varieties were mainly concentrated at the TOvsT3 and TOvsT5 stages,
indicating that 3—5 days after heat stress constitutes the critical phase for the LcWRKY gene family to
exert its regulatory functions. The differences in the LcWRKY expression patterns between the two
varieties are highly correlated with the stability of their leaf colors, suggesting that individual LcWRKY
members may play important roles in the color stability of Loropetalum chinense var. rubrum under heat
stress by regulating the anthocyanin metabolic pathway.

Cis-acting elements form the structural basis for transcription factors to respond to upstream signals
and regulate downstream target genes. In the study of the WRKY gene family in Phoenix dactylifera, the
promoter regions are rich in a variety of cis-elements related to abiotic stress responses, such as ABRE
[66].Analysis of the promoter regions of LcWRKY genes in Loropetalum chinense var. rubrum revealed
that all members contain elements related to heat stress responses, primarily including the Antioxidant
Response Element (ARE), G-box element and Abscisic Acid Response Element (ABRE)[68,69] (Fig. 2E).

Sequence alignment and phylogenetic analysis confirmed that LcWRKY18 contains the conserved WRKY
domain and belongs to the canonical WRKY family [30,31]. The close relationship between LcWRKY18
and reported anthocyanin-related WRKY proteins from other species suggests partial functional
conservation. In addition, qRT-PCR showed that LcWRKY18 exhibited clear tissue specificity in different
cultivars.As key regulatory hubs in the secondary metabolic network, WRKY transcription factors are
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involved in the regulation of biosynthesis for secondary metabolites such as flavonoids and
terpenoids.In jujube, ZIWRKY18 positively regulates triterpenoid accumulation and enhances salt
tolerance [48]. These observations support the view that LcWRKY18 genes may participate in both
secondary metabolism and stress adaptation in different plant species.

The Agrobacterium rhizogenes-mediated hairy-root system provided an effective platform for rapid
functional verification in L. chinense var. rubrum. Overexpression of LcWRKY18 caused obvious fading of
root color and a marked reduction in anthocyanin content, whereas interference of LcWRKY18 had the
opposite effect. The regulatory mechanisms underlying the role of WRKY transcription factors in
anthocyanin biosynthesis are complex and diverse.In pear, PYWRKY26 regulates the synthesis and
transport of anthocyanins by targeting the promoter of PyMYB114[70]; in kiwifruit, ACWRKY44 interacts
with MYBCT to be involved in the regulation of the proanthocyanidin and anthocyanin biosynthetic
pathways[71]. However, some WRKY members have been confirmed to possess transcriptional
repression activity. In Arabidopsis thaliana, AtWRKY317 has been identified as a transcriptional repressor
[72]; AtWRKY61 also exhibits transcriptional repression activity, where it binds to the W-box in the
promoter of ALMT1 to inhibit its expression[73]. In lily, although LhWRKY44 has been confirmed to
positively regulate anthocyanin biosynthesis, the same regulatory network also contains LhHB4, an HD-
Zip transcription factor containing an EAR repression motif, which negatively regulates anthocyanin
accumulation by suppressing the expression of LhWWRKY44 and LhMYBSPLATTER [74].Subcellular
localization showed that LcWRKY18 was distributed in both the nucleus and cytoplasm. This finding is
inconsistent with the nuclear localization results of WRKY proteins reported in most studies. Such
differences in localization may reflect the functional diversity of WRKY transcription factors. Studies
have shown that WRKY transcription factors can sense signals in the cytoplasm and, in response to
stimuli, be translocated into the nucleus to exert their regulatory functions.[75].

As plant-specific regulators, WRKY transcription factors play complex regulatory roles in the flavonoid
metabolic network. Previous studies have demonstrated that WRKY transcription factors are involved in
the regulation of anthocyanin and proanthocyanidin accumulation by directly targeting key structural
enzyme genes in the flavonoid biosynthetic pathway [76]. Meanwhile, WRKYs act as regulatory hubs to
integrate multiple developmental and environmental signals, exerting multi-layered regulatory effects on
various secondary metabolic pathways including flavonoids [77]. Metabolomic analysis of transgenic
Loropetalum chinense var. rubrum materials in this study revealed that in the anthocyanin metabolites,
overexpression of LcWRKY18 significantly reduced the contents of various anthocyanins such as
cyanidin and delphinidin, while interference significantly increased the contents of peonidin and its
derivatives. In proanthocyanidin metabolites, overexpression suppressed their accumulation, whereas
interference promoted accumulation. These results reveal that LcWRKY18 may exhibit differential
regulatory functions on different branch pathways of flavonoids. Collectively, LcWRKY18 likely exerts
differential regulatory effects on anthocyanin and proanthocyanidin biosynthesis in Loropetalum
chinense var. rubrum.
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Promoter analysis showed that LcPAL, LcANS and LcUFGT contain W-box-related cis-elements, and dual-
luciferase assays demonstrated that LcWRKY18 significantly repressed the activities of these promoters.
Together with the observed down-regulation of anthocyanin structural genes in transgenic materials,
these results indicate that LcWRKY18 may repress anthocyanin biosynthesis by acting upstream of key
pathway genes. This inference is consistent with the well-established ability of WRKY proteins to bind W-
box elements and regulate downstream transcription[36], although direct physical binding still requires
further confirmation.
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Graphical abstract text

Under high temperature, LcWRKY18 is induced in red-leaved Loropetalum chinense var. rubrum. Elevated
LcWRKY18 suppresses the expression of key anthocyanin biosynthetic genes, including LcPAL, LcANS,
and LcUFGT, leading to reduced anthocyanin accumulation and accelerated leaf regreening. Functional
analyses using hairy root transformation, transcriptomics, metabolomics, and promoter activity assays
support the role of LcWRKY18 as a negative regulator of anthocyanin biosynthesis during high
temperature.
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Figure 1

Expression profiles of LcWRKY family genes under high temperature. (A) High temperature showing the

expression pattern of LcWRKYgenes in ‘Hei Zhenzhu'. (B) High temperature showing the expression

pattern of LcWRKY genes in ‘Xiangnong Fendai’.(C) Distribution of high temperature response elements
in LcWRKY
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Figure 2
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Dt il Tl s s et

gRT-PCR validation of candidate high temperature LcWRKY genes. (A) Expression patterns in ‘Hei
Zhenzhu'. (B) Expression patterns in ‘Xiangnong Fendai'. Data are presented as mean +- SD of three
biological replicates.
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Bioinformatic analysis of LcWRKY18. (A) Phylogenetic relationship between LcWRKY78 and
representative WRKY proteins from other plant species. (B) Multiple sequence alignment of LcWRKY18
and FYWRKY50.
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Figure 4

Subcellular localization of LcWRKY18 in Nicotiana benthamiana epidermal cells.
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Molecular identification of transgenic hairy roots in Loropetalum chinense var. rubrum. (A) PCR
verification of pPCAMBIA1305-LcWRKY18 transgenic roots in ‘Hei Zhenzhu'. (B) PCR verification of
pTRV2-LcWRKY18 transgenic roots in ‘Hei Zhenzhu'. (C) Relative expression levels of LcWRKY18in
overexpression and interference lines. (D) Phenotypes of transgenic roots. (E) Microscopic observation
of root pigmentation. (F) Anthocyanin content of different root lines. Different lowercase letters indicate
significant differences at P < 0.05.0HKXExpression Levels of Anthocyanin Biosynthetic Structural Genes in
Roots Transformed with pPCAMBIA1305-LcWRKY18. (I) Expression Levels of Anthocyanin Biosynthetic
Structural Genes in Roots Transformed with pTRV2-LcWRKY18.
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Figure 7

Heat map of anthocyanin metabolites detected in different transgenic root materials.
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Figure 8

LcWRKY18 represses the promoter activities of key anthocyanin biosynthetic genes. (A) Schematic
diagrams of the promoters of LcUFGT, LcPAL and LcANS. (B-D) Dual-luciferase assay results showing the
effects of LcWRKY18 on the activities of the three promoters. Different lowercase letters indicate
significant differences at P < 0.05.

Page 32/33



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

* SupplementaryFig1.jpg
e SupplementaryFig2.jpg
* SupplementaryFig3.jpg
e SupplementaryFig4.jpg
* SupplementaryFig5.jpg
« Fulllengthoriginalgelimages.pdf

Page 33/33


https://assets-eu.researchsquare.com/files/rs-9482561/v1/e2e6013734387ecc58f84d44.jpg
https://assets-eu.researchsquare.com/files/rs-9482561/v1/9e563ff95b7d1ea379931c51.jpg
https://assets-eu.researchsquare.com/files/rs-9482561/v1/4330ac3edd82c1944f87cded.jpg
https://assets-eu.researchsquare.com/files/rs-9482561/v1/8a1366223eeeb8edd89ac8fd.jpg
https://assets-eu.researchsquare.com/files/rs-9482561/v1/08f4865af12dcdfd25973b74.jpg
https://assets-eu.researchsquare.com/files/rs-9482561/v1/81108d189f29a1c8155d7d18.pdf

