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Abstract: Lagerstroemia indica is a widely used ornamental woody plant known for its summer
flowering and significant ornamental and economic value. While L. indica boasts a variety of rich
flower colors, the molecular mechanisms underlying this color formation remain unclear. In this
study, we selected three different flower colors of L. indica—white (W), red (R), and purple (P)—for
transcriptome and metabolome analysis. The metabolome analysis identified 538 flavonoids, with
22 anthocyanins highly accumulated in the red and purple flowers. RNA-seq analysis annotated a
total of 35,505 genes. Furthermore, we identified 42 differentially expressed genes (DEGs) involved in
anthocyanin biosynthesis, with their expression levels aligning with anthocyanin content. Correlation
analysis revealed that 19 MYB and 11 bHLH transcription factors are likely involved in anthocyanin
biosynthesis. Additionally, we identified 59 auxin biosynthesis and signaling-related genes that are
positively correlated with anthocyanin-related genes and metabolites, suggesting that auxin may
play a role in regulating anthocyanin biosynthesis in L. indica. This study provides valuable insights
into the regulatory mechanisms underlying anthocyanin accumulation and color formation in L.
indica petals and identifies several potential genes, laying the groundwork for further research on
regulatory mechanisms and genetic improvement of L. indica.
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1. Introduction

Flower color is one of the most intuitive features of ornamental plants. It not only
attracts insects for pollination and serves as a protective color for flower organs in nature [1]
but also enhances the plant’s stress resistance by adjusting the color of its flowers [2].
Additionally, flower color often plays a crucial role in the ornamental value and quality of
plants. In everyday life, flower pigments such as flavonoids and carotenoids—known for
their functions in preventing heart disease, lowering blood pressure, and antiaging [3]—are
recognized as “nutritional” compounds due to their medicinal and nutritional value. These
pigments have significant applications in skincare, healthcare, and food [4].

Flower color is determined by the pigment components in the petal cells and is influ-
enced by multiple factors, including temperature and pH [5]. Flower pigments include
flavonoids, carotenoids, and betalaine [6]. Flavonoids, the largest and most widely present
pigment group in plants, are crucial for the formation of flower colors in most plant
species [7]. Structurally, flavonoids can be classified into 12 subgroups, such as antho-
cyanins, flavones, chalcones, flavonols, isoflavones, and proanthocyanidins [8]. Different
types of flavonoids give plants different colors, and anthocyanins endow plants with red,
pink, purple, and orange colors [8]. Flavonoids are synthesized via the phenylpropanoid
metabolic pathway, with anthocyanins representing a key branch of this pathway [9]. The
synthesis of anthocyanins begins with the conversion of phenylalanine to coumaroyl-CoA
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by the enzymes phenylalanine ammonia-lyase (PAL), cinnamate 4-hydroxylase (C4H),
and 4-coumarate-CoA ligase (4CL). Coumaroyl-CoA then combines with malonyl-CoA,
catalyzed by chalcone synthase (CHS), to form chalcone. Chalcone acts as an important
intermediate in the flavonoid pathway, converting to dihydroflavonols through the action
of chalcone isomerase (CHI) and flavanone-3-hydroxylase (F3H). Dihydroflavonols are
then converted into anthocyanins or flavonols by dihydroflavonol reductase (DFR) and
flavonol synthase (FLS). In the anthocyanin synthesis pathway, dihydroflavonols are further
converted into anthocyanins such as delphinidin, pelargonidin, and cyanidin through the
actions of DFR and anthocyanin synthase (ANS) [10].

These anthocyanins follow a complete synthesis pathway in higher plants, with many
transcription factors involved in pigment synthesis and the regulation of structural genes
at the transcriptional level, especially in the structure, function, and regulation of MBW
complexes. In blueberries, 11 MYB, 7 bHLH, and 6 WD40 genes have been identified.
Studies verified that the expression patterns of MYB-bHLH-WD40 genes are positively
correlated with anthocyanin accumulation and color development in blueberries [11]. In
Fagopyrum tataricum, the gene FtMYB3, which belongs to the fourth subfamily of R2R3-MYB,
can downregulate the expressions of DFR and ANS in transgenic Arabidopsis thaliana, acting
as a negative regulatory transcription factor for anthocyanins [12]. The overexpression
of AcMYB10 in Red-fleshed kiwifruit increased anthocyanin accumulation in the fruit
peel. The virus-induced silencing of AcMYB10 and its transient expression in tobacco
leaves confirmed the positive regulatory effect of AcMYB10 on anthocyanins in red-fleshed
kiwifruit [13]. In Antirrhinum majus, bHLH-1 and bHLH-2 proteins help establish the
pigment distribution pattern in jujube flowers through two mechanisms: by regulating
the expression of anthocyanin biosynthesis genes through functional redundancy and by
influencing the encoding of transcription factor genes through protein differences [14].

Plant hormones, as small organic signaling molecules, play crucial roles in the synthe-
sis and metabolism of anthocyanins. For example, in red raspberry (Rubus idaeus L.), auxin
reverse-regulates the metabolism of anthocyanins [15]. Anthocyanin synthesis is promoted
in nonlimetic sweet cherry (Prunus avium L.) by the exogenous addition of auxin [16].
Ethylene regulates fruit ripening and enhances anthocyanin biosynthesis by promoting the
expression of MdMYB1, resulting in more vibrant fruit color [10]. Gibberellin negatively
regulates flavonoid biosynthesis by reducing the expression of GA4, which promotes the ac-
cumulation of anthocyanins in Arabidopsis thaliana. These findings highlight the significant
role of plant hormones in the anthocyanin synthesis metabolic pathway [10].

Lagerstroemia indica, a deciduous small tree or shrub from the genus Lagerstroemia in
the family Lythraceae, blooms predominantly in summer and is commonly planted in
tropical and warm temperate regions [17]. As a prominent ornamental plant in traditional
China, L. indica is a key species for distribution and cultivation in the country. Its extended
summer flowering period makes it a valuable ornamental plant [18]. In addition, L. indica
has pharmacological effects such as anti-inflammatory, analgesic, antipyretic, antioxidant,
anticancer, antibacterial, anti-Alzheimer’s disease, antidiabetes, liver protection, and an-
tithrombin effects. It can be used as a medicinal plant to generate considerable economic
benefits and has notable development prospects [19]. Beyond its aesthetic appeal, L. indica
also contributes to environmental health by resisting pollution and absorbing harmful
gases and dust, making it an important choice for landscaping.

In the 1960s, Dr. Zhang began investigating and hybridizing the Lagerstroemia genus
in China, successfully cultivating more than 200 varieties with diverse plant structures
and flower colors [20]. Despite this progress, there remains a lack of blue, yellow, green,
and orange flowers in Lagerstroemia. While anthocyanins play a crucial role in determining
the color of Lagerstroemia petals, the molecular regulatory mechanisms in L. indica are
still not fully understood. This study focused on the petals from three different flower
colors—white, red, and purple—derived from the semihybrid descendants of the “Jianmin
Hong” variety. Through transcriptome and metabolome analysis, this research aimed to
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provide important data on the molecular mechanisms underlying Lagerstroemia flower color
and anthocyanin biosynthesis.

2. Materials and Methods
2.1. Plant Materials

The plant material was grown at the Lagerstroemia Germplasm Resources of the
Zhejiang Academy of Forestry in Hangzhou, Zhejiang Province. The selected Lagerstroemia
indica variety was a semisibling descendant of “Jianmin Hong”, bred by Boxin Hou et al.
from Hunan Crape Myrtle Institute. Three color varieties of crape myrtle—white (W), red
(R), and purple (P)—were chosen for this study. All plants were approximately 10 years
old and had received regular irrigation and fertilization. Sampling was carried out in the
summer of 2023, with petals randomly collected from healthy plants. Each flower color was
sampled three times (each sample was no less than 5 g), and the petals were stored in liquid
nitrogen at −80 ◦C until subsequent transcriptome and flavonoid metabolomics studies.

2.2. Detection of Total Flavonoids in Lagerstroemia indica Petals for Metabolomic Analysis

The petal samples, frozen in liquid nitrogen, were placed in a freeze-dryer (Scientz-
100F, Ningbo, China) for vacuum freeze-drying. The samples were ground into powder
using a grinder (MM 400, Retsch, Arzberg, Germany) at a frequency of 30 Hz for 1.5 min.
Then, 50 mg of the sample powder was weighed using an electronic balance (MS105D M,
Mettler Toledo, Zurich, Switzerland). Further, 1200 µL of the internal standard extraction
(70% methanol-water, v/v) solution was added, after which it was precooled to −20 ◦C
and vortex every 30 min for 30 s, repeating six times. Finally, the vortexed sample was
placed into a centrifuge (Eppendorf, Hamburg, Germany) at 12,000 rpm (11,304× g) and
centrifuged for 3 min. Then, the supernatant was extracted and filtered using a microporous
membrane (0.22 µm pore size) and transferred to a liquid-nitrogen storage bottle for ultra-
high-performance liquid chromatography tandem mass spectrometry analysis.

Data collection was performed using ultra-performance liquid chromatography (UPLC,
sciex, Singapore) with an ExionLC™ AD system (https://sciex.com.cn/, accessed on 20
March 2024) and tandem mass spectrometry (MS/MS, sciex, Singapore). The UPLC con-
ditions were applied according to the method by Wang et al. [21] and mass spectrometry
followed the method of Chen et al. [22]. For liquid chromatography (SB-C18, Agilent,
Santa Clara, CA, USA), an Agilent SB-C18 1.8 µm column (2.1 mm × 100 mm) was used.
Mobile phase A was ultrapure water with 0.1% formic acid (v/v), and mobile phase B was
acetonitrile with 0.1% formic acid. The elution gradient was set as follows: 5% phase B at
0 min, increasing linearly to 95% phase B over 9 min, and maintaining at 95% for 1 min.
From 10 to 11 min, phase B was reduced to 5% and held for 14 min. The flow rate was
set to 0.35 mL/min, the column temperature to 40 ◦C, and the injection volume to 2 µL.
For tandem mass spectrometry analysis, the spray ion source (ESI) temperature was set
to 55 ◦C and the ion spray voltage to 5500 V (positive ion mode) or −4500 V (negative ion
mode). Ion source gases were set to I (GSI) and II (GSII) and curtain gas (CUR) to 50, 60,
and 25 psi, with collision-induced ionization parameters set to high. The QQQ scan was
used in MRM mode, and the collision gas (nitrogen) was set to medium. Specific MRM ion
pairs were monitored based on the metabolites eluted during each period.

2.3. Transcriptome Analysis Method for Lagerstroemia indica

The petal samples, frozen in liquid nitrogen, were placed in a precooled grinding bowl
for thorough grinding. Total RNA was extracted from each sample using a Difficult to
Extract Plant RNA Small Extraction Kit (Magen, Guangzhou, China). mRNA was then
enriched with polyA tails using Oligo(dT) magnetic beads for NEB library construction.
After constructing the library, a Qubit 3.0 fluorometer (Invitrogen, Waltham, MA, USA)
was used for preliminary quantification, and the library was diluted to 1.5 ng/µL. Then, an
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) was used to detect
the insert size of the library. Once the insert size was verified, qRT-PCR was performed

https://sciex.com.cn/
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to accurately quantify the effective concentration of the library (which should be higher
than 1.5 nM) to ensure quality. After passing quality control, different libraries were pooled
according to effective concentration and target data volume requirements for Illumina
sequencing (Illumina, San Diego, CA, USA).

Adapter and low-quality reads were eliminated to obtain clean raw data. Q20, Q30,
and GC values were calculated to evaluate data quality. Raw data were filtered to re-
move reads with adapters, reads containing ‘N’, and low-quality reads (with Qphred ≤ 5
accounting for more than 50% of the read length) to obtain clean reads for subsequent
analysis. New transcripts were assembled using StringTie v2.2.3 software [23] and were
annotated using databases such as Pfam (Protein family, http://pfam-legacy.xfam.org/,
accessed on 25 July 2024), SUPERFAMILY (https://supfam.org/, accessed on 25 July 2024),
GO (Gene Ontology, https://geneontology.org/, accessed on 25 July 2024), and KEGG
(Kyoto Encyclopedia of Genes and Genomes, https://www.genome.jp/kegg/, accessed on
25 July 2024).

2.4. Quantitative Real-Time PCR (qRT-PCR)

To verify the reliability and accuracy of the transcriptome data, DEGs related to the
flavonoid pathway were randomly selected for qRT-PCR analysis. RNA samples were
reverse-transcribed using PrimeScript RT Master Mix (Takara, Dalian, China). Gene-specific
primers were designed using Primer Express v3.0.1 software (Table S1), and qRT-PCR was
performed using an ABI 7500 Fast Real-Time PCR System (ABI, Oyster Bay, New York, NY,
USA) and TB Green® Premix Ex Taq II (Takara, Dalian, China). Relative gene expression
was quantified using the 2−∆∆CT method.

2.5. Transcription Factors Analysis

Given the crucial role of transcription factors (TFs) in anthocyanin synthesis, we
analyzed TF expression across all samples. We identified putative TFs from the transcription
annotation file using the keyword ‘transcription factors’, calculated their number and
categories, and sorted them using the Chiplot webpage (https://www.chiplot.online/,
accessed on 10 September 2024).

2.6. Statistical Analysis

Statistical analyses were performed with GraphPad Prism 9 (GraphPad, San Diego,
CA, USA). The results are expressed as the mean ± SE of three independent experiments.
Statistical significance was determined using Student’s t-test (* p < 0.05 and ** p < 0.01),
PCA was performed using R 4.4.0 (http://www.r-project.org/, accessed on 12 September
2024) according to a method described previously [24].

3. Results
3.1. Principal Component Analysis of Metabolites

Metabolomics analysis was conducted on three crape myrtle color variants: red, pur-
ple, and white (Figure 1A). After detection by UPLC-MS/MS, principal component analysis
(PCA) was applied to the dataset. We screened PC1 and PC2 from the scree plot using prin-
cipal component analysis for subsequent model plotting (Figure S1). The results revealed
a significant separation of flavonoid metabolites among the three color variants of crape
myrtle (Figure 1B). A total of 538 flavonoid metabolites were detected across the samples
(Figure 1C and Table S2), including flavonols (28.07%), flavones (23.61%), tannins (15.06%),
dihydroflavones (7.43%), other flavonoids (6.51%), anthocyanins (5.95%), isoflavones
(3.35%), chalcones (3.16%), flavanols (2.97%), dihydroflavonols (2.60%), flavonoids (0.74%),
and orange ketones (0.56%; Figure 1D). Among these, 358 differentially accumulated
flavonoids (DAFs) were identified in all samples (Table S3).

http://pfam-legacy.xfam.org/
https://supfam.org/
https://geneontology.org/
https://www.genome.jp/kegg/
https://www.chiplot.online/
http://www.r-project.org/
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4, 4, and 9 downregulated (Figure 2B). Among these, 22 anthocyanins were upregulated 
relative to white, red, and purple (Figure 2C). 

Figure 1. Metabolite analysis. (A) Lagerstroemia indica has three colors of petals (white, red,
and purple); (B) two-dimensional PCA results of three different colors of crape myrtle samples;
(C) cluster heatmap of all metabolite contents (clustering of metabolites and samples); (D) compre-
hensive analysis of flavonoid metabolite components.

3.2. Analysis of Differential Metabolites

In the comparisons of red versus white (R vs. W), purple versus white (P vs. W),
and purple versus red (P vs. R) groups, 231, 195, and 260 differential flavonoids were
identified, respectively, with 105, 130, and 171 being upregulated, and 126, 65, and 89 being
downregulated (Figure 2A). Anthocyanins, the main pigments responsible for the red color
in plants, showed 24, 20, and 11 differentially accumulated anthocyanins (DAAs) in the R
vs. W, P vs. W, and P vs. R groups, respectively, with 20, 16, and 2 upregulated, and 4, 4,
and 9 downregulated (Figure 2B). Among these, 22 anthocyanins were upregulated relative
to white, red, and purple (Figure 2C).



Horticulturae 2024, 10, 1229 6 of 16
Horticulturae 2024, 10, x FOR PEER REVIEW 6 of 17 
 

 

 
Figure 2. Differential metabolite analysis. (A) Analysis of differential flavonoids in the R vs. W, P 
vs. W, and P vs. R groups; (B) analysis of differential anthocyanin metabolites in the R vs. W, P vs. 
W, and P vs. R groups; (C) thermogram of upregulated anthocyanin metabolites in R vs. W and P 
vs. W. 

3.3. Transcriptome Sequencing and Analysis 
Further analysis of the gene expression in the three crape myrtle petal types yielded 

56.04 Gb of clean data after filtering out low-quality reads (NCBI number: SUB14762385), 
with each sample exceeding 6.5 Gb. The Q20 and Q30 values for each library were at least 
97.78% and 93.66%, respectively, and the GC content was at least 50.54% (Table S4). By 
assembling new transcripts with StringTie and annotating them using databases such as 
Pfam, GO, and KEGG, a total of 35,505 genes were annotated (Table S5). Among these, 
Pfam, GO, KEGG, and swissport annotated 25,998, 17,204, 6759 and 25,194 genes, respec-
tively (Table S6). 

3.4. Identification and Enrichment of DEGs 
Differentially expressed genes (DEGs) between the three different-colored Lagerstro-

emia indica petals were identified using DESeq2 (1.20.0), with a q-value ≤ 0.05 and an ab-
solute log2 fold change ≥ 1 (padj < 0.05 and |log2(FoldChange)| > 1). In the three compar-
ison groups (W vs. R, W vs. P, R vs. P), there were 1435, 4539, and 1746 DEGs, respectively 
(Figure 3A and Tables  S7–S9). The W vs. P group had the highest number of DEGs, with 
1966 upregulated genes and 2573 downregulated genes. 
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categories: biological processes, cellular components, and molecular functions. We per-
formed GO functional enrichment analysis on the DEGs using ClusterProfiler to deter-
mine the main functional categories in these groups. From the GO enrichment analysis 
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Figure 2. Differential metabolite analysis. (A) Analysis of differential flavonoids in the R vs. W, P vs.
W, and P vs. R groups; (B) analysis of differential anthocyanin metabolites in the R vs. W, P vs. W,
and P vs. R groups; (C) thermogram of upregulated anthocyanin metabolites in R vs. W and P vs. W.

3.3. Transcriptome Sequencing and Analysis

Further analysis of the gene expression in the three crape myrtle petal types yielded
56.04 Gb of clean data after filtering out low-quality reads (NCBI number: SUB14762385),
with each sample exceeding 6.5 Gb. The Q20 and Q30 values for each library were at least
97.78% and 93.66%, respectively, and the GC content was at least 50.54% (Table S4). By
assembling new transcripts with StringTie and annotating them using databases such as
Pfam, GO, and KEGG, a total of 35,505 genes were annotated (Table S5). Among these, Pfam,
GO, KEGG, and swissport annotated 25,998, 17,204, 6759 and 25,194 genes, respectively
(Table S6).

3.4. Identification and Enrichment of DEGs

Differentially expressed genes (DEGs) between the three different-colored Lager-
stroemia indica petals were identified using DESeq2 (1.20.0), with a q-value ≤ 0.05 and
an absolute log2 fold change ≥ 1 (padj < 0.05 and |log2(FoldChange)| > 1). In the three
comparison groups (W vs. R, W vs. P, R vs. P), there were 1435, 4539, and 1746 DEGs,
respectively (Figure 3A and Tables S7–S9). The W vs. P group had the highest number of
DEGs, with 1966 upregulated genes and 2573 downregulated genes.

GO is a comprehensive database that describes gene functions, divided into three cate-
gories: biological processes, cellular components, and molecular functions. We performed
GO functional enrichment analysis on the DEGs using ClusterProfiler to determine the
main functional categories in these groups. From the GO enrichment analysis results, we
selected 32 terms to create a bar chart (Figure 3B). We used the KEGG pathway database for
enrichment analysis and selected the top 20 significant KEGG pathways to visualize with a
scatter plot. If fewer than 20 pathways were found, we display all pathways below. The
horizontal axis in the figure represents the ratio of DEGs annotated to each KEGG pathway
relative to the total number of DEGs, while the vertical axis shows the KEGG pathways.
The size of the dots indicates the number of genes annotated to each KEGG pathway, and
the colors ranging from red to purple denote the significance of enrichment (Figure 3C).
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W vs. R groups; (B) GO annotation enrichment analysis; (C) KEGG annotation enrichment analysis.

3.5. DEGs Involved in the Anthocyanin Synthesis Pathway

Based on the annotation of the 5785 DEGs in the transcriptome database (Table S10),
85 key genes related to anthocyanin synthesis were identified, such as PAL, C4H, 4CL,
CHS, F3′5′H, DFR, ANS, ANR, FLS, and UFGT (Figure 4A). Among the three flower color
varieties, a total of 42 DEGs showed higher expression levels in R and P than in W (Figure 5).

Transcriptome data analysis identified 1386 transcription factors among the DEGs,
annotated as bHLH, NAC, WRKY, ERF, C2H2, FAR1, C3H, B3, MYB, G2-like, bZIP, GRAS,
LBD, M-type MADS, HSF, Trihelix, HB other, ARF, GATA, Dof, MIKC-MADS, HD-ZIP,
NF-YB, TCP, E2F, CAMTA, SBP, Nin-like, GeBP, TALE, NF-YC, BES1, CO-like, AP2, NF-YA,
STAT, DBB, CPP, S1Fa-like, ZF-HD, EIL, GRF, ARR-B, WOX, BBR-BPC, Whirly, YABBY, SRS,
HRT-like, LSD, HB-PHD, VOZ, NF-X1, SAP, LFY, RAV, etc. Among these, bHLH and MYB
had the highest number of transcription factors, with 354 and 299, respectively (Figure 4B).

Plant hormones regulate growth and development, and several DEGs related to plant
hormone signal transduction were identified. Among these, 394 genes are associated with
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growth hormone signal transduction. Specifically, 201 (51%) of these genes are related to
auxin, including LBD, IAA, ARF, LAX, TIR, YUCCA, GH3, PIN, and TAR (Figure 4C).
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3.6. Models of Anthocyanin Biosynthetic Pathways and qRT-PCR Verification

Based on transcriptome data, we constructed simplified models of the anthocyanin
biosynthesis pathways in the three types of L. indica petals (Figure 5). These models
illustrate the anthocyanin synthesis pathway starting from phenylalanine and show higher
expression levels of PAL, C4H, 4CL, CHS, CHI, F3′H, F3′5′H, DFR, ANS, UFGT, and other
genes in R and P petals compared with W petals.

To validate the accuracy of the transcriptome data, 9 DEGs were selected from the
42 key DEGs for qRT-PCR analysis. The relative expression levels of these genes closely
aligned with the transcriptome results (Figure 6), indicating that the RNA-seq data were
reliable and accurate.
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3.7. Correlation Analysis of Anthocyanin Synthesis Pathways

Using the annotation information from the 85 DEGs in the transcriptome database,
we identified 42 key genes involved in anthocyanin synthesis, which play a significant
role in the color of Lagerstroemia plants. These genes include PAL, C4H, 4CL, CHS, CHI,
F3′5′H, DFR, ANS, and UFGT. Pearson correlation analysis was performed among these
42 functional genes and 22 selected anthocyanin metabolites with the Chiplot website
(https://www.chiplot.online, accessed on 15 September 2024). The analysis revealed that
most of these genes related to anthocyanin synthesis are positively correlated with the
accumulation of the 22 anthocyanin metabolites (the correlation coefficient ranges > 0)
(Figure 7), which may be associated with color.

We screened 653 MYB and bHLH transcription factors from the transcriptome database
and conducted a focused analysis on these factors. We identified 19 MYBs and 11 bHLHs
that are more highly expressed in red and purple petals than in white petals. Correlation
analysis between these MYBs and bHLHs, the 42 anthocyanin pathway-related genes, and
the 22 anthocyanin metabolites revealed that the 19 MYBs, 11 bHLHs, and 42 anthocyanin
synthesis pathway-related genes are positively correlated with the accumulation of the
22 anthocyanin metabolites (Figures 8 and 9). These results suggest that transcription
factors such as MYBs and bHLHs are involved in anthocyanin synthesis and influence
flower color.

https://www.chiplot.online
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A total of 201 auxin-related genes were screened through transcriptome analysis, and
their correlation with 42 anthocyanin-related genes and 22 anthocyanin metabolites was
analyzed (Figures 10 and 11). The analysis revealed that 74 auxin signaling genes strongly
correlated with both the 42 anthocyanin synthesis genes and the 22 anthocyanin metabolites.
Among these, 59 auxin signaling genes (TAR, YUCCA, TIR, ARF, IAA, GH3, LBD, PIN)
were expressed at higher levels in the red and purple petals compared to white petals
and positively correlated with anthocyanin-related genes and metabolites. Conversely,
15 auxin signaling genes (LAX, PIN) were expressed at lower levels in red and purple
petals compared to white petals and were negatively correlated with anthocyanin-related
genes and metabolites. These results suggest that auxin may play a role in regulating
anthocyanin synthesis.
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4. Discussion

Flower color is a key ornamental feature of plants, influencing their quality and
market value. L. indica, known for its diverse color range, including white, red, and
purple, is widely promoted for landscaping applications. Different types of flavonoids
give plants different colors. The primary pigment in the red and purple varieties of
Lagerstroemia indica flowers is anthocyanins, while in the yellow flowers of Heimia link, it is
flavonols [25]. A study identified four types of anthocyanins in the petals of red and purple
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Lagerstroemia indica flowers: delphinidin-3-O-glucoside, cyanidin-3-O-glucoside, petunidin-
3-O-glucoside, and malvidin-3-O-glucoside. In contrast, white Lagerstroemia indica flowers
lack anthocyanins but contain high levels of flavonoids and flavonols compared to the
red and purple varieties [26]. Anthocyanins are crucial pigments in petals, responsible
for a spectrum of colors from orange/red to purple/blue [27]. For instance, the Japanese
morning glory (Ipomoea nil) produces anthocyanins that give its petals a vibrant blue or
red hue [28], while peony (Paeonia suffrutiosa) displays anthocyanin-induced spots in its
petals [29]. This study used the red, pink, and white offspring from the half-sibling family
of “Jianmin Red” to investigate the mechanism of color formation. Metabolome analysis
revealed that anthocyanins are more abundant in red and pink Lagerstroemia indica flowers
compared with white flowers (Figure 2B), with 22 anthocyanins upregulated in both red
and pink varieties, which may be key components in the development of flower color in
red Lagerstroemia indica.

4.1. Structural Gene Analysis of Anthocyanin Synthesis Pathway

The anthocyanin synthesis pathway of was elucidated [30], and the functions of the
related synthetic genes were validated. For example, Chalcone synthase (CHS) is involved in
anthocyanin synthesis and contributes to pigment deposition in papaya [31]. Overexpres-
sion of the BoDFR gene enhances anthocyanin accumulation in the petals of pink-leafed
ornamental kale [32]. Additionally, ANS promotes anthocyanin expression in mature grape
fruit epidermal cells, leading to increased pigment accumulation [33]. In this study, we
detected the genes involved in the anthocyanin synthesis pathway, including PAL (6 DEGs),
C4H (2 DEGs), 4CL (5 DEGs), CHS (10 DEGs), CHI (5 DEGs), F3′5′H (1 DEG), DFR (2 DEGs),
ANS (2 DEGs), and UFGT (9 DEGs; Figure 5). Correlation analysis indicated that these
anthocyanin synthesis pathway genes were strongly correlated with the 22 anthocyanin
metabolites (Figure 7).

4.2. Correlation of Transcription Factors Involved in Anthocyanin Synthesis in L. indica

The transcriptional regulation of anthocyanin synthesis in plants is primarily con-
trolled by a protein complex composed of MYB, bHLH, and WD40 proteins [34]. For
instance, MYB6 promotes the biosynthesis of anthocyanins in Populus tomentosa [35];
PavMYB10.1 in cherries (Prunus avium) participates in anthocyanin biosynthesis and reg-
ulates fruit skin color [36]. The MYB transcription factor gene C1 in maize positively
regulates ZmCHS and ZmDFR, thereby enhancing anthocyanin synthesis [37]. In Arabidop-
sis thaliana, the biosynthetic structural genes for anthocyanins are jointly regulated by the
MBW complex [38]. FhMYB27 and FhMYBx in Freesia hybrida have been confirmed as
inhibitors of R2R3 MYB and R3 MYB, showing a reverse regulatory effect on anthocyanin
synthesis and accumulation [39]. The absence of bHLH expression in carnations inhibits
DFR and downstream anthocyanin synthesis, leading to reduced anthocyanin accumula-
tion and white petals [40]. DcTT8 in Dendrobium candidum can bind to and regulate the
expression of DcF3′H and DcUFGT promoters, participating in anthocyanin synthesis [41].
Additionally, the activation of MYB is crucial for anthocyanin expression in fruits such as
tomatoes, apples, kiwis, and pears, with the transcriptional abundance of activated MYB
determining the level of anthocyanin accumulation [42]. This study screened differential
transcription factors in R vs. W and P vs. W groups and found that MYBs and bHLHs
were the most prevalent differential transcription factors (Figure 4B). The analysis of their
correlation with genes and metabolites related to anthocyanin synthesis pathways revealed
that MYBs and bHLHs transcription factors significantly correlated with the genes and
metabolites involved in anthocyanin synthesis, with their expression trends being positively
correlated (Figures 8 and 9).

4.3. Auxins May Be Involved in the Regulation of Anthocyanin Synthesis in L. indica

Auxin is a crucial growth hormone in plants that plays a significant role in various
growth and development processes [43]. Auxin is also involved in regulating plant antho-
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cyanin synthesis. For example, treating Arabidopsis thaliana seedlings with an IAA solution
increased the expression levels of transcription factors related to anthocyanin synthesis,
thereby positively regulating anthocyanin synthesis [44]. In transgenic red meat apples
(Malus domestica), the overexpression of MdIAA121 and MdARF13 in callus tissue reduced
the inhibitory effect of MdARF13 on anthocyanin biosynthesis [45]. Additionally, the
endogenous auxin content in purple wheat (Triticum aestivum) grains was positively corre-
lated with anthocyanin accumulation [46]. In strawberries (Fragaria × ananassa), inhibiting
anthocyanin-related genes with exogenous growth hormones delayed fruit ripening [47].
This study identified 394 plant-hormone-related genes, with auxin-related genes being the
most numerous (Figure 4C). These genes are strongly correlated with both anthocyanin syn-
thesis pathway genes and anthocyanin metabolites, showing a positive (TAR, YUCCA, TIR,
ARF, IAA, GH3, LBD, and PIN) or negative (LAX, PIN) regulatory trend (Figures 10 and 11).
These findings suggest that auxin may play a role in regulating anthocyanin synthesis in L.
indica, thereby influencing flower color formation.

5. Conclusions

Transcriptome and metabolome analyses were used for the identification and func-
tional classification of DEGs and anthocyanin among three different-colored petals (white,
red, and purple) in order to investigate the mechanism of flower color differentiation in
L. indica. The results showed that 22 anthocyanins highly accumulated in the red and
purple flowers. Additionally, 42 anthocyanin-biosynthesis-related genes, such as PAL, C4H,
4CL, CHS, CHI, F3′5′H, DFR, ANS, and UFGT, were highly expressed in red and purple
petals, which positively correlated with the accumulation of the 22 anthocyanin metabolites.
Meanwhile, we identified 19 MYB and 11 bHLH transcription factors that were highly
expressed in red and purple petals. And, their expression trends were positively correlated
with the accumulation of the 22 anthocyanins. Importantly, 59 auxin biosynthesis and
signaling-related genes, such as TAR, YUCCA, TIR, ARF, IAA, GH3, LBD, and PIN, were
positively correlated with anthocyanin-related genes and metabolites, indicating that the
auxin pathway is related to anthocyanin metabolism and further involved in the flower
color formation in L. indica. Further analyzing the molecular regulation mechanism in-
volved and the screening of key genes will lay a foundation for understanding the genetics
and for the breeding of L. indica.
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