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Abstract

Citri Grandis Exocarpium (CGE) is derived from the immature or nearly mature dried outer peel of Citrus grandis 'Tomentosa' (Huazhou pomelo) or C. grandis
(L.) Osbeck (pomelo). CGE is a traditional medicinal herb from Guangdong Province (China) that primarily contains active substances, such as flavonoids,
with expectorant, antitussive, and anti-inflammatory properties. However, the differences in quality and the mechanisms underlying these differences
between the two plant sources specified in the Chinese Pharmacopoeia have not been fully elucidated. For the first time, this study systematically analyzed
Huazhou pomelo (C. grandis 'Tomentosa' ) from its authentic production region and Sanhong pomelo (C. grandis (L.) Osbeck) from Meizhou by using an
integrated analysis of metabolomics and transcriptomics. The results showed that the flavonoid components in both extracts were generally consistent,
indicating that both pomelos could serve as sources of CGE. However, the content differed significantly. Flavonoids related to medicinal effects, such as
naringin and hesperidin, were significantly more abundant in Huazhou pomelo than in Sanhong pomelo, with compounds such as 5-demethylnobiletin
detected only in Huazhou pomelo. The integrative metabolomics and transcriptomics analysis identified 11 key structural genes and transcription factors
potentially involved in flavonoid biosynthesis, providing candidate targets for functional validation. This study uncovered the molecular basis for Huazhou
pomelo being superior in quality to Sanhong pomelo as an authentic medicinal material for CGE and provided scientific evidence for optimizing quality
standards and enhancing its commercial value. Furthermore, this study provided a theoretical foundation for further functional research.
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Introduction

Citri Grandis Exocarpium (CGE) is made from the immature or
nearly mature dried outer peel of Citrus grandis 'Tomentosa'
(Huazhou pomelo) or C. grandis (L.) Osbeck (pomelo)!"l. Huazhou
pomelo is a cultivated variety of pomelo that originates from
Huazhou City, Guangdong Province, China. Huazhou pomelo
received geographical indication protection in 2007 and was offi-
cially recorded in the 'Chinese Pharmacopoeia' as the source plant
for the traditional Chinese medicine 'Citri Grandis Exocarpium'i2,
The main bioactive components of CGE are flavonoids, volatile oils,
polysaccharides, and coumarinsB-51, These components endow CGE
with various pharmacological activities, including as an antioxidant,
antibacterial, antitussive, expectorant, and allergic asthma treat-
ment, and play significant roles in the prevention and treatment of
COVID-19; thus, CGE has been included in treatment plans for
COVID-19[6-91, The key components of CGE are naringin, naringenin,
isosinensetin, apigenin, hesperidin, and isoquercitrin, which have
expectorant, antitussive, anti-inflammatory, anticancer, and antial-
lergic activities!®-12l. Naringin is listed as a marker component of CGE
by the 'Chinese Pharmacopoeia'.

Research on different sources of CGE has mainly focused on the
components in different strains of Huazhou pomelo, comparative
analysis of the main components of different strains of Huazhou
pomelo and different varieties of pomelo, and the main compo-
nents of different parts (i.e., flowers, leaves, fruits) of different strains
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of Huazhou pomelo and different varieties of pomelol23.13-16], The
current application of multi-omics research in medicinal plants has
played a significant role in advancing the understanding of the func-
tions of medicinal plants and their natural products, as well as the
mechanisms underlying their authenticity!'”-'91. Transcriptomics
and metabolomics research has primarily focused on component
comparisons between varieties of pomelo and Huazhou pomelo,
the main components of different parts (i.e. flowers, leaves, and
fruits) of the Huazhou pomelo, and screening of transcription factors
and structural genes related to the flavonoid pathway!*20-241, Addi-
tionally, studies have explored the geoherbalism of CGE from differ-
ent regions, concluding that the flavonoid composition of Huazhou
pomelo from Huazhou City is similar to that of two other regions but
significantly differs in content, suggesting that nobiletin, demethyl-
nobiletin, and heptamethoxyflavone can serve as markers for the
geoherbalism of CGE!'l. However, few comprehensive analyses have
been conducted to determine whether the pharmacological quality
of Huazhou pomelo is superior to other variates, and precise quality
evaluations using advanced transcriptomics and metabolomics of
Huazhou pomelo and other varieties of pomelo as sources of CGE
have rarely been reported.

Therefore, this study selected Huazhou pomelos from Huazhou
City, a key production area, and Sanhong pomelos from Meizhou as
the experimental materials and employed combined metabolomics
and transcriptomics techniques to investigate the main advantages
of Huazhou pomelo as a source plant for CGE. Through untargeted
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metabolomics, relative quantification of the main active compo-
nents (flavonoids) in CGE was conducted and combined with HPLC
techniques to analyze the main flavonoid components. Further, key
differentially expressed genes in the flavonoid pathway were
screened from metabolomic and transcriptomic data, and gRT-PCR
was used for the relative quantification of these genes. A compre-
hensive assessment concluded that the main reason for Huazhou
pomelo being the geoherbal source of CGE was the significantly
higher content of pharmacologically active flavonoids in Huazhou
pomelo than in Sanhong pomelo, particularly the presence of
demethylnobiletin in Huazhou pomelo.

Materials and methods

Plant materials

The Huazhou Pomelo used in this study was selected from the
Huazhou pomelo plantation located in Gou'ertang Village, Ligang
Town, Huazhou City, Maoming City, Guangdong Province (21°47'4"
N 110°38"29" E). Sanhong pomelo was selected from the pomelo
plantation located in Huangmei Village, Bingcun Town, Meixian
District, Meizhou City, Guangdong Province, China (24°2127"N
116°17'49" E). The selected fruits were free from mechanical damage
and pest characteristics, with a diameter of 7-8 cm (Fig. 1a). The
outer peels of the fruits were immediately frozen in liquid nitrogen
and stored at —80 °C, with another portion being freeze-dried (Christ
Alpha 1-2 LD plus, Germany).

Total flavonoid extraction and HPLC quantification

From the freeze-dried outer peel powder of Huazhou pomelo or
Sanhong pomelo, 0.5 g was weighed, and 15 mL of methanol was
added, followed by ultrasound in a 60 °C water bath for 45 min. The
mixture was centrifuged at 10,000 rpm for 10 min, and the super-
natant was collected for use. Rutin was used as a reference to deter-
mine the total flavonoid content, using a multifunctional microplate
reader (Tecan Infinite® 200 PRO, Switzerland) to measure
absorbance at 510 nm and a quantitative relationship curve drawn
between absorbance and rutin concentration. One mL of the sample
flavonoid extract, diluted twice, was taken, and reagents were
added according to the above steps, measuring the absorbance at
510 nm and substituting it into the rutin standard curve (y = 2.4415x
+ 0.1327, R?2 = 0.9995) to obtain the total flavonoid content in
Huazhou pomelo and Sanhong pomelo. Each sample was repeated
three times.

A high-performance liquid chromatography instrument (Agilent
1260 Infinity, USA) and an InfinityLab Poroshell 120 SB-C18 column
(2.7 pm 150 mm X 4.6 mm) were used, with acetonitrile (B) and 0.1%
formic acid aqueous solution (D) as the mobile phase. The gradient
elution program was: 0—6 min, 25%-30% B; 6—10 min, 30%—-35% B;
10-16 min, 35%—-60% B; 16—18 min, 60%—-80% B; 18—22 min,
80%—25% B. The injection volumes were 2 pL and 6 pL, with a flow
rate of 0.8 mL/min. Flavonoids in the samples, including quercetin,
naringenin chalcone, naringenin, hesperidin, narirutin, diosmin, neo-
hesperidin, rhoifolin, sinensetin, apigenin, tangeretin, and nobiletin,
were qualitatively and quantitatively analyzed at 283 and 340 nm,
respectively.

Metabolomics analysis

The Huazhou pomelo and Sanhong pomelo samples were slowly
thawed at 4 °C. An appropriate amount of sample (50—-100 mg) was
weighed, 1 mL of water : acetonitrile : isopropyl alcohol (1:1:1, v/v)
was added, vortexed for 60 s, sonicated at low temperature for
30 min, centrifuged at 12,000 rpm and 4 °C for 10 min, and the
supernatant was collected. The protein was precipitated at —20 °C
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for 1 h, centrifuged at 12,000 g and 4 °C for 10 min, and the super-
natant was vacuum-dried and re-dissolved in 200 pl of 50% ACN,
vortexed, centrifuged at 14,000 g and 4 °C for 15 min, and the super-
natant was taken for detection.

Metabolites in the samples were detected using an Ultra-High
Performance Liquid Chromatography-Electrostatic Field Orbitrap
Mass Spectrometry (UHPLC-Q Exactive HFX, Thermo Scientific, USA)
with a Waters HSS T3 column (100 mm X 2.1 mm, 1.8 um); mobile
phase was 0.1% formic acid-water (A) and 0.1% formic acid-
acetonitrile (B); flow rate 0.3 mL/min; column temperature 40 °C;
injection volume 2 pL; elution gradient: 0.0—1.0 min A/B (100:0 v/v),
1.0-9.0 min A/B (5:95 v/v), 9.0-13.0 min A/B (5:95 v/v), 13.1-17.0
min A/B (100:0 v/v); samples were kept in the autosampler at 4 °C
throughout the analysis. Electrospray ionization (ESI) conditions
were: sheath gas 40 arb; auxiliary gas 10 arb; spray voltage 3,000 V/
—2,800 V; temperature 350 °C; ion transfer tube temperature 32 °C.
The scan mode was Full-MS-ddMS2 mode, positive and negative ion
scan range 70-1,050 Da, secondary scan range 200-2,000 Da,
primary resolution 70,000, secondary resolution 17,500. Metabolites
in the biological samples were qualitatively and quantitatively
detected and subsequently analyzed by matching retention time,
molecular mass (mass error < 10 ppm), and secondary fragmenta-
tion spectra with local and commercial databases.

Transcriptome sequencing

After extracting RNA from the samples, library construction, purifi-
cation, and quality control were performed. Upon passing quality
control, different libraries were pooled according to the effective
concentration and target on-machine data volume and sequenced
on the lllumina Novaseq 6000. Raw data were filtered using Fastp
software to remove primer and adapter sequences, sequences with
fragment lengths < 50 bp, and low-quality bases to obtain cleaned
data. Q20, Q30, and GC content and sequencing error rate distribu-
tion levels were calculated. The cleaned data were aligned to the
reference  genome  (https://db.cngb.org/search/project/CNP0O00
2121), and the location information of reads on the reference
genome and the characteristic information of sequencing samples
were obtained using HISAT2[2526, Known and new genes and
transcripts were quantified using StringTiel27l. Differential expres-
sion at the transcript and gene levels was analyzed using DEseq2!28],
with the screening criteria set as |log2(fold change)| > 1 and Q
value £0.05 after FDR correction, resulting in the identification of
differentially expressed genes (DEGs).

Weighted gene co-expression network analysis
(WGCNA)

Weighted gene co-expression network analysis (WGCNA) was
performed using the R package WGCNA (v1.47) to describe the gene
association patterns between different samplesi29., After removing
genes with extremely low expression levels in all samples, the
expression values of the remaining 14,844 genes were imported
into WGCNA, selecting a power value of 7. The hub gene selection
criteria were geneModuleMembership > 0.8 and geneTraitSignifi-
cance > 0.8.

qRT-PCR

The steps of real-time fluorescent quantitative PCR (qRT-PCR)
included RNA extraction from samples, reverse transcription of RNA
to cDNA, and gRT-PCR of selected genes. Total RNA from the outer
peel of Huazhou pomelo and Sanhong pomelo was extracted using
the FastPure® Plant Total RNA Isolation Kit (Vazyme, China), and
cDNA was synthesized using the HiScript®lll 1st Strand cDNA
Synthesis Kit (Vazyme, China). Using fS-actin as the reference gene,
structural genes CgPAL2, CgPAL8, Cg4CL2, Cg4CL6, CgCHS4, CgCHI2,
CgF3H1, CgFLS1, CgOMT1, CgOMT3, and CgOMTS5 in the flavonoid

Huang et al. Medicinal Plant Biology 2025, 4: €006
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Fig. 1

Morphological and metabolomic results of Huazhou pomelo and Sanhong pomelo. (a) Morphological differences in whole fruit, with Huazhou

pomelo on the left and Sanhong pomelo on the right. The Huazhou pomelo is round with a peel covered in fine white fuzz, whereas the Sanhong pomelo
is oval-shaped with a relatively smooth surface. (b) Morphological differences in halved fruit, with Huazhou pomelo on the left and Sanhong pomelo on
the right. The top of the Huazhou pomelo is round, blunt, and slightly concave, whereas the top of the Sanhong pomelo is flat. (c) Principal component
score plot of metabolites, with HZY representing Huazhou pomelo and MY representing Sanhong pomelo (same for the following panels). (d) Volcano
plot of differential metabolites, where each point represents a metabolite. Green, red, and black points represent downregulated, upregulated, and non-
significant metabolites, respectively. (e) Bubble chart of KEGG pathway enrichment for differential metabolites. The x-axis indicates the enrichment factor,
with larger values indicating a higher degree of gene enrichment. The size of the points corresponds to the number of metabolites, and the color reflects
the p-value, with red indicating significant differences. (f) Total flavonoid content. p values are indicated as follows: *** for p < 0.001, ** for p < 0.01,

and * for p < 0.05.

biosynthesis pathway were quantitatively analyzed. The results were

calculated using 272ACT, and each value was the average of three
biological replicates.

Huang et al. Medicinal Plant Biology 2025, 4: 006

Data analysis

Data organization and analysis were performed using Excel 2021

(Microsoft Corporation Redmond WA USA). One-way analysis of
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variance and T-tests were conducted using SPSS (Version 26.0 IBM
Chicago IL USA) software. Statistical charts were plotted using
GraphPad Prism (Version 8.0.2.263), Origin (2022), and TBtools
(Version 2.029) software. The primers are shown in Supplementary
Table S1.

Results

Differences in flavonoid metabolites between
Huazhou pomelo and Sanhong pomelo

Analysis of total flavonoid content differences

To explore the metabolite composition of Huazhou pomelo and
Sanhong pomelo, this study used ultra-high performance liquid
chromatography (Vanquish UPLC) and high-resolution mass spec-
trometry (Q Exactive HFX) to detect metabolites in the samples. The
results showed a high similarity between the Huazhou and Sanhong
pomelos but significant differences between the groups. Principal
component analysis (PCA) showed that the main horizontal (PC1)
and vertical (PC2) axes explained 56.1% and 10.9% of the variance,
respectively (Fig. 1c). A total of 1,311 metabolites were detected in
both Huazhou and Sanhong pomelos, with 485 metabolites up-
regulated in Sanhong pomelos, 403 down-regulated, and 423 show-
ing no significant difference (Fig. 1d). Using a combination of t tests
and Orthogonal Partial Least Squares-Discriminant Analysis meth-
ods, with VIP > 1 and p < 0.05, 150 differential metabolites were
screened from 1,311 metabolites. Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis showed that these
differential metabolites were mainly concentrated in flavonoid and
flavonol biosynthesis and limonene and pinene degradation path-
ways (Fig. 1d). Further analysis of the flavonoid and flavonol biosyn-
thesis pathways revealed changes in 92 genes (Supplementary
Table S2). Subsequent detection of the total flavonoid content indi-
cated that the total flavonoid concentrations of Huazhou pomelo
and Sanhong pomelo were 12.0720 and 20.6200 mg/g, respectively,
with the total flavonoid content of Sanhong pomelo being 1.7 times
that of Huazhou pomelo (Fig. 1f).

Analysis of flavonoid compound differences

In this study, cluster analysis of 150 differential metabolites was
conducted using metabolomic data to provide a more objective
evaluation of the quality differences between Huazhou pomelo and
Sanhong pomelo. The clustering heat map of differential metabo-
lites visually displayed the different expression patterns of differen-
tial metabolites in Huazhou and Sanhong pomelo, with the metabo-
lites clustered together having similar expression patterns (Fig. 2a).
Among the 150 differential metabolites, nine compounds, including
seven flavonoids, isoquercitrin, isorhamnetin, isovitexin, kaempferol-
3-glucoside-xylose, tricin-5-glucoside, vitexin, forsythiaside, eriodic-
tyol-7-O-neohesperidoside, and homoorientin, were selected for
boxplot presentation (Fig. 3). The results showed that the relative
contents of isovitexin and kaempferol-3-glucoside-xylose were
higher in Huazhou pomelo than in Sanhong pomelo, and those of
isoquercitrin, isorhamnetin, kaempferol-3-glucoside-xylose, wheat
yellow-5-glucoside, vitexin, pinoresinol, eriodictyol-7-O-neohesperi-
doside, and isoorientin were higher in Sanhong pomelo than in
Huazhou pomelo.

Analysis of major flavonoid compound content differences
Flavonoids, including flavone glycosides and polymethoxyfla-
vones, are a major class of bioactive components in CGE. Based on
metabolomics data, statistical analysis was performed on the rela-
tive contents of flavonoid compounds (Fig. 4). Eight flavonoid
compounds, naringin, narirutin, quercetin, naringenin, isoquercitrin,
rhoifolin, apigenin, and luteolin were analyzed. The relative contents
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of naringenin, isoquercitrin, rhoifolin, apigenin, and luteolin differed
significantly between the two groups (Fig. 4). Naringenin and
apigenin contents were significantly higher in Huazhou pomelo
than in Sanhong pomelo, and isoquercitrin, rhoifolin, and luteolin
contents were significantly higher in Sanhong pomelo than in
Huazhou pomelo. Although the content of naringin, the specified
detection component in the 'Chinese Pharmacopoeia', was slightly
higher in Sanhong pomelo than in Huazhou pomelo, the difference
was not significant.

To further understand the flavonoid content in Huazhou pomelo
and Sanhong pomelo, this study selected crucial flavonoid compo-
nents and determined absolute content using High Performance
Liquid Chromatography (HPLC) quantitative analysis (Fig. 2b, ). The
flavonoids have different absorption values at the wavelengths of
283 and 340 nm. At a wavelength of 283 nm (Fig. 2b), except for
quercetin, other flavonoids, such as naringenin chalcone, narin-
genin, hesperidin, narirutin, diosmin, and neohesperidin, showed
significant differences. At a wavelength of 340 nm (Fig. 2c), isoquer-
citrin, luteolin, apigenin, tangeretin, nobiletin, and rhoifolin also
showed significant differences. Although the apigenin, isoquercitrin,
tangeretin, and nobiletin contents were lower, these components
differed significantly between the two groups and may be impor-
tant flavonoids. Among the 14 flavonoids, naringin had the highest
content, at 35.62 mg/g in Huazhou pomelo and 79.79 mg/g in
Sanhong pomelo, followed by rhoifolin, at 7.63 and 11.29 mg/g in
Huazhou pomelo and Sanhong pomelo, respectively, showing that
the contents of the two components were significantly higher in
Sanhong pomelo than in Huazhou pomelo. However, some flavo-
noids with lower contents in Sanhong pomelo but important
roles, such as luteolin, apigenin, tangeretin, nobiletin, naringenin
chalcone, naringenin, diosmin, and narirutin, were significantly
more abundant in Huazhou pomelo.

Analysis of genes related to flavonoid synthesis

Expression levels of some flavonoid genes were higher in
Huazhou pomelo than in Sanhong pomelo

A total of 3,914 differentially expressed genes were screened
between Huazhou pomelo and Sanhong pomelo, with 1,892 genes
up-regulated (expressed more in Sanhong pomelo than in Huazhou
pomelo), 1,817 genes down-regulated (expressed more in Huazhou
pomelo than in Sanhong pomelo), and 205 genes showing no
change (Fig. 5a). Hierarchical clustering analysis of differentially
expressed genes indicated different expression patterns of genes in
Huazhou pomelo and Sanhong pomelo (Fig. 5b). KEGG enrichment
analysis revealed that these differentially expressed genes were
mainly enriched in pathways, such as cytochrome P450, molecular
chaperones, folding catalysts, and phenylpropanoid biosynthesis
(Fig. 50).

Combined analysis of metabolomics and transcriptomics to
screen flavonoid synthesis-related genes

To further explore the differences in the flavonoid synthesis path-
ways between Huazhou pomelo and Sanhong pomelo, a flavonoid
synthesis pathway map was drawn based on the expression
patterns of genes related to the phenylpropanoid and flavonoid
biosynthesis pathways (Fig. 6). These genes included 31 structural
genes related to flavonoid synthesis, including five phenylalanine
ammonia-lyase (PAL), eight chalcone synthase (CHS), eight 4CL, two
CHI, two FLS, one F3H, and five O-methyltransferase (OMT) genes.
The analysis showed that 18 of these genes had higher expression
levels in Huazhou pomelo than in Sanhong pomelo, particularly PAL,
CHI, and F3H, which had higher expression levels in Huazhou
pomelo than in Sanhong pomelo, whereas most CHS genes showed
higher expression in Sanhong pomelo than in Huazhou pomelo.

Huang et al. Medicinal Plant Biology 2025, 4: €006
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Metabolomic clustering heatmap and flavonoid composition differences between Huazhou pomelo and Sanhong pomelo. (a) Hierarchical

clustering heatmap of differential metabolites. The x-axis represents the samples, and the y-axis represents the differential metabolites. The color
indicates the expression level, with green representing low expression and red representing high expression. (b) Content of seven flavonoid compounds
at 283 nm. (c) Content of seven flavonoid compounds at 340 nm. p values are indicated as follows: *** for p < 0.001, ** for p < 0.01, and * for p < 0.05.

Additionally, heat maps of the contents related to luteolin, apigenin,
rhoifolin, naringenin chalcone, naringenin, quercetin, narirutin, dios-
min, and isoquercitrin were drawn.

To increase the accuracy of the screen for key genes affecting
flavonoid synthesis in CGE, this study used a combined metabolo-
mics and transcriptomics analysis. After removing low-expression
genes, weighted gene co-expression network analysis (WGCNA) was
conducted on 14,844 genes obtained from the transcriptome,
resulting in 28 different gene modules (Fig. 7b). Correlation analysis
was performed between the absolute contents of the 13 flavonoids
detected by HPLC and the gene modules obtained by WGCNA,
revealing significant correlations between flavonoid content and
certain gene modules with similar expression patterns (Fig. 7c).

Huang et al. Medicinal Plant Biology 2025, 4: €006

Further analysis combined with the heat map of key flavonoid
content (Fig. 7a) showed that the second group of flavonoid compo-
nents, such as diosmin, luteolin, naringenin chalcone, narirutin,
tangeretin, apigenin, naringenin, and nobiletin, had a higher con-
tent in Huazhou pomelo than in Sanhong pomelo, whereas another
group of flavonoid components, including rhoifolin, hesperidin,
naringin, quercetin, and isoquercitrin, had a higher content in
Sanhong pomelo than in Huazhou pomelo (Fig. 7c).

As shown in Fig. 7¢, the second group of flavonoids was primarily
concentrated in the right half. Based on the correlation between the
second group of flavonoid components and the 28 identified
modules, the brown module (MEbrown) stands out as a prominent
module, with its genes potentially associated with flavonoid
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Fig. 4 Metabolite ion intensity plots for metabolites involved in flavonoid biosynthesis in Huazhou and Sanhong pomelo. High average ion intensity
indicates that the metabolite has a higher abundance or concentration in the sample. Low average ion intensity indicates that the metabolite has a lower
abundance or concentration in the sample. p-values are indicated as follows: *** for p < 0.001, ** for p < 0.01, and * for p < 0.05.

metabolic pathways, exhibiting high correlations: nobiletin (r = 0.9,
p = 0.002), hesperetin (r = 0.9, p = 0.002), hesperetin chalcone
=0.82, p=0.01), heptamethoxyflavone (r = 0.79, p = 0.02), narirutin
=0.78, p = 0.02), quercetin (r = —0.8, p = 0.02), naringin (r = —0.78,
= 0.02), sinensetin (r = —0.78, p = 0.02), and farrerol (r = —-0.77,
= 0.02). Subsequently, genes with a module correlation value

(r
(r
p
p
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greater than 0.8 and gene significance greater than 0.8 were
selected, resulting in the identification of 231 hub genes from a total
of 1,301 genes in the brown module.

As shown in Figs 6 and 7a, the higher hesperetin chalcone
content in Huazhou pomelo than in Sanhong pomelo may be
related to the genes CgPAL1, CgPAL2, CgPAL3, CgPAL4, CgPAL5,

Huang et al. Medicinal Plant Biology 2025, 4: €006
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Cg4CL1, Cg4ClL2, Cg4CL4, Cg4CL5, Cg4CL6, CgCHS2, CgCHS4, and
CgCHS5. The higher hesperetin content in Huazhou pomelo than in
Sanhong pomelo may be associated with the aforementioned genes
and CgCHI1T and CgCHI2. Conversely, the lower quercetin content in

Huang et al. Medicinal Plant Biology 2025, 4: €006

Huazhou pomelo than in Sanhong pomelo may be linked to CgFLS2,
CgOMT1, and CgOMT5.

Therefore, among the aforementioned structural genes poten-
tially associated with flavonoid content in Huazhou pomelo, this
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study excluded genes with low expression levels, resulting in select-
ing CgPAL1, CgPAL2, CgPAL5, Cg4CL1, Cg4CL2, CgCHS4, CgCHI2, and
CgOMT1 for correlation analysis with the previously identified 231
hub genes. Genes with correlations <|0.6| were filtered out and the
results are shown in Fig. 7d. These key structural genes, including
CgCHS4, CgPAL2, CgOMT1, CgPAL5, Cg4CL1, and CgCHI2, may be
positively correlated with Cg1150p95.2, Cg0510p7.2, Cg0710p43.3,
Cg0070a116.19, Cg0330s24.80, and Cg1670s42.49 and negatively
correlated with Cg1290s11.25 and Cg1300s1.31 (Fig. 7d, red arrows).
These genes may represent the major differential genes between
Huazhou pomelo and Sanhong pomelo.

Based on the genes shown in Fig. 6, 11 key genes associated with
flavonoid biosynthesis pathways that showed significant differen-
tial expression in the transcriptome were further screened. Their
expression levels in Huazhou pomelo and Sanhong pomelo were
analyzed using qRT-PCR (Fig. 8). These genes, including CgPAL2
(Cg0070a91.31), CgPAL8 (Cg1290a64.43), (Cg4CL2 (Cg0540p8.5),
Cg4Cl6  (Cg0550a31.21), CgCHI2  (Cg1290p88.2), CgF3H1
(Cg0650p13.4), CgFLS1 (Cg0910s46.62), CgOMTI (Cg0330p53.1),
CgOMT3 (Cg1430s9.10), and CgOMT5 (Cg0150a89.16), exhibited
higher expression levels in Huazhou pomelo than in Sanhong
pomelo, with the former showing fold changes of 0.70, 1.73, 2.36,
2.85,0.15,3.96, 2.01, 11.50, 2.76, and 2.60, respectively. Additionally,
CgCHS4 (Cg1300s23.17) showed higher expression in Sanhong
pomelo than in Huazhou pomelo, with the former having a 14.25-
fold increase.
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Discussion

This study systematically compared the main flavonoid compo-
nents and differences in their synthesis-related genes between
Huazhou pomelo and Sanhong pomelo using metabolomic and
transcriptomic methods. The results showed that although the total
flavonoid content differed significantly between the two pomelos,
both contained most of the flavonoid components found in CGE.
Huazhou pomelo had a clear advantage in the content of certain key
flavonoid components, which may be one of the main reasons for its
use as an authentic medicinal material.

The total flavonoid content differed significantly between
Huazhou pomelo and Sanhong pomelo. Although the content of
naringin, a specified detection component in the 'Chinese Pharma-
copoeia’, was slightly higher in Sanhong pomelo than in Huazhou
pomelo, the difference was not significant. However, the contents of
naringenin, apigenin, tangeretin, nobiletin, and rhoifolin in Huazhou
pomelo were significantly higher than those in Sanhong pomelo,
especially nobiletin, which was only present in Huazhou pomelo.
These components exhibit significant bioactivity, including antioxi-
dant, anti-inflammatory, anticancer, and antiviral propertiest30-33l,
For example, naringenin has been widely studied and demon-
strated to have anti-inflammatory, cough-relieving, and phlegm-
resolving effects and significantly inhibit various inflammatory
factors34-38l. Apigenin is a multifunctional flavonoid with antioxi-
dant, anticancer, neuroprotective, antiviral, anti-inflammatory, and
cardiovascular protective propertiesi39-44l, Studies have shown that

Huang et al. Medicinal Plant Biology 2025, 4: €006
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Integrated analysis of metabolome and transcriptome. (a) Heatmap of the content of selected flavonoid monomers, with colors ranging from

white to red indicating low to high flavonoid content. H1-4 represent Huazhou pemelo, and M1-4 represent Sanhong pomelo. (b) Hierarchical clustering
dendrogram, showing 28 co-expression gene modules identified by WGCNA. (c) Correlation between flavonoids and WGCNA modules. The axes
represent the 28 modules obtained from WGCNA and the different types of flavonoids, respectively. Each intersection in the grid shows the Pearson
correlation coefficient and p-value for the module and flavonoid. The Pearson coefficient with large correlation indicates the strong correlation of the
corresponding module with flavonoids. (d) Correlation analysis between important structural genes and genes. The x-axis represents the different
structural genes, while the y-axis represents the hub genes. Each intersection in the grid displays the correlation coefficient values between the structural
genes and hub genes.
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Fig. 8 Expression pattern of 11 key flavonoid biosynthesis genes in
Huazhou and Sanhong pomelo. (a) Transcriptomic analysis of the
expression pattern of 11 key genes in the flavonoid biosynthesis
pathway. (b) Expression patterns of 11 key genes flavonoid biosynthesis
pathway determined by gRT-PCR. Note: Upward triangles indicate the
fold increase in relative gene expression of Huazhou pomelo (HZY)
compared to Sanhong pomelo (MY). Downward triangles indicate the
fold decrease in relative gene expression of Huazhou pomelo (HZY)
compared to Sanhong pomelo (MY).

apigenin exerts its anticancer effects by regulating multiple signal-
ing pathways, such as PI3K/Akt, MAPK, and NF-xB!2..

Tangeretin and nobiletin are another class of important poly-
methoxyflavones (PMFs), and the contents of these components
were significantly higher in Huazhou pomelo than in Sanhong
pomelo. Tangeretin has strong anti-inflammatory, anticancer,
antioxidant, and antiviral activities with significant inhibitory effects
on inflammation and cancer growth*>-47l, Nobiletin has shown
strong anticancer activity in various cancer models, with mecha-
nisms including induction of apoptosis, inhibition of cell prolifera-
tion, and inhibition of cancer cell invasionl'%48-501. Nobiletin, which
was present in Huazhou pomelo but not Sanhong pomelo, has
significant anti-inflammatory and anticancer activities; however, its
specific mechanism requires further research39-331, In this study,
certain flavonoids with relatively low concentrations but significant
functional roles were notably higher in Huazhou pomelo than in
Sanhong pomelo. These flavonoids were hesperetin, apigenin,
hesperidin, and polymethoxyflavones (e.g., demethylnobiletin,
nobiletin, heptamethoxyflavone, hesperetin chalcone). These results
indicate that the Huazhou pomelo, as a key source of CGE, possesses
a superior material foundation to the Sanhong pomelo.

Flavonoids are synthesized from phenylalanine via the phenyl-
propanoid pathway, and phenylalanine is produced via the shiki-
mate pathway'l. The key enzymes in this process include PAL,
cinnamate-4-hydroxylase (C4H), and 4-coumaroyl-CoA ligase (4CL),
which together catalyze the conversion of phenylalanine to p-
coumaroyl-CoAB2-54, Subsequently, p-coumaroyl-CoA is converted
into flavanones (e.g., naringenin) via catalysis by CHS and isomerase
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(CHI). Naringenin, a critical precursor of multiple subclasses of the
flavonoid family, is further synthesized into different flavonoid
compounds (e.g., flavones, flavanols, anthocyanins, proanthocyani-
dins, isoflavones) through various pathways(>5,

PAL, a rate-limiting enzyme in the phenylalanine metabolic path-
way, plays a critical role in the synthesis of precursors such as
flavonoids and phenolic acids, and in regulating carbon flux from
primary to secondary metabolisml5-57], For instance, in strawberry
fruits, PAL activity is closely correlated with the concentration of
anthocyanins and other phenolic compounds!*8l. Furthermore, stud-
ies on chrysanthemum have indicated that CmPALT and CmPAL2 are
involved in flavonoid compounds®®9. The 4CL gene family exhibits
diversity in plant metabolism owing to substrate specificity among
its members. In Arabidopsis, At4CL3 plays a significant role in
flavonoid metabolism, and its activity is positively correlated with
flavonol content(®0.67, CHS and CHI are the first and second most
important rate-limiting enzymes involved in flavonoid biosynthesis,
respectively©263l, CHS, through its polyketide synthase function,
plays a decisive role in regulating total flavonoid content®4, Simi-
larly, CHI expression levels are significantly associated with
flavonoid content in Arabidopsisl®®. Overexpression of DcCHIT or
DcCHI4 in tobacco was shown to significantly enhance flavonoid
accumulation©®l, Research on buckwheat confirmed that CHS and
CHI are essential for anthocyanin accumulation®”), This study
suggests that the higher levels of hesperetin chalcone, hesperetin,
hesperidin, and narirutin in Huazhou pomelo than in Sanhong
pomelo may be associated with the expression of CgPAL, Cg4CL,
CgCHS, and CgCHI.

PMFs, including sinensetin, quercetin, nobiletin, and tangeretin,
are a unique class of flavonoids that contain multiple methoxy (-
OCH3) groups, including sinensetin, quercetin, nobiletin, and
tangeretin68-701. PMFs are abundant in the peel of citrus fruits and
exhibit various biological activities, such as anticancer, anti-inflam-
matory, and antiviral propertiest*®47l. Among PMFs, nobiletin
demonstrates strong biological activities, including suppressing
inflammation and cancer growth and preventing metabolic
syndrome and cardiovascular diseases!>47.7"l, Naringenin, as a core
precursor in PMF biosynthesis, is regulated by CHS and CHIR2, Early
flavonoid biosynthesis genes (e.g., CHS and CHI) contribute to narin-
genin production, and late biosynthesis genes such as FLS and F3H
modify naringenin to generate various naringenin derivatives2'l.
Furthermore, flavonoid OMT is a key enzyme in the PMF biosynthe-
sis pathway and is responsible for the methylation of O-flavonoid
aglycones, which influence PMF accumulationl’21.72],

The expression of CreOMT3, CreOMT4, and CreOMT5 is closely
related to the accumulation of six PMF monomers and total PMFs in
six Citrus reticulata varieties. Particularly, the expression of CreOMT1
was significantly associated with nobiletin accumulation3l, In C.
reticulata 'Chachiensis', CcOMT1 exhibits relatively high and stable
gene expression throughout development, making it a candidate
enzyme for PMF biosynthesis; additionally, multi-omics studies iden-
tified a novel OMT gene, CtgOMTI, in Huazhou pomelo and
proposed its involvement in nobiletin synthesis. Similarly, in C. reticu-
lata, a CsCCoAOMTT1 gene has been identified, which is involved in
the synthesis of six major PMFs and significantly promotes the accu-
mulation of nobiletin and heptamethoxyflavonel'21.74., This study
indicated that CgCHI2 (Cg1290p88.2), CgF3H1 (Cg0650p13.4), CgFLST
(Cg0910s46.62), CgOMTT (Cg0330p53.1), CgOMT3 (Cg1430s9.10), and
CgOMT5 (Cg0150a89.16) were highly expressed in Huazhou pomelo,
which might explain the higher levels of polymethoxyflavones, such
as demethylnobiletin, nobiletin, and heptamethoxyflavone, in
Huazhou pomelo fruit than in Sanhong pomelo.
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In summary, genes such as CgPAL, CgCHS, CgCHI, CgFLS, and
CgOMT may influence flavonoid accumulation in Huazhou pomelo,
particularly the accumulation of key flavonoids at high concentra-
tions. However, the specific functions of these genes require further
research. Moreover, among the eight genes related to these struc-
tural genes in Huazhou pomelo, six were positively correlated, and
two were negatively correlated with flavonoid synthesis. However,
their precise function requires further investigation.

Overall, as an authentic medicinal material for CGE, Huazhou
pomelo has significant advantages in the context of key flavonoid
components and the expression of synthesis-related genes. These
advantages not only demonstrate that the quality of Huazhou
pomelo is superior to that of Sanhong pomelo but also provide
scientific evidence for the quality control and authenticity evalua-
tion of CGE. Due to constraints on research design, methodology, or
factors that affect the findings, further studies are needed.

Conclusions

In conclusion, Huazhou pomelo has a significant advantage in the
accumulation and synthesis of flavonoid compounds, which scientifi-
cally validate its status as an authentic medicinal material for CGE.
However, Sanhong pomelo contained the most flavonoid compo-
nents, particularly naringin, a key component specified by the
Chinese Pharmacopoeia, which was higher in Sanhong pomelo than
in Huazhou pomelo. Therefore, the results have demonstrated that
pomelo (honey pomelo) can be used as a source of CGE; however,
separate quality standards should be established for Huazhou pomelo
and other pomelos. We recommend the inclusion of content detec-
tion indicators for nobiletin, tangeretin, and nobiletin in the formula-
tion of quality standards for CGE, which should be sourced from
Huazhou pomelo, to ensure high quality and promote its sustainable
development in the traditional Chinese medicine industry.
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