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Abstract

Spatholobus suberectus is a traditional edible, ornamental, and medicinal vine with an
abundant flavonoid content in its dried stems. An integrated metabolomic and transcrip-
tomic analysis was conducted on its vegetative organs to identify flavonoid biosynthesis
pathways. The results showed that: (1) a total of 268 flavonoids could be identified
among all the vegetative organs, and stems accumulated most of them; (2) a total of
449,569,220 clean reads were retained from all the vegetative organs (many genes related to
key enzymes of flavonoid biosynthesis and transcription factors were found in all the com-
pared groups between different organs; among them, 77 genes showed high correlations
with key flavonoids in different pathways); and (3) PAL (encoding phenylalanine ammonia-
lyase), 4CL (encoding 4-coumarate: CoA ligase), C4H (encoding cinnamate-4-hydroxylase),
CHS (encoding chalcone synthase), DFR (encoding dihydroflavonol 4-reductase) and oth-
ers showed positive correlations with L-phenylalanine and various flavonoids, while
FLS (encoding flavonol synthase) showed negative correlations with many flavonols and
flavonoids, as revealed through integrated analysis. This study reveals the flavonoid
biosynthesis characteristics in S. suberectus and provides new insights into the utilization of
its biological resources.

Keywords: flavonoid biosynthesis; different vegetative organs; transcriptomics; metabolomics;
Spatholobus suberectus

1. Introduction

Spatholobus suberectus (family Fabaceae) is a kind of large woody ornamental and
medicinal vine that inhabits the understory of southern China (Guangxi, Yunnan, Guang-
dong, Fujian, and other provinces) and many South Asian countries, with high antiviral and
anti-cancer activities, such as scavenging free radicals and anti-inflammatory effects [1,2].
Its dried stem was widely used as an ethnomedicine (named “Jixueteng” in Chinese), as
it contains abundant flavonoids, sterols, triterpenes, and organic acids and has a high
medicinal value. Flavonoids are dominant, and the stem can be sliced into pieces and
added to soups to enhance their taste and smell [3]. In the early 2000s, some pterocarpans,
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flavanones, isoflavanes and isoflavones (like (6aR,11aR)-maackiain/medicarpin, sativan,
pseudobaptigenin, genistein, etc.) were identified in its stems, indicating that it has high
antioxidant and blood-activating activities [4]; some other flavonoids (such as genistein,
isoliquiritigenin, medicarpin, naringenin, etc.) from S. suberectus were also isolated and
identified [5]. At present, the stems of wild S. suberectus are harvested in large quantities
for medicinal use, causing a serious shortage of resources. In order to alleviate the resource
shortage and due to its shade tolerance, S. suberectus has been widely artificially planted in
the Guangxi Zhuang Autonomous Region in recent years (especially under pine forests),
establishing the “forest-medicine” multilayer cultivation mode to enhance the integrity of
forest ecosystems [6,7]. After about 6 years of artificial cultivation, its medicinal quality was
similar to that of plants grown in wild environments. Many leaves and roots (also abundant
in flavonoids and other components) were left after stem harvesting. How to efficiently use
the roots and leaves of S. suberectus should be further investigated. In summary, flavonoids
are the dominant chemical components in S. suberectus, with high medicinal value and
application prospects, and it is important to explore the contents of flavonoids and other
chemical components in all the vegetative organs; the biosynthesis process could improve
the bioresource utilization of S. suberectus.

Flavonoids are the dominant secondary metabolites and the main chemical compo-
nents of many medicinal plants. Generally speaking, flavonoids can be found throughout
all plants and seedlings, although their accumulation characteristics may differ signif-
icantly [8]. For example, some woody/herbal vines and medicinal plants accumulate
abundant flavonoids in their stems. As for Vitis davidii, proanthocyanidins (PAs) can be
found in its skins, seeds, and stems [9]. In addition, the categories and content of flavonoids
are different in various organs and species. For example, flavonoids are abundant in both
the stems and leaves of Vitis vinifera. Quercetin (a kind of flavonol) and its derivatives are
the main flavonoids in leaves, while catechin and some other flavonoids are dominant in
stems [10], and the flavonoid content in roots increases under some stress conditions [11].
But in some subspecies of Vitis vinifera (‘Djebba’, ‘Ouchtata’, and so on), flavonoids accu-
mulate more in roots than stems [12]. Pueraria thomsonii and P. lobate have more fiber,
isoflavones, flavonoids and (crude) protein than P. thomsonii, causing differences in their
medicinal and edible values [13]. Flavonoids are abundant in the leaves and flowers of
Semiliquidambar cathayensis rather than the stems and roots, but some organic acids (ursolic
and oleanolic acids, etc.) mainly accumulate in the roots [14]. In summary, flavonoids and
many other chemical components have different accumulation characteristics in various
plants. It is significant for researchers to know the main kinds and contents of active
compounds in different organs in order to choose suitable medicinal parts and improve the
utilization value of the other parts of plants.

Flavonoid biosynthesis is also influenced by some key genes, including genes involved
in flavonoid synthesis, genes encoding flavone and flavonol-related synthase, and genes
encoding transcription factors that collaboratively regulate key enzyme activities [8]. For
example, the expression of the VoFLS1 gene was related to flavonol content among buds,
leaves, and other organs of V. vinifera [15]. FmPAL1, FmPAL2, and FmPAL3 of Fallopia multi-
flora were highly expressed in stems and leaves rather than roots. All of them were related
to phenylalanine and flavonoid biosynthesis [16]. The expression levels of PAL1-7, CHS2,
FNSII, and some other genes in the rhizomes of Houttuynia cordata were related to apigenin
content [17]. In a cultivar of Vitis vinifera (‘Cabernet Sauvignon’), the up-regulation of
VuDFR, VoUFGT, and VoOMT would increase the anthocyanin content [18]. In Pueraria
montana var. lobata, UGT, bHLH, C4H, and other genes directly regulated daidzein, genistein
and other isoflavonoids contents in root tubers [19]. The expression levels of F3H, F3'5'H,
CHS, and many other genes were related to the contents of kaempferol, luteolin, and
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other flavonoids in purple passion (Passiflora edulis) fruits [20]. Many DEGs (Differential
Expressed Genes) were also enriched in the flavonoid biosynthesis pathway (CHI, FLS, 3GT,
DFR, CHS, etc.) between young and mature leaves of Ampelopsis grossedentata, possibly
related to flavonoid biosynthesis [21]. Similar results were also observed in Uncaria rhyn-
chophylla (F3H, [22]) and Gynostemma pentaphyllum (DFR, GGPPS, and others, [23]). Similar
phenomena were also observed in many other vine plants. E-resveratrol, E-piceatannol,
and some other phenylpropanoid/flavonoids in grapevine could be found in canes, buds,
and other tissues, while VuiMYB14 and other key genes encoding transcription factors were
significant during flavonoid biosynthesis [24]. In addition, flavonoid biosynthesis was also
related to some transcription factors (like MYB, bHLH, WRKY, AP2/EREF, etc.) and their
encoding genes, which had different regulatory effects on key enzyme genes [25-27]. So,
genes encoding transcription factors could be also collaboratively influenced by key enzyme
activities, which played important roles in the process of plant flavonoid biosynthesis.

In recent years, some basic research has emerged on flavonoid biosynthesis in
Spatholobus suberectus. For example, some genes and transcription factors in the IFS
and MYB families were shown to possibly regulate flavonoid biosynthesis in its vine
stems [28-30]. But the quantitative analysis and partial transcriptome sequencing of
flavonoids only focused on the main medicinal parts, the stems, in these studies. The
in-depth relationships between the transcriptome/metabolome and resource utilization
were lacking, and the mechanism of gene regulation of the main medicinal components
was still unclear. Finding out the distribution and accumulation characteristics of the main
chemical components in each vegetative organ and understanding the internal mechanism
of flavonoid biosynthesis are important for bioresource utilization. Based on this, this study
used the vegetative organs (root, stem, and leaf) of S. suberectus under a Pinus elliottii forest
in Guangxi State-Owned Qipo Forest Farm as the research materials, analyzed flavonoid
accumulation characteristics in the roots, stems, and leaves of 6-year-old plants, and con-
ducted transcriptome and metabolome analyses between them. We hypothesized that:
(1) Except for flavonoids, there would be various other chemical components among all
the vegetative organs of S. suberectus that could be further used. Some specific flavonoids
in the stem might be highly correlated with its color and pharmacodynamic quality; and
(2) DAMs (Differential Accumulated Metabolites) and DEGs enriched in the biosynthesis
pathways of phenylpropanoid, flavonoids, and isoflavonoids could be found in all the com-
pared groups, showing different positive and negative correlations. Some genes encoding
key transcription factors also played important roles in (iso) flavonoid biosynthesis. The
study’s objectives were: (1) to identify the differences in metabolites in different vegetative
organs of S. suberectus and evaluate the value of development and utilization of other
organs except the vine stem; and (2) to clarify the biosynthesis mechanism of flavonoids
by integrated transcriptomic and metabolomic analysis, screening key unigenes and po-
tential TFs (transcription factors) related to flavonoid synthesis. This study reveals the
accumulation traits of different medicinal ingredients in S. suberectus as well as the directed
cultivation and high-quality utilization of this species, and it can also guide the efficient
utilization of other organs except vine stems.

2. Materials and Methods
2.1. Plant Materials

Roots, stems, and leaves of 6-year-old S. suberectus were collected under a 50 year-old
Pinus elliottii forest in Guangxi State-Owned Qipo Forest Farm (Nanning), China
(108°12'25" E, 22°42'18"” N), with a subtropical monsoon climate (21.6 °C mean annual

temperature, 1350 mm mean annual precipitation). The test site was a hilly area with
an altitude of 90-280 m and slopes of 10~40°. The height of the trees was 40~50 m, the
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average thickness of the acidic red soil layer was about 80 cm, and the planting density was
600 trees per hectare. In 2017, 0.5-month-old S. suberectus cutting seedlings were planted
under the P. elliottii forest. On 14 July 2023, all the samples were collected for transcriptomic
and metabolomic analysis. Three biological replicates were collected for each organ (three
seedlings were mixed as one replicate), and samples were frozen in liquid N, and stored
at —80 °C.

2.2. Metabolome Analysis

(1) Metabolite extraction and HPLC/MS conditions: The root, stem, and leaf samples
after freeze-drying were powdered by a grinder (MM 400 from Retsch, Hamburg, Germany).
Then, 1200 pL of 70% methanolic (aq) solution was added into 50 mg of each sample for
standard extraction (vortexed 6 times, every 0.5 h for 30 s each). The supernatant was
aspirated after 12,000 rpm for 3 min and then stored in sampling vials (through 0.22 um
membrane) for the next step of analysis. Details of HPLC and MS conditions are provided
in the Word document of the Supplementary Materials (Supplementary Tables S1 and S2).
Quality control (QC) samples were prepared by pooling equal volumes of all sample
extracts. QC samples were injected every 10 analytical samples to monitor instrument
stability. Metabolite features with a relative standard deviation (RSD) > 30% in QC samples
were excluded from further analysis.

(2) Differential metabolites analysis: Principal component analysis (PCA) was used for
statistical analysis between different organs. DAMs had to satisfy the conditions of VIP > 1,
p-value < 0.05 and |logysold change| > 1, and these were then mapped into different
biochemical KEGG pathways via http://www.genome.jp/kegg/, and enrichment analysis
was conducted. Finally, heatmaps were made via the gplot R package 2.0.

2.3. Transcriptome Analysis

(1) RNA extraction, library construction, and Seq-analysis: Total RNA was extracted
from three independent replicates of S. suberectus root, stem, and leaf. After extraction, RNA
purity was checked by a Nano Photometer® spectrophotometer (IMPLEN, Westlake Village,
CA, USA). A NEBNext® Ultra™ RNA Library Prep Kit for lllumina® (NEB, Ipswich, MA,
USA) was used for preparing sequencing libraries. mRNA was purified from total RNA by
poly-T oligo-attached magnetic beads, and fragmentation was carried out using divalent
cations under an elevated temperature in NEBNext First Strand Synthesis Reaction Buffer
(5x). Subsequently, the first and second strands of cDNAs were synthesized by random
hexamer primer and MMuLV Reverse Transcriptase (RNase H-) and DNA Polymerase I
(RNase H). The NEBNext Adaptor was prepared for hybridization after adenylation of the
3’ ends of DNA fragments. Finally, the library fragments were purified, and the cDNA was
amplified by PCR.

(2) Quality control and transcriptome assembly: Clean reads were isolated from all
the raw data (by removing low-quality reads with quality values < 10). Q20, Q30, and the
GC content of the clean reads were calculated. Transcriptome assembly was accomplished
based on the left.fq and right.fq using Trinity (version 2.15.1). The assembled transcripts
were hierarchically clustered into unigenes using shared reads and expression by Corset.

(3) Bioinformatics analysis: De novo unigenes were annotated through different path-
way databases (based on BLAST (Basic Local Alignment Search Tool, 2.12.0) to search
with an E-value threshold of 1 x 107°). The DESeq R package (1.18.0) was used to iden-
tify DEGs between two different groups. The resulting p-values were adjusted using the
Benjamini-Hochberg approach for controlling the false discovery rate. Genes with an
adjusted p-value < 0.05 and logj(fold change) > 1 found by DESeq were considered differ-
entially expressed. In addition, the KEGG (Kyoto Encyclopedia of Genes and Genomes)
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database was used to further analyze DEGs, and the expression level of these genes was
analyzed by the KOBAS software (KEGG Orthology-Based Annotation System, version 3.0)
and KEGG website (http://www.genome.jp/kegg/). Finally, the PlantTFDB database
(http:/ /planttfdb.gao-lab.org/) was used to analyze transcription factors, and heatmaps
were drawn by gplot R package.

2.4. gqRT-PCR Analysis

The expression level of ten unigenes related to key enzymes and transcription factors
of (iso) flavonoid biosynthesis was analyzed by qRT-PCR. Total RNA was extracted via the
Trizol method. Then, a KangWei Century kit (from Taizhou, Jiangsu, China) and specific
primers were used and designed to perform reverse transcription and cDNA /primer
synthesis. The system of qRT-PCR consisted of template cDNA (1 uL), forward/reverse
primers (0.7 uM for each), 2x SYBR Green PCR Master Mix (5 uL), QN ROX Reference Dye
(0.05 pL), and RNase-free water (2.55 uL), totaling 10 uL. The 846-x-070-301 real-time PCR
System (provided by Biometra TONE, Shanghai, China) was used for qRT-PCR analysis
(with an annealing temperature of 60 °C). Each unigene was tested with 3 biological

zfAACt

replicates. The method was used for quantitative data analysis.

3. Results
3.1. Metabolome Analysis Results

(1) General information for identification of all metabolite types

The results of LC-MS/MS among all the vegetative organs of S. suberectus showed that
there were 2470 metabolites in the POS mode and 1570 metabolites in the NEG mode (total-
ing 4040, Supplementary Table S3). Among all metabolites, amino acids (and derivatives),
benzene and substituted derivatives, organic acids, flavonoids, alkaloids and terpenoids
were the dominant components among all the vegetative organs. Amino acids and deriva-
tives (1010, 25.00%) were mainly distributed in leaves (leaf>stem>root), as well as phenolic
acids, lipids, and heterocyclic compounds; organic acids (556, 13.76%), benzene and sub-
stituted derivatives (486, 12.03%) and flavonoids (268, 6.63%) were mainly distributed
in stems (stem>leaf>root), while alkaloids (169, 4.18%) and terpenoids (114, 2.82%) were
mainly distributed in roots (root>leaf>stem) (Figure 1A and Supplementary Figure S1A,B).
Flavones, flavonols, flavanols, and dihydroisoflavones were dominant in roots; isoflavones,
and biflavones were dominant in stems; anthocyanidins, chalcones and flavanones were
the major categories in S. suberectus leaves (Figure 1C). In addition, significant differences
in metabolite clustering among different organs could be found through PCA analysis, and
all replicates of the same organs were clustered together under both positive and negative
modes, indicating that metabolite categories varied greatly among different organs and
that the repeatability of this experiment was good (Supplementary Figure S1C,D).

(2) Categories and relative quantitative content of different flavonoids

Due to the accumulation characteristics of Spatholobus suberectus, we analyzed the
relative quantitative content of flavonoids in its roots (R), stems (S) and leaves (L)
(Figures 1B,C and 2). The results indicated that there were a total of 268 compounds among
all the organs, including 99 flavones, 40 flavonols, 31 isoflavones, 24 anthocyanidins,
17 chalcones, 13 flavanones, 12 flavanols, 4 flavanonols, 2 biflavones, 1 dihydroisoflavone
and 25 other flavonoids (Supplementary Table S4). Some major species (flavanols,
flavonols, flavones) mainly accumulated in stem. Flavones accounted for 36.94% of all
flavonoids, and the top five in stems were robinetinidol-(4alpha->8)-catechin-(6->4alpha)-
robinetinidol, L-epicatechin, neoschaftoside, gossypetin 8-glucuronide 3-sulfate and vitexin
2"-O-rhamnoside. Flavonols (40, 14.93%, the top five in stem were kaempferol-3-O-(2"-p-
coumaroyl) galactoside, rhamnetin, quercetin, isorhamnetin 3-galactoside and kaempferol
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Group

Organic acids

Benzene and substituted derivatives

Flavonoids

Alkaloids

Heterocyclic compounds
Alcohol and amines

Phenolic acids

Terpenoids

Nucleotides and derivatives

Steroids
Tannins

Quinones

Tryptamines

(1) Gossypetin (stem/root/leaf)

Flavone

Flavonol

(3) Robinetinidol (stem) (2) Ononin (stem/root)

3-O-beta-D-galactopyranosyl-7-O-alpha-L-thamnopyranoside), isoflavones (31, 11.57%, the
top five in stem were ononin, genistin, formononetin, 7-hydroxy-3-(2-methoxyphenyl)-4H-
chromen-4-one and 5-methyl-7-methoxyisoflavone), anthocyanidins (24, 8.96%, the top
five in stem were pelargonidin 3-O-(6-caffeoyl-beta-D-glucoside), pelargonidin 3-O-beta-D-
sambubioside, delphinidin 3-O-(6"-O-malonyl)-beta-D-glucoside-3'-O-beta-D-glucoside,
peonidin pentose and peonidin 3-(6"-acetylglucoside), and chalcones (17, 6.34%, the
top five in stem were pinostrobin chalcone, 4'-methoxychalcone, naringenin-4’-o-beta-
d-glucuronide, isoliquiritigenin, and cardamonin) were also dominant. Among the stems,
ononin, genistin, formononetin, kaempferol, quercetin and L-epicatechin had strong antiox-
idant and anti-bacterial activities in various medicinal and aromatic plants, while pelargoni-
din was the main kind of anthocyanidin, showing the deep purple-red color of S. suberectus
stems. Some of them also accumulated in roots and leaves (Supplementary Table S4). In
summary, the color and pharmacodynamic quality of S. suberectus stems were closely
related to some specific flavonoids (flavonols) and anthocyanins. However, its leaves and
roots were rich in amino acids, terpenoids and alkaloids, which may have high edible or
medicinal value and deserve further investigation.
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Figure 1. The main metabolites in all the vegetative organs of S. suberectus ((A): heatmap of different
kinds of metabolites in the vegetative organs of S. suberectus; (B): understory environment and mor-
phological characteristics of S. suberectus; (a): understory site for S. suberectus cultivation; (b,c): stem
of S. suberectus; (d): roots of S. suberectus; (e): leaves of S. suberectus; (C): heatmap of flavonoid
subclasses in the vegetative organs of S. suberectus; heatmaps in (A,C) show the gene expression
abundance among various organs, and the color bar from —1 to 1 represents the Z-score of DAM
levels after standardization, with the same in Figure 2; the length of the white bars in (B) represents
2 cm).
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(3) Differences in metabolite accumulation among all the vegetative organs and
enrichment analysis

DAMSs were analyzed between different vegetative organs (roots, stems and leaves)
by VIP > 1 and log, fold change (llog,FC| > 1) conditions, and the results can be seen in
Figure 3. It could be seen that stems and roots were divided into the same cluster, while
leaves were grouped in another one in the results of the hierarchical clustering analysis
(Figure 3A), indicating that there were more differences between leaves and the other
organs than between roots and stems. As for the expression trends of the identified DAMs,
subclasses 1, 2 and 3 showed different trends, while roots, stems, and leaves had the highest
metabolite abundances, respectively (Figure 3B). A total of 868 DAMs (totaling 2589, 2556,
and 1993 DAMs in L vs. R, L vs. S, and R vs. S groups) existed among all the three
comparison groups (L vs. R, L vs. S, and R vs. S) (Figure 3C). Among these three groups,
there were 1596, 1686, and 1166 up-regulated DAMs and 993, 870 and 827 down-regulated
DAMs (Figure 3D).
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Figure 3. Amounts and cluster analysis of DAMs among different organs of S. suberectus
((A) hierarchical clustering analysis of the identified DAMs across different organs. The horizontal
axis represents the sample clusters, and colors from green to red indicate metabolite accumulation
levels from low to high; (B) the expression trends of the identified DAMs; (C) Venn diagram of
the shared and unique DAMs among all the vegetative organs; (D) numbers of up-regulated and
down-regulated DAMs in comparisons between different organs).

(4) Identification analysis of flavonoid-related metabolites among all the vegetative
organs of S. suberectus

Among all the compared groups, DAMs were significantly enriched in the following
five pathways: ko00940 (phenylpropanoid biosynthesis), ko00941 (flavonoid biosynthesis),
ko00942 (anthocyanin biosynthesis), ko00943 (isoflavonoid biosynthesis) and ko00944
(flavone and flavonol biosynthesis). We focused on these pathways and the related
metabolites (Figure 4A-D). Among all the organs, there were a total of 230 compounds
related to flavonoids, including 80 flavones, 36 flavonols, 27 isoflavones, 20 anthocyanidins,
15 chalcones, 12 flavanols, 11 flavanones, 2 flavanonols, 2 biflavones, 1 dihydroisoflavone,
and 24 other flavonoids (Figure 4E and Supplementary Table S5). Flavones accounted for
34.78% of all flavonoids, indicating that they were the major category among all flavonoids.
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In addition, flavonols (36, 15.65%), isoflavones (27, 11.74%), anthocyanidins (20, 8.70%) and
chalcones (15, 6.52%) were also dominant.
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Figure 4. Numbers and categories of DAMs enriched in different compared groups of S. suberectus
((A-D) KEGG pathway enrichment analysis among different compared groups; the red underlines
indicate the important pathways related to the metabolism of phenylpropanoids and flavonoids. The
red underlines indicated the important pathways related to the metabolism of phenylpropanoids and
(iso) flavonoids; (E) numbers and categories of flavonoid-related DAMs in S. suberectus; (F) different
flavonoid DAM numbers in the L vs. R group; (G) different flavonoid DAM numbers in L vs. S
group; (H) different flavonoid DAM numbers in the R vs. S group).
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As for flavones, 26, 34, and 33 of them were up-regulated in the three compared groups
(Lvs. R, Lvs.S,and R vs. S; same below), while 23, 25, and 23 DAMs were down-regulated.
A total of 19 of them appeared in all three compared groups (including (+)-catechin 7-
O-beta-D-xyloside, 3',4’-dimethoxyflavone, 4’-methoxyflavone, chrysin, chrysosplenol
D, datiscetin, isochamaejasmin, isoscutellarein, L-epicatechin, nevadensin, oroxylin A,
rubraflavone B, taxifolin 3-O-acetate, and so on). For flavonols, 18, 17, and 9 DAMs
were up-regulated among all the compared groups, while 13, 15, and 7 DAMs were
down-regulated. Five of them were found in all the groups ((+)-catechin gallate, (—)-
epiafzelechin, (—)-epicatechin gallate, cianidanol and (+)-gallocatechin). For isoflavones,
9,10, and 12 DAMs up-regulated, while 13, 9, and 5 DAMs were down-regulated. Seven
of them (3,9-dihydroxypterocarpan, 8-O-methylretusin, gancaonin D, glabrone, genistein,
pseudobaptigenin, and isoformononetin) were found in all the groups. For anthocyanidins,
10, 11, and 6 DAMs were up-regulated, while 5, 6, and 7 DAMs were down-regulated.
Eight of them were found in all the groups (including cyanidin 3-sambubioside 5-glucoside,
petunidin 3-galactoside, peonidin chloride, delphinidin 3-sambubioside, leucodelphidin,
peonidin pentose, and so on). For chalcones, 7, 6 and 5 DAMs up-regulated, while 5, 5 and
4 DAMs were down-regulated. Five of them were found in all the groups (cardamonin,
xanthohumol, pinostrobin chalcone, neohesperidin dihydrochalcone and isoliquiritigenin)
(Figure 4F-H, and Supplementary Table S5).

3.2. Transcriptome Analysis Results

(1) Basic sequencing results in all vegetative organs

A total of 449,569,220 clean reads (67.43 Gb high-quality sequences) could be se-
quenced from the roots, stems, and leaves of S. suberectus after a high-quality RNA-seq
evaluation and data filtering (6.59~8.45 Gb per sample, Supplementary Table S6). There
were also high correlations and good reproducibility (reliability) between different biologi-
cal replicates and organs (the correlation coefficients ranged from 0.78 to 0.99), especially in
the same organ (Supplementary Figure 52). Among the top five most similar plant species
of unigenes, 92.67% were highly similar to Spatholobus suberectus, 1.70% to Glycine max,
1.31% to Cajanus cajan, 1.13% to Mucuna pruriens and 0.96% to Glycine soja, respectively
(Figure S3A). All of them belonged to the Fabaceae family, indicating that the transcrip-
tomic characteristics of different organs in S. suberectus were similar to those of Fabaceae
family species. As for transcription factors (TFs), MYB, bHLH, AP2/ERF-ERF, C2H2, and
WRKY were dominant (7.1%, 6.82%, 6.58%, 5.58% and 4.03%, respectively) (Figure S3B). In
addition, all the unigenes were divided into 25 types in the KOG database. There were the
highest numbers of genes in general function prediction only, posttranslational modifica-
tion, protein turnover, chaperones and signal transduction mechanisms, respectively (up to
3554, 1962 and 1917), which revealed that signal transduction and some other metabolic
processes were important throughout all the organs (Figure S3C).

(2) Differences in gene expression patterns among all vegetative organs and enrichment
analysis

There were 15,528 up-regulated DEGs and 13,487 down-regulated DEGs (totaling
29,015) identified in the roots, stems, and leaves of S. suberectus (compared with each pair
of organs), and 2463 DEGs could be found in all the compared groups between different
organs (Figure 5A,B). According to the heatmap, the roots, stems, and leaves were divided
into the same cluster, and leaves were alone in another one. DEG numbers in L vs. R were
similar to the metabolomics analysis results (Figure 5C). Broken line graphs (Figure 5D)
show that in subclasses 3, 4 and 5, roots had the highest gene abundance; in subclasses
1, 2, and 7, leaves had the highest gene abundance, while stems were dominant in the
remaining subclasses (Figure 5D). In summary, leaves had more different characteristics
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than roots and stems when comparing, and the transcriptome characteristics of the same
organs were similar.
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Figure 5. Numbers and cluster analysis of DEGs among different vegetative organs of S. suberectus
((A) Venn diagram of the shared and unique DEGs among roots, stems and leaves; (B) numbers
of up-regulated and down-regulated DEGs between different organs comparisons; (C) hierarchical
clustering analysis of the identified DEGs across three different organs; the horizontal axis represents
the sample clusters, and colors from blue to red indicate gene expression levels from low to high;
(D) the expression trends of the identified DEGs; gene abundance was expressed as logp-fold change
(y-axis), and developmental stages are outlined on the x-axis, with the S1 stage as the zero point).

(3) Identification analysis of some key pathways and secondary metabolites related to
different DEGs (including TFs)

In the KEGG enrichment pathways, biosynthesis of secondary metabolites and
metabolic pathways were predominant in all compared groups. It can also be seen that
phenylpropanoid biosynthesis and some other pathways about secondary metabolite
biosynthesis (such as flavonoid, isoflavonoid, etc.) were also significant through the
three compared groups (Figure 6A-C). According to the results of DEG analysis, we fo-
cused on the analysis of the relevant pathways of phenylpropanoid and (iso)flavonoids.
A total of 362 DEGs (135, 118, and 109 DEGs in L vs. R, L vs. S and R vs. S groups,
respectively; same below) were involved in the phenylpropanoid biosynthesis path-
way, and 162, 157 and 63 DEGs were detected in the flavonoid biosynthesis (56, 54,
and 52, totaling 162), anthocyanin biosynthesis (5, 5, and 3, totaling 13), isoflavonoid
biosynthesis (54, 59, and 44, totaling 157), flavone and flavonol biosynthesis pathways
(21, 20, and 22, totaling 63), respectively (Supplementary Table S7). In the phenyl-
propanoid biosynthesis pathway (ko00940), 122 DEGs were up-regulated and 102 DEGs
were down-regulated, while 15 up-regulated DEGs and 11 down-regulated DEGs could
be found in all compared groups [novel. 1895 (STOX, encoding tetrahydroberberine ox-
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idase), novel.104 (BBE21, encoding berberine bridge enzyme-like 21), E2542_SST27339
(BBE22, encoding berberine bridge enzyme-like 22), E2542_SST20781 (CER2, encod-
ing protein ECERIFERUM 2), E2542_SST20296 (F5H, encoding ferulate-5-hydroxylase),
E2542_SST16983 (AOMT, encoding flavonoid 3’,5'-methyltransferase), E2542_SST13543
and E2542_SST09375 (3UFGT, encoding UDP-glucose flavonoid 3-O-glucosyltransferase 5),
E2542_SST12919 (PERb55, encoding peroxidase 55), E2542_SST10720 (PAR1, encoding pheny-
lacetaldehyde reductase), E2542_SST10068 (CCL7, encoding probable CoA ligase CCL7),
E2542_SST08576 (PER1, encoding cationic peroxidase 1), E2542_SST01065 (CCR1, encoding
cinnamoyl-CoA reductase 1), E2542_SST00841 (unknown), and E2542_SST00181 (PER2,
encoding cationic peroxidase 2) were up-regulated], while 11 DEGs were down-regulated
(E2542_S5T29328 (C4H, encoding cinnamic acid 4-hydroxylase), E2542_SST29260 (CCR1,
encoding cinnamoyl-CoA reductase 1), E2542_SST29259 (PAR1, encoding phenylacetalde-
hyde reductase), E2542_SS5T28874 (SAT, encoding stemmadenine O-acetyltransferase),
E2542_SST27832 (PER31, encoding peroxidase 31), E2542_SS5T23116 and E2542_SST23115
(PAL2, encoding phenylalanine ammonia-lyase 2), E2542_SST16680 (BBE13, encoding
berberine bridge enzyme-like 13), E2542_SST12697 (PER44, encoding peroxidase 44),
E2542_SST06936 (PER50, encoding peroxidase 50), and E2542_SST06588 (PER64, encoding
peroxidase 64)]. In the flavonoid biosynthesis pathway (ko00941), 49 DEGs were up-
regulated and 47 DEGs were down-regulated, and seven DEGs were both up-regulated and
down-regulated in the different comparison groups [novel.896 (6DCS, encoding NAD(P)H-
dependent 6’-deoxychalcone synthase), novel.1325 (ANR, encoding anthocyanidin reduc-
tase), E2542_SST29615 (JOX2, encoding jasmonate-induced oxygenase 2), E2542_SST20781
(CER?2, encoding protein ECERIFERUM 2), E2542_SST19452 (F3'H, encoding flavonoid
3’-hydroxylase), E2542_SST16983 (FAOMT, encoding flavonoid 3’,5'-methyltransferase),
and E2542_SST01834 (6DCS, encoding NAD(P)H-dependent 6'-deoxychalcone synthase)
were up-regulated, while novel.872 and novel.3355 (CHS, encoding chalcone synthase),
E2542_5ST29328 (C4H, encoding cinnamic acid 4-hydroxylase), E2542_SST28874 (SAT,
encoding stemmadenine O-acetyltransferase), E2542_SST14749 (DFR, encoding dihy-
droflavonol 4-reductase), E2542_SST07181 (LDOX, encoding leucoanthocyanidin dioxy-
genase), and E2542_SST05681 (LAR, encoding leucoanthocyanidin reductase) were down-
regulated]. In the anthocyanin biosynthesis pathway (ko00942), two DEGs were up- and
down-regulated in three compared groups, and one key DEG could be found in all the
groups [E2542_SST17031 (MdPh-4'-OGT, encoding phloretin 4’-O-glucosyltransferase) and
E2542_SST16525 (F3GT, encoding flavonol 3-O-glucosyltransferase)]. In the isoflavonoid
biosynthesis pathway (ko00943), 84 DEGs were up-regulated and 47 DEGs were down-
regulated (with no DEGs appearing in all three groups). In ko00944, 25 DEGs were
up-regulated and 16 DEGs were down-regulated. Three DEGs were up-regulated
[E2542_SS5T26235 (3AT2, encoding coumaroyl-CoA), E2542_SST19452 (F3'H, encoding
flavonoid 3'-hydroxylase) and E2542_SST07938 (PMAT1, encoding phenolic glucoside mal-
onyltransferase)] and only one DEG was down-regulated [E2542_SST27635 (PMAT1, encod-
ing phenolic glucoside malonyltransferase)] in all three groups (Supplementary Table S7).
It can be speculated that the difference in flavonoid biosynthesis and content in S. suberectus
may be related to the regulatory genes of a series of related enzyme syntheses during the
biosynthesis process (F5H, C4H, PAL, ANR, CHS, DFR, F3'H, etc.).

Specifically, 382 TF-related DEGs belonging to some TFs related to flavonoid biosynthe-
sis regulation were identified, including MYB (MYB transcription factors, 89), bHLH (basic
helix-loop-helix transcription factor, 80), AP2/ERF-AP2 (APETALA2/ethylene respon-
sive factor, 104), WRKY (WRKY transcription factors, 71), and bZIP (basic leucine zipper
transcription factors, 38). In roots, there were 42, 42, 35, 22, and 19 genes related to MYB,
AP2/ERF-AP2, bHLH, WRKY and bZIP TFs, respectively, and SsMYB78 (E2542_S5T23954),

https://doi.org/10.3390 /horticulturae12060653


https://doi.org/10.3390/horticulturae12060653

Horticulturae 2026, 12, 653

13 of 24

SsERF72 (E2542_SST01304), SsbHLH25 (E2542_SST06996), SSWRK11 (E2542_SST18915),
and SsBZIP9 (E2542_SST15319) had the highest FPKM (Fragments Per Kilobase of exon
model per Million mapped fragments) value. In stems, there were 40, 35, 21, 8, and 7 genes
related to AP2/ERF-AP2, MYB, bHLH, bZIP and WRKY TFs, respectively, and SSERF72
(E2542_SST01304), SsMYB08 (E2542_SST11090), SSBHLHW (E2542_SST24136), SsbZ1P44
(E2542_SST10476) and SsWRK11 (E2542_SST18915) had the highest FPKM value. In leaves,
there were 42, 24, 22, 22, and 11 genes related to WRKY, bHLH, MYB, AP2/ERF-AP2 and
bZIP TFs, respectively, and SsSWRK11 (E2542_SST18915), SsSBHLHW (E2542_SS5T24136),
SsMYB73 (E2542_SST14915), SsDRE1A (E2542_SST31394) and SsTGA2.1 (E2542_SST12562)
had the highest FPKM value. In summary, MYB, AP2/ERF-AP2 and WRKY-related genes
were dominant in roots, stems and leaves. SSERF72, SsSWRK11 and SsBHLHW were highly
expressed in at least two vegetative organs (Supplementary Table S8).
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Figure 6. Numbers and cluster analysis of DEGs among different vegetative organs of S. suberectus
((A—C) KEGG enrichment analysis among different compared groups of S. suberectus; the red under-
lines indicate the important pathways related to the metabolism of phenylpropanoids and flavonoids.
The red underlines indicated the important pathways related to the metabolism of phenylpropanoids
and (iso) flavonoids; (D) numbers of up-regulated and down-regulated DEGs between different
organ comparisons).

3.3. Integrated Analysis
3.3.1. WGCNA Analysis for Different Vegetative Organs of S. suberectus

WGCNA analysis was conducted based on the genes throughout different organs
(roots, stems, and leaves) of S. suberectus (Figure 7 and Supplementary Tables S9-S11).
A soft-thresholding power of 3 = 18 was selected based on the scale-free topology fit
index (R? > 0.8). The numbers of genes in turquoise and blue modules were the highest
(6849 and 4971, respectively). There were many related unigenes in the blue module for
stems (correlation coefficients ranged from 0.46 to 0.48), in the yellow module for roots
(correlation coefficients ranged from 0.49 to 0.51) and in the turquoise module for leaves
(correlation coefficients ranged from 0.49 to 0.51) (Figure 7C). In the blue module, there
were 25,23, 1, 5, and 6 unigenes, which belonged to the five main pathways of flavonoid
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biosynthesis (ko00940, ko00941, ko00942, ko00943 and ko00944; same below). TF-related
genes of C2H2, MYB, bHLH, NAC and C3H were the highest. In the yellow module, 47,
17,1, 10 and 9 unigenes belonged to these pathways, respectively, and the related genes of
MYB, bHLH, C2H2, bZIP and WRKY were dominant. In the turquoise module, 54, 18, 3, 34,
and 8 unigenes belonged to these pathways, respectively, and the related genes of WRKY,
bHLH, MYB, NAC and C2H2 were dominant among all the TF-related genes. Phenylalanine
ammonia-lyase 1 (PAL1), phenylalanine ammonia-lyase 2 (PAL2), 4-coumarate-CoA ligase 2
(4CL2), flavonol synthase (FLS), bifunctional dihydroflavonol 4-reductase (DFR), flavonol 3-
O-glucosyltransferase (F3GT2), flavonoid 3’-monooxygenase (F3'H) and many other genes
were dominant and closely related to flavonoid biosynthesis, encoding key enzymes during
the flavonoid biosynthesis process. The FPKM values of most these unigenes followed the
trend of stems>leaves>roots, and some genes related to anthocyanidin biosynthesis (such
as anthocyanidin 3-O-glucosyltransferase, UFGT and UDP-glycosyltransferase, UGT13,
cyanidin 3-O-galactoside 2/-O-xylosyltransferase, UFGT6b) were also highly expressed in
stems and leaves, which were related to some specific anthocyanidin contents. In addition,
some TF-related unigenes (MYB, bHLH, WRKY, APR, etc.) were also highly expressed
in stems compared to roots and leaves (Supplementary Tables S9-511). In summary, the
unigenes encoded key enzymes related to flavonoid biosynthesis, and some related genes of
MYB, bHLH, AP2/ERF-AP2, and WRKY were important among all the vegetative organs
of S. suberectus, and they also had the functions of regulating the biosynthesis of flavonoids,
flavonols/flavones, isoflavonoids and some other secondary metabolites among most
medicinal plants.
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Figure 7. Weighted gene coexpression network analysis (WGCNA) of the identified genes between
roots, stems, and leaves of S. suberectus ((A) gene dendrogram obtained by clustering the dissimilarity
based on consensus topological overlap, with each tree branch constituting a module and each leaf
representing one gene; each colored row indicates a color-coded module that contains a group of
highly interconnected genes; (B) heatmap plot of topological overlap in the gene network; darker
squares along the diagonal correspond to modules; (C) module eigengene physiological indexes and
sample correlations; the color scale bar on the right shows the correlation range from negative to
positive; (D) total numbers of unigenes in all the vegetative organs of S. suberectus; (E) main TF-related
genes among blue, yellow, and turquoise modules).
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3.3.2. Integrated Analysis of Transcriptomics and Metabolomics Between Different
Vegetative Organs

To indicate the correlations between specific DAMs (including phenylalanine and the
main phenolic acid, (iso)flavonoid) and DEGs encoding key enzymes during the process
of phenylpropanoid and (iso)flavonoid biosynthesis among different vegetative organs
and flavonoid-related pathways of S. suberectus, we used Pearson’s correlation coeffi-
cient analysis to find the relationships between them (choosing those with a correlation
value larger than 0.8 and a significance level of p < 0.05, Figure 8). Spearman’s rank
correlation was used to assess gene—metabolite relationships. Given the limited sample
size (n = 3 per organ), p-values were adjusted using the Benjamini-Hochberg false dis-
covery rate (FDR) method. Correlations with Ir| > 0.8 and p < 0.05 were considered
significant. These results are exploratory and require validation. Most of these DEGs
in the different pathways were closely connected with their corresponding flavonoids,
suggesting coordinated regulation between gene expression and metabolite accumulation
(detailed information of flavonoids and unigenes is shown in Supplementary Table 512).
In the phenylpropanoid biosynthesis pathway (ko00940), PAL, 3GT5, 4CL and some
other genes showed positive correlations with L-phenylalanine and some other pheno-
lic acids; in the flavonoid biosynthesis pathway (ko00941), the expressions of CHS and
DFR showed positive correlations with naringenin, (+)-gallocatechin, epigallocatechin,
(—)-epiafzelechin and many other compounds, while the expressions of ANR showed
negative correlations many flavonoids. Chrysin showed negative correlations with many
genes (F3'H, FLS, CHS, etc.), and FLS1/FLS3 also showed negative correlations many
flavonoids (such as sakuranetin, naringin, and so on). For cyanidin 3-sambubioside 5-
glucoside (a kind of anthocyanin), FGT and KGLT showed positive correlations with it,
while F3GT2 showed the opposite. Interestingly, ANR1 (E2542_SST11123), and ANR2
(novel.1325) always showed the opposite trend among most of the flavonoids. In the
isoflavonoid biosynthesis pathway (ko00943), VESTR and C81E1 showed positive cor-
relations with most of the flavonoids (except for 6”-O-malonylglycitin, formononetin,
ononin, pseudobaptigenin and isoformononetin), and I2'H/IFR showed a similar trend
(except for 6”-O-malonylglycitin, ononin, and isoformononetin). 2’-Hydroxydaidzein,
5-hydroxypseudobaptigenin, genistein, coumestrol, and naringenin showed positive
correlations with most of the genes except for UGT2, while 6”-O-malonylglycitin, for-
mononetin, ononin and isoformononetin showed negative correlations with most of the
genes except for UGT2. Daidzein and glycitein both showed positive correlations with
the I2’H, I3'H, IFR, and UGT1 genes. For flavone and flavonol biosynthesis, F3GGT
showed positive correlations with meloside A, luteolin and 3,7-Di-O-methylquercetin,
while it showed negative correlations with myricetin (with F3'5'H). Notably, up-regulation
of PAL, 4CL, C4H, CHS, DFR, and some other genes would cause the biosynthesis of
many flavonoids, and up-regulated expression levels of C§1E1, C81E9, IFR, UGT1 would
promote isoflavonoid biosynthesis. Some key genes selected from the blue modules of
WGCNA with high expression levels, like PAL1 (E2542_SST12001), PAL2 (E2542_SS5T24497),
4CL2 (E2542_SST07412), CHS (E2542_SST12829, novel.872), DFR (E2542_SST14749), F3'H
(E2542_SST02067, E2542_SST02070, E2542_SST02071), LAR (E2542_SST05681), and UGT2
(E2542_S5T31584), are also important during this process. In addition, some genes related
to lignin synthesis and cell wall formation (CAD, CCR, COMT1, CSE, SNL6, WAK?2, etc.)
were also significantly enriched and correlated in the phenylpropanoid pathway, which
might be highly correlated with flavonoid biosynthesis. These results reveal the complex
regulatory process of (iso)flavonoid biosynthesis in vegetative organs.
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Figure 8. Correlation analysis of genes and key flavonoid metabolites in different pathways of
S. suberectus ((A) ko00940: phenylpropanoid biosynthesis; (B) ko00941: flavonoid biosynthesis;
(C) ko00942: anthocyanin biosynthesis; (D) ko00943: isoflavonoid biosynthesis; (E) ko00944: flavone
and flavonol biosynthesis).

3.3.3. Flavonoid Biosynthesis Characteristics in S. suberectus

The biosynthesis of (iso)flavonoids in S. suberectus is complicated (Figure 9). At
the beginning of the ko00940 pathway, the phenylalanine content was highest in leaves,
followed by roots and stems, but the expression of PAL was higher in stems than in roots
and leaves. F5H in this pathway was highly expressed in leaves, causing high contents
of some phenolic acids. For ko00941 (flavonoid biosynthesis pathway), CHS and CHI
had high expression levels in stems, and the contents of chalcones and some flavanones
were high in stems compared to roots and leaves. The expression levels of F3'H, DFR,
ANS, and LAR were also high in stems, and (+)-catechin mainly accumulated in stems, but
the contents of some other anthocyanins (like pelargonidin and cyanidin) were higher in
leaves. In the isoflavonoid biosynthesis pathway (ko00943), I2'H and I3'H were highly
expressed in leaves, causing an improvement in 2’-hydroxygenistein content, but on the
contrary, UGT2 had high expression levels in stems. Ononin, isoformononetin, 6”-O-
malonylglycitin, and some other components were abundant in stems. In the ko00944
pathway, the expression levels of F3H and F3'H were high in stems and leaves, but F3'5'H
was abundant in roots. Notably, most of the flavonol contents were high in leaves, indicating
that there were negative correlations between the expression of these genes and flavonol
contents. In general, genes from the phenylpropanoid and flavonoid biosynthesis pathways
and some genes from the anthocyanin biosynthesis pathway (like DFR, ANS, ANR, and
LAR) were highly expressed in stems compared to roots and leaves, but genes in the
flavone and flavonol biosynthesis pathways (like F3'5'H) showed the opposite trend.
Flavones and isoflavonoids were abundant in stems and roots, while phenolic acids/some
anthocyanins/flavonols were abundant in leaves.
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Figure 9. Pathway network of differentially expressed genes (DEGs) and differentially accumulated
metabolites (DAMs) involved in the flavonoid and phenylalanine biosynthesis pathways among all
the vegetative organs of S. suberectus. Heatmaps in this figure show the FPKM values of DEGs and
relative content values of DAMs after logyo transformation.

3.3.4. qRT-PCR Results

Eight representative DEGs encoding key enzymes and transcription factors (with high
expression levels and different FPKM values in all the vegetative organs) were chosen for
gRT-PCR analysis from all the compared groups and WGCNA modules (Figure 10 and
Supplementary Table S13). We chose SsACT (E2542_SST27345) as the reference gene (due
to its steady expression in all vegetative organs). It was found that the expression trends of
different genes were the same as the FPKM results of RNA-seq. So, the transcriptome data
could be used to reflect transcript abundance in this study.
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Figure 10. Gene expression validation of key functional enzymes and transcription factor genes
involved in flavonoid biosynthesis in different vegetative organs of S. suberectus using a qRT-PCR
assay. The data are presented as means of three replicates, and error bars denote +SE (n = 3).
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4. Discussion
4.1. Flavonoid and Metabolite Contents in All the Vegetative Organs of S. suberectus

Previous studies showed that dried vine stems of S. suberectus have always been
used for ethnomedicine [31], but in this study, we found that flavonoids, amino acids
(and their derivatives) and alkaloids/terpenoids followed the rule of stems>leaves>roots,
leaves>stems>roots and roots>leaves>stems, respectively, a result which is similar to
various medicinal plants and also consistent with our hypothesis about S. suberectus. This
pattern aligns with the general roles of flavonoids as aboveground stress protectants (UV,
pathogens, herbivores), while alkaloids/terpenoids in underground parts could be used
to defense against multiple stresses [8,32]. Similarly, the biosynthesis of flavonoids helps
plants defend against Botrytis cinerea or other pathogens, and it helps stems avoid damage
caused by UV-B, cold and other stresses [8,33,34]. Grapes [10], Hippophae rhamnoides
(kaempferitrin [35]) and many other woody plants had high flavonoid accumulation levels
in their stems and bark; proanthocyanins, epicatechin, catechin, kaempferol 3-O-glucoside
and many other flavonoids were the main components in vines and berry stems of Vitis
davidii [36]. In summary, flavonoids always accumulate more in aboveground parts than
underground parts as an important antioxidant for stress defenses. As for alkaloids and
terpenoids, roots were the main organ which produced them. They synthesized in the
underground parts and exported to the shoots via phloem and function as a chemical
barrier against herbivores and pathogens [37,38]. In this study, S. suberectus was planted
under a Pinus elliottii forest for 6 years, and the roots needed to contend with various
microorganisms in the soil. This might be the possible reason why alkaloids and terpenoids
mainly accumulated in the roots of S. suberectus. In summary, all the vegetative organs
of S. suberectus had abundant chemical components that could be used adequately after
oriented cultivation.

4.2. Biosynthesis of Specific Flavonoid Metabolites Among All the Vegetative Organs of
S. suberectus

Flavonoids consist of various categories (flavones, flavonols, chalcones, anthocyanins,
etc.), and flavones were dominant [39]. For S. suberectus, we found that flavonoids mainly
accumulated in stems, while anthocyanins/chalcones mainly accumulated in leaves, which
is consistent with various medicinal plants. Previous phytochemical studies on S. suberectus
have mainly focused on its medicinal values and some component properties, but the organ-
specific distribution of different flavonoid subclasses (flavones, flavonols, anthocyanins)
across roots, stems, and leaves has not been systematically compared. Notably, we found
that there were different numbers of red stem rings on cross-sections of S. suberectus stems
(Figure 1B). Some specific anthocyanins (like pelargonidin, delphinidin and peonidin) also
had high contents. Similarly, pelargonidin in Paeonia [40] and Rosa rugosa [41] and peonidin
in Cymbidium ensifolium [42] and Torenia fournieri [43] were the main pigments that made
the tissues show pink and red colors. Anthocyanins can be found in dark-colored flowers
or plant tissues. Pelargonidin and delphinidin always show purple-pink colors, while
peonidin always shows a dark red coloration in plant tissues. Their contents showed close
relationships with DFR, ANS and other enzymes (also related to genes encoding them).
For example, the peonidin content was regulated by the expression of DFR, FLS, and some
other genes in Prunus mume stems [44], the expression of F3'5'H regulated the biosynthesis
of Capsicum annuum stems [45], and the expression of CHII, ANS, and other key genes
influenced the color of Panax notoginseng via the pelargonidin-3-O-[-3"'-(-2"""-O-malonyl)-o
rhamnosyl]-p-xyloside content [46]. All of them showed a dark red or purple color. In
summary, flavones/flavonols were the main categories of flavonoids, while the contents of
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pelargonidin, delphinidin, and peonidin mainly influenced the degree of the purplish-red
cross-section of the stem (rings).

4.3. The Expression of Key Enzyme Genes Among All the Vegetative Organs During the Flavonoid
Biosynthesis Process of S. suberectus

In our study, 4040 DAMs and 29,015 DEGs were identified from all the vegetative
organs, and flavonoid-related DAMSs and DEGs played significant roles. Stems and roots
were in the same cluster in both transcriptomic and metabolomic analyses, while leaves
formed a separate cluster, indicating that leaves had more different metabolites and genes
than roots and stems. This result was similar to Ormosia henryi [47], Scutellaria baicalensis [48]
and some other medicinal plants. Therefore, there is a large gap between the chemical
components in the leaves of S. suberectus and those in the roots and stems.

The characteristics of flavonoid-biosynthesis-related pathways (ko00940, ko00941,
ko00942, ko00943, and ko00944) were deeply analyzed. At the beginning of the flavonoid
biosynthesis process (from ko00940 to ko00941), phenylalanine was an important precursor
in the primary biosynthesis stage, which showed high correlations with PAL, C4H, and
other key enzymes [8]. Most of their encoding genes showed high expression levels in
stems, causing some chalcone and flavone accumulations. For example, Cs4CL1 expression
increased flavonoid accumulation in Camellia sinensis stems [49], and the down-regulation
of C4H, CHS, and CHI decreased the flavonoid content in Dioscorea polystachya. Then, the
expression of CHS and CHI caused an increase in the content of various chalcones, flavones,
and flavonols, like pinocembrin chalcone, pinocembrin, naringenin, and so on [50-52].
Isoliquiritigenin and other component contents showed similar trends to the expression lev-
els of CHS and other genes in our study. In the anthocyanin biosynthesis pathway (ko00942)
of S. suberectus, DFR, ANS, and ANR turned dihydrokaempferol into leucopelargonidin,
pelargonidin, and catechin after flavanones, with high expression levels of their encod-
ing genes observed in stems, which was similar to that observed in ‘Red Meat Honey
Crisp (RMHC)’ peach [53], Valeriana jatamansi [54] and other plants. In the isoflavonoid
biosynthesis pathway (ko00943), we could see that 12'H, I3'H and UGT2 catalyzed the
synthesis of isoflavones from isoliquiritigenin, naringenin and other substances, which was
similar to the results of Glycine max [55], Ginkgo biloba [56], C. sinensis [57], etc. Ononin,
isoformononetin and other isoflavonoid contents, as well as the expression levels of UGT2
and I2'H, were higher in stems and roots. In the flavone and flavonol biosynthesis pathway
(ko00944), F3'H and FLS were highly expressed in stems and leaves, causing the accumu-
lation of flavonols, especially myricetin. In Lycium chinense [58], Glechoma longituba [59]
and many other medicinal plants, the expression modes of the F3'H, F3'5'H, and FLS
genes were closely related to flavonol contents. In addition, the overexpression of FLS
in C. sinensis leaves caused flavonol (kaempferol, quercetin and myricetin derivatives)
accumulation [60]; FLS, and F3'5'H showed high correlations with myricetin and M-based
flavonols in different organs of Morella rubra [61]. In summary, the expression levels of
most CHS, CHI, F3H, DFR, ANS and ANR genes were high in stems, which showed high
correlations with flavanone and flavanol accumulation. The high expression levels of F3'H
and other genes highly correlated with the accumulation of flavonols, especially myricetin,
and others.

We acknowledge that our transcriptomic analysis was performed at the organ level,
which represents an average expression profile across all cell types within each organ.
Different organs (roots, stems, leaves) have distinct cell type compositions, and cell-type-
specific expression patterns may be masked by bulk RNA-seq. Therefore, the observed
up- or down-regulated DEGs between organs should be interpreted as organ-level differ-
ences. While single-cell or spatial transcriptomics could provide higher resolution, these
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approaches are accompanied by technical challenges, with the disadvantages of cell—cell
communication loss upon cell isolation, and should be interpreted with caution [62].

4.4. The Expression of Key Transcription Factor (TF) Genes Among All the Vegetative Organs
During the Flavonoid Biosynthesis Process of S. suberectus

Transcription factors (TFs) play essential roles in regulating flavonoid biosynthesis [25].
We identified several TFs with markedly high expression levels in stems compared to
roots or leaves, including SsMYB44 (MYB family), SsbHLH35 (bHLH family), SSERF72
and SsDRE1A (AP2/ERF family), and SsWRK44 (WRKY family). Their stem-enriched
expression suggests potential involvement in the organ-specific regulation of flavonoid
accumulation. MYB44, a member of the R2R3-MYB subfamily, has been reported to regulate
stress responses and flavonoid biosynthesis in some species [27]. However, its function
appears to be species-dependent: it promotes flavonoid accumulation in Ziziphus [63,64]
but acts as a negative regulator in blueberry and goji (Lycium barbarum) berries [65,66]. The
high expression of SSMYB44 in S. suberectus stems points to a possible role in stem-specific
flavonoid synthesis, but its exact regulatory mode requires functional validation. bHLH
and AP2/ERF TFs are known to positively regulate flavonoid biosynthesis in many plants
by activating structural genes such as CHS and CHI [67-69]. Similarly, WRKY can promote
flavonoid accumulation through direct or indirect activation of biosynthetic genes [70],
which may also increase phenylalanine and major flavonoid contents [71]. The stem-
enriched expression of SsSbHLH35, SSERF72, SsSDRE1A and SsSWRK44 therefore suggests
that these TFs may act cooperatively to drive flavonoid production in S. suberectus stems.
To sum up, genes related to these specific TFs were closely related to flavonoid biosynthesis
regulation and gene expression of key enzymes in most plants. Future studies—such as
heterologous expression or gene silencing—are needed to confirm their regulatory functions
and to assess their potential for metabolic engineering or marker-assisted breeding of
S. suberectus.

5. Conclusions

Amino acids and derivatives, flavonoids, and alkaloids/terpenoids were the main
secondary metabolites in roots, stems and leaves of S. suberectus, respectively. Stems
were utilized due to their abundant flavanols, flavonols, flavones, flavanonols, and other
flavonoids. In addition, DAMs and DEGs were significantly enriched in the pathways
related to phenylpropanoid and (iso)flavonoid biosynthesis. Many genes encoding key
enzymes of flavonoid biosynthesis (like PAL, C4H, CHS, F3'H, F3',5'H, DFR, ANR, LAR,
etc.) and transcription factors (like ERF72, WRK11, BHLHW, etc.) were found in all the
compared groups. These key genes were also found in blue, yellow, and turquoise modules
for roots, stems and leaves via WGCNA analysis. From an integrated analysis, we found
that PAL, 4CL, and some other genes showed positive correlations with L-phenylalanine;
C4H, CHS, DFR and some other genes showed positive correlations with various flavonoids,
while FLS showed negative correlations with many flavonols and flavonoids. Flavones
and isoflavonoids were abundant in stems and roots, while phenolic acids/some antho-
cyanins/flavonols were abundant in leaves. The results of qRT-PCR showed consistency
with the FPKM values of the RNA-seq results, indicating that the results of this study were
reliable. In summary, this study provides a new perspective for further understanding the
accumulation characteristics of various kinds of active compounds among all the vegetative
organs of S. suberectus, which lays the foundation for the efficient utilization of different
organs of S. suberectus.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /horticulturae12060653/s1, Figure S1. Amounts and PCA analysis
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of secondary metabolites among different organs of S. suberectus; Figure S2. Pearson’s correlation and
PCA analysis between different organs and samples of S. suberectus; Figure S3. A—Unigene simi-
larity analysis in NR database; B—main transcript factors in roots, stems and leaves of S. suberectus;
C—results of KOG classification; Figure S4. Melt curves of unigenes of qRT-PCR analysis; Figure S5.
Amplification plots of unigenes of qRT-PCR analysis. Supplementary Table S1. HPLC conditions
(samples injection details); Supplementary Table S2. MS conditions. Supplementary Table S3. Metabo-
lite counts; Supplementary Table S4. Flavonoid characteristics; Supplementary Table S5. Different
expressed flavonoids; Supplementary Table S6. QC and number of reads; Supplementary Table S7.
KEGG pathway and DEGs analysis; Supplementary Table S8. Transcription factor genes; Supple-
mentary Table S9. Unigenes in blue module; Supplementary Table S10. Unigenes in yellow module;
Supplementary Table S11. Unigenes in turquoise module; Supplementary Table S12. DEGs and
DAMs corrrelations; Supplementary Table S13. Genes for qRT-PCR analysis.
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