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Abstract: Cyclocarya paliurus (Batal) Iljinskaja is mainly used for harvesting leaves as materials
for tea production and ingredients for the food industry. As its most important component, the
contents of its total or specific flavonoids are supposed to vary at different ploidy levels. In the
present study, two ploidy levels of C. paliurus are used to study their metabolome and transcriptome
profiles. Though the total content of the flavonoids in leaves that were collected in September (the
main harvesting season) presented insignificant differences between the two ploidies, flavonoid
glucuronides were significantly accumulated in the tetraploid C. paliurus. Several structural genes
related to the biosynthesis of these flavonoid glucuronides were expressed differentially, including
PAL, 4CL, CHS, and CpUGTs. A weighted gene co-expression network analysis (WGCNA) revealed
that nine genes were highly correlated with the flavonoid glucuronide contents. Furthermore,
3 CpMYB39 and 3 CpUGT71 were highly associated with this accumulation of flavonoid glucuronides
in tetraploid C. paliurus. These results can provide a new perspective on how different polyploid levels
alter the quantitative and qualitative patterns of the secondary metabolite production in C. paliurus.

Keywords: Cyclocarya paliurus; autotetraploid; flavonoid glucuronides; metabolome; transcriptome;
regulatory network

1. Introduction

As a category of phenolic secondary metabolites, flavonoids are widely distributed
in plants and protect them from reactive oxygen species (ROS) damage induced by abi-
otic stresses (such as UV-B radiation, temperature, and soil salinity) [1]. Flavonoids also
influence the phytohormone signaling for controlling a plant’s growth and development
processes [2]. In addition, some plant-derived flavonoids have been considered in the
field to be bioactive ingredients, presenting pharmacological effects on anticancer, im-
munomodulatory, anti-inflammatory, anti-hyperlipidemic, and antioxidant activities [3–6].
For example, apigenin-7-O-β-D-glucuronide inhibits proinflammatory cytokine produc-
tion to protect mice from lipopolysaccharide-induced endotoxin shock, and luteolin-7-O-
glucuronide also exhibits the anti-inflammatory and anti-oxidative properties in murine
macrophages [7,8]. In general, flavonoids undergo multiple chemical modifications in vivo,
including glycosylation, methylation, and acylation. Following glycosylation, flavonoids
can improve their stability, water solubility, and bioactivity properties [9,10]; thus, bioactive
flavonoids are usually in the form of glycosides. Th glycosylation of natural flavonoids is
mediated by uridine diphosphate (UDP) glycosyltransferases (UGTs) [11], which belong to
the family of 1 glycosyltransferases (GT1) (www.cazy.org/fam/acc_GT.html, accessed on 8
March 2022). In the C-terminals of UGTs, a plant secondary product glycosyltransferase
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(PSPG) motif with highly conserved amino acid (aa) residues can directly interact with
a sugar donor and impact the activity and specificity of the glycosylation reactions [12].
Therefore, most UGTs preferentially select one specific UDP donor (such as UDP glucose,
galactose, glucuronic acid, xylose, or rhamnose) as the preferred sugar donor to catalyze
the glycosylation reaction. For example, flavonoids were observed to specifically conjugate
with UDP glucuronic acid (UDPGA) via flavonoid 7-O-glucuronosyltransferases (F7GATs)
in Lamiales [13,14].

Cyclocarya paliurus (Batal.) Iljinskaja, usually called “sweet tea tree” because of the
unique taste of its leaves, is mainly distributed in the subtropical mountainous areas of
southern China. Its leaves are mainly used for tea production and as a health food ingredi-
ent [15]. Due to the abundance of the bioactive components in its leaves, such as flavonoids,
triterpenoids, and glucosides [16–18], the cultivation of C. paliurus for its leaf production
has been extensively popularized. Moreover, numerous studies on the accumulation of
flavonoids in the leaves of C. paliurus have been published in the literature over recent
years. For example, previous studies have reported that C. paliurus obtained from different
locations (including information related to the provenance, population, and geographic
variation) presented the accumulation ability of differential flavonoids [15,19]. Further-
more, light intensity, light quality, and nitrogen availability have also been considered to be
the external factors influencing the biosynthesis of these flavonoids in C. paliurus [20,21].
Additionally, in a recent publication, two ploidy levels, including diploid (2n = 2x = 32)
and autotetraploid (2n = 4x = 64), were highlighted as being present in this species in
natural populations [22]. In polyploids, the sizes of their organs and their tolerance to biotic
and abiotic stresses are often present in increased numbers [23]. Enzyme activity and the
production of secondary metabolites can also be enhanced by polyploidy [24,25]. Xiang
et al. [25] observed that the level of steviol glycosides present in the autotetraploid Stevia
rebaudiana was much higher than that of diploids. In addition, the baicalin level present
in the autotetraploid Scutellaria baicalensis increased by 4.6% in vitro [26]. As a form of nu-
traceutical tea for drinking, the types and contents of the bioactive ingredients in aqueous
extracts of C. paliurus leaves determine their value. In comparison to flavonoid aglycons,
flavonoid glycosides present higher water solubility and bioactivity characteristics. This
leads us to focus on flavonoid glycosides’ differential accumulation of two ploidy levels in
C. paliurus.

In the present study, transcriptomics and metabolomics, considered to be new “omics”
research strategies, can provide a systematic biological insight into the mechanisms of
gene expression and metabolite accumulation occurring in species with polyploids [25,27].
A multiple omics analysis is also effectively applied to study the environment-related
response of C. paliurus [21,27] (Figure S1); however, it remains unclear if flavonoid accu-
mulation differences occur in the two ploidy levels for this species. By integrating the
transcriptomic and metabolomic data obtained from the two-ploidy C. paliurus, the aims
of this study are to: 1. explore the total and specific flavonoids’ differential accumulation
pattern in the two ploidy levels; 2. screen the candidate regulatory genes involved in the
flavonoids’ biosynthesis pathway; and 3. construct the regulatory network of flavonoid
biosynthesis and its related gene expression. This study can aid researchers in understand-
ing the molecular mechanisms of flavonoids’ differential accumulation in different ploidies
and build a theoretical basis for the efficient utilization of secondary metabolites in two
polyploid C. paliurus.

2. Results
2.1. Accumulation Pattern of Flavonoids in Leaves Obtained from C. paliurus with
Different Ploidies

Fang et al. [15] reported that the accumulating pattern of flavonoid content presented
two peaks in the months of May and September, respectively. Thus, in this study, the
total flavonoid content of the two-ploidy C. paliurus was measured only in May and
September 2022. The content of the total flavonoids was significantly lower in the tetraploid
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when compared to the corresponding diploid in May (p ≤ 0.01). Although there was no
significant difference exhibited in September, the flavonoid contents of two ploidies reached
the maximum levels of up to 20.64 mg·g−1 (diploid) and 19.9 mg·g−1 (tetraploid), which
were 2.67- and 3.25-fold the amount of those in May, respectively (Figure 1A).
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(B) Venn diagrams show differential accumulation metabolites (DAMs) in leaves of di- and 

Figure 1. (A) Total flavonoid content in the leaves obtained from a diploid and autotetraploid of C.
paliurus harvested in May and September, respectively; *** indicates significant difference at p < 0.01;
(B) Venn diagrams show differential accumulation metabolites (DAMs) in leaves of di- and tetraploid
C. paliurus collected in May and September, respectively. Circles and rectangles in the same color
represent the same comparison group; (C) KEGG pathway enrichment results of DAMs between tetra-
and diploid C. paliurus; and (D) heatmap of 89 flavonoids from metabolism data: yellow indicates
high-abundant metabolites, whereas low-abundant metabolites are shown in black. The complete list
of compounds and concentrations are provided in Table S1 from Supplementary Material.

To define the difference in the metabolite accumulation patterns of the di- and tetraploids,
we created metabolite profiles using UPLC-MS/MS and multiple reaction monitoring
(MRM) technologies. A total of 317 components were detected in the target metabolite
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analysis, including alkaloids (12), flavonoids (89), lignans and coumarins (16), phenolic
acids (134), quinones (10), tannins (12), and terpenoids (33). Among these metabolites,
185 DAMs (non-redundant) (|Log2 fold change| > 1, FDR < 0.05) were detected, including
94 up- and 91 down-regulation values (Figure 1B).

To identify the rank of the metabolites with different accumulation levels between
the different C. paliurus ploidies, we used the KEGG database to annotate the DAMs and
analyze their metabolic pathways (Figure 1C). Among the pathways, the top three (ranked
by p-value) included “Flavonoe and flavonol biosynthesis”, “Flavonoid biosynthesis”,
and the “Biosynthesis of secondary metabolites” [28]. A further analysis showed that the
flavonoids presented a multiple differential accumulation pattern between the di- and
tetraploid C. paliurus (Figure 1D). A total of 72 flavonoids with differential accumulations
were identified in the leaves obtained from the different ploidy leaves, including 24 up-
and 48 down-regulated flavonoids. Flavonoid glycoside is the main component of total
flavonoids. To present the specific flavonoid glycosides’ variations occurring between the
two-ploidy C. paliurus, a heatmap was created using 58 metabolites (Figure 2), including
arabinosides (3), galactosides (9), dirhamnosides (1), sophorotriosides (1), glucosides (24),
glucuronides (6), sambubiosides (2), and rhamnosides (12). Among the flavonoid glyco-
sides, we observed that the glucuronide content was significantly higher in the tetraploids
(|log2 fold change| > 1 and FDR < 0.05), which indicated the presence of differential
glucuronides’ accumulation levels in the different ploidies.
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Figure 2. Heatmap of differentially accumulated flavonoid glycosides in different C. paliurus ploidies.
Each sample is represented by a column and each metabolite is represented by a row. The abundance
of each metabolite is represented by a different color. Yellow indicates high-abundant metabolites,
whereas low-abundant metabolites are presented in black. The complete list of compounds and
concentrations are provided in Supplementary File Table S2.
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2.2. Differences in Flavonoid Glycosides in Two-Ploidy C. paliurus at the Transcriptome Level

In this study, 12 transcriptome libraries (RNA-seq) were constructed for the leaves
collected in May and September, respectively. According to the reference genome [22],
34,699 genes were obtained. After filtering out the low-expression genes (TPM ≤ 1),
28,208 genes remained. The PCA score plot for the first two components (87.27% and
5.02%) shows that the samples were grouped by month and ploidy (Figure 3A). To screen
the candidate genes related to the accumulation of the flavonoid glycosides, compar-
isons were performed between the different ploidies for each sampling month (May and
September) to identify the differential expression genes (DEGs). This analysis yielded
1711 (1699 non-redundant) DEGs in the two comparisons between the di- and tetraploids
(Figure S2). According to the variation in the number of DEG differences, the difference at
the transcriptome level between the different ploidies in September was much greater than
that in May.
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A GO enrichment analysis was performed for the DEGs to identify the differences
between the two ploidies. The significantly enriched GO terms were clustered and visual-
ized. As shown in Figure 4A,B, the DEGs were mainly enriched during the cellular process,
metabolic process, and catalytic activity. Their subset categories included “response to
oxidative stress”, “secondary metabolic process”, and “oxidation-reduction process” at the
biological process level, and “oxidoreductase activity”, “monooxygenase activity”, and
“beta-glucosidase activity” at the molecular function level. Among the DEGs (Table S3),
we also observed several key genes related to the flavonoid biosynthesis pathway, in-
cluding PAL, 4CL, CHS, and UGTs. This suggested that polyploidization could influence
the metabolic process by altering the expression levels of some key genes involving the
flavonoid glycoside biosynthesis pathway in C. paliurus. Meanwhile, the expression levels
of the genes mentioned above were detected using a real-time quantitative polymerase
chain reaction (RT-qPCR); the majority of these levels were consistent with the RNA-seq
results (Figure 5).

In addition, we performed a transcription factor (TF) prediction test to explore the
differential expressions in the flavonoid glycoside accumulation. A total of 75 TFs were
detected from the DEGs (Table S4) and were abundant in basic helix–loop–helix protein
(bHLH), ethylene responsive factor (ERF), and MYB. In a previous study, MYB and bHLH
were regarded by the authors as the most critical TFs for regulating flavonoid biosyn-
thesis [29]. TFs regulate the expression of target genes by interacting with specific DNA
cis-regulatory elements, which usually localize the upstream area of the transcribed region
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(within the promoters). For example, bHLH regulates its target genes by binding to E-box
(usually CANNTG) or G-box (CACGTG) motifs, and MYB binds to MRE (AACCTAA)
or MBS (CAACTG) motifs [30,31]. To explore the binding sites present between the gene
structures and TFs, we searched for cis-regulator elements from upstream 2 kb promoter
sequences. As Figure 3B shows, multiple bHLH and MYB binding sites are present within
the promoters of UGTs. In Arabidopsis thaliana, the expression of biosynthetic genes involv-
ing flavonoid accumulation relies on the transcriptional activity of R2R3-MYB and bHLH
proteins, forming ternary complexes (MBW) with TRANSPARENT TESTA GLABRA1
(TTG1) (WD repeat protein) [29]. As the proposed TFs have a close relationship with UGTs,
they may be reliable candidate genes for flavonoid glycosides’ differential accumulation in
different C. paliurus ploidies in future investigations.
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process level; and (B) GO terms enrichment results for DEGs of tetra- and diploid C. paliurus at the
molecular function level.
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RT-qPCR shows the relative gene expression in September, obtained via RT-qPCR. The RNA-seq
shows gene read counts obtained from the transcriptome data.
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2.3. Co-Expression Network Analysis of Different C. paliurus Ploidies

A weighted gene co-expression network analysis (WGCNA) was performed using
the 15,922 genes (FPKM > 1, top 60%). Based on a dynamic hierarchical tree cut, a total of
10 modules were classified with similar gene expression patterns (Figure 6A). The number of
genes in each module ranged from 74 to 5157 and six of these modules comprised more than
1000 genes. We then performed a Pearson’s correlation analysis of the module eigengenes
and contents of the six flavonoid compounds (Myricetin-3-O-glucuronide, Quercetin-
5-O-glucuronide, Quercetin-3-O-rutinoside, Quercetin-3-O-rhamnoside, Quercetin-7-O-
glucoside, and Myricetin-3-O-glucoside) (Figure 6B); two modules (“brown” and “pink”)
were significantly positively correlated with the content of the flavonoid glucuronides,
which suggested that the two modules’ eigengenes were relevant to the accumulation of
the flavonoid glucuronides in the C. paliurus leaves.
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Figure 6. (A) The dendrogram shows modules identified by WGCNA and clustering dendrogram
of expressed genes; and (B) heatmap of correlation coefficients for flavonoids content and module
eigengenes. The blocks in red and blue represent positive and negative correlations, respectively. **
and *** indicate significant differences at p < 0.05 and p < 0.01, respectively.

A total of 26 hub genes were detected in the two correlation modules by their high KME
values (|KME| > 0.6); the WGCNA gene significance (GS) for the glucuronides (Quercetin-
5-O-glucuronide) (i.e. their correlation with the trait) was also examined. Finally, a total of
nine hub genes (GS > 0.5, p < 0.05) were selected for subsequent analysis (Table 1).

TFs are important activators and repressors involved in a plant’s growth and metabolism
processes. To distinguish the key regulatory TFs from the hub genes, the correlation of the
hub genes with the sub-networks was established by using the Pearson’s correlation coeffi-
cient for each module. Finally, two positive sub-networks were constructed. In the “brown”
module, six gene-encoding TFs (3 for MYB and 3 for bHLH) were positively correlated with
UGTs; in the “pink” module, bHLH (CpaM1st47487) was positively correlated with UGT
(CpaM1st23532) (Table 2).
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Table 1. List of member genes in the WGCNA module; “brown” and “pink” are highly associated
with glucuronide content.

Module Gene ID Gene Name KME
Gene Significance (GS)

Glucuronides p

Brown CpaM1st09750 * bHLH122-1 0.6338 0.6164 0.0328
Brown CpaM1st14736 bHLH122-2 0.6114 0.5432 0.0680
Brown CpaM1st30271 bHLH72 0.9094 0.5188 0.0839
Brown CpaM1st33475 bHLH121 0.8237 0.5638 0.0562
Brown CpaM1st39770 bHLH105 0.6208 0.5358 0.0726
Brown CpaM1st43854 * bHLH107 0.6126 0.6875 0.0135
Brown CpaM1st44522 * bHLH42 0.8650 0.6017 0.0385
Brown CpaM1st08920 * MYB39-1 0.8779 0.6044 0.0374
Brown CpaM1st08932 * MYB39-2 0.8025 0.7002 0.0112
Brown CpaM1st43861 * MYB39-3 0.8756 0.6757 0.0159
Brown CpaM1st04091 * UGT85 0.6957 0.7930 0.0021
Brown CpaM1st11173 UGT87 0.7322 0.5472 0.0655
Brown CpaM1st33727 UGT71-1 0.8409 0.4961 0.1009
Pink CpaM1st47487 * bHLH51 0.8040 0.8040 0.0061
Pink CpaM1st22888 bHLH15 0.7233 0.7233 0.1003
Pink CpaM1st23532 UGT71-2 0.8487 0.8487 0.0525
Pink CpaM1st23533 * UGT71-3 0.7877 0.7877 0.0397

* Indicates selected hub genes.

Table 2. Edge information for brown and pink modules’ positive regulatory networks.

Module
Pair

Correlation Coefficient p-Value
Structure Genes TFs

Brown CpaM1st04091 CpaM1st08920 0.72 0.01
Brown CpaM1st04091 CpaM1st08932 0.83 0
Brown CpaM1st04091 CpaM1st33475 0.57 0.05
Brown CpaM1st04091 CpaM1st43854 0.69 0.01
Brown CpaM1st04091 CpaM1st43861 0.71 0.01
Brown CpaM1st04091 CpaM1st44522 0.69 0.01
Brown CpaM1st11173 CpaM1st08920 0.7 0.01
Brown CpaM1st11173 CpaM1st08932 0.62 0.03
Brown CpaM1st11173 CpaM1st09750 0.62 0.03
Brown CpaM1st11173 CpaM1st30271 0.62 0.03
Brown CpaM1st11173 CpaM1st33475 0.62 0.03
Brown CpaM1st11173 CpaM1st43854 0.85 0
Brown CpaM1st11173 CpaM1st43861 0.61 0.04
Brown CpaM1st11173 CpaM1st44522 0.73 0.01
Brown CpaM1st33727 CpaM1st08920 0.77 0
Brown CpaM1st33727 CpaM1st08932 0.76 0
Brown CpaM1st33727 CpaM1st09750 0.97 0
Brown CpaM1st33727 CpaM1st14736 0.71 0.01
Brown CpaM1st33727 CpaM1st30271 0.83 0
Brown CpaM1st33727 CpaM1st33475 0.77 0
Brown CpaM1st33727 CpaM1st39770 0.61 0.04
Brown CpaM1st33727 CpaM1st43861 0.75 0.01
Brown CpaM1st33727 CpaM1st44522 0.62 0.03
Pink CpaM1st23532 CpaM1st22888 0.61 0.03
Pink CpaM1st23532 CpaM1st47487 0.70 0.01
Pink CpaM1st23533 CpaM1st22888 0.67 0.02
Pink CpaM1st23533 CpaM1st47487 0.66 0.02

The gene structures related to the flavonoid glycosides’ biosynthesis were selected
according to the co-expression sub-network mentioned above and were shown to integrate
with the flavonoid accumulation in the pathway (Figure 7). In this pathway, glucuronides
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presented high-level-accumulation activity in the autotetraploid C. paliurus and exhibited
a similar pattern concerning UGTs. On the contrary, aglycones (kaempferol, quercetin,
and luteolin) displayed an expression pattern different to the glucuronides; some agly-
cones’ accumulation levels in the diploids were higher than in the tetraploids, such as
kaempferol and quercetin. This phenomenon indicates that there might be a form of UGT
that specifically catalyzes the reaction for producing glucuronides in tetraploid C. paliurus.
Simultaneously, UGTs obtained from the hub genes that exhibited high-level expressions in
the tetraploids can support our theory.
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Figure 7. Pathway view heatmap of metabolites and gene expressions in different C. paliurus ploidies.
Each sample is represented by a column, and each metabolite/gene is represented by a row. The
abundance of each metabolite/gene expression profile is represented by a different color. Red and
yellow indicate highly abundant metabolites and high gene expression levels, whereas low-abundant
metabolites are presented in blue and low gene expression levels are presented in black, with marked
treatments with statistical differences represented by red rectangles.
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3. Discussion
3.1. Differential Accumulation of Flavonoids between di- and Tetraploid C. paliurus

It is known in the field that medicinal plants possess a variety of secondary metabolites,
while polyploidization may affect the accumulation pattern of these secondary metabolites.
In our results, the levels of the total flavonoid content were significantly higher in the
leaves of the diploid in May and only slightly higher in the diploid than the tetraploid in
September (Figure 1A). To explore the rules of these changes occurring in the metabolite
accumulation process in C. paliurus polyploidies, metabolome data were used in our study.
The metabolite differences analyzed in this study showed that the DAMs were significantly
enriched in the flavonoid biosynthesis pathway (Figure 1C). Noticeably, all six flavonoid
glucuronides had remarkably higher accumulation levels in the tetraploid (Figure 2). It
seems that the different metabolic processes occurring between the two ploidies were
caused by the differential accumulations of flavonoids. In general, it has been reported in
the literature that most polyploids outperform their diploid relatives, due to their larger-
sized organs and greater cell volumes, referred to as the “Giga” effect [32]. Additionally,
genome doubling reportedly influences the metabolite production in multi-polyploids. For
example, Abdoli et al. [33] reported 71% and 45% increments in cichoric and chlorogenic
acids, respectively, in the leaves of tetraploid Echinacea purpurea. However, a higher quality
or yield of polyploids compared to their diploid relatives is not always the case. Tavan [34]
reported that betulinic acid was significantly increased in the tetraploidy of Salvia officinalis,
while rosmarinic and ursolic acids were significantly decreased. Park [35] showed that
the contents of betulin in the leaves and fruits of diploids were higher than those in the
tetraploid Morus alba.

Flavonoids, as antioxidants in plants, constitute a “secondary” antioxidant system
that is activated to inhibit the generation of ROS and reduce the oxidative damage that
is caused by the depletion of antioxidant enzyme activity. “Stress-sensitive” species or
genotypes may synthesize higher levels of flavonoids to cope with the situation of not
being able to maintain an efficient ROS scavenging system during prolonged stress [36,37].
This suggests a possible reason for the differential accumulation of flavonoids in different
C. paliurus ploidy. C. paliurus is mainly distributed at altitudes ranging from 420 to 2500 m
in the mountainous areas of south China [15], where the diploidy mainly occupies the
higher-altitude area (>1400 m), as based on our previous survey. To cope with stress, e.g.,
high UV light levels and cold temperatures, etc., a greater flavonoid accumulation might be
induced in diploid C. paliurus at higher altitudes [38]. The differential responses of diploid
and autotetraploid organisms to abiotic and biotic stresses were verified in a low-altitude
C. paliurus plantation in 2022, where the diploids suffered from increased insect attacks,
fallen leaves, and partial death compared to the tetraploids. Integrated stress (i.e., drought,
heat, and insect damage) could trigger an accumulation of increased flavonoids; however,
a higher content of flavonoids usually accumulates at the expense of a reduction in growth,
even reducing its survival rate. Therefore, diploids are more suited to higher altitudes,
whereas tetraploids thrive at lower altitudes.

3.2. Differential Patterns of Gene Expressions between di- and Tetraploid C. paliurus

To investigate the potential molecular changes occurring during polyploidization, a
transcriptome comparison between tetra- and diploid C. paliurus was performed using
RNA-seq. Since the leaves serve as the main organs for the synthesis and primary accumu-
lation of metabolites, we constructed transcript libraries for the leaves that were collected in
May and September, respectively. A DESeq2 analysis showed that 151 DEGs (0.54%) in May
and 1560 DEGs (5.53%) in September were detected by paired comparisons. In agreement
with the medicinal plants Stevia rebaudiana (2.8%) [25] and Artemisia annua (8.8%) [39], only
a small number of DEGs were observed for dip- and tetraploid C. paliurus. In addition, we
observed that this number of DEGs was mainly present in September, in accordance with
the high accumulation level in September [15]. A GO enrichment analysis showed that
numerous DEGs were enriched in response to oxidative stress and the secondary metabolic
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process. This suggests that differentials at the transcriptional level provided an outstanding
contribution to the flavonoid accumulation occurring in C. paliurus.

The flavonoid biosynthesis pathway and its regulation have been well-studied in the
literature for Arabidopsis thaliana, Zea mays, Oryza sativa, and Salvia miltiorrhiza [40–43]. The
three enzymes (PAL, C4H, and 4CL) during the first three stages are considered to be the
general phenylpropanoid pathway [44]. The significant positive correlations between the
relative gene expression (PAL, 4CL, and CHS) and flavonoid content, as well as PAL, C4H,
and UFGT and the phenolic acid biosynthesis in C. paliurus, have been revealed in the
literature [21,44]. In agreement with these studies, our study also determined that the
same DEGs (PAL, 4CL, CHS, and UFGT) are involved in the synthesis of flavonoids. PAL,
4CH, and 4CL are often coordinately expressed to influence the flavonoid and anthocyanin
levels when plants respond to stress [45–47]. As reported in the literature, most flavonoids
are synthesized in the cytosol, then transported to the vacuole or other destinations for
storage [48]. Goodman et al. [49] identified a multidrug-resistance-associated protein (MRP)
in their study, ZmMrp3, which is required for the anthocyanin pigment transportation in
Zea mays. In our study, an MRP gene (CpaM1st14494), a homologous gene of ZmMRP3
(65%) and VvABCC1 (78.4%), presented a high expression in the diploid as well. Plant
metabolism is complex and non-transcription factors may affect the accumulation of sec-
ondary metabolites, which may not always be consistent with the transcription of related
genes. For example, despite the absence of apparent differences in the expression of PAL,
M4n had a bigger cinnamic acid content than M2n; similarly, the content of p-Coumaroy
acid was the highest in M4n, while it had the lowest C4H expression. To resolve this
contradiction between the transcription and metabolism data, further experimental data
are necessary. For instance, measuring the levels of the subsequent substances, such as
p-Coumaroy-CoA, and the substances involved in the lignin synthesis pathway would aid
in the elucidation of how metabolites are consumed and the underlying mechanisms that
are responsible for these observed discrepancies.

3.3. Ploidazation Can Affect Flavonoid Biosynthesis Occurring in C. paliurus

In addition to environmental factors, the expression of the genes related to flavonoid
biosynthesis is also affected by several other factors, such as TFs and epigenetic factors [29,50].
In this study, the WGCNA analysis screened the modules related to the flavonoid accumu-
lation, and obtained MYB TFs, bHLH TFs, and UGT genes. MYB TFs are key regulators
for the synthesis of phenylpropanoid-derived compounds. Abiotic stress can affect an-
thocyanin synthesis via the MBW complex in A. thaliana [51]. Zhang [27] observed a
correlation between bHLH TFs and the flavonoid content in C. paliurus under salt-stress
conditions. Yu et al. [52] observed that the transcriptional regulation of taxol biosynthesis
was mediated by a MYB-bHLH module consisting of TmMYB39 and bHLH13. In our study,
three homologous genes of MYB39 were observed in the DEGs and the WGCNA module
(CpaM1st08920, CpaM1st08932, and CpaM1st43861) (Figure S3). Moreover, UGT71A33,
UGT71A34, and UGT71W2 obtained from strawberry (Fragaria× ananassa) plants could use
kaempferol, quercetin, and ABA as substrates, and UGT71W2 in particular participated in
the glycosylation of flavonols [53]. In this study, three UGTs (CpaM1st23532, CpaM1st23533,
and CpaM1st33727), which were classified in the UGT71 subfamily, presented higher gene
expression levels in the tetraploid C. paliurus.

Genome redundancy in polyploid plants is one reason for functional divergence,
because the member of the duplicated gene pairs mutates and acquires a novel function
without compromising any of the essential functions [54]. A previous study showed
that the high expression level and affinity for the specific substrate of SbUGAT4 and the
expansion of the UGT gene family contributed to the high accumulation level of baicalin
in the root of Scutellaria baicalensis [55]. In Vitis vinifera, two UGT genes with a high
similarity (91%), deriving from a tandem duplication, presented a diversification in their
function; specifically, VvGT5 encoded flavonol-3-O-glucuronosyltransferase and VvGT6
encoded flavonol-3-O-glucosyltransferase/galactosyltransferase [56]. In conclusion, it was
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speculated that UGT genes in the module may gain a new function in the polyploidization
process as a candidate glucuronide-specific glycosyltransferase, resulting in a sizeable
difference in the glycoside-type accumulations occurring between the C. paliurus tetra-
and diploids.

4. Materials and Methods
4.1. Materials and Samples

We referenced the germplasm bank for C. paliurus, including diploids (2n = 32) and
autotetraploids (4n = 64), which is located in Baima, Nanjing, Jiangsu Province, China
(119◦09′ E, 31◦35′ N). Fresh leaves from two ploidy plants were collected in May and
September 2021, respectively. The collected samples were stored in liquid nitrogen and
then transferred at −80 ◦C for further RNA and metabolite extractions.

Individuals from the plantation of C. paliurus, located in Liyang, Changzhou, Jiangsu
Province, China (119◦42′ E, 31◦40′ N), were used to detect the total flavonoid content.
The fresh leaves of two ploidy plants were collected each month from May to September
2022. The leaves used for determining the flavonoid content were dried at 70 ◦C until their
weights no longer decreased, then they were pulverized and sieved through a 60-mesh
sieve for the flavonoid content measurement.

The experimental forest was a mature plantation at the time of sampling and was
planted in 2011. It was located in hilly mountainous areas with a slope of 30◦ and had acidic
yellow-brown soil (pH 6.5). Its altitude was approximately 100 m, and the average annual
temperature, sunshine, and precipitation duration were 17.5 ◦C, 2240 h, and 1143 mm,
respectively.

The sampling was conducted in the early to mid-third week of each month in the
morning, with the mature leaves from the sunny side of the canopy layer being collected.
In total, three biological repeats were obtained for each ploidy, and the samples for each
replica were harvested from three individuals.

4.2. Flavonoid Content Measurement

The prepared leaves were extracted using the reported method presented by Cao [57].
In brief, 10 mL of 70% (v/v) ethanol mixed with dry leaf powder (0.8 g) was ultrasonicated
for 45 min at 70 ◦C (water bath). After being cooled to room temperature, the extraction
was centrifuged at 10,000 rpm for 10 min. The total flavonoid content was measured by
optimized colorimetry [27] and calculated based on the standard rutin curve (liner range:
0.71–23.35 mg/mL, R2 > 0.99).

4.3. Non-Targeted Metabolite Analysis Using the UPLC-MS/MS System

The UPLC-MS/MS system (UPLC, SHIMADZU Nexera X2; MS/MS, Applied Biosys-
tems 4500 Q TRAP) was used to analyze the flavonoid accumulation levels in the leaves of
the di- and tetraploid plants.

The vacuum-freeze dried leaves of C. paliurus were ground into a powder (30 Hz,
1.5 min), and 100 mg of this powder was extracted with 1.2 mL of a methanol solution
(70%). The extract was vortexed for 30 s every 30 min and repeated in 6 sets, then stored
at −20 ◦C overnight. After being centrifuged at 12,000 rpm for 10 min, the supernatant
was filtered with a microporous membrane (0.22 µm pore size) and collected for the
UPLC-ESI-MS/MS analysis.

The UPLC operation parameters were determined according to the method of Qu
et al. (2022). A chromatographic separation was conducted using an Agilent SB-C18 HPLC
analytical column (2.1 mm × 100 mm, 1.8 µm); the mobile phase consisted of ultrapure
water (A) and acetonitrile (B), which both contained 0.1% formic acid. The gradient elutions
were as follows: an original ratio of 5% B; the B ratio was linearly increased to 95% within
9 min and was maintained for 1 min; and the B ratio was decreased to 5% during 10 to
11.1 min and kept for 14 min. The flow rate was kept at 0.35 mL/min at 40 ◦C, and the
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injection volume was 4 µL. The electrospray ionization (ESI)-triple quadrupole-linear ion
trap (Q TRAP)-MS system was utilized for the subsequent MS experiment.

4.4. Transcriptomic Analysis and Co-Expression Network Construct

The leaves, which had been frozen in liquid nitrogen, were ground into a fine powder
(nitrogen-frozen) and the total RNA was extracted using the E.Z.N.A.® Plant RNA Kit
(Omega Bio-tek, Norcross, CA, USA), followed by a purification with RNase-Free Dnase I
(TaKaRa, Tokyo, Japan). A total of 1% agarose gel was used to evaluate the RNA contamina-
tion and degradation properties. The purity factor was monitored further using an ultravio-
let spectrophotometer (Implen, Westlake Village, CA, USA). The samples with RIN > 8 were
used for the downstream cDNA library preparation. The cDNA libraries’ construction was
performed with a NEBNext® UltraTM RNA Library Prep Kit, according to the manufac-
turer’s instructions. The Agilent Bioanalyzer 2100 system was used for the library quality
assessment, and short paired-end reads were generated from the library preparations based
on the Illumina Novaseq sequencing platform. The value of the TPM from the row counts
was calculated using StringTie software [58], and the DEseq2 package in R [59] was used to
identify the DEGs (|Log2 fold change| > 1, FDR < 0.05) occurring between the samples. For
the assessment of the metabolic pathways and related gene functions, the DEGs were used
for the KEGG pathway enrichment and Gene Ontology (GO) enrichment analyses by using
OmicsShare tools (https://www.omicsmart.com/, accessed on 8 March 2022) (FDR < 0.05).
PlantCARE was used to search for the cis-regulator elements from the upstream 2 kb
promoter sequences (https://bioinformaics.psb.ugent.be/webtools/plantcare/html/, ac-
cessed on 8 March 2022) [60].

To identify the candidate genes in the flavonoid biosynthesis pathway, which regulate
the flavonoid glucuronide accumulation levels, a weighted gene co-expression network
analysis (WGCNA) was performed by using the R package WGCNA [61,62]. The WGCNA
network construction and model detection were conducted with an unsigned type of
topological overlap matrix (TOM) (threshold power = 18; minimal module size = 40; branch
merge cut height = 0.35). The module eigengene (the first principal component of a given
module) value was calculated for evaluating the association of the modules with the
abundance of flavonoid glucuronides in the leaves. The most significant model was defined
as a gene cluster correlation with a flavonoid glucuronide accumulation. The genes within
the correlation network that had a high KME (eigengene connectivity) value (|KME| > 0.6)
were defined as hub genes.

4.5. RT-qPCR Analysis

The total RNA was extracted from the leaves using an E.Z.N.A.® Plant RNA Kit
(Omega Bio-tek, Norcross, CA, USA) and 1 µg of mRNA was used to synthesize the cDNA,
using a PrimeScriptTM RT reagent Kit (TaKaRa, Tokyo, Japan). The RT-qPCR analysis was
conducted using a SYBR Green Realtime PCR Master Mix Kit (TOYOBO CO., LTD, Tokyo,
Japan) and Applied BiosystemsTM 7500 Real-Time PCR Systems (Thermo Fisher Scientific,
Waltham, MA, USA). The primers were designed by the Primer Premier 5 (United States)
and these primer sequences are presented in Table 3; the 18s rRNA gene was selected as
the internal standard. The relative transcript abundance was calculated using the 2−∆∆CT
method [63]. In total, three biological and three technical replicates were used for all the
RT-qPCR reactions.

4.6. Phylogenic Tree Construct

Based on the amino acid sequences, the phylogenetic trees of the MYBs, bHLHs, and
UGTs that were obtained from C. paliurus and A. thaliana were constructed using MAFFT
7.505 [64] and FastTree 2.1 [65], and then visualized using iTOL (https://itol.embl.de,
accessed on 8 March 2022) [66]. The gene family sequences of A. thaliana were obtained
from PlantRegMap (http://plantregmap.gao-lab.org/, accessed on 8 March 2022) [67].

https://www.omicsmart.com/
https://bioinformaics.psb.ugent.be/webtools/plantcare/html/
https://itol.embl.de
http://plantregmap.gao-lab.org/
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Table 3. Primers used for the quantification of screened genes’ expression levels by qRT-PCR.

Gene ID Gene Names Primer Sequence (5′—3′)

PAL1-F CpaM1st04281 PAL1 TGCGTAAACACCGACCCTT
PAL1-R PAL1 CTCCGACAGCTCCACCTTC
C4H-F CpaM1st16078 C4H ACCTCGTGGTGGTGTCGTC
C4H-R C4H TTCCCAACCGAATCTGTGC
4CL2-F CpaM1st06427 4CL2 ACAGAGCAGCGGGGAGAAC
4CL2-R 4CL2 ATGCCGAGCCTGTTGAGAC
4CL3-F CpaM1st31564 4CL3 AGTGATAACGACTGCTAACCCAT
4CL3-R 4CL3 GAAATGCAACAAGCCCTCC
CHS2-F CpaM1st24780 CHS2 ATCTCCCAAACTGATTTTCCTG
CHS2-R CHS2 GCAACTCGACCACCGCTAT
F3′H-F CpaM1st30230 F3′H TCGCTGTCTTCCTCTTTTACC
F3′H-R F3′H CAAGAACTGGGAGGCTACG

4.7. Statistical Analyses

All the statistical analyses were performed using R package models, GraphPad Prism
(Version 8.0), and TBtools software (Version 1.0986732) [68]. The mean value of all the
samples from the same treatment was used for the statistical analysis. The correlations
between 2 variables were tested with Pearson correlation coefficients. We utilized Student’s
t-tests to compare the two groups and the p-values were derived accordingly. The heatmap
data were scaled using the min–max scaling method.

5. Conclusions

The total contents of the flavonoids present in the leaves of the diploid C. paliurus
collected in May were significantly higher than those in the autotetraploid, whereas no
significant difference between the two specimens was observed in September. However, the
total content in September was much higher than that in May. A comparative metabolome
analysis revealed that the accumulation of flavonoid glucuronides was much higher in
the tetraploids than in the diploids. At the transcriptome level, the differences in the
gene expressions between the two ploidies mainly occurred during the processes of some
responses to the environment, such as secondary metabolic biosynthesis and oxidation
reduction. Based on the co-expression network constructed using the metabolome and
transcriptome databases, the difference between the two ploidies was a consequence of
the collective contribution of several genes, including three CpMYB39 and three CpUGT71,
which was highly associated with flavonoid glucuronides. Our results are not only help-
ful for understanding the molecular mechanism of the polyploidization in differential
flavonoid glycosides’ biosynthesis activity, but also provide important information for the
rational and efficient utilization of C. paliurus. Furthermore, the functions of CpUGT71 and
CpMYB39 in the accumulation of glucuronides should be considered in future research.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f14040770/s1, Table S1: Raw data for Figure 1D; Table S2: Raw
data for Figure 2; Table S3: Gene structures obtained from DEGs; Table S4: TFs obtained from DEGs;
Figure S1. Framework and analytical process for this study, presents the technical roadmap and
analytical process that will be followed in this article; Figure S2. Column plot showing the number of
DEGs; Figure S3. Phylogenic tree of MYBs and bHLH obtained from C. paliurus and A. thaliana, the
neighbor-joining method was used to construct the bootstrap (n = 1000). The DEGs mentioned in the
manuscript are highlighted in red, while the evolutionary branches of genes not discussed in this
study have been simplified as gray triangles; Figure S4. Phylogenic tree of UGTs obtained from C.
paliurus and A. thaliana, the neighbor-joining method was used to construct the bootstrap (n = 1000).
The DEGs mentioned in the manuscript are highlighted in red, while the evolutionary branches
of genes not discussed in this study have been simplified as gray triangles. UGTs are divided into
15 subgroups, as outlined in Ross et al.’s [11] research.
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