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Abstract: Camellia vietnamensis Huang is an important and famous woody oil crop with high economic
value in China because of its high-quality, edible, and medicinal oil. As one of its major active
components, tea saponin (triterpenoid saponin) has shown anticancer, antioxidant, bacteriostatic, and
other pharmacological activities. In this study, C. vietnamensis was used as an experimental material
to determine the tea saponin content and physiological activity indicators after salicylic acid (SA)
treatment and to analyze the differential expression genes of key metabolic pathways in response to
SA by combining transcriptome data. The results showed that SA treatment increased the content of
tea saponin and total phenols in leaves; effectively promoted the activity of superoxide dismutase
(SOD), peroxidase (POD), catalase (CAT), and ascorbate peroxidase (APX); and decreased the content
of malondialdehyde (MDA). A total of 60,038 genes, including 5871 new genes, were obtained by the
RNA-seq. There were 6609 significantly differential expression genes mainly enriched in pathways
such as sesquiterpenoid and triterpenoid biosynthesis, terpenoid backbone biosynthesis, diterpenoid
biosynthesis, and flavonoid biosynthesis. The SA-induced key structural genes (SQS, SQE, bAS,
CYP450, and UGT) and transcription factors related to the tea saponin biosynthetic pathway were
screened by weighted gene co-expression network analysis (WGCNA). The results of this study could
provide a theoretical basis and a new technical method to improve the content of tea saponin, with its
excellent anticancer activity, in C. vietnamensis.
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1. Introduction

Camellia vietnamensis Huang is a species of tea tree in the Theaceae family that is
mainly cultivated in Hainan Island, Thailand, and Vietnam [1,2]. Because of the unique
geographical location, long-term isolation, and favorable climate, the C. vietnamensis of
Hainan Island is considered an independent germplasm resource [2,3] that is different
from Camellia oleifera Abel., which is widely planted in mainland China, and it has a higher
content of active ingredients in its tea oil than does C. oleifera [4], thus contributing to a
high-grade resource with Hainan characteristics and a higher economic value.

Tea saponin is one kind of oleane-type pentacyclic triterpenoid saponin mixture, which
is widely present in various tissues of Camellia spp., especially in seeds [5]. The pharma-
cological effects, namely antibacterial, antiviral, antioxidant, anti-osmotic, and anticancer,
have been proven [6]. For instance, triterpenoid saponin can not only directly inhibit the pro-
liferation of tumor cells but also produce anti-tumor activity by enhancing body immunity,
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inducing tumor cell apoptosis, reversing drug resistance, and improving anti-angiogenesis
activity [7,8]. Therefore, it is important to study the biosynthesis of tea saponin to improve
the quality of tea oil and promote the development of the Camellia spp. industry.

The tea saponin biosynthesis pathway can be divided into initiation, skeleton con-
struction, and modification [9,10]. In the initial stage, isopentenyl pyrophosphate (IPP) and
dimethylallyl pyrophosphate (DMAPP) are synthesized via mevalonic acid (MVA) and
methylerythritol phosphate (MEP) pathways [11]. The 2,3-oxidsqualene is obtained in the
skeleton construction stage. In the modification stage, β-amyrin is formed by β-amyrin
synthase (bAS)-catalyzed 2,3-oxidsqualene, and then, tea saponin with multiple character-
istics is obtained under the modification of CYP450 and UGT [6]. In the synthesis of tea
saponin, many intermediate metabolites are active ingredients in tea oil and represent the
nutritional quality of the tea oil.

The research on the biosynthesis pathway of tea saponin is still in its infancy, and
the main task is to mine genomic and transcriptome data. For example, Yang et al. [10]
identified key genes in the tea saponin biosynthesis pathway, including 143 key genes
in the initial and skeleton construction stage and 1169 CYP450 and 1019 UGT in the
modification phase, by analyzing the released genome data of C. oleifera [12]. Yang et al. [13]
cloned 41 WRKY transcription factors through transcriptome sequencing, five of which
may regulate SQS genes, and proved that CoWRKY1 could bind to the promoter region
of SQS by using yeast monohybrid (Y1H) technology. Although the precursors of tea
saponin are widely produced in various plants, tea saponin itself is not widely available.
For example, several genera in the Brassica family contain large amounts of β-amyrin, but
only Barbarea vulgaris is capable of saponin biosynthesis [14,15], which may be related to
the presence of key enzymes in the middle and downstream of saponin synthesis in these
particular plants, such as CYP450 and UGT.

Salicylic acid (SA) is a phenolic signaling substance ubiquitous in plants [16]. SA is a
key regulatory factor in plant-acquired resistance and in vivo physiological activity [17],
which can improve the activities of superoxide dismutase (SOD), peroxidase (POD), cata-
lase (CAT), and other enzymes in plants. It plays an important role in activating defense
responses [18]. Moreover, SA is also involved in enhancing the accumulation of secondary
metabolites (including terpenoids) in plants [19,20] as one of the most important inducers
in hairy root culture [21]. Su et al. [9] found that SA treatment of hairy roots of Psammosilene
tunicoides increased the content of triterpenoid saponins by 13%. In addition, this has been
verified in Panax ginseng [22], Polygala tenuifolia [23], Ginkgo biloba [24], and other plants.
Transcriptome analysis comprehensively explains the SA-mediated regulatory network [9].
However, these studies mainly focus on the molecular mechanism of SA in response to
stress [25], and there are few studies on the induction mechanism of terpenoid biosynthesis.
Ye et al. [24] carried out RNA-seq analysis on G. biloba leaves treated with SA, found 249 dif-
ferential genes between the treated group and CK, and identified candidate genes (HMGR
and CYP450) and transcription factors (MYB and WRKY) related to terpene biosynthesis.
However, there are few studies on the mechanism of SA-induced terpenoid biosynthesis in
C. vietnamensis. Thus far, the relationship between SA and terpene accumulation remains
unclear. Therefore, analysis of the transcriptome of SA-treated C. vietnamensis may reveal
the biosynthetic pathway of terpenes.

At present, the identification and functional analysis of key enzyme genes in the
biosynthesis pathway of triterpenoid saponins have been widely studied in medicinal
plants such as P. ginseng, Panax notoginseng, and Glycyrrhiza uralensis, but the biosynthesis
pathway of tea saponin from C. vietnamensis is still unclear. Therefore, in this study, after
treating C. vietnamensis leaves with SA, secondary metabolic components and physiological
enzyme activity indexes were determined, and then, the molecular mechanism of tea
saponin biosynthesis was investigated by transcriptome analysis. The differential genes of
the SA signal response in C. vietnamensis were screened through transcriptome analysis.
Key genes and transcription factors were further screened by weighted gene co-expression
network analysis (WGCNA). Real-time fluorescence quantitative PCR (RT-qPCR) was used
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to analyze and verify 20 key genes and 10 transcription factors. The results can lay a
foundation for elucidating the molecular mechanism of the biosynthesis of tea saponin
from C. vietnamensis.

2. Materials and Methods
2.1. Materials and SA Treatment

A healthy and well-growing C. vietnamensis Wanhai No. 4 was grafted from the oil-tea
nursery of the Danzhou campus of Hainan University, China (19◦30′28′′ N, 109◦29′45′′ E),
as the experimental material for SA treatment.

SA set four concentration gradients: 4 mM, 10 mM, 15 mM, and 20 mM. First, 1 M
of SA mother liquor was prepared, and then, 0, 0.8, 2, 3, and 4 mL SA mother liquor
was filled with ultra-pure water to 200 mL to prepare CK, 4 mM, 10 mM, 15 mM, and
20 mM of SA. At 11 am, the annual seedlings of C. vietnamensis were sprayed with different
concentrations of SA solution until the surface of the leaves was dripping. Twenty-five
plants were designated for each treatment, and plastic film was used to isolate the different
treatment groups. At different time periods (0 h, 2 h, 6 h, 12 h, 18 h, 24 h, 36 h, 48 h, and
72 h), 25 strains of C. vietnamensis were mixed. Young leaves were taken and washed and
wiped with clean water and then put into liquid nitrogen immediately, used immediately,
or stored at –80 ◦C.

Then, leaves samples from CK and 20 mM SA treatments were selected for transcrip-
tome (12 h, 36 h, and 72 h, with three biological replicates) sequencing analysis based on
changes in tea saponin content.

2.2. Determination of Secondary Metabolites

Next, we weighed about 0.1 g of C. vietnamensis leaves, added 3 mL 50% ethanol,
ground the sample, and poured it into a 5 mL centrifuge tube. The volume was fixed
to 5 mL with 50% ethanol [26,27], subjected to ultrasound for 60 min, and centrifuged
at 12,000 rpm for 15 min. The supernatant was the extraction solution for determining
secondary metabolic components and was stored at 4 ◦C.

The method from Su et al. [9] was used to prepare the standard curve and sample
liquid and determine the tea saponin content. First, we accurately added by pipette 0.50 mL
extraction solution to be tested in a 10 mL stoppered test tube and then accurately added
0.50 mL 8% vanillin absolute ethanol solution. Again, we added 4 mL concentration of 77%
sulfuric acid solution into the ice-water bath and shook and heated it in the water bath at
60 ◦C for 15 min. Then, the tube was transferred to ice water to cool for 10 min, and its
absorbance was determined at the wavelength of 550 nm. The tea saponin content was
calculated according to the standard curve and absorbance.

The Folin–Ciocalteu colorimetric method was used to extract and determine total
phenols [28]. According to the standard curve y = 10.825x + 0.0514 (R2 = 0.9997), the content
of total phenols in C. vietnamensis leaves was calculated.

The aluminum nitrate method determined the total flavonoid content [28]. According
to the standard curve y = 1.2214x + 0.0443 (R2 = 0.9997), the content of total flavonoids in
C. vietnamensis leaves was calculated.

2.3. Determination of Physiological Enzyme Activity Index

Next, we weighed 0.5 g C. vietnamensis leaves and added them into a liquid nitrogen
pre-cooled mortar, added 3 mL 0.05 mol·L−1 phosphate buffer solution (PBS) of pH 7.8, and
ground in an ice bath. The homogenate was poured into a centrifuge tube that was filled
with PBS to 5 mL and then centrifuged at 12,000 rpm at 4 ◦C for 30 min. The supernatant
was the enzyme liquid directly used or stored in the refrigerator at 4 ◦C.

The H2O2 content was determined in strict accordance with the instructions of the
hydrogen peroxide kit (Suzhou Keming Biotechnology Co., Ltd., Suzhou, China).

The change in the superoxide anion (O2
−) production rate was measured according

to the instructions of the superoxide anion kit (Suzhou Keming Biotechnology Co., Ltd.,
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Suzhou, China). The O2 production rate in the sample was calculated according to the
standard curve y = 0.0242x − 0.0027 (R2 = 0.9980).

The content of MDA was determined using the thiobarbituric acid (TBA) method with
a slight modification [29]. We weighed 0.6 g TBA, dissolved it with a small amount of 1 M
NaOH, and volumed it with 10% TCA (trichloroacetic acid) to 100 mL to obtain an MDA
reaction solution. Next, 1 mL enzyme solution with a 2 mL MDA reaction solution was
sealed in a boiling water bath for 15 min, rapidly cooled, and centrifuged at 12,000 rpm for
1 min, and the supernatant was then taken for colorimetric analysis at three wavelengths,
namely 600, 532, and 450 nm. Using pure water as blank zero, each treatment was repeated
three times.

The SOD activity was determined according to the method of Bouthayna et al. [29]
with some modifications. The SOD reaction solution was prepared in the following order:
0.05 M PBS (pH 7.8), 130 mM methionine (Met) solution, 750 µM nitro blue tetrazolium
dichloride (NBT) solution, 100 µM EDTA-Na2 solution, and 20 µM riboflavin and water;
the corresponding ratio was 15:3:3:3:2.5. Then, 20 µL enzyme solution with 3 mL SOD
reaction solution was designated as the treatment group, PBS as control, and also the blank,
respectively. The blank was placed in a dark place, and the enzyme solution and the control
were treated with 4000 Lux light (40 W 220 V; 50/60 Hz; I: 0.27 A) for 30 min. They were
then preserved under dark light. Color comparison was performed at 560 nm with blank
zero, and each process was repeated three times.

POD enzyme activity was determined by the guaiacol method [30]. POD reaction
liquid is prepared in the following steps: we added 28 µL guaiacol into 50 mL 0.1 M PBS
(pH 6.0), dissolved it, and added 19 µL 30% H2O2 after cooling. Then, we mixed it and
placed it in the refrigerator at 4 ◦C. Next, 100 µL enzyme solution with 3 mL POD reaction
solution was placed in the cuvette with PBS as the blank control, and the reading was
performed every 1 min at 470 nm for a total of three times. The absorbance change value
per minute represented the enzyme activity. Each process was repeated three times.

CAT enzyme activity was determined by Saidi et al. [30] with a slight modification.
The CAT reaction solution was prepared at a ratio of 1:4 between 0.1 M H2O2 and 0.1 M
PBS (pH 7.0). We added 50 µL enzyme solution with 2.5 mL CAT reaction solution in the
colorimetric plate, compared the color at 240 nm, reading once every 1 min, for a total of
three read times. CAT activity was expressed in terms of absorbance change per minute.

The APX enzyme activity was determined by Saidi et al. [30]. The APX extraction
buffer consisted of 0.05 M PBS (pH 7.0), 2 mM ascorbic acid, 5 mM EDTA, and 1% polyvinyl
pyrrolidone (PVP). We prepared the APX reaction solution as follows: 0.5 mM ascorbic
acid, 0.1 mM EDTA, and 11.2 µL 30% H2O2. Then, we volumed to 500 mL with 0.05 M PBS
(pH 7.0), which needed to be prepared before use. Next, we placed about 0.25 g of leaves
into a pre-cooled mortar, added the pre-cooled APX extraction buffer, quickly homogenized,
and centrifuged at 4 ◦C, 12,000 rpm for 20 min. The supernatant is the APX crude extract.
The 0.1 mL APX crude extract with 2.9 mL reaction solution was colorimetric at 290 nm at
10 s, 20 s, 30 s, and 40 s readings, respectively. Each treatment was repeated three times by
using distilled water.

2.4. Transcriptomic Analysis

We followed the instructions of the rapid universal plant RNA extraction kit (Huayueyang
Biotech Co., Ltd., Beijing, China) for RNA extraction. RNA quality was measured using a
nucleic acid analyzer (Thermo Scientific, Waltham, MA, USA) and gel electrophoresis, and
qualified RNA samples were directly used for subsequent RNA-seq analysis or stored at
–80 ◦C.

The transcriptome sequencing of C. vietnamensis was commissioned to Gene Denovo
Biotechnology Co. (Guangzhou, China). Based on the genomic data of Camellia lanceoleosa
(NCBI_GCA_025200525.1), the obtained transcriptome data were compared and analyzed
by HISAT2. With FDR < 0.05 and |log2FC| > 1 as the difference screening conditions,
the differential gene analysis and differential gene enrichment analysis were conducted
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by DESeq2 software (version 1.36.0). The weighted gene co-expression network analysis
(WGCNA) was accomplished with the R package and Cytoscape software (v3.6.0, Hill
St, San Diego, CA, USA), with a module similarity of 0.9, the power value of 10, and the
minimum number of genes of 50 [31]. The content of secondary metabolites (tea saponin,
total phenols, and total flavonoids) and related gene data were used for WGCNA analysis.

2.5. Verification of RT-qPCR Analysis

Primers were designed using Primer 5.0 (Premier Biosoft, San Francisco, CA, USA)
(Table S1). Real-time fluorescent quantitative PCR (RT–qPCR) reactions were completed
using the MonAmp™ ChemoHS qPCR Mix kit (Monad Biotechnology Co., Ltd., Wuhan,
China), and the reaction system and procedure are herein shown (Tables S2 and S3). Ampli-
fication reactions were performed on a Roche LightCycler 96 (F. Hoffmann-La Roche Ltd.,
Basel, Switzerland). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was selected
as an internal reference gene. Furthermore, the data were analyzed by the 2−∆∆Ct method.

2.6. Statistical Analysis

The data from the physiological indicators were processed by Excel 2019 software
(Microsoft China) and mapped by Origin software (version 9.80, OriginLab Corporation,
Northampton, MA, USA), and the difference significance analysis (Duncan method) and
correlation analysis (Pearson correlation coefficient) were performed by SPSS v26.0 software
(International Business Machines Corp., Pheonix, AZ, USA), and the significance level was
p ≤ 0.05.

3. Results
3.1. Effect of SA on Secondary Metabolic Components of C. vietnamensis

Different concentrations of SA affected the secondary metabolites of tea saponin in the
leaves of C. vietnamensis and significantly affected them (Figure 1A). After SA treatment
for 2 h, the accumulation of tea saponin decreased and then increased, reaching its peak at
12 h, decreasing at 18 h, and increasing at 24 h; the trend was inconsistent at 36 h (4 and
10 mM SA treatment decreased it, while 15 and 20 mM SA treatment increased it). At 48 h,
4 and 15 mM SA decreased and 15 and 20 mM SA treatment increased accumulation, while
4 mM SA treatment increased it at 72 h. The treatment of 10, 15, and 20 mM decreased
it, and the overall trend showed irregular fluctuations. Among them, after 20 mM SA
treatment, the content of tea saponin increased at 6 h, 12 h, 48 h, and 72 h compared with
CK, and the content of tea saponin increased by about 1.7−fold compared with CK at 72 h.
These results indicate that the high-concentration SA treatment was more sensitive to the
positive response of tea saponin in C. vietnamensis than the low-concentration treatment,
and the 20 mM SA treatment had the best effect. Therefore, the time points (12 h, 36 h, and
72 h) were selected for transcriptome analysis according to the differential variation of tea
saponin content.

The response pattern of total phenols content in C. vietnamensis in response to SA was
similar to that of tea saponin, showing an irregular fluctuation trend (Figure 1B). After SA
treatment, the total phenol accumulation of the 15 and 20 mM SA treatment reached a peak
at 12 h, 4 mM SA treatment reached a peak at 72 h, and 10 mM SA treatment reached a peak
at 2 h. Overall, the fluctuation trend of the 4, 10, and 20 mM SA treatment was consistent at
18–48 h, all of which caused a decrease first, an increase after 24 h, and a decrease at 36 h.
After 48 h, 4 and 20 mM SA treatment increased accumulation, while 10 mM SA treatment
decreased it. The 15 mM SA treatment decreased the content at 18–24 h, increased it at
24–48 h, and decreased it again after 48 h. In addition, the total phenolic content of the
20 mM SA-treated leaves of C. vietnamensis was higher than that of the CK treatment at 12 h,
18 h, and 72 h. After SA treatment, C. vietnamensis generally showed negative feedback
in the early stage and positive feedback in the later stage, especially during 4 mM and
20 mM treatment.
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As seen in Figure 1C, the content of total flavonoids in the leaves of C. vietnamensis
treated with SA showed an irregular fluctuation. Between 0–6 h, after 4, 15, and 20 mM SA
treatment, the accumulation of total flavonoids showed a downward trend, while 10 mM
SA treatment caused a downward trend at 2 h and was in an trend at 2–24 h. At 36–72 h,
the fluctuation trend of total flavonoids accumulation in 10 and 4 mM SA treatments was
consistent; both were decreased at 36 h, increased at 48 h, and then decreased at 72 h.
During 12–48 h, 20 mM SA treatment was on the rise, and after 72 h, it declined, while the
fluctuation trend for the 15 mM SA treatment during 24–72 h and 20 mM SA treatment
was consistent. The accumulation of total flavonoids in C. vietnamensis after 2 h, 12 h, 18 h,
48 h, and 72 h was lower than that of CK, and notably, the negative feedback degree of
20 mM was more prominent. Interestingly, after 20 mM SA treatment at 36 h, the content of
total flavonoids was higher than that of other treatments and CK and increased by about
1.3 times compared with CK. The results showed that SA treatment had an inhibitory effect
on the content of total flavonoids in C. vietnamensis leaves.

3.2. Effect of SA on Physiological Activity of C. vietnamensis

MDA is one of the important secondary metabolites produced by lipid peroxidation,
and its excessive content aggravates the degree of membrane damage. Therefore, the
content of MDA is a common index to reflect plant stress resistance and maturation. As
shown in Figure 2A, after SA treatment, the MDA content in the leaves of C. vietnamensis
showed a downward trend, and the MDA accumulation in each treatment reached the
lowest value at 72 h. Among them, the high-concentration treatment (15 and 20 mM)
showed a gradual fluctuation decrease, and its inhibition effect on MDA was the best at
72 h. However, the fluctuation range of low-concentration treatments was more extensive.
After 4 mM SA treatment, the MDA content showed two higher values at 24 h and 48 h,
which were higher than CK. After treatment with 10 mM SA, it peaked at 36 h. The results
show that different concentrations of SA had different inhibitory effects on MDA content
in leaves of C. vietnamensis, and the inhibitory effect of high-concentration treatment was
slightly higher than that of low-concentration treatment. In addition, the effect of SA
treatment on MDA has certain persistence and time specificity.

Both H2O2 and O2
− are reactive oxygen species (ROS) in plants, and the dynamic

balance of ROS in plants is an important condition for maintaining normal growth and
avoiding damage to cells. According to Figure 2B, different concentrations of SA treatment
had different effects on H2O2 content, but the content increased in the early stage and
decreased in the later stage. Compared with CK, the H2O2 content of the SA treatment
group increased at 12 h and 24 h and showed different trends in the later period. The H2O2
content of C. vietnamensis leaves treated with 4 and 20 mM SA reached a peak at 36 h; the
H2O2 content of the 15 mM treatment group was the lowest at 36 h, and the content of
only this treatment was lower than that of CK. The results show that SA treatment of C.
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vietnamensis leaves leads to excessive accumulation of H2O2 in a short period, and then,
the content of H2O2 decreases to the same level as CK with the increase of time. The
O2

− production rate change after SA treatment generally increases first, then decreases,
and then gradually stabilizes (Figure 2C). Among them, after 12 h of SA treatment, the
production rate of O2

− in the treatment group increased rapidly to varying degrees except
for the decrease of the O2

− production rate under the 20 mM treatment, and the rate of
all treatment groups was higher than that of CK at this time point. At 48 h, the rate of the
treatment group was lower than that of CK, and the rate of the 10 mM treatment was the
lowest. The change trend of the O2

− production rate in leaves of C. vietnamensis treated
with 4 and 15 mM SA was the same, but the peak point differed. The maximum rate of the
former appeared at 72 h, and the latter appeared at 12 h. There was no significant difference
between the change trend of the rate after 20 mM SA treatment and CK, indicating that
a high concentration of SA had no significant effect on the O2

− production rate of C.
vietnamensis leaves. 
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former appeared at 24 h, and the latter appeared at 12 h; the highest value of SOD activity
appeared at 36 h, and the latter appeared at 24 h. The above results show that the leaves of
C. vietnamensis could rapidly produce a stress response after SA treatment and enhance the
activity of SOD enzyme in plants. However, over time, the activity of SOD in the treatment
group was gradually equal to that of CK after the external stress became weaker.

As it is an important peroxidase in plants, the activity of POD can be used to reflect the
changes of metabolism at a certain stage. Figure 2E shows that the POD activity in leaves of
C. vietnamensis treated with SA tends to be stable at first and then generally shows a trend
of increasing first and then decreasing. The change trend of POD activity in leaves of C.
vietnamensis treated with 4 and 20 mM SA was consistent and reached its highest value at
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36 h, which was 2.21 and 2.87 times the CK enzyme activity, respectively. The change trend
of POD enzyme activity in 15 mM SA treatment group was similar to that of CK at 0–36 h,
and there was no significant difference, but it was slightly higher than that of CK, indicating
that the treatment had no substantial effect on inducing POD enzyme activity in leaves of
C. vietnamensis. In general, the POD activity of the treatment group was not significantly
different from that of CK at 12 h and 24 h after treatment, but the enzyme activity was
significantly higher than that of CK at 36 h, 48 h, and 72 h after treatment. It shows that
the response period of POD to SA in leaves of C. vietnamensis is mainly concentrated in the
later stage of treatment.

CAT is a key enzyme that plays an antioxidant role in plants. It can remove H2O2
produced under stress conditions and reduce its damage to plants. From Figure 2F, it can
be seen that SA treatment greatly influences CAT activity in leaves of C. vietnamensis, which
generally increases first and then decreases. The change trend of CAT activity in 4, 15, and
20 mM SA treatment groups was similar, and all reached their maximum value at 24 h
after treatment, which was 4.43, 3.50, and 3.86 times that of CK. The effect of the 10 mM
SA treatment group on CAT activity was not as high as that of other treatment groups, but
there were also two higher points in this process (12 h and 36 h). The CAT activity of 4,
10, and 15 mM SA treatment was higher than that of CK at all time points, while the CAT
activity of the 20 mM SA treatment group was only higher than that of CK in the early
stage of treatment, and the activity was slightly lower than that of CK in the later stage.
The results show that different concentrations of SA treatment had different responses to
CAT activity in leaves of C. vietnamensis, and low-concentration treatment had an effect in
the induction process, but high-concentration treatment had a better effect only in the early
stage of treatment.

APX is a heme peroxidase, one of the antioxidant enzymes that plays an important role
in the process of active oxygen metabolism in plants. The effects of different concentrations
of SA treatment on APX activity in C. vietnamensis leaves were similar (Figure 2G). In
general, it was flat with CK and then increased rapidly, decreased rapidly, and stabilized.
The APX activity of the SA treatment group was higher than that of CK in the later period
(36 h, 48 h, and 72 h), and all reached their peak at 36 h, respectively. The results showed
that SA had little effect on the APX activity in leaves of C. vietnamensis in the early stage of
treatment, but the effect of later treatment was better.

3.3. Correlation Analysis of Secondary Metabolic Components and Physiological Activity Indexes

The above secondary metabolites and enzyme activity indexes data were input into
SPSS software for Pearson correlation analysis, and correlation tables were obtained
(Table 1). Tea saponin was significantly positively correlated with total phenols, total
flavonoids, and MDA, while total flavonoids were significantly positively correlated with
MDA content and negatively correlated with POD. MDA was also significantly negatively
correlated with POD. In addition, SOD and CAT showed a significant positive correlation,
and APX also showed a significant positive correlation with SOD and POD.

Table 1. Correlation analysis between secondary metabolic components and enzyme activities. (Note:
** significant at level 0.01, * significant at level 0.05. MDA, malondialdehyde; SOD, superoxide
dismutase; POD, peroxidase; CAT, catalase; APX, ascorbate peroxidase; H2O2, hydrogen peroxide;
O2

−, superoxide anion.)

Tea
Saponin

Total
Phenols

Total
Flavonoids MDA SOD POD CAT APX H2O2 O2−

Tea saponin 1 0.413 * 0.385 * 0.666 ** −0.241 −0.238 −0.242 −0.318 0.203 0.11
Total phenols 0.413 * 1 −0.253 0.262 −0.233 −0.215 −0.213 −0.148 0.08 0.118

Total flavonoids 0.385 * −0.253 1 0.663 ** −0.234 −0.573 ** −0.352 −0.34 −0.093 −0.065
MDA 0.666 ** 0.262 0.663 ** 1 −0.131 −0.567 ** −0.206 −0.316 0.311 −0.017
SOD −0.241 −0.233 −0.234 −0.131 1 0.278 0.615 ** 0.404 * 0.282 −0.068
POD −0.238 −0.215 −0.573 ** −0.567 ** 0.278 1 0.171 0.388 * 0.252 0.119
CAT −0.242 −0.213 −0.352 −0.206 0.615 ** 0.171 1 −0.003 0.245 0.026
APX −0.318 −0.148 −0.34 −0.316 0.404 * 0.388 * −0.003 1 −0.075 −0.201
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Table 1. Cont.

Tea
Saponin

Total
Phenols

Total
Flavonoids MDA SOD POD CAT APX H2O2 O2−

H2O2 0.203 0.08 −0.093 0.311 0.282 0.252 0.245 −0.075 1 0.238
O2

− 0.11 0.118 −0.065 −0.017 −0.068 0.119 0.026 −0.201 0.238 1

3.4. Differential Gene Identification, GO, and KEGG Enrichment Analysis

Based on the expression of genes in each sample, we analyzed the Pearson correlation
coefficient between samples (Figure S2). The result showed that the three biological repli-
cates of the same treatment were close in distance and had a high correlation. In addition,
the samples had a certain distance and low correlation between CK and treatment groups.
The above results showed that the samples of each treatment in this study were relatively
reproducible, and the data obtained were reliable and stable.

A total of 60,038 genes were identified by sequencing. Using FDR < 0.05 and |log2FC| > 1
as the difference screening criteria, significant differentially detected genes in leaves of
C. vietnamensis in three pairs of comparison groups were statistically analyzed. In total,
6609 significant differential genes (DEGs) were screened, and 375 DEGs were found at
three time points (12 h, 36 h, and 72 h) after SA treatment, and 2501, 974, and 1400 unique
DEGs were found in each comparison group, respectively (Figure 3A). Among them,
3958 DEGs were identified in the CK−12 h vs. SA−20 mM−12 h group; 1457 DEGs were
up-regulated, and 2501 were down-regulated. There were 2320 DEGs in the CK−36 h vs.
SA−20 mM−36 h group; 780 DEGs were up-regulated, and 1540 were down-regulated. A
total of 2440 DEGs were analyzed in the CK−72 h vs. SA−20 mM−72 h group; 1270 DEGs
were up-regulated, and 1170 were down-regulated (Figure 3B,C).
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GO functional annotation and significant enrichment analysis were performed on the
identified DEGs (Figure 4A). The results showed that the CK−12 h vs. SA−20 mM−12 h
group had the most DEGs related to the biological process, which were mainly enriched in
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the cellular process (2120 genes), metabolic process (1880 genes), and response to stimulus
(787 genes). The DEGs associated with molecular function were mainly enriched in catalytic
activity (1888 genes), binding (1806 genes), and transporter activity (350 genes). The
DEGs related to cellular components were only enriched into cellular anatomical entities,
protein-containing complexes, and virion components. Among the three terms, the cellular
anatomical entity had the most DEGs. The GO enrichment of DEGs in the other two
treatment groups was similar. The DEGs in the three pairs of comparison groups were
highly enriched in biological processes and molecular functions, and only the number of
up-regulated DEGs was higher than that of down-regulated genes in the 72 h treatment
group. The results showed that SA treatment greatly affected the metabolic process and
catalytic activity of C. vietnamensis, and the promotion effect was more obvious at 72 h.
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In the KEGG database, 1319, 779, and 833 DEGs were enriched in the CK−12 h vs.
SA−20 mM−12 h, CK−36 h vs. SA−20 mM−36 h, and CK−72 h vs. SA−20 mM−72 h
groups, respectively. There were 119, 118, and 113 metabolic pathways involved. Figure 4B
shows the KEGG enrichment bubble diagram of the first 20 pathways with the lowest Q
value. In the 12 h comparison group, DEGs were mainly enriched in metabolic pathways
(396 genes), biosynthesis of secondary metabolites (271 genes), and plant hormone signal
transduction (62 genes). The DEGs in the 36 h comparison group were mainly enriched
in metabolic pathways (235 genes) and biosynthesis of secondary metabolites (158 genes).
In addition to the higher enrichment of metabolic and secondary metabolic pathways,
phenylpropanoid biosynthesis (31 genes) increased in the 72 h comparison group.

3.5. WGCNA of Transcriptome and Secondary Metabolites

In order to further analyze the molecular mechanism of secondary metabolite synthesis
in response to SA, the contents of three indexes (tea saponin, total phenols, and total
flavonoids) were used as phenotypic traits and transcriptome data for WGCNA analysis.
In total, 24,216 transcripts were screened for power value testing, and the results showed
that when the power was greater than 7 and less than 20, the correlation coefficient was
higher than 0.8, and the connectivity was good (Figure 5A). In the end, 19 different modules
were analyzed (Figure 5B). Based on the content of tea saponin, the results showed that
the brown2 module containing 2516 genes was significantly positively correlated with
its expression pattern (p-value ≤ 0.05) (Figure 5C), and the expression of this module
gene reached its peak at 12 h after SA treatment. In the brown2 module, 633 genes in
total were annotated in the KEGG database, and 313 genes were in the metabolic pathway
(ko01100). There were 196 genes in the secondary metabolic biosynthesis pathway (ko01110)
and 41 genes involved in plant hormone signaling (ko04075). In addition, genes 1, 6, 20,
and 27 are annotated as HMGCR, CPR, CYP450, and UGT in this module, respectively.
LOK49_LG07G02033 and LOK49_LG11G00840, both of which belong to the CYP72 family,
were shown as likely to be related to the synthesis of tea saponin. It was also noted that
there were one and five genes in the UGT73 and UGT74 families, respectively, and all of
the above genes were shown likely to actively respond to the SA signaling-mediated tea
saponin biosynthesis pathway.

In order to further explore the key genes in the brown2 module, it was found
that among the top 100 gene relationship pairs with connectivity, LOK49_LG02G03064
and LOK49_LG09G02788 had the strongest connectivity (Figure 5D). In addition, the
gene in the relationship pair also contained two genes annotated as glycosyltransferase
(LOK49_LG06G02130 and LOK49_LG06G02135), which belong to the UGT74 family.

3.6. Analysis of the Synthesis Pathway of Tea Saponin from C. vietnamensis and Identification of
Related CYP450

Based on the known triterpenoid saponin synthesis pathways in plants, the heat map
of the tea saponin pathway and structural gene of C. vietnamensis was constructed by
comparing the relevant structural genes annotated in the transcriptome data (Figure 6A).
HMGCR, SQS, SQE, and bAS are the key enzyme genes in the middle and upper reaches
of the triterpenoid skeleton, while CYP450 and UGT are the key enzyme genes in the
downstream pathway of tea saponin biosynthesis. The transcripts in the figure are the
genes with high expression and differences that were selected according to the annotation
results (Table S4).
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Figure 5. WGCNA of transcriptome and secondary metabolites. (A) Soft threshold. (B) Cluster
dendrogram (*** significant at level 0.001, ** significant at level 0.01, * significant at level 0.05).
(C) Module–trait relationships. (D) Cytoscape of the key**enes in the brown2 module. Points
represent genes, and lines represent a regulatory relationship between two points. The darker and
larger the node color and line, the stronger the connectivity.
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Figure 6. (A) A heat map of tea saponin pathway and structural gene of C. vietnamensis was con-
structed by comparing the relevant structural genes annotated in the transcriptome data. (B) Phy-
logenetic tree of 33 CYP450 with high expression levels and differences and 49 downloaded amino
acid sequences of CYP450 associated with triterpene saponin synthesis. (C) Cluster heat map of TFs
associated with triterpenoid saponin synthesis.

Based on CYP450 gene sequences related to triterpenoid saponin synthesis and verified
function in other plants, the local blast screening of CYP450 gene fragments with identity
greater than 40 was analyzed, and 144 CYP450 genes in total were screened. For further
screening, 33 CYP450 with high expression levels and differences and 49 downloaded
amino acid sequences of CYP450 associated with triterpene saponin synthesis were used
for cluster analysis, and the phylogenetic tree was constructed by adjacency method
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(Figure 6B). The results showed that eight genes were clustered with the CYP716 family,
one gene was clustered with the CYP51 family, six genes were clustered with the CYP87
family, three genes were clustered with the CYP93 family, and fifteen genes were clustered
with the CYP72 family. LOK49_LG09G00783 (CYP716−1) was closest to CYP716A75 in
Maesa lanceolata and may act on saponin C28, and the expression level of this gene increases
after 12 h of SA treatment, which is 5.02 times higher than that of CK. LOK49_LG06G02096
(CYP716−2) was closely related to CYP716A111 in Aquilegia coerulea and CYP716Y1 in
Bupleurum smithii, which may be related to the oxidation of saponin C16. In addition,
LOK49_LG02G04038 (CYP87−1) and LOK49_LG02G04040 (CYP87−2) were clustered
together with CYP87D16 in M. lanceolata, which might also be related to the oxidation of
saponin C16. The expression levels of these two genes increased to varying degrees after
SA treatment for 12 h and 72 h. LOK49_LG07G01761 (CYP72−1) and LOK49_LG07G02033
(CYP72−3) were the closest to CYP72A61v2 of Medicago truncatula, which might be related
to the oxidation of saponin C22, and their expression levels also increased after 12 h and
72 h of SA treatment. The variation of tea saponin content after SA treatment was consistent
with that after SA treatment. Combined with the clustering results, it could be inferred that
the above genes may be involved in the biosynthesis of tea saponin in C. vietnamensis.

3.7. Screening of Transcription Factor (TF) Associated with Tea Saponin Synthesis in
C. vietnamensis

The expression of structural genes in the pathway of terpenoids synthesis is often
regulated by transcription factors (TF) such as bHLH, MYB, WRKY, bZIP, and AP2/ERF.
Especially after induction by hormones (such as salicylic acid), TF expression is affected,
thus regulating gene expression and influencing the synthesis of secondary metabolites.
Therefore, it is important to identify and analyze the TF associated with tea saponin in
transcriptome data. The TF amino acid sequences associated with triterpenoid saponin
synthesis in other species were used to construct phylogenetic trees with TF with non-
zero expression in transcriptome data (Figure S3). The result showed that TFs of eight
AP2, five ERF, seven MYB, two WRKY, and three MYC families were screened in the
transcriptome data, and TFs associated with triterpene synthesis were clustered together
(Figure 6C). The expression levels of two TFs belonging to the WRKY family increased at
12 h after SA treatment, among which LOK49_LG13G02888 was grouped with PgWRKY1
and PqWRKY1, and their expression levels increased significantly at 12 h and 72 h after SA
treatment (Figure 6Cand Figure S2). It was suggested that the transcription factor might be
related to the synthesis pathway of tea saponin. There were two AP2s (LOK49_LG10G02888
and LOK49_LG13G01564) that had increased expression levels after 12 h, and two AP2s
(LOK49_LG04G00284 and LOK49_LG14G01423) had increased expression levels after 72 h.
Some transcription factors related to triterpene synthesis were also found in the MYB family
of C. vietnamensis, among which the expression of LOK49_LG11G01091 increased after
treatment for 12 and 72 h. LOK49_LG03G03791 and LOK49_LG10G01638 had an upward
trend at 12 h, and LOK49_LG05G00478 had an upward trend at 72 h only. In the ERF family,
the expression levels of two TFs (LOK49_LG04G00062 and LOK49_LG14G02219) increased
after treatment for 12 h, which may also show involvement in the synthesis of tea saponin
in C. vietnamensis.

3.8. Correlation Analysis of RT-qPCR and Transcriptome

In order to verify the reliability of RNA-seq data, based on the above analysis results,
20 key structural genes (including HMGCR, SQS, SQE, bAS, CPR, CYP450, and UGT)
and 10 TFs in the tea saponin biosynthesis pathway in C. vietnamensis were screened
for RT-qPCR verification. The expression pattern was consistent with RNA-seq results
(Figure 7A). The correlation coefficient between the transcriptome data calculated by the
Pearson method and RT-qPCR was 0.811 (Figure 7B), indicating that the transcriptome data
were accurate.
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4. Discussion
4.1. Analysis of Secondary Metabolic Components and Physiological Activity Response to SA in
C. vietnamensis

SA can not only cause a variety of physiological reactions in plants by activating plant
defense systems such as improving plant stress resistance, activating plant signal transduc-
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tion, and related gene expression, but it can also induce the synthesis and accumulation of
some secondary metabolites [8,32] such as triterpenoid saponin [9,22], flavonoids [33], and
terpene lactones [24]. The study found that exogenous application of SA could promote
the accumulation of saponins in Polygala tenuifolia root [23] and induce the biosynthesis
of saponins in ginseng suspension cells [34]. This study showed that different secondary
metabolites in the leaves of C. vietnamensis had different responses to SA, but in general, low-
concentration treatment inhibited the accumulation of tea saponin and total phenols, while
high-concentration treatment induced their biosynthesis. For example, the tea saponin con-
tent in the 20 mM SA treatment group was higher than CK at 6 h, 12 h, 48 h, and 72 h, and
the total phenols content was higher than CK at 2 h, 12 h, 18 h, and 72 h. This was similar
to the study results of Tajik et al. [35] on SA-induced phenols in Crocus sativus L. However,
the biosynthesis effects of different SA concentrations on plant secondary metabolites were
different. For example, Su et al. [9] found that 5 mg·L−1 SA promoted the accumulation
of saponins within 5 days, while higher concentrations inhibited their biosynthesis. The
results of this study were different, which might be due to the difference in sensitivity of
different plants to SA.

ROS levels may be out of balance and even soar in plants treated with exogenous
inducers. At this point, the plant cell can enable its antioxidant enzyme system, through
the SOD, POD, CAT, and APX synergy, to clear excess free radicals and prevent plants
from being seriously damaged in harsh environments [36]. The increase in SOD activity
is related to plant stress resistance, which can decompose O2

− into H2O2 to improve the
stress resistance. POD also plays an integral role in ROS removal. APX and CAT can
eliminate the accumulation of H2O2 in plants to balance the ROS system in plants. MDA is
the product of membrane peroxidation and can reflect the peroxidation degree of lipids
in plant cell membranes [37,38]. Naz et al. [32] found that the activities of SOD, CAT,
POD, and APX increased after high-concentration SA treatment in Pisum sativum. In this
study, it was found that a low concentration of SA (4 mM) reduced MDA content and
O2

− production rate and enhanced SOD activity in a certain period of time, while a high
concentration of SA (20 mM) promoted the accumulation of MDA and H2O2 and reduced
SOD activity (12 h), indicating that a high concentration of SA causes certain damage to
the cell membrane of C. vietnamensis leaves. The results were similar to those of Wang
et al. [39] in their study of Blumea balsamifera. However, for other antioxidant enzymes
(POD, CAT, and APX), both low- and high-concentration treatments can improve their
activity to varying degrees since POD and APX have the highest activity at 36 h after SA
treatment, while CAT has the highest activity at 24 h after treatment. Therefore, it was
speculated that SA-induced antioxidant effects and response mechanisms are based on the
concentration of SA and species.

4.2. Candidate Structural Genes Involved in Theasaponins Pathway in C. vietnamensis

In this study, the biosynthesis mechanism of tea saponin in C. vietnamensis was ana-
lyzed, and the terpenoids synthesis pathway was studied (Figure S1). There were 49 genes
putatively involved in sapogenin biosynthesis, and 54 saponins were identified by tran-
scriptome and metabolome analysis [40]. In the previous study, we also identified some
genes (such as SQS) related to the biosynthesis of tea saponins in C. vietnamensis [1]. Signifi-
cant differentially expressed genes in the terpenoid backbone biosynthesis pathway were
mainly HMGS, HMGR, PMK, MVD, FPS, and GGPS, with an increase in SA processing
time in this study, and most of the gene expression quantities increased gradually. The
results were similar to those of Su et al. [9] in treating Psammosilene tunicoides with SA. The
gene expression levels of two transcripts annotated as HMGR (LOK49_LG05G03940 and
LOK49_LG08G00037) increased at 72 h and were 2.82−fold and 1.44−fold higher than that
of CK, respectively, which was consistent with the changing trend of tea saponin content
after SA treatment. In addition, the analysis of differential genes among treatments showed
that the key genes enriched in the triterpenes biosynthesis pathway were SQS, SQE, and
bAS, among which SQE increased most significantly in SA treatment at 36 h, which was
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2.18−fold that of CK. In other species, it has also been found that SA supplementation
could induce gene expression through the terpenoids’ synthesis pathway. For instance,
in Phyllostachys heterocycla, SA significantly increased the accumulation of triterpenoid
saponins and promoted the expression levels of AACT, DXS, SE, and CYP72A [9]. These
data suggest that SA could affect the expression of related genes in the terpenoids synthesis
pathway and induce the accumulation of more triterpenes in plants.

4.3. TFs Involved in Theasaponins Biosynthesis of C. vietnamensis

The SA-induced regulation of transcription factors is one of the important mechanisms
affecting triterpenoid saponin biosynthesis [8]. Yao et al. [41] identified several MYBs that
might participate in the ginsenoside synthesis pathway. In addition, the interaction between
PgWRKY4X and PgSE was verified by protein interaction experiments. The study of SA-
treated Betula platyphylla found that both BpMYB21 and BpMYB61 could specifically activate
the SQE promoter and then affect the synthesis of triterpenes by regulating the expression of
SQS and SQE [42]. In this study, the TFs of MYB, WRKY, ERF, AP2, and MYC families were
screened through cluster analysis, and it was speculated that they might be involved in
regulating the expression of related structural genes in the synthesis pathway of tea saponin
in C. vietnamensis, thus affecting the content of tea saponin. For example, the expression
level of LOK49_LG13G02888 (WRKY) significantly increased after SA treatment for 12 h
and 72 h, which was consistent with the change in tea saponin content, and the clustering
results showed that it was clustered with PgWRKY1 and PqWRKY1. It was speculated
that LOK49_LG13G02888 (WRKY) may be a transcription factor regulating structural gene
expression in the tea saponin synthesis pathway of C. vietnamensis in response to the SA
signal. The specific regulatory mode needs further verification and analysis.

According to the above results, we know that different concentrations of SA treatment
can affect the content of tea saponin in the leaves of C. vietnamensis, which provides data
support and a theoretical basis for our study on the mechanism of tea saponin biosynthesis
and lays a foundation for the synthesis and application of tea saponin.

5. Conclusions

In summary, based on the combined analysis of metabolomics and transcriptomics,
the molecular mechanism of tea saponin metabolism in C. vietnamensis under SA treatment
was studied. The results showed that SA treatment could increase the contents of tea
saponin and total phenols in C. vietnamensis leaves and effectively promote the activities of
SOD, POD, CAT, and APX in C. vietnamensis leaves. WGCNA analysis was used to screen
multiple structural genes (such as SS, SQE, bAS, CYP450, and UGT) and transcription
factors (such as WRKY, AP2, ERF, and MYB) related to tea saponin synthesis. The results
of this study could lay a foundation for the functional verification of tea-saponin-related
structural genes and elucidate the molecular mechanism of tea saponin biosynthesis in
C. vietnamensis, therefore having great significance for the efficient synthesis of tea saponin
and novel saponin compounds.

6. Patents

This section is not mandatory but may be added if there are patents resulting from the
work reported in this manuscript.
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List of real-time PCR primers for key genes of tea saponin synthesis in C. vietnamensis; Table S2:
The RT-qPCR reaction system; Table S3: The RT-qPCR reaction procedure; Table S4: Transcript
information of triterpenoid saponin biosynthesis pathway.
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