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ABSTRACT

Panax ginseng C. A. Mey. is an important plant species used in traditional Chinese medicine, whose primary
active ingredient is a ginsenoside. Ginsenoside biosynthesis is not only regulated by transcription factors but also
controlled by a variety of structural genes. Nonetheless, the molecular mechanism underlying ginsenoside bio-
synthesis has always been a topic in the discussion of ginseng secondary metabolites. Squalene epoxidase
(SQE) is a key enzyme in the mevalonic acid pathway, which affects the biosynthesis of secondary metabolites
such as terpenoid. Using ginseng transcriptome, expression, and ginsenoside content databases, this study
employed bioinformatic methods to systematically analyze the genes encoding SQE in ginseng. We first selected
six PgSQE candidates that were closely involved in ginsenoside biosynthesis and then identified P¢gSQE08-01 to be
highly associated with ginsenoside biosynthesis. Next, we constructed the overexpression vector pPCAMBIA3301-
PgSQE08-01 and the RNAi vector pART27-PgSQE08-01 and transformed ginseng adventitious roots using
Agrobacterium rhizogenes, to obtain positive hairy-root clones. Thereafter, quantitative reverse transcription-
polymerase chain reaction and high-performance liquid chromatography were used to determine the expression
of relevant genes and ginsenoside content, respectively. Then, we focused on the function of P¢gSQE08-01 gene,
which was noted to be involved in ginsenoside biosynthesis. Thus, these findings not only provided a molecular
basis for the identification of important functional genes in ginseng but also enriched genetic resources for the
biosynthesis of ginsenosides using synthetic biology.
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1 Introduction

Ginseng (Panax ginseng C. A. Mey.), a member of the family Araliaceae, is a valuable medicinal plant
of traditional Chinese medicine [1]. This plant species prefers shade, and high temperatures (above 32°C)
result in damage to various extents. With a long history of application around the world, its importance is
self-evident. It exhibits high economic and medicinal value as it helps in tonifying center-supplementing
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qi-boosting, generating body fluids, soothing muscles, activating blood cells, and preventing aging [2,3].
Despite its high utility, several issues are associated with the plant species, such as long cultivation time,
continuous degradation of varieties, high requirements of environmental conditions and soil, rust disease,
and heavy metal pollution [4,5], leading to altered yield and quality that cannot support market demand
[6]. At present, there is a serious shortage in the supply of ginsenoside, the main active ingredient of
ginseng [7]. Thus, to meet the market demand and protect the limited wild ginseng resources, the
application of biosynthetic technology, secondary metabolomics, and molecular methods to innovate
ginseng germplasm resources and regulate ginsenoside biosynthesis have become increasingly
mainstream to provide a solution to decreasing ginseng quality and yield [8].

Squalene epoxidase (SQE; also referred to as squalene monooxygenase) is a cell membrane-bound
enzyme attached to the endoplasmic reticulum that is ubiquitously found in the microsomes of plant,
human, and other eukaryotic cells, and functions in the cell membrane, in conjunction with molecular
oxygen to perform its catalytic role [9]. SQE plays a vital role in the mevalonic acid (MVA) pathway, in
synergy with mevalonate kinase (MVK) and squalene synthase (SS) [10]. It also acts as a precursor and
affects the biosynthetic efficiency of triterpenoid saponins. Thus, in plant synthetic biology, the study of
the molecular regulatory mechanisms of key enzymes in the ginsenoside biosynthetic pathway has
become a hot research topic.

SOE genes have been studied in a variety of plants, such as Arabidopsis thaliana [11], Gynostemma
pentaphyllum [12], Panax notoginseng [13], Eleutherococcus senticosus [14], Tripterygium wilfordii [15],
Siraitia grosvenorii [16], and Glycyrrhiza glabra [17]. Although sequence analysis, gene cloning, and
vector construction have been performed in most plant species, functional studies have been conducted
on extremely few plant species, suggesting that SOF genes influence the synthesis of secondary
metabolites. SQE, one of the most important regulatory enzymes involved in ginsenoside biosynthesis,
regulates the biosynthesis and efficiency of other secondary metabolites together with SS and MVK [18—
22]. Several studies have shown that SOF genes regulate the synthesis of triterpenoids, such as saponins
and sterols, in ginseng, and others have concluded that SQE activity is positively correlated with
ginsenoside content [23]. In recent years, cell factories and synthetic biology have been used to improve
the biosynthesis of secondary metabolites in important medicinal plants and provide an important
technological means to increase the content of effective medicinal ingredients in traditional Chinese
medicinal plants [24]. Although the key enzymes involved in the ginsenoside metabolic pathway have
been identified, the mechanism underlying ginsenoside biosynthesis needs further investigation.

Therefore, based on the ginseng transcriptome database established in a previous study, this study
screened SOF genes in ginseng and analyzed their functions, evolution, and expression levels. Thereafter,
we focused on the SQOF gene related to ginsenoside biosynthesis (PgSQE0S-01). Using gene
overexpression and RNA interference (RNAI), the expression level of PgSQFE08-01 gene was determined.
Additionally, we analyzed the expression of other key enzymes involved in ginsenoside biosynthesis and
the content of saponins in the positive lines. Thus, this study improves the understanding of the role of
important functional genes in ginseng using molecular methods and enriches genetic resources for the
biosynthesis of ginsenosides using synthetic biology.

2 Materials and Methods

2.1 Plant Material and Data Resources

We used two of our previously established databases (high-throughput mRNA sequence databases of
various tissues and varieties of ginseng), along with other related databases, in this study. The plant
materials used in this study (tap and fibrous roots for total RNA extraction) and adventitious roots for
transformation experiments, as well as vectors, were sourced from our laboratory.
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2.2 Mining of the Genes Encoding SQE in Ginseng

To determine the sequence of the genes encoding SOF in ginseng, we performed multiple comparisons
using BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi). We retrieved the sequences of genes encoding SQOF
from NCBI and compared them with the sequences available in the Chinese Ginseng Genome Database [25],
the Korean Ginseng Genome Database [26], and a previously established ginseng transcriptome database
[27]. Then, we compared the preliminary SOF gene sequences obtained from the former two databases
with the latter database and obtained the corresponding sequences in the transcriptome database.
Thereafter, we merged the resulting sequences with the aligned SOF gene sequences retrieved from NCBI
and the transcriptome database and removed duplicate sequences to obtain the preliminary candidate gene
identifier. The cutoff values were set at 1.0E-06. We first used HMMER version 3.0 [28] to build a
profile hidden Markov model and search the ginseng proteome database and then used the resulting
sequences as query sequences to search against the transcriptome database. Then, the results were merged
and de-duplicated, after which we retained all the sequences containing a complete reading frame using
the NCBI online query. Using Pfam online software (http:/pfam.sanger.ac.uk/), SMART online software
(http://smart.embl.de/), and CDD online software (http://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.
cgi), we obtained the final set of SQF gene sequences, which were then subjected to the further
bioinformatic analyses.

2.3 Phylogenetic Analysis of PgSQE Genes

A phylogenetic tree was constructed using the maximum likelihood method on MEGA-X [29], with a
bootstrap of 2000. Evolview version 3.0 (https://www.evolgenius.info/evolview) [30] was used to edit the
phylogenetic tree.

2.4 Gene Ontology (GO) Functional Annotation and Enrichment Analysis of PgSQE Genes
Blast2GO version 5.0 [31] was used to perform GO functional annotation of PgSQOE gene sequences,
and the sequences were subjected to enrichment analysis based on the annotation results.

2.5 Expression Pattern Analysis of PgSQE Genes

Using Perl scripts, we determined the expression levels of the selected sequences from the Jilin ginseng
expression database. TBtools version 1.130 [32] was used to construct heatmaps based on age, tissue type,
and cultivars.

2.6 Correlation Analysis between PgSQE Genes Expression and Saponin Content

Perl scripts were used to estimate PgSQOFE genes expression, and SPSS version 23.0 was used to calculate
the Pearson’s correlation coefficient between PgSQF genes expression and saponin content, based on total
and individual saponin contents. Then, interaction network analysis was performed between PgSQFE genes
and the genes encoding known key enzymes of the ginsenoside biosynthetic pathway. By setting stringent
p-values, a PgSQOE gene was selected (closely related to the genes encoding known key enzymes) as the
candidate gene for further experiments.

2.7 PgSQE08-01 Gene Cloning and Vector Construction

The open reading frame (ORF) of PgSQFE0S8-01, containing conserved features, was obtained from
NCBI. The upstream promoter and downstream terminator sequences were used to design
domain-specific primers and the expression vector, with the Xbal site at the upstream 5’ end and the Smal
site at the downstream 5’ end, respectively. The primers are as follows: 5'-GCTCTAGAAAGGCATTGTA
GAGAGAGAGACG-3' (forward primer); 5-TCCCCCGGGCTAATCTTGGACCACTGATGAATG-3'
(reverse primer).
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RNA was extracted from a four-year-old ginseng plant and reverse-transcribed into cDNA, which was
used as the template for polymerase chain reaction (PCR) amplification of the target gene. The target gene
was inserted into the Xbal and Smal restriction sites of the T vector using the pGM-T cloning ligation kit.
After digestion with Xmal, the target fragment was inserted into the pPCAMBIA3301 vector to construct
the pCAMBIA3301-PgSQE08-01 expression vector. The sense and antisense interference fragments were
first inserted into the pHANNIBAL vector, and then the region containing the RNAi vector was excised
and inserted into the Nofl restriction site of vector pART27 to construct the pART27-PgSQE08-01 RNAi
vector.

2.8 Genetic Transformation of Explants Derived from Ginseng Adventitious Roots

The adventitious roots of ginseng were cut into 0.8—1.0 cm-long sections and placed on plates containing
solid B5 medium. Then, 7-9 small sections of adventitious roots were transferred and evenly placed on
culture plates containing solid B5 medium and cultured in the dark for 14-21 d.

The activated bacteria were inoculated in liquid Luria-Bertani medium containing kanamycin.
Thereafter, the bacterial culture was incubated at 28°C and 170 rpm until the optical density (at 600 nm;
ODggp) of the culture reached 0.4—0.6 using SpectraMax M2 (SpectraMax M2, Molecular Devices
Company, Silicon Valley, CA, USA). The bacteria were collected and resuspended in half Murashige and
Skoog (MS) medium, containing 200 uM AS until the ODggq of the culture reached 0.4-0.6. Then, the
2-3-week-cultured adventitious roots were excised, placed on solid MS medium, and pre-cultured for
48 h under light conditions. The infected explants were then transferred to half MS medium (solid)
containing and co-cultured for 48 h in the dark. Finally, the ginseng hairy roots were collected for
subsequent experiments.

2.9 PCR-Based Identification of Transformed Ginseng Hairy Roots and Extraction of Ginsenosides
After successful ligation of the overexpression vector, primers were designed using the sequence of the
recombinant plasmid linked to the target gene, and transformation was verified using PCR.

The positively transformed hairy roots were dried in an oven at 37°C for 72 h, and 1 g of the plant
material was ground into powder using a mortar and pestle. The powder was wrapped in filter paper and
immersed in a 50-mL Erlenmeyer flask containing 20 mL of methanol solution. The flask was sealed
with a sealing film to prevent methanol from evaporating. After 12 h, it was ultrasonically extracted for
30 min, and then the solution and the filter-paper bag immersed in it were transferred to a Soxhlet
extractor. Subsequently, 80 mL of methanol solution was added to the extractor, and the solution was
incubated in a water bath at 90°C for 30 h. The solution was then transferred to a rotary evaporator for
drying the extract, which was re-dissolved in 20 mL of distilled water.

2.10 Saponin Purification and Determination of Its Content

We added 15 mL of ethyl acetate to the extract, mixed it well, and kept it still for layering. The lower
layer of solution was separated using a separatory funnel. This step was repeated three times. Then, 20 mL of
water-saturated n-butanol was added to the obtained solution, which was again kept still for layering.
Meanwhile, the upper layer of the solution was also separated using a separatory funnel, and this step
was repeated three times. The collected solution was dried in a rotary evaporator, and saponins on the
wall of the bottle were re-dissolved in 10 mL of chromatographic methanol. The solution was then
filtered through a 0.22-uM organic phase filter membrane and sealed for high-performance liquid
chromatography (HPLC; Waters €2695 Separations Module, Waters Listed Company, Milford, MA,
USA). The chromatographic conditions were referred to the published article [33].
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2.11 Data Analysis

The hairy roots of PgSQFE08-01-overexpressing plants were employed to detect the expression levels of
five key-enzyme genes (FPS [34], SE2-1 [35], DS [36], CYP-311 [37], and UGT [38]) using quantitative
reverse transcription-polymerase chain reaction (qRT-PCR), and the 2 “*“T method was used for
estimating the expression levels [39]. All primers for qRT-PCR are shown in Table 1.

Table 1: Primers used for quantitative reverse transcription-polymerase chain reaction

Gene ID Primer sequence (5" — 3')

PgFPS GGATGATTATCTGGATTGCTTTG
TCGGCAAATACATCCTGAAGC

PgSE2-1 GCAAGGGACTGTGACATCTCTG
TGCTGCCGACATTTCTTGG

PgDS CGGAACGATTGACACTATTCTGAC
CTGACCCAATCATCGTGCTGT

PgCYP-311 ATGAGGGAGTCTACCAGGAGCAAAT
CACTTCACAGGCTACATTCCACGAA

PgUGT GACACCTCGTGGGAATG
GGCGTGGTTTGAGCAT

CYP (reference gene) CAGGCAAAGAAAAAGTCAAGTG

AAAGAGACCCATTACAATACGC

3 Results

3.1 Identification of Genes Encoding SQE in Ginseng

Based on the gene sequences of SQE from all species and the hidden Markov model, we identified
several SOE gene sequences in ginseng, with all 20 transcripts exhibiting complete ORFs and conserved
domains. We named the 20 PgSQFE genes as follows. Each gene name included Pg (short for P. ginseng),
the key enzyme name (SQE), and a number depicting the order of naming the gene (Table S1).

3.2 Phylogenetic Analysis of PgSQE Gene Sequences

Using the neighbor-joining method, we constructed a phylogenetic tree with 20 SQFE transcripts
containing conserved domains and complete ORFs (Fig. 1). Different gene sequences exhibited different
aggregation relationships. For example, PgSQE08-01, PgSQE0S8-02, PgSQE08-03, and PgSQE08-04
(comp65427-cO-seql, comp65427-cO-seq2, comp65427-c0-seq3, and comp65427-c0-seq4) formed one
branch, indicating that they may have similar functions. The transcripts with different gene identifiers
aggregated in different branches of the phylogenetic tree, indicating that they may be functionally different.

3.3 GO Functional Annotation Analysis of PgSQE Gene Sequences

We used Blast2GO to perform a basic functional analysis of the 20 PgSQE gene sequences. All
20 sequences were annotated into three GO function categories, namely biological processes (BP),
molecular functions (MF), and cellular components (CC). Among them, the number of genes annotated to
MF was the highest (20 genes; 100%), followed by BP (17 genes; 85%) and CC (15 genes; 75%)
(Fig. 2A). At level 2, the 20 PgSQE genes were divided into seven functional terms (Fig. 2B), of which
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we estimated the number of transcripts annotated to three terms. Five PgSOFE gene sequences were annotated

to all seven terms (25%), whereas two PgSQE gene sequences (10%) were annotated to two of the seven
functional terms.
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Figure 1: Phylogenetic tree of the 20 PgSQFE gene sequences. Different colors represent different clades
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Figure 2: GO functional annotation and enrichment analyses of PgSQE gene sequences. (A) Venn diagram
of PgSQFE gene transcripts categorized into biological process (BP), molecular function (MF), and cellular
component (CC) functional terms. (B) PgSQF transcripts were divided into seven functional categories at

level 2, including one CC functional category (triangles), two MF functional categories (squares), and
four BP functional categories (circles)
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3.4 Expression Patterns of PgSQE Genes

The expression patterns of PgSQE genes are shown in Fig. 3 and Table S2. We found that the expression
patterns of PgSQOFE genes varied with age, tissue type, and cultivar. Similarly, the expression patterns of
different PgSQOFE genes varied in age-, tissue-, and cultivar-matched plants, indicating that the expression
levels of PgSQE genes were affected by age, tissue type, cultivar, and external growth environment.

(A) , (B)

§
s
XS 4
o & 1.50 s,

1.00

,
LD
%,
%

4.00

» s
o & e 300
», R4 < 0.50 », 200
”,

< 0.00 h/
" o e o 1.00
Al o 0.50 ° 0.00

P x
950744 o 1.00

1.50

1.00

. e 200

PgSE07-08

PgSE07.15

e

Py
208
N
o
o
o

Poseoq
PgSE03.02
\0503s58

,,036“
95£07.09
cre03s¢

©

PgSE01-02

PgSE08-01
PgSE08-02
PgSE05
PgSE02
PgSE03-01
PgSE04
PgSE09

7.00
6.00
5.00
4.00
3.00
2.00
1.00
0.00
-1.00

PgSE06-04 -2.00
[ PgSE01-01
PgSE08-04
PgSE03-02
PgSE07-09
PgSE07-08
PgSE07-03
PgSE07-04
PgSE07-15
PgSE08-03
PgSE06-01
PgSE07-01

N ol e o e c® oD e 2SN D %50 A DD S AN A D b DO A B O S AN D K D0 A DD S N
33 P PP P G D RPN UL PRSP P P OGN PPN T T P s e P PSS o

Figure 3: Heatmaps of PgSQOFE genes. (A) The expression pattern of PgSQOFE genes in the roots of plants at
four different ages. (B) The expression pattern of PgSQFE genes in 14 tissues of four-year-old ginseng plants.
(C) The expression pattern of PgSQFE genes in the roots of four-year-old plants of 42 cultivars. S1—
S42 represent 42 ginseng cultivars

3.5 Correlation between Saponin Synthesis and PgSQFE Genes

We determined the correlation coefficient between PgSQFE genes and saponin content in ginseng. The
results showed that, of the 20 PgSQE genes, six genes were associated with saponin synthesis and
significantly correlated with multiple monomeric saponins. PgSQE08-01 was correlated with Rf, Rg2, Re,
Re, Rbl, Rb2, Rb3, and Rd. We also estimated the correlation between the genes encoding key enzymes
in the ginsenoside biosynthetic pathway and PgSQFE genes, which verified that PgSQE0S8-01 was
involved in ginsenoside biosynthesis (Table S3). PgSQFE08-01 was significantly correlated with FPS-22,
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CYP-311, UGT, SE2-1, and DS of the ginsenoside biosynthetic pathway, indicating that they may
cooperatively affect the synthesis of saponins.

3.6 PgSQE08-01 Gene Cloning and Vector Construction

The length of the ORF of PgSQE08-01 was 1626 bp. The presence of the sequence of PgSQFE08-01 in
the pCAMBIA3301-PgSQE08-01 overexpression vector was verified using restriction enzyme digestion
(Fig. 4A). The sense and antisense fragments of PgSOE08-01 were ligated into the pHANNIBAL vector,
which was transformed into Escherichia coli DH5a competent cells. The construction of recombinant
vector pHANNIBAL-PgSQE08-01 was verified by restriction enzyme digestion (Fig. 4B). The pART27-
PgSQOE08-01 vector was constructed by the digestion of recombinant plasmid pHANNIBAL-PgSQE0S-
01 and the pART27 vector and verified by enzyme digestion (Fig. 4C). In this way, we successfully
constructed PgSQE08-01-overexpression and RNAI vectors.
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(© . N ‘
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Figure 4: Vector construction for ginseng with PgSQFE08-01 gene. (A) Construction of overexpression
vector. (B) Construction of intermediate vectors. (C) Construction of the final vector

3.7 Genetic Transformation and Identification of Positively Transformed Adventitious Roots

After transforming the explants with A. 7hizogenes A4 and culturing them in the dark for 4-8 weeks, we
observed hairy roots growing on the explants. When the hairy roots were 1-2 cm long, we transferred them to
a new medium for subculturing. Then, well-developed hairy roots were transferred from the subculture to
half MS medium (liquid) for multiplication (Figs. 5A-51).

To verify whether the gene of interest was overexpressed in the hairy roots, we extracted DNA from the
hairy root for PCR-based detection. The primers were designed as shown in Fig. 5J. The PCR results revealed
the following structure.

From left to right: T-DNA left region (2204 bp), T-DNA right region (2034 bp), PgSQE08-01 (1626 bp);
Bar (442 bp), GFP (542 bp); rol-C (500 bp), and pPCAMBIA3301 vector (2252 bp).
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Figure 5: Transformation of hairy roots to overexpress PgSQFE08-01. (A) Adventitious roots. (B)
Precultured explants. (C) Co-cultured explants. (D) An A4-infected explant containing PgSQE08-01. (E)
Induced hairy roots. (F-I) Positively transformed hairy roots. (J) Primer designing for the detection of
PgSQOE08-01 in positively transformed hairy roots. (K) Agarose gel showing the components of the
overexpression vector; M: DL 5000 marker; 1-7, 8—14: T-DNA left region, T-DNA right region, target
gene (1626 bp), Bar, GFP, and rol-C; 15-21: negative control (water)

With wildtype hairy roots serving as the negative control and water as the blank, we performed agarose
gel electrophoresis to determine the length of the components of the vector. The size of the bands on the gel
was consistent with the estimated results, suggesting that PgSQE0S8-01 was integrated into the genome of the
transformed hairy roots (Fig. 5K).

We used the abovementioned approach to generate RNAi vectors with PgSQFE08-01 (Figs. 6A—6E),
which was followed by PCR validation. The components of the vector are as follows.

From left to right: antisense fragments of the RNAi vector (200 bp), left region of T-DNA (1193 bp),
right region of T-DNA (1775 bp), and rol-C (500 bp).

The size of the bands obtained upon electrophoresis was consistent with the calculated results, verifying
PgSQFE0S8-01 silencing in the genome of transformed hairy roots (Fig. 6F).

3.8 Expression Levels of the Genes Encoding Five Key Enzymes and Ginsenoside Content in PgSQE08-

01-Overexpressing Hairy Roots

To determine the effects of the gene of interest on saponin content, we extracted saponins from hairy
roots and estimated their content. We used HPLC to detect monomer saponins in two positively
transformed hairy root samples (SQE-8 and SQE-15). The results showed that in the SQE-15 clone, the
content of monomer saponins Rb1, Rb2, and Re increased 1.77, 1.94, and 1.71 times, respectively. In the
SQE-8 clone, the content of monomer saponin Rb3 and Rd increased 1.65 and 3.08 times, respectively,
whereas the content of Rgl was significantly reduced to 0.64 times. Furthermore, the total glycoside
content in SQE-8 and SQE-15 increased by 1.78 and 2.13 times, respectively (Fig. 7).
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Figure 6: Transformation of hairy roots to silence PgSQE08-01. (A) Precultured explants. (B) Co-cultured
explants. (C) An A4-infected explant containing PgSQE08-01. (D and E) Positively transformed hairy roots.
(F) Agarose gel showing the components of the RNAi vector; M: DL 5000 marker; 1-4, 6-9: antisense
fragment, T-DNA left region, T-DNA right region, and rol-C; 11-14: negative control (water)
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Figure 7: The content of six ginsenosides in positively transformed hairy roots. The X-axis indicates the
number of positively transformed hairy roots. WT represents the control. SQE-8 and SQE-15 clones
exhibited positively transformed hairy roots. The Y-axis indicated relative ginsenoside content. “*”
indicates significant difference at p < 0.05, “**” indicates significant difference at p < 0.01, “***”
indicates significant difference at p < 0.001, and “****” indicates significant difference at p < 0.0001,
respectively
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Figure 8: The expression levels of the genes encoding five key enzymes in PgSQE0S-01-overexpressing
hairy roots. The X-axis indicates the genes encoding five key enzymes. The Y-axis indicates relative
expression levels. CK served as the control. The five key enzymes involved in ginsenoside biosynthesis
that were used in this study were FPS, SE2-1, DS, CYP-311, and UGT genes. “**” indicates significant
difference at p < 0.01, “***” indicates significant difference at p < 0.001, and “****” indicates significant
difference at p < 0.0001, respectively

We further selected FPS, SE2-1, DS, CYP-311 (CYP716452v2_3), and UGT (UGT71A427 2) of the
ginsenoside biosynthetic pathway to study their expression levels in PgSQEQ0S8-01-transformed hairy
roots. In PgSQFE0S-01-overexpressing hairy roots, the expression levels of the five genes increased
significantly (Fig. 8). This indicated that the overexpression of PeSQFE0S8-01 activated other key enzymes
of the saponin biosynthetic pathway, thereby enhancing saponin content and affecting ginsenoside
biosynthesis. Thus, it can be concluded the PgSQE08-01 exhibited a significant positive correlation with
ginsenoside biosynthesis. Unfortunately, the growth of hairy roots transformed with the RNAi vector was
not enough to detect saponin content and gene expression. Thus, further investigations are necessary to
understand the molecular mechanism underlying the role of PgSQFE08-01 in saponin biosynthesis in ginseng.

4 Discussion

SQE, a key enzyme that functions at the end of the saponin synthesis pathway [40], catalyzes the
production of epoxidized squalene from squalene to alter the synthesis efficiency of various terpenoids
with squalene as the precursor [3,6]. Therefore, SQE is one of the key enzymes in the terpenoid synthesis
pathway [41-43].

In 2020, Han [23] found that overexpression of PgSQE increased the contents of Rg1, Re, Rf, Rc, Rbl,
Rb2, Rd, and sterols, and the relative expression levels of dammaranediol synthase and cycloenol synthase.
These findings are partially consistent with the results of this study. In this study, the content of Rb1, Rb2, and
Re significantly increased in the hairy roots of SQE-15, whereas the content of Rb3 and Rd significantly
increased in the hairy roots of SQE-8. Moreover, the overexpression of PgSQFOS8-01 resulted in an
increase in the relative expression of DS, which ultimately increased the content of glycol-type ginsenosides.

The increased content of Rd and Re in SQE-8 and SQE-15 and the decreased content of Rgl in SQE-
8 could not help elucidate the mechanism by which PgSQE0S8-01 altered the content of triol-type
ginsenosides in ginseng. However, qRT-PCR results showed that the overexpression of PgSQE0S-01
increased the relative expression of CYP311. Therefore, we hypothesized that the overexpression of
PgSQFE08-01 gene increased the content of triol ginsenosides; nonetheless, the synthesis mechanism is
still unclear.
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In 2018, Dong et al. [44] found that the co-expression of SQE and triterpene cyclase promoted the
production of triterpenes in plants, indicating that the synergy among the genes encoding key enzymes
affected the synthesis of triterpenoids. Accordingly, we proposed two hypotheses to explain the results
obtained in the present study. Under the first hypothesis, the overexpression of PgSQE0S8-0I gene
catalyzed the synthesis efficiency of epoxidized squalene, promoting the expression of DS and ultimately
increasing the content of triol-type saponins and total saponins. The second hypothesis suggested that the
co-expression of PgSQE08-01 and DS increased the content of protopanaxdiol-type ginsenosides and
enhanced the expression of P450 or the synergy of P450 with PgSQE08-01 gene and DS (or a gene
encoding one of the key enzymes), which ultimately increased the content protopanaxtriol-type
ginsenosides and total saponins. However, further studies are required to identify the key enzyme that, or
whose co-expression, plays a role in the synthesis of triol-type saponins.

The content of phytosterols is an important indicator of secondary metabolites, and thus understanding
sterol biosynthetic pathways has also been a topic for discussion in recent years [2—4]. Though the present
study did not detect plant sterols, based on previous literature and the data in this study, it can be inferred that
the overexpression of PgSQOFE08-01 would increase the relative expression of LS and ultimately affect the
content of lupeol. Accordingly, we hypothesized that the overexpression of PgSQFE(0S8-01 may enhance
lupeol content in ginseng. In addition, the overexpression of PgSQFE0S-01 would increase the expression
of f-AS, and thus we hypothesized that it may increase the content of aromatic resins [45,46]. We also
hypothesized that the overexpression of PgSQFE0S8-01 resulted in a relative increase in CAS expression,
which may increase the content of cycloartenol [47]. According to previous studies and the data in this
study, several sterol biosynthetic pathways can be involved in this process. However, the synthesis
mechanism is unclear. Thus, multiple sterol biosynthetic pathways and factors affecting the content of
sterols need to be further investigated.

5 Conclusions

In this study, we identified PgSQE0S8-01 as the gene encoding SQE and determined its effects on the
ginsenoside biosynthetic pathway. We transformed the adventitious roots of ginseng with PgSQE0S8-01-
overexpression and RNAi vectors and used positively transformed ginseng hairy roots to determine the
expression of genes encoding five key enzymes in ginsenoside biosynthesis and the content of six
ginsenosides. We thus investigated the function of PgSQE08-01 gene in ginsenoside biosynthesis and its
evolution and expression level in Panax ginseng, which provides a theoretical basis for improving the
understanding of important functional genes in the plant species and also adds to the genetic resources for
ginsenoside biosynthesis using synthetic biology.
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