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Abstract
Alismatis rhizoma is an essential medicine in clinical practice. Asian water plantain (Alisma orientale (Sam.) Juzep) is 
one of the original plants of Alismatis rhizoma. Previous studies have identified the optimal light intensity range for the 
growth and development of A. orientale, but the mechanism by which light intensity affects the accumulation of secondary 
metabolites of A. orientale is unknown. The aim of this study was to investigate the effect of light intensity on the accumu-
lation of triterpenoids in A. orientale saplings and its potential molecular mechanism. The dry weight and contents of total 
triterpenes and indicative components (alisol B 23-acetate and alisol C 23-acetate) as well as the expression of key enzyme 
genes in the triterpene biosynthesis pathway under different light intensities (50–600 μmol  m−2·s−1) were determined. The 
results showed that the accumulation of dry matter and the contents of total triterpenes, alisol B 23-acetate, and alisol C 
23-acetate increase first and then decrease with increasing light intensity, with the maximum values of 31.65 g, 18.35 mg·g−1, 
1.91 mg·g−1, and 0.13 mg·g−1 recorded at light intensities of 400, 200, and both of 300 μmol  m−2·s−1, respectively. Light 
intensities of 200–400 μmol  m−2·s−1 promote the expressions of key enzyme genes and the accumulation of total triterpenes 
significantly. Correlation analysis showed that the expression levels of key enzyme genes are significantly correlated with 
total triterpene and indicative component contents, and these correlations are strongest under moderate light intensities. 
Overall, our results reveal that a moderate light intensity of 200–400 μmol  m−2·s−1 is beneficial for the growth and synthesis 
of protostane triterpenes in A. orientale seedlings, and that its probable mechanism involves the upregulated expression of 
enzymes that are key in the synthesis of triterpenoid ingredients. This study clarified the suitable light intensity range for 
the synthesis and accumulation of protostane triterpenes of A. orientale, which provided scientific basis for the production 
of high-quality superior forms of A. orientale.
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Introduction

Alisma orientale (Sam.) Juzep. is a perennial herb of the 
genus Alismataceae that is widely cultivated in the Fujian, 
Jiangxi, Sichuan, and Jilin provinces of China. Particularly 

large amounts are produced in Fujian Province and used to 
produce ‘Jianzexie’, a medicinal preparation known for its 
high quality and clinical efficacy.

The dried tubers of A. orientale are termed ‘Alismatis 
rhizome’ and widely used in traditional Chinese medicine 
for its dampness-removing, water-promoting, heat-relieving, 
turbidification, and lipid-lowering effects. Accordingly, it is 
a well-regarded traditional remedy for nephritic edema, pye-
lonephritis, enteritis, and diarrhea, among other conditions 
(Shu et al. 2016). Triterpenoids are the active components 
through which Alismatis rhizoma exerts its pharmacologi-
cal effects (Choi et al. 2019; Gao et al. 2018). At present, 
more than 110 kinds of triterpenoids have been isolated from 
Alismatis rhizoma, most being protostane triterpenes (Wang 
et al. 2020a; Zhang et al. 2017a). Protostanes have a nar-
row natural distribution and are unique to few plant groups. 
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Accordingly, they are considered to be chemical classifica-
tion markers of the genus Alismataceae (Jang and Lee 2021). 
The triterpenes alisol B 23-acetate  (C32H50O5) and alisol C 
23-acetate  (C32H48O6) show a variety of biological activities 
and is the main material basis of pharmacological effects 
of alismatis rhizoma, including liver-protection, diuresis, 
anti-stone, kidney protection, anti-inflammation, blood lipid 
lowering, liver protection, blood glucose lowering, and anti-
cancer. (Cheng and Ouyang 2023; Fan et al. 2021; Hwang 
et al. 2016; Shen et al. 2020; Wu et al. 2023; Zhu et al. 2021; 
Feng et al. 2021). It has good clinical efficacy in the treat-
ment of kidney stones, inflammation, tumor, cardiovascular 
disease, anti-atherosclerosis, cancer and osteoporosis. (Dou, 
et al. 2018; Jang and Lee 2021; Luan et al. 2021; Xu et al. 
2020; Yan et al. 2022; Zhang et al. 2017b; Zhou et al. 2023).

The main synthetic pathway for triterpenes in plants is the 
mevalonate pathway, in which acetyl-CoA acts as the sub-
strate to synthesize intermediate isopentenyl pyrophosphates 
(IPPs) catalyzed by the key enzymes 3-hydroxy-3-methyl-
glutaryl-CoA reductase (HMGR) and mevalonate pyroph-
osphate decarboxylase (MVD). Subsequently, IPPs form 
triterpenoid skeletons under the action of farnesyl pyroph-
osphate synthase (FPPS), squalene synthetase (SS), squalene 
epoxidase (SE) (Yao et al. 2020), as shown in Fig. 1.

The quality of traditional Chinese medicine is evalu-
ated by reference to a comprehensive index termed ‘the 

authenticity of medicinal materials.’ Plant characteristics 
related to this index are largely dictated its environment 
and germplasm. The growth and development of medicinal 
plants and the accumulation of medicinal components are 
closely related to various environmental factors (Li et al. 
2020). As photoautotrophs, medicinal plants are affected 
by light-environment factors (light intensity, light quality, 
photoperiod, and light direction) during their entire growth 
and development (Roeber et al. 2021). Photosynthesis is the 
process by which plants produce their own assimilates and a 
high-energy reaction related to the intensity of light energy. 
As a key way for plants to obtain energy, photosynthesis 
provides ATP molecules (energy) and NADPH molecules 
(electron) for carbon fixation. The resulting photosynthates 
provide carbon sources for primary metabolism, and the pri-
mary metabolic derivatives provide small-molecule precur-
sor substrates for secondary metabolism. Light intensity is 
one of the key factors affecting plant photosynthesis, exter-
nally affecting their growth, development, and appearance, 
and internally affecting their physiological, biochemical, 
and metabolic processes (Huang et al. 2022). Light inten-
sity can affect the size, color, and morphology of plant stems 
and leaves, as well as plant photosynthesis, thus affecting 
the yield and quality of medicinal plant tissues and organs 
(Zheng et al. 2017). Light intensity affects the primary meta-
bolic processes of plants by regulating their photosynthetic 

Fig. 1  The schematic diagram of triterpene biosynthesis pathway
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rates, affecting the accumulation of secondary metabolites 
(Kuo et al. 2020). Previous study determined that the suit-
able light intensity range for the growth of A. orientale was 
200–400 μmol  m−2·s−1. Under this light intensity range, A. 
orientale has good apparent morphology, strong growth, 
good photosynthetic characteristics and strong antioxidant 
capacity (Ji et al. 2023). For triterpenoid secondary metabo-
lites, the substrates are derived from the glycolytic metabo-
lite pyruvate, deoxyxylose 5-phosphate, which is derived 
from the MEP pathway in the plastids, and pyruvate deriva-
tive acetyl-CoA, which is derived from mevalonate, which is 
derived from the cytoplasmic MVA pathway. However, the 
mechanism by which light intensity affects the growth and 
accumulation of secondary metabolites in A. orientale is still 
unclear. Accordingly, in the present study, we investigated 
the effect of light intensity on the accumulation of active 
components in A. orientale and its molecular mechanism 
by analyzing the dry matter accumulation, total triterpenes, 
index components, and expression of key enzymes in the 
triterpene biosynthesis pathway of A. orientale seedlings 
reared under different lighting conditions. Consequently, 
we identify the most suitable light-intensity range for the 
synthesis and accumulation of protostane triterpenes in A. 
orientale and provide a scientific basis for its high-quality 
and efficient production.

Materials and methods

Plant materials

Plant materials were collected from Jianou, Fujian Province 
and identified as A. orientale by Professor Gu Wei (College 
of Pharmacy, Nanjing University of Chinese Medicine). In 
early August, pest- and disease-free A. orientale seedlings 
with strong and consistent growth were transferred to the 
artificial climate chamber of Nanjing University of Chinese 
Medicine for light treatment, and the light intensity was con-
trolled by a lift-off LED lamp. Five levels of light intensity 
were chosen based on the natural light intensity of Jian’ou 
City, Fujian Province during the growing period of A. ori-
entale provided by the China Meteorological Data Center. 
The average light intensity for each treatment group was 
determined using a photosynthetic apparatus (LI-6400XT, 
LI-COR company, USA) as follows: G1 (50 μmol  m−2·s−1), 
G2 (100  μmol   m−2·s−1), G3 (200  μmol   m−2·s−1), 
G4 (300  μmol   m−2·s−1), G5 (400  μmol   m−2·s−1), G6 
(500 μmol  m−2·s−1), G7 (600 μmol  m−2·s−1). The seedlings 
were reared with under a 12 h   day−1 light cycle at 60% 
humidity and 25 °C with regular watering. After 32 days of 
light treatment, the plants were harvested, washed quickly 
with water, sanitized in an oven at 105 °C for 15 min, and 
dried at 60 °C.

Reagents

For determination of total triterpene content: Absolute 
ethanol (10,009,261, Sinopharm, China); 95% ethanol 
(100,091,643, Sinopharm, China); vanillin (H107521, 
Aladdin, Shanghai, China); acetic acid (200-580-7, Enox, 
Jiangsu, China); perchloric acid (P112070, aladdin, 
Shanghai, China).

For determination of indicative components content: 
acetonitrile (HPLC-grade, TEDIA, USA); methanol 
(HPLC-grade, TEDIA, USA);  H2O (Wahaha, China); 
alisol B 23-acetate standard (purity > 98%, B21641-20 
mg, Yuanye Biotechnology, Shanghai, China); alisol C 
23-acetate standard (purity > 98%, B21764-20 mg, Yuanye 
Biotechnology, Shanghai, China).

For analysis of key enzyme genes: RNAsimple Total 
RNA Kit (Cat. No. DP419; Tiangen, China); M-MLV 
reverse transcriptase (Cat. C28025021, Invitrogen, USA); 
 Perfectstart® Green qPCR SuperMix (AQ610, TransGen 
Biotech, Beijing, China).

Dry‑weight measurement

The weights of the dried roots, stems, and leaves of A. 
orientale were recorded, and the samples were crushed 
and passed through a No.5 sieve for further use.

Determination of total triterpene content

Rhizome, tuber, and leaf samples (1.00 g) were accurately 
weighed into 100 mL glass-stoppered conical flasks, which 
were accurately weighed and heated at 57 °C in 25 mL of 
70% ethanol for 46 min in a constant temperature water 
bath, then sonicated for 30 min (500 W, 40 kHz). After 
cooling to room temperature, 70% ethanol was added to 
regain the initial flask weight, and the extract was passed 
through a 0.22-μm membrane filter.

Alisol B 23-acetate reference (2.0 mg) was accurately 
weighed into a 10-mL glass-stoppered conical flask and 
dissolved in absolute ethanol to obtain a standard solution 
with a concentration of 0.2 mg·mL−1.

Total triterpenes were then determined by colorimetry 
with reference to a standard curve. To prepare the stand-
ard curve, aliquots of the standard solution (0.1, 0.2, 0.4, 
0.6, 0.8, and 1.0 mL) were precisely pipetted to 10-mL 
glass-stoppered conical flasks and the solvent evaporated 
at 60 °C.

To each flask was added 0.2 mL of freshly prepared 5% 
vanillin/glacial acetic acid solution and 0.8 mL of perchlo-
ric acid. The solutions were mixed well, sealed, and heated 
at 60 °C for 15 min before being cooled in an ice bath for 
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5 min. Then, 4 mL glacial acetic acid was added. A refer-
ence solution that contained no analyte was also prepared.

The UV–Vis spectra of the standards were then 
recorded over the wavelength range 410–800 nm using 
the blank sample as a reference, and the maximum 
absorbance (555  nm) was recorded. A standard curve 
with absorbance (y) as the vertical coordinate and con-
centration (x) as the horizontal coordinate was prepared 
and subjected to regression analysis, yielding a linear 
correlation (R2 = 0.9991) represented by the equation 
y = 4.2775x + 0.0307.

The sample solutions (0.2 mL) were then subjected to 
UV–Vis analysis following the same procedure. The total 
triterpene content was calculated from the absorbance at 555 
nm using the standard curve equation.

Finely powdered A. orientale (~ 0.5 g) was accurately 
weighed into a 50 mL glass-stoppered conical flask and pre-
cisely 25 mL of 70% acetonitrile was added. The filled flask 
was weighed to a precision of ± 0.01 g and then sonicated for 
30 min (500 W, 40 kHz). After cooling to room temperature, 
more acetonitrile was added to regain the initial weight of 
the flask. The sample solution was then filtered through a 
0.45-μm membrane and analyzed by HPLC.

Standard solutions of alisol B 23-acetate and alisol C 
23-acetate were prepared in acetonitrile to concentrations 
of 70 and 10 μg·mL−1, respectively. The standard solutions 
were stored at 4 °C for later use.

Samples were analyzed using a Waters e2695 series 
HPLC system (Waters Corporation, Milford, MA, USA) 
equipped with a quaternary pump and a variable wavelength 
ultraviolet (UV) detector. Samples (20 μL) were applied to 
a C18 analytical column (5 μm, 4.6 × 250 mm; Diamonsil, 
Beijing, China) at a flow rate of 0.8 mL·min−1. The mobile 
phase was 60% acetonitrile/water. The column temperature 
was maintained at 30 °C, and the detection wavelength was 
set at 208 nm for alisol B 23-acetate and 246 nm for alisol 
C 23-acetate.

The mixed reference solution obtained was diluted to 
different concentrations (alisol B 23-acetate concentra-
tions: 26.25, 35.00, 43.75, 52.50, 61.25, 70.00 µg·mL−1; 
alisol C 23-acetate concentrations: 1.50, 2.50, 3.75, 5.00, 
6.25, 7.50, 8.75, 10.00 µg·mL−1) and analyzed using the 
chromatographic conditions outlined above. A standard 
curve was drawn with concentration as the horizontal 
coordinate (x, μg·mL−1) and peak area (y) as the vertical 
coordinate. The concentration range of alisol B 23-acetate 
was 26.25–70 μg·mL−1 and showed a good linear relation-
ship with peak area. The linear regression equation for the 
standard curve was y = 30,188x− 269,962 (R2 = 0.999). A 
similar process was used for alisol C 23-acetate, and the 
standard curve showed good linearity (y = 37632x + 219.1; 
R2 = 0.9994) in the concentration range 1.5–10 μg·mL−1. 
The concentrations of alisol B 23-acetate and alisol C 

23-acetate in the samples were determined from their 
HPLC peak areas using the standard curve.

Method validation

The method precision was validated by analyzing the 
mixed reference solution six times. The relative stand-
ard deviations (RSDs) for the peak areas of alisol B 
23-acetate and alisol C 23-acetate were 1.54% and 2.06%, 
respectively.

Sample stability was verified by analyzing the same sam-
ple solution at 0, 2, 4, 8, 12, and 24 h after preparation. The 
RSDs of the peak areas were 1.86 and 1.42% for alisol B 
23-acetate and alisol C 23-acetate, demonstrating that the 
samples were stable for 24 h.

The method reproducibility was verified by analyzing six 
different samples from the same group. The RSDs of the 
peak areas were 1.09 and 1.26% for alisol B 23-acetate and 
alisol C 23-acetate, respectively.

The average recovery of 23-acetylalisol B and Alisol C 
23-acetate was 99.13 and 99.30%, and the RSD was 1.87 
and 1.12%.

The test solution was determined according to the chro-
matographic conditions outlined above. The contents of 
23-acetyl-alismatol B and 23-acetyl-alismatol C were cal-
culated per gram of alismatol using the regression equation 
obtained from analysis of the reference solutions.

Real‑time fluorescence quantitative PCR

Total RNA was isolated using a simple total RNA kit. Prod-
ucts were subjected to electrophoresis on 1.0% agarose gels 
and quantified by electronic digital imaging using a Multi-
Image light unit with the Alphamager HP platform. RNA 
purity and concentration were determined using Eppendorf 
UveVis spectrophotometers. cDNA was synthesized by 
reverse transcription of 1 μg of total RNA using a reverse 
transcription kit and stored at − 20 °C.

Primer sequences for each gene were designed using 
Primer Premier 5.0 software, as shown in Table 1, and 
the primers were synthesized by Sangon Bioengineering 
(Shanghai, China), LTD. The PCR reaction system was oper-
ated as follows: the cells were treated with 2 μL cDNA, 0.4 
μL Forward Primer, 0.4 μL Reverse Primer, 10 μL 2 × Super 
Mix, 0.4 μL Passive Reference Dye (50x), and 6.8 μL dd 
 H2O. The reaction program was as follows: predeformation 
at 94 °C for 30 s, followed by 45 cycles of denaturation at 
94 °C for 5 s, annealing at 60 °C for 34 s, and extension at 
72 °C for 10 s. The relative expressions of genes for the five 
key enzymes were calculated using the  2−ΔΔCt method using 
the UBC gene as the reference gene.
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Data processing and analysis

Significant differences between the interactions of varying 
key enzyme genes and effective components were deter-
mined using one-way and two-way analyses of variance. 
Significance levels were set at p ≤ 0.05, p ≤ 0.01, indicated 
by * and **, respectively. Statistical analyses and graphic 
were generated in SPSS and Origin software.

Results

Dry matter accumulation and distribution

As shown in Fig. 2, the tuber volume of A. orientale showed 
obvious differences among the treatment groups. With the 
increase of light intensity, tuber volume first increased and 
then decreased. Transverse growth of A. orientale tubers was 
mainly observed in the G1–G2 groups, but their longitudinal 
growth was not significant. The tubers of the G3–G5 groups 
grew completely in both transverse and longitudinal direc-
tions, the maximum volume was observed for the G5 group 
(maximum tuber diameter 30.96 mm; height 58.54 mm). 
Compared with G3–G5, the tuber volumes for G6 and G7 
were decreased but significantly larger than those for G1 
and G2.

Light intensity affected dry matter accumulation of A. 
orientale, with significant differences observed for differ-
ent light intensities. As shown in Fig. 3, with increasing 
of light intensity, the accumulation of dry matter in the 
leaves, tubers, roots, and whole plants all first increased 
and then decreased, reaching their maxima under G5 light 

intensity, which were 31.65 g/plant, 13.20 g/plant, 13.15 
g/plant and 5.30 g/plant. The dry weights of each part and 
the whole in the G1 group were the lowest at 17.64 g/plant, 
8.32 g/plant, 6.44 g/plant and 2.89 g/plant. Compared 
with the minimum dry weight in group G1, the maximum 
dry weight of each part and whole plant in group G5 was 
increased by 79.4, 58.7, 104.2, and 83.4%.

These results indicate that increasing light intensity 
within a certain range is beneficial to dry matter accumu-
lation in all plant parts and the whole plant, especially in 
the tubers. However, when light intensity exceeded a suit-
able light limit, dry matter accumulation was negatively 
affected, disrupting the normal growth of A. orientale 
seedlings.

Table 1  Gst of primers used for 
qRT-PCR amplification

Gene Forward Primer (5′-3′) Reverse Primer (5′-3′)

UBC TAT GCT GGT GGG GTT TTT C ATG CTC CCG TTA CTA TTG A
HMGR GCT GCG GTG AAT TGG ATT G GGG CAG AGC CAA CAA GGT T
MVD ATC AGC GTC ACC CTC AAC C ACC CCT TTC TCC TCG TCC T
FPPS CAA CCT TAG GAA TTC TGA ACC AAC A AAA GGA GCT CAG TGA GGA GGAA 
SS TTT TCA CGC CTC TGG GTC TTG GCA CTT CAT TTA TGT CCT 
SE CCT TGA TTG ATG ATA ATG GGACT GAT GTC TAC CTT TGC GGA GC

Fig. 2  Tubers of A. orientale under different light intensities. G1 (50 μmol  m−2·s−1), G2 (100 μmol  m−2·s−1), G3 (200 μmol  m−2·s−1), G4 (300 
μmol  m−2·s−1), G5 (400 μmol  m−2·s−1), G6 (500 μmol  m−2·s−1), G7 (600 μmol  m−2·s−1)
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Contents of total triterpenes and index components

The total triterpene contents of the A. orientale tubers 
were determined by UV spectrophotometry, and the results 
are shown in Fig. 4A. The content of total triterpenoids 
increased first and then decreased with increasing light 
intensity. The total triterpene content for the G3 group was 
significantly higher than that in the other groups (18.35 
mg·g−1), which constitutes relative increases of 123.91% 
(G1), 62.89% (G2), 26.97% (G4), 99.69% (G5), 124.99% 
(G6), and 144.56% (G7). There were no significant differ-
ences among the G1, G6, and G7 groups.

The contents of alisol B 23-acetate and alisol C 23-ace-
tate in the tubers of A. orientale reared under different 
light intensities were determined by HPLC. The content 
differences are shown in Fig. 4B, and the chromatographic 
graphs are shown in Fig. 4C and D. The results show that 
the contents of the two components in tubers increased 
first and then decreased with increasing light intensity. 
In general, the light intensity in the G3–G5 groups was 

beneficial to the accumulation of alisol B 23-acetate and 
alisol C 23-acetate, with the highest values observed for 
G4 (1.91 mg·g−1 and 0.13 mg·g−1, respectively). The con-
tents of alisol B 23-acetate were significantly different 
from those in the other groups except the G3 group, but 
the contents of alisol C 23-acetate were not significantly 
different from those in the G3 and G5 groups.

Expression of key enzyme genes

As shown in Fig. 5, the expressions of the five key enzyme 
genes at different sites showed markedly different degrees 
of response to light intensity. In the leaves, the expres-
sion of the five key enzyme genes in G7 group was the 
lowest, and the key enzyme genes for HMGR, MVD, and 
SE in the G3 group were the highest, being 46.18-, 3.85-, 
and 168.65-times those for the G7 group. The expressions 
of FPPS and SS in the G4 group were the highest, being 
30.35- and 30.13-times higher than those of the G7 group.

Fig. 4  Content of effective components in A. orientale tuber under 
different light intensities. A Contents of total triterpenoid. B Contents 
of Alisol B 23-acetate and Alisol B 23-acetate. C HPLC chromato-
grams of Alisol B 23-acetate (208 nm). D HPLC chromatograms of 

Alisol C 23-acetate (246 nm). The error bars represent the standard 
deviation. Different lowercase letters indicate significant differences 
(p ≤ 0.05)
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Correlation analysis between key enzyme gene 
expression and efficacy component content

The correlation between the expression of key enzyme 
genes and the contents of efficacy components of A. ori-
entale reared under different light intensities was analyzed, 
and the results are shown in Table 2. The expression of key 
enzyme genes was significantly correlated with the contents 
of total triterpene and index components. The correlation 
coefficients between the expression of key enzyme genes 
MVD, SE, and HMGR were 0.906, 0.858, and 0.855. The 
correlation coefficient between total triterpene content and 
index components was high, and the correlation coefficient 
between total triterpene content and alisol C 23-acetate was 

slightly higher than that between total triterpene content and 
alisol B 23-acetate. For the correlation between the expres-
sion of key enzyme genes and the contents of functional 
components, the correlation coefficients between the con-
tent of total triterpenoid components and the expression of 
HMGR, MVD, and SE enzyme genes were higher than those 
of the index components, and the correlation coefficients 
between the index components and the expression of the SS 
gene were highest, which were 0.847 and 0.830.

It should be noted that the correlation between the expres-
sion of key enzyme genes and the efficacy component 
contents of A. orientale were not consistent. As shown in 
Fig. 6A, the expression levels of key enzyme genes HMGR 
and MVD were negatively correlated with the contents of 

Fig. 5  qRT-PCR melting curve and relative gene expression level under different light intensities. A Melt curve derivative reporter (-Pn−1); B–F 
expression of HMGR, MVD, FPPS, SS, SE enzyme genes in the G1 to G7 groups

Table 2  Analysis of correlation between gene expression and active content of A. orientale 

**Indicates extremely significant correlation (p ≤ 0.01)

Factors Expression of key enzyme genes and content of active ingredients

HMGR MVD FPPS SS SE Total triterpene Alisol B 23-acetate Alisol C 23-acetate

HMGR 1.000 0.855** 0.599** 0.699** 0.858** 0.893** 0.696** 0.730**
MVD 1.000 0.594** 0.734** 0.906** 0.872** 0.658** 0.709**
FPPS 1.000 0.560** 0.671** 0.704** 0.677** 0.719**
SS 1.000 0.736** 0.832** 0.847** 0.830**
SE 1.000 0.835** 0.647** 0.664**
Total triterpene 1.000 0.889** 0.922**
Alisol B 23-acetate 1.000 0.929**
Alisol C 23-acetate 1.000
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the index components, but positively correlated with total 
triterpene content. Although the expression levels of key 
enzyme genes FPPS, SS, and SE were consistent with the 
content of functional components, their correlation between 
the content of index components was significantly higher 
than that for total triterpene content, and the negative cor-
relation between the expression level of SS and the contents 
of index components was significantly different.

For groups G1 to G7, the standardized residuals of regres-
sion between the expression of key enzyme genes and the 
content of protostane triterpenes followed N(0, 1), which 
is the standard normal distribution. The estimated bound-
ary means of the standardized residuals for the three triter-
penoid components are shown in Fig. 6B–D. The correla-
tions between total triterpene, alisol B 23-acetate, alisol C 
23-acetate, and the five key enzyme genes were all strongest 
for the G3–G5 groups. In particular, in the G3 treatment 
group, the correlations of SE with total triterpene and ali-
sol B 23-acetate were significantly lower than for the other 
four key enzyme genes, as well as alisol C 23-acetate. These 
results indicate that the expression of the SE gene may be 
most closely related to the synthesis of alisol C 23-acetate 
under G3 light intensity.

Discussion

As an energy source and signaling factor necessary for plant 
growth (Libatique et al. 2020), light plays an important role 
in plant physiological processes and primary metabolic 
activities. As an indicator of plant growth and development, 
dry weight can directly reflect the differences in primary 
metabolism among individuals. The active components are 
the products of secondary metabolism synthesis and accu-
mulation of medicinal plants, and their contents reflect the 
degree and resistance of external stress to medicinal plants 
(Cheng et al. 2021). The expression of key enzyme genes 
can respond to changes in the external environment, regulat-
ing the synthesis and accumulation of secondary metabolites 
through differences in their expression (Wang et al. 2022). 
Based on these theories, we investigated the effects of light 
intensity on the contents of dry weight, protostane triterpe-
nes and the expression of key enzymes for their biosynthesis 
in A. orientale.

Light intensity can affect the primary metabolic pro-
cess of plants by affecting the photosynthetic rate and thus 
the accumulation of secondary metabolites (Roeber et al. 
2021). Our results showed that increasing light intensity 
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promotes dry matter accumulation by A. orientale within 
a certain limit. In the range 50–400 µmol  m−2·s−1, the dry 
weight of the whole plant, leaf, tubers and root of A. orien-
tale increases with light intensity. However, when the light 
intensity exceeds 400 μmol  m−2·s−1, the total dry weight 
and that of each part of the plant decrease. These results 
indicate that light intensity exceeding a certain limit dam-
ages the plant body, thereby affecting its growth and meta-
bolic activities. According to the dry weight accumulation 
and changes after different light treatments, the suitable 
range of dry matter accumulation of A. orientale was 
300–500 µmol  m−2·s−1.

Secondary metabolites can also be effective medicinal 
substances and are produced by the interactions between 
genetic factors and environmental factors. The accumula-
tion of secondary metabolites is regulated by the expres-
sion of gene in their biosynthetic pathways. Studies have 
shown that light intensity can affect the accumulation of 
active components in medicinal plants and the expression 
of genes for key enzymes in the biosynthetic pathways of 
active components (Appolloni et al. 2022; Cheng et al. 
2021; Hernández et al. 2022; Pan and Guo 2016; Zhang 
et al. 2021; Wang et al. 2020b). In this study, the contents of 
total triterpenoids and index components and the expression 
of key enzyme genes increased first and then decreased with 
the increase of light intensity. When the light intensity was 
200 μmol  m−2·s−1, the total triterpene content in the tubers 
was significantly higher than those in the other groups, and 
the expression of genes for the key enzymes HMGR, MVD, 
and SE were high. The expression levels of HMGR, FPPS, 
MVD, SS, and SE were significantly correlated with total 
triterpene content and index component content, indicating 
that the biosynthesis of triterpene requires the participation 
and synergistic regulation of multiple key enzyme genes. 
Further correlation analysis showed that there was a sig-
nificant positive correlation between the key enzyme gene 
MVD and HMGR, MVD and SE, and index components, 
indicating that there were positive regulatory effects within 
the key enzyme genes and index components. There was 
a significant negative correlation between the index com-
ponent and SE gene, indicating that the key enzyme gene 
SE might be one of the rate-limiting enzymes for the syn-
thesis of protostane triterpenes. The relationship between 
the expression of key enzyme genes and protostane triter-
penes was analyzed under different light intensities. The 
correlation was the strongest under the light intensity range 
200–400 μmol  m−2·s−1. Notably, the correlation between SE 
enzyme gene expression and total triterterpene and Alisol B 
23-acetate was lowest at 200 µmol  m−2·s−1, and the correla-
tion with Alisol C 23-acetate was significantly highest at this 
time, indicating that high SE expression at light intensity of 
200 µmol  m−2·s−1 may promote massive synthesis of Alisol 
C 23-acetate. The correlations between expression of key 

enzyme genes and protostane triterpenes were strongest in 
the light intensity range of 200–400 μmol  m−2·s−1.

These results indicate that triterpene biosynthesis requires 
the participation and coordination of multiple key enzyme 
genes and that light intensity affects the accumulation of 
protostane triterpenes in A. orientale by regulating the 
expression of key enzymes in triterpenoid biosynthesis. 
The environment suitable for the growth and development 
of medicinal plants is different from the environment suit-
able for the accumulation of secondary metabolites (Huang 
et al. 2022). In this study, the dry matter accumulation of 
plants under the light intensity of 200 μmol  m−2·s−1 was 
slightly lower than that under the light intensity of 300 μmol 
 m−2·s−1, but the total triterpene content was significantly 
higher and the index component content reached its max-
imum. The index component content for plants reared at 
200 μmol  m−2·s−1 was slightly lower than that at 300 μmol 
 m−2·s−1, but the dry matter accumulation was the highest. 
When the light intensity was 500 μmol  m−2·s−1, although 
dry weight was at a high value, protostane triterpenes and 
expression of key enzyme genes were at a low value while 
the correlation was low. In conclusion, a light intensity in 
the range 200–400 μmol  m−2·s−1 is more conducive to the 
growth of A. orientale seedlings and the accumulation of 
protostane triterpenes.

In conclusion, light intensity regulates the accumulation 
of prototerpine-type triterpenoid components in A. orientale 
by regulating the expression of key enzyme genes involved 
in protostane triterpene biosynthesis. Appropriate light 
intensity can promote the accumulation of dry matter and the 
biosynthesis of effective substances in A. orientale. These 
results lay a foundation for elucidating the molecular mecha-
nism by which light intensity regulates the accumulation of 
protostane triterpenes and provide practical guidelines for 
the scientific and rational production of A. orientale.
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