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Abstract: Nutrients and light are critical factors for sustained Centella asiatica L. Urban production
under a controlled environment. The growth, triterpene glycosides, and antioxidant activities of C.
asiatica grown under a controlled environment with different nutrient solution formulations (NFFs)
and LED light intensities were investigated. Four different NSFs were tested on plant growth,
bioactive compounds, and their activities in a conventional greenhouse. The results showed that the
plants grown with Houghland and Arnon solution exhibited better growth performance, whereas
the use of Resh’s Tropical Dry Summer solution led to increased bioactive compounds and their
activities. Subsequently, Resh’s Tropical Dry Summer solution was selected to evaluate the effect of
light intensity in a controlled environment. Plants were grown under three LED light intensities (110,
220, and 330 µmol/m2/s PPFD) compared with fluorescent and natural lights (45 and 326 µmol/m2/s
PPFD, respectively). We found that light intensity had the strongest influence on growth, triterpene
glycosides, and antioxidant activities. Significantly higher values of the most studied parameters
were observed in plants grown under high light intensity compared to those grown under low light
intensity. The optimal light intensity was 330 µmol/m2/s PPFD, representing an efficient approach
for commercially producing this medicinal plant with a higher yield and medicinal properties in a
controlled environment.

Keywords: asiaticoside; madecassoside; mineral nutrition; light emitting diodes; controlled-environment
agriculture; C. asiatica L. urban

1. Introduction

The COVID-19 pandemic raised awareness among people about maintaining good
health and consuming a diet containing foods that can boost immunity and help protect
us from contracting disease [1]. This situation may enhance the global herbal medicine
market, which is projected to grow from USD 201.06 billion in 2022 to USD 371.45 billion
by 2030 [2]. Herbal medicines are now commonly and widely used all over the world due
to their beneficial and therapeutic effects on human health [3]. Centella asiatica L. Urban
is one of the common Apiaceae spices that has been widely used in Chinese and Indian
traditional medicine for centuries in China, India, Sri Lanka, Indonesia, Malaysia, and Thai-
land, as well as South Africa and Madagascar [4–7]. It shows several biological activities
such as wound healing, anti-diabetic, hepatoprotective, antinociceptive, neuroprotective,
anti-inflammatory, and antioxidant properties [4,6,7]. These pharmacological properties
are attributed to triterpenes, mostly asiaticoside, asiatic acid, madecassoside, and made-
cassic acid [6]. Madecassoside and asiaticoside, which co-occur in this plant, are the most
abundant constituents than other saponins [8,9]. Moreover, several flavonoid derivatives,
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phenolic acids, polysaccharides, polyacetylenes, and sterols have been identified in this
medicinal plant [4,9]. Generally, the plant materials collected from the wild and field
production are of very poor quality in terms of purity and bioactive compounds, as well
as being contaminated with pesticide residues, heavy metals, and unacceptable microbial
loads [10]. Consequently, to assure the continuous availability of plant material with high
concentrations of major bioactive compounds, a well-directed cultivation of C. asiatica is
needed [7,10,11].

Crop production in a controlled environment provides a high-quality and stable plant
product supply that is an alternative and complementary to field production [12,13]. Tem-
perature, light, CO2, water, and nutrients are essential environmental conditions that affect
plant growth and secondary metabolite accumulation in this farming system [7,12,14,15].
Nutrient solution formulations (NSFs) are one of the most important factors that influence
growth performance and nutritional values [16]. An optimum NSF depends on plant
species and variety, stage of plant growth, temperature, light intensity, and their interac-
tions [11,17,18]. There are many available and well-known formulations that can be used.
Some of these formulations used in preparing a nutrient solution have wide-scale appli-
cations, while others are designed for specific species and systems [11,17]. However, the
results regarding the effects of nutrient supply on triterpene and its derivative accumulation
in plants, obtained from in vitro or field studies, are contradictory [10,11,19]. Additionally,
previous studies suggested that cultivating C. asiatica in hydroponic systems can be an
effective platform to produce high biomass and triterpene glycoside content [10,20]. Thus,
C. asiatica cultivated in this system produces clean and good-quality materials to be applied
in the pharmaceutical, cosmetic, and food industries.

In addition, the light environment plays a significant role in influencing physiological
changes and secondary metabolite accumulation in mature plants [21–25] and micro-
greens [26–28]. Plant growth performance and nutritional values depend on variations
in the artificial lighting spectra, light intensities, and daily light integral (DLI) [22]. Light
intensity affects photosynthesis, thereby inducing reactive oxygen species (ROS) production
during photosynthetic electron fluxes [29]. ROS plays crucial roles in regulating primary
and secondary metabolisms and can lead to the synthesis of important secondary metabo-
lites [29,30]. The light-induced production of secondary metabolites can be exploited as a
practical and effective strategy to produce high levels of bioactive compounds [30]. How-
ever, the light intensity should be optimized for specific crop species and cultivars of plants
grown under a controlled environment [24]. Several studies have described the effects of
light intensity on the growth and secondary metabolite accumulation of C. asiatica, but these
results are not clear [31–34]. For example, Müller et al. [33] found that the light intensity
did not affect growth and leaf yield, but flavonoids, anthocyanins, and saponins were
enhanced under high-energy light, possibly due to their ability to defend themselves from
oxidative damage. In contrast, Srithongkul et al. [31] reported that low light intensity was
shown to reduce the total triterpene glycoside contents in three C. asiatica accessions from
Thailand. Song et al. [34] found that the most suitable light intensity for C. asiatica growth
under a controlled environment was 200 µmol/m2/s PPFD with 20% blue light, resulting in
increased leaf dry weight, triterpene glycosides, and their antioxidant activities. However,
asiaticoside and madecassoside exhibited opposite responses to light intensities. Although
there has been an attempt to increase the growth and secondary metabolite production
of C. asiatica, there are still some remaining points that have not been completely studied.
Therefore, the aim of the current study was to investigate the effects of NSFs and LED light
intensities on growth performance, triterpene glycoside, and antioxidant activities of C.
asiatica grown under a controlled environment. The results from this study may be useful
for extension cultivation strategies that are suitable for both growers and consumers.
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2. Materials and Methods
2.1. Plant Material

Stock plants of C. asiatica, which contained the highest triterpene content and antioxi-
dant activity in our preliminary study, were obtained from Chumphon province, Thailand
(+9.94500, +99.07833, and 251 masl). Rooted cuttings with 1–2 nodes from stock plants were
multiplied in a commercial substrate in a greenhouse with 50% shading at the Department
of Agricultural Technology, Thammasat University, Thailand (+14.07450, +0.6094167, and
7.3 masl). A commercial substrate comprised loamy sand with a pH of 4.84, electrical
conductivity of 0.94 dS/m, and concentrations of 0.31 mg/kg N, 110.95 mg/kg P, and
34.00 mg/kg K. The seedlings were irrigated daily using tap water to the field capacity
level. After 4 weeks of growth, the uniform plantlets having four fully expanded leaves
were selected to use in each experiment.

2.2. Establishment of Growth Conditions
2.2.1. Experiment I, Effect of Different NSFs

Experiments were conducted in a greenhouse (6 m × 20 m), located at the Department
of Agricultural Technology, Thammasat University, Thailand, under 50% shading. This light
transmission rate is the lower limit for commercial production of C. asiatica [35]. During the
crop cycle, air temperature and air relative humidity were logged every 15 min by a HOBO
data logger (Onset Computer Corporation, Bourne, MA, USA). In addition, photosyn-
thetic photon flux density (PPFD) measurements were recorded using HOPOCOLOR (mod.
OHSP-350P, Hangzhou Hopoo Light&Color Technology Co., Ltd., Hangzhou, China) (Sup-
plementary Figure S1). The substrate culture system was designed so that the nutrient solu-
tion could be applied using an on-line drip irrigation system by dripping onto the plant’s
root zone. Each experimental unit consisted of PP plastic pots (35 cm × 150 cm × 20 cm),
which were purchased from a local agricultural store (Klong Luang, Thailand), and placed
on the greenhouse table. The substate was perlite (with a particle average size 4–8 mm,
Speedy Access Co., Ltd., Mueang Samut Prakan, Thailand). The nutrient solution was held
in a 151 L HDPE plastic container and delivered to troughs by a submersible water pump
(Sonic, mod. AP2500, 32-Watt pump; H2O Hydro Garden, Bangkok, Thailand), resulting in
a flow of ~1 L/min per trough.

Four different NSFs, namely Enshi [36], Hoagland and Arnon [37], Resh Tropical Dry
Summer [38], and Cooper [39], were arranged in a completely randomized design with
three replicates. All chemical constituents of nutrient solution formulations are described
in the Supplementary Table S1. An extensive literature review offered no findings about
special NSFs for C. asiatica production. For this reason, other available NSFs that had
been used before for leafy vegetable production for general purposes were used in the
applications of this research.

On 2 November 2020 (4 days before sowing), the four NSFs were applied in each
experimental unit substrate saturation. Consequently, 4-week-old uniform plantlets having
four fully expanded leaves were transplanted, with 15 cm × 15 cm plant spacing. The
nutrient solution pH was recorded daily and adjusted in the range of 5.6–5.8 by adding
nitric acid.

2.2.2. Experiment II, Effect of LED Light Intensities

Experiments were performed in a controlled environment room with inner dimensions
4 m× 3 m× 3 m at the Faculty of Science and Technology, Thammasat University, Thailand.
PP plastic melon pots were placed on a stainless-steel growing shelf with a single vertical
layer. Each self-contained lamp was equipped with individual fluorescent and LED lamps
that were separated by a corrugated plastic sheet to prevent light contamination. All
chambers covered an area of approximately 1.20 m × 0.80 m and stood 1.80 m high.
Growing conditions were as follows: a constant temperature of 25± 2 ◦C, 16 h photoperiod,
0.05% CO2 concentration, and relative air humidity (RH) of 60 ± 2%. Another set was
left in the greenhouse with 50% shading and received an average 13 h photoperiod with a
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30/24 ◦C (day/night) temperature for the natural light condition. Average air temperature,
air relative humidity, and PPFD were also logged similarly to Experiment I. Moreover, the
experimental units were also conducted similarly to Experiment I.

LED units were designed following Samuoliene et al. [26] and Tamulaitis et al. [40].
They comprised LEDs with emission wavelengths in the blue (I = 445 nm), red (I = 638
and 665 nm), and far-red (I = 735 nm) regions (1154 × 15.8 × 1.0-LM-20S1B, Grow Labora-
tory, Mueang Samut Prakan, Thailand). The irradiated area was approximately 0.60 m2.
A range of irradiance intensities, expressed as PPFD, were set for each lighting unit
(110 ± 1, 220 ± 1, and 330 ± 1 µmol/m2/s PPED, Supplementary Table S2). In this
study, we used 220 µmol/m2/s as the normal irradiance intensity. The fluorescent light
(45 ± 2 µmol/m2/s PPFD) and natural light (326 ± 3 µmol/m2/s PPFD) were used as the
controls. The experimental treatments were arranged in a randomized complete block
design with three replicates.

On 10 March 2021, 4-week-old uniform plantlets having four fully expanded leaves
were also transplanted with 15 cm × 15 cm plant spacing, respectively. All experimental
units were arranged and managed similarly to Experiment I. Resh Tropical Dry Summer
solution, which was selected from Experiment I, was used in this experiment.

2.3. Plant Growth Measurements

The number of leaves per maternal plant (NL), maternal leaf width (LW), petiole
length (PL), number of stolons per maternal plant (NS), and number of plantlets per
stolon (NP) of five plants from each replication were measured at 5-day intervals between
the 10th and 45th day of treatment application (DTA). Regarding the 45th DTA, Prasad
et al. [10] suggested it was the optimal harvest date for achieving the highest biomass and
triterpenoid glycoside content in C. asiatica cultivated under a hydroponic system. The NL
was counted when the leaves became fully expanded. The second young, fully expanded
leaf of the maternal plant was selected for measuring LW and PL. The fresh weight (FW) of
the whole aboveground part (shoot) was measured at the end of the treatment, followed by
the dry weight (DW) after frozen in liquid nitrogen and then drying by using lyophilization
(GAMMA 1-16 LSC, Osterode, Germany). Following weighing, the dried samples were
stored at −20 ◦C for future use.

Relative chlorophyll contents were measured via a nondestructive assay using the
Soil and Plant Analyzer Development (SPAD) chlorophyll meter (SPAD-502; Konica Mi-
nolta, Tokyo, Japan). Measurements were also conducted at 5-day intervals using the
second young fully expanded leaf of each plant.

2.4. Sample Preparation and Extraction

The procedure was carried out following previous study with some modifications [41].
Five grams of ground sample were extracted three times with 95% ethanol at a ratio of 1:3,
v/v for 72 h and passed through filter paper. The combined extracts were dried using a hot
air oven at 50 ◦C for 72 h, and the dried extract samples were kept at −20 ◦C for further
analysis.

2.5. Determination of Triterpene Glycoside Content

LC–MS/MS analysis was carried out following previous study with some modifica-
tions to obtain linearity, accuracy, precision, recovery, and matrix effect [42]. LC–MS/MS
(Shimadzu LCMS-8030 triple quadrupole mass spectrometer) was performed by electro-
spray ionization (ESI) mode, together with an HPLC system (Shimadzu, Kyoto, Japan). Gra-
dient elution of triterpenes was performed on an InertSustain® C18 (3 µm, 150 × 2.1 mm)
column coupled with a guard column. The mobile phase consisted of (solvent A) formic
acid 0.2% (v/v) in deionized water (pH 2.5) and (solvent B) methanol at a flow rate of
0.2 mL/min and 37 ◦C column temperature. Elution occurred at a flow rate of 0.2 mL/min,
with 20% methanol for 5 min, increasing to 90% methanol for 3 min, then decreasing to 20%
methanol until 15 min. The mass spectrometer was equipped with an ESI source recorded
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in a negative ionization mode. To optimize the ESI conditions, we determined the following
parameters: the block heater temperature and the curved desolvation line temperature
were maintained at 200 ◦C and 250 ◦C, respectively. Flow rates were 3 L/min for nitrogen
gas and 15 L/min for the nebulizer and the drying gas, respectively. Mass acquisitions
were performed in multiple reaction mode (MRM). The detector was set to monitor mass-
to-charge ratios of 973.4→ 503.5 for madecassoside, 957.4→ 469.2 for asiaticoside. The
retention times were 8.77 and 8.96 min for madecassoside and asiaticoside, respectively. The
calibration curves of madecassoside and asiaticoside exhibited a good linear relationship
between concentrations and peak area ratios, with a correlation coefficient (R2) of 0.99. The
lower limit of detection of all test compounds was estimated to be 0.1–0.5µg/L with a
signal to noise ratio of 5, and the recovery percentage of all test compounds was up to 93%.

2.6. Determination of Total Phenolic Content (TPC), Total Flavonoid Content (TFC), and
Antioxidant Activities

The TPC was analyzed using the Folin–Ciocalteu colorimetric method described in
Folin and Ciocalteu [43], whereas TFC followed from Kubola et al. [44]. A microplate
reader (Power Wave XS, Biotek, CA, USA) was used to analyze the TFC and TPC at 510 and
765 nm absorbances, respectively. TPC was expressed as milligrams gallic acid equivalent
per gram of dry weight (mg GAE/g DW). TFC was expressed as milligrams quercetin
equivalent per gram of dry weight (mg QE/g DW).

The two most common antioxidant activity assays were conducted using 2,2′-azino bis-
3-ethylbenzthiazoline-6-sulphonic acid (ABTS) and 1,1-diphenyl-2-picrylhydrazyl (DPPH)
radicals. Antioxidant activity was analyzed using an ABTS and DPPH antioxidant activity
assays followed from Re et al. [45] and Brand-Williams et al. [46], respectively. Absorbance
was also measured in a microplate reader at 520 and 734 nm for DPPH and ABTS antioxi-
dant activity assays, respectively. Trolox was used as the reference compound. The results
are expressed in µmol of Trolox equivalents per g of dry weight (µmol TE/g DW).

2.7. Statistical Analysis

Statistical analysis was performed using Statistix program (ver. 10.0, Analytical Soft-
ware, Tallahassee, FL, USA). Data were compared using one-way ANOVA at a significance
level of p = 0.05, and mean comparisons were performed using LSD at 0.01 probability level.
The graphs were then plotted by JMP® Statistical Software (ver. Free trial, SAS institute,
Chicago, IL, USA).

3. Results
3.1. Effect of NSFs on Growth, Triterpene Glycoside, Antioxidants, and Antioxidant Activity of
C. asiatica Grown in a Greenhouse
3.1.1. Growth Performance

The growth response of C. asiatica to different NSFs is shown in Figure 1. C. asiatica
grown under Cooper solution demonstrated signs of irregular growth habits, including tip
and leaf burns, and dying at 35th DTA. During the 10th–45th DTA, C. asiatica exhibited a
significant difference in the NL on the 20th DTA, followed by a gradual increase thereafter.
The highest NL was observed under Hoagland and Arnon solution (Figure 1a). The
LW steadily increased from the 10th to 30th DTA, and then it gradually increased. The
plants grown under Resh Tropical Dry Summer solution gave the highest LW at harvest
(Figure 1b). The PL gradually increased throughout the experimental period, except for
Resh Tropical Dry Summer solution, it was steady after the 35th DTA. The highest PL was
observed under Enshi solution (Figure 1c). Stolon initiation began at the 20th DTA and
showed significant differences in NS at the 35th DTA. The highest NS was observed under
Hoagland and Arnon solution (Figure 1d). Plantlet initiation began at the 20th DTA, except
those plants grown with Enshi solution began at the 25th DTA (Figure 1e). The plants
showed a significant difference in NP at the 45th DTA. The highest NP was observed under
Resh Tropical Dry Summer solution. The nutrient solutions showed significant differences
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in relative chlorophyll content throughout the experimental period (Figure 1f). The content
gradually increased, and then there was a decline. The highest fresh and dry weights were
observed under Hoagland and Arnon solution, whereas the lowest was observed under
Enshi solution (Table 1).
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Figure 1. Effect of NSFs on growth of C. asiatica grown in a greenhouse. (a) Number of leaves per
maternal plant (NL); (b) maternal leaf width (LW); (c) petiole length (PL); (d) number of stolons per
maternal plant (NS); (e) number of plantlets per stolon (NP); (f) relative chlorophyll content. The
error bar represents the standard deviation of each value (n = 3).

Table 1. Effect of nutrient solution formulations (NSFs) on fresh weight and dry weight in C. asiatica
grown in a greenhouse at 45th DTA.

NSFs Fresh Weight (g/Plant) Dry Weight (g/Plant)

Enshi 1.02 ± 0.00 c 1/ 0.12 ± 0.00 b

Hoagland and Arnon 2.10 ± 0.14 a 0.21 ± 0.00 a

Resh Tropical Dry Summer 1.36 ± 0.25 b 0.13 ± 0.02 b

C.V. (%) 11.18 7.95
1/ Means followed by the same letters in the same column are not significantly different at the 0.05 probability
level as determined by LSD.

3.1.2. Triterpene Glycoside, Antioxidants, and Antioxidant Activity

Two major triterpene glycosides, i.e., asiaticoside and madecassoside, showed sig-
nificant differences under different NSFs (Table 2). The plants grown under the Resh
Tropical Dry Summer solution had the highest contents of asiaticoside and madecassoside
(5.39 ± 0.37 and 26.78 ± 0.97 mg/g DW, respectively), whereas Hoagland and Arnon
solution gave the lowest contents of both triterpenes (0.71± 0.07 and 3.70± 0.44 mg/g DW,
respectively). Moreover, the plants grown under the Resh Tropical Dry Summer solution
had the highest TPC, TFC, and antioxidant activities. Enshi solution gave the lowest TPC
and TFC, whereas the lowest DPPH and ABTS antioxidant activities were obtained with
the Hoagland and Arnon solution.
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Table 2. Effect of nutrient solution formulations (NSFs) on triterpene glycoside, antioxidants, and
antioxidant activities in C. asiatica grown in a greenhouse.

NSFs

Triterpene Glycoside
(mg/g DW) TPC TFC Antioxidant Activities

(mg TE/g DW)

Asiaticoside Madecassoside (mg GAE/g DW) (mg QE/g DW) DPPH ABTS

Enshi 4.80 ± 0.01 b 1/ 11.07 ± 0.80 b 40.26 ± 1.53 c 20.07 ± 1.12 c 39.69 ± 0.27 b 41.72 ± 0.82 b

Hoagland and Arnon 0.71 ± 0.07 c 3.70 ± 0.44 c 52.02 ± 0.81 b 29.19 ± 0.91 b 18.57 ± 0.41 c 32.64 ± 1.24 c

Resh Tropical Dry
Summer 5.39 ± 0.37 a 26.78 ± 0.97 a 59.17 ± 0.80 a 32.54 ± 0.64 a 42.17 ± 1.03 a 49.09 ± 0.30 a

C.V. (%) 6.02 5.57 2.19 3.34 1.98 2.13

1/ Means followed by the same letters in the same column are not significantly different at the 0.05 probability
level as determined by LSD.

Although Resh Tropical Dry Summer solution manifested lower C. asiatica biomass
than Hoagland and Arnon solution, it yielded a higher triterpene glycoside content by 7.59
to 7.23-fold. Thus, this solution was chosen to evaluate the effect of light intensity.

3.2. Effect of LED Light Intensities on Growth, Triterpene Glycoside, Antioxidants, and
Antioxidant Activity of C. asiatica Grown in a Controlled Environment
3.2.1. Growth Performance

The growth response of C. asiatica to different LED light intensities is shown in
Figures 2 and 3. During days 10th–45th DTA, NL appeared to gradually increase, whereas
significant differences in NL appeared at 20th DTA (Figure 3a). The highest NL was ob-
served under 330 µmol/m2/s PPFD, while fluorescent light and 220 µmol/m2/s PPFD
yielded a lower NL than natural light and 110 µmol/m2/s PPFD. The LW and PL showed
a gradual increase throughout the experimental period (Figure 3b,c). The stolon initiation
of plants grown under LED light began at 10th DTA, whereas that of plants grown under
fluorescent and natural lights began at 15th DTA (Figure 3d). Then, all plants rapidly
emerged from stolon and the highest NS was observed under 220 and 330 µmol/m2/s
PPFD. The plantlet initiation began at 10th DTA, except for plants grown under natural
light, plantlet initiation began at 15th DTA (Figure 3e). The highest NP was observed under
220 and 330 µmol/m2/s PPFD, while growing under 110 µmol/m2/s PPFD and fluorescent
light gave the lowest NP at harvest.

The light intensities showed a significant difference in relative chlorophyll content
throughout the experimental period (Figure 3f). The highest value of this trait was observed
under natural light and 330 µmol/m2/s PPFD. The plants grown under 330 µmol/m2/s
PPFD had the highest fresh and dry weights, while fluorescent light gave the lowest
(Table 3).

Table 3. Effect of light intensities on fresh weight and dry weight of C. asiatica grown in a controlled
environment with Resh’s Tropical Dry Summer solution.

Light Intensity (µmol/m2/s PPFD) Fresh Weight (g/Plant) Dry Weight (g/Plant)

Natural light 1.25 ± 0.00 c 1/ 0.12 ± 0.01 c

Fluorescent light 0.56 ± 0.00 d 0.04 ± 0.00 d

110 1.14 ± 0.01 c 0.11 ± 0.00 c

220 1.54 ± 0.11 b 0.15 ± 0.00 b

330 1.97 ± 0.09 a 0.22 ± 0.00 a

C.V. (%) 5.46 2.73
1/ Means followed by the same letters in the same column are not significantly different at the 0.05 probability
level as determined by LSD.
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Figure 3. Effect of LED light intensity on growth of C. asiatica grown in a controlled environment with
Resh’s Tropical Dry Summer solution. (a) Number of leaves per maternal plant (NL); (b) maternal
leaf width (LW); (c) petiole length (PL); (d) number of stolons per maternal plant (NS); (e) number
of plantlets per stolon (NP); (f) relative chlorophyll content. The error bar represents the standard
deviation of each value (n = 3).
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3.2.2. Triterpene Glycoside, Antioxidants, and Antioxidant Activity

The triterpene glycoside, antioxidants, and antioxidant activities showed significant
differences under different LED light intensity treatments (Table 4). The highest levels
of asiaticoside and madecassoside were found under 330 µmol/m2/s PPFD (8.12 ± 0.20
and 31.94 ± 0.68 mg/g DW, respectively), while the lowest levels of these triterpenes
were recorded under fluorescent light. Plants grown under 330 µmol/m2/s PPFD had the
highest TPC and TFC, whereas the lowest values were found under 110 µmol/m2/s PPFD
and fluorescent light. Finally, the highest DPPH and ABTS antioxidant activities were found
under 330 µmol/m2/s PPFD (51.37 ± 0.96 and 54.32 ± 0.61 mg TE/g DW, respectively),
while plants grown under fluorescent light had the lowest antioxidant activities.

Table 4. Effect of light intensities on triterpene glycoside, antioxidants, and antioxidant activities of
C. asiatica grown in a controlled environment with Resh’s Tropical Dry Summer solution.

Light Intensity
(µmol/m2/s PPFD)

Triterpene Glycosides
(mg/g DW) TPC TFC Antioxidant Activities

(mg TE/g DW)

Asiaticoside Madecassoside (mg GAE/g DW) (mg QE/g DW) DPPH ABTS

Natural light 3.37 ± 0.22 c 1/ 27.96 ± 0.23 b 59.50 ± 0.89 c 33.44 ± 0.41 c 41.65 ± 0.96 b 46.97 ± 0.25 b

Fluorescent light 1.03 ± 0.05 e 19.51 ± 1.05 d 34.56 ± 0.22 d 18.48 ± 0.67 d 31.87 ± 0.12 d 31.65 ± 0.52 e

110 1.49 ± 0.17 d 18.51 ± 0.69 c 34.69 ± 1.11 d 17.49 ± 0.54 d 34.79 ± 1.12 c 38.05 ± 0.84 c

220 5.01 ± 0.13 b 26.93 ± 0.11 b 60.98 ± 0.77 b 35.07 ± 1.11 b 40.81 ± 1.18 b 36.17 ± 1.00 d

330 8.12 ± 0.20 a 31.94 ± 0.68 a 65.97 ± 0.21 a 43.06 ± 0.48 a 51.37 ± 0.96 a 54.32 ± 0.61 a

C.V. (%) 4.35 2.62 1.44 2.33 2.38 1.68

1/ Means followed by the same letters in the same column are not significantly different at the 0.05 probability
level as determined by LSD.

4. Discussion

Crop production in a controlled environment is increasingly feasible and may play a
vital role in providing nutrition and choice to growing plants in urban settings. The key
factors that influence crop growth and secondary metabolite accumulation in a controlled
environment are temperature, humidity, substrate, nutrition, and light. This study sum-
marized the effects of NSFs and LED light intensity on growth performance, bioactive
compounds, and antioxidant activities of C. asiatica grown in a controlled environment. The
management of mineral nutrients through selected nutrient solutions is a key pre-harvest
factor that determines growth and quality of crops, as well as leading to the manipulation
of target compounds, such as bioactive compounds and their activities. However, the exten-
sive literature review offered no findings about special NSFs for C. asiatica production. Thus,
we used four NSFs, which are used to grow other plant species and for general purposes,
to grow C. asiatica under a substrate culture. The results showed a significant effect of NSFs
on growth performance and biomass (Figure 1 and Table 1). All NSFs produced plants with
different growth parameters, based on various stages of development- and plant-specific
responses. The NL, NS, relative chlorophyll content, and fresh and dry weights were higher
when C. asiatica was grown using Hoagland and Arnon solution, while growing under Resh
Tropical Dry Summer led to higher LW, PL, and NP. The Hoagland and Arnon solution is a
multipurpose NSF widely used in substrate culture; therefore, it can effectively nourish
C. asiatica, resulting in high yields. This solution contained a higher amount of nitrogen
(N) than the other NSFs used in this study (Supplementary Table S1). Among the mineral
elements, N is considered an essential macronutrient for plants, significantly determining
crop yield and quality [47,48]. This result was confirmed in plants grown in Hoagland and
Arnon solution, as they had a higher leaf relative chlorophyll content, which is considered
to reflect the absorption of nutrients by the plants [15,18,49]. On the other hand, the Cooper
solution formulation showed an unexpectedly unfavorable result when C. asiatica was
dried at 35 DTA. Incorrect incorporation of nutrient elements and their doses into nutrient
solutions for plant nourishment can lead to various nutritional disorders. These disorders
appear as physiological malfunctions within a plant, resulting in abnormal growth as a
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result of either a lack or an excess of mineral elements [50]. According to previous studies,
the NSFs significantly influenced growth performance in fig trees [17], gerbera [18], and
tomato [51].

The main chemical components responsible for the pharmacological activity of C.
asiatica are triterpene glycosides or centellosides, mostly asiaticoside and madecassoside [6].
Our study confirmed that madecassoside was a predominant triterpene glycoside of C.
asiatica because its content was higher than that of asiaticoside by 4.97-fold (Tables 2 and 4),
which was consistent with a previous study [52]. Furthermore, madecassoside, isolated
from C. asiatica, exhibits greater medicinal properties [53], thereby confirming the impor-
tance of this triterpene. In addition, levels of both asiaticoside and madecassoside in
C. asiatica in this study were higher than those in plants grown under both hydroponic
systems [10] and on open fields [54]. Generally, it is known that the content of bioactive
compounds and their activities may depend on many aspects such as genotype, growing
conditions, and cultural practices. This study noted that both concentrations of bioactive
compounds and their activities in C. asiatica varied with different NSFs (Table 2). The
plants grown using the Resh Tropical Dry Summer solution, which contained a lower
concentration of phosphorus (P), exhibited the highest contents of triterpene glycosides.
Nevertheless, Hoagland and Arnon solution, which had a higher P concentration, increased
C. asiatica growth performance, but its triterpene glycosides were low. Generally, P affects
the accumulation of triterpenoid glycosides in C. asiatica by facilitating the creation of
enzymes such as farnesyl pyrophosphate synthase (FPS) and farnesyl diphosphate (FPP).
These enzymes function as building blocks within the isoprene units in the mevalonic acid
pathway [55]. This result is consistent with many studies reporting that reduced nutrient
availability leads to a higher concentration of triterpenes in C. asiatica [10,11,19,56]. The
limited availability of essential macronutrients encourages the allocation of precursors from
primary to secondary metabolism. Consequently, this process triggers the accumulation of
triterpenoids, supporting the carbon/nutrient balance (CNB) and the growth differentiation
balance (GDB) hypotheses [57,58]. Additionally, the observed solution notably affected the
levels of total phenols and flavonoids, along with their activities. Decreasing macronutrient
concentrations correlated with increased phenolic acids and flavonoids in crops, indicating
that plant secondary metabolism was stimulated by low nutrient availability, consistent
with previous studies [59,60]. These findings further substantiate that the Resh Tropical
Dry Summer solution serves as a well-balanced macronutrient source, mitigating potential
elemental antagonism and stress.

Management of light intensity within controlled environments is of major importance
considering its implications for photosynthetic activity and the chemical composition of
vegetables [24,30]. The results showed a significant effect of light intensity on C. asiatica
growth performance and biomass (Figure 2 and Table 3). The different responses to
light intensity varied with plant growth parameters and stages of development. The
plants grown under 220 and 330 µmol/m2/s/PPFD showed better growth performance,
including higher values of NL, NS, NP, and plant biomass. Higher light intensities promote
photosynthesis rates and consequently enhance plant growth [61]. Moreover, C. asiatica
grown under 330 µmol/m2/s PPFD exhibited high relative chlorophyll content, which is
one of the essential factors affecting crop growth and yield. These results confirm that a high
level of light intensity is necessary for adequate synthesis and activity of photosynthetic
pigments, enhancing growth performance and biomass. In contrast, lower values for all
parameters were observed in plants grown under fluorescent light. This might be due to
low light intensity inhibiting plant growth and productivity by affecting gas exchange and
the photosynthetic apparatus [23]. This finding aligns with similar results observed in other
crops [62–64]. Li et al. [32] argued that C. asiatica treated with low light showed increased
biomass and stolon length. Additionally, Müller et al. [32] found that light intensity did
not significantly influence the growth and leaf yield of C. asiatica. Furthermore, plants
grown under natural light exhibited lower fresh and dry weights, at 1.58 and 1.83-fold,
respectively, compared to those cultivated in controlled environments at 330 µmol/m2/s.
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Our results support the notion that cultivating C. asiatica in controlled environments using
LED light can be selectively advantageous for plant growth. The optimal light intensity, up
to 330 µmol/m2/s, promotes growth performance and biomass. Utilizing this level of light
intensity represents an efficient and promising strategy for achieving higher yields of this
medicinal plant.

Light intensity affects the bioactive compounds in C. asiatica grown under LED light
compared with the natural and fluorescent lighting needed to elucidate [34]. Considering
our study, both triterpene glycosides, namely asiaticoside and madecassoside, were signifi-
cantly affected by light intensity. We found significantly higher triterpene glycosides in C.
asiatica grown under 330 µmol/m2/s PPFD, followed by 220 µmol/m2/s PPFD and natural
light. This result indicated that higher light intensity promotes the accumulation of triter-
pene glycosides, according to Srithongkul et al. [31], who found increasing light intensities
from 93.3 to 933.1 µmol/m2/s PPFD increased the total triterpene glycoside content in C.
asiatica. However, Song et al. [34] argued that the highest asiaticoside content was obtained
with 200 µmol/m2/s PPFD when compared to 150 µmol/m2/s PPFD, but madecassoside
exhibited an opposite accumulation trend. Müller et al. [33] reported that the contents of
glycosylated triterpenes (asiaticoside and madecassoside) and total triterpene glycoside
and even the de novo synthesis of hydroxy triterpene (asiatic acid and madecassic acid)
were enhanced under high-energy light, possibly due to their ability to protect the plant
from oxidative damage. We assumed the various responses would be a result of the plant
materials, bioactive compound extraction and analysis, and different blue, green, and/or
red-light ratios used in LED lamps. The plants grown with 330 µmol/m2/s PPFD exhibited
the highest TPC. This result agrees with previous reports [33,34,65] and was probably due
to the increase in phenylalanine ammonia lyase and enzymes involved in the biosynthesis
of phenolic acids [34,66]. These findings are contrary to Pennisi et al. [67], who reported
that TPC increased with increasing light intensity up to 250 µmol/m2/s PPFD but began
to decrease under 300 µmol m2/s PPFD. Similarly to TPC, the highest level of TFC was
also obtained in the plant grown under 330 µmol/m2/s PPFD, which is consistent with
Müller et al. [33], who found that a higher light energy induced flavonoid accumulation.
Flavonoid accumulation under various lighting conditions correlated with elevated expres-
sion levels of CaABI5, CaMYB4, CaMYB12, and CaHYH transcription factors, which were
associated with the expression of flavonoid biosynthetic genes under high-energy (blue)
light. Conversely, the downregulation of CaERF38 might be linked to reduced expression
levels of such genes under low-energy (red) light [68]. Both DPPH and ABTS antioxidant
activities showed a significant response to light intensity, similarly to that in TPC and TFC.
The highest DPPH and ABTS antioxidant activities were observed in plants grown under
330 µmol/m2/s PPFD. This result is in agreement with Pennisi et al. [67], who found that
antioxidant activity increased with increasing light intensity up to 250 µmol/m2/s PPFD.
On the other hand, Song et al. [34] found significantly higher antioxidant activity under
low light intensity. From our study, the lowest levels of bioactive compounds and their
activity were obtained in plants grown under fluorescent light; additionally, plants grown
under 110 µmol/m2/s PPFD showed lower TPC and TFC. Contrary to previous studies,
low light intensity may have various effects on different antioxidant activities, such as an
increase in DPPH or a decrease in FRAP [23]. Low light could stimulate biosynthesis or
accumulation of secondary metabolites, which is in parallel with poor growth, as suggested
by the growth-defense tradeoffs [69]. Overall, the application of 330 µmol/m2/s PPFD
was found to be necessary for cultivating C. asiatica in a controlled environment, ensuring
optimal plant growth for economic viability and enhancing the production of bioactive
compounds. Further investigation into the impact of nutrient solution concentrations
and the light environment on the expression levels of biosynthetic genes associated with
triterpenoid glycosides and other bioactive compounds in this plant are needed.
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5. Conclusions

The results showed that responses to NSFs and light intensity varied with C. asiatica’s
studied traits and stages of development. The plants grown in a conventional green-
house with the Houghland and Arnon solution achieved superior growth, whereas the
Resh Tropical Dry Summer solution yielded favorable bioactive compounds and their
activities. Growth performance, triterpene glycosides, total phenolic and total flavonoid
contents, and antioxidant activities increased with the increase in light intensity. There-
fore, using 330 µmol/m2/s PPFD is recommended for C. asiatica grown in a controlled
environment with the Resh Tropical Dry Summer solution to improve the crop yield and
bioactive compounds.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/horticulturae10010071/s1, Figure S1: Ambient temperature, humidity,
and light intensity of the greenhouse during the cultivation period; Table S1: Chemical names of
materials used to prepare nutrient solutions; Table S2: Combinations of light emitting diodes and
photosynthetic photon flux densities (PPFD).
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