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ARTICLE INFO ABSTRACT

Keywords: Centella asiatica (L.) Urb. has wound healing, anti-inflammatory, cognitive improvement, and
Indian pennyworth neuroprotective properties which have been attributed to its centelloside content. However, the
Saponins

quantities of these bioactive compounds are limited and vary due to genetic and environmental
factors. Light qualities are known to enhance the production of secondary metabolites in several
plant species, both preharvest and postharvest. In this study, fresh leaves of C. asiatica were
subjected to different light emitting diode (LED) quality including white, dark, red, blue, and
green to assess centelloside content, phytochemical constituents, and transcription level expres-
sion of triterpenoid biosynthesis genes. Results showed that white and blue LEDs significantly
increased centelloside content in C. asiatica leaves at 3 days postharvest (dph) by 73 % over the
control group at 0 dph. Blue LEDs stimulated the expression of triterpenoid biosynthesis genes
including C. asiatica squalene synthase (CaSQS), C. asiatica p-amyrin synthase (CabAS), and
C. asiatica UDP gluclosyltransferase-73AH1 (CaUGT73AH1; CaUGT), while different LED condi-
tions gave diverse results. Red LED treatment triggered higher total flavonoid content (TFC) and
total triterpenoid content (TTC) while white LEDs enhanced total triterpenoid content (TTC).
Taken together, our findings suggest that postharvest under blue LEDs is a great approach to
increase centelloside production of C. asiatica through gene up-regulation in triterpenoid
pathway. Therefore, postharvest technology by LEDs serves as an effective tool for improving raw
material quality for medicinal plant industries.

Bioactive compound
Centelloside pathway

1. Introduction

Centella asiatica (L.) Urb. (CA) is valued for its medicinal properties including wound healing, venous insufficiency, antibacterial,
anticancer, and neuroprotective activities, and as an antidepressant [1-6]. Major constituents in C. asiatica leaves are triterpenoids as
the four centelloside compounds asiatic acid, madecassic acid (aglycone-type), asiaticoside, and madecassoside (glycoside-type).
Pharmacological benefits of aglycones and glycosides include wound healing [1,7] and as treatment for diabetic ulcers [8],
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Fig. 1. Leaf morphology, pigments, phytochemical content, and antioxidation of C. asiatica leaf extracts after treatment under different LED quality
for 3 days.

(A) Leaf morphology after LED treatment for 1-3 dph. (B) Determination of pigments including total chlorophyll a (Chlo_a), total chlorophyll b
(Chlo_b), total chlorophyll ab (Chlo_ab), and carotene (Caro). (C) Phytochemical analysis including total phenolic content (TPC), total flavonoid
content (TFC), total triterpenoid content (TTC), and free radical scavenging activity by DPPH. The C. asiatica leaves were placed under sunshade,
light, dark, white, red, blue, and green LEDs for 3 days. The values of each parameter were visualized as a bar graph which standard error was used
to create error bars. The asterisks represent the significant difference at p < 0.05 of each treatment when compared with C. asiatica leaves at day 0 or
non-incubation (NI) by LSD test. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

anti-inflammatory activity [8,9], cognitive improvement and neuroprotection [10], varicose veins and memory brain function
improvement [4,10]. Different varieties of C. asiatica have diverse genetic backgrounds with variability in centelloside content
recorded in different seasons. Highest levels of the four triterpenes were observed during January and February, which correspond to
the summer season in the southern hemisphere, whereas lowest values were recorded during the winter season (June) and spring
season (October) in Australia [11]. Meanwhile, in Madagascar, the period of rainfall manifested a marked enhancement in the yield of
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Fig. 2. Centelloside content and expression levels of triterpenoid synthesis-relating genes on Centella asiatica leaves under different LED quality
during three days.

(A) A summarized scheme of the triterpenoid biosynthesis pathway. (B) The content of madecassoside, asiaticoside, madecassic acid, and asiatic acid
obtained from C. asiatica leaf extracts under different LED qualities. Each bar represents the mean + SD of three replicates. Letters (a-g) indicate
significant difference at p < 0.05 using ANOVA with Duncan’s multiple range test. (C) Gene expressions of the four triterpenoid-relating genes
CaSQS, CabAS, CaUGT, and CaCYSs illustrated using a heatmap. The asterisks (*) represent significance difference in gene expression compared with
C. asiatica leaves under non-incubation (NI) by Student’s t-test at p < 0.05.

both biomass and asiaticoside of C. asiatica, whereas a significant decline was observed during the dry and cold seasons [12]. Previous
studies determined seasonal inconsistency in centelloside production and biomass yield of C. asiatica.

The quality of raw materials with high amounts of bioactive compounds is pivotal in the medicinal industry for downstream
processes of finalized commercial products. Fluctuation of centelloside content occurs naturally in different cultivation seasons, thus
increase in triterpenoid content using postharvest technology would improve the quality of raw material for the medicinal industry.
Increasing centellosides in C. asiatica using elicitors such as methyl jasmonate (MeJA) and salicylic acid (SA) was investigated by
Buraphaka and Putalun (2020) [13]. Elicitors improve the bioactive compounds in C. asiatica raw material, but plant spraying is
inconvenient for mass production. Therefore, instead of using chemicals, subjecting plant material to light emitting diodes (LEDs) is a
viable option for greenhouse crop cultivation [14,15], and food preservation [16] to increase secondary metabolites [17-19]. LED
treatment to enhance bioactive compound production has been widely used postharvest in a wide range of plant species such as tomato
(Lycopersicon esculentum Mill.) [20], orange (Citrus sinensis Osbeck) [17], broccoli (Brassica oleracea var. Italica) [21], and lettuce
(Lactuca sativa L.) [14,22]. C. asiatica was recently studied to determine the effect of blue light on growth parameters in a
closed-culture system. A combination of red and blue LEDs stimulated important agronomic traits of C. asiatica such as fresh weight,
dry weight, leaf width, and leaf length together with centelloside and phytochemical contents [23]. Treatment of blue LEDs inhibited
the germination percentage of C. asiatica seed [24] but also enabled up-regulation of the stress-responsive genes (ABA insensitive 5
(ABI5), MYB4, and HY5-homolog (HYH) transcription factors) involved in the flavonoid synthesis pathway compared with red LEDs
[25].

Numerous studies have investigated the potential of postharvest light-emitting diodes (LEDs) to enhance the secondary metabolite
content of economically important plants, while blue and red LEDs were reported to affect the agronomic characteristics of C. asiatica
[23]. However, few studies have addressed the effects of postharvest LEDs on C. asiatica leaves. Thus, this study postulated that
postharvest LEDs could improve the centelloside content of C. asiatica leaves by modulating the expression of genes involved in
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triterpenoid biosynthesis, thereby augmenting the quality of the raw material for medicinal purposes.
2. Results
2.1. Leaf morphology under different LED quality

After harvesting, the leaves were exposed to six different light treatments including sunshade, white, dark, red, blue, and green
LEDs for 3 days. The leaf color of C. asiatica was bleached at 2 days postharvest (dph) in all treatments compared with 0 and 1 dph. The
C. asiatica leaves under sunshade and red LEDs wilted, whereas leaves under dark at 2 dph were still fresh and similar to the control at
0 dph (Fig. 1A).

2.2. Chlorophyll, phytochemical content and antioxidation of C. asiatica leaves

To evaluate the effect of different LED quality, C. asiatica leaves at 0, 1, 2, and 3 dph under sunshade, white, dark, red, blue, and
green LEDs were extracted to determine total chlorophyll a, chlorophyll b, chlorophyll ab, carotenoid, total phenolic content (TPC),
total flavonoid content (TFC), and total triterpenoid content (TTC) and antioxidation by DPPH (Fig. 1). C. asiatica leaves were
yellowish and wilted for 3 days, while red LEDs preserved the greenish color of the leaves (Fig. 1A, Supplemental file 1). All the
pigments showed increased chlorophyll with incubation time for all treatments compared with the control at 0 dph. However, at 2 dph,
red and green LEDs displayed highest amounts of all pigments. In dark condition, all pigments increased the most at 1 dph and then
decreased (Fig. 1B). Total phenolic content increase was time-dependent in red, blue, and green treatments, while TFC increased the
highest amount in red condition, followed by blue condition. White condition gave the highest TTC value compared with the other
treatments. Total triterpenoid content in red condition increased at 1 dph and then decreased, while TTC in blue condition increased in
a time-dependent manner. White condition showed increased TFC and TTC contents at 1 dph which then decreased (Fig. 1C). Anti-
oxidant activities shown by DPPH assay decreased for all treatments in a time-dependent manner, apart from white and green con-
ditions that increased at 3 dph (Fig. 1C). Besides, nitrate content of C. asiatica leaves under different LEDs for 3 dph was measured by
saliccylic acid method as results no increse amount of nitrate in any treaments when compared with C. asiatica leaves at day
0 (Supplemental file 2).

2.3. Centelloside content of C. asiatica leaves under different LED treatments

C. asiatica leaves were treated under different LEDs for 1, 2, and 3 dph to assess changes in centelloside content. Total centelloside
content of each treatment was determined by high performance liquid chromatography (HPLC). Centelloside content increased in a
time-dependent manner under all treatments compared with the control at 0 dph, with no difference in the amount of centelloside
shown at 1 dph for all treatments (Fig. 2C). Centelloside content significantly increased at 2 and 3 dph, particularly in white and blue
treatments, with 3.83 + 0.06 %DW and 3.78 + 0.45 %DW at 3 dph, respectively (Fig. 2C). Centelloside content of C. asiatica leaves
under sunshade, dark, red, and green LEDs was around 3 %DW, with increased centelloside under white and blue LEDs at approxi-
mately 20 % compared with 3 dph of sunshade (Fig. 2C).

2.4. Alteration of centelloside constituents and gene expression of postharvest C. asiatica leaf treated by different LEDs

Centelloside composition including madecassoside, asiaticoside, madecassic acid and asiatic acid was investigated. Centelloside
content increased at longer incubation in all treatments, with the highest amounts observed at 3 dph under white and blue LEDs at 3.78
and 3.83 %DW, respectively (Fig. 2C). At 0 dph, triterpene glycoside content including madecassoside and asiaticoside was higher than
triterpene including madecassic acid, and asiatic acid (Fig. 2B). Triterpene glycosides including madecassoside and asiaticoside
significantly increased in a time-dependent manner under different LED quality. White and blue conditions gave the highest amounts
of madecassoside and asiaticoside (Fig. 2B), with madecassoside production under white and blue LEDs at 3 dph 2.31 + 0.24, and 2.36
+ 0.03 %DW, respectively and twice the value of the control as 0 dph. Asiaticoside recorded higher content under white LED at 2 and 3
dph (1.47 + 0.11 and 1.44 + 0.21 %DW, respectively) (Fig. 2B). For triterpene aglycones, madecassic acid and asiatic acid contents
were steady for all treatments, excluding sunshade which was higher at 3 dph. By contrast, dark condition decreased madecassic acid
and asiatic acid contents in a time-dependent manner.

C. asiatica leaves were subjected to different light qualities including sunshade, dark, white, and blue treatments to determine the
gene expression of triterpenoid biosynthesis genes including C. asiatica squalene synthase (CaSQS), C. asiatica f-amyrin synthase
(CabAS), C. asiatica UDP gluclosyltransferase-73AH1 (CaUGT73AH1; CaUGT), and C. asiatica cycloartenol synthase (CaCYS) (Fig. 2A).
Sunshade, white and blue treatments up-regulated the expression of four genes in a time-dependent manner in different ways for each
light quality (Fig. 2C). Under sunshade treatment, the four genes were slightly up-regulated compared with the control at 0 dph,
whereas white and blue treatments increased the expression level of CaSQS and CabAS, especially at 1 dph (Fig. 2C). Notably, up-
regulation of CaUGT was recorded only under blue treatment in a time-dependent manner, particularly at 3 dph (Fig. 2C). The
expression of CaCYS was stimulated under dark condition with the highest value at 2 dph followed by sunshade, whereas the other
light quality parameters did not affect CaCYS expression (Fig. 2A).



P. Kamol et al. Heliyon 10 (2024) e23639

06 10 14 001 005 04 8 12 0 5 10 60 100 20 60 120
| | L1l | | | | | I | | I I | 2
m 0.80 026 0.20 0.97 0.44 -0.09 0.04 -0.21 0.50 0.06 0.30 059 [
N CRA % % & -
- :Gage‘@g&’@ﬁr 020 -0.16 0.91 0.28 0.19 0.19 0.18 0.27 -0.15 0.34 0.39
o - o
o o 7 =
@ ® @ %00 ! * * * * x E
2 et o@% m 0.86 -0.17 0.06 035 029 0.36 0.35 -0.45 0.39 001 E o
ERE £, 5 °§%‘”ﬁ% 0.25 0.05 032 | 031 | -038 049 0.52 0.05 °©
5 S oseifis o Babylgm® 0. 002 | -0 0. : 0. 0. 0. . i
p= & ) (=5) P . * =
o b 8 B® bMas 0 oo : E 0.41 N - =
W‘% W :& = &ﬁ 555 : -0.01 0.07 0.18 ¢ 0.06 0.30 086 E °
= -5 Tt P Td (8“’ * ok
® 4 = ° - 00 -0.06 -0.02 -0.31 0.45 0.16 0.22 -0.52
-
——bAS -
m 0.54 -0.16 0.04 0.24 0.19 004 FO
0. o
-t o) [ GT N *
e 4 P 0Bl
e ol o® M 0.35 0.04 0.34 0.19 0.02 )
G CYS| 31 0.04 0.38 002 E°
o R Feigady @0 - = E o
I 3 o bC o
s 3 o oot a@,oc%%go o A ot6 | o021 | 07 |
AR | W o 7
. B o4 oIS, %o—— a@?’o o] 028 004 | o
S 3o & oo , Plag ‘f& Doy, BRG]  TIC
= 0% oq i P—2%e Y -0.
= i S PG Ve N S == Y I
& o oo B0 B 1 o8 SHSTS ST B PHNE &
g ¢ omc&g%, 80| FoRe dq ot o’°° o °°°80Q’8 of’%)&& L E
o B S geo 597 D% e g, [ o0 g E o
rr1TTT FTTTTTTT T T 1 ITTTTTT o
1.0 { i k 20 30 40 0 20 40 00 15 30 20 40 20 50 80

Fig. 3. Correlation among centellosides, phytochemical, and gene expressions after LED treatment of C. asiatica leaves at 3 dph.

Pearson’s correlation coefficients between centellosides (CA), madecassosides (MS), asiaticosides (AS), madecassic acid (MA), asiatic acid (AA),
total phenol content (TPC), total flavonoid content (TFC), and gene expression (CaSQS, CapAS, CaUGT, and CaC¥S) in C. asiatica leaves at 3 dph.
Values on the upper diagonal indicate Pearson’s correlation (r) between two variables. The symbols of *, **, and *** represent the p < 0.05, 0.01,
and 0.001, respectively.

2.5. Pairwise correlation of various parameters obtained from postharvest C. asiatica leaves

Pearson’s correlation coefficient analyses of parameters including centelloside content, phytochemical and gene expressions
derived from postharvest C. asiatica leaves treated with different LEDs are illustrated in Fig. 3. Results within the triterpene glycoside
and triterpene aglycone groups showed significant positive correlation at r = 0.80 and 0.86, respectively whereas a negative rela-
tionship was found between triterpene glycoside and triterpene aglycone groups (r = —0.39 to —0.16). Gene expressions of CaSQS,
CabAS, and CaUGT positively correlated with amounts of madecassoside and asiaticoside but negatively correlated with madecassic
acid and asiatic acid, while the expression level of CaCYS exhibited negative correlation with triterpene glycosides. Expression levels of
CaCYS and CaUGT showed positive correlation at r = 0.38, and findings also exhibited a significantly positive correlation between
CaSQS and CabAS with r = 0.55. Phytochemical analysis indicated that gene expression of CaSQS positively correlated with TPC (r =
0.40) and negatively correlated with antioxidant activity (r = —0.52). The expression level of CaUGT had a positive correlation with
TFC (r = 0.34), while the expression of CaCYS showed decreased TPC and TTC (r = —0.26 and —0.36, respectively) (Fig. 3).

3. Discussion

The World Health Organization (WHO) has stated that the content of ester glycosides (asiaticoside and madecassoside) in C. asiatica
raw material must not be less than 2 % [26]. According to the British Pharmacopoeia, the fermented dried aerial part of C. asiatica
contains a minimum of 6 % of total triterpenoid derivatives [27] and the Thai Herbal Pharmacopoeia describes similar percentages
[28]. However, significant differences have been recorded in the major active ingredients among C. asiatica samples from different
countries and cultivation seasons, with amount of triterpenoids varying from 1 % to 8 % [27]. Total triterpenoid content may be lower
than recorded in the pharmacopoeia text books, contributing to low quality for medicinal use (<2 %). In recent times, preharvest and
postharvest LEDs have emerged as a promising approach to increase bioactive compounds in various economically important plants, in
addition to chemical treatments [14,17,21,22]. Postharvest LED technology was employed to optimize the centelloside content of
C. asiatica raw material and comply with pharmacopeial regulations. This study was the first to demonstrate that postharvest LED
technology enhanced total triterpenoid content in the leaves of C. asiatica. Findings demonstrated that the application of white and
blue LEDs on C. asiatica leaves for 3 dph significantly stimulated the accumulation of centelloside, especially asiaticoside and
madecassoside content, with a 73 % increase compared with the control at O dph. Increased amounts of centelloside corresponded to
up-regulation of the relevant genes CaUGT, CaSQS, and CabAS. Light quality impacted the phytochemistry and accumulation of
pigments on C. asiatica leaves. These findings showed that LED irradiation was a possible postharvest option to augment the secondary
metabolites in the raw material of C. asiatica leaves.
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Apart from photosynthesis, light plays a vital role in plant morphological and developmental changes. The absorption of light by
plants involves two prominent phytochromes that specifically absorb red and far-red light wavelengths, along with cryptochromes that
selectively absorb blue and ultraviolet A (UV-A) light [29]. Light quality impacts the synthesis of secondary metabolites in plants.
Several studies have assessed the impact of light quality on a wide range of plant species such as lettuce (Lactuca sativa L.), tea (Camellia
sinensis), carrot (Daucus carota subsp. sativus) and brahmi (Bacopa monnieri (L.) Pennell), and C. asiatica [19,22,30]. Results showed
that red and blue LED irradiation exhibited higher growth performance and bioactive compound accumulation than under white LEDs
(normally used as the control) or other LEDs [19,30-33], while postharvest treatment by blue LEDs on C. asiatica showed highest total
centelloside content. White LED irradiation increased total centelloside content but was less effective than blue LEDs. Song et al.
(2022) [23] reported optimal increase in C. asiatica centelloside content under 80 % red LED combined with 20 % blue LED treatment
at 200 pmol m~2s~!. Ginsenosides, a triterpenoid ingredient, showed increase in Panax ginseng C.A.Mey. root under blue LEDs (450 nm
and 470 nm) combined with dark condition. Blue LED treatment stimulated key enzymes in the isoprenoid pathway (such as squalene
synthase) by inducing the generation of reactive oxygen species (ROS) which triggered the expression of several defense genes and the
synthesis of ginsenosides [29,34]. Therefore, blue LEDs play an important role by triggering the triterpenoid pathway, as summarized
and illustrated in Fig. 2. Relationship analysis between the triterpenoid content and gene expression suggested that the centelloside
content was moderately connected with the expression level of CaSQS (r = 0.41), while the expression level of CaUGT was negatively
correlated with madecassic acid and asiatic acid (r = —0.30 and —0.32, respectively). UDP-glycosyltransferases could play a role in
transforming a-amyrin and B-amyrin derivatives into asiaticoside and madecassoside [5,35,36]. Kim et al. (2017) [37] performed a
transcriptomic analysis of C. asiatica leaves treated by methyl jasmonate (MeJA) elicitor, with results revealing CaUGT (UGT73AH]1) as
a candidate gene involved in asiaticoside biosynthesis. Similarly, up-regulation of the UGT73AH1 gene in C. asiatica callus tissue
enabled increase in asiaticoside content [38]. The negative relationship between the CaUGT and CapAS genes with high correlation (r
= —0.55), suggested a possible negative feedback loop that requires further investigation.

White LED irradiation showed an increase in centelloside content, similar to blue light, because white LEDs contain various
wavelengths including the blue wavelength at low intensity, as an effective tool to stimulate the synthesis of bioactive compounds [39,
40]. Under sunshade treatment, the expression of CapAS was up-regulated possibly due to heat. High temperatures during the summer
season impacted the expression levels of f-amyrin synthase, an oxidosqualenecyclase that plays a role in the biosynthesis of tri-
terpenoid saponins in Glycyrrhiza glabra [11,41]. The dark condition induced the expression of CaCYS, while expressions of CaSQS,
CapAS, and CaUGT remained inactive. The CaCYS gene encoded a cycloartenol synthase to catalyze the (S)-2,3-epoxysqualene sub-
strate with CafAS enzyme. In this study, dark condition produced lower amounts of centelloside than the other LED treatments.

Postharvest alteration of morphological features (freshness and color) of C. asiatica leaves by light quality was also determined.
Freshness and color of C. asiatica leaves reduced at longer incubation time under blue and green LEDs, and especially under red LEDs
because they had high intensity and energy, while amounts of chlorophyll a, chlorophyll b, chlorophyll ab, and carotene also increased,
with the highest amounts in red and blue LEDs. In the review of Perera et al. (2022) [42], it summarized that intensity range at 10-35
pmol m~2s~! of white, green, blue and red LEDs appeared to be effectively preserved the chlorophyll content in vegetable. The most
efficient wavelengths for plant photosynthesis are red and blue LEDs because photosynthetic pigments mainly absorb light in the range
of 600-700 nm for red LEDs and 400-500 nm for blue LEDs [43]. Red and blue LEDs also provide the maximum spectra for photo-
synthesis. Leaf cells may produce sugar from the remaining plant resources, contributing to high cell survival rate. The results indi-
cated that red LEDs improved the freshness of raw materials. In brussels sprouts (B. oleracea gemmifera) and Pak-choi (B. rapa spp.
chinensis), red LED light exposure at 20 °C for five days resulted in the postponement of senescence and inhibition of various enzyme
activities including chlorophyllase, chlorophyll-degrading peroxidase, Mg-dechelatase, and pheophytinase, as well as suppression of
the genes associated with chlorophyll degradation (BrChlasel, BrChlase2, and BrPPH). Furthermore, expression of the chlorophyll
synthetase gene, BrHEMA]1, increased after seven days at 20 °C [44,45]. Broccoli (B. oleracea) under red LEDs showed decreased
phytochemical content with retained chlorophyll, while yellow spot was impeded for 4-5 days at 20 °C [21,45].

Alteration of the phytochemistry of C. asiatica leaves as TPC, TFC, and TTP by different LEDs stimulated the accumulation of
different phytochemical compounds. Blue LEDs increased accumulation of TPC and TTC, concurring with Song et al. (2022) [23]. The
expression levels of several genes (CaABI5, CaMYB4, CaMYB12, and CaHYH) in the flavonoid biosynthetic pathway under blue LEDs
were higher than under red LEDs [25]. Transcription factors ABI5, MYB4, and HYH gene were active as hub nodes of the
protein-protein interaction network of differential expression genes (DEGs) under blue LEDs and correlated with the expression levels
of several genes [25]. Synthesis of these phytochemical ingredients also linked with the phenylalanine ammonia-lyase enzyme (PAL).
A few studies revealed augmented production of plant secondary metabolites under red and blue LEDs, possibly resulting from the
up-regulation of PAL [29,31].

The significant findings of postharvest white and blue LEDs at intensity of ~30 pmol m enable improvement of the bioactive
compounds such as triterpenoid glycosides in C. asitica leaves. However, several previous studies for postharvest LED technology have
indicated that, besides selecting the appropriate wavelength, various factors need consideration. These factors encompass the type of
vegetable species, cultivar, maturity level of the harvested vegetables, and the specific nutrient or desired postharvest quality attribute
intended for preservation [42]. For improving quality of the raw materials of C. asiatica leaves using LED technology, the optimal
intensity range of blue LEDs should be further investigated. For example, in tomatoes and sweet peppers, the lycopene content was
increased under both postharvest red and blue LED at 113-118 and 100-150 pmol m~ 2 s~ 1, respectively [46-49]. The higher in-
tensities of blue or white LED might improve the triterpenoid content in C. asiatica leaves after harvesting.

—Zs—l
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4. Conclusion

This was the first study to demonstrate that postharvest blue and white LED light treatment of C. asiatica leaves stimulated the
synthesis of centellosides, particularly madecassoside and asiaticoside, by increasing the expression of downstream genes in the tri-
terpenoid pathway including CaSQS, CafAS, and CaUGT. Different LED treatments had varying effects on the phytochemical content of
the leaves. White LED treatment resulted in increased TTP content, while blue LED treatment increased both TFC and TTC. Red LED
treatment, on the other hand, increased phytochemical contents, while also preserving chlorophyll, potentially prolonging the
freshness of the leaves. The overview of significant findings to demonstrate the postharvest LED effect on secondary metabolite
production of C. asiatica leaves was illustrated in Fig. 2. Postharvest LED treatment is an inexpensive, simple, and environmentally-
friendly method that can be easily scaled up for industrial use. Results suggested that this approach has promise for enhancing the
bioactive ingredients of various medicinal plants and could improve the quality of raw materials used in medicinal industries such as
cosmetics and food supplements.

5. Materials and methods
5.1. Plant materials and LED treatments

Mature leaves commercially cultivated in the Nakhon Pathom accession were used for all treatments with leaf width 3.50 + 1 cm.
The C. asiatica leaves were exposed to six different light treatments comprising sunshade, white LED (27 pmol m~2s~%), dark, red LED
(24.7 pmol m~2s~! at 650 nm), blue LED (29.5 pmol m~2s! at 450 nm), and green LED (30.5 pmol m~2s! at 530 nm) for three days.
In this study, white, red, blue and green LEDs at intensity range of 25-30 pmol m 35 were performed due to effective preservation of
chlorophyll content and some LEDs increase/preserve the nutritional value in leafy and non-leafy vegetable [42]. Leaves of C. asiatica
harvested at day 0 were used as the control, with non-incubation (NI). Each treatment used ten leaves and was conducted in triplicate.
All treatments were incubated for 1, 2, and 3 dph at 25 + 2 °C, 50 % relative humidity except for sunshade which was incubated at
ambient temperature. Ten leaves were collected each day and dried in a hot air oven at 60 °C. The dried leaves were stored at —20 °C
for further analysis.

5.2. Methanolic extraction of C. asiatica

Leaves incubated for 1, 2, and 3 days were dried in a hot air oven at 60 °C for 48 h. The C. asiatica extract was carried out according
to a modified method of Alqahtani et al. (2015) [11]. The dried leaves were then weighed at 100 mg, homogenized to powder using a
BeadBug Microtube Homogenizer D1030-E (Benchmark Scientific, USA), and passed through a 2 mL sieve. The C. asiatica extract was
obtained by adding 1 mL of methanol to the powder and mixing in a vortex mixer at 3500 rpm for 15 min before sonication in an
ultrasonic bath for 15 min and centrifugation at 3500 rpm for 5 min. The supernatant was removed, and the rest of the pellet was
repeated for extraction once. The supernatant collected from two rounds was pooled and filtrated through a 0.45 pm nylon membrane,
with the volume adjusted to 2 mL by adding methanol (HPLC-grade, RCI Labscan LIMITED, Thailand) and storing at —20 °C for further
chemical analysis.

5.3. Determination of centelloside content by high performance liquid chromatography (HPLC)

To determine the amount of four major triterpenoids including asiatic acid, asiaticoside, madecassic acid, and madecassoside from
the different quality of light treatments, the methanolic extracts were carried out by HPLC (Agilent 1100 Series HPLC, Agilent
Technologies, Germany) according to the slightly modified method of Algahtani et al. (2015) [11]. Chromatographic separation was
achieved using a reversed-phase C18 Aqua 5 pm 125 A (250 x 4.60 mm) column connected to a 1 mm Opti Guard C18 pre-column,
which was kept at 27 °C. Solvent A (0.3 % phosphoric acid in HPLC-grade water) and solvent B (100 % acetonitrile, RCI Labscan
LIMITED, Thailand) were used as the mobile phase. The gradient elution profile was as follows: 0 min, 0%A:6.0 % B; 15 min, 72%A:28
% B; 35 min, 40%A:60 % B; 37 min, 20%A:80 % B; 45 min, 80%A:20 % B. The solution was pumped through the system at a rate of 0.9
mL/min for a total of 55 min, followed by a re-equilibration period of 10 min. A volume of 10 pL of the sample was injected into the
system. The standard solution was asiatic acid (TCI, Japan, purity >97 %), asiaticoside (Sigma-Aldrich, USA, purity 98.5 %),
madecassic acid (Abcam, USA, purity >95 %), and madecassoside (Sigma-Aldrich, USA, purity >95 %) in methanol, with concen-
tration ranging from 6.50 to 200 pg/mL. Chromatographic data processing software was utilized to monitor the chromatograms at a
wavelength of 210 nm.

5.4. Determination of total triterpenoid content (TTC)

The total triterpenoid content (TTC) was determined using a modified method of Wei et al. (2015) [50] and reported as mg ursolic
acid (Sigma-Aldrich, USA, purity >90 %) equivalent per gram of dry weight. Initially, the extracts were diluted ten times, and 30 pL of
the resulting solution was placed into a 96-well microplate. The extract was evaporated using a hot air oven, followed by the addition
of 10 pL of fresh mixed 5 % (w/v) vanillin-acetic solution (vanillin purchased from Sigma-Aldrich, USA, purity 99 %) and 38 pL of 98 %
(v/v) sulfuric acid. After mixing, the solution was incubated at 70 °C for 30 min and cooled before being diluted to 200 pL with acetic
acid. The absorbance of the resulting solution was measured at 573 nm using a microplate reader (BioTek Synergy H1 Multimode
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Reader, Agilent Technologies, USA) against a blank that contained all reagents and solvents except for the sample solution. To create
the standard curve, ursolic acid (Sigma-Aldrich, USA, purity >90 %) was used in concentrations ranging from 0 to 100 pg/mL. The
results were expressed as mg ursolic acid equivalent per gram of dry weight (mg UAE/g), and sterile distilled water was used as the
negative control.

5.5. Determination of total flavonoid content (TFC)

To determine the amount of total flavonoid content (TFC) in a 96-well microplate [51], an aliquot (30 pL) of the methanolic extract
solution was mixed with 120 pL of sterile distilled water and 10 pL of 5 % (w/v) NaNOj; solution. The mixture was incubated for 5 min
at 25 °C before the addition of 10 % (w/v) AlCl3 solution (10 pL). The mixture was allowed to stand for 6 min at ambient temperature
before the addition of 1 N NaOH solution (60 pL). The reaction mixture was then diluted to a volume of 300 pL with sterile distilled
water, thoroughly mixed, and incubated at 25 °C for 15 min. The intensity of the pink color was measured at 510 nm using a microplate
reader (BioTek Synergy H1 Multimode Reader, Agilent Technologies, USA). To create the standard curve, quercetin (Fisher Scientific,
USA, purity >95 %) was used in concentrations ranging from 0 to 100 pg/mL. The results were expressed as mg quercetin equivalent
per gram of dry weight (mg QCE/g), and sterile distilled water was used as the negative control.

5.6. Determination of total phenolic content (TPC)

Phenolic content of the plant extract was estimated using Folin-Ciocalteu’s (FC) phenol reagent following Govarthanan et al.
(2015) [51] with minor modifications. Briefly, 10 pL of a standard solution of gallic acid (Bio Basic INC, Canada, purity >98 %) at
different concentrations or diluted C. asiatica extracted (1:5) were added to 96-well microplates containing 125 pL of sterile distilled
water. Then, Folin-Ciocalteu’s phenol reagent (Carlo Erba Reagents, Italy) was added for 10 pL to the 96-well microplates, thoroughly
mixed and incubated for another 5 min at room temperature. Lastly, NaoCOj3 solution (7.5 % w/v) was added for 100 pL to the above
mixture with constant stirring, and the volume was immediately made up to 300 pL with sterile distilled water. The reaction mixture
was incubated at ambient temperature for 1 h and the absorbance was measured at 750 nm using a microplate reader (BioTek Synergy
H1 Multimode Reader, Agilent Technologies, USA). Total phenolic content in C. asiatica plants was expressed as mg gallic acid
equivalent per gram dry weight (0-100 pg/mL) (mg GAE/g), with sterile distilled water used as the negative control. All experiments
were conducted in duplicate and mean values were recorded.

5.7. Determination of free radical scavenging activity by 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay

To evaluate the scavenging activity of DPPH free radicals, Govarthanan et al. (2015) [51] method was used with a slight modi-
fication. Initially, a methanolic extract of the sample (diluted 1:10) or gallic acid at various concentrations (ranging from 6.25 to 200
pg/mL) was mixed with 100 pL of 0.1 mM methanolic DPPH solution (Sigma-Aldrich, USA), followed by incubation for 20 min at room
temperature in the dark. The resulting mixture was then measured at a wavelength of 517 nm using a microplate reader (BioTek
Synergy H1 Multimode Reader, Agilent Technologies, USA). The negative control was sterile distilled water. The scavenging activity of
the extracts was determined using the following formula: inhibition (%) = [(absorbance of control — absorbance of sample) x
100]/absorbance of control, where absorbance control is the absorbance of DPPH solution without extract and Abs sample is the
absorbance of the sample with DPPH solution.

5.8. Chlorophyll analysis

The amount of chlorophyll in five field-grown leaves was estimated according to Ramirez-Mosqueda et al. (2015) [52]. The process
involved homogenizing 0.05 g of fresh leaves for each treatment in a mortar that was pre-chilled, using a 1 mL mixture of 80 % cold
acetone and absolute ethanol. After homogenization, the resulting mixture was transferred to a 1.5-mL test tube and centrifuged at 10,
000 rpm for 5 min. The supernatant was then collected, and the absorbance was measured at 663 nm (for chlorophyll a), 645 nm (for
chlorophyll b), and 441 nm (for carotenes) using a microplate reader (BioTek Synergy H1 Multimode Reader, Agilent Technologies,
USA). The amounts of chlorophyll and carotenes were determined using following formulas,

Chl a = [(12.25 X Agsz— 2.25 X Aess)] x [1/(100 x W)]
Chl b = [(20.30 x Agss— 4.91 x Age3)] x [1/(100 x W)]
Chl a+b = [(7.34 X Aggz + 17.76 x Agss)] x [1/(100 x W)]
Car = [(4.46 X Agyy — Chl a) + Chl b)] x [1/(100 x W)]

where V is the total volume of acetone extract (mL), and W is the fresh weight (g) of the sample.

5.9. Gene expression relating to centelloside synthesis pathway by realtime quantitative PCR (RT-qPCR)

Results of centelloside content by high performance liquid chromatography (HPLC) and phytochemical analysis indicated that
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Table 1
Primer sequences used to amplify triterpenoid biosynthesis gene expression.
Gene Sequence Amplicon size (bp) References
CaCYs Forward primer 5-GAATCCACGCCATGAAGTCT-3' 421 [54]
Reverse primer 5-~ACCACCATGATCCAGAATCC-3'
CabAS Forward primer 5-TGGTTGGGGAGAAAGTCTTG-3' 302 [54]
Reverse primer 5-ACAAGCGTTTGCGGTACTCT-3'
CaSQs Forward primer 5-TGGGTTAGGGTTGTCAAAGC-3' 324 [54]
Reverse primer 5-CGGAAGATAGCAGGATCTCG-3'
CaUGT (UGT73AH1) Forward primer 5-GCATCATGTCTGAAGATGAGG-3' 100-200 [38]
Reverse primer 5'- GCTTAATGCTAACCTATCCTT-3'
CaActin Forward primer 5-GATGACATGGAAAAGATTTGGCATC-3' 325 [37]

Reverse primer 5-TGTTGTACGACCACTGCATACAGG-3'

white and blue LED treatments exhibited potential to increase centelloside content, total flavonoid content, and total triterpenoid
content. Therefore, a few leaves were selected from non-incubation, dark, white LED, and blue LED samples at 1, 2, and 3 dph to
investigate the level of gene expression by RT-qPCR. The incubated leaves of each treatment were isolated for RNA using the RNeasy
Plant Mini Kit (Qiagen, Germany), according to the manufacturer’s instructions. RNA integrity was assessed using 1 % agarose gel
electrophoresis and the NanoDrop Lite (Thermo Fisher Scientific, Inc., MA, USA) at 260 and 280 nm. RevertAid First strand cDNA
Synthesis Kit (Thermo Fisher Scientific, USA) was used for synthesis of first-strand cDNA. The cDNA obtained from each treatment was
used to determine the gene expression of CaSQS, CabAS, CaUGT, and CaCYS using a reaction of 25 pL consisting of 12.5 pL of 2X SYBR
Green qPCR Master Mix (Thermo Fisher Scientific, USA), 0.2 pM forward primer and 0.2 pM reverse primer (Table 1), and 1 pL of 1:3
cDNA, with sterile water added up to 25 pL. The DNA amplification was performed using a RT-qPCR realtime PCR machine (Bioer Line-
Gene 9600 Plus Real Time Thermal Cycler PCR Systems, USA) with initial denaturation at 95 °C for 5 min followed by amplification at
95°C for 30s, 58 °C for 15 s, and 72 °C for 30 s for 40 cycles and a final extension at 72 °C for 5 min. After completing the reactions, the
threshold cycle (Ct) value for each reaction was obtained. C. asiatica actin (CaActin) was used for the normalization of gene expression.
The relative gene expression to non-incubation treatment was derived using the 2724 method [53].

5.10. Statistical analysis

The mean and standard deviation (SD) were used to express the centelloside content, phytochemical analysis, chlorophyll, and
relative gene expression. To determine if there were any statistically significant differences among treatments, analysis of variance
(ANOVA) was performed, and Duncan’ s test was conducted to compare multiple treatments. Significant differences were considered
when p < 0.01 or p < 0.05. To examine the relationship among all parameters, including triterpene glycosides, antioxidant activities,
TTC, TPC, TFC, and relative gene expression in C. asiatica leaves, pairwise correlation using Pearson’s correlation coefficients was
calculated in R.
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