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Abstract

Aegopodium podagraria (A. podagraria) L. is a perennial herb valued for its medicinal proper-
ties but exhibits poor germination and inconsistent growth under conventional cultivation.
To overcome these limitations and enhance its functional potential, this study investigated
the effects of various LED light spectra on the plant’s physiological and antioxidant re-
sponses under controlled indoor conditions. Six light treatments were applied, consisting
of different red (R) and blue (B) light ratios (R100, R80:B20, R60:B40, R40:B60, and B100),
along with a white-light control. Red-dominant treatments, particularly R80:B20, not only
improved germination traits but also significantly promoted shoot growth and biomass
accumulation. In contrast, higher proportions of blue light generally inhibited germination
performance and reduced growth-related parameters compared to the white-light control.
Antioxidant activity was also modulated by light quality: R80:B20 induced the highest
levels of total phenolics, ferric reducing antioxidant power, and vitamin C, whereas R40:B60
maximized flavonoid content and DPPH radical scavenging activity. These results suggest
that optimizing the red-to-blue light ratio can effectively enhance both the cultivation
performance and biofunctional quality of A. podagraria in controlled environments.
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1. Introduction

Aegopodium podagraria (A. podagraria) L., commonly known as ground elder, is a
perennial herbaceous species of the Apiaceae family, native to Europe and northern Asia.
It exhibits remarkable adaptability to a range of ecological conditions, particularly favoring
shaded and moist environments, where it often dominates the understory through vigorous
vegetative propagation and dense ground cover formation [1,2]. While its invasive growth
habit poses management challenges in both natural and cultivated settings, the species is
also valued for its long-standing use in traditional medicine. Historically, dried leaves of
A. podagraria have been used in herbal infusions to relieve ailments such as kidney stones,
gout, hemorrhoids, and urinary tract inflammation [3]. Phytochemical analyses have
revealed a rich array of bioactive constituents in A. podagraria, including polyacetylenes,
essential oils, mono- and sesquiterpenes, phenolic compounds, and various vitamins [4].
These compounds collectively confer significant antioxidant capacity, making the plant a
promising candidate for functional food and nutraceutical applications [5]. In recent years,
growing interest in its health-promoting properties has driven research efforts aimed at
optimizing extraction techniques and processing methods to maximize its pharmacological
efficacy and commercial potential [6,7].
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Despite its numerous applications, the cultivation of A. podagraria faces significant chal-
lenges, primarily due to environmental variability, including fluctuations in temperature,
light, and rainfall. Seeds collected from wild populations often display poor and delayed
germination, posing additional difficulties in establishing reliable cultivation systems [8].
These constraints necessitate innovative approaches to ensure consistent productivity and
quality. LEDs offer precise control over spectral quality and intensity, which allows opti-
mization of plant growth and development. Compared to traditional lighting technologies,
LEDs are energy-efficient, durable, and capable of emitting specific wavelengths, such
as red and blue light, which are known to regulate key physiological processes in plants,
including photosynthesis and chlorophyll synthesis [9,10]. Red (R) and blue (B) light wave-
lengths also play significant roles in regulating the biosynthesis of secondary metabolites
by modulating the expression of genes associated with key metabolic pathways, such as
phenylpropanoid, flavonoid, and terpenoid biosynthesis [11]. Synergistic effects are also
often observed under combined red and blue light treatments, which are presumed to
arise from the coordinated activation of different photoreceptors and their downstream
transcription factors [12]. However, plant responses to specific light spectra can vary con-
siderably among species [13], and illumination with suboptimal wavelength combinations
may fail to trigger sufficient metabolic activity or promote optimal growth and develop-
ment. Therefore, species-specific optimization of light quality is essential for maximizing
the desired physiological and biochemical responses in controlled environment agriculture.
Hence, mixed light treatments are increasingly explored to balance multiple physiological
responses. Despite these advances, little is known about how specific LED spectra affect
the production of secondary metabolites in A. podagraria, an aromatic medicinal herb with
growing commercial and nutraceutical importance in Asia. To date, no comprehensive
studies have examined the relationship between spectral quality and key phytochemical
traits A. podagraria.

Given the critical roles of germination, growth, and phytochemical composition in
determining the agricultural and medicinal potential of A. podagraria, this study investigates
the effects of LED spectral compositions on these parameters. By elucidating the optimal
light spectrum for enhancing germination rates, shoot growth, and antioxidant properties,
this research aims to provide a framework for maximizing the productivity and functional
quality of A. podagraria in controlled environments. The findings will offer strategic insights
for leveraging LED-based systems to overcome existing cultivation challenges and improve
the agricultural and medicinal value of this versatile species.

2. Materials and Methods

Seeds of A. podagraria were utilized in this investigation and were procured from Aram
Seed (Uijeongbu, Republic of Korea). The experiment was conducted using a metal shelving
unit with six independent tiers, each assigned to one of the six LED light treatments (R100,
B100, R80:B20, R60:B40, R40:B60, and a white-light control). Each tier was equipped with
a dedicated LED panel, and five pots (13 cm x 17 cm), each containing 25 seeds, were
placed directly beneath the corresponding light source to ensure consistent exposure to the
assigned spectral condition. The seedlings were cultivated under controlled conditions
at a temperature of 23 £ 1 °C and a relative humidity of 60 £ 10%, following a 12/12 h
(light/dark) photoperiod. The cultivation trays were positioned 30 cm below the LED
panels, with a maintained light intensity of 120 umol'm~2-s~!. To minimize positional
effects within each treatment, the pots were manually rotated every three days. Irrigation
was also performed at each rotation interval using a plastic beaker, with 250 mL of water
applied per pot. This spatial separation of treatments effectively prevented spectral overlap
and ensured the independent application of each light regime.
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Germination parameters, including germination percentage, energy, and Tsp, were as-
sessed by monitoring seed germination from the initial day up to the 20th day post sow-
ing. Germination percentage (GP%) was determined by dividing the number of germi-
nated seeds by the total number of seeds, as outlined by Kim et al. [14]. Germination
energy (GE%) was calculated by dividing the total number of germinated seeds on the
10th day by the total number of seeds.

The Ts( value, representing the median germination time, was computed using the

described below.
(N/2 — Ni)

(Nj — Ni)

Here, in the equation, N represents the final number of germinated seeds, while Ni

Tso (day) = Ti+ (Tj — Ti) X

and Nj denote the total number of seeds germinated on consecutive counts at times Ti and
Tj, respectively, where Ni < N/2 < Nj.

The growth characteristics of the ground elder were evaluated, encompassing shoot
length, fresh shoot weight, and leaf count. Representative plants were selected based
on visual assessment of growth performance, and the three most well-developed plants
were collected from each pot. A total of five replicate pots were evaluated per treatment.
The fresh shoot length of each plant was measured using a ruler, and the fresh weight was
determined using an electronic balance (WBA-220; Witeg Labortechnik GmbH, Wertheim,
Germany), and the number of leaves was recorded.

For the analysis of x-amylase activity and chlorophyll content, leaves were randomly
collected from plants across the five pots within each treatment, and three composite
samples were prepared to serve as biological replicates. To measure x-amylase activity,
leaves of A. podagraria (0.5 g) subjected to different light treatments were pulverized using
a mortar and pestle with liquid nitrogen. The resultant powder was homogenized in 4 mL
of 0.02 M Tris—HCl buffer (pH 6.5), transferred to a 15 mL falcon tube, and centrifuged
at 12,000 rpm for 30 min at 4 °C. The supernatant was collected and stored at —20 °C for
subsequent analyses. a-Amylase activity was quantified using the dinitro salicylic acid
(DNS) method. The assay included 1 mL of 1% starch solution and 1 mL of enzyme ex-
tract. Following a 3 min equilibration at 20 °C, 1 mL of color reagent (5.3 M potassium
sodium tartrate, 96 mg DNS, in ultrapure water) was added post incubation to stop the
reaction. The mixture was heated in a boiling water bath for 15 min, cooled, and diluted
with 9 mL of ultrapure water. Absorbance was measured at 540 nm, and enzyme activity
was expressed as units per milliliter using a maltose standard. Chlorophyll was spectropho-
tometrically quantified from fresh A. podagraria leaf samples. Leaves (1 g) were macerated
in 80% acetone, and the suspension was centrifuged at 1320 rpm for 3 min. The clear green
supernatant was decanted, the volume adjusted to 10 mL with 80% acetone, and further
centrifuged at 10,000 rpm for 10 min. Absorbance at 665 nm and 649 nm was recorded.
The samples were taken in triplicates and the results expressed as pg/mL were calculated
by the following formulae:

Chlorophyll ‘a” content (ug/mL) = 11.63 x A665 — 2.39 x A649

Chlorophyll ‘b’ content (ug/mL) = 20.11 x A649 — 5.18 x A665
Total chlorophyll content (ug/mL) = Chlorophyll ‘a” + Chlorophyll ‘b’

To investigate the antioxidant properties of A. podagraria, all remaining leaves from
the five pots—after completing the growth assessment, a-amylase activity, and chlorophyll
content measurements—were thoroughly and randomly divided into three tubes to cre-
ate three biological replicates. The leaf samples were then dried at 60 °C for three days
and subsequently ground into a fine powder for further analysis. In total, 0.1 g of this
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powdered material was extracted in 10 mL of 100% methanol. The mixture was then
subjected to a 30 min heat treatment at 60 °C in a Brasnocic bath (CPX3800H-E, Emerson,
St. Louis, MO, USA) and centrifuged at 4000 rpm for 20 min. This extraction process
was repeated three times, each in triplicate. Total phenolic content, total flavonoid con-
tent, and DPPH radical scavenging activity were quantified using the Folin—Ciocalteu
method described by Geleta and Heo [15]. Briefly, 25 uL of extract was mixed with di-
luted Folin—Ciocalteu reagent, sodium bicarbonate, and water. After incubation in the
dark for one hour, absorbance was measured at 765 nm using a microplate reader (Mobi,
MicroDigital, Seongnam, Republic of Korea), and results were expressed as milligrams of
gallic acid equivalent per gram of dry weight. Total flavonoid content was measured using
the aluminum chloride colorimetric method. The sample was combined with methanol, alu-
minum chloride, and sodium acetate, incubated for 30 min in darkness, and the absorbance
recorded at 415 nm. Results were reported as milligrams of quercetin equivalents per gram
of dry weight. DPPH radical scavenging activity was assessed by mixing the extract with
DPPH solution and measuring the decrease in absorbance at 517 nm. The percentage
inhibition was calculated to quantify antioxidant capacity. The ferric reducing antioxidant
power assay, based on the protocol by Benzie and Strain [16], involved reacting the sample
with a FRAP solution and measuring the absorbance at 593 nm. Results were expressed in
uM Trolox equivalents per gram of dry weight. Vitamin C content was determined using
a modified version of the method by Desai and Desai [17]. The A. podagraria extract was
treated with metaphosphoric acid, bromine, thiourea, and 2,4-Dinitrophenol, incubated
at 37 °C, and the absorbance measured at 521 nm. Results were expressed as milligrams
of ascorbic acid per gram of dry weight. The collected data were subjected to one-way
ANOVA to determine the effect of LEDs treatment on the A. podagraria. Duncan’s multiple-
separation test was used to determine mean separation, and analyses were performed by
SPSS using version 28 (IBM, New York, NY, USA).

3. Results

The germination performance of A. podagraria exhibited substantial variation in re-
sponse to different LED light spectra, with certain traits displaying marked sensitivity
to spectral composition. Mean germination percentages ranged from 60.00% to 75.20%,
indicating moderate variability across treatments. Germination initiated on day 6 and
was completed by day 13 in all light conditions, suggesting a consistent temporal win-
dow for germination irrespective of spectral quality. Treatments containing 60% or more
red light showed germination rates that were comparable to or higher than those of the
control, whereas treatments with a high proportion of blue light resulted in reduced ger-
mination percentages. Similarly, germination energy was significantly affected by light
quality (p < 0.05), with the highest value (60.80%) observed under the R80:B20 treatment,
which provided a red-dominant spectral environment. In contrast, the lowest germination
energy (42.40%) was recorded under the B100 treatment, indicating that monochromatic
blue light strongly suppresses early germination vigor. Furthermore, the R40:B60 treat-
ment, which also had a high blue light proportion, led to reductions of approximately
15% in final germination percentage and 18% in germination energy compared to red-
dominant or white light treatments, reinforcing the inhibitory effect of blue-enriched light
on germination performance.

The time to 50% germination (T5p) was markedly delayed under the B100 treatment,
which exhibited the highest T5y value among all treatments. This result indicates that
monochromatic blue light not only suppresses early germination vigor but also slows
the overall germination process (Table 1). Significant variation in x-amylase activity was
observed among the different LED light treatments, with enzymatic activity ranging from
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alpha-amylase activity (U/ml)

100

0

75.44 to 95.21 U/mL. The highest activity was recorded under the R60:B40 treatment,
while the lowest was observed under the B100 condition (Figure 1). This trend suggests a
stimulatory effect of red-enriched spectra on x-amylase synthesis or activation. Correlation
analysis revealed that x-amylase activity was significantly and positively associated with
all measured germination parameters, except for Tsg. Although the correlation with Ts
was also positive, it was not statistically significant. These findings underscore the pivotal
role of a-amylase in seed germination, particularly in mobilizing starch reserves to support
early seedling development (Table 2).

Significant differences in growth characteristics were observed among the various
LED light treatments, with the exception of leaf number, which remained statistically
unchanged across all conditions. Treatments enriched in red light, particularly R100 and
R80:B20, resulted in the greatest shoot length and fresh weight, indicating their promotive
effect on vegetative development. Conversely, treatments with a higher proportion of
blue light, such as R40:B60 and B100, significantly reduced shoot elongation and biomass
accumulation compared to the white-light control (Table 3).

Table 1. Effect of LEDs light quality on the germination characteristics of A. podagraria.

Germination Percentage =~ Germination Energy

Light Treatment (%) (%) Tso
R100 7520a* 51.20 abc # 8.68 ab
R80:B20 72.00 ab 60.80 a 7.87b
R60:B40 7520 a 58.40 ab 7.86 b
R40:B60 68.00 b 47.20 bc 8.43 ab
B100 60.00 c 42.40 c 8.80 a
White 72.00 ab 57.60 ab 7.89b

* Mean values followed by different letters are significantly different at p < 0.05. Experiments were conducted
with five replicates per treatment.

R100 R80:B20 R60:B40 R40:B60 B100 White
Light treatment
Figure 1. Effect of LED light quality on x-amylase activity in Aegopodium podagraria. Bars labeled with

different letters indicate significant differences according to Duncan’s multiple range test (p < 0.05).
Experiments were conducted with three replicates per treatment.
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Table 2. Pearson correlation coefficients between o-amylase activity and germination traits of A. podagraria.

o-Amylase Germination Gemmation T
Activity Percentage Energy 50
x-amylase activity 1.00
Germination percentage 0.60 ** # 1.00
Gemmation energy 0.49 * 0.60 ** 1.00
Tsg —0.00 0.24 —0.46 1.00

#* and ** indicate significant differences at p < 0.05 and p < 0.01, respectively.

Table 3. Effect of LED light quality on growth characteristics and chlorophyll content of A. podagraria.

Chlorophyll a Chlorophyllb  Total Chlorophyll

Tr:altgnt\l(tent Shoo(’zll;le)ngth Fresh Sh((; ())t Weight ol\fh]ldl;:zgﬂs Content Content Content
(ug ml—1) (ug ml—1) (ug ml—1)

R100 1826a” 1.76 b 4.00 ns 526a 3.51 ab 8.77 a
R80:B20 15.68 b 217 a 4.00 ns 526a 3.77 a 9.03a
R60:B40 14.60 c 121c 4.00 ns 3.70b 2.88 bc 6.59b
R40:B60 13.73 c 123 ¢ 4.00 ns 277 ¢ 243 ¢ 520 ¢

B100 14.04 c 122 ¢ 4.00 ns 3.26 bc 228 ¢ 5.54 bc

White 1410 c 1.78b 4.00 ns 457 a 3.80a 8.37a
* Mean values followed by different letters are significantly different at p < 0.05. ns indicates a non-significant
difference. Experiments were conducted with five replicates per treatment.

Chlorophyll content also varied markedly depending on light quality. The R80:B20
treatment induced the highest levels of chlorophyll a and total chlorophyll, likely due to
enhanced photosynthetic pigment synthesis under red-dominant conditions. In contrast,
the lowest total chlorophyll content was recorded under R40:B60, indicating a suppressive
effect of excessive blue light on pigment accumulation.

Correlation analysis further revealed strong positive associations between total chloro-
phyll content and key growth parameters, including shoot length and fresh shoot weight,
suggesting that improved pigment levels contribute to enhanced biomass production under
favorable spectral conditions (Table 4). Collectively, these results indicate that a higher
red-to-blue light ratio significantly enhances A. podagraria germination, x-amylase activ-
ity, vegetative growth, and chlorophyll accumulation. In contrast, blue-light dominant
treatments exert inhibitory effects on these physiological and developmental processes.
Table 4. Pearson correlation coefficients between chlorophyll content and growth characteristics of
Aegopodium podagraria.

Fresh Chlorophylla  Chlorophyllb  Total Chlorophyll
Shoot Length Shoot Weight Conferﬁ Conlt)erﬁ Contentp ¢
Shoot length 1.00
Fresh shoot weight 0.52**
Chlorophyll a content 0.64 ** 0.78 **
Chlorophyll b conten 0.43 0.82 ** 0.78 **
Total chlorophyll content 0.59 ** 0.84 ** 0.96 ** 0.92 ** 1.00

#* and ** indicate significant differences at p < 0.05 and p < 0.01, respectively.

The antioxidant properties of A. podagraria varied significantly among the different
LED light treatments, reflecting a clear influence of light spectral composition on secondary
metabolite accumulation. Total phenolic content ranged from 3.59 mg GAE/g under the
R60:B40 treatment to 5.27 mg GAE/g under R80:B20, indicating that red-dominant light
conditions, particularly R80:B20, are optimal for phenolic biosynthesis. In contrast, total
flavonoid content was highest under the white-light control (3.93 mg QE/g) and the B100
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treatment (3.88 mg QE/g), suggesting that either full-spectrum white or blue-enriched
light environments favor flavonoid accumulation (Table 5). DPPH radical scavenging
activity, a key indicator of antioxidant potential, peaked under the R40:B60 treatment,
highlighting the possible stimulatory role of elevated blue light ratios in enhancing free
radical scavenging capacity. In comparison, the R100 treatment, consisting of only red light,
resulted in the lowest levels of total phenolics, flavonoids, and DPPH activity, implying a
limited role of monochromatic red light in antioxidant induction in this species.

Table 5. Effect of LED light quality on antioxidant properties of A. podagraria.

Total Phenolic Total Flavonoid DPHH Radical Ferric Reducing Vitamin C

Light Treatment Content Content Scavenging Activity = Antioxidant Power (me AA/g)

(mg GAE/g) (mg GAE/g) (%) (uM Trolox/g) § AN
R100 325e” 210d 66.35¢ 8.41d 141b
R80:B20 527 a 292b 83.01b 1154 a 1.68 a
R60:B40 3.59d 241c 73.73d 8.30d 1.31b
R40:B60 441D 2.99b 85.19 a 9.63 ¢ 1.08 ¢
B100 444D 3.88a 82.47b 10.81b 1.34b
White 412c¢ 3.93a 74.59 ¢ 7.34e 1.35b

“ Mean values followed by different letters are significantly different at p < 0.05. Experiments were conducted
with three replicates per treatment.

Additional antioxidant metrics, including ferric reducing antioxidant power (FRAP)
and vitamin C content, also exhibited considerable variation across treatments. FRAP val-
ues ranged from 7.34 to 11.54 uM Trolox/g, while vitamin C content varied between
1.08 and 1.68 mg AA/g. Both parameters were maximized under the R80:B20 treatment, further
supporting the efficacy of red-enriched but balanced light in promoting antioxidant metabolism.
The lowest values were recorded under the control for FRAP and under the R40:B60 treat-
ment for vitamin C, indicating that either full-spectrum light or a blue-dominant light with a
lower proportion of red may not be sufficient to optimally enhance these traits. Collectively,
these findings demonstrate that LED light quality exerts a profound influence on the antioxidant
profile of A. podagraria. While red light alone appears insufficient to stimulate antioxidant
synthesis, its combination with blue light—particularly in the R80:B20 ratio—proves effective in
enhancing total phenolics, vitamin C, and FRAP activity. These results suggest that optimizing
the red-to-blue light ratio is a promising strategy to improve the medicinal and nutritional value
of A. podagraria cultivated under controlled environments.

4. Discussion

The results of this study demonstrate that A. podagraria exhibits distinct physiological and
biochemical responses to different light spectra, highlighting the regulatory role of light quality
in plant development, as reported in other species [18,19]. Specifically, seed germination, chloro-
phyll accumulation, and antioxidant activity were modulated by red and blue light treatments,
reflecting the differential activation of photoreceptor-mediated signaling pathways. Seed ger-
mination was significantly enhanced under red-light-enriched conditions, whereas blue light
generally suppressed germination performance. These observations are consistent with previ-
ous studies reporting that red light promotes germination via phytochrome-mediated path-
ways [20], while blue light may inhibit germination by interfering with gibberellin biosynthe-
sis or disrupting hormonal processes essential for endosperm weakening and radicle emer-
gence [21,22]. Furthermore, o-amylase activity— an important indicator of starch degradation
and energy mobilization during early seedling growth [23]—was notably elevated under
red-rich light, suggesting that red light may facilitate germination by enhancing key enzymatic
processes. This pattern aligns with prior observations in Leonurus japonicus (motherwort) [5].
Light spectral quality also significantly influenced chlorophyll content, an indicator of photosyn-
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thetic potential. Among treatments, R100 produced the greatest shoot growth, while R80:B20
resulted in the highest chlorophyll accumulation, implying that red-dominant conditions en-
hance chloroplast development and light-harvesting efficiency. These findings are in line with
previous studies on Momordica charantia L. and lettuce, in which red light promoted vegetative
growth under controlled environmental conditions [24,25]. Red light has been reported to
promote the development of adventitious roots, thereby enhancing early seedling growth.
A similar effect is presumed to have occurred in A. podagraria as well [26]. As both red and
blue wavelengths influence chlorophyll biosynthesis and chloroplast architecture, optimizing
the red-to-blue ratio may serve as an effective strategy for improving biomass production in
A. podagraria. In addition to growth, light treatments had a marked effect on antioxidant pro-
files. Total phenolic content and ferric reducing antioxidant power (FRAP) were highest under
red-enriched spectral combinations, while blue-dominant treatments led to increased flavonoid
accumulation and enhanced DPPH radical scavenging activity. Although gene expression
analysis was not performed in this study, these patterns correspond to the established knowl-
edge of light-regulated secondary metabolism. Red light has been associated with increased
activity of key enzymes in the phenylpropanoid pathway, including phenylalanine ammonia-
lyase (PAL), cinnamate 4-hydroxylase (C4H), and 4-coumarate:CoA ligase (4CL) [27]. In con-
trast, blue light is known to promote flavonoid biosynthesis through the activation of en-
zymes such as chalcone synthase (CHS), flavanone 3-hydroxylase (F3H), and dihydroflavonol
4-reductase (DFR), potentially via cryptochrome signaling and reactive oxygen species
(ROS)-responsive pathways [28,29].

Interestingly, monochromatic red-light treatment yielded relatively low levels of phe-
nolics and antioxidant activity compared to mixed red-blue light treatments, a phenomenon
similarly observed in Salvia miltiorrhiza [30]. This may be due to the absence of blue light,
which appears critical for activating certain branches of secondary metabolism. The lack
of spectral complexity likely limited synergistic interactions between phytochrome- and
cryptochrome-mediated signaling, thereby constraining the biosynthesis of specific antioxi-
dant compounds. Collectively, these findings underscore the functionally divergent yet
partially complementary roles of red and blue light in regulating the physiological and
antioxidant-related responses of A. podagraria. Red-enriched spectra were most effective in
promoting vegetative growth and phenolic accumulation, while blue light more selectively
enhanced flavonoid biosynthesis. Although the exact molecular mechanisms remain to be
fully elucidated, our results suggest that manipulating light spectra represents a promising
non-genetic strategy for optimizing specific physiological traits in this species.

Future research incorporating transcriptomic and metabolomic analyses will be essential
to uncover the regulatory networks underpinning these light-responsive processes. Moreover,
validating the consistency of these responses under commercial-scale cultivation systems,
across developmental stages, and under diverse environmental conditions will be critical
for applying light quality modulation as a tool to enhance the production of functional
compounds and the medicinal value of A. podagraria in controlled-environment agriculture.

5. Conclusions

This study highlights the substantial impact of LED light spectra on the physiological
development and secondary metabolism of A. podagraria, a species with emerging potential
as a functional food. By demonstrating the distinct effects of red and blue wavelengths
on germination, chlorophyll biosynthesis, and antioxidant properties, our findings offer
valuable insights for designing precision lighting strategies that enhance the productivity
and health-promoting qualities of this plant. These insights are particularly relevant in the
context of sustainable agriculture and the development of value-added leafy vegetables in
Korea and beyond.
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