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Abstract: Achyranthes japonica Nakai (AJN) is a medicinal plant known to be beneficial for the joints.
Since it takes at least two years from sowing to harvesting in an open field, new AJN cultivation
strategies are needed to shorten the production period and improve quality. In this study, high-
quality AJN is produced as microgreens in a vertical farm using a commercial ginseng soil mix
(Myeongpum-Insamsangto, Shinsung Mineral Co., Ltd., Goesan, Republic of Korea) and controlled
environmental conditions. The cultivation conditions included a temperature of 23 + 2 °C, relative
humidity of 50 £ 10%, and a photosynthetic photon flux density of 170 £ 15 pumol-m—2-s~1. Pre-
harvest intermittent UV-B exposure, with an intensity of 1.0 £+ 0.3 W/ m_z, was applied for one
day before harvest to evaluate its effects, using controlled environmental conditions in the vertical
farm. Ultraviolet-B (UV-B) irradiation increases secondary metabolite levels in plants; however, the
effect of UV-B on 20-hydroxyecdysone (20E), an indicator of AJN, is unclear. Therefore, we aimed to
investigate whether UV-B treatment of AJN microgreens affected growth and secondary metabolites.
The treatment group was set to 12 h of continuous UV-B treatment during the day, two 6 h UV-B
treatments, and four 3 h UV-B treatments to confirm the effectiveness of regular and intermittent
treatment and recovery. Short-term UV-B treatment before harvesting increased phenols, flavonoids,
antioxidant capacity, and 20E levels without affecting AJN biomass. The intermittent 6 h UV-B
irradiation with a 6 h recovery time stimulated 20E content by approximately 1.4 times compared
to the control. These study findings indicate that short-term UV-B treatment before harvesting, an
appropriate recovery time, and intermittent UV-B exposure are more effective at increasing 20E
content than continuous treatment. This approach provides a promising strategy for improving the
nutritional and health benefits of AJN microgreens in vertical farming systems.

Keywords: ultraviolet light; plant stress; medicinal plant; vertical farm; 20-hydroxyecdysone;
pre-harvest

1. Introduction

Achyranthes japonica Nakai (AJN) is distributed in East Asia, particularly in the Repub-
lic of Korea, Japan, and China, and belongs to the Achyranthes genus within the Amaranthus
family [1].

The AJN plant is used as an herbal medicine that can be used for medicinal pur-
poses as well as an additive to healthy, functional foods [2]. Phytoecdysteroids are plant
sterols that have the same or similar structure to that of insect molting hormones. Among
them, ten species belonging to the genus Achyranthes and contain compounds such as
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20-hydroxyecdysone (20E), polypodine B, and inokosterone [3]. Notably, the presence
and abundance of 20E in AJN serves as a crucial indicator and key marker of the plant’s
medicinal value [4]. Furthermore, 20E causes vasodilation, increases blood flow, and affects
skeletal muscle circulation [5]. Given the traditionally long cultivation period of over
two years for AJN in open fields, this study investigated whether the microgreen form of
AJN, characterized by a significantly shorter production cycle, could still yield high levels
of bioactive compounds, specifically 20E [6]. By exploring this faster and more efficient
cultivation method, we aimed to assess if the medicinal value of AJN could be maintained
or enhanced.

The growth of medicinal plants as functional materials and microgreens in vertical
farms is emerging as an innovative method [7]. Vertical farming is a crop-production
strategy that uses controlled environmental agriculture. This approach allows for the
year-round cultivation of crops independent of seasonal changes and adverse weather
conditions, thereby bolstering food security. However, vertical farming systems require
marked initial investments in technology and infrastructure, such as light-emitting diode
(LED) lighting and environmental control systems [8]. Therefore, it is crucial for vertical
farms to produce crops that proliferate and offer high added value [9]. This includes
high-value crops like leafy greens, herbs, and medicinal plants, which have shorter growth
cycles and can be harvested multiple times per year, maximizing the return on investment
and making the best use of the controlled environment.

Additionally, in vertical farming, cultivation methods are diverse, including hydropon-
ics and soil-based cultivation [10]. While medicinal plants are traditionally cultivated in soil,
there is growing research interest in hydroponic cultivation, which offers advantages such
as increased biomass and secondary metabolites [11] in vertical farming systems. These
varied cultivation methods present novel opportunities for enhancing the productivity and
quality of medicinal plants in vertical farming. Therefore, research on cultivation methods
in vertical farming is becoming increasingly important as it offers avenues for improving
the efficacy and safety of medicinal plants [12].

Microgreens are young seedlings, typically less than 3 weeks old, with two fully devel-
oped leaves along with their first true leaves [13]. These microgreens are valued not only
for their delicate flavor but also for their dense nutritional profile, which includes higher
concentrations of essential vitamins, minerals, and antioxidants compared to their mature
counterparts. According to various studies, young seedlings and microgreens contain more
phytonutrients than mature leaves [13]. One study found that cabbage and radish sprouts
and seedlings had a higher glucosinolate content than mature plants [14]. Owing to their
small size and compact cultivation methods, microgreens are usually produced in vertical
farms to maximize the yield per unit of land area [15]. Changing the wavelengths of light
in vertical farms affects the morphological, physiological, and biochemical characteristics
of plants [16]. Previous studies indicate that blue LED lighting can enhance glucosinolate
content in both broccoli sprouts [17] and pak choi microgreens [18]. Additionally, UV-A
light has been observed to enhance the polyphenol content and antioxidant effects of pak
choi microgreens [19]. Various horticultural species have been evaluated for their ability to
produce microgreens [20], and light control may be beneficial for developing microgreens
containing the desired nutritional and health-related compounds [21].

Light provides plants with energy for photosynthesis, while ultraviolet-B (UV-B)
irradiation, in particular, significantly impacts the physiology of plant seedlings, including
microgreens, influencing various physiological and biochemical processes [22]. UV-B
is the most significant energy source reaching the Earth’s surface in the solar spectrum
(280-315 nm). Plants have evolved several defense systems to cope with natural UV-B
stress. These defense mechanisms are particularly crucial during the vulnerable seedling
stage, where UV-B treatment not only enhances stress tolerance but also promotes the
accumulation of secondary metabolites, such as flavonoids and phenolic compounds [23].
Under stress, phenolics act as antioxidants, antimicrobials, UV-B blockers, and scavengers
of reactive oxygen species (ROS), with their levels varying in UV-B-exposed plants based
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on factors such as species, intensity, and duration [24]. Several studies have examined the
effects of UV-B on plants, with a growing focus on increasing secondary metabolite levels
by applying UV-B under controlled environmental conditions [17]. In addition, short-term
(several days) UV-B irradiation was recently discovered to be potentially effective as a
pre-harvest treatment for obtaining antioxidant-rich plant products [25]. Studies on UV-B
stress have shown that the secondary metabolites of amaranth [26], ginseng [27], and
buckwheat [28] increase with UV-B treatment. Although interest in the pre-harvest UV-B
exposure of crops in indoor cultivation is increasing, research on its effect on the quality
of microgreen functional foods is insufficient [22]. Therefore, pre-harvest UV-B treatment
of microgreens and sprouts in vertical farms is considered an effective method for rapidly
increasing plant bioactive compounds [29].

Therefore, this study aimed to assess the effects of pre-harvest UV-B treatment on the
growth and bioactive compounds of AJN microgreen forms in vertical farms. However, it
must be noted that this study primarily focused on soil-based cultivation within vertical
farming systems. Nevertheless, future investigations will consider the productivity and
potential of hydroponic cultivation systems.

2. Materials and Methods
2.1. Plant Materials

AJN seeds (Aram Seeds Co., Ltd., Seoul, Republic of Korea) with a weight of 3.0 g per
1000 seeds were used in this study; 1.0 g of seed (approximately 330 seeds) was used per
treatment. AJN seeds were immersed in distilled water for three days before sowing. The
seeds were sterilized using a modified version of Oyebanji's method, soaked in 70% ethanol
for 30 s and rinsed thrice with distilled water [30]. The seeds were then sterilized with
20% NaOCl (Duksan Science Co., Ltd., Seoul, Republic of Korea) for 15 min and rinsed in
distilled water four times.

2.2. Cultivation Conditions

For each treatment, 1 g of AJN seed was sown into a plastic tray (31.5 x 23 x 7.5 cm,
L x W x H) filled with a commercial ginseng soil mix medium (Myeongpum-Insamsangto,
Shinsung Mineral Co., Ltd., Goesan, Republic of Korea) in a cultivation room. Microgreen
sowing and cultivation methods involved evenly distributing seeds onto the substrate and
irrigating using bottom watering with 200 mL of nutrient solution. Germination was carried
out in dark condition over four days, after which the light was turned on. The cultivation
room was maintained at 23 4 2 °C, 50 & 10% relative humidity, and 170 + 15 umol-m~2.s!
photosynthetic photon flux density (PPFD) using white LEDs over a 12 h photoperiod.
PPED levels were measured with a quantum sensor (Li-250A, Li-Cor, Lincoln, NE, USA),
and temperature and humidity were monitored and regulated daily using a wireless data
logger (TH2, Efento, Krakow, Poland). The plants were irrigated using Hoagland’s nutrient
solution (pH 6.0, EC 1.0 dS-m~1). The environmental conditions were established based on
previous studies.

2.3. Light Treatment

The UV-B LEDs (TUNP-AG120-UV-B100%-23W-PA, Japan magnets, Suwa, Japan;
peak 308 nm) were supplemented with 1.0 + 0.3 W-m~?2 (Figure 1B). UV-B levels were
measured using LP 471 UV-B sensor supplied by PCE Instruments S.L. (Albacete, Spain).
Seventeen-day-old AJN plants were irradiated with UV-B LEDs for one day before har-
vesting (harvested on day 18). The treatment groups were (1) continuous 12 h treatment
(UV12/C1), (2) two 6 h intermittent treatments per light/dark cycle (UV06/C2), and (3) four
3 h intermittent treatments (UV03/C4). The cumulative UV-B time was equal to a total of
12 h. The control group (control) was not exposed to UV-B radiation (Figure 1A).
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Figure 1. Treatments (A) and relative intensity (B) of UV-B LEDs used in this study. The periods of
UV-B irradiation were from 9:00 to 21:00 (UV12/C1), twice in a 6 h cycle (UV06/C2), and four times
in a 3 h cycle (UV03/C4). The energy of the UV-B was set to 1.0 + 0.3 W-m 2 and was applied one
day before harvest.

2.4. Determination of Biomass and Growth Characteristics

To compare AJN growth according to the UV-B treatment periods, the fresh weight
(FW), dry weight (DW), shoot height, leaf and stem dry weight, leaf area, specific leaf
area (SLA), and relative moisture content (RWC) were measured 18 d after sowing. The
RWC and plant height were measured using 4 plants, while leaf and stem weight, leaf area,
and SPAD values were measured using 10 plants. A digital scale (PAG214C, Ohaus Corp.,
Parsippany, NJ, USA) was used to measure FW and DW. An area meter (Li-3100, LICOR,
Lincoln, NE, USA) was used to measure the leaf area, and SPAD values (SPAD-502Plus,
Konica Minolta, Osaka, Japan) were measured using the largest true leaves. Samples were
placed in a dry oven (EP20, KOTES, Co., Ltd., Seoul, Republic of Korea) at 55 °C for 72 h to
determine DW. RWC was calculated using FW and DW [31], and SLA was calculated using
leaf DW and leaf area [32], as follows:

RWC (%) = FW (g) — DW (g)/FW (g) x 100
SLA (cm?/ g) = leaf area (cm?)/leaf dry weight (g)

2.5. Determination of Chlorophyll Fluorescence

The aerial parts of the AJN seedlings treated with different UV-B periods for one day
were selected. As biological replicates, five plants were chosen from each treatment. After
dark adaptation for 15 min, the Fv/Fm values of the true leaves were measured using
a portable chlorophyll fluorometer (Chlorophyll Fluorometer, OS30P+, OPTI-SCIENCES.
Inc., Hudson, NH, USA). Measurements were performed once every 3 h for the control,
UV12/C1,UV06/C2, and UV03/C4 treatments.

2.6. Bioactive Compounds Analysis

Total phenolic content was measured using the modified Folin-Denis method [33].
Dried powder samples (0.015 g) were mixed with 1.5 mL of 80% acetone and sonicated for
15 min and stored at 4 °C for 12 h. The supernatant was then obtained after centrifugation
(WiseSpin, CF-10, Daihan Scientific Co, Ltd., Wonju, Republic of Korea) at 25 °C and
13,500 rpm for 2 min. In a microcentrifuge tube, distilled water, 10% Folin—Ciocalteu
reagent, the sample, and 7.5% Na,COj3; were added in that order and mixed. Each analyzed
sample was placed in a water bath set at 45 °C for 15 min. After being cooled at room
temperature for about 30 min, the absorbance of each sample was measured at 765 nm
using a spectrophotometer (Libra S32, Biochrom Ltd., Cambridge, UK). The total phenolic
concentration of the AJN microgreens was expressed as milligrams of gallic acid equivalent
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per gram of DW AJN shoots. A standard curve was generated using different concentrations
of gallic acid to quantify the phenolic content of the samples.

Flavonoid content was measured using a modified colorimetric method [34]. Sample
extracts were prepared by incubating solutions of dry powder samples (1 g) and 20 mL
50% methanol (MeOH) at room temperature for 14 & 2 h using a stirrer. Subsequently,
0.5 mL of the diluted extract was aliquoted into a test tube, and 1 mL of diethylene glycol
and 0.01 mL of 1 N NaOH were added. The mixture was incubated in a bath set at a
constant temperature of 37 °C for 1 h, and absorbance was measured at 420 nm using
a spectrophotometer (UV-1800 240V, Shimadzu Corp., Kyoto, Japan). Flavonoid content
was then determined using a standard curve prepared with rutin, and the results were
expressed as milligrams of rutin equivalent per gram of dry weight (RE/DW) of Achyranthes
japonica Nakai shoots.

2.7. Extraction and Determination of Antioxidant Properties

For the analysis of antioxidant properties, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2-
azino-bis-3-ethylbenzothiazoline-6-sulphonic acid (ABTS), and ferric reducing/antioxidant
power (FRAP) were used. Dried powdered samples were used. Sample extracts were
obtained by mixing 1 g of the sample powders with 20 mL of 50% methanol (MeOH)
and stirring the solutions at room temperature for 14 & 2 h. Slightly modified radical
(DPPH and ABTS)-scavenging activity and FRAP evaluation methods were used [35]. A
spectrophotometer (UV-1800 240V, Shimadzu Corp., Kyoto, Japan) was used to measure
the absorbance of the in vitro activities.

DPPH radical-scavenging activity was assessed by measuring absorbance at 525 nm
after adding 0.2 mL of each sample to 0.8 mL of 1.5 x 10~* M DPPH solution for 30 min in
the dark.

ABTS radical-scavenging activity was measured by mixing 7 mM ABTS* solution with
2.45 mM K;5,0g in a 1:3 ratio, and incubating in the dark for 14 & 2 h. It was then diluted
with methanol to obtain an absorbance of 0.7 & 0.02 at 732 nm. After adding 0.1 mL of each
sample extract to 0.9 mL of the ABTS™ solution, the mixture was allowed to react for 3 min
in the dark, and absorbance was measured.

The FRAP assay was performed by combining 5 mL each of 10 mM TPTZ and 20 mM
FeCls with 50 mL of 300 mM sodium acetate buffer (pH 3.6) to obtain a 10:1:1 (v/v/v)
solution, which was pre-reacted at 37 £ 1 °C for 15 min to prepare the FRAP. Then, 0.05 mL
of the sample extracts were mixed with 0.95 mL of the FRAP reagent and allowed to react
at 37 = 1 °C for 15 min. Absorbance was then measured at 590 nm.

Ascorbic acid and FeSOy4-7H,O were used as standard materials to measure radicals
(DPPH and ABTS) and FRAP, respectively. The results were expressed in mg/g using
ascorbic acid and FeSO4-7H,0 by inserting the calculation formula derived from the
standard curve.

2.8. Liquid Chromatography-Mass Spectrometry (LC-MS/MS) Analyses of 20-Hydroxyecdysone

Dried samples (0.1 g) were extracted with 15 mL of 50% methanol using a sonicator for
10 min. Two microliters of each extract were then injected into a LIChrospher®100 RP-18
5 um, end-capped (Merck Eurolab, Darmstadt, Germany) column connected to a Shimadzu
Nexera X2 UHPLC system (Shimadzu, Kyoto, Japan). The liquid chromatography system
was coupled to a SCIEX QTRAP 4500 mass spectrometer equipped with a Turbo V Ion
Source and a Turbo lon Spray probe for electrospray ionization (SCIEX, Framingham, MA,
USA) at the High-Tech Materials Analysis Core Facility (Gyeongsang National University,
Jinju, Republic of Korea). The elution solvent was carried out with a gradient of solvent
A (water with 0.1% formic acid) and solvent B (acetonitrile with 0.1% formic acid). The
solvent composition was adjusted from 20% A at 2 min to 90% B at 6 min with a flow rate
of 0.5 mL/min. The MS/MS conditions were set as follows: ESI source ion spray voltage,
5500 V (positive ion mode); source temperature, 550 °C; 50 psi ion source gas (GS1), 60 psi
ion source gas (GS2), 30 psi curtain gas (CUR).
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2.9. Statistical Analysis

Data were analyzed using SAS (version 9.4; SAS Institute Inc., Cary, NC, USA) with
variance analysis. Duncan’s multiple range test was used to verify significant differences
among all treatments at p < 0.05. All graphs were created using SigmaPlot 12.5 (Sys-
tat Software Inc., San Jose, CA, USA). All data are presented as the mean + standard
error (S.E.).

3. Results
3.1. Growth Characteristics in Response to Intermittent UV-B Treatment

In terms of growth parameters, no significant differences were observed in the FW
and DW or the plant height of AJN plants across the different UV-B treatment periods
(Figure 2). However, variations were noted in the relative water content (RWC), indicating
a decrease, particularly in the UV12/C1, UV06/C2, and UV03/C4 treatments compared to
the control (Table 1). The dry weights of the leaves (Figure 3A) and stems (Figure 3B) were
not significantly different between the control and treatment groups; however, the leaf area
decreased among all treatments compared to the control (Figure 3C). The SLA (Figure 3D)
was significantly reduced in UV12/C1 and UV03/C4, with the UV12/C1 treatment being
the lowest. In addition, SPAD values decreased after UV-B treatment (Figure 4).

Control UV12/C1 UV06/C2 UVvo03/C4

Figure 2. Growth of Achyranthes japonica Nakai microgreens under the different UV-B treatment
periods, taken immediately after harvest, one day following the treatments.

Table 1. Growth parameters of Achyranthes japonica Nakai microgreens under different UV-B treatment

periods.
Growth Parameters
Treatments . . . .
Fresh Weight (g) Dry Weight (g) Relative Water Content (%) Plant Height (cm)
Control 11.52 + 050%a¥  0.90 + 0.04a 9219 + 0.10a 2.78 + 0.16 a
Uuviz2/C1 10.23 + 0.48 a 0.91 + 0.03a 91.16 + 0.22b 2.73 + 0.13a
Uvoe6/C2 10.41 + 0.33a 0.89 + 0.03a 9147 + 0.05b 2.63 + 0.10a
Uvo03/C4 9.93 + 0.77 a 0.85 + 0.06a 9153 + 0.09b 2.68 + 0.08 a

“Mean £ S.E.; ¥ Mean separation within column using Duncan’s multiple range test at the 5% level (n = 4). Values
in each column followed by different letters are significantly different.
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Figure 3. Leaf dry weight (A), stem dry weight (B), leaf area (C), and specific leaf area (D) of
Achranthes japonica Nakai microgreens under the different UV-B treatment periods, with UV-B applied
one day before harvest. The different letters above the bars indicate the significant differences among
means (p < 0.05). Error bars represent the standard error of 10 replicates.

HH =

it
=
T

SPAD value

Control UV12/C1 UV06/C2  UV03/C4
Treatments

Figure 4. SPAD value of Achyranthes japonica Nakai microgreens under different UV-B treatment
periods, with UV-B applied one day before harvest. The different letters above the bars indicate the
significant differences among means (p < 0.05). Error bars represent the standard error of 10 replicates.
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3.2. Chlorophyll Fluorescence in Response to Intermittent UV-B Treatment

The Fv/Fm values did not show a decrease in the control. In addition, in the UV12/C1
treatment, Fv/Fm decreased during the 12 h treatment but subsequently recovered. In
the UV06/C2 treatment, Fv/Fm values gradually decreased with the UV-B treatment, and
recovery was slower than that of the other treatments. In the UV03/C4 treatment, Fv/Fm
values decreased during UV-B treatment, and recovery was fast (Figure 5).

—&— Conrtol
—o— UV12/C1
| —v— UV06/C2
—A— UV03/C4

0 3 6 9 12 15 18 21 24

Treatment period (hour)

Figure 5. Variations in Fv/Fm for leaves of Achyranthes japonica Nakai microgreens during different
UV-B treatment periods, with UV-B applied one day before harvest. Measurements were conducted
once every three hours. Error bars represent the standard error of five replicates.

3.3. Bioactive Compounds, Antioxidant Properties, and 20-Hydroxyecdysone Contents in Response
to Intermittent UV-B Treatment

The total phenolic (Figure 6A) and total flavonoid contents (Figure 6B) differed be-
tween the control and UV-B treatments. The total phenolic and flavonoid contents sig-
nificantly increased in the UV-B treatments. The total phenolic content in all the UV-B
treatments increased by about 1.5 times compared to the control, and the total flavonoid
content increased by 1.4 times in UV12/C1 and UV06/C2 and 1.2 times in UV03/C4.

The AJN in this study displayed antioxidant activity by scavenging DPPH, ABTS, and
FRAP (Figure 7). The DPPH and FRAP levels increased significantly in the UV12/C1 treat-
ment (Figure 7A,C). In addition, ABTS expression increased significantly in the UV12/Cl1
and UV06/C2 treatments (Figure 7B).

The 20-hydroxyecdysone (20E) content differed during the UV-B treatment periods
(Figure 8) but increased with all UV-B treatments. The highest rate of increase was observed
in the UV06/C2 treatment, which showed 1.4-times increase compared to 1.1 times in the
UV12/C1 group and 1.2 times in the UV03/C4 group. Further analysis of the relationships
between bioactive compounds, antioxidant activities, and other physiological characteris-
tics under UV-B treatments can be found in the Supplementary materials (Figure S1).
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Treatments Treatments

Figure 6. Total phenolic contents (A) and total flavonoid contents (B) of Achranthes japonica Nakai
microgreens under the different UV-B treatment periods, with UV-B applied one day before harvest.
The different letters above the bars indicate the significant differences among means (p < 0.05). Error
bars represent the standard error of four replicates.

He

B

=
H

ABTS radical scavenging activity
(Ascorbic acid mg/g D.W.)

Hie

Control  UVI2/C1  UV06/C2  UV03/C4

Treatment

s

Control

UvI12/C1  UY06/C2 UV03/C4

Treatment

Figure 7. Antioxidant activities of DPPH (A), ABTS (B), and FRAP (C) of Achranthes japonica Nakai
microgreens under the different UV-B treatment periods, with UV-B applied one day before harvest.
The different letters above the bars indicate the significant differences among means (p < 0.05). Error
bars represent the standard error of four replicates.
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Figure 8. 20-Hydroxyecdysone content of Achyranthes japonica Nakai microgreens under the different
UV-B treatment periods, with UV-B applied one day before harvest. The different letters above the
bars indicate the significant differences among means (p < 0.05). Error bars represent the standard
error of three replicates.

4. Discussion
4.1. Growth Characteristics

Biomass is a reliable indicator of plant sensitivity to UV-B as represents the cumu-
lative effect of disrupted or suppressed physiological functions. Various studies have
demonstrated that UV-B treatment has many effects on plants, including the inhibition of
photosynthesis [36], reduced growth [37], and abnormal morphogenesis [38]. However, in
this study, there were no significant differences in DW, FW, or plant length between the
UV-B treatments and control (Figure 3). These results are consistent with those of UV-B
irradiation of broccoli sprouts [39] for 24 h before harvest and the finding that short-term
UV-B irradiation of amaranth leaves [26] did not affect biomass. This is because short-
term treatment with UV-B has no negative effects and does not cause abnormal external
morphology [26]. Reducing RWC is an essential adaptive plant strategy for reducing envi-
ronmental stress. Compared with the control, the decrease in RWC under UV-B irradiation
was consistent with the results for Hippophae rhamnoides [40] and soybean leaves [41].

The finding that UV-B treatment reduced SLA is consistent with that of other stud-
ies [32]. SLA reduction is a morphological strategy of UV-B-stressed plants indicating
an increase in leaf thickness or mass density. Therefore, these results indicate that UV
treatment resulted in thicker and more compact leaves.

A decrease in leaf area occurs owing to a reduction in the rate of photosynthesis,
which has a cumulative effect on impaired or suppressed physiological functions [42]. A
reduction in leaf area is also a helpful indicator of the potential sensitivity of plants to
UV-B radiation [43]. Hence, the results of this study imply that AJN is influenced by UV-B
stress. Plant morphology serves as a sensitive marker for UV-B damage, and responses
to UV-B may significantly differ among plant species, which underscores the nuanced
nature of plant reactions to UV-B exposure. In other studies, UV-B dosage did not have
as strong a negative impact on basil growth but instead induced active physiological
responses in plants [44]. Building upon this, in this study, while there were no significant
differences in biomass, plant height, or plant weight, leaf area slightly decreased with UV-B
treatment. These results suggest that plants exhibit a sensitive response in morphological
changes when exposed to UV-B. However, overall, UV-B radiation did not exert a significant
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negative impact on overall plant growth. Therefore, this indicates that plant responses
to UV-B vary depending on the species, and that active physiological responses may be
induced depending on the species.

SPAD values are an indicator of leaf greening or biological chlorophyll content and
are used as an indicator of plant health [45]. The results of this study are similar to a
previous study in which SPAD values decreased with UV exposure [46] (Figure 4). In
a study on Peucedanum japonicum, SPAD values decreased as SLA values decreased [47].
This finding is consistent with the results of this study. The SPAD index and UV rays can
indirectly affect the photosynthetic process through the photodegradation of photosynthetic
pigments [48,49]. Moreover, SPAD values may increase with leaf thickness and specific leaf
mass [50] and exhibit a highly positive correlation with chlorophyll content (a + b) [51].
In line with these observations, a study by Yao et al. [52] highlighted that intensified
UV-B radiation can suppress the production of photosynthetic pigments and disrupt the
structure and membrane systems of chloroplasts. This underscores the intricate relationship
between UV radiation and the photosynthetic process, emphasizing the importance of
understanding such interactions for elucidating plant responses to environmental stressors.

4.2. Chlorophyll Fluorescence

The Fv/Fm ratio is commonly used as an indicator of stress caused by photoinhibi-
tion [53] and the potential quantum shock (photochemical efficiency) of PSII [54]. Fv/Fm
ratio readings greater than 0.8 indicate optimal light usage efficiency, whereas values
between 0.7 and 0.8 indicate that the plant is unhindered in growth and photosystem II
efficiency is optimal [55]. The decrease in the Fv/Fm ratio due to UV-B irradiation in the
present study was consistent with previous results for soybeans [49] (Figure 5). These
results imply that the plants were stressed by UV-B. This was caused by reduced photosyn-
thetic capacity owing to PSlI-related protein degradation [56]. The Fv/Fm values of the
UV12/C1 treatment almost recovered to control levels during the dark period, and it was
observed from the results of the UV03/C4 treatment that 3 h is sufficient for recovery to
control levels. Bischof et al. [57] also showed that Fv/Fm values recovered after a certain
period of UV-B irradiation. Specifically, when cells were treated with UV-B for 12 h in the
presence of light, their ability to recover was better than that when cells were treated for
6 h and 3 h. This is because the cells of plants are more sensitive to UV-B stress during the
night than during the day, and light is required to protect them against UV-B [58]. Plants
are more resistant to UV-B radiation under constant light than under dark conditions [58]
as protective pigment biosynthesis is suppressed under dark conditions [59]. Fv/Fm re-
covery was better under the UV03/C4 treatment compared to that under the UV06/C2
treatment. This may have occurred through various mechanisms involving continuous and
intermittent stress. Adaptation to intermittent stress involves a priming effect caused by
exposure to mildly stressful stimuli. Consequently, tolerance to more severe stress can be
achieved [60]. With defense priming, plants respond to subsequent stress situations faster
and with more robust defense responses [61].

4.3. Bioactive Compounds

One of the mechanisms by which plants adapt to UV-B stress is in their ability to
increase the production of secondary metabolites in leaf tissues [62]. In this experiment,
even 12 h of UV-B treatment right before harvest, at a specific intensity and wavelength,
was sufficient to induce UV-B stress in AJN microgreens, leading to an increase in bioactive
compounds. Likewise, previous research has also reported that short-term UV-B irradi-
ation can increase the levels of bioactive compounds, such as phenolic compounds and
flavonoids, in plants [63-65]. These UV-B-inducing compounds protect plants from UV
damage, showcasing a plant’s response to environmental stressors, as critical enzymes in
the phenylpropanoid pathway, such as phenylalanine ammonia-lyase, are strongly stimu-
lated by various environmental stressors [40]. Notably, flavonoids, a major class of phenolic
compounds, are synthesized in response to UV-B exposure. Flavonoids possess radical-
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scavenging abilities and play a crucial role in photoprotection against UV-B radiation [66].
Additionally, they contribute to maintaining optimal levels of photosynthetic pigments and
regular photosynthetic activity [67]. This adaptive mechanism is well documented, indicat-
ing a coordinated response of plants to UV-B stressors [68]. Studies have highlighted that
UV-B-mediated flavonoid accumulation not only aids in removing ROS but also serves as a
shield against UV radiation, underscoring its significance in plant defense mechanisms [68].

Although all the UV-B treatments showed higher levels of total phenolic and total
flavonoid contents compared to the control, these results represent the total contents rather
than the levels of individual compounds (Figure 6). Therefore, there are limitations in
assessing trends in compound levels across different recovery times.

4.4. Antioxidant Properties

Antioxidant properties are used to determine the antioxidant capacities of fruits [69]
and vegetables [70]. DPPH is used as an indicator for radical-scavenging anion activity [71],
ABTS is used as an indicator of radical-scavenging cation activity [72], and FRAP catalyzes
the transfer of hydrogen ions to Fe3* to stabilize the radical and reduce it to Fe>* [73]. The
results of this study are consistent with the finding that UV-B irradiation increases the
DPPH radical-scavenging activity in buckwheat sprouts [74]. Antioxidant capacity (DPPH,
ABTS, and FRAP) is directly related to an increase in phenolic compounds [75]. Phenolic
compounds participate in the antioxidant system [76], and their increase can lead to an
increase in antioxidant capacity [77]. Therefore, the increase in antioxidant capacity due
to UV-B irradiation was due to phenolic compounds. However, the antioxidant capacity
decreased in response to UV-B irradiation during the dark period compared to irradiation
during the light period. These results were consistent with those reported for Perilla
frutescens [29], in which no new photo-assimilates were produced during the dark period.
Therefore, generating the resources necessary to synthesize antioxidant enzymes and
bioactive compounds to prevent the UV-mediated overproduction of ROS is difficult [78].

4.5. 20-Hydroxyecdysone Content

Numerous studies have demonstrated that UV light stimulates the synthesis of sec-
ondary metabolites, including terpenoids, phenols, flavonoids, and steroids in tropical
medicinal plant species [79]. Belonging to the steroid family, 20E is the major phytoecdys-
teroid present in plants [80]. In addition, 20E has potential for biotechnological, pharma-
cological, medicinal, and agrochemical applications [81]. UV-B induces the production
of secondary metabolites in plants; however, its effect on 20-hydroxyecdysone remains
unclear. When the two varieties of Brazilian ginseng plants were irradiated with UV-B,
20E significantly increased in the leaves and roots; when they were irradiated for 2 h, it
decreased in the stems; and when they were irradiated for 2 h, it increased. In comparison,
other cultivars did not display significant changes in 20E content. ROS caused by UV-B
promote organized signaling, leading to the upregulation and increased content of the 20E
gene [81]. This shows that the effect of 20E varies depending on the UV-B irradiation time
and plant species. The increase in 20E after UV-B treatment is due to the accumulation of
phytosterols and triterpene compounds, which reduce the damage caused by UV-B radia-
tion [79]. In addition, the increase and decrease of specific metabolites varies depending
on physiological age, UV-B exposure time, UV-B dose, and other environmental param-
eters [82]. Therefore, considering these conditions, it is necessary to develop cultivation
strategies for enhancing crop quality through UV-B exposure.

Under the UV06/C2 treatment, DPPH and FRAP decreased compared with the
UV12/C1 treatment; however, 20E increased (Figures 7 and 8). This is consistent with
results showing that 20E has weak radical-scavenging activity toward DPPH [83,84]. The
antioxidant effect was due to the co-elution of other phenolic compounds with 20E rather
than with 20E alone. This is because ecdysteoid molecules do not have a structure responsi-
ble for the antioxidant effects commonly found in most known antioxidants [85]. These
results demonstrate the weak radical-scavenging activity of 20E against DPPH and FRAP.
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In relation to this, we suggest that the antioxidant effect of 20E becomes more pronounced
when it is used in conjunction with other phenolic compounds.

5. Conclusions

In this study, the effects of UV-B irradiation on the growth and bioactive compounds
of pre-harvest AJN microgreens were demonstrated in a vertical farm. UV-B treatment
did not significantly alter fresh weight (FW), dry weight (DW), or plant height but led
to a reduction in relative water content (RWC), leaf area, specific leaf area (SLA), and
chlorophyll content (SPAD). The Fv/Fm ratio did not decrease in the control but decreased
during UV-B treatment in the UV12/C1 treatment, with values returning to a healthy state
through a 12 h recovery period. In the UV06/02 treatment, Fv/Fm recovery was slower
than that in the UV03/C4 treatment. The UV-B treatment significantly increased total
phenol and flavonoid contents as well as antioxidant capacity, with a notable increase in
20E content, particularly with the UV06/C2 treatment.

This study confirms that the UV-B treatment of AJN microgreens before harvesting
increases phenol, flavonoid, and antioxidant contents, particularly 20E content. Therefore,
the UV06/C2 treatment is judged to be effective for increasing 20E content, and appropriate
UV-B irradiation with a recovery period and intermittent treatment could improve the
nutritional quality of AJN microgreens in vertical farms. Optimizing these methods can
improve the health benefits and market value AJN microgreens, highlighting their potential
for broader use in the food and agricultural sectors.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/horticulturae10101040/s1, Figure S1; Normalized heatmap (A)
and Pearson correlation matrix (B) average growth parameters and physiological characteristics in
Achyranthes japonica Nakai microgreens for the UV-B treatment period.
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