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Abstract

Background Climate change increases exposure to ultraviolet-B (UV-B) radiation, which inhibits photosynthesis and causes
DNA and cellular damage. While moderate UV-B exposure can enhance secondary metabolites, the impact of circadian
timing on UV-B-induced toxicity and metabolic adaptation remains insufficiently explored, particularly in medicinal micro-
greens. Achyranthes japonica, a species with high pharmacological value, remains understudied at the microgreen stage.
Objective This study examined how short-term UV-B irradiation affects the growth, pigment accumulation, and antioxi-
dant capacity of A. japonica microgreens across different circadian cycles. The normalized difference anthocyanin index, a
biochemical response indicator that is non-destructive and induced by UV-B, was also evaluated.

Results Physiological and metabolic characteristics are affected by UV-B timing. During the day, UV-B promoted the
accumulation of anthocyanin and phenolic compounds while preserving the efficiency of photosystem II and biomass. In
contrast, nighttime UV-B exposure triggered photochemical damage but did not trigger pigment production. Continuous
UV-B exposure increased anthocyanin levels but significantly reduced growth, consistent with the effects of cumulative
stress. Antioxidant activity, measured by DPPH, ABTS, and FRAP, was highest with daytime treatment and lowest with
nighttime exposure. A strong correlation was observed between NDAI and anthocyanin content and antioxidant capacity.
Conclusion The circadian time of UV-B exposure significantly affects the balance between protective metabolite production
and growth stability maintenance. Short periods of UV-B during the day result in the most favorable balance of protective
metabolite production and growth stability. These results highlight the value of microgreens as a model system for studying
the timing of radiation-induced stress.

Keywords UV-B stress - Achyranthes japonica - Anthocyanin - Circadian regulation - Antioxidant defense -
Photoprotection
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induction, reactive oxygen species (ROS) production, and
ultimately decreased crop productivity (Alexieva et al. 2001;
Jansen 2002; Paul and Gwynn-Jones 2003). Understanding
how plants perceive and respond to UV-B stress under future
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environmental conditions is crucial given these toxicologi-
cal effects. Simultaneously, evidence is growing that even
environmentally relevant levels of UV-B can induce diverse
physiological responses in plants, suggesting that UV radia-
tion functions not only as a stressor but also as an informa-
tional signal within the surrounding environment (Paul and
Gwynn-Jones 2003).

LED systems have advanced to enable controlled environ-
ment studies of UV-B signaling and toxicity by allowing pre-
cise spectral manipulation (Kusuma et al. 2020; Pinho et al.
2013). UV-B is perceived by a photoreceptor UVRS, which
activates networks involved in defense and the biosynthesis
of secondary metabolites, such as phenolics and flavonoids
(Jenkins 2014; Zhang and Bjorn 2009). These act as antioxi-
dants and UV screens, mitigating radiation-induced cellular
injury. Consistent with this, UV-B exposure increases flavo-
noid levels in broccoli sprouts (Mewis et al. 2012) and both
phenolic and flavonoid contents in basil microgreens (Dou
et al. 2019). Microgreens are suitable systems for evaluat-
ing the biochemical and toxicological effects of light stress
due to their rapid growth, heightened metabolic activity, and
responsiveness to light environments (Brazaityté et al. 2019;
Sirtautas et al. 2012).

Circadian regulation is critical to plant stress response.
The Earth’s rotation generates diel cycles, and plants have
endogenous circadian clocks that synchronize metabolism,
ROS homeostasis, and stress signaling with these environ-
mental thythms (Jiménez et al. 2021). Similar UV-B stimuli
can induce different physiological responses depending on
the time of day at which they are perceived (Harmer 2009).
In Arabidopsis, UV-B sensitivity is controlled by the cir-
cadian clock, with UVRS signaling and phenylpropanoid
metabolism exhibiting time-of-day specificity (Pérez-Llorca
and Miiller 2024; Takeuchi et al. 2014). Numerous second-
ary metabolite biosynthetic genes show circadian expres-
sion patterns associated with enhanced stress resilience
(Doherty and Kay 2010). Anthocyanin biosynthesis follows
a diel rhythm (Nguyen et al. 2015), and the transcription
of ROS-related genes is strongly circadian-regulated, con-
necting oxidative stress management to temporal metabolic
programming (Jiménez et al. 2021). These findings indicate
that circadian gating modulates toxicity by shaping how sen-
sitive plants are to UV-B exposure.

Anthocyanins are protective metabolites with strong
antioxidant capacity that can mitigate UV-B-induced DNA
damage (Chalker-Scott 1999; Takahashi et al. 1991). UV-B
activates the UVR8-HY5-MYB regulatory axis to promote
anthocyanin and flavonoid biosynthesis (Zhang et al. 2009),
and anthocyanin-rich species, such as Lycium ruthenicum,
show substantial pigment induction following UV-B treat-
ment (Chen et al. 2024). Recently, imaging-based pheno-
typing tools are now effective methods for quantifying pig-
ment responses to environmental stress. The normalized
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difference anthocyanin index (NDAI) correlates strongly
with chemically quantified anthocyanin content and can
also estimate leaf or canopy area (Kim and van Iersel 2023;
Liu et al. 2024; Zhu et al. 2025), providing a scalable, non-
destructive method for monitoring UV-B-induced oxidative
and metabolic responses.

Achyranthes japonica is a traditionally valued medici-
nal herb containing triterpenoid saponins, polyphenols, and
flavonoids with anti-inflammatory and antioxidant proper-
ties (Boo et al. 2010; Cho 2015; Jeong 2011). However,
research has focused almost exclusively on mature tissues
and extract-based pharmacology (Lee et al. 2012; Park
et al. 2013), leaving the microgreen stage largely unexam-
ined. However, no studies have examined the response of A.
Jjaponica microgreens to UV-B stress or the modulation of
pigment accumulation, ROS-associated toxicity, or antioxi-
dant defenses by temporal factors such as irradiation timing.

UV-B is becoming increasingly significant for the envi-
ronment. It is also important for increasing the production
of secondary metabolites. The effects of short-term UV-B
exposure on the growth, anthocyanin accumulation, and anti-
oxidant capacity of A. japonica microgreens were examined
in this study. The study offers insights into the regulation
of radiation-induced toxicity by evaluating UV-B responses
under different circadian cycles. These findings suggest that
A. japonica microgreens could serve as a plant-based model
for environmental toxicology.

Materials and methods
Plant materials and cultivation conditions

Achyranthes japonica Nakai seeds were obtained from Aram
Seeds Co., Ltd. (Seoul, Republic of Korea). For each treat-
ment, 1 g of A. japonica seed was sown in a plastic tray
(31.5%23x7.5 cm, LX Wx H) filled with a commercial gin-
seng soil mix medium in a cultivation room. Germination
was carried out in the dark for 4 days, and then the light was
turned on. The cultivation room was maintained at 23 +2 °C,
50+ 10% relative humidity, and 170+ 15 pmol m~2 s~! pho-
tosynthetic photon flux density (PPFD) using white LEDs
over a 12 h photoperiod. The plants were irrigated with
Hoagland’s nutrient solution (pH 6.0, EC 1.0 dS m™).

Light treatment

Seventeen-day-old A. japonica microgreens were exposed
to UV-B for one day prior to harvesting (day 18, Fig. 1A).
UV-B LEDs (TUNP-AG120-UV-B100%-23W-PA, Japan
Magnets, Suwa, Japan; peak wavelength at 308 nm) were
used to provide a supplemental irradiance of 1.0+0.1 W
m~2 (Fig. 1B), and UV-B levels were measured using an



Molecular & Cellular Toxicology

Harvest
(A) (B)
One day
. . . —~100-
9:00 21:00 9:00 (nextday) = n
Control | [ | 2
2
Day 2
£ 504
Night o
Day&Night = J k
14
. . 0 T T T T T
[ vight  EEH Lightsuv-B 200 300 400 500 600 700 800
[ park [EZ Dark+UV-B Wavelength (nm)

Fig. 1 Schematic illustration of UV-B treatment (A) and spectral dis-
tribution of UV-B LEDs (B) used in this study. The periods of UV-B
irradiation were from 09:00 to 21:00 (Day UV-B), 21:00 to 09:00

LP471-UVB sensor (Delta OHM, Padova, Italy; supplied
by PCE Instruments S.L., Albacete, Spain). The treat-
ments consisted of three UV-B exposure conditions: day-
time exposure for 12 h with white LEDs on (Day), night-
time exposure for 12 h with white LEDs off (Night), and
continuous exposure for 24 h combining both conditions
(Day&Night). Control plants were not exposed to UV-B
radiation.

Image-based analysis of anthocyanins

Top-down photographs of each experimental plant were
captured using an iPhone 13 Pro Max camera immediately
before harvesting following UV-B treatment. The RGB
images were analyzed using an open-source Python pro-
gram to calculate the normalized difference anthocyanin
index (NDAI), a recently developed image-based index
proposed by Kim and van Iersel (2023) for estimating
anthocyanin concentration in plant tissues. The program
automatically segmented the plant regions from the back-
ground and extracted the pixel intensities from the red
(I1eq) and green (/y,) channels of each image (Fig. 2).
The NDAI was calculated as follows:

-1 green

Ir
NDAI = =
ny

red green

)

where I represents the pixel intensity (Kim and van Iersel
2023). Pixel-wise NDAI values were compiled into normal-
ized histograms (area=1), and kernel density estimation
(KDE) was applied to visualize the distribution of anthocy-
anin-related signals.

(Night UV-B), and continuously for 24 h (Day and Night UV-B).
The irradiance of UV-B light was maintained at 1.0+0.1 W m™2 and
applied one day before harvest

Projected green cover

Projected green canopy cover (%) was determined from the
same RGB images using a Python-based algorithm described
by Patrignani and Ochsner (2015). Green pixels correspond-
ing to photosynthetically active tissues were identified, and
green cover was calculated as the proportion of green pixels
relative to the total tray area.

Measurement of chlorophyll fluorescence, SPAD
value, and anthocyanin content

The aerial parts of A. japonica seedlings were treated with
different UV-B irradiation cycles for one day. Five plants
were selected from each treatment group for biological rep-
lications. After 15 min of dark adaptation, the Fv/Fm values
of true leaves were measured using a portable chlorophyll
fluorometer (OS30P+, OPTI-SCIENCES. Inc., Hudson,
NH, USA). Measurements were taken at 9:00 AM on the
day of harvest, after UV-B treatment. SPAD values (SPAD-
502Plus, Konica Minolta, Osaka, Japan) were measured
using the largest true leaf. The anthocyanin content was
measured using an ACM-200 Anthocyanin Content Meter
(Opti-Sciences Inc., Hudson, NH, USA).

Determination of biomass and growth
characteristics

Growth parameters were measured at 18 days after sowing.
Fresh weight (FW), dry weight (DW), and relative water
content (RWC) were measured on a tray basis, with each
tray considered one experimental unit. Shoot height was
measured in four randomly selected individual plants per
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tray. FW and DW were determined using a digital balance,
and DW was obtained after oven-drying samples at 55 °C
for 72 h. RWC was calculated based on the FW and DW
values (Garnier et al. 1994). Compactness was calculated at
the individual plant level as the ratio of DW (mg plant™!) to
shoot height (Moon et al. 2023):

RWC(%) = FW(g) — DW(g)/FW(g) X 100,

Compactness (mg cm™') = DW(mg/plant)/plant height(cm).

Bioactive compounds and antioxidant properties
analysis

Total phenolic content (TPC) was determined using a
slightly modified Folin—-Denis method (Ainsworth and
Gillespie 2007). TPC was expressed as milligrams of gallic
acid equivalents (mg GAE g~! DW). The total flavonoid con-
tent (TFC) was analyzed using a modified method described
by Pe¢kal and Pyrznska (2014). TFC was expressed as mil-
ligrams of quercetin equivalents (mg QE g™! DW).

Antioxidant activity was assessed using DPPH, ABTS,
and FRAP assays, with minor modifications as described by
Lee et al. (2022). Dried powdered samples were extracted
using 50% methanol and stirred for 14 h at room temper-
ature. Absorbance was measured at 525 nm for DPPH,
732 nm for ABTS, and 590 nm for FRAP. Results were
expressed as mg ascorbic acid equivalents or mg FeSO,
equivalents g”! DW.

Statistical analysis

Data were analyzed using one-way ANOVA followed by
Tukey’s post-hoc test (p <0.05). Results are presented as
mean + SD. Statistical analyses and graphs were generated
using GraphPad Prism (version 8.4), and correlation and
heatmap analyses were performed using SRplot (https://
www.bioinformatics.com.cn).

Results

Growth characteristics of Achyranthes japonica
microgreens under different UV-B treatments

Changes in plant morphology are used to evaluate UV-B
sensitivity (Zu et al. 2010). Achyranthes japonica (A.
Jjaponica) microgreens reacted differently to UV-B exposure
(Fig. 3, Table 1). Fresh weight (FW) decreased with UV-B
treatments, most notably with continuous Day&Night expo-
sure. In contrast, dry weight (DW) did not differ significantly
among treatments, suggesting that UV-B radiation affected

fresh biomass and water-related parameters more strongly
than total dry matter accumulation.

The relative water content (RWC) was highest in the
control, slightly decreased under the Day and Night treat-
ments. It was lowest under continuous UV-B exposure.
There was no significant variation in plant height under
the treatments. Compactness decreased most significantly
under the Night UV-B treatment, indicating reduced tissue
density and structural robustness. These morphological ten-
dencies were consistent with Fig. 3, which shows that plants
exposed to continuous UV-B irradiation had visibly reduced
leaf area, decreased canopy density, and an overall dwarfed
appearance.

Photosynthetic efficiency and pigment-related
traits under different UV-B treatments

The photosynthetic efficiency and pigment-related traits of
A. japonica microgreens were influenced by the timing of
UV-B exposure (Fig. 4). The maximum quantum yield of
PSII (Fv/Fm) remained comparable to that of the control
under the Day UV-B treatment (Fig. 4A), indicating mini-
mal photoinhibition. In contrast, the Night UV-B treatment
reduced the Fv/Fm values, while daytime treatment showed
the lowest values. Continuous UV-B exposure caused severe
PSII damage.

Chlorophyll content, measured via SPAD values
(Fig. 4B), was significantly reduced in the Day UV-B treat-
ment compared to the control. However, SPAD values were
similar to or higher than the control for both the Night and
Day&Night treatment. Anthocyanin accumulation increased
following UV-B exposure (Fig. 4C). Both Day and Night
treatments produced moderate increases relative to the con-
trol, whereas the Day&Night treatment showed the highest
anthocyanin index, indicating an enhancement of pigment
biosynthesis under prolonged UV-B irradiation.

Canopy image analysis: green cover and normalized
difference anthocyanin index (NDAI)

Canopy imaging analysis revealed clear differences in green
cover and anthocyanin-related spectral traits depending on
the timing of UV-B exposure (Fig. 5). Green cover (%) did
not differ significantly among the Control, Day, and Night
treatments, remaining at comparable levels (Fig. 5A). How-
ever, the Day&Night treatment exhibited a significant reduc-
tion in green cover, indicating a reduced canopy density
under continuous UV-B exposure.

NDALI responses also varied according to the UV-B tim-
ing (Fig. 5B). The Day and Day&Night treatments showed
significantly higher NDAI values than the Control, reflect-
ing enhanced anthocyanin-related reflectance in the for-
mer. The Night treatment was not significantly different
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Fig.3 Achyranthes japonica microgreen responses (A) to UV-B
LEDs used in this study. The periods of UV-B irradiation were from
09:00 to 21:00 (Day UV-B), from 21:00 to 09:00 (Night UV-B), and

Day&Night

Night
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Night Day&Night

continuously for 24 h (Day&Night UV-B). B Representative photo-
graphs of Achyranthes japonica microgreens after UV-B treatment

Table 1 Growth parameters of

; . ; Growth Parameter Treatments

Achyranthes japonica Nakai

microgreens under different Control Day Night Day & Night

UV-B treatment periods
FW (g) 16.22+0.57" a¥ 14.32+0.87 ab 15.19+0.53 ab 12.64+0.61 b
DW (g) 1.25+0.04 a 1.25+0.06 a 1.25+0.05 a 1.20+0.06 a
RWC (%) 92.32+0.11a 91.27+0.25b 91.82+0.11 ab 90.54+0.06 ¢
Plant height (cm) 4.03+0.03 a 3.98+0.08 a 3.88+0.14 a 3.80+0.05 a
Compactness (mg - cm™) 5.50+0.11a 527+0.28a 3.76+0.37b 4.39+0.3 ab

“Values represent mean+S.D. (n=4)

YDifferent letters indicate significant differences among treatments according to Tukey’s HSD test

(p<0.05)

from the control. This suggests that nighttime UV-B alone
was insufficient to induce strong canopy-level anthocyanin
accumulation.

The kernel density estimation of the pixel-wise NDAI
distribution further corroborated these findings (Fig. 5C).
The Day and Day&Night curves shifted to higher NDAI val-
ues, suggesting increased anthocyanin accumulation through
the canopy. Conversely, the Night treatment had a distribu-
tion almost identical to the control, a minimal anthocyanin
response to UV-B exposure at night.

@ Springer

Secondary metabolites and antioxidant capacity
under different UV-B treatments

A. japonica microgreens accumulated different levels of
secondary metabolites and antioxidant capacity depending
on when they were exposed to UV-B exposure (Fig. 6). The
total phenolic content increased significantly under the Day
and Day&Night treatments; both showed higher levels than
the Control and Night treatments (Fig. 6A). The total fla-
vonoid content showed an opposite pattern (Fig. 6B). The
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Fig.5 Representative top-view canopy segmentation masks of con-
trol, Day-UV-B, Night-UV-B, and Day&Night-UV-B treatments at
harvest. A Canopy cover (%) calculated as the proportion of green
pixels per image. B Mean normalized difference anthocyanin index
(NDAI)+SD for each treatment, calculated from canopy RGB

Control and Day treatments maintained similar high levels.
The Night and Day&Night treatments exhibited significantly
reduced flavonoid accumulation. This indicates the suppres-
sion of flavonoid biosynthesis under nighttime or continuous
UV-B exposure.

Antioxidant assays revealed treatment-dependent
responses. DPPH radical-scavenging activity was highest in
the Day treatment, followed by Day&Night, with the Control
and Night treatments showing significantly lower activities
(Fig. 6C). A similar tendency was observed for ABTS scav-
enging capacity: the Day treatment exhibited the strongest
activity, the Night and Day&Night showed intermediate
levels, and the Control showed the lowest values (Fig. 6D).
Ferric-reducing antioxidant power (FRAP) was enhanced
under Day and Day&Night UV-B treatments (Fig. 6E).

Correlation analysis among growth, physiological,
and biochemical parameters

The correlation matrix showed different patterns of associa-
tion among the growth parameters, pigment characteristics,

Treatments

-075 -050 -025 000 025 050 075 1.00

NDAI value

Night Day&Night

-
o
=3

images using Python-based image analysis. C Kernel density estima-
tion of the normalized difference anthocyanin index (NDAI) under
different UV-B treatments. Bars represent the mean +SD (n=4). Dif-
ferent letters indicate significant differences at p <0.05 (Tukey’s HSD
test)

and antioxidant activities of A. japonica microgreens that
were exposed to different UV-B treatments (Fig. 7). There
was a strong positive correlation (r=0.75-1.00) among
fresh weight, dry weight, plant height, and relative moisture
content, suggesting these growth characteristics changed
across the treatments. Compactness showed a moderate
positive correlation with antioxidant activity such as FRAP
and DPPH (r=0.44-0.47). Strong intercorrelations were
noted between the FRAP, ABTS, and DPPH antioxidant
assays (r=0.80-0.97). Furthermore, the total phenol con-
tent exhibited a strong positive correlation with antioxi-
dant activity (r=0.50-0.78). Anthocyanins demonstrated
a moderate correlation with the ABTS and DPPH assays
(r=0.74-0.84). SPAD values were negatively correlated
with phenols, flavonoids, and antioxidant properties, and
showed weak correlations with growth parameters. Green
cover showed a strong positive correlation (r=0.84-0.99)
with biomass-related traits and a very strong positive cor-
relation (r=0.99) with anthocyanins and NDAI. NDAI and
total phenol content and antioxidant activity showed a strong
positive correlation (r=0.74-1.00), and a strong positive
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Fig.6 Effects of different UV-B treatment periods on second-
ary metabolite accumulation and antioxidant activity of Achyran-
thes japonica microgreens at harvest. A Total phenolic content and
B total flavonoid content of the extracts. C 2,2-diphenyl-1-picryl-
hydrazyl radical-scavenging activity (DPPH), D 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) radical-scavenging activity

correlation (r=0.84-0.99) with FW, DW, plant height, and
percentage green cover.

Discussion

UV-B exposure affects Achyranthes japonica depending
on the duration and timing of exposure. The fresh or dry
weight was not significantly affected by short-term UV-B
exposure during the day or night, suggesting that the dose
was insufficient to cause irreversible oxidative or structural
damage. This result is similar to what other studies have
found about how leafy vegetables and microgreens can toler-
ate moderate UV-B radiation (Lee et al. 2021). In contrast,
continuous 24-h UV-B irradiation resulted in growth inhibi-
tion, as indicated by reduced fresh weight and relative water
content. Dry weight, however, remained unchanged. This
pattern suggests that continuous UV-B exposure primarily
affects water content rather than structural biomass accumu-
lation. This response has also been observed in other spe-
cies under UV-B stress (Bandurska et al. 2013). There was
no significant difference in plant height between treatments,
but a slight visual decrease in height upon UV-B irradiation
was observed, consistent with a UV-B avoidance mecha-
nism. These mechanisms include reduced elongation and
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(ABTS) and E Ferric-reducing antioxidant power (FRAP). Bars rep-
resent mean +standard deviation (n=9 for phenolic and flavonoid
content; n=4 for antioxidant assays). Different letters above the bars
indicate significant differences among treatments according to Tuk-
ey’s HSD test at p <0.05

minimized leaf expansion, which decrease incident UV-B
absorption (Caldwell et al. 2007).

Compactness decreased under UV-B exposure at Night,
emphasizing circadian regulation in modulating UV-B
sensitivity. UV-B protective mechanisms, such as the
UVR8-HY5 photomorphogenic cascade, exhibit reduced
activity during the dark cycle (Takeuchi et al. 2014; Brown
and Jenkins 2008). This circadian gating increases struc-
tural susceptibility to UV-B stress at night. This is likely
explaining the more pronounced reduction in compactness
compared to daytime exposure.

Canopy level responses reflected these leaf-scale effects
and were measured. Green cover remained stable under short
daytime and nighttime exposures but decreased under con-
tinuous UV-B, indicating growth inhibition. Similar reduc-
tions in canopy density were reported in potato plants under
continuous UV-B stress (Zhang et al. 2025). Because UV-B
increases ROS production and reduces leaf expansion (Chen
et al. 2016), the decline in canopy density under continuous
exposure reflects cumulative physiological stress.

Photosynthetic performance showed strong time-depend-
ent effects. Daytime UV-B maintained Fv/Fm values within
the normal range (Bartold and Kluczek 2024), suggesting
effective photoprotective mechanisms when UV-B is per-
ceived with visible light (Takeuchi et al. 2014). In contrast,
nighttime and continuous UV-B exposure significantly
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Fig. 7 Pearson’s correlation matrix of growth, physiological, and bio-
chemical parameters of Achyranthes japonica microgreens under dif-
ferent UV-B treatments. The correlation coefficients were calculated
using the mean value of each parameter across all replicated measure-

reduced Fv/Fm, consistent with the reduction in PSII effi-
ciency observed in Chenopodium album following continu-
ous UV-B irradiation (van Rensen et al. 2007). Earlier stud-
ies have reported that short-term UV-B exposure in the dark
can markedly decrease chlorophyll fluorescence, reflecting
the limited activation of protective mechanisms in the dark
(Skoérska 2000). Because downstream acclimation responses,
such as HY'5 induction (Brown and Jenkins 2008) and PSII

0 0.2 0.4 0.6 0.8 1

ments. Positive correlations are represented in red and negative cor-
relations in blue, with the color intensity corresponding to the cor-
relation strength

repair, including D1 turnover (Bachmann et al. 2004), are
strongly light dependent, minimal recovery from photodam-
age likely occurs during nighttime UV-B exposure, leading
to increased PSII damage.

Chlorophyll content (SPAD) decreased only under day-
time UV-B exposure. As chlorophyll breakdown is known
to be accelerated under illumination (Maunders and Brown
1983) and increase with exposure to visible or ultraviolet
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radiation (Sisson and Caldwell 1976), daytime UV-B
likely directly stresses chlorophyll biosynthesis or stabil-
ity. Despite the decrease in Fv/Fm, the SPAD reduction at
night is absent, suggesting that photoinhibition can occur
independently of changes in chlorophyll content.

UV-B exposure stimulated anthocyanin production in
all treatments. The largest increases occurred under con-
tinuous UV-B exposure during the day. Studies show that
anthocyanin biosynthesis is strongly light regulated and
responds to UV-B in the presence of visible light (Tsu-
runaga et al. 2013). For instance, buckwheat sprouts
accumulate negligible anthocyanin in the dark, but they
quickly produce it when exposed to UV-B or visible light
(Tsurunaga et al. 2013). The strong pigment enhancement
observed here suggests a photoprotective role for antho-
cyanins in mitigating UV-B-induced oxidative damage.

Image-based NDAI further showed the time-depend-
ence of pigment induction. NDAI increased in the Day
and Day&Night treatments but not in the Night treatment,
suggesting that pigment biosynthesis is strongly light
dependent and requires the activation of light-sensitive
transcriptional regulators, such as HY5 (Brown and Jen-
kins 2008; Yadav et al. 2020). Kernel density distribu-
tions confirmed higher NDAI values under daytime and
continuous exposure, while nighttime UV-B was similar to
the control. These results show that UV-B applied during
active photoperception triggers anthocyanin induction at
the canopy level.

Secondary metabolites also showed time-dependent
responses to UV-B treatments. The total phenolic content
increased under daytime and continuous UV-B exposure,
consistent with their role as UV absorbers (Mosadegh et al.
2018) and with ROS-mediated induction through the phe-
nylpropanoid pathway (Escobar et al. 2017). Conversely, fla-
vonoid content decreased significantly during the nighttime
and continuous exposure. Because flavonoid biosynthesis
is strongly light dependent (Downey et al. 2004; Petrussa
et al. 2013). Circadian modulation of UV-B signaling further
suggests that effective flavonoid-based protection is initiated
primarily during the photoperiod (Ferreyra et al. 2021).

Antioxidant activities (DPPH, ABTS, and FRAP) showed
similar patterns. Daytime UV-B treatment resulted in the
highest antioxidant activity levels, which is consistent with
increased phenolic and flavonoid accumulation (Ghasemza-
deh et al. 2016). Similar responses have been reported in
wheat, tomato, and barley under UV-B exposure (Chen
et al. 2019; Castagna et al. 2014; Wang et al. 2022), whereas
nighttime exposure resulted in the weakest antioxidant
response.

Correlation analysis showed a trade-off between growth
and defensive measures, with growth traits positively asso-
ciated with relative water content (Kaydan and Yagmur
2008), and defensive pigments positively associated with
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antioxidant activity, though negatively associated with
growth parameters (Gonzalez-Villagra et al. 2020; Song
et al. 2023).

A radar chart summarized these responses (Figure S1)
and shows that daytime UV-B exposure promotes balanced
acclimation, while continuous UV-B exposure shifts plant
metabolism into defense strategies at the disadvantage of
growth. Overall, these findings emphasize the importance
of timing in regulating UV-B-induced stress responses and
defense strategies in microgreens.

This study investigated the physiological and metabolic
responses of Achyranthes japonica microgreens to different
UV-B exposure times. Daytime UV-B exposure activates
photoprotective and antioxidant mechanisms, increasing
anthocyanins and phenolic compounds without affecting
PSII function. Nighttime and continuous UV-B exposure
increased photochemical stress and decreased water status,
demonstrating a circadian regulation of UV-B sensitivity.
These results suggest that UV-B acts as a signaling molecule
as an environmental stressor, and microgreens may serve as
a model for assessing UV-B-induced physiological stress
under changing environmental conditions.
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