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Abstract
Environmental regulation of secondary metabolites constitutes the theoretical
and practical foundation for high-quality cultivation of medicinal plants. How-
ever, to date, research on the effects of short-term ultraviolet induction on the
accumulation of medicinal active components remains relatively limited. This
study employed the light-environment-sensitive plant Dictamnus dasycarpus as
the research subject to investigate the inductive effects of short-term ultraviolet
(UV) radiation enhancement at different intensities (low and moderate doses)
on four active constituents—obacunone, fraxinellone, dictamnine, and limonin�
—in its roots, stems, and leaves. The results demonstrated: (1) Under both
low- and moderate-dose�UV-A and�UV-B radiation conditions, the maximum
photochemical quantum yield (Fv/Fm) of Photosystem�II (PS II) in Dictamnus
dasycarpus leaves exceeded�0.76; the actual photosynthetic quantum yield of PS
II�Y(II), quantum yield of regulated energy dissipation�Y(NPQ), photochemical
quenching coefficient (qL), and non-photochemical quenching coefficient (NPQ)
showed no significant differences compared with the control (without UV ra-
diation treatment); both low- and moderate-dose�UV-B radiation significantly
increased the quantum yield of non-regulated energy dissipation�Y(NO) of PS II
in Dictamnus dasycarpus. (2) Moderate short-term UV radiation enhancement
could induce rapid accumulation of medicinal active components in Dictam-
nus dasycarpus, with the four active constituents in the roots increasing by up
to�51%, primarily accumulating in the roots of Dictamnus dasycarpus. Among
these treatments, moderate-dose�UV-A radiation and low-dose�UV-B radiation
exhibited the most pronounced effects, not only significantly elevating the four
active components—obacunone, fraxinellone, dictamnine, and limonin�—in the
roots, but also promoting the accumulation of dictamnine and fraxinellone in
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the stems and leaves. In summary, these findings indicate that short-term UV
radiation enhancement can effectively induce the accumulation of medicinal ac-
tive components in Dictamnus dasycarpus and improve its tolerance to light
intensity by enhancing the non-photochemical efficiency of�PS II.
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Abstract

Environmental regulation of secondary metabolic components forms the theo-
retical and practical foundation for high-quality cultivation of medicinal plants.
However, research on the accumulation effects of short-term ultraviolet (UV)
induction on medicinal active ingredients remains relatively limited. This study
investigated the inductive effects of short-term enhanced UV radiation at dif-
ferent intensities (low and moderate doses) on four active ingredients—oba-
cunone, fraxinellone, dictamnine, and limonin—in the roots, stems, and leaves
of Dictamnus dasycarpus, a plant sensitive to light environments. The results
showed: (1) Under both low- and moderate-dose UV-A and UV-B radiation,
the maximum photochemical quantum yield of photosystem II (Fv/Fm) in D.
dasycarpus leaves remained above 0.76. Compared with the control (without
UV radiation treatment), no significant differences were observed in the ac-
tual photosynthetic quantum yield of PS II Y(II), regulated energy dissipation
quantum yield Y(NPQ), photochemical quenching coefficient (qL), and non-
photochemical quenching coefficient (NPQ). Both low- and moderate-dose UV-B
radiation significantly increased the non-regulated energy dissipation quantum
yield Y(NO) of D. dasycarpus PS II. (2) Appropriate short-term UV radiation
enhancement induced rapid accumulation of medicinal active components in D.
dasycarpus, with the four active ingredients in roots increasing by up to 51%,
primarily accumulating in the roots. Moderate-dose UV-A and low-dose UV-B
radiation showed the most pronounced effects, significantly increasing the four
active components (obacunone, fraxinellone, dictamnine, and limonin) in roots
while also promoting dictamnine accumulation in stems and fraxinellone ac-
cumulation in leaves. In summary, these findings demonstrate that short-term
enhanced UV radiation effectively induces accumulation of medicinal active com-
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ponents in D. dasycarpus and enhances its light intensity tolerance by improving
the non-photochemical efficiency of PS II.

Keywords: ultraviolet radiation, Dictamnus dasycarpus, secondary
metabolism, medicinal ingredients, photosynthetic characteristics

Dictamnus dasycarpus is a perennial herbaceous plant in the Rutaceae family,
and its root bark (Dictamni Cortex) is a commonly used traditional Chinese
medicine and major medicinal material in China. The primary pharmacological
substances are alkaloids and limonoids, which are bioactive secondary metabo-
lites. The four most important compounds are obacunone (C26H30O7), fraxinel-
lone (C14H16O3), dictamnine (C12H9NO2), and limonin (C26H30O8). The first
two are mandatory testing items specified in the Pharmacopoeia of the People’
s Republic of China (2020 edition), requiring minimum contents of 0.15% for
obacunone and 0.05% for fraxinellone based on dry weight. The content of these
primary active components is a critical indicator of D. dasycarpus quality. Al-
though wild D. dasycarpus exhibits high medicinal quality, its long growth cycle
and difficult harvesting have led to decreasing wild resources due to large-scale
collection. Moreover, in traditional practice, only the root bark is used medic-
inally while the aboveground parts are discarded, causing substantial resource
waste. Therefore, improving resource utilization and quality of D. dasycarpus
has become an urgent issue. Zhao et al. (2020) found that artificially cultivated
D. dasycarpus in some regions fails to meet pharmacopoeia standards, with oba-
cunone content at only 0.10% and fraxinellone at 0.033%. Production conditions
and environmental factors affect D. dasycarpus quality. To improve medicinal
material quality, utilizing environmental factors to interfere with plant growth
and regulate metabolic pathways has become a research hotspot, with studies
demonstrating that environmental modification effectively enhances secondary
metabolite accumulation in D. dasycarpus (Du et al., 2005; Liu et al., 2016).
Consequently, research on environmental factor effects on medicinal components
is needed to guide artificial cultivation and enhance active ingredient content
through environmental induction.

Light is an essential environmental factor for plant photosynthesis, affecting
plant development through intensity and quality, and serves as a primary reg-
ulator of both primary and secondary metabolism while controlling various
metabolic signaling processes (Porto et al., 2020). Solar radiation includes ultra-
violet, visible, and infrared bands, with different wavelengths acting on plants
through photosynthesis, receptor activation, and damage induction (Christie &
Briggs, 2001; Ahmad et al., 2002; Flint & Caldwell, 2003). Previous studies
indicate that UV radiation can influence plant secondary metabolite accumula-
tion by 10%–300% (Kakani et al., 2003). Higher plants have evolved defense
mechanisms against UV damage, including wax formation and trichomes on
stems and leaves, synthesis of UV-absorbing substances such as flavonoids and
phenols (Barnes et al., 2016; Valenta et al., 2020), and repair of damaged DNA
via antioxidant and enzyme systems (Bornman et al., 2015). UV-A determines
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plant sensitivity to UV-B, with blue light receptors including phytochrome A,
cryptochromes, and phototropins absorbing certain UV-A radiation (Krizek,
2004). UV-A exerts both positive and negative effects on plant growth, biomass
allocation, and synthesis of secondary metabolites like phenols and flavonoids
(Valenta et al., 2020). Plant photosynthesis and medicinal component responses
to radiation depend on radiation intensity, plant species, and environmental con-
ditions (Yue et al., 2005). Li and Yue (2005) found that Fritillaria thunbergii
showed good growth and significantly increased alkaloid content under moder-
ate UV-B radiation, while Fu et al. (2017) reported that enhanced UV radiation
significantly increased secondary metabolites such as genipin and flavonoids. Ap-
propriate UV-B intensity can promote accumulation of various medicinal active
components, including flavonoids, alkaloids, and terpenoids (Zhang & Björn,
2009).

Advances in UV LED technology and habitat suitability analysis have made di-
rectional induction of medicinal active components via light quality feasible for
field production, though specific control parameters remain scarce. Currently,
artificially cultivated plants in China exhibit far lower medicinal efficacy than
wild plants. Solving this critical issue through directional light quality induc-
tion is crucial for protecting wild plant resources. Therefore, to improve active
component content in cultivated D. dasycarpus, this study used two-year-old
D. dasycarpus plants for cultivation experiments under different UV radiation
intensities to explore responses of photosynthetic characteristics and four pri-
mary active components to short-term UV radiation enhancement. The study
addresses three questions: (1) Does D. dasycarpus suffer damage under short-
term different UV radiation conditions? (2) Is utilization efficiency improved?
(3) How do medicinal components in various organs respond to UV radiation?
The findings reveal UV radiation effects on medicinal component accumulation
and provide technical support for high-quality cultivation and industrial devel-
opment of D. dasycarpus.

1.1 Experimental Materials and Treatment Conditions

One hundred fifty two-year-old potted D. dasycarpus plants with uniform growth
were selected, using forest understory black soil as the cultivation substrate with
three plants per pot. The plants were divided into five groups of 30 plants each.
Pre-cultivation was conducted in an artificial climate chamber using white LED
light sources (NVC Lighting Technology Co., Ltd., Huizhou) at 400 �mol・m−2・
s−1 intensity with a 10 h・d−1 photoperiod until plants developed four fully
expanded leaves. Five different light treatment groups were then established:
(1) Control group (CK) with the same light intensity and photoperiod as pre-
cultivation; (2) Low-dose UV-A radiation enhancement group (UVAL) with 2
W・m−2 UV-A added to CK; (3) Moderate-dose UV-A radiation enhancement
group (UVAM) with 4 W・m−2 UV-A added to CK; (4) Low-dose UV-B radi-
ation enhancement group (UVBL) with 0.25 W・m−2 UV-B added to CK; (5)
Moderate-dose UV-B radiation enhancement group (UVBM) with 0.50 W・m−2
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UV-B added to CK.

These UV radiation intensities were determined through preliminary experi-
ments, with moderate dose defined as the intensity causing no obvious leaf burn
and low dose set at half that intensity. Specific intensities were achieved by
adjusting the distance between plants and UV LED light sources. The UV-B
LED source (36 W) was produced by Beijing Lighting Research Institute, and
the UV-A LED source (40 W) by Dongguan Senxia Electronic Technology Co.,
Ltd. To reduce cumulative damage from prolonged UV-B radiation, intermit-
tent radiation was applied (15 min radiation every 30 min) for a total daily
UV-B radiation time of 2 h. UV-A radiation cycle matched the visible light
photoperiod at 10 h・d−1. Soil moisture was supplemented every 2 days during
the treatment period to maintain maximum water content, ensuring no water
inhibition occurred within 2 days. Photosynthesis measurements and active
component analysis were performed after 7 days of treatment.

1.2 Photosynthesis Measurement

After 7 days of treatment, on a clear morning between 8:00–10:00, fully expanded
leaves at the first consistent leaf position from the shoot tip were selected for
photosynthesis measurement without dark adaptation. During measurement,
air temperature (T���) was 25 °C, relative humidity (RH) was 60%, and CO2
concentration was 400 �mol・mol−1. Light response curves were measured using a
Li-6400 portable photosynthesis system (Li-Cor, USA) with photosynthetically
active radiation (PAR) set at 2,000, 1,600, 1,200, 800, 600, 200, 100, and 0 �mol・
m−2・s−1. Light intensity decreased from high to low, with approximately 5 min
equilibrium at each gradient. Measured parameters included net photosynthetic
rate (P�), respiration rate (R�), and transpiration rate (T�), with five replicates
per leaf and averages used for statistical analysis.

The light response curve fitting model used an exponential function: P� =
P����(1-e−��/�𝑛���) - R� (the exponential model has no extreme values, requir-
ing estimation of light saturation intensity. Following Wang et al. (2006), light
saturation intensity was assumed as the intensity corresponding to 0.9P���� or
0.99P����, with 𝛼=0.05, P����=20, R�=1). Chlorophyll fluorescence characteristics
were measured using a PAM-2000 portable modulated chlororophyll fluorome-
ter (Walz, Germany). After 20 min dark adaptation, minimum fluorescence
yield (F�) and maximum fluorescence yield (F�) were measured, followed by
light-adapted fluorescence (F’), maximum fluorescence (F�’), and minimum
fluorescence (F�’) at 600 �mol・m−2・s−1 intensity without adaptation. PS II
maximum photochemical quantum yield (F�/F�), actual photosynthetic quan-
tum yield Y(II), non-photochemical quenching coefficient (NPQ),“lake model”
-based photochemical quenching coefficient (qL), non-regulated energy dissipa-
tion quantum yield Y(NO), and regulated energy dissipation quantum yield
Y(NPQ) were calculated using the fluorometer’s built-in formulas: F�/F� = (F�
- F�)/F�; Y(II) = (F�’- F�)/F�’; NPQ = (F� - F�’)/F�’; qL = (F�’- F�)/(F�’-
F�’) × (F�’/F�); Y(NO) = F�/F�; Y(NPQ) = 1 - Y(II) - Y(NO).

chinarxiv.org/items/chinaxiv-202205.00157 Machine Translation

https://chinarxiv.org/items/chinaxiv-202205.00157


1.3 Active Component Content Detection

After 7 days of treatment, 10 plants per group were sampled and separated into
roots, stems, and leaves. Each sample was ground with 8 mL methanol, ultra-
sonically extracted for 1 h (100 W power, 40 kHz frequency, 40 °C temperature),
centrifuged at 8,000 r・min−1 for 10 min, and the supernatant was concentrated
to dryness using a vacuum rotary evaporator at 40 °C. The residue was redis-
solved in 2 mL chromatographic-grade methanol, centrifuged again at 8,000 r・
min−1 for 10 min, and the supernatant was stored at -20 °C for chromatographic
analysis.

Contents of obacunone, fraxinellone, dictamnine, and limonin were determined
following the method established by Cao et al. (2018) using an e2695-2998 HPLC
system (Waters, USA) with a Waters Symmetry® C18 column (4.6 mm × 250
mm, 5 �m). The mobile phase consisted of acetonitrile (A) and ultrapure water
(B) with gradient elution (0–20 min, 45.0%–55.0% A) at 1.0 mL・min−1 flow rate,
35 °C column temperature, and injection volume of �L. Detection wavelengths
were 210 nm and 236 nm.

1.4 Data Analysis

Significance analysis and t-tests between groups were performed using the ggsig-
nif package in R 4.1.2 to determine statistical significance of differences in pho-
tosynthetic characteristics and active component contents among treatments.
Figures were generated using the ggplot2 package.

2.1 Effects of Short-term UV Radiation Enhancement on Photosyn-
thetic Characteristics of D. dasycarpus

Short-term UV-A and UV-B radiation enhancement had distinct effects on pho-
tosynthetic characteristics of D. dasycarpus (Fig. 1). The PS II maximum pho-
tochemical quantum yield (F�/F�) significantly increased in the UVAL group but
decreased significantly in UVBL and UVBM groups. No significant differences
were observed among treatment groups in PS II actual photosynthetic quantum
yield Y(II), regulated energy dissipation quantum yield Y(NPQ), photochemical
quenching coefficient (qL), or non-photochemical quenching coefficient (NPQ).
The primary effect of UVBL and UVBM treatments on photosynthetic quan-
tum yield was a significant increase in non-regulated energy dissipation quantum
yield Y(NO).

Although UV-A treatment increased net photosynthetic rate (P�), the difference
was not significant compared with CK. UVBM treatment significantly inhibited
P�. No significant differences were observed among groups in respiration rate
(R�). UVAM treatment significantly increased transpiration rate (T�).

** and * indicate significant differences at 0.01 and 0.05 levels, respectively; NS
indicates no significant difference. CK: white LED light control; UVAL: CK +
2 W・m−2 UV-A radiation; UVAM: CK + 4 W・m−2 UV-A radiation; UVBL:
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CK + 0.25 W・m−2 UV-B radiation; UVBM: CK + 0.5 W・m−2 UV-B radiation.
Black dots in the figure represent outliers. The same below.

Fig. 1 Effects of short-term enhanced ultraviolet radiation on photosynthesis of
Dictamnus dasycarpus

2.2 Effects of Short-term UV Radiation Enhancement on Active Com-
ponent Accumulation in D. dasycarpus

Different UV qualities and intensities differentially affected obacunone, fraxinel-
lone, dictamnine, and limonin contents in roots, stems, and leaves of D. dasy-
carpus (Figs. 2, 3, and 4). UVAM and UVBL significantly increased obacunone
content in roots, reaching 1.61- and 1.54-fold of CK, respectively. Fraxinellone
showed strong induction in UVBM, UVBL, and UVAM groups, averaging 1.5-
fold of CK. UVAM, UVBL, and UVBM significantly induced limonin accumula-
tion, reaching 1.61-, 1.54-, and 1.16-fold of CK, respectively. UVAL and UVAM
significantly induced dictamnine accumulation in roots, with UVAL achieving
1.56-fold of CK.

All four UV radiation enhancement treatments significantly affected total con-
tent of the four key active components in roots, with the UVAM treatment group
showing the highest active component content at 3.86 mg・g−1. In this group,
limonin content increased 1.46-fold and dictamnine increased approximately 1.5-
fold. Regarding the pharmacopoeia-required components, obacunone showed
the greatest enhancement while fraxinellone increased over 1.5-fold. The UVBL
treatment group ranked second with 3.61 mg・g−1, while UVBM and UVAL
groups showed lower contents at 3.19 and 2.94 mg・g−1, respectively, compared
with 2.56 mg・g−1 in CK. This represents a maximum increase of 51% in total
content compared with CK.

Active component contents in stems were relatively low (Fig. 3). Except for
UVAM significantly promoting dictamnine content, other treatments had no
significant effects on the four main active components in stems.

Fig. 2 Effects of short-term enhanced ultraviolet radiation on four active ingre-
dients in Dictamnus dasycarpus roots

Fig. 3 Effects of short-term enhanced ultraviolet radiation on four active ingre-
dients in Dictamnus dasycarpus stems

Among the four UV radiation enhancement treatments, only fraxinellone con-
tent in leaves was significantly affected, showing obvious induced accumulation
under UVBL (Fig. 4). No significant effects were observed on obacunone, dic-
tamnine, or limonin contents in leaves.

Fig. 4 Effects of short-term enhanced ultraviolet radiation on four active ingre-
dients in Dictamnus dasycarpus leaves
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3 Discussion

The PS II maximum photochemical quantum yield (F�/F�) is an important pa-
rameter for measuring PS II activity under various environmental stresses and
reflects the degree of plant damage (Zhang & Scheller, 2004). Under non-stress
conditions, plant PS II maximum photochemical quantum yield (F�/F�) gener-
ally ranges between 0.75–0.85 (Kitajima & Butler, 1975; Genty et al., 1989).
Research indicates that when F�/F� falls below 0.75, plant damage becomes ir-
reversible, and when F�/F� drops below 0.44, PS II reaction centers lose activity
(Schansker & Rensen, 1999). This study found that under both moderate- and
low-dose UV-A radiation, F�/F� in D. dasycarpus leaves remained stable above
0.8, indicating no UV-A stress effects. However, under low- and moderate-dose
UV-B radiation, F�/F� decreased significantly, suggesting PS II photodamage,
though the minimum value of 0.76 indicated reversible effects on photosynthetic
capacity. The four short-term UV radiation enhancement treatments caused no
irreversible damage to D. dasycarpus.

When photochemical energy conversion and protective regulatory mechanisms
cannot fully dissipate excess light energy, PS II photoinhibition occurs. Plant
leaves can mitigate negative effects of photoinhibition through PS II photodam-
age defense mechanisms (Pascal et al., 2005). Photosynthetic apparatus can al-
leviate photoinhibition through xanthophyll cycle energy dissipation (Demmig-
Adams & Adams, 1992), photorespiration (Osmond & Grace, 1995), and the
Mehler reaction (Flexas et al., 1999). This study revealed different energy al-
location strategies under different UV radiation types. Under UV-A radiation,
non-regulated energy dissipation quantum yield Y(NO), PS II actual photosyn-
thetic quantum yield Y(II), and regulated energy dissipation quantum yield
Y(NPQ) remained stable with increasing radiation intensity. Under UV-B ra-
diation, Y(NO) increased significantly, indicating increased energy directed to
non-photochemical reactions (Kramer et al., 2004) and tendency toward pho-
tosystem damage (Goss & Jakob, 2010; Jahns & Holzwarth, 2012). Although
damage may not have occurred yet, continued UV irradiation would cause in-
jury.

Non-regulated energy dissipation quantum yield Y(NO) represents electrons
transferred to PS II that neither participate in photochemical reactions nor un-
dergo regulated heat dissipation mediated by the xanthophyll cycle, but are
dissipated through photorespiration, Mehler reaction, or transferred to oxygen
for reactive oxygen species formation (Wang et al., 2009). This indicates that D.
dasycarpus can enhance its photosynthetic system non-photochemical efficiency
and avoid damage through self-regulation by increasing Y(NO). Additionally, all
treatments left photochemical quenching coefficient (qL) and non-photochemical
quenching coefficient (NPQ) unchanged. The qL reflects plant light energy
conversion capacity, while NPQ represents light energy absorbed by PS II an-
tenna pigments that cannot be used for photosynthetic electron transport and
is dissipated as heat—a self-protection mechanism for photosynthetic apparatus
(Kramer et al., 2004). This suggests that D. dasycarpus restored normal PS II
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reaction center electron transport activity by increasing Y(NO).

Plant secondary metabolites vary with growth environment (Li et al., 2012),
and regulating UV radiation intensity can increase contents of certain medic-
inally valuable secondary metabolites (Wu et al., 2012). Among the main ac-
tive components in D. dasycarpus, dictamnine is an alkaloid, while obacunone,
limonin, and fraxinellone are limonoid compounds (Cao, 2019). Limonoids
are highly oxidized tetranortriterpenoids, with fraxinellone being a degraded
limonoid and obacunone and limonin being limonoid aglycones. This study
found strong induction effects of moderate UV-A and low UV-B on obacunone,
limonin, and fraxinellone, with UV radiation promoting triterpenoid synthesis
and consequently affecting limonoid content in D. dasycarpus. Since obacunone
and limonin are upstream of fraxinellone synthesis (Cao, 2019), UV radiation
may promote obacunone and limonin synthesis, thereby increasing fraxinellone
content. UV radiation primarily controls synthesis of these three limonoid com-
pounds by altering expression of related enzyme genes in the mevalonic acid
(MVA) and 2-methylerythritol-4-phosphate (MEP) pathways. Current research
on D. dasycarpus metabolic pathways is limited, and the mechanism of active
component response to UV radiation requires further investigation.

Studies have confirmed that D. dasycarpus active substances are synthesized in
leaves and stems but accumulate in roots (Zhou et al., 2017), explaining why
root active component contents were significantly higher than those in stems
and leaves, consistent with Mao et al. (2015). This study found that moder-
ate UV-A radiation significantly promoted dictamnine accumulation in stems,
while low UV-B radiation significantly promoted fraxinellone accumulation in
leaves, improving utilization efficiency of stems and leaves. Active component
content in D. dasycarpus increases with growth years (Liu et al., 2015). Using
two-year-old plants, UV radiation treatment increased medicinal component con-
tent by 1.5-fold, suggesting that treatment of mature plants could more readily
elevate cultivated D. dasycarpus quality above pharmacopoeia standards. This
approach offers promising development prospects and provides a theoretical
basis for efficient production of active medicinal components and sustainable
development of D. dasycarpus.

4 Conclusion

This study investigated the induced accumulation effects of four medicinal active
components (dictamnine, obacunone, fraxinellone, and limonin) under short-
term, moderate UV-A and UV-B radiation enhancement. The results demon-
strated that under experimental conditions, D. dasycarpus could avoid damage
through self-regulation by enhancing PS II non-photochemical efficiency. Mod-
erate UV radiation enhancement increased medicinal active component content,
with the highest content in roots. Moderate UV-A and low UV-B radiation
showed the most pronounced induction effects on the four active components.
Therefore, in field production, appropriate UV radiation treatment one week
before harvest can not only enhance root active component content but also im-
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prove utilization efficiency of stems and leaves, achieving the goal of elevating
key active component content in cultivated D. dasycarpus. This approach is
significant for promoting sustainable utilization of D. dasycarpus resources.
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