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Abstract
This study aims to evaluate the effects of medium and high UV-B radiation on leaves of Acanthopanax
senticosus (Rupr. et. Maxim.) Harms. Two-year-old potted A. senticosus plant samples were respectively
exposed to two levels of artificial, biologically effective UV-B radiation under glasshouse-controlled
conditions: 1.972KJ/m2 and 3.442KJ/m2. Ordinary sunlight treatment was included as a control group, in
which major effects of UV-B were observed. It was discovered that UV-B enhanced the medicinal value
(especially eleutheroside B and E) of A. senticosus but impaired its growth. The sensitivity of leaves to
UV-B radiation varied across different parts of the plant, among which the upper leaves responded most
strongly. Furthermore, multiple types of phenolic compounds are synergistically involved in stress
resistance in different aspects, including up-regulation of UV-absorbing substances (C6C3C6-type,
kaempferol and rutin) and antioxidant enzyme synergists (C6C1-type, salicylic acid) as well as down-
regulation of antioxidants (C6C3-type, p-coumaric acid). Conclusion of this study may provide a new
perspective to improve the exploitation of A. senticosus.

Introduction
Acanthopanax senticosus (Rupr. et. Maxim.) Harms (syn. Eleutherococcus senticosus (Ruprecht &
Maximowicz) Maximowicz) is a deciduous shrub and a member of the Araliaceae family. It grows
abundantly in various regions of Russia, China, Korea, Southeast Asia, and north Japan. In China, this
species typically grows in forests or shrubs between altitudes from several hundred meters to more than
2000 meters (Wang et al. 2019b). A. senticosus is commonly known as Ciwujia or Siberian ginseng and
mainly grows in Shanxi, Hebei, and the north-eastern region in China (Jia et al. 2020). In recent years
research interest has been mounting on Chinese herbal medicines, meanwhile various therapeutic effects
are increasingly revealed. According to Chinese Pharmacopoeia, A. senticosus is a well-known traditional
Chinese medicine for applications such as kidney tonifying and tranquilization (Zhang et al. 2020). The
main active medicinal components of A. senticosus, such as triterperoid, saponins, lignans, flavones and
phenolic compounds, are derived from all parts of the plant (Wang et al. 2019a; Chen et al. 2020a). As
one of the main active medicinal components of A. senticosus, eleutheroside B has anti-diabetic, anti-
fatigue, sleep-enhancement, neuro-protection and antioxidant effects. It has also been reported that
eleutheroside E has anti-inflammatory, cardioprotective, ischemic, and insulin resistant effects (Shouhei
et al. 2018). Moreover, isofraxidin was reported to be anti-cancer and can prevent osteoarthritis, lipid
metabolism disorder and Alzheimer’s disease (Wang et al. 2020). It is also a functional food known for its
anti-fatigue, neuroprotective and immunomodulatory effects. The leaves and fruits of A. senticosus are
the main edible parts of the plant, specifically, A. senticosus leaf is consumed as a functional tea
beverage in China. In the United States and Europe, it is known as Ginseng tea and Siberian Ginseng tea.
Meanwhile, the widespread use of A. senticosus has gradually depleted resources, even causing an
ecological crisis (Xu et al. 2020). The consumption of A. senticosus root, the most common way, is
increasingly replaced by its leaf due to the similar effect. As a renewable resource, A. senticosus leaf has
the potential to be an alternative resource (Wang et al. 2019a).
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Phenolic compounds belong to one of the most essential groups of plant metabolites. They are
secondary metabolites originating from the shikimate, phenylpropanoid and acetate metabolic pathways
(Liu et al. 2020a). Phenolic compounds have a variety of functions in plants, including supporting cell
wall, protecting plants from herbivores and insects, acting as phytoalexins, signals, and UV-B screening
compounds etc. (Santin et al. 2019). In general, phenolic compounds enable plants to adapt to external
environment and survive under environmental stresses. Phenols, i.e., phenolic compounds, refer to
compounds containing at least one hydroxyl group attached directly to an aromatic nucleus. Phenolic
compounds involve a wide variety of structures in nature and can be classified into three types based on
the number of transformable hydroxyl groups and their binding positions on the aromatic nucleus: C6-C1-
type (compounds have a C6-C1 carbon skeleton, such as salicylic acid), C6-C3-type (compounds have a
C6-C3 carbon skeleton, such as p-coumaric acid), and C6-C3-C6-type (compounds have a C6-C3-C6
carbon skeleton, flavonoids are representative of this type of compounds) (Liu et al. 2017). In recent
years, the biological functions of phenolic compounds have drawn increasing attention. For instance,
hypericin and quercetin can significantly inhibit ischemic brain injury and protect hypoxic-ischemic brain
cells. Phenols in A. senticosus have also been proved to have similar effect (M. Y. et al. 2020; Ortega-
Hernandez et al. 2019).

Ultraviolet-B (UV-B) radiation is part of the solar spectrum, wavelengths of which range from 280 nm to
320 nm. Dating back to the industrial era, the increasing chlorine and bromine compounds emission into
the atmosphere led to serious depletion to the stratospheric ozone (Li et al. 2020a; Fina et al. 2017). In the
past 50 years, stratospheric ozone reduced by 3–6%, thus UV-B radiation has been increasingly reaching
the surface of the earth. Due to the indispensable nature of sunlight to plants, their exposure to UV-B light
is inevitable. Increasing irradiation intensity has drawn concerns to the damaging effects of UV-B
radiation on plants (Paajanen et al. 2011). UV-B radiation has major effects on plant growth and
development. Studies have confirmed that UV-B radiation regulates plant growth, development,
photosynthesis, their antioxidant system, endogenous hormones, metabolites, and thus affects the plant
production (Yan et al. 2020; Barnes et al. 2016). Previous data showed that UV-B radiation impairs plant
growth and photosynthesis, increases epidermal wax, alters stomatal distribution, which is mainly due to
the alternation of photosynthetic parameters. High doses of UV-B damage plastid ultrastructure and
disrupts photosystem II (PSII) electron transportation (Machado et al. 2017). For example, a few UV-
induced morphological changes have been described including diameter and inflorescence height
reduction in Arabidopsis rosette (Liao et al. 2020). Continuous exposure to UV-B radiation induces stress
responses in plants by modulating feedback loops. Phenols accumulating in plant epidermal layer
increase as a screen to protect the sensitive tissues underneath from UV-B damage. Reactive oxygen
species (ROS) scavenging is also a key process in plant antioxidant defense. Exposure to UV-B leads to
the generation of ROS in the form of superoxide (-O2−), hydroxyl radicals (-OH), hydrogen peroxide (H2O2)
and singlet oxygen (-O), leading to oxidative stress in plants, which disturbs the balance between
oxidants and antioxidants. Plants counteract the negative effects of stress by activating enzymes such
as catalase (CAT), superoxide dismutase (SOD), peroxidase (POX), and ascorbate peroxidase (APX), as
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well as non-enzymatic antioxidants, resulting in an efficient ROS scavenging system (Jaiswal et al. 2020;
Liu et al. 2020c).

In this study, A. senticosus leaves in different plant parts were collected as samples for a model system
to perform an integrated analysis on the response of A. senticosus leaves to diverse levels of solar UV-B
doses. Specifically, the analysis was to determine the influence of UV-B treatment in differing intensities
on photosynthetic parameters, oxidative damage and secondary metabolites in leaves at various parts of
the plant. To explore in depth the responses and mechanisms of metabolic reprogramming in leaves at
different positions under enhanced UV-B radiation, we investigated the influence on specific tissue-
response in terms of physiology and metabolism using untargeted and targeted metabolomic methods in
A. senticosus under enhanced UV-B radiation.

Materials And Methods
Plant material and UV-B treatments

This experiment was performed in the plant cultivation greenhouse of the Key Laboratory of Forest Plant
Ecology of the Ministry of Education, Northeast Forestry University in July 2017 (126 ° 38'E, 45 ° 43'N).
The experimental materials are two-year-old potted A. senticosus plants. To begin with, 30 pots of
uniform grown A. senticosus plants were selected and randomly divided into 3 groups, with 10 plants in
each group. One group was the control check group (CK) and the other two were treatment groups. A UV-B
lamp was used as a radiation source, and the radiation intensity was measured by a spectrometer
AveSpec 2048-2 (Avantes BV, Netherlands). Based on the control group (natural solar light), UV-B
radiation of 1.972KJ/m2 and 3.442KJ/m2 was artificially applied in addition as the Medium UV-B stress
(MU) group and High UV-B stress (HU) group, respectively. UV treatment was fixed for 2 hours per day, 14
days in total. After treatment, the growth indexes of A. senticosus were measured, and the upper, middle
and lower leaves of each group were collected for the determination of various factors.

Gas exchange and chlorophyll fluorescence

The Li-6400 portable photosynthesis system analyzer (LI-COR Inc. USA) was used to determine the leaf
gas exchange parameters. Leaves on different parts of plants after UV-B radiation were analyzed under
the condition of 6400-02B LED light source, relative air humidity of 50%, air temperature of 25 ℃, carbon
dioxide concentration of 500 μmols-1, and photon flux density of 1200 μmolm-2s-1. Net photosynthetic
rate (Photo), stomatal conductance (Cond), intercellular CO2 concentration (Ci), and transpiration rate
(Trmmol) were measured. In addition, 3 biological replicates were performed for each group.

A portable PAM-2500 chlorophyll fluorometer was employed to determine chlorophyll fluorescence
parameters. Tested leaves were subjected to dark treatment for 15 minutes in advance to complete
adaptation to darkness. After the pretreatment, the maximum fluorescence yield under light (Fm'), the
minimum fluorescence under light (~ Fo'), the actual photosynthetic quantum yield (Y(Ⅱ)), the quantum
yield for regulating energy dissipation (Y(NPQ)), non-regulated energy dissipation quantum yield (Y(NO)),
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non-photochemical quenching coefficient (qN), photochemical quenching coefficient (qL) and maximum
photosynthetic quantum yield (Fv/Fm) were measured. Three biological replicates were performed for
each group, and the mean value was used for analysis.

Determination of malondialdehyde (MDA) and proline

0.5 g leaf sample was weighed and homogenized in 2 ml chilled reagent, which contained 0.25 % (w/v)
TBA (thiobarbituric acid) in 10 % (w/v) TCA (trichloracetic acid). The supernatant was retained after
centrifugation (10,000 rpm, 20 min), heated at 95°C for 30 min and then rapidly cooled and centrifuged
again (10,000 rpm, 20 min). The absorbances at 532 nm, 600 nm and 450 nm were measured
respectively to calculate the MDA content (Ma et al. 2015).

0.20 g A. senticosus leaf sample was weighed, added in 3% sulfosalicylic acid solution, and centrifuged
(10 000 rpm, 15 min). Afterwards, 2 mL supernatant was collected and then 2 mL glacial acetic acid and
2 mL acidic ninhydrin were added; the obtained solution was treated in boiling water bath for 1 h until
turning red, then cooled rapidly in an ice bath to terminate the reaction. The absorbance value of the
upper red toluene solution at 520 nm was measured (Bates et al. 1973).

Determination of antioxidant enzyme

0.5 g precisely weighed plant sample were extracted in 10 mL 50 mM phosphate buffer (7.8 pH)
containing 1 mM 2-mercaptoethanol, 2 % polyvinylpyrrolidone (PVP) and 1 mM EDTA. The supernatant
was retained after centrifugation (4 °C, 14000 rpm) and stored at −20 °C for enzymatic antioxidants (CAT,
POD, APX, and SOD) activity testing (Kohler et al. 2017; Contreras et al. 2019).

Superoxide dismutase (SOD)

A reaction mixture was prepared using 600 μL of sodium phosphate buffer (50 mM, pH 7.5), 10 μL of
10mM EDTA, 100 μL of 130mM methionine, 10 μL of 2mM riboflavin, 200 μL of 3mM of nitroblue
tetrazolium (NBT) in 70% dimethyl formamide (DMF) and 100 μL of protein extract. After incubation in
the dark for 15 min, NBT reduction was recorded at 560 nm.

Peroxidase (POD)

A reaction mixture containing 1 mL 50 mM sodium phosphate buffer (pH 7.5), 10 μL of protein extract, 5
μL of 100 vol. hydrogen peroxide and 5 μL of guaiacol was prepared. The absorbance at 470 nm,
indicating the activity of POD in tetrahydroguaiacol (THG) formation, was recorded after 1 min reaction.

Ascorbate peroxidase (APX)

A reaction mixture containing 0.1 M phosphate buffer (pH 7.5), 0.5 mM H2O2, 5 mM ascorbic acid, 0.1
mM EDTA and 0.1 mL enzyme extract were prepared. After 1 min reaction, the absorbance at 290 nm was
recorded and the activity of APX was calculated.
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Catalase (CAT)

Reaction mixture containing 0.1 M phosphate buffer (7.8 pH), 200 mM H2O2, and the enzyme extract
was prepared. The absorbance at 240 nm, indicating CAT activity in terms of hydrogen peroxide
consumption, was recorded after 1 min reaction.

LC–MS analysis

Approximately 1 g dry-powdered plant material was extracted with 10 mL of methanol (80%) under reflux
for 45 min, filtered and the filtrate was collected. The supernatant was retained after centrifugation (4 °C,
14000 rpm) and the extract was concentrated to dryness by evaporation under vacuum. The extract was
then dissolved in 1.0 mL methanol. All samples were filtered through a 0.22 μm diameter micropore and
directly fed to LC-MS analysis. In this experiment, the contents of five active ingredients in A. senticosus
were determined using UPLC-MS system, and the data was analyzed through Analyst 1.4.2 (AB SCIEX,
Concord, ON, Canada). UPLC-QTOF-MS was employed to determine 14 phenolic compounds in A.
senticosus, data of which was collected with MassLynx software v 4.1 (Waters, Milford, MA, USA). Assay
conditions were referred to previous studies (Liu et al. 2018b; Wu et al. 2018).

Statistical analysis

All measurements of the experiment were performed in triplicate, and all parameters were analyzed using
one-way ANOVA or two-way ANOVA with Tukey's post-testing respectively via SPSS 17.0 (SPSS, Inc.,
Chicago, IL USA).

Results
Effect of UV-B radiation on chlorophyll fluorescence and gas exchange parameters

When UV-B radiation intensity increased, it caused damage to leaves and inhibited their growth (Figure 1).
After 7-day treatment, net photosynthetic rate (photo) of leaves in every position on A. senticosus plants
significantly decreased as the UV intensity increased (Figure 2). Intercellular CO2 concentration (Ci) and
transpiration rate (Trmmol) both showed similar changes. Under severe UV stress, net photosynthetic rate
of leaves in all positions decreased significantly to about 50% of the control group. In the MU-treatment
group, Ci shows an increment, while HU treated plants revealed a significant Ci decrease. It can be known
from the two-factor variance analysis (Table S1) that the net photosynthetic rate, stomatal conductance,
intercellular carbon dioxide concentration, and transpiration rate index on different leaf positions are
significantly affected by the individual factor, UV-B radiation, at different intensities (p <0.01); the effect
of Ci and Trmmol on leaf position × treatment interaction factors was also extremely significant (p <0.01),
and the interaction of leaf position × treatment had significant impact on stomatal conductance (p
<0.05). Nevertheless, the net photosynthetic rate revealed no notable correlation to leaf position ×
treatment interaction factors.
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It can be observed from Figure 3 that Y (II) gradually decreased after the exposure to UV-B stress. This
indicates that UV-B radiation reduced the actual photosynthetic capacity of A. senticosus, which occurred
at various leaf positions. Meanwhile, the maximum quantum yield (Fv/Fm), non-photochemical
quenching (qN), and the quantum yield that regulates energy dissipation in plant photosystem II (Y(NPQ))
exhibited similar trends. Nevertheless, the change in quantum yield of non-regulatory energy dissipation
(Y(NO)) was relatively weak.

Effects of UV-B radiation on osmotic adjustment, membrane damage and antioxidant system

To understand the effects of UV-B stress on membrane damage and osmoregulation in A. senticosus
leaves, the contents of malondialdehyde (MDA) and proline were measured. Figure 4 suggests that the
response of the upper leaves to UV-B was more prominent. The contents show a graded increase as the
UV radiation intensified, comparing to the middle and lower leaves.

As UV-B radiation intensity increased, the activity of APX, CAT, and POD in each leaf position of A.
senticosus first enhanced, then declined. CAT and SOD activities of each component decreased in the
lower leaves, whereas no significant distinction was observed in APX and POD activities at different leaf
positions (Figure 5). All four antioxidant enzymes were significantly affected by treatment factors (p
<0.01), but the influence of interaction of leaf position × treatment was not significant. Leaf position has
significant effects on CAT and SOD activities (Table S2).

Changes of medicinal ingredients under UV-B radiation

By optimizing the experimental conditions, the optimal chromatographic and mass spectrometric
conditions for the target compounds determination were finally achieved. Standard curves of five
compounds were obtained, and the absolute content of active ingredients in each leaf position of A.
senticosus after UV-B irradiation was calculated (Table S3). In this experiment, saponin B and E (i.e.,
eleutheroside B and E) were determined. Saponin concentration in the upper leaves of A. senticosus was
the highest in response to UV-B radiation, which is positively associated with radiation intensity (Figure
6). Eleutheroside B content in MU- and HU-treated group was respectively 1.5 and 1.9 times than that of
the control group; content of eleutheroside E treatment group was respectively 1.9 and 3.5 times than that
of the control group. In consequence, the yield of saponins in the leaves significantly increased. Under
middle stress, the content of oleanolic acid, isofraxidin and hyperoside in the upper and lower leaves
significantly increased; under high stress, the content of isofraxidin and hyperoside in all leaves
increased, whereas the content of oleanolic acid decreased. Through the analysis of the principal
component Q value, the comprehensive scores of the active ingredients in each leaf position under high
stress significantly improved, and more active ingredients accumulated in the upper and lower leaves
after UV-B treatment (Figure 6). All five medicinal active ingredients in A. senticosus were significantly (p
<0.01) affected by individual factors, either leaf position or treatment, as well as the combination of leaf
position and treatment (Table S4).

Effects of UV-B radiation on phenolic compounds
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We investigated the accumulation of phenolics in different tissues under UV-B treatment. Visualization of
the phenolics was performed by hierarchical cluster analysis (Figure 7). The accumulation of phenolics
revealed a distinct variation in terms of their abundance in different positions of plant and under different
levels of stress. Phenolic compounds are generally classified into three types according to their molecular
structures, namely C6C3C6-type, C6C3-type and C6C1-type. Based on the tissue-specific accumulation
patterns, the 14 phenols detected in this study are categorized into 3 main clusters. Phenolics in cluster 1
exhibit significantly higher abundance in the number of accumulated compounds under MU treatment,
which mainly consist of C6C1-type (p-hydroxybenzoic acid, salicylic acid, syringic acid). There are 3 types
of compounds accumulating in Cluster 2, namely C6C1-type (vanillic acid), C6C3-type (chlorogenic acid,
caffeic acid, p-Coumaric acid, genistein) and C6C3C6-type (quercetin), revealing major accumulation in
upper leaves, contents of which were significantly reduced by UV-B treatment. The accumulation of
cluster 3, mainly including flavonoids (C6C3C6) phenolic compounds such as kaempferol and rutin, is
generally higher than that of control group.

Correlation Analysis of target compounds and antioxidant enzymes

In order to study the comprehensive influence of UV-B radiation on the leaf metabolism of A. senticosus
and the relationship among antioxidant enzyme activity, major medicinal components and phenolic
compounds, correlation analysis was performed on related compounds and enzyme activities, using R
language for heat map drawing (Figure 8). Correlation analysis shows that L-phenylalanine, a precursor
of phenolic compounds, has significantly negative correlations between salicylic acid and SOD (p<0.05).
C6C1-type compounds (syringic acid and salicylic acid) present significant positive correlations (p<0.05)
with APX, CAT and POD. Correlation between kaempferol (C6C3C6) and rutin, which are the same type of
compound, was significantly positive (p<0.05). Moreover, correlations between caffeic acid and p-
hydroxycinnamic acid (p<0.01), p-coumaric acid (p<0.01) (C6C3-type) and chlorogenic acid (p <0.05) are
significantly positive, respectively, whereas correlations between caffeic acid and APX (p<0.05), POD
(p<0.05) are significantly negative, respectively. Among the medicinal active ingredients of A. senticosus,
isofraxidin and C6C3-type compounds (genistein, chlorogenic acid, and p-coumaric acid) suggest
significant negative correlations (p<0.05), while hyperoside revealed significant negative correlation
(p<0.05) between p-hydroxycinnamic acid as well as p-Coumaric acid (C6C3), respectively. In addition, the
contents in A. senticosus exhibits no notable correlation with the accumulation of phenolic compounds
and antioxidant enzyme activity.

Discussion
The interference of environmental factors in plants can directly reflect in their phenotypic changes, since
plants adjust their morphological features to adapt to external conditions (Takshak and Agrawal 2019).
On exposure to intense UV-B radiation, multiple physiological activities of the plant will be affected, such
as stomatal conductance reduction, chemical composition changes of leaves, and damage to the
photosynthetic system to a certain extent (Dillon et al. 2018). Specifically, photosynthetic rate is closely
related to stomatal conductance and intercellular CO2 concentration. Studies have discovered that
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environmental stresses influence the photosynthetic rate through the interaction of these two factors. The
results of this study demonstrate that after increasing the intensity of UV-B radiation, Ci in A. senticosus
first increases, then decreases (Fig. 2). According to Zeiger and Field (1982), two reasons are responsible
for the decline in photosynthetic rate, i.e., stomatal and non-stomatal limitation. Consequently, the
reduction of photosynthetic rate of A. senticosus under UV-B radiation may be affected by non-stomatal
limiting factors (Zeiger and Field 1982). On measuring and analyzing chlorophyll fluorescence, a widely-
applied probe of the interaction of external environment and photosynthesis, the response mechanism of
plant photosynthesis system to environmental changes can be detected (Li et al. 2020b). This experiment
demonstrated that increasing UV-B radiation significantly reduced the chlorophyll fluorescence parameter
indicators such as Y(Ⅱ), Fv / Fm, qN, Y (NPQ) in leaves at all parts of A. senticosus plant (Fig. 3). As a
mutual support, UV-B radiation has been proved to reduce the chlorophyll fluorescence parameters in rice
in previous studies (Razack and Lee 2013). The possible reason for the decrease is the UV-B effects on
the photochemical energy conversion of the photosystem II complex (PSⅡ), which led to enzyme activity
impairment and electron transporter reduction, and subsequently reduced the conversion efficiency of
light energy.

When receiving UV-B radiation, plant will active its defense system and enhance the activity of related
enzymes in the antioxidant system to prevent damage caused by reactive oxygen (Jaiswal et al. 2020).
Studies of Rao et al. (1996) and Zhang et al. (2020) proved that UV-B radiation significantly increases
POD activity and reduces CAT activity in Arabidopsis as well as wheat, indicating major differences of
plants in response to UV-B radiation. Results of this study suggest that, the antioxidant enzymes in A.
senticosus increase under moderate stress to actively prevent the damage caused by UV-B radiation,
whereas under severe stress, the amount of UV-B radiation is beyond the self-defense capacity of A.
senticosus antioxidant enzyme system, resulting in enzyme activity reduction (Yang et al. 2007).

Plant leaves do not fully absorb UV-B radiation, as the wax layer on leaves reflects a small portion away.
The remaining large amount of UV-B reaches the epidermal cells through the wax layer (Berli et al. 2011).
The majority of many UV-absorbing substances is inside the epidermal cells, effectively protecting
mesophyll cells, thereby reducing UV-B damage (Kusano et al. 2011). This reaction is considered to be a
long-term, complete self-protection system that gradually evolves during a plant lifecycle. Ultraviolet-
absorbing substances can effectively absorb UV-B, reducing its damage to protein macromolecules and
nucleic acids (Contreras et al. 2019). The effects of UV-B on the UV-absorbing substances in different
plants vary significantly (Chen et al. 2020b; Cvikrova et al. 2016). Therefore, research on the changes of
various UV-absorbing compounds helps further understand the plant response to UV-B as well as the
impact of UV-B on plants (Liu et al. 2020b). Nevertheless, UV-absorbing substances cannot provide full
protection for plants against UV-B, as a result the influence of UV-B on plant secondary metabolites and
the whole system still requires further detailed research (Gao et al. 2019; Gil et al. 2012). Regulating
secondary metabolite accumulation pattern is the most direct way for plants to adapt to environmental
changes. In this study of UV-B effects on medicinal components in A. senticosus leaves, saponin
compounds revealed a similar changing pattern, with high tissue specificity after treatment. Similar
results were observed in the study of Curcuma caesia Roxb. (Jaiswal et al. 2020). Other compounds are
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either produced through different secondary metabolic synthesis pathways, or key synthetic genes and
enzymes exhibit different activity modes, leading to diverse changing patterns under UV-B stress.

When plants receive potentially destructive UV-B radiation, they synthesize and accumulate UV-absorbing
compounds as a protective mechanism, most of which are phenolic compounds (Yan et al. 2020).
Therefore, the study of phenolic compounds is essential to understanding plant response to UV-B
radiation (Vidovic et al. 2015). In this study, 14 phenolic compounds in A. senticosus leaves were
measured. Phenolic compounds with different structures exhibit notable tissue specificity (Fig. 7).
However, the response of plants to UV-B radiation depends on the intensity of the radiation, exposure time
and species. similarly, the responses of phenolic compounds with different structures to UV-B are also
different (Pieriste et al. 2020; Inostroza-Blancheteau et al. 2014). Some studies illustrated that Lactuca
sativa L. shoots are more sensitive to UV-B radiation than adult leaves (Behn et al. 2011). Results from a
study on Citrus aurantifolia demonstrated that leaves exhibited different sensibility to solar UV-B during
different development stages, in terms of UV-B absorbing compounds production (Ibanez et al. 2008).
The correlation between leaf age and UV-B radiation remains controversial today. In this study, L-
phenylalanine, a precursor of phenolic compounds, revealed significant tissue specificity in the
distribution in A. senticosus leaves, with major accumulation in the lower leaves, which declines
progressively in upper positions of the plant. This distinction remains after UV-B treatment. It indicates
that although the metabolic flux of phenolic compound in different leaf positions in A. senticosus shows
a stable trend after exposure to UV-B radiation, understanding the changes of different types of phenolic
compounds requires further investigation.

Application of UV-B radiation has been proposed as a safe, cheap, non-molecular method to enhance the
production of phenolic compounds in Ocimum basilicum L. and other horticultural crops during
postharvest life (Ghasemzadeh et al. 2016). To resist UV-B damage, flavonoids are one of the key
substances in plants(Liu et al. 2020c; Henry-Kirk et al. 2018). They can absorb or filter ultraviolet photons
in some leaves, reduce the UV-B dose that enters the cells, thus reduce the damage to cells
(Ghasemzadeh et al. 2016; Clayton et al. 2018). The biosynthetic pathway of C6C3C6-type compounds
results in the production of flavonoids (flavonols) and isoflavones (Liu et al. 2018a; Liu et al. 2018b). In
our results, the accumulation of kaempferol and rutin increased significantly after UV-B treatment,
especially under moderate radiation, suggesting that they are the main ultraviolet absorbing substances.
Salicylic acid (C6C1-type), a compound that reduces the risk of long-term heart disease in diabetic
patients, increases significantly in A. senticosus plants when exposed to moderate UV-B radiation
(Farthing et al. 2007; Nulton-Persson et al. 2004; Eisen et al. 2009; Dervisevik et al. 2014). Therefore, it
can be inferred that an appropriate amount of UV-B radiation application to the plant may improve the
medicinal effect of A. senticosus extract, with relation to heart disease and diabetes. Moreover, salicylic
acid was significantly positively correlated with various antioxidant enzymes (p < 0.05), whereby the
same result revealed on the compound in the same category, syringic acid. This suggests that both
salicylic acid and syringic acid are likely to be involved in plant UV resistance. Moreover, p-coumaric acid
(C6C3-type) is known as an effective antioxidant that is responsible for ABTS (2,2’-azinobis-(3-
ethylbenzthiazoline-6-sulphonic acid)) free radical scavenging (Ru et al. 2019; Boz 2015). P-coumaric
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acid accumulation in this study was significantly lower, which is possibly due to this mechanism. The
responses to UV-B that differ to phenolic compounds with different structures can be considered as one
of the strategies to modulate plant defense against UV-B radiation.

Conclusion
In conclusion, this study is a comprehensive investigation on the response of leaves at different positions
of A. senticosus plant on exposure to various levels of UV-B radiation. The upper leaves were most
sensitive to UV-B radiation, whereby the radiation affected their growth, including reduced leaf area,
photosynthetic system capacity decrease, and membrane damage, but actually improved its overall
medicinal production. Nevertheless, the accumulation of eleutheroside B and E increased significantly.
After UV treatment, phenolic compounds were involved in damage resistance in multiple aspects and
showed a cooperative response to UV-B radiation with the antioxidant system. The accumulation of
kaempferol and rutin, the main UV-absorbing substances in A. senticosus, increased rapidly. The C6C1-
type compounds (syringic acid and salicylic acid) were likely to function synergistically with the
antioxidant enzymes to resist damage. However, when the stress was intensified, the protection capacity
of the antioxidant enzyme system was exceeded.

In this study, it is demonstrated that higher intensity of radiation can enhance the content of medicinal
active ingredients of A. senticosus and different phenolic compounds responses to UV-B are discovered.
We suggest further studies to focus on the targeted modulation of phenolic compounds on enhancing
UV-B tolerance in A. senticosus, which will provide new insights to improve the quality of A. senticosus.
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Figure 1

UV-B-treated photos of A. senticosus. (A) CK; (B) MU; (C) HU

Figure 2
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Effect of different UV-B treatment on gas exchange parameters in different leaf positions of A. senticosus
* indicates significant differences in the same tissue sites.

Figure 3

Effect of UV-B treatment on chlorophyll fluorescence at different leaf positions of A. senticosus. (A) Upper
Leaf; (B) Median Leaf; (C) Lower Leaf

Figure 4

Effect of UV-B treatment on MDA and Proline content in different leaf positions of A. senticosus.
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Figure 5

Effect of UV-B treatment on antioxidant enzyme activity in different leaf positions of A. senticosus.
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Figure 6

The content of five major bioactive compounds in different leaf positions of A. senticosus and
comprehensive Q value. * indicates significant differences in the same tissue sites of different species.
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Figure 7

Effect of UV-B radiation on the distribution of phenolic compounds in leaves of A. senticosus. Three
biological replicates per group, blue indicates low compound accumulation; yellow indicates high
compound accumulation.
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Figure 8

Correlation analysis of A. senticosus antioxidant enzymes, pharmaceutically active ingredients and
phenolic compounds after UV-B treatment. Green represents negative correlation; red represents positive
correlation.
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