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The impact of UV-B (Ultraviolet-B) radiation is reviewed relative to the 
biosynthesis and regulation of secondary metabolites (SMs) in medicinal 
plants. Plants sense UV-B radiation through the photoreceptor UVR8, 
which is present as a dimer in the absence of UV-B and monomerizes 
upon UV-B exposure, interacting with proteins to regulate gene expression. 
In medicinal plants, UVR8-mediated signaling can regulate the activity of 
key enzymes, thereby affecting accumulation of secondary metabolites. 
For instance, in Arabidopsis thaliana, UVR8-mediated signaling regulates 
the expression of flavonoid biosynthesis genes. UV-B radiation influences 
the yield of SMs in medicinal plants, impacting the biosynthesis of 
phenolics, terpenoids, and alkaloids, though the effects vary under 
different UV-B conditions. Furthermore, UV-B radiation induces gene 
regulation in secondary metabolism, with most genes being upregulated. 
UV-B interacts with other stress factors, e.g. chromium, UV-A, water 
availability, and temperature, which affect the accumulation of secondary 
metabolites. However, these mechanisms are complex and require further 
investigation. Current research exhibits limitations, including uneven study 
coverage, a lack of standardized methodologies, and insufficient 
exploration of interactions between UV-B and other factors. Future studies 
should expand the research scope, adopt multifactorial approaches, and 
investigate molecular mechanisms, thereby advancing agricultural 
practices and the development of medicinal plants. 
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INTRODUCTION 
 

Ultraviolet (UV) radiation, as a specific wavelength range of electromagnetic 

radiation, possesses unique energy properties. In particular, the UV-B band delivers photon 

energy capable of precisely interacting with electrons in chemical bonds. This interaction 

induces electronic excitation, where bonding electrons transition to anti-bonding orbitals, 

thereby reducing the stability of chemical bonds and significantly enhancing chemical 

reactivity. Consequently, compounds become more susceptible to reactions such as 

degradation and isomerization. In plant systems, these molecular-level changes triggered 

by UV-B radiation act as a “key” that unlocks a suite of complex stress and adaptation 

mechanisms, particularly within the realm of secondary metabolism. The following 

sections will delve deeply into the critical regulatory mechanisms underlying these 

processes in medicinal plants, aiming to bridge knowledge gaps and advance research on 

medicinal plants towards precision and scientific innovation. 
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Medicinal plants, as the cornerstone of traditional medicine, have been cherished 

for centuries and remain indispensable resources in modern healthcare and agriculture. 

Their importance lies in their abundant secondary metabolites, which play essential roles 

in plant growth, development, and reproduction. These metabolites also exhibit diverse 

ecological functions, such as defense against herbivores and pathogens, while their 

therapeutic properties have long been valued by humans (Munasira Begum et al. 2022). 

Secondary metabolites primarily include terpenoids, alkaloids, and phenolic compounds, 

each characterized by unique chemical structures and distinct medicinal properties. 

Remarkably, over 25% of modern drugs are derived from plant secondary metabolites, and 

the pharmacological effects of medicinal plants largely depend on these compounds (Yeshi 

et al. 2022). Hence, investigating the biosynthetic mechanisms of secondary metabolites is 

vital for medical applications (Wink 2015; Zhaogao et al. 2023). However, the synthesis 

of secondary metabolites is significantly influenced by biotic and abiotic factors, with 

plants producing these compounds to cope with environmental stresses such as UV 

radiation, salinity, light, and temperature fluctuations (Thakur et al. 2019). This adaptive 

response not only underpins plant survival but also creates opportunities for the discovery 

and development of novel pharmaceuticals, serving as a crucial bridge between traditional 

and modern approaches to health (Yeshi et al. 2022). 

Among various abiotic stressors, UV-B radiation is one of the most important 

environmental factors influencing the secondary metabolism of plants. Exposure to 

elevated levels of solar UV-B radiation induces significant physiological, biochemical, and 

molecular changes in plants (Wong et al. 2019). Consequently, understanding the adaptive 

mechanisms of plants to UV-B radiation has become particularly critical in the context of 

global climate change (Liaqat et al. 2024). At the molecular level, plant responses to UV-

B involve multilayered regulation, encompassing photomorphogenesis, leaf development, 

cell expansion, and the biosynthesis of secondary metabolites. For instance, UV-B 

radiation enhances the concentrations of UV-absorbing compounds and anthocyanins in 

plant tissues, which play key roles in mitigating UV damage (Song et al. 2023). 

Additionally, UV-B modulates antioxidant enzyme activities and induces DNA repair 

mechanisms, thereby strengthening plant stress tolerance. Studies utilizing model plants 

and mutants to explore UV-B signaling pathways provide a molecular foundation for 

comprehensively understanding plant UV-B responses and facilitate the application of 

these findings in sustainable agriculture (Wargent and Paul 2007). 

In summary, UV-B-driven changes in secondary metabolism in medicinal plants 

hold significant research value. This review aims to summarize the effects of UV-B 

radiation, both at varying intensities and through supplementation, on the biosynthesis and 

accumulation of secondary metabolites in medicinal plants, while evaluating its role in 

inducing secondary metabolism. Furthermore, the review discusses the core regulatory 

mechanisms of secondary metabolism under UV-B radiation, including UV-B perception, 

signal transduction, photomorphogenesis, and the activation of transcription factors, with 

the goal of providing a reference framework for further investigation into the regulatory 

networks of UV-B. 

 

How Plants Perceive UV-B 
UV-B radiation, ranging from 280 to 320 nm in the solar spectrum, significantly 

impacts plant growth, secondary metabolism, and adaptability to stress. Plants perceive 

UV-B radiation through the photoreceptor UVR8, which initiates corresponding signaling 

and transduction processes in response to environmental changes (Rizzini et al. 2011) . 
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Most studies on Arabidopsis thaliana indicate that UVR8 is a 440-residue protein 

characterized by a seven-bladed β-propeller core, a flexible C-terminal region consisting 

of 60 residues, and a short N-terminal extension (Gong and Zheng 2021). 

 

Regulatory Mechanism of UVR8 Signaling 
First, the fundamental molecular mechanisms of the UV-B signaling pathway are 

elucidated. UV-B Perception As a photoreceptor, UVR8 is capable of sensing UV-B 

radiation. In the absence of UV-B, UVR8 exists in a dimeric form; however, UV-B 

irradiation triggers the monomerization of UVR8 (Podolec et al. 2021; Zhang et al. 2023). 

Activation of UVR8 following UV-B exposure, UVR8 monomerizes and undergoes a 

conformational change, enabling interaction with proteins such as COP1 and initiating 

signaling pathways (Podolec et al. 2021; Zhang et al. 2023).  

 

Interaction with COP1  

The binding of UVR8 to COP1 represents a critical step in UV-B signal 

transduction. COP1, an E3 ubiquitin ligase, suppresses photomorphogenesis in the dark; 

however, under UV-B irradiation, the interaction with UVR8 alters COP1’s function, 

thereby affecting downstream signaling (Lin et al. 2020; Zhang et al. 2023).  

 

Signal transduction  

The activation of UVR8 leads to interactions with various proteins, including 

transcription factors and signaling molecules. These interactions result in the activation or 

suppression of transcription factors, subsequently regulating the expression of UV-B-

responsive genes (Yang et al. 2019; Fang et al. 2022; Zhang et al. 2023).  

 

Gene expression regulation 

The ultimate outcome of UV-B signaling is the regulation of a series of gene 

expressions involved in plant growth, development, secondary metabolism, and stress 

responses. For instance, COP1 can independently suppress plant photomorphogenesis by 

promoting the degradation of the transcription factor HY5 (Jenkins 2014). However, under 

UV-B radiation, when COP1 interacts with UVR8 monomers, HY5 is no longer subjected 

to COP1-mediated degradation (Pandey et al. 2023b). In the regulation of plant secondary 

metabolism, UV-B can promote the accumulation of flavonoids and anthocyanins, thereby 

enhancing the plant’s ability to withstand UV radiation (Yang et al. 2019).  

 

Multiple roles of COP1  

In addition to its involvement in UVR8 signaling, COP1 may influence the UV-B 

signaling pathway through additional mechanisms. Research indicates that certain domains 

of COP1 are crucial for the nuclear localization and signaling of UVR8 (Zhang et al. 2023).  

 

Role of RUP proteins  

RUP proteins competitively bind UVR8 with COP1, affecting the nuclear retention 

and signaling of UVR8. The expression of RUP proteins is induced by UV-B and may play 

a role in the negative feedback regulation of UVR8 signaling (Lin et al. 2020; Fang et al. 

2022).  
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C-terminal domain of UVR8  

The 17 amino acids at the C-terminal (C17) of UVR8 can interfere with the 

interaction between the active region C27 of UVR8 and COP1, thereby inhibiting UV-B 

signal transduction (Lin et al. 2020).  

 

Dynamic nuclear localization of UVR8 

Under UV-B exposure, UVR8 is rapidly transported from the cytoplasm to the 

nucleus and accumulates within the nucleus. This dynamic change is crucial for the 

physiological and metabolic functions of UVR8 (Podolec et al. 2021; Fang et al. 2022). 

 

UVR8 Signaling Regulates Secondary Metabolism in Medicinal Plants 
Building on the elucidation of the UV-B signaling pathway, its role in the secondary 

metabolomics of medicinal plants is explored, with UVR8-mediated signal transduction 

playing a particularly critical role.  

 

 
 

Fig. 1.  UVR8-mediated signaling pathway for plant secondary metabolite biosynthesis (Rizzini et 
al. 2011; Liang et al. 2018; Lubobi Ferdinand et al. 2020) 

 

As mentioned earlier, the UVR8-COP1 interaction stabilizes HY5, which, together 

with its homolog HYH, sequentially induces the activity of various transcription factors, 

thereby promoting the transcription of genes essential for secondary metabolite 

biosynthesis (Pandey et al. 2023b). Among these transcription factors, members of the 

WDR, bHLH, and MYB families are known to regulate the biosynthetic pathways of 

various secondary metabolites, including flavonoids, in multiple plant species. UVR8-

mediated signaling can activate or inhibit the activity of key enzymes by regulating the 

expression of specific genes directly involved in secondary metabolic pathways, thereby 

affecting the synthesis and accumulation of secondary metabolites in medicinal plants. 

Research has shown that in Arabidopsis thaliana, HY5 can directly activate a set of R2R3-

MYB transcription factor-encoding genes, such as MYB11, MYB12, and MYB111, which 

are responsible for the expression of several flavonoid biosynthesis genes, including CHI, 
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CHS, and FLS1, under UV-B irradiation (Ralf et al. 2009). Yanjun et al. (2018) revealed 

that CmUVR8, COP1, and HY5 play pivotal roles in the expression of genes involved in 

the UV-B-mediated flavonoid biosynthesis pathway, thereby enhancing the accumulation 

of various flavonoids in the important medicinal plant Chrysanthemum morifolium. 

Numerous studies have indicated that UVR8 is upregulated following exposure to UV-B 

radiation, further influencing downstream signaling pathways related to UV-B perception. 

Conversely, Lubobi Ferdinand et al. (2020) found that under both short-term and long-term 

UV-B exposure, UVR8 is downregulated, and the transcription levels of transcription 

factors such as HY5, bHLH62, MYB4, and MYB12 (which regulate downstream structural 

genes) are affected to varying degrees. Moreover, the interaction of UVR8 signaling with 

other signaling pathways provides an additional layer for the fine regulation of secondary 

metabolism in medicinal plants. This interaction may involve plant hormone signaling 

pathways, thereby impacting the synthesis of secondary metabolites (Yang et al. 2020; 

Zhao et al. 2023). 

 

UV-B Regulation of Secondary Metabolite Yield in Medicinal Plants 
UV-B radiation, a significant component of the solar spectrum, exerts notable effects on 

the growth and metabolism of medicinal plants. In response to UV-B-imposed stress, these 

plants have evolved various strategies, including the synthesis of secondary metabolites 

(SMs), to mitigate stress effects (Schreiner et al. 2012; Lee et al. 2013; Kumari and Prasad 

2013; Takshak and Agrawal 2019). Among these SMs, phenolic compounds, terpenoids, 

and alkaloids are essential components, closely associated with the plants’ defensive 

mechanisms and pharmacological properties. Consequently, investigating the regulatory 

role of UV-B in the biosynthetic processes of SMs in medicinal plants remains a key area 

in botanical and pharmaceutical research. A substantial body of research has examined the 

effects of UV-B radiation on the biosynthesis of these SMs. 

 

UV-B Regulation of Phenolic Secondary Metabolites 
Phenolic compounds encompass a diverse group of plant chemicals characterized 

by at least one aromatic ring and a hydroxyl group, which endow them with varied 

biological activities (Balasundram et al. 2006). These compounds are central to 

physiological processes involving growth regulation, signal transduction, and responses to 

environmental stress (Zhang et al. 2021). Phenolic biosynthesis in plants occurs mainly 

through the mevalonate (MVA) and methylerythritol phosphate (MEP) pathways 

(Zagoskina et al. 2023). Notably, due to their antioxidant properties, polyphenols are 

central to the adaptive response of plants to UV-B radiation (Takshak and Agrawal 2019). 

For example, in highbush blueberry (Vaccinium corymbosum), phenolic compound levels 

increase under UV-B radiation, peaking after high UV-B doses and a 2-hour 

acclimatization period (Eichholz et al. 2011). Pandey et al. (2019) reported that UV-B 

exposure upregulates several phenolic and flavonoid compounds in Artemisia annua, with 

caffeic acid content rising 5.14-fold, accompanied by increases in chlorogenic acid, p-

coumaric acid, coumarin, isoquercetin, luteolin-7-O-glucoside, caffeic acid lactone, rutin, 

quercetin, luteolin, and kaempferol. Additionally, Hu et al. (2020) showed that UV-B-

induced expression of MdWRKY72 increases phenolic synthesis, particularly 

anthocyanins, by promoting MdMYB1 expression. Tumová and Tuma (2011) 

demonstrated that UV-B exposure affects isoflavonoid production in Genista tinctoria, 

significantly raising genistein, soy isoflavone, genistin, and biogenistin A levels. 

Furthermore, Luis et al. (2007) found that UV-B radiation notably increased the 
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concentrations of rosmarinic acid and myristic acid in medicinal plants within the genus 

Rosmarinus.  

 

 
 

Fig. 2. Chemical structures of phenolic SMs: caffeic acid (left panel); rhamnetin (right panel) 
 

UV-B Regulation of Terpenoid Secondary Metabolites 
Terpenoids are a prevalent class of secondary metabolites, distinguished by their 

complex and diverse chemical structures, primarily composed of isoprene units (Bian et al. 

2017). Terpenoids are classified into hemiterpenes through polyterpenes based on the 

number of isoprene units, exhibiting a diverse array of carbon skeletons (Bian et al. 2017).  

 
Fig. 3.  Chemical structures of terpenoid SMs: cryptotanshinone (left panel); artemisinin (right 
panel) 

 

Terpenoids are predominantly synthesized via the mevalonate (MVA) pathway or 

the 2-methylerythritol 4-phosphate (MEP) pathway, with isopentenyl pyrophosphate (IPP) 

and dimethylallyl pyrophosphate (DMAPP) acting as key direct precursors (Bian et al. 

2017). Studies have demonstrated that UV-B radiation can promote the accumulation of 

terpenoids in multiple plant species (Takshak and Agrawal 2019). For instance, under 

enhanced UV-B (eUV-B) conditions, the accumulation of terpenoid secondary 

metabolites, including α-bergamotene, β-murrolene, β-farnesene, γ-turmerone, β-boswellic 

acid, and β-sesquiphellandrene, increases in Curcuma longa (Jaiswal and Agrawal 2021). 

Moreover, continuous UV-B exposure substantially increases the levels of terpenoid 

secondary metabolites in Eclipta alba, including α-terpineol and Δ-juniperene (Rai and 

Agrawal 2020). Under enhanced UV-B conditions, the yields of terpenoid secondary 

metabolites, such as β-zebranone, olivetol, pinanol, and 1,8-pinene, are also elevated in 
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Curcuma longa (Jaiswal et al. 2020). UV-B irradiation in Coleus forskohlii increases the 

content of terpenoid compounds, including isoprenol, trans-squalene, ganoderic acid A, β-

carotene, and lycopene (Takshak and Agrawal 2015). Wang et al. (2016) confirmed that 

UV-B exposure enhances tanshinone accumulation in Salvia miltiorrhiza without 

inhibiting root growth. 

 

UV-B Regulation of Alkaloid Secondary Metabolites 
Alkaloids are nitrogen-containing organic compounds that play a significant role in 

plant defense mechanisms and are of considerable interest due to their diverse 

pharmacological activities (Zhang et al. 2021a; Zhang et al. 2021b). The biosynthesis of 

alkaloids involves a series of complex enzyme-catalyzed reactions, with amino acids such 

as tryptophan and phenylalanine typically serving as precursor molecules (Kishimoto et al. 

2016). UV-B radiation has been identified as a key factor in promoting alkaloid 

biosynthesis, playing a crucial role in the synthesis of various alkaloids in medicinal plants. 

Takshak and Agrawal (2015) demonstrated that supplemental UV-B radiation (ambient 

radiation level + 0.042 W m⁻²) increases alkaloid content in the leaves and roots of Coleus 

forskohlii. In Clematis terniflora, exposure to UV-B radiation (120.8 μW cm⁻²), followed 

by incubation in darkness, was found to enhance indole alkaloid content by up to sevenfold 

(Gao et al. 2016). Additionally, a 6-hour UV-B treatment (1.208 W m⁻²) of Mahonia bealei 

leaves, followed by incubation in darkness, significantly increased levels of protoberberine 

alkaloids, including berberine, palmatine, coptisine, and thalflavine (Zhang et al. 2014). In 

Adhatoda vasica Nees., exposure to enhanced UV-B (eUV-B) radiation resulted in 

increased levels of important quinazoline alkaloids, including vasicinone and vasicine 

(Pandey et al. 2021). 

 

 
 

Fig. 4.  Chemical structures of alkaloid SMs: serpentine (left panel); camptothecin (right panel) 

 

Regulation of Secondary Metabolites by Different UV-B Conditions 
The effects of UV-B radiation on medicinal plants vary significantly, depending on 

factors such as flux rate, duration, and wavelength (Ulm and Nagy 2005; Hectors et al. 

2007; Jenkins 2009). This variability has led to investigations on how different UV-B 

intensities influence secondary metabolite (SM) production.  
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Table 1.  Effect of UV-B on the Accumulation of SMs in Some Medicinal Plants 

Type of SMs Plant UV-B treatment method Change in SMs References 

Phenolics 

Medicinal Plants of the 
Genus Rosmarinus 

(0.063 and 0.359 W•m-2), 14 d Rosmarinic acid ↑ 
(Luis et al. 2007) 

 Myristic acid ↑ 

Tropaeolum majus (0.075 and  0.15 W•h•m−2), 2 h and 22 h Glucoside ↑ (Schreiner et al. 2009) 

Cymbopogon citratus 

Higher than the environment (+1.8 and +3.6 kJ•m−2•d−1), 3 
h•d−1, Sustainable 80d 

Flavonoids ↑ 
(Kumari and Agrawal 

2010) 

0.150 W•h•m−2, 2 h 
Flavonoids ↑ 

(Eichholz et al. 2011) 
Phenolic acids ↑ 

Buckwheat Sprout (890 W•m-2), 24 h 
Anthocyanins ↑ 

(Yoko et al. 2013) 
Rutin ↑ 

Bitter Lettuce 
Intensity not mentioned 
4 h•d−1, Sustainable 3 d 

Total flavonoids ↑ 
(Lee et al. 2013) 

Total phenolics ↑ 

Artemisia annua 
(2.8 W•m−2) 

1 h, 2 h, 3 h, 4 h 

Flavonoids ↑ (Pandey and Pandey-
Rai 2014)  Anthocyanins ↑ 

Withania somnifera 
Environment (9.6 kJ•m−2•d−1) + Supplement (3.6 

kJ•m−2•d−1), 3 h•d−1, Sustainable 100 d 

Flavonoids ↑ (Takshak and Agrawal 
2014) Anthocyanins ↑ 

Prunella vulgaris (35 μW•cm−2•nm−1), 30 min•d−1, Sustainable 15 d 

Total flavonoids ↑ 

(Zhang et al. 2017) Rosmarinic acid ↑ 

Caffeic acid ↑ 

Cymbopogon citratus 
(Environment +7.2 kJ•m−2•d−1) 

3 h•d−1, Sustainable 110d 

Total phenolics ↑ (Abdul et al. 2018) 

Tannins ↑  

Perilla frutescens var. 
crispa 

(0.05 W•m−2) 3 h•d−1, Sustained for 5 weeks Rosmarinic acid ↑ (Yoshida et al. 2022) 

Salvia miltiorrhiza 
(10.97 kJ•m−2•d−1) 

1h•d−1, Sustainable 5d 
Total phenolics ↑ (Rizi et al. 2021) 

Flavonoids ↑  

Terpenoids 

Artemisia annua 
(4.2 kJ•m−2•d−1), 30 min•d−1, Sustainable 14 d Artemisinin ↑ (Rai et al. 2011) 

(0.4 W•m−2),1 h•d−1, Sustainable 10 d Artemisinin ↑ (Pan et al. 2014) 

Salvia miltiorrhiza ( 40 μW•cm−2), 40 min 

Total Danshen Keton ↑ 

(Wang et al. 2016) 
Cryptotanshinone ↑ 

Tanshinone I ↑ 

Tanshinone II A↑ 

Achyranthes bidentata 2 h (1.476 kJ•m−2), 3 h (2.214 kJ•m−2 ), 2 h and 3 h Oleanolic acid ↑ (Li et al. 2019) 

Alkaloids 

Withania somnifera 
Environment (9.6 kJ•m−2•d−1)+ Supplementary (3.6 

kJ•m−2•d−1), 3hd−1, Sustainable 100 d 

Total alkaloids ↑ (Takshak and Agrawal 
2014) WithanolidesA↓ 

Fatsia japonica 
(120.8 μW•cm−2) 

6h+ Dark cultivation 

Berberine ↑ 

(Zhang et al. 2014) Palmitine ↑ 

Berberine ↑ 
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Scopolamine ↑ 

Catharanthus roseus (1345.00 μW•cm−2), 1 h 

Vincristine ↑ 

(Zhu et al. 2015) Arecoline ↑ 

Vincristine sulfate ↑ 

Clematis paniculata (120.8 μW cm−2), 5 h 
Methyl (6-hydroxy-1H-
indol-3-yl)carboxylate ↑ 

(Gao et al. 2016) 

Note: "↑" indicates an increase in the corresponding secondary metabolites (SMs) of the medicinal plants, while "↓" indicates a decrease. 
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For instance, under low-density enhanced UV-B (3.2 kJ m⁻² d⁻¹), saponin content, 

a major phytochemical in Chlorophytum borivilianum, increased by 26%. Chemical 

analysis of the roots revealed an increase in steroid components, including sterols and 

oleanolic acid, underscoring the role of low-density UV-B in stimulating medicinal 

compounds in this species(Jaiswal et al. 2023). Moreover, (Park et al. 2020) demonstrated 

that UV-B treatment (0.25 W m⁻²) over four days enhanced antioxidant capacity, total 

hydroxycinnamic acids (HCAs), and several sesquiterpenoid compounds in Crepidiastrum 

denticulatum, without inhibiting growth. However, higher energy treatments (1.0 and 1.25 

W m⁻²) suppressed the fresh weight of young shoots. Takshak and Agrawal (2015) 

observed that supplemental UV-B increased secondary metabolite content in Coleus 

forskohlii, with leaves directly exposed to UV-B exhibiting higher levels of flavonoids and 

phenolic compounds. Conversely, (Jaiswal et al. 2020) reported that high-intensity UV-B 

exposure (ambient +/- 9.6 kJ m⁻² d⁻¹) increased the production of certain sesquiterpenoids 

(such as curcumenol and β-caryophyllene) while decreasing others, including camphor and 

eucalyptol. Additionally, Pandey et al. (2021)  found that high-intensity UV-B (enhanced 

UV-B; ambient +/- 7.2 kJ m⁻² d⁻¹) treatment in Adhatoda vasica Nees. led to increased 

levels of triterpenoids, phytosterols, unsaturated fatty acids, diterpenes, tocopherols, and 

alkaloids, while reducing saturated fatty acids and sesquiterpenoids under enhanced UV-B 

conditions. These studies emphasize the complex regulation of various secondary 

metabolites in medicinal plants in response to varying UV-B radiation levels, highlighting 

the need for further exploration in this area. 

 
Regulation of Secondary Metabolic Pathways by UV-B 

UV-B radiation regulates secondary metabolite (SM) production by inducing the 

expression of genes involved in biosynthetic pathways at the transcriptional level (Apoorva 

et al. 2021). UVR8, the UV-B photoreceptor in plants, plays a critical role in sensing and 

transmitting UV-B signals, interacting with downstream transcription factors to mediate 

UV-B responses (Rizzini et al. 2011). In the model plant Arabidopsis thaliana, UVR8 has 

been shown to regulate the expression of more than 100 UV-B-responsive genes (Jenkins 

2014). For instance, Eichholz et al. (2012) reported that quercetin-4'-O-glucoside, a 

flavonoid in Asparagus officinalis, increased with higher UV-B doses, accompanied by 

changes in the activity of polyphenol-related enzymes such as phenylalanine ammonia-

lyase (PAL) and peroxidase. Zhang et al. (2018) found that UV-B radiation stimulated the 

expression of several genes involved in flavonoid biosynthesis in Glycyrrhiza uralensis, 

including cinnamate-4-hydroxylase (C4H), PAL, chalcone synthase (CHS), chalcone 

isomerase (CHI), and flavonol synthase (FLS). Supplemental UV-B significantly enhanced 

the activity of key enzymes such as PAL, cinnamate-4-hydroxylase (CAD), 4-coumarate 

ligase (4CL), CHI, and dihydroflavonol 4-reductase (DFR), leading to increased levels of 

flavonoids and phenolics in the leaves of Coleus forskohlii and Withania somnifera 

(Takshak and Agrawal 2014, 2015). Additionally, Inostroza-Blancheteau et al. (2014) 

reported that UV-B radiation differentially affected the expression of genes involved in the 

phenylpropanoid pathway in two cultivars of highbush blueberry (Vaccinium corymbosum, 

‘Brigitta’ and ‘Bluegold’), including VcPAL, VcCHS, VcANS, VcF3'H, and VcMYBPA1. 

While many studies indicate that UV-B irradiation primarily upregulates genes involved in 

SM biosynthesis, some studies suggest that the effects may be inhibitory or minimal. For 

example, Pandey and Pandey-Rai (2014) observed that under 2.8 W m⁻² UV-B radiation, 

genes in the artemisinin biosynthetic pathway (e.g., HMGR, IPPi, DXR, ADS, 

CYP71AV1, FPS, and RED1) in Artemisia annua were upregulated, leading to significant 
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accumulation of artemisinin. However, after 4 hours of UV-B treatment, genes encoding 

enzymes involved in synthesizing other sesquiterpenes, such as QHS, BFS, and ECS, were 

downregulated, while the transcription of the GAS gene did not show significant change. 

Similarly, after 16 hours of exposure to 4 W m⁻² and 6 W m⁻² UV-B, the expression of 

PAL, RAS, and TAT genes related to rosmarinic acid biosynthesis in Perilla frutescens 

was enhanced, resulting in increased rosmarinic acid levels. However, genes involved in 

anthocyanin biosynthesis (CHS, ANS, F3H, and DFR) exhibited decreased expression over 

16-48 hours of UV-B exposure, leading to reduced anthocyanin levels (Yoshida et al. 

2022). In Bixa orellana, UV-B radiation reduced the mRNA expression levels of genes 

involved in the biosynthesis of bixin (PSY, DXS, PDS, CMT, β-LCY, and ε-LCY), while 

mRNA levels of LCD and ADH were upregulated, with no significant changes in 

secondary pigments such as bixin and ABA (Sankari et al. 2017). Furthermore, Rodriguez-

Morrison et al. (2021) reported that with increasing UV-B levels, the total cannabinoid 

concentration (THC and CBD) in cannabis inflorescences decreased, while the total 

terpene content varied by cultivar, indicating that UV-B radiation treatment does not 

optimize the composition of secondary metabolites in cannabis inflorescences. 

 

Interaction of UV-B with Other Stresses 
During the growth of medicinal plants, various environmental stresses are 

encountered, and the effect of one stressor may be exacerbated or mitigated by the presence 

of another. UV-B radiation can interact with other stress factors, potentially activating the 

plant's internal antioxidant system and promoting the accumulation of secondary 

metabolites. For instance, (Pandey et al. 2023a) reported that combined treatment with 

chromium (Cr) and UV-B resulted in the highest levels of psoralen (a furanocoumarin used 

in the treatment of psoriasis, vitiligo, and leucoderma) in the seeds of Psoralea corylifolia, 

while the chromium content in the seeds remained below the allowable limit. This suggests 

that Psoralea corylifolia can be cultivated in areas with high levels of UV-B and chromium 

pollution to optimize psoralen yield. Moreover, exposure to both UV-B and UV-A has been 

shown to enhance photosynthesis and increase flavonoid biosynthesis in medicinal plants, 

with changes also occurring in UV-B-induced phenolic compounds (Apoorva et al. 2021).  

The interaction between UV-B radiation and water stress affects the plant’s water 

use efficiency and photosynthesis, resulting in varying impacts on the synthesis of 

secondary metabolites, such as flavonoids (Apoorva et al. 2021). Additionally, the 

combined effects of temperature and UV-B radiation may influence the production of 

secondary metabolites in medicinal plants. Low temperatures can exacerbate UV-B-

induced oxidative stress, while high temperatures may inhibit certain secondary metabolic 

pathways. The specific impacts of UV-B radiation in combination with other stresses 

depend on the intensity, duration, and the plant’s adaptability to stress (Apoorva et al. 

2021). However, the interaction of UV-B radiation with other environmental stress factors 

on secondary metabolite production in medicinal plants is complex. This complexity arises 

from factors such as plant species, stress intensity and duration, and fluctuations in 

environmental conditions. Therefore, further research is needed to better understand and 

utilize these interactions, revealing their potential molecular mechanisms and physiological 

processes. 
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DISCUSSION AND FUTURE RESEARCH DIRECTIONS 
 

 In the context of global environmental change, enhanced UV-B radiation has 

significantly impacted the secondary metabolites of plants, particularly medicinal plants. 

Investigating this impact in depth is crucial for the sustainable development and utilization 

of medicinal plant resources. By focusing on existing research, analyzing its limitations, 

considering multifactorial interactions, and exploring applications in agricultural practices, 

it is possible to improve the quality and yield of medicinal plants, thereby driving industry 

development. 

 

Limitations in Research Scope 
Currently, research on plants in the field of medicinal plants and secondary 

metabolites exhibits an uneven distribution. Most studies focus on specific medicinal plants 

and their secondary metabolites, such as the biosynthesis of artemisinin and flavonoids, 

which have attracted considerable attention. However, exploration of many other plants 

and their metabolites remains relatively insufficient (Li et al. 2021). On the one hand, there 

is a significant limitation in the scope of plant species studied; widely researched plants 

dominate, while many underexplored medicinal plants, especially rare species with 

restricted distribution and unique habitats, such as Dendrobium spp. and Saussurea 

involucrata, urgently need to be included in research efforts (Gong and Zheng 2021; Long 

et al. 2023). At the secondary metabolite level, while traditional focuses such as alkaloids, 

terpenoids, and phenolics are well-established, other key metabolites such as 

polysaccharides, organic acids, and volatile oils also warrant attention. Polysaccharides 

have potential mechanisms in plant immune regulation and antioxidant stress (Chen and 

Huang 2019); organic acids may serve as critical signaling molecules in plant stress 

adaptation and microbial interactions (Nakata et al. 2000); and volatile oils hold 

tremendous potential in plant communication and ecological regulation (Kumari et al. 

2014). However, studies on the impact of changes in their synthesis and release patterns on 

ecological relationships are limited. Research on the molecular mechanisms underlying 

UV-B radiation’s impact on the secondary metabolites of medicinal plants remains 

incomplete, requiring a deeper understanding of how UV-B regulates the synthesis of 

secondary metabolites through gene expression and enzyme activity modulation. 

Comparative studies using model plants (e.g., Arabidopsis thaliana) and non-model 

medicinal plants could elucidate the unique molecular mechanisms of medicinal plants in 

response to UV-B radiation. Additionally, the role of plant hormone analogs in UV-B 

responses deserves more attention. Although a few studies have focused on specific 

analogs, such as gibberellins (Ma et al. 2020), most hormone analogs lack systematic 

analysis regarding their roles and associations within the UV-B signal transduction network. 

For instance, the molecular details of cytokinin analogs in regulating secondary metabolite 

synthesis remain unclear. Genomics, metabolomics, and proteomics approaches could 

further unravel how UV-B influences gene expression and metabolic pathways in 

medicinal plants. Finally, medicinal plants from diverse ecological types, such as those 

from arid regions producing osmotic regulators such as betaine (Wang et al. 2019), or 

halophytes enriched with unique salt-tolerant secondary metabolites like proline, betaine, 

and coumarinol (Gao et al. 2022), merit greater attention. These secondary metabolites, 

generated under extreme conditions, not only have extraordinary medicinal value but also 

hold profound significance for ecological research. 
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Multi-factorial Considerations 
When studying the effects of UV-B radiation on the secondary metabolites of 

medicinal plants, it is crucial to consider multiple factors comprehensively. First, 

significant differences in experimental design and methodology arise due to variations in 

research subjects. Studies often select different medicinal plants, leading to a lack of 

standardization in key experimental procedures. Regarding UV-B radiation, parameters 

such as intensity, duration, dosage, and frequency vary widely. Similarly, the methods used 

for extracting and analyzing secondary metabolites differ, resulting in disparate outcomes. 

Some studies report that UV-B radiation increases the content of certain secondary 

metabolites in medicinal plants, while others suggest minimal or even negative effects, 

making cross-comparison of results highly challenging (Pandey and Pandey-Rai 2014). To 

enhance the credibility and comparability of research findings, it is essential to standardize 

certain aspects of experimental design. Specifically, parameters such as UV-B radiation 

dosage, exposure time, and frequency should be normalized to facilitate cross-laboratory 

comparisons. Additionally, consistent use of advanced analytical techniques, such as ultra-

high-performance liquid chromatography (UHPLC), high-performance liquid 

chromatography (HPLC), and gas chromatography-mass spectrometry (GC-MS), can 

improve result accuracy. Moreover, most current studies overlook the interactions between 

UV-B radiation and other environmental factors. Variables such as temperature, water 

availability, soil type, microorganisms, and pH conditions may interfere with the effects of 

UV-B radiation on secondary metabolites (Paajanen et al. 2011; Kharel et al. 2023). Future 

research should prioritize experimental designs that explore these complex interactions in 

depth to advance the development of this field. 

 
Applications in Agricultural Practices 

Within the current research framework on the effects of UV-B radiation on 

medicinal plants, translating research findings into agricultural practices represents a 

promising and necessary direction for exploration. 

On the one hand, cultivar selection holds significant importance. Precisely 

identifying medicinal plant cultivars that exhibit favorable responses to UV-B radiation is 

the first step, requiring rigorous experimental support. Beyond enhancing secondary 

metabolite content, it is essential to comprehensively evaluate a cultivar’s adaptability and 

stress resistance to ensure robust growth in complex and dynamic natural and agricultural 

environments. For instance, certain medicinal plants from high-altitude regions, having 

undergone long-term natural selection, possess unique tolerance to intense UV-B radiation. 

Uncovering such traits can provide new insights for cultivar breeding (Sedej et al. 2020; 

Terfa et al. 2014). On the other hand, modern biotechnologies offer innovative tools. 

Utilizing transgenic and gene-editing technologies to develop new cultivars with enhanced 

responses to UV-B radiation has the potential to overcome traditional cultivation 

bottlenecks (Liu et al. 2020). However, this process must be accompanied by rigorous 

ecological risk assessments to prevent potential adverse consequences such as biological 

invasions and genetic contamination, thereby safeguarding ecosystem authenticity and 

stability. 

Furthermore, integrating agricultural practice strategies is essential. UV-B 

regulation can be organically combined with light quality control, stress management, and 

soil improvement to construct comprehensive management plans. For example, 

intercropping or crop rotation schemes can strategically pair plants with varying UV-B 

responses, optimizing light resource allocation, stimulating the accumulation of secondary 
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metabolites, and maintaining soil fertility. Simultaneously, the rational use of covering 

measures, such as shading nets and mulching films, can precisely modulate UV-B radiation 

intensity, creating a favorable microenvironment for medicinal plants. These measures also 

reduce soil erosion, suppress water evaporation, and enhance productivity and quality 

while preserving biodiversity, advancing the medicinal plant industry toward sustainable 

development. Future research should adhere to standardized and systematic principles, 

expand research boundaries, and delve deeper into molecular mechanisms and practical 

application potential. 

 

 

CONCLUSIONS 
 

UV-B radiation, as an environmental stressor, has a notable influence on the 

secondary metabolites of medicinal plants. A synthesis of past studies reveals that the 

regulatory processes affecting the metabolome of medicinal plants under UV-B radiation 

are highly intricate and influenced by multiple factors, including plant species, genotype, 

growth stage, UV-B radiation dynamics, and various environmental conditions. Upon 

exposure to UV-B radiation, internal signal transduction pathways in plants are activated, 

thereby promoting the biosynthesis of secondary metabolites. These findings not only 

enhance our understanding of the adaptive responses of plants but also pave new pathways 

for improving the medicinal value of plants. Nevertheless, there remain significant gaps in 

current research. Future efforts must adopt multidisciplinary approaches to explore the 

following aspects in depth. 

It is critical to elucidate how secondary metabolites are synthesized in plants under 

UV-B irradiation and how these metabolites contribute to photoprotection. Such insights 

could support the development of novel methods to enhance plant resistance to ultraviolet 

radiation, such as the precise regulation of biosynthetic pathways through genetic 

engineering (D’Orso et al. 2023). Secondly, Investigate the interaction mechanisms 

between secondary metabolites and UV-activated chemical substances. Research should 

aim to determine the specific ways in which secondary metabolites alleviate potential 

damage, including their binding patterns, metabolic pathways, and impacts on cellular 

signal transduction. 

Proteomics technology offers substantial potential in this field. For instance, studies 

on Catharanthus roseus and Mahonia bealei have demonstrated significant alterations in 

phosphorylated proteins under UV-B radiation, primarily involving key processes such as 

protein synthesis, modification, degradation, and signal transduction (Liu et al. 2022; 

Zhong et al. 2019). A thorough analysis of the functions of these altered proteins can 

provide critical insights into the signaling and metabolic regulatory pathways in plants 

exposed to UV-B radiation. Complementary molecular biology techniques, such as qRT-

PCR, can be utilized to detect changes in gene expression, further verifying proteomic 

findings at the mRNA level. This integrated approach enables a comprehensive 

understanding of gene regulatory mechanisms. 

Moreover, it is essential to integrate these advanced insights into agricultural 

practices. By leveraging the interactions between UV-B radiation and secondary 

metabolites, precision agriculture technologies can be developed to optimize the 

cultivation conditions for medicinal plants. Interdisciplinary collaborations that merge 

biology, agronomy, pharmacology, and ecology are indispensable for the sustainable 

utilization of medicinal plants and the conservation of biodiversity. In-depth elucidation of 
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the interaction mechanisms between UV-B radiation and secondary metabolites will 

undoubtedly open new horizons in the research and application of medicinal plants. This 

advancement will propel the industry toward stable and sustainable development amidst 

the challenges posed by global environmental changes. 
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