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Abstract 

Ultraviolet-B (UV-B) radiation as an environmental potential elicitor induces the synthesis of 

plant secondary metabolites. The effects of UV-B radiation on photosynthetic pigments and 

dry weight, biochemical and molecular features of old and young leaves of Salvia 

verticillata were investigated. Plants were exposed to 10.97 kJ m−2 day-1 of biologically 

effective UV-B radiation for up to 10 days. The sampling process was performed in four 

steps: 1, 5, 10, and 13 days (recovery time) after the start of irradiation. As a result of plant 

investment in primary and secondary metabolism, the production of phenolic compounds 

increased, while chlorophyll levels and leaf dry weight (%) declined. Under long-term UV-B 

exposure, young leaves exhibited the most significant reduction in chlorophyll a and b 

content and leaf dry weight. The highest level of total phenol (1.34-fold) and flavonoid 

concentration (2-fold) relative to the control was observed on the 5th day and recovery time, 

respectively. Young leaves demonstrated the highest amount of phenolic acids in recovery 

time. Young leaves on the 5th day of the experiment exerted the highest level of antioxidant 

activity when compared to the control. A positive correlation was observed between 

antioxidant activity and the amount of phenolic compounds. Regarding the expression of 

phenylpropanoid pathway genes, UV-B enhanced the expression of phenylalanine ammonia-

lyase, tyrosine aminotransferase, and rosmarinic acid synthase with the highest level in young 

leaves on the 10th day. Overall, young leaves of S. verticillata indicated higher sensitivity to 

UV-B radiation and developed more tangible reactions to such radiation. 
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1. Introduction 

Ozone depletion in recent years has led to more UV radiation reaching the Earth's surface 

compared to the past (McKenzie et al., 2003; Zhang et al., 2017). Even though it is predicted 

that the ozone layer will improve in the next years, the forecast about ultraviolet light is less 

reliable (McKenzie et al., 2009). Although sunlight plays a vital role in the growth and 

development of plants as an environmental factor, its ultraviolet spectrum can lead to abiotic 

stress signaling in plants. Ultraviolet radiation through disruption in the electron transfer of 

the photosynthetic system and increase in the activity of NADPH peroxidases and oxidases 

triggers the production of ROS (Müller-Xing et al., 2014). UV-B radiation can significantly 

contribute to the growth, developmental (Esringu et al., 2016), biological (Ghasemi et al., 

2019), and morphological (Hopkins et al., 2002) responses in plants. Some studies reported 

positive effects of UV-B radiation on the accumulation of the bioactive compounds of 

medicinal plants (Chen et al., 2018; Ghasemi et al., 2019; Kumari and Prasad, 2013; Sun et 

al., 2010). Actually, plants react differently to ultraviolet light applying the mechanisms of 

avoidance, tolerance, and neutralization (Hofmann et al., 2003). Plants also employ 

protection mechanisms including secondary metabolites biosynthesis and accumulation of 

UV absorbing compounds against UV-B radiations, such as flavonoids and phenolic acids 

which have beneficial effects on human health as well (Csepregi et al., 2017; Dolzhenko et 

al., 2010; Farah and Donangelo, 2006; Ghasemzadeh et al., 2016; Guo et al., 2011; Zhang et 

al., 2017). Flavonoids are located in the mesophilic cells of plants and acts as a defensive 

system against biotic and abiotic stresses. Besides, the positive effect of flavonoids on human 

health has been attributed to their high antioxidant activity (Ye et al., 2017). In addition to 

flavonoids, hydroxycinnamic acids can be an efficient screening agent against UV-B 

radiation, as they absorb the UV-B spectral region very effectively in Arabidopsis (Kolb et 

al., 2001). The increase in the amount of these compounds is due to alterations in the level of 

genes expression of the phenylpropanoid pathway such as PAL (Mackerness, 2000; Shamala 

et al., 2020). Most of the key genes involved in the biosynthetic pathway of phenolic acids, 

phenylalanine ammonia-lyase (PAL), tyrosine aminotransferase (TAT), and rosmarinic acid 

synthase (RAS), are affected by different elicitors such as UV radiation (Shi et al., 2019). It is 

worth mentioning that, RA is a predominant phenolic acid in the Lamiaceae family to which 

numerous bioactive properties ,including antiviral, antibacterial, anti-inflammatory, 

antioxidant, have been attributed (Huang et al., 2008; Kwon et al., 2020). Also, it has great 
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potential as a therapeutic agent for Alzheimer's and vascular dementia diseases (Rahmani et 

al., 2020).  

In recent years, the tendency to use drugs from natural resources has led researchers to pay 

more attention to medicinal plants. On the one hand, the fewer side effects of these plants and 

on the other hand, their greater compatibility with the human body compared to chemical 

drugs have increased their importance in the pharmaceutical industry (Ghasemi et al., 2019; 

Kowalski et al., 2019; Zahra et al., 2020). Furthermore, the therapeutic potential of chemical 

compounds of medicinal plants has led to their direct and indirect application in drug 

production (Klein et al., 2018; Kumari and Prasad, 2013). The presence of important 

bioactive compounds such as hydrocynamic acids, particularly salvianolic acids and RA in 

the Lamiaceae family, has made it a potential candidate for the production of herbal 

medicines (Mosadegh et al., 2018).  

The genus Salvia, with 17 endemic species in Iran, is considered to be one of the greatest 

genera of Lamiaceae (Ziba Jamzad, 2012). This genus exhibits various remarkable biological 

activities, including antioxidant, antibacterial, antifungal, antimicrobial, antitumor, 

antidiabetic, antituberculosis, antiplasmodial, anti-inflammatory (Ebrahimabadi et al., 2010; 

Flores-Bocanegra et al., 2017; Fotovvat et al., 2019; Hamidpour et al., 2014). A broad range 

of terpenoids and polyphenolics (including CA and its derivatives such as RA and salvianolic 

acids) were detected in Salvia spp. (Esmaeilizadeh, 2017; Ghorbani and Xu et al., 2018; 

Jassbi et al., 2016; Katanić Stanković et al., 2020; Topçu, 2006). The Salvia plants have long 

been utilized in traditional medicine and due to having powerful pharmaceutical and 

healthcare effects are well-known as valuable sources in the field of medicines production 

(Rahmani et al., 2020). The therapeutic impacts of these plants have mainly assigned to the 

presence of pharmacologically active compounds such as phenolic acids, flavonoids and 

terpenes (Koutsoulas et al., 2019).  

Among the twenty-seven investigated Salvia species, Salvia verticillata demonstrated the 

highest content of RA (Fotovvat et al., 2019). S. verticillata has been used in the production 

of cheese with a special taste and the preservation of cheese and meat products. Its aerial 

parts have also been used traditionally as expectorant and cataplasm. S. verticillata, a rich 

source of RA, has received less attention in modern food and medicine industries. However, 

the presence of polyphenolic compounds, especially RA, with antioxidant, antimicrobial and 

biocompatible properties, has made S. verticillata a valuable resource in the pharmaceutical, 

cosmetics and food industries (Katanić Stanković et al., 2020).  
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While some research has been carried out on S. verticillata, no studies have been found on its 

ability to tolerate UV-B radiation, so that is why the plant was chosen. The purpose of the 

present investigation was to test the following hypotheses: (1) UV-B radiation can induce 

eustress and lead to accumulative responses in plants without causing severe damage; (2) 

UV-B radiation leads to enhance and accumulate phenolic compound in S. verticillata by 

increasing the expression of phenylpropanoid pathway genes; (3) There exist differences in 

the accumulation of phenolic compounds between old and young leaves 

of S.verticillata when exposed to UV-B radiation. Such an approach allowed us to determine 

the UV-B impacts on phenolic compounds and antioxidant activity of extracts and expression 

of key genes in the pathway of rosmarinic acid synthesis in S.verticillata plant.  

2. Materials and methods 

2.1 Plant materials and UV-B exposure 

The seeds of S. verticillata were collected from Pil village border, Haraz Road, Mazandaran 

province, Iran. The plant species was identified by Dr. Ranjbar (Department of Biology, Bu-

Ali Sina University, Hamedan, Iran). Voucher specimen (Voucher number: 42812) was 

protected at the Laboratory of Plant Systematics, Department of Biological Sciences, Bu-Ali 

Sina University, Hamedan, Iran. To provide plant samples, S.verticillata seeds were sown in 

cavity trays (1:1:1 vermicompost: perlite: coco peat) and maintained in a greenhouse. Seed 

growth started under the controlled temperature (25 ± 2 ºC) and 16/8 h light/dark regime. 

Seedlings were transplanted into individual pots when they reached the true four-leaf stage. 

Before the flowering phase, Six-month-old young plants were exposed to UV-B radiation for 

1hour per day for ten days (between 11 AM to 12 PM). The lamps were held at an equal 

distance (20 cm) above the plants and diagonally in the left and right of the plants in the 

greenhouse. UV-B radiation was applied for the 1-hour exposure from 3 lamps (Phillips, TL 

40W/12, 290-315 nm, peak at 302 nm), giving a total biologically UV-B dose of 10.97 kJ m−2 

day-1. In order To exclude the effect of shorter wavelengths (<290 nm), 0.1mm-thick 

cellulose diacetate sheets (Cadillac Plastic Co., Baltimore, MD, USA) were used. The 

intensity of the radiation was 0.6 Wm-2 for each lamp that was approximately 6-fold ambient. 

The UV radiation intensity was measured using an ultraviolet intensity meter (Hagner, EC1-

X UV-B, Sweden). The photosynthetic active radiation was roughly 500 μmol photons m-2s-1 

at midday. Control plants were kept in the same condition without UV-B radiation; therefore 

https://www.lighting.philips.com/main/prof/conventional-lamps-and-tubes/special-lamps/various-uv-applications/uv-b/uvb-broadband-tl/928011301230_EU/product
https://www.lighting.philips.com/main/prof/conventional-lamps-and-tubes/special-lamps/various-uv-applications/uv-b/uvb-broadband-tl/928011301230_EU/product
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control plants were exposed by lamps covered with polyester filters (0.1 mm, Shanghai 

Plastic Company, China) for UV-B radiation exclusion. 

During the experiment, the homogeneity of the UV-B radiation emitted by the lamps was 

checked by a power detector with a UV sensor (818-UV/DB, Newport, Irvine, CA, USA). 

Abbreviations for UV-B treatment are represented in Table 1. The experiment was conducted 

in a completely randomized design with three repetitions for each treatment. The variance 

analysis results are shown in the supplementary information as Table S1.  

2.2 Sample collection 

To investigate biochemical and gene expression changes, sampling from healthy young and 

old leaves was performed from plants with 10 cm in height. Three young and three old leaves 

were collected from each plant. Sampling were done in two stages, the first stage was on the 

1st, 5th, and 10th days of the experiment in parallel with UV-B exposure and the second 

section was on 3 days after UV-B radiation removal (13th day of experiment, recovery time). 

Completely developed leaves from the upper part of the plant were regarded as young leaves. 

While non-senescent leaves from the lower part (node 3-5) were represented as old leaves. 

Leaves were immediately frozen in liquid nitrogen and then stored at −80 °C until molecular 

analysis. In order to study biochemical changes and measure dry weight (%), samples were 

dried at room temperature and darkness. The weight of the samples was measured every 48 

hours using an electronic scale until the weight of samples remained constant, and the final 

weight was considered as dry weight. Biochemical analyses were done shortly 

(Approximately one week) after drying to eliminate possible environmental effects 

(temperature, light, storage time) on the bioactive compounds. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Abbreviations for UV-B treatment in young and old leaves of S.verticillata 

Abbreviation Explanation Day of sampling 

UYL1 UVB treatment at young leaf 1 
UYL5 UVB treatment at young leaf 5 

UYL10 UVB treatment at young leaf 10 

UYL13 UVB treatment at young leaf 13 
UOL1 UVB treatment at old leaf 1 

UOL5 UVB treatment at old leaf 5 

UOL10 UVB treatment at old leaf 10 
UOL13 UVB treatment at old leaf 13 

CYL1 Control young leaf 1 

CYL5 Control young leaf 5 
CYL10 Control young leaf 10 

CYL13 Control young leaf 13 

COL1 Control old leaf 1 
COL5 Control old leaf 5 

COL10 Control old leaf 10 

COL13 Control old leaf 13 
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2.3 Determination of chlorophylls (a and b) content  

For measure content of Chl a and b, fresh leaf samples (100 mg) were used. Samples were 

homogenised with acetone (80% v/v) and then centrifuged at 10000×g for 10 min and made 

up to a final volume of 10 mL. The absorbance of extract was read at 663.2 and 646.8 nm. 

Content of Chl a, b and total Chl was calculated using the formula (Lichtenthaler, 1987) 

given below: 

𝐶ℎ𝑙 a (mg g−1 FW) = 

(12.25  A663.2 − 2.79  A646.8 ) × volume of supernatant /sample mass (g) 

𝐶ℎ𝑙 b (mg g−1 FW) = 

(21.50  A646.8 − 5.1  A663.2) × volume of supernatant /sample mass (g) 

Total Chl (mg g−1 FW) = 

(7.15 A663.2 + 18.71 A646.8) × volume of supernatant /sample mass (g) 

 

2.4 Ultrasound-assisted extract preparation 

Plant materials were dried at room temperature away from sunlight and then 250 mg of the 

dried plants were powdered in liquid nitrogen by mortar and pestle. Extraction with 

ultrasound has been applied extensively in the past few decades as an effectual extraction 

method in various industries, such as the food and pharmaceutical industries (Xu et al., 2017). 

Accordingly, to prepare the aqueous-methanolic extract, 200 mg of the powdered dried leaf 

was mixed with 2 mL 80% methanol and placed in an ultrasonic bath (40 khz, AVA-UB 5-

20, AVA TEKS, Iran) at 40°C for 45 minutes. The mixture was filtered through Whatman 

No.4 paper. The extracts were stored at -20°C until further experiments. 

2.5 Determination of total phenol concentration  

The TPC of extracts was evaluated based on the method represented by Kocak et al. (2016). 

Briefly, 0.25 mL of extract solution was mixed with 1 mL diluted Folin-Ciocalteu reagent 

(1:9) and shaken vigorously. After 3 min, 0.75 mL of 1% Na2CO3 solution was added. Then, 

the mixture was incubated for 2h in a shaker at room temperature and in the dark. The 

absorbance of the reaction was read at 760 nm using a UV-visible spectrophotometer (UV- 

1280, UV-VIS, Shimadzu, Japan). The TPC was declared as the equivalent milligrams of 

gallic acid per 1g of dried weight (mg GAE. g-1 DW).  
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2.6 Determination of total flavonoid concentration  

To measure the TFC of extracts, the colorimetric method (Zhang et al., 2017) was used, with 

slight modification. 1 mL of the extract solution was mixed with 0.7 mL of 5% sodium nitrate 

solution and reacted for 7 min. Then, 0.3 mL of 10% aluminum chloride was mixed with the 

solution. After 6 min, 5.0 mL of 1M/L sodium hydroxide solution was added to the mixture. 

The sample absorbance was measured after 15 min at 510 nm using a UV-visible 

spectrophotometer (UV- 1280, UV-VIS, Shimadzu, Japan). The TFC concentration was 

expressed as the equivalent milligrams of quercetin per 1g of dried weight (mg QE. g-1 DW). 

2.7 Evaluation of antioxidant activity 

The effect of the methanolic extracts on free radicals scavenging was examined in a 

methanolic solution of DPPH (Kocak et al., 2016). 0.5 mL of extract solution was added to 2 

ml of 0.004% DPPH solution. The mixture was placed at room temperature in the dark for 30 

min. Then, sample absorbance was measured at 517 nm by a UV-visible spectrophotometer 

(UV- 1280, UV-VIS, Shimadzu, Japan). The DPPH free radical scavenging activity of 

extracts was calculated by using the following equation: 

DPPH. scavenging effects (%)= [(A0 − A1 A0⁄ ) × 100] 

A0, the DPPH absorbance in the absence of extract; A1, the DPPH absorbance in the 

presence of extract. 

2.8 HPLC analysis and identification of phenolic acids  

Phenolic acids were evaluated by RP-HPLC (Knauer Scientific Instruments, Berlin, 

Germany) according to the method of Luis et al. (2007), with modification. Detection and 

quantification were carried out with a Smartline Pump 1050, a Smartline UV Detector 2600, 

DGU-14A degasser. Before injection, all the solutions were filtered through a 0.45 nm filter. 

Aliquots (80μl) were injected into a C18 reversed-phase column (250 mm × 4.6 mm length, 5 

µm particle size). All solvents used for extraction and identification of phenolic acids were 

HPLC grade.The separation was achieved using the gradient acetonitrile (solvent A) and 

acidified water containing 2.5% of acetic acid (solvent B). The gradient was as follows: 0 

min, 10% A, 0.5 mL min-1; 15 min, 60% A, 0.5 mL min-1; 35 min, 60% A, 0.3 mL min-1; 50 

min; 10% A, 0.5 mL min-1. After 50 min, the gradient was held for 10 min before a new 

injection. The detection was set at 280 nm. The identification of phenolic acids was based on 

a comparison of the real retention time to those of authoritative standards. The standards used 
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were as following: CGA (y = 110981x – 2E+06, R² = 0.9908), CA (y = 109732x – 1E+06, R² 

= 0.9903), RA (y = 121392x - 748780, R² = 0.99) and SAA (y = 73704x – 996822, R² = 

0.9872). The results were expressed in mg. g-1 DW. 

2.9 RNA extraction and synthesis of cDNA 

In order to extract RNA from the samples, leaves (100 mg) were ground in liquid nitrogen by 

mortar and pestle, and RNA was extracted by RNX-Plus solution (Sinaclon, Iran). To prepare 

DNA-free RNA, RNAs were treated with DNase (DNase l, Rnase-free, Sinaclon, Iran). The 

concentration and purity of total RNA were determined using ScanDrop (2000, Thermo 

Scientific, USA). The ratios of the A260/280 and A260/230 were considered to evaluate the 

purity of RNA. The quality of RNA was tested by 1.0% agarose gel electrophoresis. The 

high-purity RNA (260/280nm absorbance ratio about 2.0 and 260/230 nm absorbance ratio 

2–2.2) was used to synthesize cDNA (cDNA Synthesis kit, Yekta Tajhiz Azma, Iran) 

according to the manufacturer's protocol (5 min at 70 °C, 60 min at 42 °C and followed by 5 

min at 70 °C). cDNAs were maintained in -20°C for RT-qPCR. 

2.10 Real-time quantitative PCR analysis   

The PAL-specific cDNA (815 bp) was amplified and sequenced. The PAL-related sequence 

was deposited in the GeneBank databse, National Center for Biotechnology Information, with 

accession number MT212192. Then, specific primers were designed for this PAL gene. 

Primers for TAT gene were designed on homologous sequences selected of the genus Salvia 

using Primer-Blast software. We used Ubiquitin as an internal control according to the study 

of Yang et al. (2010) that showed the Actin and Ubiquitin as reference genes were the most 

stable than the other genes studied in the Salvia. The list of the sequences of the primers used 

is shown in Table 2. 

Primers were checked by PCR with the cDNA as a template before using in real-time (RT)-

PCR. RT-qPCR was done using TB Green Premix Ex TaqII (TaKaRa, Japan) conforming to 

the producer manual: preliminary denaturation at 95 °C for 30 s (1 cycle); 40 cycles 

consisting of denaturation at 95 °C for 5 s; 30 s at the annealing temperature. Finally, the Ct 

values obtained from RT-qPCR instrument software were used to calculate the relative 

expression of the genes by 2−ΔΔCT method (Livak and Schmittgen, 2001). For each sample, Ct 

values of the reference genes were used as an internal control to normalize target gene 

expression. 
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Table 2. Gene-specific primers used for gene expression analysis in S.verticillata by RT-qPCR. 

Gene Primers Sequence (5'→3′) Reference 

SvPAL Forward 

Reverse 

GATTTGAGGCATTTGGAGGA 

GCCCATTGTGAGAGTTCGTT 

This work 

SvTAT Forward 

Reverse 

CGATGAGGTCTACGGCCATC 

CAGCCAGGAACCAACCATCT 

This work 

SvRAS Forward 

Reverse 

CAGTTGACTCGGTTCAAATGCGG 

TGATGAAGTGGAGAGCGGAG 

(Rahmani et al., 2020) 

Ubiquitin Forward 

Reverse 

GTTGATTTTTGCTGGGAAGC 

GATCTTGGCCTTCACGTTGT 

(Yang et al., 2010) 

 

2.11 Statistical analysis  

Data obtained from biochemical experiments were analyzed using SAS software (ver. 9.4). 

The normality was checked by the Shapiro-Wilk test before we used data for the statistical 

analysis. Duncan’s multiple range test was used to compare the means. Differences were 

considered statistically significant when P ≤0.01. Pearson correlation coefficient was used for 

the correlation determination between the phenolic compound and radical scavenging 

capacity of methanolic extracts of S.verticillata. All of the figures and a heatmap were 

provided by GraphPad Prism 8 software.  A heatmap is a graphical representation of data 

where the individual values contained in a matrix are represented as colors.  

3. Results and discussion 

3.1 Changes in the content of chlorophyll a and b in S.verticillata leaves under UV-B 

exposure  

The results revealed that the duration of UV-B radiation has differently influenced the 

contents of chlorophylls in treated leaves of S. verticillata (Table 3). Exposure of the leaves 

to a short time of UV-B (1 day) did not significantly affect Chl a content in young and old 

leaves, While the Chl a content decreased in UYL on the 5th and 10th days, 23.6% and 

28.57% compared to the control, respectively. By increasing the duration of UV radiation, 

the Chl a content in old leaves was also significantly affected, 17.39% and 22.47% decline 

compared to the control on the 5th and 10th days, respectively. Although a decrease in 

chlorophyll content in both kinds of leaves was found, this decrease was more considerable in 

young leaves. It suggests that young leaves were more UV-B-sensitive than old leaves and 

the age of leaves was a vital factor for Chl a content. After removing UV-B radiation, the 
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amount of Chl a in young and old leaves increased compared to UVB-exposed leaves for ten 

days. However, control plants showed higher Chl a level on day 13 in comparison to UOL13 

and UYL13. As shown in the Table 3, the Chl b content immediately decreased on the first 

day after UV-B irradiation in young leaves, compared to control plants. It was evident 

that Chl b content in the treated leaves was more sensitive than that of Chl a to the duration of 

UV-B radiation changes. With increasing UV-B radiation duration, the decrease of Chl b in 

young leaves continued. The UYL10 showed the highest reduction (55.38%) of Chl b 

content. In old leaves, a considerable reduction in the Chl b content was observed on the 5th 

(29.23%) and 10th (29.23%) after irradiation of UV-B. In recovery time, the Chl b content in 

young and old leaves increased, and UOL13 did not show a significant difference compared 

to COL13.  

Kamble et al. (2015) reported that almost in all studied plants, Chl a had more concentration 

than that of Chl b. They pointed out Chl a and b as primary and accessory pigments, 

respectively. UV-B may impress on the chlorophyll synthesis or degradation through 

stimulation of ROS generation. Chl a and b contents decreased in the treated plants at a 

slower rate from the 5th to the 10th day. It is assumed that the increase in flavonoids, a UV-B 

protection strategy during this period, has prevented the degradation of photosynthetic 

pigments by neutralizing ROS. As expected, the total chlorophyll content also decreased 

under UV-B radiation. A significant decrease in total chlorophyll was observed in young 

leaves after the first day of UV irradiation, while old leaves were less affected by UV 

radiation. In the irradiated leaves, the highest and lowest total chlorophyll content (1.47 and 

0.94 mg. g−1 FW) was observed in UOL1 and UYL10, respectively. Although exposure to 

UV-B decreased the chlorophylls contents, the ratio of Chl a/b contents significantly 

increased in UYL and the highest ratio of Chl a/b contents was obtained in UYL10 (2.21 ± 

0.12). The ratio of Chl a/b contents in UOL1, 5 and 10 increased compared to the control, 

although it was not significant. Takshak and Agrawal (2015) suggested that UV-B leads to 

impairment in the photosynthetic system, and the rate of photosynthesis may decrease. 

Furthermore, plants divert photosynthesis towards the synthesis of antioxidative defense 

compounds and enzymes to counteract the effects of stress. In agreement with our findings, a 

decrease of chlorophyll content under UV-B has also been reported in some plants such as 

Jaborosa magellanica (Cuadra et al, 2004), Capsicum annuum (Mahdavian et al, 2007), 

Artemisia annua (Pandey and Pandey-Rai, 2013), Prunella vulgaris (Zhang et al., 2017) and  

Crepidiastrum denticulatum (Park et al., 2020). It seems that the difference in chlorophyll 

content of old and young leaves can relate to their anatomy characteristics. The number of 
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palisades and spongy parenchyma cell layers may affect chlorophylls contents. Martins et al. 

(2017) reported higher values of palisade parenchyma in adult leaves of Salvia officinalis L. 

var. purpurascens. Given that palisade parenchyma contains many chloroplasts, it is likely 

that a higher amount of chlorophyll in older leaves is due to the higher the rate of spongy 

parenchyma. Knowledge of anatomical differences of S.verticillata old and young leaves may 

be useful in interpreting physiological changes with age. 

3.2 Changes in dry weight (%) in S.verticillata leaves under UV-B exposure  

As shown in the Table 3, in both control and irradiated plants, the old leaves presented a 

lower leaf dry weight (%) than the young leaves. In the 1st and 5th days, UV-B radiation 

reduced the dry weight in the old and young leaves, but this difference was not statistically 

significant. In irradiated plants, reduction of the dry weight in young leaves was more than in 

old leaves, and the highest dry weight reduction was observed in UYL10. The dry weight of 

UYL10 decreased by 21.38% compared to CYL10. At the same time, CYL10 provided the 

highest percentage of dry weight (23.57 ± 3.65). The dry weight of UOL13 and UYL13 

increased compared to UOL10 and UYL10, but this increase was not significant. Considering 

that in both control and irradiated plants, the old leaves presented less dry weight, so it can be 

said that the old leaves had higher water content. As a result of UV-B exposure, it can be 

inferred from Table 3 that many compounds and biochemical processes in plants are 

negatively affected by UV-B radiation, including chlorophyll content and photosynthesis that 

led to reducing carbohydrate production, thereby affecting growth and dry weight. Besides, 

reducing dry weight can be explained by a reduction in CO2 fixation under UV-B radiation. 

Carbon fixation rate is affected by UV-B and the leaf age. In addition, several studies in the 

glasshouse and environmental chambers have shown that UV-B radiation can interfere with 

photosynthesis through its effects on photosystems, phosphorylation reactions, chloroplast 

structure, and enzyme activity (Suchar and Robberecht, 2016).  

There is evidence that prolonged exposure to UV-B radiation results in reduced Rubisco 

activity and content (Nogués et al., 1998). This can be the reason for the dry weight reduction 

in UYL10. According to the findings of various studies, there are several factors impacting 

the dry weight of plants, including UV-B radiation dose, plant species, and plant organ. There 

is a wide range of responses to UV-B irradiation. Similarly, previous studies reported a 

significant reduction in plant biomass production under UV-B radiation (Choudhary and 

Agrawal, 2014; Lee et al., 2014). In another study (Nazari et al, 2018), UV-B radiation (1.15 

Wm−2, 2 h per day for three weeks) led to a reduction in shoot dry weight in Mentha aquatic. 
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In contrast, Rodríguez-Calzada et al. (2018) reported that leaf dry weight of Capsicum 

annuum was not affected by UV radiation (1.14 kj m-2 day-1, 14 days), while stem dry weight 

was significantly reduced. In the study of Park et al. (2020), different levels of UV-B (0, 0.1, 

0.25, 0.5, 1.0, and 1.25 W m-2), 6 h per day for 6 days had no negative effect on the shoot dry 

weight in Crepidiastrum denticulatum. 

 

Table 3. The content of chlorophyll a and b, and leaf dry weight (mean ± SD) in the young and old leaves of 

S.verticillata under UV-B radiation (1 hour per day for 10 days). 

Day of 

sampling 

sample Chlorophyll a 

(mg. g−1 FW) 

Chlorophyll b 

(mg. g−1 FW) 

Chlorophyll a/b 

ratio 

Total Chlorophyll 

(mg. g−1 FW) 

Leaf dry weight 

 (%) 

1 

CYL 0.89 ± 0.01ab 0.63 ± 0.05ab 1.41 ± 0.09de 1.53 ± 0.06a 22.18 ± 1.94a-c  

COL 0.93 ± 0.04a 0.67 ± 0.02a 1.4 ± 0.08de 1.60 ± 0.02a 18.18 ± 1.29de 

UYL 0.84 ± 0.05b 0.48 ± 0.06cd 1.78 ± 0.17bc 1.31 ± 0.10b 21.74 ± 2.27a-d 

UOL 0.87 ± 0.01ab 0.59 ± 0.05ab 1.53 ± 0.10c-e 1.47 ± 0.06a 17.95 ± 1.23e 

5 

CYL 0.89 ± 0.03ab 0.63 ± 0.08ab 1.41 ± 0.19de 1.52 ± 0.09a 22.64 ± 4.09ab 

COL 0.92 ± 0.01a 0.65 ± 0.03ab 1.41 ± 0.04de 1.57 ± 0.04a 18.25 ± 1.25de 

UYL 0.68 ± 0.03fd 0.36 ± 0.07ef 1.91 ± 0.32b 1.05 ± 0.09de 19.94 ± 0.38a-e 

UOL 0.76 ± 0.02c 0.46 ± 0.06c-e 1.66 ± 0.17b-e 1.23 ± 0.08bc 16.85 ± 1.16e 

10 

CYL 0.91 ± 0.03a 0.65 ± 0.03ab 1.39 ± 0.02de 1.56 ± 0.05a 23.57 ± 3.65a 

COL 0.89 ± 0.04ab 0.65 ± 0.04ab 1.36 ± 0.03e 1.54 ± 0.09a 17.45 ± 1.23e 

UYL 0.65 ± 0.04d 0.29 ± 0.03f 2.22 ± 0.12a 0.94 ± 0.07e 18.53 ± 1.77de 

UOL 0.69 ± 0.03d 0.46 ± 0.03c-e 1.49 ± 0.09c-e 1.16 ± 0.05cd 16.15 ± 0.82e 

13 

(recovery 

time) 

CYL 0.94 ± 0.08a 0.57 ± 0.13a-c 1.7 ± 0.31b-d 1.55 ± 0.14a 23.02 ± 2.36ab 

COL 0.89 ± 0.03ab 0.46 ± 0.04cd 1.95 ± 0.14ab 1.34 ± 0.06b 18.80 ± 1.09c-e 

UYL 0.70 ± 0.03d 0.43 ± 0.07de 1.65 ± 0.22b-e 1.13 ± 0.09cd 19.62 ± 1.42b-e 

UOL 0.75 ± 0.02c 0.55 ± 0.04bc 1.37 ± 0.05de 1.31 ± 0.07b 16.73 ± 1.06e 

Recovery time: 3 days after UV-B radiation removal. The  mean values within a column followed by different letters are 

significantly different at the %1 probability level. 

3.3 Total phenol and flavonoid concentration in S.verticillata leaves under UV-B exposure  

According to the results (Table 4), phenolic compounds were affected by both UV-B and leaf 

age. Despite the negative effects of UV radiation on chlorophyll content and dry weight, the 

TPC and TFC were significantly increased by UV-B radiation in irradiated young and old 

leaves compared to the control plants. The results showed that TPC increased significantly at 

UYL1 and UOL1 (Table 4). Afterwards, TPC increased from 34.09±1 to 42.82±1.81mg 

GAE. g-1 DW at UYL5. UYL5 had the highest TPC compared to old leaves and non UV-B 

exposed plants. With increasing the period of UV radiation (10 days), the TPC decreased to 

37.69 ± 1.89 mg GAE. g-1 DW at UYL10. Finally, TPC reached 40.63±0.24 mg GAE. g-1 

DW at recovery time in UYL. Like young leaves, an increase and then a decline in the TPC 

(33.41 ± 1.99 and 31.2 ± 4.67 mg GAE. g-1 DW) were observed at UOL5 and UOL10, 

https://www.wordhippo.com/what-is/another-word-for/afterwards.html
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respectively. However, the TPC in UOL5 and UOL10 was not statistically different. With the 

elimination of UV-B radiation, the TPC increased to 34.18 ± 1.42 mg GAE. g-1 DW at 

UOL13.  As was shown in Table 4., there was an increasing trend in the TFC of young leaves 

under UV-B radiation as compared to the control plants. Thus, in young leaves, the lowest 

TFC (11.97 ± 2.37 mg QE. g-1 DW) and the highest TFC (15.75 ± 1.11 mg QE. g-1 DW) were 

obtained at UYL1 and UYL13, respectively. A Significant difference in TFC of UYL and 

CYL was maintained on the 5th and 10th day and recovery time. The TFC at UYL1, ULY5, 

ULY10 and ULY13 increased by 36.33% , 58.97%, 94.89% and 99.87% compared to CYL1, 

CYL5, CYL10 and CYL13, respectively. The situation was slightly different for old leaves. 

The TFC of UOL1 (8.27 ± 0.02 mg QE. g-1 DW) did not show a significant difference with 

the TFC of COL1 (6.51 ± 1.27 mg QE. g-1 DW). Although the TFC in the UOL was 67.49%, 

80.24% and 84.13% higher than COL on the 5th and 10th day and recovery time, respectively, 

the elimination of UV-B radiation reduced the TFC in UOL13 (9.28 ± 0.76 mg QE. g-1 DW) 

in comparison with UOL10 (10.58 ± 1.42 mg QE. g-1 DW). 

 

 

Table 4. The Concentration of phenolic compounds and antioxidant activity (mean ± SD) in the 

young and old leaves of S.verticillata under UV-B radiation (1 hour per day for 10 days).  

Day of sampling  sample Total phenol (mg 

GAE g-1 dw) 

Total flavornoid 

(mg QE g-1 dw ) 
DPPH assay (%) 

1 

COL 24.21 ± 0.82 i 6.51 ± 1.27 efg 
76.07 ± 2.55 

g 

UOL 29.55 ± 0.53 defgh 
8.27 ±  0.02 

de 81.65 ± 1.47 
f 

CYL 28.24 ± 1.51 efghi 
8.78 ± 0.88 

cd 83.21 ± 0.37
 f 

UYL 34.09 ± 1 
cd 

11.97 ± 2.37 
b 88.19 ± 0.31 

cd 

5 

COL 26.34 ± 0.81 fghi 
5.29 ± 0.90 

g 78.01 ± 2.10 
g 

UOL 33.41 ± 1.99 
cd 8.86 ± 0.052 

cd 88.10 ± 1.39 
cd 

CYL 31.98 ± 5.12 
de 7.80 ± 1 

def 82.51 ± 2.12 
f 

UYL 42.82  ± 1.81 
a 

12.40 ± 1.84 
b 94.10 ± 0.77 

a 

10 

COL 25.89 ± 0.81 ghi 
5.87 ± 0.75 

fg 77.21 ± 0.79 
g 

UOL 31.20± 4.67 
def 

10.58 ± 1.42 
bc 84.42 ± 1.90 

ef 

CYL 30.61 ± 4.16 defg 
7.43 ± 0.44 

def 81.12 ± 4.28 
f 

UYL 37.69 ± 1.89 
bc 

14.48 ± 0.78 
a 90.06 ± 0.31 bc 

13 (recovery time) 

COL 25.12 ± 3.40 hi 
5.04 ±  0.90 

g 
77.66 ± 0.24 

g 

UOL 34.18 ± 1.42 
cd 

9.28 ± 0.76 
cd 86.58 ± 1.90 

de 

CYL 31.75 ± 2.91 
de 7.88 ± 0.97 def 

84.38 ± 1.93 
ef 

UYL 40.63 ± 0.24 
ab 

15.75 ± 1.11 
a 92.01 ± 0.32 ab 

Recovery time: 3 days after UV-B radiation removal. The  mean values within a column followed by 

different letters are significantly different at the %1 probability level.  
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These results suggest that short-term UV-B radiation rapidly stimulated the TFC 

accumulation in young leaves compared to old leaves. The accumulation of flavonoids in S. 

verticillata young leaves seems to be one of the primary strategies against UV-B. The results 

showed that the application of supplemental UV-B for 5 days and 10 days was ideal for 

increasing the TPC and TFC of young leaves of S.verticillata, respectively. It was assumed 

that at the long-term irradiation of UV-B (10days), more phenolic compounds especially 

phenolic acids produced by plants were used to scavenge and neutralize reactive oxygen 

species which subsequently led to a decrease in the TPC. On the other hand, long-term UV 

radiation may increase the action of chalcone synthase and direct the pathway of the phenolic 

compounds into the flavonoids. These results tie well with previous studies where in plants 

produced phenolic compounds as defensive chemical responses in order to adapt to adverse 

environmental conditions such as UV (Ghasemi et al., 2019; Manukyan, 2013). The positive 

and significant effect of UV radiation on phenols-based bioactive compounds has been shown 

in many studies (Chen et al., 2018; Csepregi et al., 2017; Dolzhenko et al., 2010; Esringu et 

al., 2016; Ghasemzadeh et al., 2016; ). Harper (1989) indicated that young and developing 

leaves use phenolic compounds as a defense system, while older leaves rely on thicker 

cuticles and higher dry matter in environmental stress. In another study (Reifenrath and 

Müller, 2007), young leaves compared to old leaves exhibited a higher amount of flavonols 

and total glucosinolate in Sinapis alba. Besides, Sun et al. (2010) showed that flavonoids 

synthesis in young leaves of Ginkgo biloba L. was more affected than old leaves by UV-B. In 

contrast, in the study of Csepregi et al. (2017) no significant difference in flavonol content 

was reported with increasing leaf age of Arabidopsis thaliana. Chang et al. (2018) have 

demonstrated a significant decrease in free and total phenolics and an increase in bound 

phenolics along with leaf growing of Clausena lansium, respectively. 

The phenolic compounds are present in both free and bound forms in plants. The bound 

phenols, unlike free phenols, are not extractable by aqueous/organic solvents mixtures. In 

other words, the conjugation of phenols with compounds such as pectin, cellulose, and 

polysaccharides can affect their hydrolysis (Su et al., 2014). In the present study and most 

performed studies, water and organic solvents have been used to extract phenolic compounds, 

in which case the bonded phenolic compounds are not extracted well. It is inferred that not 

only the type of phenolic compounds but also their proportions are different in growth stages. 

Generally, the type of plant species and solvent used in extraction plays an important role in 

this regard. As shown in Table 4, young and old leaves of the control plants showed a 
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difference in the TPC. This indicates that TPC is normally affected by leaf age in 

S.verticillata. In fact, UV-B radiation increases the concentration of total phenols in both 

young and old leaves by maintaining this difference. In other words, the process of changing 

the phenolic content in treated plants was similar to control plants during the experiment.  

 

3.4 Phenolic acids concentration in S.verticillata leaves under UV-B exposure 

The results demonstrated that UV-B exerted obvious changes in the biosynthesis of phenolic 

acids (Fig. 1a-d). We detected the presence of CGA, CA, RA, and SAA in all of the samples. 

In this study, phenolic acids showed different accumulation patterns under UV-B radiation.  

 In all the steps, UYLs showed the highest amount of CGA compared to the treated old 

leaves and control plants. Based on the results, UYL1 and UOL1 did not show a significant 

difference with CYL1 and COL1. Actually, the CGA synthesis was not induced by short-

term UV-B radiation. The CGA content increased significantly with increasing UV-B 

radiation duration at UYL5 (1.08 mg. g-1 DW) and UOL5 (0.88 mg. g-1 DW) compared to 

CYL5 (0.49 mg. g-1 DW) and COL5 (0.32 mg. g-1 DW). No significant difference in CGA 

was observed in UYL5, UYL10 and UYL13. However, UV-B caused a different response in 

old leaves. The CGA content increased significantly in UOL5 (2.75-fold) compared to COL5. 

The CGA content of UOL10 (0.38 ±0.22 mg. g-1 DW) was lower than that of COL10 (0.59 ± 

0.14 mg. g-1 DW) and CYL10 (0.68 ± 0.15 mg. g-1 DW). In addition to UV-B radiation, 

recovery time affected phenolic acids. Surprisingly, after the stop of UV-B radiation, the 

CGA content in UOL13 increased significantly compared to the leaves of the control plants. 

No significant difference in terms of CGA was observed between UOL13 and UYL13. It is 

noteworthy that the amount of the CGA in UOL13 increased 2.5-fold higher than that of 

UOL1. 

The concentration of the CA and RA had an increasing and decreasing trend during UV 

radiation, as it was shown in Fig. 1b-c. UV-B had a more substantial impact on CA than other 

phenolic acids. By the beginning of exposure to UV-B, CA significantly increased in UYL1 

and UOL1 compared to the control plants; however, the amount of CA in UYL1 and UOL1 

was not statistically different. As shown in Fig. 1b, UYL5 and UOL5 had higher levels of CA 

(3.22 and 2.77-fold, respectively) than the control plants. 

 

 

 



16 
 

 

 

 

 

 

 

 

 

 

 

 

s 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Continuation of UV radiation until the 10th day, led to a decrease and stability of CA in 

UYL10 (decreased by 48.95% compared to UYL5) and UOL, respectively. Stopping UV 

radiation increased the CA content (approximately 2.5-fold) at UYL13 compared to UOL13 

Fig.1. (a-d): The concentration of phenolic acids (mean ± SD, n = 3) in young and old leaves of 

S.verticillata under UV-B radiation. UV-B: 1hour per day for 10 days. Analyzes were performed on 

the 1st, 5th and 10th days of the experiment in parallel with UV-B exposure and on recovery time (3 

days after UV-B radiation removal or the 13th day of experiment). a) Chlorogenic acid b) Caffeic 

acid c) Rosmarinic acid d) Salvianolic acid. Bars with no letters in common are significantly 

different (p< 0.01).  
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and control plants, and the highest amount of CA (1.21 ± 0.11 mg. g-1 DW) was observed in 

UYL13. But the treated old leaves showed a different response. Although CA was higher in 

UOL10 than UY10, old leaves could not maintain or increase CA amount in recovery time, 

and there was no significant difference between UOL13 and control plants (COL13, 

CYL13) in terms of CA content. Hence, it could conceivably be hypothesized that 

continuation of UV radiation is required to synthesize more CA in UOL. Considering that 

chlorogenic acids are phenolic acids that are formed by esterification of cinnamic acids, 

including caffeic, ferulic and p-coumaric acids with quinic acid (Sun et al., 2010) and the 

amount of chlorogenic acid at UOL13 increased, there is another hypothesis that old leaves 

tend to accumulate CA in another form, CGA, at recovery time. It is inferred that UV-B 

irradiation balances the concentration of phenolic compounds and their composition in the 

phenolic pool. 

As can be seen from the Fig. 1c, UV-B radiation and leaf age had no significant effect on RA 

content at UYL1 (7.22 ± 0.78 mg. g-1 DW) and UOL1 (6.69 ± 0.15 78 mg. g-1 DW). After 

UV-B radiation exposure for 5 days, UYL5 exhibited a great increment in RA (12.79 ± 0.85 

mg. g-1 DW), while in prolonged irradiation (10 days), RA content (10.88 ± 0.05 mg. g-1 DW) 

decreased in UYL10. Interruption of UV-B led to an increase in RA, and the highest amount 

of RA (14.33 ± 1.62 mg. g-1 DW) was detected in UYL13. The old leaves showed similar 

behavior to young leaves in terms of changes in RA content, and the most amount 

of RA (9.72 ± 0.21 mg. g-1 DW) in UOL was obtained in recovery time. It is arguable that in 

prolonged UV-B radiation RA and CA might be used as precursors in the synthesis of other 

compounds, which ultimately led to less accumulation of these compounds. Unlike other 

phenolic acids, we observed a progressive increase in SAA under UV-B radiation. As 

demonstrated in Fig. 1d, the level of SAA increased even at recovery time. Although the 

amount of SAA in young leaves was higher in all of the steps than in old ones, this difference 

was not statistically significant. In other words, the amount of this substance was less affected 

by leaf age. The lowest (0.34 ± 0.02 mg. g-1 DW) and highest (0.70 ± 0.14 mg. g-1 DW) 

levels of SAA showed by COL1 and UYL13, respectively. Thus, to achieve the highest level 

of SAA, plant harvesting should be carried out in recovery time. Based on the results (Fig. 

1a-d), by adjusting the duration of UV-B radiation, the synthesis pathway of phenolic 

compounds in old and young leaves can be directed in the desired direction. For example, the 

amount of CGA in young leaves can be significantly increased under UV-B radiation for 5 

days, but to obtain high levels of RA, SAA and CA in young leaves, long-term ultraviolet 

radiation is required. 
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We also found a clear impact of leaf age on phenolic compounds in this study where young 

leaves methanolic extracts had more UV-absorbing properties in comparison to old leaves. 

Agree with our findings , Berli et al. (2010) indicated that the amount and kind of phenolic 

compounds vary in different species, growth stages, and tissues. Since the accumulation of 

some metabolites was quickly stimulated by 0.5 h UV-B radiation (35 µWcm−2) (Shamala et 

al., 2020), in the present study, an increase in phenolic compounds was not unexpected on the 

first day after treatment. Yildirim (2020) reported similar results for the effect of UV-B 

irradiation on the contents of CGA and RA in Echium orientale L. In the study of Park et al. 

(2020), UV-B (0.25 Wm-2, 6h for 4 days) increased the antioxidant activity and total 

hydroxycinnamic acids in Crepidiastrum denticulatum. Our results support previous studies 

(Chen et al., 2018; Luis et al., 2007; Manukyan, 2013; Zhang et al., 2017) which showed the 

increase of phenolic acids such as CA and RA under UV-B radiation.  

Based on the results, we infer that such rapid biochemical responses and biosynthesis of 

bioactive compounds in S.verticillata are essential for plant adaptation to UV-B radiation as 

environmental stress. It is noteworthy that after the application of UV-B radiation for ten 

days, no damage such as browning or curling of leaves was observed in plants, which 

indicates that the intensity and duration of UV-B radiation used in this study without causing 

damage to the plant can play an effective role in increasing the secondary metabolites.  

 

3.5 Antioxidant activity changes of S.verticillata leaves under UV-B radiation  

The results of the assessment of antioxidant activity using DPPH assay are shown in Table 4. 

According to the results, exposure to UV-B radiation significantly enhanced antioxidant 

activity, especially in the young leaves. Irradiation of UV-B for 5 days was favorable for the 

high antioxidant activity of S.verticillata young leaves extract. UYL5 and COL1 showed the 

highest (94.10 ± 0.7 %) and lowest (76.07 ± 2.5 %) antioxidant activity, respectively. From 

the initial day of the exposure of UV-B to the 5th day, we observed an increase in the 

antioxidant activity. However, the amount of that significantly reduced in UYL10 (90.06 ± 

0.31 %) and UOL10 (84.42 ± 1.90 %). Unexpectedly, it was observed an increase in the 

antioxidant activity after removing the UV radiation in UYL13 (92.01 ± 0.32%) and UOL10 

(86.58 ± 1.90%) .  

https://www.powerthesaurus.org/different/synonyms
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The results of the correlation analysis between the phenolic compounds and antioxidant 

activity were shown in Fig. 2. A positive correlation (r = 0.89) was recognized between the 

amount of phenolic compounds and antioxidant activity. RA as the predominant phenolic 

acid, showed the highest positive correlation (r = 0.83) compared to other phenolic acids. 

These findings agree with other observations that suggested a positive correlation between 

antioxidant activity and phenolic content of the extracts (Csepregi et al., 2017; Esringu et al., 

2016; Ghasemzadeh et al., 2016). Our findings confirmed a previous study that found a 

positive correlation between the total flavonoid content and the DPPH• scavenging activity 

(Chen et al., 2018). Actually, ROS produced by UV radiation leads to rapid signaling which 

activates the pathway of free radical scavenging through the biosynthesis of antioxidant 

compounds (Ghasemzadeh et al., 2016; Park et al., 2020). In addition, a low dose of UV-B 

radiation can affect antioxidant activity via the regulation of different pathways such as 

phenylpropanoids, cinnamates, and flavonoids (Müller-Xing et al., 2014). Pereira et al. 

(2009) indicated that the hydroxyl groups in phenols act as hydrogen donors and also react 

with active species of oxygen and nitrogen, which result in the production of an antioxidant  

radical form that has greater chemical stability than the primary radical. Ye et al. (2017) 

emphasized that flavonoids exhibit their antioxidant activity not only by scavenging free 

radicals but also by chelating metal ions. Shi et al. (2019) considered water-soluble phenolic 

acids such as RA, CA, salvianolic acids as a separate major group with high antioxidant 

TPC TFC A % CGA CA RA SAA

TPC

TFC

A % 

CGA

CA

RA

SAA

0.6
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Fig. 2. Heatmap shows correlation coefficients between the phenolic compounds and antioxidant activity. 

Different values are represented in different colors. white means high positive correlation and black means 

low positive correlation. Total phenol concentration (TPC), total flavonoid concentration (TFC), chlorogenic 

acid (CGA), caffeic acid (CA), rosmarinic acid (RA), salvianolic acid A (SAA), % antioxidant activity 

(A%). 
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activity in Salvia miltiorrhiza. On the other hand, CGA synthesis in response to 

environmental stresses has been proven in a wide range of plants (Kumari and Prasad, 2013). 

3.6 Changes in the expression of PAL, TAT, RAS genes in S. verticillata leaves under UV-B 

radiation 

Decrease and increase in dry weight and phenolic compounds indicate that S.verticillata  

modulates the expression of genes involved in both primary and secondary metabolism, 

under UV-B radiation. As shown in Fig. 3, UV-B radiation increased the expression of PAL, 

TAT and RAS genes in both young and old leaves of S. verticillata. In all studied genes, 

young leaves showed higher gene expression than old leaves. High levels of gene expression 

in young leaves may provide more efficient protection against UV-B radiation in young 

leaves. Although the PAL and RAS genes expression level did not significantly differ in 

young and old leaves at the beginning of the experiment, the effect of leaf age on gene 

expression especially PAL and RAS genes, was quite obvious on the 5th and 10th days.  

The expression of the PAL gene in treated young and old leaves was 4.43-fold and 2.46-fold, 

respectively, compared to the control on the 5th day. On the 10th day, young leaves exhibited 

more gene expression than old leaves (about 2-fold) for PAL gene. Whereas after recovery 

time, the gene expression was 1.27-fold higher. In term of RAS gene, level of gene expression 

of irradiated young and old leaves in comparison to the control was 6.6-fold and 3.18-fold on 

the 5th day, respectively. On the 10th day and recovery time, the RAS gene expression in 

young leaves was almost twice that of in old leaves. In all stages, the ratio of TAT gene 

expression of young leaves to that of old leaves was less than 1.5- fold 

Obviously, the rate of increase in the TAT gene expression was lower than PAL and RAS 

genes. The highest transcript levels of PAL (6.66-fold), TAT (2.97-fold), and RAS (8.45-fold) 

genes were observed at UYL10. These results showed that young leaves were more sensitive 

to prolonged UV radiation than old leaves. Our outcomes suggested that PAL and RAS genes 

might be more sensitive than the TAT gene in UV-B-elicited leaves. It can be attributed to the 

presence of light-sensitive elements in the PAL gene promoter (Jiao et al., 2015), which lead 

to increase PAL gene expression in response to UV radiation. Contrary to what was observed 

about phenolic compounds, the removal of UV-B radiation reduced the expression of genes 

so that in the young leaves, the lowest levels of PAL (1.23-fold) and TAT (1.43-fold) gene 

expression were obtained at recovery time. But, the expression of the RAS gene was not 

completely inhibited by the removal of UV-B, and the transcript level of RAS at UYL13 was 

4.34-fold higher than that of CYL13. 
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Our findings showed that UV-B radiation can affect the accumulation of phenolic compounds 

by changing the expression pattern of upstream (PAL) and downstream (RAS) genes of the 

phenylpropanoid pathway. It seems that upregulation of genes on the 10th day had a positive 

effect on the synthesis of TFC, CGA and SAA, whereas the signals that triggered the 

biosynthesis and the accumulation of CA and RA at UYLs were less operated. Additionally, 

it is possible that consumption of CA and RA by the plant was more than the synthesis of 

them on 10th day. 

It was shown that UVR8-COP1-HY5 plays an important role in transmitting the initial signal 

pathway to UV adaptive responses (Lee, 2016). In a study by Kumari and Prasad (2013), it 

was demonstrated that signals generated by ultraviolet light increase the expression of several 

major genes in the secondary metabolite pathways. As stated by Berli et al. (2010), UV-B 
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Fig.3. The relative expression of phenylalanine ammonia-lyase (PAL), tyrosine aminotransferase 

(TAT) and rosmarinic acid synthase (RAS) genes in young and old leaves of S.verticillata 

compared to control under UV-B radiation (mean ± SD). UV-B: 1hour per day for 10 days. The 

relative expression of genes was investigated on the 1st, 5th and 10th days of the experiment in 

parallel with UV-B exposure and on recovery time (3 days after UV-B radiation removal). Bars 

with no letters in common are significantly different (p < 0.01). 
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prompts the expression of genes encoding regulatory enzymes of the phenylpropanoid 

pathway, such as PAL and chalcone synthase. Our outcomes are in agreement with the 

findings of Dolzhenko et al. (2010), which reported plants respond to the UV-B by regulation 

of gene expression related to secondary metabolites. Ghasemi et al. (2019) reported that PAL 

as a key enzyme plays a vital role in the synthesis of phenolic acids and flavonoids and acts 

as a defensive gene against environmental stresses, such as UV radiation.  

Current findings were similar to publications that reported the positive effect of UV 

radiation on PAL gene expression (Cantarello et al., 2005; Esringu et al., 2016; Ghasemi et 

al., 2019; Rodríguez-Calzada et al., 2018 Surjadinata et al., 2017). Moreover, TAT gene 

expression has been reported in all tested organs of Salvia miltiorrhiza under UV radiation, 

with the highest level of expression in stems (Huang et al., 2008).  

In some studies, the PAL pathway has been considered as a rate-limiting step in the RA 

synthesis (Shi et al., 2019; Xu et al., 2016). In contrast, Rahmani et al. (2020) have reported 

that although the enzymes PAL and TAT are essential for the synthesis of RA, they could not 

act as rate-limiting steps. Our findings showed that both PAL and TAT enzymes play a role in 

the biosynthesis of RA in two parallel pathways. However, considering the RT-qPCR results, 

it is clear that the PAL enzyme has been more active in the biosynthesis of RA in 

S.verticillata under UV radiation. 

 

4. Conclusion 

UV-B radiation significantly altered the productivity of phenolic compounds in S.verticillata. 

Besides, the age factor obviously influenced genes expression level and accumulation of 

bioactive compounds with higher values recorded in young leaves. Results demonstrated that 

UV-B as an environmental elicitor induced the transcription of PAL, TAT and RAS genes that 

finally enhanced the accumulation of studied phenolic compounds in S.verticillata leaves. In 

addition to total phenol and flavonoid contents, phenolic acids also were promoted by UV-B 

exposure with greater value in young leaves. Another beneficial effect of UV-B radiation on 

the S.verticillata was the increasing of the DPPH• scavenging activity, which had a positive 

correlation with phenolic compounds. Despite the positive effects of UV-B radiation on 

phenolic compounds, chlorophyll content and dry weight (%) reduced under UV-B radiation. 

These results enhance our understanding of the role of UV-B radiation in S.verticillata plant, 

so that in environments with more UV-B radiation, an increase in phenolic compounds can be 
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predicted in other plants. Although UV-B radiation can damage plants, the use of appropriate 

doses can increase the valuable compounds in medicinal plants. In other words, unfavorable 

environmental factors can be used as an opportunity to stimulate the synthesis of bioactive 

compounds in medicinal plants. The results of the present study can be beneficial for 

secondary metabolite production with higher quality under controlled environmental status. 
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