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Increasing UV-B radiation reaching the earth's surface can affect the growth and development of plants. 
Glucosinolate metabolism is evolved through plant interactions with the environment and constantly 
regulated by different environmental factors. We investigated the contents of glucosinolates and the 
expression of related genes in response to enhanced UV-B radiation (1.55 W·m

-2
) and the succeeding 

dark recovery process in Arabidopsis (Arabidopsis thaliana) rosette leaves. At the initial 1 h of 
enhanced UV-B radiation, UV-B radiation induced the production of glucosinolates; however, after 
continuous UV-B exposure for 12 h the expression of glucosinolate metabolism related genes was 
significantly inhibited and the glucosinolate content was declined, especially that of indolic 
glucosinolates. Additional analyses indicated that UV-B exposure also led to the cell membrane damage 
and the decrease of relative water content. Then, the plants irradiated by UV-B radiation were kept in 
darkness for 12 h so as to the physiological status of the leaves could be partially recovered. As a 
result, both glucosinolate gene expression and the content returned to the control levels. 
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INTRODUCTION 
 
Recently, depletion of the stratospheric ozone layer 
catalyzed by chlorofluorocarbons and other 
anthropogenic pollutants are leading to an increase in 
solar ultraviolet-B (UV-B: 280 to 320 nm) radiation 
reaching the earth's surface. UV-B radiation acts as an 
environmental stress and triggers various responses in 
plants, including changes in growth, development, 
morphology and physiological aspects (A-H-Mackerness 
et al., 1999; Andrady et al., 2009; Hollosy, 2002). Many 
researches focus on the effect of UV-B radiation on 
regulating the biosynthesis of secondary metabolites 
such as flavonoids and other phenolic compounds (A-H-
Mackerness et al., 1999; Casati and Walbot, 2003; 
Hectors et al., 2007). 

Glucosinolates are plant secondary metabolites mainly 
found in species of Cruciferae family including the model 
plant Arabidopsis (Arabidopsis thaliana). It had been 
proved that glucosinolates play an  important  role  in  the  
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plants defense against generalist herbivores and 
pathogens and also affect growth and development (Clay 
et al., 2009; Yan and Chen, 2007; Zhao et al., 2002). 
Furthermore, people have noticed their roles in cancer 
prevention (Halkier and Gershenzon, 2006). In 
Arabidopsis rosette leaves, glucosinolates were mostly 
with aliphatic or indolic side-chains, the indolic 
glucosinolates are derived from tryptophan, while 
aliphatic glucosinolates are derived from methionine 
(Beekwilder et al., 2008; Brown et al., 2003), their 
biosynthetic pathway (Figure 1) has been reviewed 
(Halkier and Gershenzon, 2006; Yan and Chen, 2007). 
Future research needs to focus on questions related to 
the regulation and control of glucosinolate metabolism. It 
has been reported Arabidopsis glucosinolate production 
is induced in response to insect feeding (Wittstock et al., 
2003) or mechanical damage (Mikkelsen et al., 2003). 
Analysis of Arabidopsis signal transduction mutants and 
treatments with the inducers methyl jasmonate and 2, 6-
dichloro-isonicotinic acid showed that the jasmonate- and 
salicylate-mediated defense pathways are involved in the 
induction of different glucosinolates (Kliebenstein et al., 
2002; Mikkelsen et al., 2003). 
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Figure 1. Glucosinolate biosynthetic pathway in Arabidopsis rosette 
leaves (Halkier and Gershenzon, 2006; Yan and Chen, 2007). 

 
 
 

In recent years, some researches had already noticed 
that glucosinolate metabolism was affected by UV-B 
radiation. Microarray data showed that the genes related 
to the biosynthesis of flavonoids, glucosinolates and 
terpenoids were differently expressed after UV-B 
radiation (Hectors et al., 2007). The study on Tropaeolum 
majus demonstrated that appropriate UV-B dosage could 

increase the glucotropaeolin concentration (Schreiner et 
al., 2009). However, there were also some researches 
which supported glucosinolate contents were unaffected 
by UV-B radiation (Kuhlmann and Müller, 2009a, b; 
Reifenrath and Müller, 2007). In this study, our goal was 
to investigate how glucosinolate metabolism (the contents 
of glucosinolates and  the  expression  of  related  genes)  



 
 
 
 
responded to enhanced UV-B radiation and the 
succeeding dark recovery in Arabidopsis. 
 
 
MATERIALS AND METHODS 

 
Plant material and UV-B treatment 
 
Seeds of Arabidopsis (ecotype Col-0) were sterilized with 1% 
NaClO and 0.1% Tween-20, cold-treated at 4°C for 3 days in the 
dark, then sown on fertilized soil: vermiculite mixture (1:2, w/w) in 
polystyrene trays and watered from the bottom, grown in a culture 
chamber with photosynthetic flux of 100 µmol m-2 s-1, a photoperiod 
of 12 h light at 26°C and 12 h dark at 20°C and a relative humidity 
of approximately 60%. After germinating, plants were irrigated with 
1/4 Hoagland nutrient solution every 3 days and were not subjected 
to attack by aphids or any other visible pests. Following growth for 6 
to 8 weeks (18 to 20 rosette leaves with a diameter of ca. 55 mm 
and no visual symptoms of flowering), the plants were transferred to 
exposure chamber fitted with fluorescent lamps and UV-B lamps 
(TL20W/01RS, Philips, Holland) to provide enhanced UV-B 
radiation, with the identical temperature and humidity of that in 
growth chamber. The control plants were cultured under fluorescent 
lamps. The output of UV-B lamps was filtered through a 0.1 mm 
thick cellulose acetate film to filter out UV-C radiation (<290 nm) 
emitted by the tubes and the cellulose acetate film was replaced 
every 2 days to ensure the radiation similarity. The lamps were 
suspended at about 30 cm above the plants. UV-B fluence rates 
were routinely measured using an UV power meter (TN2340, Taina, 
Taiwan). The UV-B fluence rate used in our experiments (1.55 W·m-

2) represents the highest fluence rate received at noon in summer in 
North China Plain (Ma et al., 2007). The mature rosette leaves were 
harvested after 1, 3 and 12 h of treatment and 2 and 12 h of dark 
recovery following 12 h of UV-B exposure. Samples were quickly 
frozen in liquid nitrogen and stored at -80°C until analysis. Three 
independent biological replicates were prepared for each sample. 
 
 
Relative water content and relative electrical conductivity 
analysis 

 

About 1 g leaf samples were used for the determination of relative 
water content (RWC) with the method described by Reiss (1994). 
Plant fresh weight (FW) was measured immediately after harvesting 
and then dried at 103°C for 30 min and at 65°C for 72 h dry weight 
(DW) was measured. The RWC was calculated as follows: RWC 
(%) = (FW-DW)/FW × 100 %. The levels of damage to rosette 
leaves caused by enhanced UV-B radiation were evaluated by 
measuring changes in relative electrical conductivity (REC) using 
the method described by Zhou et al. (1994) with several 
modifications. Two rosette leaves were washed in deioned water 
and then cut into halves along the mid-vein. The four halves were 
immediately put into a small glass vessel filled with 15 ml deioned 
water. The vessel was then capped, shaken, vacuum-infiltrated for 
30 min and rocked at room temperature for 30 min. Electric 
conductivity (C1) was measured with a conductivity meter 
(Conductivity cell 011050, Orion Research Inc., USA). After electric 
conductivity being measured, samples were heated in boiling water 
for 15 min, rocked at room temperature for 30 min and electric 
conductivity was measured again (C2). The REC was calculated 
using the formula C1/C2 × 100%. 
 
 
Glucosinolate analysis by HPLC mass spectrometry 

 
Glucosinolates were extracted, converted to desulfo-glucosinolates 
and identified using HPLC online with a quadrupole  ion  trap  mass  
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spectrometer (4000QTRAP MS/MS system, Applied Biosystems 
Inc., USA) as previously described (Petersen et al., 2001; Chen et 
al., 2003; Pang et al., 2009). The MS/MS fragmentation pattern of 
each individual peak was searched against an internal metabolite 
database constructed from the MS/MS spectra of glucosinolates in 
Arabidopsis and Brassica napus using Analyst 1.4.1 software 
(Applied Biosystems Inc.). Based on retention time, UV and MS 
spectra, a total of 8 major peaks (including internal standard 
desulfo-benzylglucosinolate) could be confirmed (Supplementary 
Figure 1). Quantification was based on integrative peak areas 
(Waters BreezeTM software) and normalized against an internal 
standard, benzylglucosinolate (0.1 µmolg-1). The relative response 
factors of different glucosinolates were also taken into consideration 
(Petersen et al., 2001; Brown et al., 2003; Chen et al., 2003). Data 
presented are means ± standard errors of three samples. The 
glucosinolate contents in rosette leaves under PAR served as 
control. The statistical analysis of differences between the treatment 
and the control at the same time point was performed by 2-tailed T-
test, *: P < 0.05. 
 
 
Isolation of RNA and real-time quantitative RT-PCR 
 
Total RNA was extracted and purified with the Qiagen plant 
RNAeasy kit (Qiagen Inc., USA). First-strand cDNA was 
synthesized using the transcriptor first strand cDNA synthesis kit 
(TaKaRa Inc., Japan). RNA integrity was checked on denaturating 
37% formaldehyde agarose gel and RNA quality was measured 
using a NanoDrop 1000 spectrophotometer (Thermo Fisher 
Scientific Inc., USA). Sequences provided in the TAIR database 
(http://www.arabidopsis.org) were used for designing the primers 
(Supplementary Table 1). The absence of genomic contamination 
was confirmed by designing one primer pair in the intron-exon over-
spanning region. Quantitative real-time PCR preformed on the 
opticon monitor 2 (MJ Research Inc., USA) using SYBR green I 
reagents (TaKaRa Inc., Japan) and PCR reacting condition was 
performed according to the manufacturer’s instructions. At the end 
of each PCR program, a melting curve was generated and 
analyzed with dissociation curves software (MJ Research Inc., 
USA). PCR product lengths were verified by agarose gel 
electrophoresis to confirm the specificity of PCR products. Gene 
expression levels were normalized relatively to the expression of 
Actin-2 (At3g18780) gene. Each quantification assay included three 
replicates. The mean normalized expression was calculated using 
Q-Gene software (http://www.biotechniques.com/softlib/qgene.html) 
based on the formula of Muller et al. (2002). The relative expression 
ratio of the gene was calculated as the ratio of the treatment to the 
control at the same time. The statistical analysis of differences was 
performed by 2-tailed T-test, *: P < 0.05. 
 
 
RESULTS  
 
Relative electrical conductivity and relative water 
content of Arabidopsis rosette leaves affected by 
enhanced UV-B radiation 
 
High fluence rates of UV-B produce reactive oxygen 
species and may cause plant membrane degradation and 
lipid peroxidation. The relative electrical conductivity 
(REC) reflects the damage degree of cell membrane in 
plant leaves exposed to enhanced UV-B radiation (A-H-
Mackerness et al., 2001; Ulm and Nagy, 2005). The result 
showed that after 1 h of UV-B radiation (1.55 W·m-2), 
there  was  no  significant  difference  in  REC  of  rosette  
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Supplementary Figure 1. HPLC chromatogram (229 nm) of desulfo-glucosinolates identified in rosette leaves of Arabidopsis. (1) 
3-methylsulfinylpropyl desulfo-glucosinolate, 3MSOP; (2) 4-methylsulfinylbutyl desulfo-glucosinolate, 4MSOB; (3) 5-
methylsulfinylpentyl desulfo-glucosinolate, 5MSOP; (4) desulfo-benzylglucosinolate (internal standard); (5) indole-3-ylmethyl 
desulfo-glucosinolate, I3M; (6) 8-methysulfinyloctyl desulfo-glucosinolate, 8MSOO; (7) 4-methoxyindol-3-ylmethyl desulfo-
glucosinolate, 4MOI3M; (8) 1-methoxyindol-3-ylmethyl desulfo-glucosinolate, 1MOI3M. 

 
 
 

Supplementary Table 1. List of primers used in this study. 
 

Gene Locus Primer (5' --- 3') 

MYB51 
At1g18570 CTACAAGTGTTTCCGTTGACTCTGAA 

 ACGAAATTATCGCAGTACATTAGAGGA 
   

MYB34 
At5g60890 CACGACTGTCGATAATTTTGGGTTT 

 CATATTGTCATCTTCGTTCCAGGAA 
   

OBP2 
At1g07640 CGTTGTTCCCGATATTACCGTCGT 

 TTTGAGCCCCTTTGCTCTCTTCG 
   

MYB28 
At5g61420 CCAAGGCGTGTTTATTACGA 

 CCAATTGATTCGCGAGGTTA 
   

MYB76 
At5g07700 AGTGGTGAGACGCAGATAGA 

 TGGGAGTCCTGAAGATGATG 
   

MYB29 
At5g07690 GTTTAGTAACAACGAAGGGG 

 GAAATCGGAATGGTCAAGGA 
   

IQD1 
At3g09710 TCCTACAACAAAATCAGCAC 

 TACACAATCTCATAACTCCA 
   

MAM1 
At5g23010 CGATGAAATCTCTTTGGAGA 

 AATTGATATTACTGTGGTAC 
   

MAM3 
At5g23020 ATCTGAAGGCATTAGTGGTGAACG 

 ATACAACAGCGGAAATCTGAGGG 
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Supplementary Table 1 Contd. 

 

BCAT3 
At3g49680 TGGATGAATTGTTAGAAGCAGACG 

 GAAAAGAAAGCAAAACCAAGCAG 
   

CYP79F1 
At1g16410 AAGAAGGTGGTAAGGCTGCTGTT 

 AATGTGGCTACCTTTGGGAATGA 
   

CYP79F2 
At1g16400 GTCGGGACAATTATGATGGC 

 CACAGAGAAAAAACAAGGCG 
   

CYP83A1 
At4g13770 GATTCCTCTCCTTATCCCTC 

 TAAACTCGTAGTCCGTGCCT 
   

CYP83B1 
At4g31500 GGCAACAAACCATGTCGTATCAAG 

 CGTTGACACTCTTCTTCTCTAACCG 
   

CYP79B2 
At4g39950 GTGTGTTGGTTTCTTGGTTC 

 GGCAGATTTGTTAATTTGAT 
   

CYP79B3 
At2g22330 GCACTCTTTGCGTCAAGACCACT 

 GCATTTCCACAATAATGCCTCGTA 
   

SUR1 
At2g20610 ACAATCCCTGTGGAAATGTCTACTC 

 ACAACCCATCCCTTAGATATGCC 
   

TGG1 
At5g26000 AGACCTCAAAGCATCTGGCA 

 CTCCTTATCTATGGAGCAAG 
   

SOT16 
At1g74100 CCATCTTCCACAACTCTAAC 

 GCCACCAGTGTCCACCGTAT 
   

SOT17 
At1g18590 TCAGCTTACGGTCCTTATCTTGATC 

 CCTTTCCTGAAATACGCACTGTTGG 
   

SOT18 
At1g74090 ACGACGAGACCAAGACAGAATCAAC 

 GAGAACATCAACTTCAGGGAAGAAA 
   

UGT74B1 
At1g24100 CACCACTACCTACACCGCCTCCTCA 

 GCTCAAAGACGGTAAGCCACGGATA 
   

NIT1 
At3g44310 GTCCAATCCTCCACCGTCTA 

 AACTCATCACGCCCTTCTTC 
   

CYP81F2 
At5g57220 AAAGGCAAAAGCTGAGATAGACG 

 CAACGAACCTAAAGCCAACAATAC 
   

ACTIN2 
At3g18780 TCCAGGAATCGTTCACAGAA 

 GCTACAAAACAATGGGACTAAAA 
 
 
 
leaves between the treatment and the control (without 
suffering any UV-B radiation). At 3 h after UV-B radiation, 
REC began to rise slightly. Enhanced UV-B radiation 
significantly increased the REC up to 37.9±2.4% for 12 h 
of treatment. After 12 h of recovery in darkness, the REC 
of plants irradiated by UV-B decreased, but could not 
recover to the control level (Figure 2a).  

Relative water content (RWC) is the appropriate 
measure of plant water status in terms of the 
physiological consequence of cellular water deficit (Barr 
and Weatherley, 1962). During the process of enhanced 
UV-B radiation treatment, the RWC in rosette leaves 

(Figure 2b) was showing continued decrease which 
started from 3 till 12 h, however, after 12 h of dark 
recovery, the RWC returned to the control level and 
without showing significantly wilted. 
 
 
The variation of glucosinolate profiles in response to 
enhanced UV-B radiation in Arabidopsis 
 
The glucosinolate profiles have been well characterized 
in Arabidopsis rosette leaves (Petersen et al., 2001; 
Reintanz et al., 2001; Chen  et  al.,  2003).  In  this  study,  
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Figure 2. A: The REC of Arabidopsis rosette leaves 
affected by enhanced UV-B radiation; B: the RWC of 
Arabidopsis rosette leaves affected by enhanced UV-B 
radiation. 1, 3 and 12 h represent the time points of 
enhanced UV-B radiation; 24 h represents the time point of 
12 h of dark recovery following 12 h of UV-B radiation. The 
REC and RWC of rosette leaves under PAR was as control. 
The data represent the average of three independent 
biological replicates and vertical bars indicate standard 
errors.  

 
 
 
four aliphatic glucosinolates; namely 3-
methylsulfinylpropyl glucosinolate (3MSOP), 4-
methylsulfinylbutyl glucosinolate (4MSOB), 5-
methylsulfinylpentyl glucosinolate (5MSOP) and 8-
methysulfinyloctyl glucosinolate (8MSOO) and three 
indolic glucosinolates; indole-3-ylmethyl glucosinolate 
(I3M), 4-methoxyindol-3-ylmethyl glucosinolate (4MOI3M) 
and 1-methoxyindol-3-ylmethyl glucosinolate (1MOI3M) 
were identified in Arabidopsis rosette leaves. Total 
glucosinolate content was calculated by the summation of  

 
 
 
 
the contents of identified aliphatic and indolic 
glucosinolates. 

The contents of different side-chain glucosinolates 
varied discriminatively during 12 h of UV-B exposure and 
the dark recovery process. At the initial 1 h of treatment, 
enhanced UV-B radiation induced 4MSOB and I3M 
contents to slightly increase (p < 0.05), but no effect to 
other glucosinolates; after 3 h, there were no significant 
differences in total glucosinolate content between the 
treatment and the control, although, the content of 
4MOI3M decreased (Figure 3); after 12 h, total 
glucosinolate content, especially the indolic glucosinolate 
content significantly decreased (Table 1). In natural 
environment, the plants are only irradiated by sunshine in 
the day, so we stopped applying the UV-B radiation in the 
dark cycle in order to investigate how did the 
glucosinolate metabolism in the plants irradiated by 
enhanced UV-B radiation respond during the dark cycle. 
So the plants which had been irradiated by 12 h of UV-B 
radiation were kept in the darkness for another 12 h. After 
12 h of dark recovery, we found that the content of total 
glucosinolate increased up to the level of control (Table 
1); aliphatic glucosinolate (especially 4MSOB and 
3MSOP) content became slightly higher than control; 
however, there were no significant differences in indolic 
glucosinolate content (Figure 3). 
 
 
The expression profiles of glucosinolate metabolism 
related genes in response to enhanced UV-B 
radiation 
 
The expression profiles of glucosinolate metabolism 
related genes in response to enhanced UV-B radiation 
were analyzed by real-time PCR technology. We 
compared the gene expression levels of the plants 
irradiated by enhanced UV-B with that in the control 
plants at the same time point. The genes of glucosinolate 
biosynthetic pathway determined (Figure 1) were 
according to the information of the TAIR database 
(http://www.arabidopsis.org) and the previous researches 
(Chen et al., 2003; Dombrecht et al., 2007; Gigolashvili et 
al., 2008; Skirycz et al., 2006; Mikkelsen et al., 2003; 
Kliebenstein et al., 2002). The expression levels of 24 
genes in glucosinolate biosynthetic pathway were 
determined, including the transcription factors (MYB28, 
MYB29 and MYB76 for aliphatic glucosinolates, MYB51, 
MYB34 for indolic glucosinolates, OBP2 and IQD1 for 
both), the structural genes encoding enzymes of aliphatic 
glucosinolate biosynthesis (MAM1, MAM3, BCAT3, 
CYP79F1, CYP79F2, CYP83A1, SOT17 and SOT18); 
indolic glucosinolate biosynthesis ( CYP79B2, CYP79B3, 
CYP83B1, SOT16, CYP81F2) and genes involved in both 
(SUR1 and UGT74B1) and the genes encoding enzymes 
of glucosinolate degradition (NIT1 for indolic 
glucosinolates and TGG1 for aliphatic glucosinolates). 
The   results   showed   that   several  transcription  factor  
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Figure 3. The variation of glucosinolate profiles response to enhanced UV-B radiation. 1, 3 and 12 h represent the time points of enhanced UV-B exposure; 24 h represents the time point of 
12 h of dark recovery following 12 h of UV-B exposure. The glucosinolate content of rosette leaves under PAR was as control. The data represent the average of three independent biological 
replicates and vertical bars indicate standard errors. The statistical analysis of differences was performed by 2-tailed t-test, *: P < 0.05. 
 
 
 

Table 1. The changes of glucosinolate content during enhanced UV-B radiation and dark recovery.  
 

Time (h) 

Total glucosinolate content (µmolg
-1

DW) Aliphatic glucosinolate content 

(µmolg
-1

DW) 

Indolic glucosinolate content 

(µmolg
-1

DW) 

Control UV-B Control UV-B Control UV-B 

1 10.35±1.21 13.43±2.03 7.82±0.87 10.41±1.78 2.53±0.34 3.02±0.25 
3 9.97±1.77 10.60±1.03 7.36±1.08 8.74±0.67 2.61±0.69 1.85±0.36 
12 10.68±1.63 7.80±1.11* 7.81±1.04 6.48±0.78 2.85±0.59 1.32±0.33* 
24 11.29±2.37 13.45±1.24 8.81±1.49 11.25±0.96* 2.48±0.88 2.20±0.28 

 

1, 3 and 12 h represent the time points exposed to enhanced UV-B radiation; 24 h represents the time point of 12 h of dark recovery following 12 h of UV-B radiation. 
The glucosinolate content of rosette leaves under PAR was as control. The statistical analysis of differences between the treatment and the control at the same time 
point were performed by 2-tailed t-test, *: P ≤ 0.05. 
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Figure 4. The expression profiles of glucosinolate metabolism related genes in response to enhanced UV-B radiation. The top panel showed the expression profiles of indolic 
glucosinolate genes and genes (OBP2, IQD1, SUR1 and UGT74B1) involved in both kinds of glucosinolates biosynthesis; the bottom panel showed the expression profiles of genes 
involved in aliphatic glucosinolate metabolic pathway. 1, 3 and 12 h represent the time points exposed to enhanced UV-B radiation; 24 h represents the time point of 12 h of dark 
recovery following 12 h of UV-B radiation. The gene relative expression ratio is calculated as the ratio of the treatment to the control at the same time. The data represent the 
average of three independent biological replicates and vertical bars indicate standard errors. 

 
 
 
genes (MYB51, MYB76 and OBP2) and structural 
genes (SOT16 and UGT74B1) were up-regulated 
within 1 h of treatment. But in general, during the 
12 h of enhanced UV-B radiation, the majority of 
genes were inhibited. Interestingly, after 2 h of 
dark recovery, several genes (CYP79B3, 

CYP79F2 and CYP81F2) expression up-regulated 
and 12 h of dark recovery later, more transcription 
factor gene (MYB51 and MYB28) and structural 
gene (UGT74B1, MAM3, CYP79F1, CYP83A1 
and SOT17) expression levels came back to the 
levels of the control (Figure 4). 

DISCUSSION 
 
The effects of enhanced UV-B radiation on the 
physiological status of Arabidopsis leaves 
 
In plants, water  is  as an  essential  ingredient  for  



 
 
 
 
physiological activities. The measurement of RWC in 
tissue is essential to assess the extent of cellular water 
deficit (Barr and Weatherley, 1962). Additionally, REC 
could reflect the permeability of cell membrane. The 
changes of these two aspects could affect a series 
physiological of processes. Through, the measurement of 
REC and RWC could generally evaluate the damage 
level of the physiological satus of leaves which were 
under UV-B exposure (A-H-Mackerness et al., 2001; Ulm 
and Nagy, 2005). 

The results (Figure 2) showed that the cell membrane 
of leaves was gradually damaged and the RWC was 
continuiously decreased during the UV-B treatment. Cell 
membrane degradation and lipid peroxidation by 
enhanced UV-B radiation was mainly caused by 
accumulated ROS which could lead to oxidative stress 
(Dai et al., 1997). After 12 h of recovery in darkness, the 
RWC of plants irradiated by UV-B returned to the control 
level and the REC decreased but could not recover to the 
control level (Figure 2). It supported that 12 h of 
enhanced UV-B radiation (1.55 W·m-2) had negative 
effects to the physiological status of leaves, which could 
cause a series of physiological activities to respond, 
however, the damage could be partially recovered after 
recovery in the darkness for 12 h. 
 
 
The biosynthesis of glucosinolates affected by 
enhanced UV-B radiation 
 
Plants respond to UV-B irradiation by activating a large 
variety of defense responses. Multiple elements, 
including ROS, ethylene, jasmonates, salicylic acid, NO, 
CDPK and MAPK have frequently been discussed as 
putative components involved in the UV-irradiation signal-
transduction chains (A-H-Mackerness et al., 2001; 
Caputo et al., 2006). These signaling molecules may act 
as an alert signal to induce protective responses, such as 
pathogenesis-related genes expression, secondary 
metabolites biosynthesis and so on. Glucosinolates are 
usually regarded as defense compounds against 
pathogens and insects and their biosynthesis were 
regulated by defense related signal transduction pathway 
(Dombrecht et al., 2007; Staswick, 2008). Some studies 
report that glucosinolate accumulation occurs due to 
biotic and abiotic stress, including herbivores and 
pathogen attack, mechanical wound (Beekwilder et al., 
2008; Halkier and Gershenzon, 2006) and CO2 
enrichment (Schonhof et al., 2007). Schreiner et al. 
(2009) reported enhanced UV-B radiation led to an 
increase of glucosinolate concentrations in T. majus L. 
and regarded the increase of glucosinolate as a stress 
response. 

Our results (Figure 4) showed that in the initial 1 h of 
UV-B exposure, some genes (MYB51, OBP2, MYB76, 
SOT16 and TGG1) up-regulated, which were also 
induced by jasmonic acid  and  wounding  (Dombrecht  et  
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al., 2007; Skirycz et al., 2006; Staswick, 2008). These 
transcription factors (MYB51, OBP2 and MYB76) can 
positively mediate glucosinolate biosynthesis (Dombrecht 
et al., 2007; Gigolashvili et al., 2008; Skirycz et al., 2006). 
MYB51 and MYB76 specifically activate indolic and 
aliphatic glucosinolate biosynthesis, respectively, which 
might be responsible for the temporary and initiative 
increase of 4MSOB and I3M. After 3 h of treatment, 
MYB28 and MYB29, the genes encoding the transcription 
factors that regulate aliphatic glucosinolate biosynthesis 
and MYB34 that regulates indolic glucosinolate 
biosynthesis were down-regulated and structural genes 
(CYP79F1, CYP83B1, MAM1, CYP79B2 and CYP79B3) 
encoding enzymes catalyse the synthesis of aliphatic 
glucosinolates were also down-regulated. Afterwards, the 
majority of genes were inhibited and the glucosinolate 
contents decreased. So the glucosinolate biosynthesis 
could be inhibited by continued 12 h of UV-B exposure 
since the expression levels of the related genes were 
declined. After 12 h of treatment, the plants irradiated by 
UV-B radiation were kept in the darkness for 12 h. Some 
of the genes that encode the key enzymes of the 
glucosinolate biosynthesis expressed differently during 
the dark recovery. The expression profiles of two 
homologous genes, CYP79F1 and CYP79F2, were 
distinct. The up-regulation of CYP79F2 expression might 
be responsible for the increase of 4MSOB, 3MSOP and 
the recovery of 8MSOO content. Similarly, CYP79B3 
rather than CYP79B2 up-regulated at 2 h of the dark 
recovery, both of them encoded the enzymes converting 
tryptophan to indole-3-acetaldoxime (Zhao et al., 2002), 
which might be helpful to the recovery of the indolic 
glucosinolate content in the dark recovery process. 

In recent years, some researches had already noticed 
that glucosinolate metabolism was affected by the UV-B 
radiation. Microarray data showed that the genes related 
to the biosynthesis of flavonoids, glucosinolates and 
terpenoids were differently expressed after UV-B 
radiation (Hectors et al., 2007). The study on T. majus 
demonstrated that the plant response to UV-B exposure 
is organ- and plant tissue age-specific, appropriate UV-B 
dosage could increased the glucotropaeolin concentration 
(Schreiner et al., 2009). However, some researches 
supported glucosinolate concentrations were unaffected 
by UV-B radiation in Brassica oleracea, Nasturtium 
officinale and Sinapis alba (Kuhlmann and Müller, 2009a, 
b; Reifenrath and Müller 2007). But these experiments 
were executed in greenhouse filtered or unfiltered the 
UV-B range, rather than using the additional UV-B tube to 
provide the enhanced UV-B radiation as the experiments 
previously described. So the controversies between the 
conclusions of these experiments probably caused by the 
differences of UV-B treatment methods. Our results 
provided evidence that enhanced UV-B radiation could 
affect the biosynthesis of glucosinolates. 

In summary, we supposed that the increase of 
glucosinolate   (GS)  might  be  a  stress  response  when  
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Arabidopsis leaves were irradiated by acute UV-B (1.55 
W·m-2) for a short time (1 h). However, continuously UV-B 
radiation caused Arabidopsis leaves damaged, 
accumulated ROS could lead to oxidative stress (Dai et 
al., 1997), REC ascended and water content declined 
(Figure 2). As the deterioration of leaf physiological 
status, the expression of glucosinolate biosynthetic genes 
was inhibited and glucosinolate contents decreased. After 
the recovery in darkness, the extent of leaves damage 
was alleviated, as a result, the level of glusosinolate 
genes expression were partially recovered and total 
glucosinolate content came back to normal. The 
upregulation of several genes at early time-point in 
recovery period might be a kind of response to the 
recovery of physiological status. Further studies of related 
gene mutants will be helpful to understand the potential 
effects of glucosinolates in response to the enhanced UV-
B radiation on Arabidopsis. 
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