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Abstract

Exposure to UV-B at ambient or enhanced levels is known to trigger a variety of responses in all living organisms, including
higher plants. Here we show that in Cucumis sativus L. UV-B radiation affects enzyme activity of key oxydative pentose
phosphate pathway (OPPP) enzymes glucose-6-phosphate dehydrogenase (G6P-DH) and 6-phosphogluconate dehydro-
genase (6-PGlu-DH), of key phenolic compounds enzyme phenylalanine ammonia lyase (PAL) as well as erythrose-4-
phosphate, tryptophan and tyrosine levels. Furthermore, we found an increased activity of antioxidant enzymes such as
peroxidase (POX) and catalase (CAT) in treated plants, with respect to the controls. In order to confirm the biochemical
results, we isolated total RNA from both controls and UV-B treated plants to be used for gene expression analysis. We
demonstrated that UV-B increases the gene expression level of peroxidase (POX), catalase (CAT) and phenylalanine
ammonia lyase (PAL). Finally, our results are useful for understanding protective strategies against UV-B radiation and for
elucidating what components are involved in stress-induced signals within the plant.
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Introduction

Ultraviolet (UV) radiation is an integral part of the
sunlight that reaches Earth’s surface. The UV region
of the spectrum is by convention divided into three
parts: UV-A (320-400 nm), UV-B (280—-320 nm)
and UV-C (less than 280 nm).

Decrease in the stratospheric concentration of
ozone, catalyzed mainly by chlorofluorocarbons
(CFCs) and other pollutants, causes increase in
the amount of UV-B radiation (260—320 nm) that
reaches the Earth’s surface (Mackerness 2000).
The global trend of increasing UV-B radiation has
been confirmed in response to stratospheric ozone
loss in mid-latitude Japan (Sasaki et al. 2002), in
New Zealand in the 1990s (McKenzie et al. 1999),
and measurements of global ozone levels between
the 1970s and 1990s at high and mid-latitudes in
both hemispheres indicated significant increases in
UV-B radiation (Madronich et al. 1995, Munakata
et al. 2006). Furthermore, according to the United
Nations Environmental Programme (UNEP) re-
port (2002), several years will be needed before

stratospheric ozone recovery can be confirmed
unambiguously, although the concentrations of
most of the anthropogenic gases causing the
depletion are now decreasing (McKenzie et al.
2003). Even a small increase in incident UV-B
radiation can have significant biological effects,
since UV-B is readily absorbed by a number of
important biological macromolecules, such as
DNA and proteins (Frohnmeyer & Staiger 2003).
Over the last two decades, extensive studies of the
physiological, biochemical and morphological ef-
fects of UV-B in plants, as well as the mechanisms
of UV-B resistance, have been carried out. Many
studies have shown that UV-B affects photosynth-
esis by disrupting several processes including the
electron transport system, photosystem II reaction
centers, pigment stability and by decreasing the
level of transcripts encoding products required for
this process (Casati & Walbot 2003, Izaguirre et al.
2003). UV-B can also directly damage proteins
and lipids (Gerhardt et al. 1999, Bieza & Lois
2001, Frohnmeyer & Staiger 2003).
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Leaf epidermis absorbs incoming UV radiation,
and flavonoid compounds and cuticular waxes are
the principal agents of UV absorption. The mixture
of flavonoids found in plant tissues possesses a broad
absorption spectrum in the UV-B range, thus
shielding plant DNA from UV-induced damage
(Stapleton & Walbot 1994). The fact that these
compounds are virtually ubiquitous in tracheophytes
has led to the long-standing hypothesis that a
primary adaptive advantage conferred by these
compounds is that they absorb potentially harmful
UV-B radiation (280-315 nm) at the leaf surface
and protect underlying photosynthetic tissues. In
addition, increased H,O, levels are detected simul-
taneously with the inhibition of photosynthesis by
UV-B irradiation (Fujibe et al. 2004). This observa-
tion suggests that the UV-B-induced oxidative bursts
of H,O, are associated with the damage and
degradation of PSII. During normal cellular meta-
bolism, plants are continuously producing reactive
oxygen species (ROS) such as superoxide anion,
H,0,, and singlet oxygen. Under normal conditions,
however, plants rapidly metabolize these ROS with
the help of antioxidant enzymes and/or metabolites
(Asada 1999). Various environmental perturbations
such as UV-B radiation can cause excess ROS
production, overwhelming the system and necessi-
tating additional defences. There is considerable
intra- and interspecific variability in the sensitivity
of crop plants to UV-B radiation, and the sensitivity
of plants to UV-B radiation varies widely among
species and cultivars (Teramura 1983, Bornman &
Teramura 1993, Correia et al. 1998, Mazza et al.
2000). In addition, both the magnitude and extent of
these UV-B responses are influenced by a number of
other factors, including the physiological and devel-
opmental status of the plant, as well as the amount
and spectral composition of associated background
radiation, in particular ultraviolet-A (UV-A) and
visible radiation (Shinkle et al. 2004). Furthermore,
solar UV-B radiation exclusion studies have indi-
cated that ambient levels of solar UV-B radiation
reduce biomass accumulation and grain yield in
cucumber (Krizet et al. 1997), lettuce (Krizet et al.
1998), barley (Mazza et al. 1999), soybean (Mazza
et al. 2000), maize (Gao et al. 2004) and rice
(Hidema & Kumagai 2006). Taken together, the
results of these studies suggest that the enhanced
solar UV-B radiation predicted by atmospheric
models will result in the reduction of growth and
yield of crops in the future.

The aim of this work was to assess the biochemical
and molecular biological responses of cucumber (C.
sativus L..), a classical test plant and an important
crop, to UV-B irradiation, with regards to key
enzymes of primary (OPPP pathway and scavenging
enzymes) and secondary metabolism (phenolic com-
pound pathway).

Materials and methods
Plant material and UV-B treatments

Cucumber (Cucumis sativus L. var. “Piccolo di
Parigi”) seeds were purchased from Franchi Se-
menti, Bergamo, Italy. Seeds were washed with tap
water for 4 h and then sown in quartz sand in 12 cm
plastic pots in a growth chamber.

The growth conditions were as follows: a 16 h
photoperiod, temperature of 26/22°C (day/night),
photosynthetic photon flux rate (PPFR) of 100 pmol
m~? s~ ! (Fluora Osram/Dulux Electronic Osram)
and relative humidity of 65+ 10%. Plants were
watered every two days and fertilized weekly with
standard fertilizers (N:P:K, 20:20:20). Four-week
old cucumber plants were then irradiated with UV-B
(310 nm, Philips TL 40W/12) for 15 min in the
middle of the day. Tubes were suspended 50 cm
above the plants and the distance was adjusted as
plants grew. TL tubes were filtered by using 0.1 mm
cellulose diacetate foil which absorbs radiation below
290 nm. UV treatment resulted in a daily UV-B
radiation of 2.0 W m 2. Plants were irradiated for
an average period of 3 days.

Soluble protein, rotal phenol and photosynthetic pigment
determination

After the last UV-B treatment, soluble proteins, total
phenols and photosynthetic pigments were extracted
and determined. Soluble protein concentration was
evaluated by the method of Bradford (1976) using
BSA as standard. Total phenols were determined
according to Bray and Thorpe (1954) with the
Folin—Ciocalteu reagent using rutin as standard.
Photosynthetic pigments were measured according
to Lichtenthaler (1987) using aqueous acetone
(80%).

OPPP pathway enzyme extraction and assay

After the last UV-B treatment, both control and
treated leaves were ground in liquid N, in cold
50 mM Tris-HCI pH 7.50, 1 mM EDTA, 2 mM
MgCl,, 24 mM NADP " and 2.5% w/V Polyclar AT
in a 1:5 proportion (w/v). The homogenate was then
filtered through eight layers of cheesecloth and
centrifuged at 20000 g for 30 min at 4°C. The
supernatant was used directly for enzyme assays
according to Simcox et al. (1977).

Glucose-6-phosphate dehydrogenase (G6P-DH;
E.C.1.1.1.49). G6P-DH activities were measured
as reduction of NADP" (¢=6.22mM ' cm ™ !) in
the presence of glucose-6-phosphate. The reaction
mixture contained 50 mM Tris-HCI1 (pH 7.50), 2
mM MgCl,, 0.17 mM NADP*, 6.6 mM glucose-6-
phosphate and enzyme extract in 1.0 ml final
volume. The reaction was started by the addition
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of glucose-6-phosphate and the NADP ™ reduction
was followed spectrophotometrically at 340 nm.

6-Phosphogluconate dehydrogenase (6-PGlu-DH; E.C.-
1.1.1.43). 6-Phosphogluconate = dehydrogenase
activities were measured as reduction of NADP ™
(=6.22 mM~! cm™!) in the presence of 6-
phosphogluconate. The reaction mixture contained
50 mM Tris-HCI (pH 7.50), 2 mM MgCl,, 0.17
mM NADP?', 0.2 mM 6-phosphogluconate and
enzyme extract in 1.0 ml final volume. The reaction
was started by the addition of glucose-6-phosphate
and NADP ™" reduction was followed spectrophoto-
metrically at 340 nm.

Phenylalanine ammonia lyase extraction and assay

Phenylalanine ammonia lyase (PAL, E.C. 4.3.1.5)
was extracted and assayed according to Hadwinger
and Schwonchau (1971). After the last UV-B treat-
ment, both control and treated leaves were ground in
liquid N, in cold 100 mM Tris-HCI pH 7.50, 15
mM EDTA, 20 mM B-mercaptoethanol, 1% (w/V)
PVPP (polyvynilpolypirrolidone) in a 1:5 proportion
(w/V). The homogenate was then filtered through
eight layers of cheesecloth and centrifuged at 20 000
g for 10 min at 4°C. The resulting supernatant was
brought to 40% saturation with the addition of solid
NH,4(SO,), and was stirred gently for several hours
at 4°C. After centrifugation at 15000 g for 10 min
the supernatant was brought to 60% saturation with
solid NH,4(SO,), stirred for several hours at 4°C and
then centrifuged at 15000 g for 10 min. Pellets
containing most of the enzyme activity were resus-
pended in a small volume of extraction buffer.

Erythrose-4-phosphate, tyrosine and tryptophan
determination

Erythrose-4-phosphate content was determined by
using the method of Ashwell (1966). Tyrosine and
tryptophan content were determined according to
Undenfriend (1957) and Undenfriend and Peterson
(1957), respectively. All the measurements were
done after the last UV-B treatment.

Scavenging enzyme extraction and assay

Leaves were collected 24, 48 and 72 hours after the
first UV-B treatment. ROS scavenger enzymes were
extracted following the method of Zhang and
Kirkham (1996) with some modifications (Maffei
et al. 2006). All operations were carried out at 4°C.
One gram of plant material was ground with a
mortar and pestle with liquid nitrogen in cold
50 mM sodium phosphate (pH 7.5) 0.2 mM
EDTA and 1% w/V PVPP (polyvinylpolypirroli-
done) in a 1:25 proportion (w/V). The homogenate
was then filtered through eight layers of cheesecloth

and centrifuged at 25 000 g for 20 min at 4°C. The
supernatant was used directly for enzyme assays.

Peroxidase (POX; EC 1.11.1.7). Peroxidase activities
were measured as oxidation of guaiacol (€ =26.6
mM ™! cm ') in the presence of H,O, (Zhang &
Kirkham 1996). The reaction mixture contained
50 mM Na-phosphate (pH 7.0), 0.33 mM guaiacol,
0.27 mM H,0O, and enzyme extract in 1.0 ml
final volume. The reaction was started by addition
of guaiacol and followed spectrophotometrically at
470 nm.

Catalase (CAT; EC 1.11.1.6). Catalase activities
were assayed spectrophotometrically by monitoring
the change in absorbance at 240 nm due to the
decreased absorption of H,0, (¢ H,0,=39.4
mM™! cm™ ') (Zhang & Kirkham 1996). The
reaction mixture in 1 ml final volume contained
50 mM Na-phosphate (pH 7.0), 15 mM H,0, and
enzyme extract. The reaction was initiated by the
addition of H,O,.

Total RNA isolation

Total RNA was isolated from leaf tissues of control
and UV-B treated plants, after 7, 24, 31, 48, 56 and
72 h following the first UV-B treatment using SV
Total RNA Isolation System (Promega) according
the manufacturer’s instructions. The quality and
quantity of the isolated RNA was assessed by using
the Agilent 2100 Bioanalyzer (Agilent Technologies)
and the RNA 6000 Nano LabChip® Kit (Agilent
Technologies) following manufacturer’s protocols.

c¢DNA synthesis, PCR amplifications and semi-
quantitative analysis

For first strand cDNA synthesis, 2 pg of total RNA,
0.5 ug of oligo(dT),; primer and sterile H,O up to
20 Wl were incubated at 70°C for 5 min. After
cooling the mixture for 10 min at room temperature,
the following reagents were added: 20 mM DTT,
10 mM dNTPDP, 5X First Strand Buffer and 200 units
of RevertAid™ H Minus M-MuLV Reverse Tran-
scriptase (Fermentas) to a total volume of 40 pl.
Samples were then incubated at 42°C for 1 hour and
then the reverse transcriptase was inactivated by
heating the mixture at 70°C for 10 min.

Primers for standard and real-time polymerase
chain reaction (PCR) were designed using the
Primer 3 Software (http://frodo.wi.mit.edu/cgi-bin/
primer3/primer3_www.cgi) for a length of the result-
ing PCR product ranging from 100 to 150 bp.

RT-PCR analysis

The amplification reaction was carried out in a 25 pl
reaction mixture containing 2.5 pul 10X PCR reac-
tion buffer (Fermentas), 1.25 mM MgCl,, 0.2 mM
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dNTPs, 25 pmol forward and reverse primers, 1.0
units of 7ag DNA polymerase (Fermentas), 2.0 pul of
first strand cDNA as template and sterile H,O to
final volume. The PCR reactions were carried out in
a Whatman Biometra® T-Gradient Thermocycler.
Cycling conditions consisted of an initial 2 min
at 94°C followed by 40 sec denaturing at 94°C,
1.30 min annealing at 55.2°C and 1 min elongation
at 72°C repeated for 25 cycles and with 7 min
extension at 72°C.

Primers used for standard RT-PCR analysis were
the following: catalase (GenBank accession number
AAP57673) CAT F 5-CTCCCAAATGTCCTCACCAT
3’ (forward primer), CAT R 5-CATCGGGAACTTCT-
CAGCAT -3 (reverse primer); peroxidase (GenBank
accession number AAA33127) POX F 5-CCA-
CACGTTTGGAAAATCAA-3" (forward primer),
POX R 5-TTCGAAGCTGCTCCCTGTAT-3'
(reverse primer); p-actin (GenBank accession
number AB010922), ACT F 5-GGAAATTGT-
CCGTGACATGA-3" (forward primer), ACT R
5-GAATCTCTCAGCTCCGATGG-3’ (reverse pri-
mer). One pl of the amplification reaction was
analyzed by using the Agilent 2100 Bioanalyzer
(Agilent Technologies) and the DNA 1000
LabChip® Kit (Agilent Technologies) following
manufacturer’s instructions.

Primer dropping RT-PCR analysis of PAL

Specific primers for cucumber PAL were used. The
primer pairs yield PCR product of 138 bp. As
internal standard we chose NS (White et al. 1990)
which was amplified with a pair of primers which
yield 520 bp PCR product.

The amplification reactions were carried out
in a 25 pl reaction mixture containing 2.5 pl
10X PCR reaction buffer (Fermentas), 1.25 mM
MgCl,, 0.2 mM dNTPs, 1.0 units of Tag DNA
polymerase (Fermentas), 1.0 pl of first strand
cDNA as template and 0.5 pM specific primer
pairs. Equal aliquot of secondary primer sets
(NS) were added at the appropriate cycle number
by the primer dropping method (Wong et al.
1994, Gottwald et al. 2001). This technique uses
multiple sets of primers in a co-amplification
reaction that amplifies the target of interest within
a predetermined range specific for each target.
PCR was performed on a Whatman Biometra®
T-Gradient Thermocycler. Cycling conditions
for PAL consisted of an initial 2 min at 94°C
followed by 30 sec denaturing at 94°C, 45 sec
annealing at 55°C and 30 sec elongation at 72°C
repeated for 13 cycles. After the last extension step
NS forward and reverse primers at 0.5 ptM concen-
tration were added and the PCR reaction left to
proceed for other 18 cycles with final 7 min
extension at 72°C.

Primers used for the RT-PCR wusing the primer
dropping method were the following: phenylalanine

ammonia lyase (Genbank accession number
AF529240) PAL F 5- ACTCGTCTTGCCATTG-
CTTC-3’ (forward primer) and PAL R 5’- GCTC-
GGGTTTCTACTTGCAG-3’ (reverse primer);
18S ribosomal RNA sequence NS1 5-GTAGTCA-
TATGCTTGTCTC-3" (forward primer) and NS2
5- GGCTGCTGGCACCAGACTTGC-3’ (reverse
primer). The reaction products were separated,
detected and quantified with the Agilent 2100
Bioanalyzer (Agilent Technologies) and the DNA
1000 LabChip® Kit (Agilent Technologies) follow-
ing manufacturer’s instructions.

Quantitative Real-time PCR on PAL

The real-time PCR was done on an Mx3000P Real-
Time PCR System (Stratagene, La Jolla, CA). The
process was performed with 25 pl of reaction
mixture consisting of 12.5 pul of 2X Brilliant SYBR
Green QPCR Master Mix (Stratagene), 1 pl cDNA,
100 nM primers, and 30 nM ROX as a reference
dye. The following protocol was applied: initial
polymerase activation: 10 min at 95°C; 40 cycles of
30 sec at 95°C, 1 min at 55°C and 30 sec at 72°C.
Relative expression levels of PAL have been calcu-
lated by using the method of Pfaffl (2001). For gRT-
PCR we employed the same set of primers for PAL
and f-actin previously reported.

Statistical analysis

At least ten repetitions were used for the statistical
treatment of the data which are expressed as mean
values. Metric bars indicate the SD. Significance of
differences observed in data sets was tested by
Student’s z-test at p <0.05 using SYSTAT 10 soft-
ware.

Results

In irradiated plants a general decrease of leaf
chlorophyll content was observed (Figure 1). Chlor-
ophyll & with a 40% average reduction was the
chlorophyll most affected by UV-B-induced thyla-
koid membrane disruption, whereas less difference
was found in the carotenoid content. In cucumber,
the exposure to UV-B prompted a significant in-
crease in total phenol content (+34%) (Figure 2).
Because UV-B treatments stimulated the production
of phenolic compounds, we decided to monitor the
amount of possible precursors in the pathway.
Tyrosine (TYR) and tryptophan (TRP) levels were
altered by UV-B radiation, with the former increas-
ing up to 49% with respect to controls and the latter,
decreasing by almost 100% (Figure 2). The cell level
of erythrose-4-phosphate, one of the end products of
OPPP pathway, was also determined in treated and
control plants. This compound showed an average
10% increase in cucumber irradiated leaves (Figure
2). The high total and specific activity of phenylala-
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Figure 1. Total photosynthetic pigment content in leaf extracts
from C. sativus control plants and irradiated with UV-B light.
Values are expressed in mg g~ ! fresh weight+SD. Different
letters indicate highly significant differences (p <0.05).

nine ammonia lyase (PAL) (Figure 3), the key
enzyme of the phenol metabolic pathway, corre-
sponded well to the above reported increase in total
leaf phenol content (Figure 2).

In order to assess whether UV-B light could lead
to significant changes in primary plant metabolism,
activities of two key enzymes of the OPPP pathway,
namely B-d-glucose-6-phosphate dehydrogenase
(G6P-DH) and 6-phosphogluconate dehydrogenase
(6P-GluDH) were monitored. UV-B radiation in-
duced significant higher specific activity of 6P-
GIluDH (0.77 mKat+0.2 in treated plants against
0.28 mKat+0.06 in control plants) whereas no
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Figure 2. Total phenolic compound, erythrose 4 phosphate (E-4-
P), tyrosine (TYR) and tryptophan (TRP) contents, in leaf
extracts from C. sativus control plants and irradiated with UV-B
light. Values are expressed in mg g~ ! fresh weight +SD. Different
letters indicate highly significant differences (p <0.05).
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Figure 3. PAL specific activity in leaf extracts from C. sativus
control plants and irradiated with UV-B light. Values are
expressed in nKat mg~' prot+SD. Different letters indicate
highly significant differences (p <0.05).

significant differences were detected for G6P-DH
specific activity (Figure 4).

CAT and POX specific activities were stimulated
by UV-B treatments. In particular, POX activity
increased more than 24 times following the first
treatment (24 h) with respect to the control. The
increase was even higher, almost 140 times more,
following the second (48 h) and third (72 h) UV-B
treatments (Figure 5).

CAT specific activity was also induced by UV-B
light. In particular, CAT activity almost doubled
following the first (24 h) and the second treatments
(48 h), whereas a decrease of the activity was
recorded after the third UV-B treatment (72 h)
(Figure 5).

These preliminary biochemical results were con-
firmed by semi-quantitative RT-PCR analysis done
on total RNA isolated from UV-B treated and
control plants. In this case samples were taken after
7, 24, 31, 48, 56 and 72 h following the first UV-B
treatment, in order to monitor mRNA expression on
shorter time and the effect of the increased number
of treatments. Both CAT and POX gene expression
were stimulated by UV-B treatments (Figure 5).
PCR products obtained by using specific primers
were analyzed using the Agilent 2100 Bioanalyzer
(Agilent Technologies) (Figure 6). POX gene ex-
pression levels increased following the three UV-B
treatments, with a maximum expression at 48 h.
These molecular biological data are in accordance
with our preliminary biochemical results obtained by
measuring POX specific activity (Figure 5). How-
ever, a different expression profile was found for
CAT, where a peak in the expression level was
recorded at 48 h when the leaves were collected
after a second UV-B treatment, whereas the values of
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Figure 4. Glucose-6-dehydrogenase (G6P-DH) and 6-phospho-
gluconate dehydrogenase (6-PGlu-DH) specific activity in leaf
extracts from C. sanivus control plants and irradiated with UV-B
light. Values are expressed in mKat mg ™! prot+SD. Different
letters indicate highly significant differences (p <0.05).
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transcripts detected at all the other time points were
comparable (Figures 5 and 6).

Furthermore, we have applied a method to
monitor PAL mRNA expression in a semi-quantita-
tive fashion on the Agilent 2100 Bioanalyzer by
using the “primer-dropping” method (Figure 7).
Using specific primers designed on the sequences
of C. sanvus PAL (Genbank accession number
AF475285) gene and primers for 18 S ribosomal
RNA (NS) as an internal standard we were able
to monitor and quantify the change in expression
of one of the key genes involved in phenolic
compound biosynthesis following UV-B radiation
(Figure 8).

The results gave a first indication of the effect of
UV-B radiation on the expression of genes involved
in phenolic compound biosynthesis in cucumber. In
particular, UV-B treatments seem to increase tran-
scription of PAL. As shown in Figure 8, PAL
transcripts markedly increased after the second
UV-B treatment (31 h), and the high transcription
level remained until it began to decline, reaching a
value comparable to the control at 72 h after the
three UV-B treatments.

Gene expression levels
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Figure 5. Enzyme activity and gene expression of ROS-scavenging enzymes CAT and POX. Enzyme activities were assayed before and after
each UV-B treatment at different sampling times. Values are expressed in pKat mg~ ! prot+SD. CAT and POX expression levels were
analyzed by semi-quantitative RT-PCR starting from total RNA. The ratio between each sample and the corresponding reference gene (f3-
actin) value has been calculated and results normalized to the control. Different letters above the metric bars indicate highly significant
differences (p <0.05). Hours reported on the graphs are counted starting from the first UV-B treatment.
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Figure 6. Expression of CAT and POX in cucumber plants treated with UV-B radiation. Leaves were collected before and after each UV-B
treatment and used for RT-PCR semi-quantitative analysis. PCR products were separated and quantified by using the Agilent 2100
Bioanalyzer (Agilent Technologies) and the DNA 1000 LabChip® Kit (Agilent Technologies). L =ladder, 1, control; 2, 7 h; 3, 24 h; 4, 31
h; 5, 48 h; 6, 56 h; 7, 72 h. Hours reported are counted starting from the first UV-B treatment.

Similar results were obtained by employing a
quantitative method (Figure 8). In general, the
expression profile was quite similar in semi-quanti-
tative and quantitative experiments, with the excep-
tion of PAL at 72 h, in which qRT-PCR revealed a
higher expression value with respect to the results
obtained by using the semi-quantitative approach.

Discussion

Considering the depletion of stratospheric ozone and
the resulting increased UV-B irradiation reaching the
surface of Earth, many studies have recently focused
on the physiological and biochemical effects of UV
radiation on living organisms. In mammalian cells,
UV-B radiation has been shown to interfere with
processes such as transcription and replication,
resulting in the reduction of RNA synthesis, arrest
of cell cycle progression, and apoptosis (Sancar
et al. 2004). Because plants must be exposed to
sunlight to power photosynthesis, they are inevitably
exposed to the damaging UV-B (Boldt & Scandalios
1997).

When a plant absorbs UV-B radiation, leaf photo-
synthetic apparatus is heavily damaged. Pigment
degradation (chlorophylls and carotenoids) and
thylakoid disruption occurs and this explains why
chlorophyll and carotenoid decrease in cucumber
leaves. As reported for other plant species (Strid &
Porra 1992), this process mainly affects phothosys-
tem II, thus reducing chlorophyll 4 content. Car-
otenoids were less affected than chlorophylls by UV-
B treatment. The higher stability of carotenoid
composition under UV-B has also been observed in
other studies (Sharma et al. 1998, Barsig & Malz
2000). Under UV-B stress, energetic and metabolic
resources are diverted towards the synthesis of
scavenger compounds, among which are phenols
and, especially, flavonoids. The latter are localized in
the uppermost parts of the leaf mesophyll as
protective compounds, which reduce disruption of
the photosynthetic apparatus. Direct evidence of the
role of phenolic accumulation in conferring UV
tolerance has been obtained in Arabidopsis thaliana
(L.) Heynh. mutants deficient in specific phenolic
compound biosynthetic enzyme activities. This

4 4,000 nt

*1,200 nt

Figure 7. Expression of PAL in cucumber plants treated with UV-B radiation. Leaves were collected before and after each UV-B treatment
and used for RT-PCR semi-quantitative analysis. PCR products were separated and quantified by using the Agilent 2100 Bioanalyzer
(Agilent Technologies) and the DNA 1000 LabChip® Kit (Agilent Technologies). L =ladder, 1, control; 2, 7 h; 3, 24 h; 4, 31 h; 5, 48 h; 6,

56 h; 7, 72 h.
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Figure 8. A) Expression levels of PAL obtained with a semi-quantitative method (primer dropping). The ratio between each sample and the
corresponding reference gene (INS) value has been calculated and results normalized to the control. B) Relative expression of PAL by
quantitative Real-Time PCR. Values were calculated according to Pfaffl (2001). C. sarivus B-actin was used as internal standard. Hours
reported on the graph are counted starting from the first UV-B treatment.

allowed determination of the relative importance of
phenylpropanoids and flavonoids in conferring UV
tolerance in A. thaliana (Sheahan 1996).

Accumulation of phenols in UV-B treated leaves is
probably induced by the activation of PAL, whose
activity can be regulated both by a direct effect of
UV-B light and through phytocrome activation
(Reddy et al. 1994). The observed changes in
cucumber tryptophan and tyrosine levels could be
ascribed to a diversion occurring within the biosyn-
thetic pathway of aromatic compounds, with a
repression of indol derivatives synthesis (Deckmyn
et al. 1994), in favor of tyrosine production and its
subsequent conversion into flavonoids. The in-
creased activity registered in C. sativus for G6P-
DH and 6P-GluDH of the OPPP pathway, can be
reasonably interpreted with the activation of phenol
biosynthesis. These two synthetic processes are
linked by the production of erythrose-4-phosphate
that through phosphoenolpyruvic acid can start
phenolic compound synthesis. OPPP cycle activa-
tion could depend on the major cell demand for both
erythrose-4-phosphate leading to aromatic com-
pounds and for nucleotides precursors as well as d-
ribose-5-phosphate, which is implicated in DNA
repair cell processes.

Generally, when plants are allowed to develop
under enhanced UV-B regimes or allowed to accli-
mate to doses of supplemental UV-B radiation,
soluble phenolics and photosynthetic tolerance to
UV increase simultaneously (Gitz et al. 2004).

Aside from increasing phenolic compound con-
tent, other adaptive responses have been observed,
such as an increase of free radical scavenging
capacity due to the fact that UV-B can generate
reactive oxygen species at various sites of respiratory
and photosynthetic electron transport (Arora et al.
2002, Matysik et al. 2002, Stratmann 2003) as well
as during various biochemical reactions in cellular
systems. These reactive oxygen species (ROS) are
highly deleterious for cell structures and functions
(Halliwell & Gutteridge 1984, Hideg & Vass 1996,

Foyer et al. 1997). In order to prevent the harmful
effects caused by these stresses, organisms develop
radical quenchers and antioxidants that provide
protection by scavenging harmful radical or oxygen
species (Mittler & Tel-Or 1991, Middleton &
Teramura 1993, Prasad & Zeeshan, 2005).

To minimize oxidative damage, plants have
evolved various non-enzymatic and enzymatic de-
fense mechanisms to detoxify ROS and reduce
oxidative stress. Non-enzymatic antioxidants include
ascorbate, a-tocopherol and B-carotene. The anti-
oxidant defense system includes enzymes such as
superoxide dismutase (SOD), glutathione reductase
(GR) catalase (CAT) and peroxidases (POX).
Among these defenses, catalase and peroxidases are
known to play a key role in protecting cells against
oxidative stress.

The production of ROS species following UV-B
radiation has already been demonstrated in cucum-
ber cotyledons (Takeuchi et al. 1995).

Exposure of cucumber plants to UV-B enhanced
the activity of catalase and peroxidase of leaf crude
extracts with respect to the controls. The enhance-
ment was particularly evident for POX, in which the
activity recorded following the second UV-B treat-
ment was 140 fold higher than in controls. Our
results are in agreement with previous studies con-
ducted by Rao et al. (1996), in which it has been
demonstrated that UV-B preferentially enhances
peroxidase activity over other antioxidant enzymes
such as superoxide dismutase, glutathione reductase
and catalase. An increase in ascorbate peroxidase
activity was also observed in response to supple-
mental UV-B radiation in cucumber cotyledons
(Takeuchi et al. 1996), rice and cucumber mature
leaves (Kim et al. 1996). Peroxidase activity mea-
sured with guaiacol as a substrate was reported to be
increased by UV-B radiation in Hibiscus rosa-sinensis
(Panagopoulos et al. 1989) and Bera vulgaris (Pana-
gopoulos et al. 1990) and in cucumber cotyledons
(Tekchandani & Guruprasad 1998).
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In cucumber, the expression levels of genes coding
for CAT and POX were enhanced by UV-B treat-
ments. With regard to CAT, the maximum peak in
the expression was recorded after the second UV-B
treatment. Also the CAT-specific activity was still
very high at the same time point. Following the third
treatment both enzyme activity and expression level
dropped. A different response of catalase to UV-B
has been reported in Nicotiana plumbaginifolia (Will-
ekens et al. 1994) and Zea mays (Boldt & Scandalios
1997) due to the presence of several isoforms and to
the different metabolic functions. It has already been
demonstrated that UV-B treatment can trigger up-
regulation of antioxidant enzymes (Chen et al.
2003). Studies conducted by Yannarelli et al.
(2006) in soybean showed an increase of CAT
activity under the lower UV-B doses demonstrating
that this enzyme is up-regulated to safeguard normal
cellular functions and survival. However, when the
plants were exposed to high UV-B doses, a signifi-
cant decrease in this antioxidant activity was ob-
served. Taking into account the fact that endogenous
production of ROS induces modifications of pro-
teins, such as fragmentation, increased susceptibility
to proteolysis and cross-linking reactions (Stadtman
1992) it is possible to conclude that at the highest
UV-B dose, CAT activity was diminished as a result
of ROS overproduction. Our experiments showed a
decrease of CAT activity after the third UV-B
treatment. This decrease was not paralleled by
gene expression level suggesting a regulation me-
chanism at the protein level.

With regard to POX, the expression profile was
quite comparable to the enzyme specific activity
profile. UV-B radiation dramatically stimulates gene
expression and enzyme activity of POX. However,
following the third UV-B treatment the enzyme
activity was still very high in comparison to the level
of expression. Enhancement in the activity of POX
may either be due to de novo synthesis of the enzyme,
related to the rather high amount of POX transcripts
accumulated after the second treatment, or suppres-
sion of the activity of a natural enzyme inhibitor
caused by UV-B radiation. A regulatory role for a
peroxidase inhibitor in the UV-B induced enhance-
ment of peroxidase activity has been demonstrated
by Tekchandani & Guruprasad (1998) in cucumber
cotyledons.

Aside from its destructive effects, UV-B radiation
can also elicit gene activation. The induction of key
enzyme synthesis in the phenylpropanoid pathway is
known to be an early, rapid event in response to UV-
B radiation (Jordan et al. 1994), followed by the
synthesis and accumulation of effective, wavelength-
selective filtering phenolics (mainly flavonoids) in
the leaf epidermal cells. This biosynthetic process is
slower than the expression of genes related to
phenylpropanoid metabolism, and changes in the
amount of gene transcripts are in fact reportedly

more rapid than the biochemical inhibitory effects of
UV-B on the photosynthetic components (Strid et al.
1994). In our experiments we monitored the changes
in the expression levels of the gene coding for PAL in
which we observed an increase in the level of
transcripts following the first and the second UV-B
treatment, whereas the expression levels reached
almost the control values after the third treatment.
These results are in accordance with the increased
level of PAL activity and with the accumulation of
phenolic compounds measured in our experiments.
Other studies showed that UV-absorbing com-
pounds, mainly flavonoid and sinapate esters, other
metabolites of the phenylpropanoid pathway, mark-
edly accumulated upon UV-B irradiation, which is a
consequence of an increase in transcription of PAL
and other genes of phenylpropanoid enzymes (Shir-
ley 1996, Liu et al. 2006).

In conclusion, increased fluence rates of UV-B on
cucumber cause significant biochemical changes
paralleled by strong modulation of gene expression.
These findings have been achieved through studies
in controlled environmental conditions and exposure
to artificial sources of ultraviolet radiation, thus
extrapolation to changes on crop yield as a result
of increases in terrestrial solar UV-B radiation
remains difficult to evaluate.
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