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a b s t r a c t

Solar UV-B (280–315 nm) radiation is a developmental signal in plants but may also cause oxidative
stress when combined with other environmental factors. Using computer modeling and in solution
experiments we show that UV-B is capable of photosensitizing hydroxyl radical production from
hydrogen peroxide. We present evidence that the oxidative effect of UV-B in leaves is at least two-
fold: (i) it increases cellular hydrogen peroxide concentrations, to a larger extent in pyridoxine anti-
oxidant mutant pdx1.3-1 Arabidopsis and; (ii) is capable of a partial photo-conversion of both
‘natural’ and ‘extra’ hydrogen peroxide to hydroxyl radicals. As stress conditions other than UV
can increase cellular hydrogen peroxide levels, synergistic deleterious effects of various stresses
may be expected already under ambient solar UV-B.
� 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction

UV-B (280–315 nm) radiation is the highest energy component
of sunlight reaching the Earth’s surface. While prolonged exposure
to solar UV-B can be harmful for humans [1], plants grown out-
doors have multiple lines of adaptive mechanisms to minimize oxi-
dative damage [2]. Results of the past decade of plant research
suggest that solar UV-B is rather a developmental factor than a
stressor [3,4]. Nevertheless, laboratory experiments with above
ambient UV-B doses showed that this radiation is capable of
impairing photosynthesis and causing oxidative stress [5,6]. Pro-
duction of a variety of reactive oxygen species (ROS) was demon-
strated in photosynthetic organism in response to high UV-B
doses [7–12]. In controlled environment UV experiments, plants
are typically first grown indoors in the absence of UV and then only
mature leaves are exposed to supplementary UV. Such an experi-
ment, using UV-B tubes giving 170–180% of ambient doses,
resulted in increased H2O2 concentrations in tobacco leaves [11].
Lower, near ambient UV doses resulted in higher peroxidase activ-
ity [12], but so far there has been no direct evidence for ROS occur-
rence in plants grown under natural sunlight.

Hydrogen peroxide is of special importance among the ROS
since it is potentially involved in responses to abiotic stress condi-
tions as a signaling component. Physiologically, the significance of
H2O2 as a direct cell-to-cell messenger [13] is either facilitated by
aquaporins [14] or by direct diffusion across membranes [15].
Photosynthetically active radiation (PAR, 400–700 nm), corre-
sponding to the visible part of the solar spectrum, leads to H2O2
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production in chloroplasts by photosystem I [16] and probably also
by photosystem II [17]. H2O2 is also a product of mitochondrial and
peroxisomal metabolism or plasma membrane respiratory burst
NADPH oxidases [18,19]. It is generally accepted that under high
PAR H2O2 can initiate and probably amplify ROS production for
the purpose of signaling [20].

Photobiologically, H2O2 is of interest because it also absorbs UV
wavelengths contained in sunlight. The absorption cross section of
H2O2 increases monotonously as the wavelength decreases from
350 to 190 nm [21]. In line with this, gas phase H2O2 has been
found to dissociate at wave lengths shorter than ca. 320 nm [22]
with two ground-state hydroxyl radicals being the dominating
photolysis products [23]. Experimental studies on aqueous
hydrogen peroxide using ‘far UV’ (253 nm or shorter wavelengths)
have revealed that �OH and HO2

� radicals are the major products
[24,25]. In a study investigating the effect of UV light on Fe3+ for-
mation from Fe2+ in the presence of chelator complexes, the
obtained action spectrum of iron-mediated Fenton reaction
revealed a monotonous decrease in �OH production when going
from shorter to longer wavelengths in the 250–450 nm range
[26]. UV flash photolysis experiments have also been carried out
on hydrogen peroxide molecules embedded in a solid argon matrix
[27]. In this case, the 193-nm photolysis of H2O2 produced a van
der Waals complex between water and a ground-state oxygen
atom, H2O� � �O(3P), and free �OH radicals. The kinetic model of
the photolysis of H2O2 in solid argon could be described as follows:

H2O � � � O $ H2O2 ! 2�OH

While the yield of H2O–0 was found to decrease with increasing
wavelengths between 193 nm and 320 nm, a light-induced
recovery of hydrogen peroxide from the water-oxygen complex
was observed upon a secondary excitation around 300 nm [28].
Such a reaction scheme may give a hint on the interpretation of
light-induced reactions of H2O2 molecules under strict steric con-
straints, e.g. when present in biological matrices, such as in plant
tissue.

In this paper we report on the possible roles of H2O2 in plants in
response to UV-B irradiation. We present evidence for UV-B-induced
enhancement of H2O2 production, and UV-B-induced conversion of
both ‘natural’ and ‘extra’ H2O2 to �OH.

2. Materials and methods

2.1. Hydroxyl radical detection in aqueous solutions

To determine the action spectrum of �OH production from
10 lM H2O2 in 50 mM Na-phosphate buffer (pH 7.0), the solution
was irradiated with monochromatic UV (half bandwidth 0.4 nm)
from an Opolette 355II + UV tuneable laser (Opotek Inc., Carlsbad,
CA) in the presence of 250 [iM terephthalic acid (TPA, 1,4-benzen-
edicarboxylic acid). Hydroxyl radical production was assessed on
the basis of its ability to oxidize TPA into 2-hydroxyterephthalate
(HTPA), which is accompanied by a marked increase in 315/
420 nm fluorescence [9]. HTPA fluorescence was measured using
a Cary Eclipse spectrofluorometer (Agilent Technologies, Santa
Clara, CA) after exposing the solution to UV-B radiation. These
experiments were performed three times for each wavelength,
using fresh reaction mixtures and one the following energies: 50,
100 and 200 mJ. HTPA fluorescence increased linearly with the
UV-B energy and a slope was determined for each wavelength.
An action spectrum was constructed by repeating the experiment
at 280, 284, 288, 290, 292, 294, 296, 298, 300, 304, 308, 312,
316 nm and plotting calculated slopes versus wavelengths. In this
plot 1-R2 values of (where R2 is the coefficient of determination) of
a these linear fits were used as error bars. The experimental action
spectrum was fitted with the sum of two Gaussian components
using the above R2 values as weighting factors for each wave-
length–slope parameter pair. Least squares fits were performed
using SigmaPlot 12 (Systat Software Inc., SanJose, CA, USA) which
was also used to make graphs.

2.2. Computer modeling

Along the reaction pathways, all ground state (S0) structures
were optimized in vacuum at the hybrid B3LYP Hartree–Fock
DFT level of theory, in conjunction with the 6-31 + G(d,p) basis
set. Harmonic vibrational frequency calculations were performed
on the optimized geometries at the same level of theory, to ensure
that they correspond to minima on their respective energy
surfaces. Product formation was investigated by stretching the
specific chemical bonds in steps of 0.05 Å in the ground state and
at each point reoptimizing the remaining structural parameters.
Single-point energy calculations for vertical singlet excitations
were calculated at the B3LYP/6-31 + G(d,p) level at each point
along the dissociation pathways of the H2O2 molecule and the
�OH radical using TD-DFT. The B3LYP formalism is known to gener-
ate computed absorption peaks in vacuum that are blue-shifted
relative to experiment by 10–15 nm at k = 250–300 nm [29–33].
All calculations were performed using the Gaussian 09 package
[34].

2.3. Plant material and leaf 308 nm irradiation

Tobacco (Nicotiana tabacum L. cv. Xanthi) plants were grown in
standard soil in growth chambers (Fitoclima D1200, Aralab, Portu-
gal) under long day conditions: 16 h light (150 lmol m�2 s�1 PAR,
25 �C)/8 h dark (20 �C). Arabidopsis thaliana (Col-0 ecotype and
pdx1.3-1 mutant [35] plants) were grown in a green-house using
a special shading to ensure short day (8/16 h) conditions. Daytime
PAR was 200–240 lmol m�2 s�1.

308 nm monochromatic UV-B radiation (2 mJ, 2.78 Hz) from a
Lambda Physik EMG 200, XeCl excimer laser was applied on a
1 cm2 diameter leaf spot. Tobacco leaves were used to illustrate
the effect of local UV-B treatment without detaching these from
the plants. For the Arabidopsis experiments, leaves were removed
from the plants immediately before UV treatment and 308 nm
was applied for 1 min, then the leaves were either used for visual-
izing cellular H2O2 or for photosynthetic electron transport
measurements after 30 min dark adaptation. Arabidopsis leaf
experiments were repeated three times using leaves from three
different plants grown and treated under identical conditions.
The significance of differences between data sets was assessed
using unpaired Students t-tests and significantly different datasets
(P < 0.05) are labeled with different letters.

2.4. Leaf H2O2 visualization using diamino-benzidine

Arabidopsis leaves were treated with the H2O2 probe 3,30-diam-
inobenzidine (DAB) immediately after UV irradiation, as described
earlier [36]. After a 90 min incubation in a solution containing
0.75 mg mL�1 DAB, chlorophyll was removed by keeping leaves
in 96% ethanol at 70 �C ethanol for 4 h to visualize the characteris-
tic brown staining developed during the reaction between cellular
H2O2 and DAB [37]. After removing chlorophyll, leaves were kept in
1:1 (v:v) water:ethanol for 24 h before photography. This post-
treatment procedure was used in order to avoid possible artefacts
arising from the sensitivity of DAB to UV or from the DAB-induced
limitation of photosynthesis [36]. In this way, ‘snapshots’ of actual
steady state leaf H2O2 concentrations were visualized and
compared.
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2.5. Photosynthetic electron transport measurements

Leaf photosynthetic electron transport can be characterized by
photochemical yields and other, non-photochemical pathways.
These parameters were calculated from leaf chlorophyll fluores-
cence yields measured with the MAXI-version of the Imaging-
PAM (Heinz Walz GmbH, Effeltrich, Ger many). Tobacco leaves
were measured by placing whole plants under the detector.
Excised Arabidopsis leaves were measured while keeping their
petioles wrapped in wet tissue paper to avoid water loss. Before
measurements, all leaf samples were first kept in the dark for
30 min. This was followed by measurements of F0, the minimal
fluorescence yield of dark adapted samples, and Fm, the maximal
fluorescence yield measured after a saturating light pulse. Maxi-
mum (potential) photo chemical quantum yield of photosystem
(PS) II was calculated as Fv/Fm = (Fm–F0)/Fm [38].

Division of absorbed PAR into photochemical and non-
photochemical processes was characterized in Arabidopsis leaves
by also measuring F and Fm

0 yields. These were determined after
measuring dark adapted F0 and Fm, at the end of a short (30 s) blue
actinic light irradiation with 280 lmol m�2 s�1 PAR. The quantum
yields of PSII photochemistry, Y(II) = (Fm

0–F)/Fm
0), non-regulated dis-

similative processes, Y(NO) = F/Fm, and regulated energy dissipation,
Y(NPQ) = F/Fm

0 – Y(NO), characteristic to each illumination step,
were calculated according to Klughammer and Schreiber [39].

3. Results and discussion

3.1. Experimental action spectrum of the UV-induced H2O2 ?
�OH

reaction

To investigate whether the high energy UV-B component of
sunlight is capable of photosensitizing the decomposition of
H2O2 into �OH, experiments were performed using terephthalic
acid (TPA) that is converted into the fluorescent hydroxy-tere-
phthalate (HTPA) when reacting with �OH. TPA itself has low fluo-
rescence, it is not reactive to H2O2 [9] and, as shown in Fig. 1A, the
TPA ? HTPA conversion is not induced by the applied UV itself.
However, when H2O2 was irradiated with increasing doses of
284 nm UV-B in the presence of TPA, HTPA fluorescence increased
proportionally, demonstrating production of �OH (Fig. 1A). This
experiment was repeated applying various monochromatic UV
wavelengths and the slopes of the dose-dependent increases in
the HTPA fluorescence intensity were used for characterizing the
�OH-generating efficiency. The action spectrum formed by plotting
these data against the corresponding wavelengths was maximal
between 290 and 300 nm (Fig. 1B), which was very different from
the calculated UV absorption spectrum of H2O2 (Fig. 1C) and also
from the data of Chu and Anastasio [40] who reported a flat, wave-
length-independent production rate of hydroxyl radicals from
frozen H2O2. Our data suggest the presence of at least two compo-
nents in the action spectrum and a least squares fit employing two
Gaussians, peaking at 296 and 284 nm, gave a satisfactory result
(Fig. 1B) with R2 = 0.948.

3.2. Calculated UV action spectrum oftheH2O2 ?
�OH reaction

According to B3LYP/6-31 + G(d,p) level calculations (Fig. 1C),
the computed first absorption wavelength of H2O2 is located at
268 nm, resulting from the electron transfer from HOMO to LUMO,
and at 149, 142 and 124 nm for the second, third, and fourth
absorption wavelengths. Thus, solar UV-irradiation is not sufficient
to lead to the formation of the excited states that require absorp-
tion wave lengths of <200 nm. A scanning approach was employed
to investigate the singlet excited state energies along the different
pathways, in order to explore the possibility of �OH radical gener-
ation by UV-induced H2O2 dissociation. The O–O bond was
scanned from 1.48 Å to 2.38 Å, with a 0.05 Å step size. For each
new point, the structure was re-optimized in the ground state
and the vertical singlet excitation energies were calculated. The
four lowest singlet excited states were included in the calculations
along the reaction coordinate. Singlet state energy curves along the
reaction coordinate obtained at the TD-B3LYP/6-31 + G(d,p) level
showed that the energies for H2O2 dissociation to �OH are highly
endothermic in the ground state and in the third and fourth singlet
excited states throughout the scan of the O–O bonds (Suppl.
Fig. 1A). However, in the first and second excited states, the disso-
ciation of H2O2 to �OH is spontaneous and a calculated absorption
wavelength of approximately 268 nm (Fig. 1C) corresponds to an
expected experimental absorption maximum at approximately
280 nm due to the above-mentioned 10–15 nm blue-shift of
250–300 nm absorption wavelengths calculated by the current
TD-DFT methodology [29–33].

3.3. The main product of UV-induced H2O2 dissociation is �OH

The UV absorption spectrum of �OH and the action spectrum of
�OH dissociation were further investigated to explore whether the
�OH generated by UV could dissociate further in the presence of
this type of radiation. The computed UV absorption spectrum of
�OH (Fig. 1D) showed that the longest absorption wavelength is
located at 294 nm (experimentally corresponding to approxi-
mately 305 nm when the above-mentioned blue shift is taken into
consideration) with an oscillator strength of 0.0025, followed by
absorptions at 155, 141 and 117 nm for the second, third and
fourth excited states, respectively. Again, natural UV irradiation
cannot lead to absorption at the wavelengths shorter than
200 nm. From the calculated action spectrum of �OH dissociation,
shown in Fig. 1D, the energy barrier is approximately 50 kcal/mol
in the ground state and the first singlet excited state, and the reac-
tions are highly endothermic throughout the scan of the O–H bond.
It is thus concluded that any further dissociation of �OH generated
by UV irradiation will not take place.

The possible formation of �H and �OOH radicals from the H2O2

molecule in the presence of UV light was also calculated at the
TD-B3LYP/6-31 + G(d,p) level. The O–H bond was scanned out
ward from 0.97 Å to 1.87 Å, with a step size of 0.05 Å. For each
new point, the structures were re-optimized in the ground state
and the vertical singlet excitation energies calculated. The result-
ing energy curves of �H and �OOH generation (Suppl. Fig. 1B)
showed energy barriers of 102.5, 9.6, 28.7, 72.4, and 68.9 kcal/
mol for the ground state and first, second, third and fourth singlet
excited states, respectively. It is concluded that the formation of
�OH and �OOH from UV-induced dissociation of the H2O2 molecule
is not spontaneous, albeit the S1 state does provide a slight possi-
bility for the reaction. However, compared to the spontaneous dis-
sociation of H2O2 into �OH, the formation of �H and �OOH is
expected to be essentially nonexistent.

3.4. The possibility and consequences of an UV photosensitized
H2O2 ?

�OH reaction in leaves

The above calculations and model studies in solution show that
UV-B can potentially photo sensitize the H2O2 ? �OH reaction
in vivo. Such reactions could be realized and biologically relevant
if (i) leaves contain sufficient amounts of H2O2 as substrate, (ii)
UV-B penetrates H2O2-containing tissues, and (iii) cellular antioxi-
dants are not capable of neutralizing all ROS at their production
site to prevent cellular damage. In the following we show that
the above conditions are applicable to leaves exposed to 308 nm



Fig. 1. (A) Fluorescence spectra of TPA and TPA + H2O2 pre-treated with various doses of 284 nm UV-B. Excitation wavelength 315 nm. Note that untreated TPA (TPA) and TPA
(TPA, 200 mJ) spectra are overlapping. (B) Action spectrum of UV-inducible H2O2 ? �OH. Circles show data, error bars characterize the goodness of linear fits giving
wavelength dependent �OH generating efficiencies (see Section 2 for details) and the solid line shows a fit with two Gaussian components (maxima at 296 and 284 nm, dashed
lines). (C and D) UV absorption spectra of H2O2 and �OH radical obtained at the B3LYP/6-31 + G(d,p) level. Theoretical absorption wavelengths are shown as dashed vertical
lines and the theoretical UV spectra as solid lines.
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UV-B in the laboratory and hypothesize that the UV-B component
of sunlight is capable of bringing about similar reactions.

The most stable ROS, H2O2, has been shown to be present in
leaves as a metabolite participating in a number of signaling events
[19] and therefore it is available for UV-induced dissociation.
Although leaves contain a variety of UV-absorbing compounds,
especially in the upper epidermis, our experiments showed that
the applied 308 nm UV-B reached chloroplasts localized in the
inner mesophyll tissue and was capable of affecting leaf photo-
chemistry and this effect was restricted to the UV-B treated area
(Suppl. Fig. 2). 308 nm UV from the laser was mostly absorbed in
the leaves, and approximately 0.01% of its original intensity pene-
trated the leaf tissue and was detectable at the other side of the
leaf blade. Nevertheless, due to the complex structure of leaves,
allowing both attenuation and focusing of incoming radiation
[41], it is not possible to estimate the percentage of UV photons
actually reaching photosynthetic tissues, and thus local �OH yields.
Using fibre optics, Ålenius et al. [42] have shown that relatively
large amounts of UV-B penetrated paradermal sections of Brassica
napus.

Leaf photochemistry studies were carried out using Arabidopsis
leaves, due to the availability of antioxidant mutants in this spe-
cies. 308 nm laser irradiation was applied for 1 min, and responses
of wild type (Col-0) and pdx1.3-1 mutant leaves were compared.
Vitamin B6 (pyridoxine) is a strong �OH antioxidant [43] and wild
type Arabidopsis leaves exposed to supplementary UV-B have been
shown to accumulate it to a larger extent than the pdx1.3-1 mutant
[35]. In addition to less active �OH neutralization, a higher UV
photo-production of this ROS is also likely since pdx1.3-1 leaves
UV-B exposed at 308 nm contained more H2O2 than Col-0, as
shown in Fig. 2A using DAB staining.

Since its subcellular localization production is unknown, we can
only speculate on the source of the H2O2 induced by 308 nm UV.
However, since it was not observed in untreated leaves, it cannot
be a wounding effect caused by cutting the leaves. In experiments
using a combination of UV and visible light, it is usually assumed
that the effect of UV-B includes damage to Rubisco [44,45], and
thus ROS production in the Mehler–Asada pathway is increased
to levels exceeding the neutralizing capacity of antioxidants [16].
Considering an analogous model to explain our data assumes that
in addition to damaging the photosynthetic electron transport,
UV-B could also be capable of driving it. Longer wavelength UV-A
was shown to be utilized in algae [46] but there is no data available
on UV-B in this respect, although chlorophylls also absorb radia-
tion in the UV-B region. Another possibility is to consider direct
photochemical events, such as UV photodamage of the PS II elec-
tron acceptor QA [47] or of the manganese-containing oxygen
evolving complex of PS II [6]. Although not discussed in the context
of UV-inducible damage, dysfunctional PS II complexes were sug-
gested to produce H2O2 instead of oxygen from water [48,49]. Such
a reaction could be a source of H2O2 in our experiment, although
this mechanism would assume the UV-B-driven PS II electron
transport discussed above. In addition, H2O2 sources other than
chloroplasts may include the cell wall, in which UV-B was recently
shown to lead to superoxide production [50].

The 1 min 308 nm treatments resulted in 20–40% loss in the
maximum PS II photochemical quantum yield (Fv/Fm). Leaves of
the pdx1.3-1 mutant appeared to suffer more UV-B induced less



Fig. 2. Responses of wild type (Col-0) and pdx1.3-1 (pdx) mutant Arabidopsis leaves to 1 min 308 nm UV-B treatment. (A) H2O2 reactive DAB staining of untreated and UV-B
treated leaves. (B–E) Chlorophyll fluorescence derived photosynthesis parameters of untreated and UV-B treated (hashed) wild type (white bars) and pdx (grey bars) leaves.
Bar heights and error bars represent average values and standard deviations (n = 3). Significantly (P < 0.05) different values are marked with different letters.
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than those of Col-0 wild type but this difference was not statisti-
cally significant in the present data set (Fig. 2B). Noting that direct,
PS II level differences would also worth exploring in additional
experiments we focussed on data obtained with light acclimated
leaves. Although UV from the 308 nm laser UV radiation
(10.8 W m�2 nm�1) was much stronger than the 308 nm spectral
irradiance component of sunlight (0.11 W m�2 nm�1) (calculated
[51] for 27� zenith angle, cloud-free conditions, 300 Dobson units.),
the effective PS II quantum yield of illuminated leaves measured
using 280 lmol m�2 s�1 actinic PAR light was not significantly
affected in Col-0. On the other hand, it was inhibited by approxi-
mately 50% in pdx1.3-1 leaves (Fig. 2C). The fraction of PAR that
is not converted by PS II, calculated as 1-Y(II), constitutes the total
quantum yield of all dissipative processes. This is divided into two
distinct components: (i) the energy being dissipated as heat via
regulated photo-protective mechanisms (Y(NPQ)); or (ii) passive
dissipation through other processes (Y(NO)) [39]. While UV-B
treatment decreased Y(NPQ) equally in pdx1.3-1 and Col-0 leaves
(Fig. 2D), Y(NO) increased to a larger extent in the pdx1.3-1 mutant
than in Col-0 (Fig. 2E). In general, high values of Y(NO) and low
values of Y(NPQ) reflect suboptimal capacity of photo-protective
reactions, potentially leading to photodamage by PAR [39] medi-
ated by ROS [16,52]. Such a condition was caused by the 308 nm
UV-B treatment and the fact that it was more severe in pdx1.3-1
leaves than in Col-0 indicates that it was at least partly caused
by ROS. The results above show that the effect of 308 nm UV-B
irradiation of leaves is multiple: some UV-B photons increase
H2O2 production and others split H2O2 into �OH. In addition, these
ROS are capable of lowering the ability of PS II to utilize PAR. After
1 min UV-B exposure this effect only manifested in the pdx1.3-1
mutant that has a lower pyridoxine biosynthetic capacity (Fig. 2)
but UV-B also affected wild type leaves when it was applied for
longer times (data not shown).

The UV-B-induced photo-conversion of H2O2 into �OH may also
occur under field conditions, although it is expected to yield lower
amounts of �OH. Such low levels of ROS are expected to be able to
be neutralized by the intracellular antioxidants by the plants. How-
ever, during other stress conditions, that themselves may induce
either increased cellular H2O2 concentrations or less efficient func-
tion of antioxidants, when combined with UV-B, higher production
or lower scavenging rates of �OH may in turn lead to higher actual
concentrations of this ROS and can thus contribute to oxidative
stress. Such an effect would explain why ambient solar UV-B only
becomes a stress factor when combined with other unfavourable
environmental factors such as high temperature or drought [4].
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