
ORIGINAL ARTICLE

PAR modulation of the UV-dependent levels of flavonoid
metabolites in Arabidopsis thaliana (L.) Heynh. leaf rosettes:
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Abstract Long-term effects of ultraviolet (UV) radiation
on flavonoid biosynthesis were investigated in Arabidopsis
thaliana using the sun simulators of the Helmholtz Zentrum
München. The plants, which are widely used as a model
system, were grown (1) at high photosynthetically active
radiation (PAR; 1,310 µmol m−2s−1) and high biologically
effective UV irradiation (UV-BBE 180 mW m−2) during a
whole vegetative growth period. Under this irradiation
regime, the levels of quercetin products were distinctively
elevated with increasing UV-B irradiance. (2) Cultivation at
high PAR (1,270 µmol m−2s−1) and low UV-B (UV-BBE

25 mW m−2) resulted in somewhat lower levels of quercetin
products compared to the high-UV-BBE conditions, and

only a slight increase with increasing UV-B irradiance was
observed. On the other hand, when the plants were grown
(3) at low PAR (540 µmol m−2s−1) and high UV-B (UV-
BBE 180 mW m−2), the accumulation of quercetin products
strongly increased from very low levels with increasing
amounts of UV-B but the accumulation of kaempferol
derivatives and sinapoyl glucose was less pronounced. We
conclude (4) that the accumulation of quercetin products
triggered by PAR leads to a basic UV protection that is
further increased by UV-B radiation. Based on our data, (5)
a combined effect of PAR and different spectral sections of
UV radiation is satisfactorily described by a biological
weighting function, which again emphasizes the additional
role of UV-A (315–400 nm) in UV action on A. thaliana.
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Introduction

A decline in stratospheric ozone concentrations with a
concomitant increase of ultraviolet (UV)-B radiation (280–
315 nm) reaching the Earth’s surface has occurred during
recent decades. This effect is thought to be caused by
human activities. Furthermore, it is still under debate
whether and, if so, when the ozone layer will recover to
levels measured before 1980. It has to be kept in mind that
the recovery will occur in an atmosphere that has also
changed considerably since 1980 due to global warming
(McKenzie et al. 2007; Weatherhead and Andersen 2006).
Damaging effects on organisms by enhanced UV-B
radiation equivalent to relatively high ozone depletion rates
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have been extensively described (see review by Caldwell et
al. 2007). Changes in UV-B irradiation are not only related
to its intensity but also to its spectral composition, i.e.,
increasing shortwave (<300 nm) energy-rich components.

UV-B radiation has the potential to jeopardize genome
stability and the functionality of cellular components, such
as DNA, proteins, and lipids (Jordan 1996; Mazza et al.
1999; Ries et al. 2000; Stapleton 1992). Thus, it can
modify, or even impair, physiological processes, which may
affect plant growth (Bornman and Teramura 1993; Jansen
et al. 1998).

A well-known protective mechanism against UV-B
radiation in plants is the formation of UV-B screening
pigments (Jordan 1996; Langebartels et al. 2002). Flavo-
noids and soluble hydroxycinnamic acid derivatives, in
particular catechol-type structures, seem to be most effi-
cient, as has been demonstrated for several plant species
(Burchard et al. 2000; Ibdah et al. 2002; Schnitzler et al.
1996; Ryan et al. 1998, 2001). However, effects upon long-
term UV-B irradiation on plants were often not adequately
studied or quantified (Casati and Walbot 2003; Giordano et
al. 2003; Izaguirre et al. 2003; Rousseaux et al. 1999;
Schnitzler et al. 1999). Several long-term studies with
flavonoid mutants and transgenic plants further support the
essential role of UV-B absorbing pigments (Bieza and Lois
2001; Ryan et al. 2002).

The importance of taking both photosynthetically active
radiation (PAR) and UV-A radiation into account in
understanding plant responses to elevated UV-B radiation
was recently noted (Berkelaar et al. 1994; Caldwell et al.
2007; Cooley et al. 2000; Krizek 2004; Yao et al. 2006). As
PAR and UV-A radiation are not affected by atmospheric
ozone absorption, their intensity ratio remains almost
constant, whereas the ratio of UV-B to PAR strongly depends
on the actual ozone column being penetrated, which exhibits
a diurnal course. Experiments specifically designed to study
the interaction of all spectral bands in sunlight should
therefore include a scenario with a typical natural UV-B to
PAR ratio (Caldwell and Flint 1994). A typical noon value of
this ratio during a midlatitude summer is 1:290 when taken
on the basis of energetic weighting over the respective
spectral bands (see also caption of Table 1).

High-PAR intensities have more recently been recognized
to modify changes in gene expression and the accumulation
of phenylpropanoids induced by UV-B radiation (Ibdah et al.
2002; Kaffarnik et al. 2006; Rossel et al. 2002). We have
earlier shown that mesembryanthin, the major flavonol
derivative in Mesembryanthemum crystallinum L., accumu-
lated in a spectrally dependent manner upon UV-B irradia-
tion (Ibdah et al. 2002). Furthermore, several light-stress-
regulated genes have been characterized in detached mature
leaves of Arabidopsis thaliana exposed to a PAR value of
2,500 µmol m−2s−1 for 2 h using differential display

techniques (Dunaeva and Adamska 2001). Changes in gene
expression after moving A. thaliana plants from a PAR
exposure of 100 to 1,000 µmol m−2s−1 have also been
reported (Rossel et al. 2002). In another long-term exposure
experiment with A. thaliana at PAR conditions of about
1,000 µmol m−2s−1, UV-B regulation of P450 monooxyge-
nases, glucosyltransferases, and glutathione transferases was
described (Glombitza et al. 2004).

UV-A radiation and blue light play a key role in the
photorepair of DNA damage caused by UV-B exposure
(Sancar 1994). However, little is known on the interaction
of various UV components and PAR. Although the
borderline between UV-A and UV-B is clearly set by
definition, the plant’s response to both cannot easily be
disentangled in the transitional range between approximate-
ly 310 and 330 nm. The present study now focuses on
effects of different UV-B/UV-A regimes and PAR intensi-
ties on the levels of relevant UV-B-absorbing metabolites.

Table 1 Integrated PAR given as photosynthetic photon flux density,
biologically effective irradiance UV-BBE normalized at 300 nm
according to Caldwell (1971) and energetic weighteda UV-B, UV-A,
and PAR irradiances of the different exposures

PAR/UV scenario High/high Low/high High/low
Irradiance

Under all filters

PAR (µmol m−2s−1) 1,310 540 1,270

PAR (W m−2)a 285 117 276

Filter slots WG 295, 305

UV-A (W m−2)a 31 16 23

Filter slot WG 320

UV-A (W m−2)a 28 12 22

Filter slot WG 335

UV-A (W m−2)a 24 10 19

Filter slot WG 360

UV-A (W m−2)a 14 5 13

Filter slot WG 295

UV-BBE (mW m−2) 180 180 25

UV-B (W m−2)a 1 1 0.14

UV-B/PAR ratioa 1:285 1:117 ≈1:2,000
Filter slot WG 305

UV-BBE (mW m−2) 150 130 20

Filter slots WG 320, 335, 360

UV-BBE (mW m−2) <1.5 <1.5 <1.5

The values represent the average of two experiments for each PAR/
UV scenario with similar irradiation and climate conditions. In
addition, PAR is averaged over the five slots of the cuvette.
Uncertainties of irradiance measurements are approximately ±8%.
a The term “energetic” weighting means that the spectral irradiance is
simply integrated over the respective spectral band. E.g., the UV-B/
PAR ratio of natural terrestrial solar radiation during a midlatitude
summer under clear sky yields an approximate noon value of ≈1:290,
where [UV-B] = 1.5 Wm-2 and [PAR] = 440 Wm-2 is used.
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We analyzed flavonol and sinapic acid products in leaf
rosettes of A. thaliana grown for 14 days under different
PAR/UV-B regimes. Our results demonstrate that, in the
long run, UV-B effects were highly significant at low-PAR
and high-UV-B radiation and also with high-PAR and high-
UV-B radiation but not so concisely at high-PAR and low-
UV-B radiation. The accumulation data, particularly of
quercetin derivatives, were used to derive a biological
weighting function (BWF) in order to describe the spectral
dependence of their formation and its modulation by PAR.

The present experiments showed that the plants’ natural
response to chronic exposure of high-PAR irradiance
together with UV irradiation can only be observed under a
UV/PAR spectral balance close to that of sunlight.

Materials and methods

Simulation of UV radiation

A sun simulator of the Helmholtz Zentrum München was
used for the application of polychromatic irradiation regimes
(Thiel et al. 1996). A temperature- and humidity-controlled
cuvette integrated into the sun simulator was subdivided into
five separate compartments covered by the five different
cutoff filters WG 295, WG 305, WG 320, WG 335, and WG
360 to obtain different proportions of UV-B and UV-A
radiation (Schott, Mainz, Germany; see also graphical
contents entry). Light and UV radiation conditions, as well
as the control of air and soil temperature have recently been
described (Ibdah et al. 2002). The spectroradiometric
assessment of UV and PAR was performed using a double
monochromator system (Bentham D300, Reading, UK) and
a calibration lamp (Gigahertz, Puchheim, Germany), the
calibration of which can be traced back to the Physikalisch-
Technische Bundesanstalt, Braunschweig, Germany (Ger-
man National Bureau of Standards). The three irradiation
scenarios, each representing defined PAR and UV-BBE

values, were replicated under comparable conditions, per-
mitting an evaluation of 30 irradiation variations. The
scenario of high PAR/high UV-BBE was especially designed
to form a realistic UV-B/PAR ratio under the WG 295 filter.
The corresponding spectral data are summarized in Table 1.

Plant material

A. thaliana Col 0 (Lehle, Nottingham, UK) was cultivated
on standard soil (type Floraton; Bayerische Gärtnerei-
Genossenschaft, München, Germany), mixed with 1/16
volume of sterile sand (Ø 0.1–0.4 mm) and the same volume
quartz sand (Ø 0.6–1.2 mm; Dorfner, Hirschau, Germany).
Three seeds each were applied to five positions per
cultivation pot (6×6 cm, TEKU multifilter palettes

PL2838/24, Pöppelmann, Lohne, Germany). Pots were
pretreated at 4°C for 2 days in the dark, then transferred to
the sun simulator, where they were kept at PAR values of
200 µmol m−2s−1 under the exclusion of UV radiation
(<400 nm), 14/10 h day/night cycles and an average
temperature of 20°C. Germination occurred within 4 days.
The number of plants per cultivation pot was reduced to five
on day 9. PAR and UV treatments according to the scenarios
listed in Table 1 started on day 11 upon removing the UV
exclusion filter. The PAR/UV exposure occurred for 14/12 h
per day, and the UV treatment was started 1 h after onset of
PAR. Leaf rosettes were harvested after a 14-day irradiation
period beginning at 1400 hours Central European Time in all
experiments. Plants grown under a defined WG filter were
pooled as follows: the leaf rosettes of two to four cultivation
pots were combined, resulting in three sample pools each
consisting of ten to 20 rosettes. Plant material was frozen in
liquid nitrogen and stored at −80°C until further analysis.

HPLC analysis

High-performance liquid chromatography (HPLC) separa-
tion of soluble metabolites was performed according to the
procedure of Turunen et al. (1999), using a 250×4.6 mm
Spherisorb ODS2 5.0-µm column (Bischoff, Leonberg,
Germany). Samples (methanol–water, 75:25, v/v, injection
volume 10 μl) were eluted from the column using a solvent
gradient starting with solvent A [980 ml H2O+20 ml 5%
ammonium formate in formic acid (98 %)] and adding
increasing amounts of solvent B [882 ml methanol (HPLC
grade) + 96 ml H2O + 20 ml 5% ammonium formate in
formic acid (98%)]. The gradient was as follows: 0–5 min
0% B; 5–45 min 0–100 % B (linear); 45–48 min 100% B;
48–50 min 100–0% B; and 50–58 min 0% B. The eluent
was monitored at 280 nm with a UV/visible diode array
detector (Beckman Coulter, Krefeld, Germany) followed by
an in-line spectrofluorimeter (excitation at 300 nm, emis-
sion at 400 nm; Shimadzu Model RF530, Duisburg,
Germany). Metabolite levels were determined as nanomole
equivalents per milligram FW based on the reference
compounds kaempferol 3-O-rhamnoside (Afzelin) for
kaempferol derivatives and quercetin 3-O-rhamnoside
(Quercitrin) for quercetin derivatives, both from Apin
Chemicals Ltd., Oxon, UK, and methyl sinapate synthe-
sized from sinapic acid for sinapic acid esters (Fluka,
Buchs, Switzerland). Products were assigned according to
their characteristic diode array spectra. No myricetin
derivatives have so far been detected in the A. thaliana
WT Col-0 under our conditions. Leaf area-related concen-
trations were calculated using the experimentally deter-
mined factor 23.7 mg cm−2. This transformation allows a
direct comparison with fluence data. Sample chromato-
grams of the HPLC analyses are given in Fig. 1.
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Results and discussion

In order to test a possible long-term regulation of flavonol
and sinapic acid biosynthesis in A. thaliana leaf rosettes
under continuous UV-B irradiation regimes, we focused on
the most prominent accumulation of quercetin derivatives.
Typical HPLC diagrams for metabolite extracts from a
sample of one of the two low-PAR high-UV experiments
are shown in Fig. 1. The irradiation regimes are described
in the “Materials and methods” section, and the numerical
values are listed in Table 1. The high-UV regime was
applied at two different PAR conditions (approximately
1,300 and 540 µmol m−2s−1). A third experiment was
performed at high PAR and reduced low levels of UV
irradiance using the filter set mentioned above.

Experiments performed under the high-PAR
and high-UV-B regime (PAR 1,310 µmol m−2s−1

and UV-BBE up to 180 mW m−2)

Growth of A. thaliana under the high-PAR/high-UV-BBE

regime resulted in the most prominent accumulation of
quercetin derivatives in the leaf rosettes (Fig. 2) and
occurred increasingly in a spectral-dependent manner with
decreasing UV wavelengths. A similar behavior has been
found in M. crystallinum for levels of flavonol and
betacyanin metabolites with ortho-dioxy structures (Ibdah
et al. 2002). Accumulation of related UV-B-absorbing
compounds has also been described for UV-B-exposed

field-grown barley (Mazza et al. 1999) as well as Vicia faba
L. (Meijkamp et al. 2001). Exclusively, kaempferol-
derived flavonol metabolites were found in F3′H-deficient
mutant Petunia hybrida ht1 under any irradiation condition
(Ryan et al. 2002). It has been shown that these plants were
less resistant towards UV-B-damaging processes, under-
lining the crucial function of quercetin derivatives in the
UV-B protection mechanism and indicating an antioxidant
component in this process. Similarly, A. thaliana tt7
mutants, which do not contain quercetin derivatives, are
more susceptible to UV-B irradiation than to the wild-type
line. This again indicates that kaempferol is not as efficient
as quercetin in UV-B protection (Ryan et al. 2001). Even in
the absence of UV-B radiation, a certain level of quercetin
derivatives exists, demonstrating the importance of high
light intensities. Additional experiments with cutoff filters
GG 400 and GG 420 that block UV-A completely while
leaving PAR almost unaltered still showed a basal level of
quercetin derivatives at an average of 50 nmol cm−2, which
could be accounted for solely by the influence of at least
the blue light component of PAR.

Experiments performed under the low-PAR and high-UV-B
regime (PAR 540 µmol m−2s−1 and UV-BBE

up to 180 mW m−2)

To further highlight the role of PAR values in the
modulation of plant responses to UV-B radiation, additional
comparisons were performed with a low-PAR/high-UV-BBE
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Fig. 1 Typical HPLC diagrams of flavonol and sinapic acid
metabolites from A. thaliana leaf rosettes exposed to low-PAR/high-
UV irradiation conditions (compare Fig. 2). A Under exclusion of UV-
B radiation (WG 360), reasonable amounts for sinapic acid (SG and
SM) and kaempferol (k1–k3) derivatives are observed. Only very
minor signals appear for the respective quercetin derivatives (q1–q3).

B In the presence of UV-B radiation (WG 305), quercetin derivatives
(q1–q3) are strongly induced, while sinapoyl glucose (SG) and the
kaempferol derivatives (k1–k3) are only slightly elevated, while
sinapoyl malate (SM) is not affected at all. A third sinapic acid
derivative cannot be observed in these chromatograms
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regime. The quercetin derivatives again accumulated in a
spectral-dependent manner under the low-PAR/high-UV-
BBE scenario, although the absolute amounts were signif-
icantly lower than in the high-PAR/high-UV-BBE scenario
(Fig. 2). These data further underline the influence of high
PAR in addition to high UV-BBE in the accumulation of
quercetin derivatives.

Experiments performed under the high-PAR and low-UV-B
regime (PAR 1,270 µmol m−2s−1 and UV-BBE

up to 25 mW m−2)

When we analyzed the effect of high PAR and overall
reduced UV radiation (high PAR/low UV-BBE), the amount
of quercetin derivatives showed no prominent increase with

decreasing UV wavelength under this regime, and nearly
constant levels were found in the range of 60–70 nmol cm−2

(Fig. 2).

Effects of UV irradiation on kaempferol and sinapic acid
derivatives

In addition to quercetin derivatives, we analyzed kaemp-
ferol and sinapic acid metabolites. Under the high-PAR/
high-UV-BBE regime, we observed a weak spectral depen-
dence only for the accumulation of kaempferol derivatives
(k1–k3) and sinapoyl glucose (see Fig. 1; detailed data not
shown). Two further sinapic acid derivatives, sinapoyl
malate and an additional minuscule metabolite, did not
show any measurable spectral dependence. This suggests a
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Fig. 2 Effects of PAR and UV-
B radiation on the accumulation
of quercetin derivatives. A.
thaliana were analyzed after
14 days of growth under the
irradiation conditions given as
high PAR/high UV-B H/H, low
PAR/high UV-B L/H, and high
PAR/low UV-B H/L. The bars
represent the average data
obtained from two experiments
under each scenario with the
corresponding standard devia-
tions. Analysis of variance
resulted in significant differen-
ces of high PAR/high UV-B and
high PAR/low UV-B vs. low
PAR/high UV-B but not of high
PAR/high UV-B vs. high PAR/
low UV-B. However, all three
regressions are significant.
Mathematical calculations and
regressions are given in
“Electronic Supplementary
Material”
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constitutive UV protection effect for these metabolites that
is less affected by PAR and, in particular, UV-B irradiation
under any condition of our experiments. However, it cannot
be excluded that these metabolites may play a protective
role in specific minor compartments or that their biosyn-
thesis may be affected under other conditions, e.g., transient
induction processes.

Biological weighting function (BWF)

The description of the mathematical analysis to develop a
BWF from the set of experimental data is similar to that
described by Ibdah et al. (2002). Based on the broad data
set obtained from the metabolite analyses of plants exposed
under the five WG filter types, a BWF describing the
spectral dependence of the most strongly UV-induced
quercetin metabolites in A. thaliana Col 0 at 20°C was
developed:

In order to investigate the spectral dependence of the
accumulation of the quercetin derivatives, qmeasured, in the
ultraviolet (UV) range of the spectrum, the influence of
the accompanying PAR has to be separated from the
combined effect of UV and PAR. Under the WG 360 filter,
PAR only contributes to the formation of quercetin
derivatives in the leaf rosettes (Fig. 2). These concentration
values, qPAR, obtained from plants grown under the WG
360 filter in our six different experiments were considered
to be proportional to the PAR irradiance EPAR, and the
regression analysis of our data points yielded

qPAR ¼ 0:043
nmol cm�2

mmol m�2s�1

� �
� EPAR mmol m�2s�1

� � ð1Þ

with a correlation coefficient of r=0.88. Using this basal value
induced by PAR only, we calculated the net UV-induced
concentration of quercetin derivatives, qUV ¼ qmeasured� qPAR,
for each scenario and spectrum. Negative values were
interpreted as zero.

From these net data, the BWF, s(λ), for the UV-
dependent accumulation of quercetin derivatives in leaf
rosettes of A. thaliana under chronic exposure conditions
was determined. This BWF is not directly accessible from
the data because the UV-induced concentrations of querce-
tin derivatives result from the simultaneous action of two
quantities, the spectral dependence itself and the dose
function W(HBA). Therefore, a numerical analysis and
mathematical interpretation of the net data are required.
The model of evaluation is that the (physical) spectral
radiant exposures are weighted with the BWF s(λ), and
integration over all wavelengths gives HBA, where HBA is
the biologically effective radiant exposure. The measured
UV-induced concentrations of quercetin derivatives are then
determined from the dose function, which only depends on
HBA. Due to the limited number of spectra combined with a

rather large experimental biological variability, only ele-
mentary assumptions on the shape of the BWF and on the
dose function are made:

(a) A monoexponential function was set up to describe the
wavelength dependence of s(λ):

sðlÞ ¼ exp �k � l� l0ð Þ½ �: ð2Þ
The BWF was normalized to unity at λ=λ0=300 nm in

order to allow a comparison with other BWFs. The slope
parameter k has to be determined.

(b) Using this BWF, the biologically effective UV dose
(effective radiant exposure) HBA is given by

HBA ¼
Z

dt � dl � s lð Þ � El l; tð Þ

¼
Z

dl � s lð Þ � Hl lð Þ
ð3Þ

Eλ(λ,t) is the spectral irradiance (see Fig. 3 for example),
and Hλ(λ) is the corresponding spectral radiant exposure.

(c) The dose function W(HBA) correlates the biologically
effective UV dose, HBA, with the measured UV-
induced concentrations of quercetin derivatives, qUV.
For simplicity, the concentration of quercetin deriva-
tives was assumed to be proportional to HBA:

qUV ¼ W HBAð Þ ¼ w � HBA ð4Þ

The slope, w, of the dose function has to be determined.
The calculation of the BWF is thus based on the

estimation of the parameters k and w. The reasonable range
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of parameter values was roughly determined to be within
the boundaries of

k 2 1 mm�1; 500 mm�1
� �

and

w 2 0:001
nmol cm�2

Jm�2
; 1; 000

nmol cm�2

Jm�2

� �
:

Optimization of the parameters was done using the
SOLVER macro of Microsoft EXCEL® and yielded

k ¼ 59 mm�1 and

w ¼ 0:65
nmol cm�2

Jm�2

for an UV irradiance exposure of 12 h in our experiments.
The result, a monoexponential curve (Eq. 2), is depicted in
Fig. 4 (solid red line) together with other BWFs from the
literature. All spectra were normalized at 300 nm. A typical
terrestrial solar UV spectrum is also presented for compar-
ison (Fig. 4). Apart from the curve with the steep decay at

Fig. 4 Logarithmic plot of biological weighting functions obtained
from this work and from the literature together with a typical solar
midday spectrum: induction of quercetin derivatives in A. thaliana
(solid red line; this work). Generalized plant action spectrum (solid
magenta line; Caldwell 1971). Modified plant action spectrum
(dashed magenta line; Flint and Caldwell 2003). Mesembryanthin
accumulation in M. crystallinum (solid blue line; Ibdah et al. 2002).
Inhibition of photosynthesis in D. salina (Ghetti et al. 1999). DNA
damage in alfalfa (full circles; Quaite et al. 1992). Terrestrial solar
midday spectrum measured on April 17th 1996 at 48.22° N, 11.60° E,
495 m above sea level, no clouds, solar elevation 52°, mean total
ozone column 320DU (solid black line)

Fig. 5 Comparison of experi-
mental data obtained for con-
centrations of quercetin
derivatives and mathematical
model data. Gray bars show the
net UV-induced concentration of
quercetin derivatives adjusted
by subtraction of the PAR basic
value (see text) together with the
respective standard error, from
three experiments (left column,
A, C, and E) and the three
respective replicates (right
column, B, D, and F). Full
circles represent the concentra-
tion as calculated from the BWF
shown in Fig. 4. Scenarios: H/H,
high PAR/high UV-B; L/H, low
PAR/high UV-B; H/L, high
PAR/low UV-B
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313 nm, earlier denoted as the “generalized plant action
spectrum” (magenta solid line after Caldwell 1971), on
which the UV-BBE data given in the literature and in this
work are calculated, the spectra exhibit sensitivity in the
UV-A range. So does also a more recent modification of the
generalized plant action spectrum (dashed magenta line
after Flint and Caldwell 2003).

In view of the large uncertainty in determining BWFs,
especially when dealing with intact plants interacting with
additional environmental factors, we conclude that the
different slopes between the remaining curves in Fig. 4,
DNA damage in alfalfa (full black circles after Quaite et al.
1992), inhibition of photosynthesis in Dunaliella salina
(SAG 19-3; solid green line after Ghetti et al. 1999),
mesembryanthin accumulation in M. crystallinum (solid
blue line after Ibdah et al. 2002), and the present one for
quercetin formation in A. thaliana, are probably not
significant.

The spectral overlap between the solar spectrum and
most BWFs shown in Fig. 4 underlines the important role
of the UV-A domain of sunlight in regulating the plant’s
UV response. The lower sensitivity is compensated for by
higher intensities of solar radiation in the UV-A range,
where ozone absorption is of low importance compared to
the UV-B component. We therefore suggest that the
possible implication of UV-A should gain more attention
in studies on UV effects, particularly in plants. This was
also suggested recently for field-grown barley and soybean
cultivars (Sullivan et al. 2007).

Using the optimal fit parameters k, w, the spectral
irradiance Eλ(λ,t) measured with our double monochroma-
tor system and Eqs. 2, 3, and 4, we calculated the UV-
induced concentration, qUV, model, shown in Fig. 5 as full
circles. As mentioned previously, PAR-only exposure
produced a base amount of quercetin derivatives in the
long run. Therefore, the experimental values of quercetin
accumulation (Fig. 5, gray bars) for all individual experi-
ments were adjusted by subtraction of the basal value,
which is obtained from the model (Eq. 1). The regression
analysis of experimental and modeled data yielded a
maximum difference in slope of less than 10% with a
correlation coefficient r=0.91. As only five of 30 modeled
data points in Fig. 5 lie slightly outside the uncertainty
margins of the experimental data, we are quite confident
about the validity of our BWF for the UV induction of
quercetin derivatives in A. thaliana.

Conclusions

The experiments presented here were devised to provide a
better understanding of plant performance under natural
radiation regimes with prolonged UV-B exposure. Our data

clearly demonstrate that PAR values up to 1,300 µmol m−2s−1

come closer to natural high light conditions than any others
used so far when dealing with intact plants (Berkelaar et al.
1994). Moreover, we found that even values of approxi-
mately 500 µmol m−2s−1 still represent rather moderate
light conditions. Therefore, experiments performed under
PAR values less than 500 µmol m−2s−1 cannot be
considered to be “high-PAR” studies. However, these
conditions might be valuable for studying plant behavior
under shaded germination conditions as well as for
mechanistic investigations. Our experiments showed that
the chronic application of realistic high-PAR irradiance
together with UV irradiation conditions as encountered in
the field is an important prerequisite for the observation of
natural plant behavior.

Under these premises, our data indicate that, apart from
UV-B radiation, the induction of quercetin derivatives in A.
thaliana leaf rosettes is also influenced by UV-A radiation
and strongly coregulated by PAR. It was shown that
induction of secondary metabolites by PAR may provide a
basic UV protection that is optimized and increased by the
impact of UV-B and UV-A radiation. The intensity of PAR
modifies the plant’s response to UV-B radiation. Thus, a
spectral balance of PAR and UV radiation seems to be
crucial for a changed profile of flavonoid accumulation,
which is important not only in laboratory experiments but is
also most likely an acclimation factor in the field.
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