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Abstract

Ultraviolet (UV) radiation affects the chemical composition of a plant. Since young leaves are of higher value due to their increased
photosynthetic activity, for these a more efficient protection and thus stronger responses to a short-term exposure to natural radiation
including or excluding UV-A plus UV-B radiation (‘‘+UV’’ vs. ‘‘�UV’’) were expected than for old leaves. Nutrients and characteristic
secondary metabolites of two species of Brassicaceae were analysed after two days exposure in foil-tents with different UV filtering qual-
ities. Contents of water, carbon, nitrogen and soluble protein were found to be affected by both UV and leaf-age in Sinapis alba L. but
mainly by leaf-age in Nasturtium officinale L. Glucosinolates and myrosinases, both partners of the defence system of Brassicaceae,
responded highly species-specific to UV exposure. Moreover, leaf-age mainly affected total glucosinolate concentrations in S. alba,
but myrosinase activities in N. officinale. The most pronounced response to UV was found in the accumulation of flavonoids which
are needed to shield the leaf interior against UV. In S. alba, relative contents of quercetin flavonols increased at the expense of kaempfe-
rols in +UV exposed leaves. In N. officinale, total flavonoid quantities were 10-fold lower in �UV exposed young leaves compared to S.

alba, and flavonoid accumulation was induced by UV specifically in old leaves. Hydroxycinnamic acid concentrations were not affected
in both species. In total, these herbaceous species showed a highly species-specific and age-dependent plasticity in response to short-term
exposure to UV which is discussed with respect to their defence strategies.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Plants have to regulate the protection of their photosyn-
thetic active tissue when exogenous factors or other condi-
tions change in the environment or in new habitats.
Moreover, the endogenous constitution affects the chemical
composition of a plant or plant organs. Even within an
individual plant, the quality and quantity of metabolites
may differ between young and old leaves, sun exposed parts
and organs that remain in shade (Raupp and Denno, 1983;
Collinge and Louda, 1988; Kursar and Coley, 2003). Since
tissue damage should be minimised especially in photosyn-
thetic active tissues, young leaves can be regarded as more
0031-9422/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.phytochem.2006.12.008

* Corresponding author. Tel.: +49 931 8886221; fax: +49 931 8886235.
E-mail address: cmueller@botanik.uni-wuerzburg.de (C. Müller).
valuable than old leaves and should be better protected
against biotic and abiotic harms (Iwasa et al., 1996; Lamb-
don et al., 2003). Shifts in quality and quantity of metabo-
lites may affect a plant’s susceptibility to abiotic stresses,
and thus in turn also the attractiveness to herbivorous
insects (Feeny, 1976; Cornell and Hawkins, 2003; Kursar
and Coley, 2003).

In order to investigate the adaptation of plants to their
environment, the influence of ultraviolet-A and -B radia-
tion (UV-B 280–315 nm, UV-A 315–400 nm) became the
subject of many studies. Enhanced UV-B radiation reaches
the earth’s surface due to a depletion of the ozone layer,
severely affecting plant life, since this radiation is strongly
absorbed by proteins, nucleic acids, and macromolecules
(Bassman, 2004). The number of studies on the effects of
UV-B radiation, especially on plants and insects, increased
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Fig. 1. Spectral irradiances in the greenhouse and in the exposure tents
transmitted by both foil types, measured under cloudless sky in the early
afternoon. Wavelength sections indicating UV radiation are highlighted in
light grey for UV-B radiation (280–315 nm) and dark grey for UV-A
radiation (315–400 nm). Note the logarithmic y-axis.
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in the last twenty years, with most studies artificially
enhancing UV-B radiation using UV-B lamps under con-
trolled conditions, e.g. in greenhouses or climate chambers
(e.g. Liu et al., 1995; Feng et al., 2003; Warren et al., 2003),
or in field experiments (e.g. Rinnan et al., 2003; Bjerke
et al., 2005) in order to test the effects on plants and their
potential for adaptation and/or self-protection. Only few
studies performed outdoor experiments using UV filtering
foils to expose plants to natural irradiation including or
lacking the UV portion of the spectrum (e.g. Turunen
et al., 1999; Kolb et al., 2001; Caputo et al., 2006).

Since UV-B induces general stress responses in plants,
the syntheses of a broad variety of metabolites regarding
growth, development and defence may be affected
(Doughty et al., 1995; Paul et al., 1997; Mackerness
et al., 1999; Mackerness, 2000). The accumulation of flavo-
noids and hydroxycinnamic acids in epidermal cells is the
main mechanism of plants to build up protection against
UV (Caldwell et al., 1983; Olsson et al., 1998; Harborne
and Williams, 2000; Kolb et al., 2001).

Brassicaceae are characterised by a binary chemical
defence system against herbivores and pathogens, the gluc-
osinolate-myrosinase system (Halkier and Gershenzon,
2006). The non-volatile glucosinolates are composed of a
thioglucoside moiety and an amino acid derived side chain
of varying character (Andréasson et al., 2001). In case of tis-
sue damage, the enzyme myrosinase (b-thioglucoside gluco-
hydrolase) which is stored in separate compartments, can
hydrolyse the substrate to different potentially toxic volatile
break-down products (Rask et al., 2000). Myrosinases occur
in various isoforms and can be either soluble or complexed
with myrosinase-binding or -associated proteins (insoluble)
(Rask et al., 2000; Eriksson et al., 2001). Glucosinolates and
their volatile hydrolysis products can deter or repel several
organisms but also serve as host plant recognition cues for
specialists (Levin, 1976; Louda and Mole, 1991; Siemens
and Mitchell-Olds, 1996). Concentration and accumulation
of glucosinolates differ between plant organs and depend on
the developmental stage of the plant (Agerbirk et al., 2001;
Brown et al., 2003). Both, levels of glucosinolates and their
hydrolysing enzymes can increase or decrease due to insect
feeding (Siemens and Mitchell-Olds, 1998; Pontoppidan
et al., 2003; Martin and Müller, 2007; Müller and Sieling,
2006), and JA- and SA-mediated pathways have been shown
to be involved in glucosinolate induction (van Dam et al.,
2004; Mewis et al., 2005). However, it remains unclear in
how far shifts in both partners of the binary defence system
are affected by UV irradiance.

Our goal was to study effects of short-term exposure to
ambient visible and UV radiation on the chemical compo-
sition of two species of Brassicaceae taking into account
the specific leaf-age. As young leaves are more valuable
for the plant than old leaves, young leaves should build
up protection mechanisms against harmful radiation with
priority. Therefore, we expected stronger responses in
young than in old leaves. Differences in quality and quan-
tity of several primary and secondary plant compounds
were studied, with special regard to the glucosinolate-
myrosinase defence system. The plasticity of responses of
young and old leaves to short-term +UV and �UV expo-
sure is discussed with respect to the defence strategies of
both species.
2. Results and discussion

2.1. Exposure conditions

Plants of S. alba and N. officinale were grown from seeds
in the greenhouse for 19 days and then transferred to out-
side positioned foil-tents to investigate their adaptation to
different UV conditions within 48 h exposure. Irradiance
spectra in the greenhouse lacked UV-B and had reduced
levels of photosynthetic active radiation (400–700 nm)
compared to outside conditions. In +UV tents spectral
irradiances included UV-B and UV-A radiation from 280
to 400 nm, whereas in �UV tents UV-B radiation was
excluded, and the transmission of UV-A radiation was
low between 320 and 360 nm, increasing slightly to full
transmission at 400 nm (Fig. 1). Throughout the exposure
period of 48 h, the maximum day time temperature in the
tents did not exceed 33 �C and did not fall below 13 �C
at night time, and the temperature was minutely higher in
+UV tents compared to �UV tents (mean deviation
0.06 �C). The relative humidity in the tents was highest in
the early morning (98.0%), and lowest in the late afternoon
(44.8%), with almost equal relative humidity in both tent
types (mean deviation of 0.8%).

The duration of plant exposure to UV was determined as
the exposure period that is needed to achieve likely highest
differences in chemical composition between �UV and
+UV exposed plants, expressed as UV-A screening capacity
of the leaf epidermis and measured with a UV-A-PAM chlo-
rophyll fluorometer. In S. alba, highest differences were
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found after 48 hours of exposure, while for N. officinale, dif-
ferences were higher after 3 days (Table 1). However, as in S.

alba at that time shielding capacity already converged in
leaves of �UV and +UV treatments, a 48 h exposure was
used consistently for experiments. In order to study spe-
cies-specific short-term exposure effects on young vs. old
leaves, second youngest completely unfolded leaves and old-
est non-cotyledon, primary leaves were taken for analyses.

2.2. Water and nutrients

Between young and old leaves exposed to �UV and
+UV conditions, highly plant species-specific quantitative
differences in water and nutrient levels (based on dry
weights) were detectable. In S. alba, water, nitrogen and
soluble protein contents and glucose concentrations were
significantly affected by UV treatment, whereas leaf-age
dependent effects were detected for water, carbon and sol-
uble protein contents. Water contents were significantly
higher in +UV than in �UV exposed young leaves, and
higher in old than in young leaves. Soluble protein contents
were higher in �UV than in +UV exposed young leaves
and higher in young than in old leaves. Significant differ-
ences for glucose concentrations were only found between
�UV and +UV exposed old S. alba leaves (Table 2, Fig. 2).

In N. officinale, soluble protein contents and glucose
concentrations were significantly affected by UV treatment,
whereas water, carbon, nitrogen and soluble protein con-
tents were affected by leaf-age. In contrast to water con-
tents and glucose concentrations in +UV exposed leaves,
which were higher in old than in young leaves, carbon,
nitrogen and soluble protein contents and glucose concen-
trations in �UV exposed leaves were on average higher in
young than in old leaves (Table 2, Fig. 2).

Decreases in nitrogen contents with increasing leaf-age
are characteristic for many plant species (McNeill and
Southwood, 1978; Wait et al., 2002) and were more pro-
nounced in N. officinale than in S. alba. Higher nitrogen
contents in +UV exposed plants compared to �UV
exposed plants had been also found in other plant species
under supplemental UV-B (Murali and Teramura, 1985;
Lindroth et al., 2000; Warren et al., 2002). Similarly, higher
soluble protein levels in +UV exposed leaves were detected
in N. officinale. In contrast, in S. alba levels of soluble pro-
teins were lower after +UV exposure, as earlier detected in
pea leaves under elevated UV-B conditions (He et al.,
Table 1
Epidermal UV shields (%) in young leaves of Sinapis alba and Nasturtium offi

lacking UV (�UV) and ambient radiation including UV (+UV)

0 h

S. alba �UV 33.7 ± 3.2
+UV 33.7 ± 5.1

N. officinale �UV 2.2 ± 1.3
+UV 5.5 ± 2.5

Data were obtained with a UV-A-PAM chlorophyll fluorometer. N = 6 (mean
1993). Drastic shifts in water and nutrient levels due to dif-
ferent UV exposure conditions that are furthermore leaf-
age dependent must be expected as a direct result of differ-
ent photosynthetic activities in these tissues (Teramura and
Caldwell, 1981; Björn et al., 1997; Kolb et al., 2001; Keiller
et al., 2003). These shifts may affect the quality of the plant
as a feeding source for herbivorous insects, which might
adapt their consumption rates to specific nitrogen contents
(Feeny, 1976; Cornell and Hawkins, 2003; Kursar and
Coley, 2003; Lambdon et al., 2003). However, whereas pri-
mary compounds determine the nutritional value of plant
parts, the accumulation of secondary compounds, which
might differ in quality and quantity not only between
young and old leaves but also due to UV exposure, might
highly influence the susceptibility to harmful radiation and
to herbivore attacks.

2.3. Secondary metabolites

One of the main mechanisms of protection against UV is
the accumulation of flavonoids and hydroxycinnamic acids
in epidermal cells (Caldwell et al., 1983; Olsson et al., 1998;
Harborne and Williams, 2000; Kolb et al., 2001), driven by
an increase in the activity of phenylalanin ammonia lyase
(PAL) and other genes required for flavonoid biosynthesis
(Mackerness, 2000). The UV dependent regulation of
expression of these genes varies between tissues of different
age and developmental stages (Kubasek et al., 1992).

In our study, in S. alba and N. officinale total flavonoid
concentrations were significantly affected by UV treatment
(higher concentrations in +UV than �UV exposed leaves,
based on lmol g�1 DW) and leaf-age (higher concentra-
tions in young compared to old leaves), and by the interac-
tion between UV treatment and leaf-age in S. alba. Within
young �UV exposed leaves and within old +UV exposed
leaves total flavonoid concentrations in S. alba were 10-
fold higher compared to N. officinale. In old �UV exposed
N. officinale leaves flavonoid concentrations were below the
detection limit (taken as 0 lmol g�1 DW).

Both plant species differed in their qualitative and
quantitative composition of three groups of glycosylated
flavonols, namely quercetins, kaempferols and unidentified
flavonols. In S. alba, relative contents of all flavonols were
affected by UV only, whereas in N. officinale, highly signif-
icant effects were evoked by UV treatment and the inter-
action between UV treatment · leaf-age (quercetin,
cinale measured after three time points of exposure to ambient radiation

24 h 48 h 72 h

54.4 ± 1.0 62.5 ± 1.5 71.5 ± 1.7
72.8 ± 2.4 84.7 ± 1.0 84.1 ± 1.0

4.9 ± 0.6 7.6 ± 2.7 14.7 ± 1.9
12.9 ± 4.4 26.7 ± 3.7 44.3 ± 3.0

± SE).



Table 2
ANOVA P- and F-values for water, carbon and nitrogen contents (%) and soluble protein contents (lg mg�1 DW), glucose concentration (nmol mg�1 DW), total flavonoid concentration (lmol g�1

DW) and relative contents of individual glycosylated flavonols (% of total flavonoid concentrations, DW; not detectable concentrations were taken as zero %) and hydroxycinnamic acid concentrations
(lmol g�1 DW), total glucosinolate concentrations (lmol g�1 DW) and relative contents of individual glucosinolates (% of total glucosinolate concentrations, DW); and activities of soluble and
insoluble myrosinases [nmol (mg FW*min)�1] in Sinapis alba and Nasturtium officinale leaves of different age and UV treatments

S. alba N. officinale

UV Leaf-age UV · age UV Leaf-age UV · age

Water content P = 0.005, F = 10.5 P = 0.003*, F = 12.2 P = 0.32, F = 1.1 P = 0.08, F = 3.9 P = 0.007*, F = 13.0 P = 0.45, F = 0.6
Carbon content P = 0.20, F = 2.7 P < 0.001*, F = 18.6 P = 0.48, F = 0.5 P = 0.13, F = 2.9 P = 0.003*, F = 13.6 P = 0.14, F = 2.4
Nitrogen content P = 0.029, F = 5.6 P = 0.29, F = 1.2 P = 0.17, F = 2.0 P = 0.08, F = 3.8 P = 0.002*, F = 14.5 P = 0.24, F = 1.5
Soluble protein content (lo, S. alba, N. officinale) P = 0.014, F = 7.2 P = 0.023, F = 6.1 P = 0.010, F = 2.9 P = 0.009, F = 8.5 P = 0.028, F = 5.6 P = 0.14, F = 2.4
Glucose concentration (lo, N. officinale) P = 0.046, F = 4.5 P = 0.46, F = 0.6 P = 0.012, F = 7.7 P < 0.001*, F = 23.5 P = 0.89, F = 0.0 P = 0.09, F = 3.2

Flavonoid concentration P < 0.001*, F = 47.4 P < 0.001*, F = 25.0 P = 0.004, F = 10.3 P < 0.001*, F = 19.7 P = 0.014, F = 7.3 P = 0.181, F = 1.9
Quercetin glycosides (sqrt, S.alba) P < 0.001*, F = 137.5 P = 0.94, F = 0.0 P = 0.63, F = 0.3 P < 0.001*, F = 15.5 P = 0.34, F = 0.97 P < 0.001*, F = 25.1
Kaempferol glycosides (�, N. officinale) P < 0.001*, F = 83.0 P = 0.96, F = 0.0 P = 0.90, F = 0.0 P < 0.001*, F = 43.8 P < 0.001*, F = 43.8 P < 0.001*, F = 43.8
Unidentified glycosylated flavonols P = 0.003, F = 11.1 P = 0.80, F = 0.1 P = 0.70, F = 0.2 P < 0.001*, F = 33.6 P < 0.001*, F = 83.7 P < 0.001*, F = 62.3
Hydroxycinnamic acids (�, N. officinale) P = 0.10, F = 3.0 P = 0.20, F = 1.8 P = 0.25, F = 1.4 P = 0.63, F = 0.2 P = 0.36, F = 0.9 P = 0.09, F = 3.3

Glucosinolate concentration (lo, S. alba) P = 0.26, F = 1.4 P < 0.001*, F = 36.2 P = 0.72, F = 0.1 P < 0.001*, F = 16.7 P = 0.93, F = 0.0 P = 0.036, F = 5.0
4-OH-benzyl GS (sqrt, S. alba) P = 0.57, F = 0.3 P < 0.001*, F = 47.4 P = 0.74, F = 0.1 – – –
Arom. GS (9 min) (�, S. alba) P = 0.009, F = 8.4 P = 0.19, F = 1.8 P = 0.19, F = 1.8 – – –
Arom. GS (19 min) P = 0.43, F = 0.7 P = 1.00, F = 0.0 P = 0.17, F = 2.0 – – –
Arom. GS (28 min) P = 0.85, F = 0.0 P = 0.003*, F = 11.2 P = 0.40, F = 0.7 – – –
Benzyl GS (sqrt, S.alba) P = 0.06, F = 4.1 P < 0.001*, F = 20.6 P = 0.12, F = 2.6 – – –
Aliphat. sulfonyl GS (24 min) (sqrt, �, S. alba) P = 0.09, F = 3.1 P < 0.001*, F = 49.5 P = 0.73, F = 0.1 – – –
2-PE (lo,�, N. officinale) – – – P = 0.020, F = 6.5 P = 0.80, F = 0.1 P = 0.35, F = 0.9
4-Pentenyl GS – – – P = 0.51, F = 0.5 P = 0.004*, F = 10.5 P = 0.60, F = 0.3
8MSOO (�, N. officinale) – – – P = 0.75 F = 0.11 P = 0.001*, F = 13.5 P = 0.75, F = 0.1
I3M P = 0.57, F = 0.3 P = 0.31, F = 1.1 P = 0.93, F = 0.0 P = 0.18 F = 1.9 P = 0.007, F = 8.9 P = 0.44, F = 0.6
4MOI3 M (at, �, N. officinale) P = 0.006, F = 9.5 P = 0.06, F = 4.1 P = 0.27, F = 1.3 P = 0.003*, F = 11.1 P = 0.004*, F = 10.9 P = 0.40, F = 0.8

Activity of soluble myrosinases P = 0.41, F = 7.1 P = 0.34, F = 1.0 P = 0.040, F = 5.0 P = 0.37, F = 0.8 P < 0.001*, F = 17.4 P = 0.15, F = 2.3
Activity of insoluble myrosinases P < 0.001*, F = 18.0 P = 0.12, F = 2.8 P = 0.049, F = 4.7 P = 0.86, F = 0.0 n.t. n.t.

Abbreviations for glucosinolates (GS): 2PE, 2-phenylethyl GS; 8MSOO, 8-metylsulfinyloctyl GS; I3M = indol-3-yl-methyl GS; 4MOI3M, 4-methoxy-indol-3-yl-methyl GS; arom. GS (9 min, 19 min,
28 min; minutes refer to retention times) = glucosinolates with aromatic side chains, not further identified; aliphat. sulfonyl GS (24 min) = glucosinolate with an aliphatic sulfonyl side chain, not further
identified. Data were square root-transformed (sqrt), arcsin-transformed (at) or log-transformed (lo) to achieve homogeneity of variances (data are marked with (�) where homogeneity of variances
could not be achieved, but data were transformed to approximate homogeneity). N = 4–7, n.t., not tested due to sample sizes <4. Boldface indicates P < 0.05. Asterisks denote significant P values after a
sequential Bonferroni correction for each effect (UV treatment, leaf-age) per plant, respectively.
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Fig. 2. Metabolite quantities in young and old leaves of Sinapis alba and Nasturtium officinale after 48 h short-term exposure to natural radiation ±UV
(N = 4–7, mean ± SE). Open circles = +UV exposed leaves, filled circles = �UV exposed leaves. Statistical comparisons for differences in chemical
compositions of leaves within each leaf-age class due to exposure to �UV and +UV, and within each UV condition due to leaf-age, were performed with
Student’s t-tests (since flavonoid contents of �UV exposed old leaves of N. officinale were below detection limit, this data set could not be statistically
tested). For UV affected differences asterisks indicate *P < 0.05, **P < 0.01, ***P < 0.001, for leaf-age differences (i) indicate P < 0.05, (ii) P < 0.01, (iii)
P < 0.001. After a sequential Bonferroni-correction, only significances P < 0.001 remain.
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kaempferol and unidentified flavonol glycosides) and by
leaf-age (kaempferol and unidentified flavonol glycosides)
(Table 2, Fig. 2). In S. alba, +UV exposed leaves showed
an approximately sevenfold higher relative quercetin gly-
coside content than �UV exposed leaves (young leaves:
�UV 6.7%, +UV 47.8%; old leaves: �UV 7.6%, +UV
46.6% of total flavonoid content), whereas relative con-
tents of kaempferol glycosides were approximately two-
fold higher in �UV exposed than in +UV treated leaves
(young leaves: �UV 84.3%, +UV 48.3%; old leaves:
�UV 83.6%, +UV 48.6% of total flavonoid content).
Consequently, relative quercetin glycoside contents highly
increased at the expense of relative kaempferol glycoside
contents in +UV compared to �UV exposed leaves. This
flavonol shift in ratios was based on approximately 22-
fold higher concentrations of glycosylated quercetins in
young +UV exposed leaves and about 14-fold higher con-
centrations in old +UV exposed leaves compared to those
exposed to �UV. Concentrations of kaempferol flavonols
were hardly affected by UV treatment in leaves of both
age classes.

In N. officinale equally low relative contents of quercetin
glycosides were found for both �UV and +UV exposed
young leaves (�UV 28.5%, +UV 23.4%), whereas the abso-
lute quercetin glycoside concentration showed an approxi-
mate fivefold increase between �UV and +UV exposed
young leaves. A high relative quercetin glycoside content
was found for old +UV exposed leaves (42.6% of total fla-
vonoid content), whereas kaempferol glycosides were only
detectable in young leaves exposed to +UV (13.9% of total
flavonoid content).

Olsson et al. (1998) detected relatively lower kaempferol
but higher quercetin glycoside levels in Brassica napus L.
leaves exposed to supplemental UV-B radiation than in
control plants under natural radiation conditions, similar
to the flavonol shift we found in S. alba. An accumulation
of 3 04 0-dihydroxyflavonoids at the expense of 4 0-hydroxy-
flavonoid synthesis was also observed for Oryza sativa
(Poaceae) (Markham et al., 1998). This might result in an
increased antioxidant activity of 3 04 0-dihydroxyflavonoids
due to an additional ortho-dihydroxyl group in the B-ring
of the flavonoid skeleton. Therefore, quercetin flavonols,
prominent flavonols in S. alba and N. officinale, might play
a more important role in free radical scavenging than
kaempferol flavonols (Markham et al., 1998; Olsson
et al., 1998; Harborne and Williams, 2000).

Hydroxycinnamic acids support the protection of the
plant tissue against harmful radiation (Caldwell et al.,
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leaves, open triangles = +UV exposed old leaves, filled triangles = �UV
exposed old leaves.
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1983; Olsson et al., 1998; Kolb et al., 2001). In both plant
species investigated, their concentrations were neither
affected by UV treatment, nor by leaf-age or the interaction
between UV treatment · leaf-age. Concentrations of
hydroxycinnamic acids in N. officinale (young leaves:
�UV 14.2 ± 3.0 lmol g�1 DW, +UV 11.3 ± 1.3 lmol g�1

DW; old leaves: �UV 9.6 ± 0.5 lmol g�1 DW, +UV
12.7 ± 1.3 lmol g�1 DW; mean ± SE, N = 6; Table 2) were
about eightfold higher compared to those in S. alba (young
leaves: �UV 1.2 ± 0.3 lmol g�1 DW, +UV 1.5 ± 0.3
lmol g�1 DW; old leaves: �UV 1.3 ± 0.1 lmol g�1 DW,
+UV 3.0 ± 0.9 lmol g�1 DW; mean ± SE, N = 6; Table
2). Kolb et al. (2001) observed a high increase in the accu-
mulation of hydroxycinnamic acids in leaves of greenhouse
grown Vitis vinifera L. cv. Silvaner (Vitaceae) after placing
them outside under different radiation regimes. These shifts
started at the second day of outdoor exposure and were
highest after seven days in conditions lacking UV irradi-
ance. Increased levels of hydroxycinnamic acids might be
also found in S. alba and N. officinale after longer exposure
periods.

The different patterns of accumulation and distribution
of phenolic compounds within both Brassicaeae due to var-
iable UV conditions might represent responses to ecological
adaptations to the original habitats of each species. Natu-
rally, S. alba grows in sunny and open habitats, and thus
individuals might be potentially well adapted to high UV
radiation, reflected by accumulation of large quantities of
flavonols with improved scavenging activities. In contrast,
N. officinale with comparably low flavonoid concentrations
naturally grows in shady and moist places with only moder-
ate UV radiation. However, variable flavonoid contents and
compositions between different plant species and different
plant organs might also determine their acceptability by her-
bivorous insects, since these compounds can be involved in
stimulation or deterrence of feeding and oviposition on a
host plant (e.g. Harborne and Williams, 2000; Warren
et al., 2002; Caputo et al., 2006).

Apart from an induction and accumulation of flavo-
noids, UV induces further defence responses. A highly spe-
cies-specific activation of sets of antioxidant enzymes and
of hormones, e.g. jasmonic acid, salicylic acid and ethylene
due to UV exposure has been described (Mackerness et al.,
1999; Mackerness, 2000; and references therein). Jasmonic
acid and its methyl ester are known to regulate gene expres-
sion affecting plant growth and development (Mackerness
et al., 1999; Mackerness, 2000), but also mediate defence
responses against antagonists, such as an accumulation of
glucosinolates (Doughty et al., 1995). In Brassicaceae, the
glucosinolate-myrosinase system plays an important role
in defence against herbivores and pathogens (Rask et al.,
2000; Halkier and Gershenzon, 2006). Its effectiveness
might depend on the quality and quantity of glucosinolates
as well as on the activity of myrosinases.

In S. alba, total glucosinolate concentrations (based on
lmol g�1 DW) were significantly affected by leaf-age, with
higher concentrations in young compared to old leaves
(�UV exposed young vs. old leaves: P = 0.006, t = 4.0,
+UV exposed young vs. old leaves: P < 0.001, t = 6.5;
Welch-t-test). Eight main glucosinolates (GS) were identi-
fied in S. alba. The relative contents of some minor GS
were significantly affected by UV treatment [unidentified
aromatic GS (at 9 min retention time), 4-methoxy-indol-
3-yl-methyl GS], whereas others were affected by leaf-age
[main GS 4-hydroxybenzyl GS, an unidentified aromatic
GS (28 min), benzyl GS, an aliphatic sulfonyl GS
(24 min)] (Table 2). In combination, the activity of soluble
myrosinases [nmol (mg FW* min)�1] in young and old S.

alba leaves were rather low. The activity of insoluble myr-
osinases was strongly affected by UV treatment with high-
est activity in �UV leaves, but differences were statistically
significant only for old leaves (P = 0.010, t = 4.5; Welch t-
test; Table 2, Fig. 3). The interaction between UV treat-
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ment · leaf-age significantly affected the activity of both,
soluble and insoluble myrosinases.

In N. officinale the pattern was rather different: glucosin-
olate concentrations were significantly affected by UV
treatment and the interaction between UV treat-
ment · leaf-age. Compared to S. alba, glucosinolate quan-
tities in N. officinale were three- to ninefold lower in young
leaves and 10- to 12-fold lower in old leaves. Whereas in
young leaves differences between differently UV treated
leaves were only weak, in old leaves significantly lower
glucosinolate concentrations were measured in +UV than
in �UV exposed leaves (P = 0.001, t = 4.2; Welch t-test).
Five glucosinolates were identified; their relative content
was affected by UV treatment (main GS 2-phenylethyl
GS, 4-methoxy-indol-3-yl-methyl GS) or leaf-age (4-pente-
nyl GS, 8-metylsulfinyloctyl GS, indol-3-yl-methyl GS, 4-
methoxy-indol-3-yl-methyl GS). 4-methoxy-indol-3-yl-
methyl GS could neither be detected in old leaves nor in
�UV treated young leaves, but was found in +UV exposed
young leaves (Table 2). The activities of soluble and insol-
uble myrosinases were not affected by different UV treat-
ments, but soluble myrosinase activities were significantly
higher in young than in old leaves of �UV exposed plants
(P = 0.004, t = 4.0; Welch t-test; Table 2, Fig. 3). In a few
leaf samples, enzyme activities were under the detection
limit due to small tissue sizes (<15 mg FW).

Plant species-specific and leaf-age dependent differences
in the quantitative and qualitative composition of glucosin-
olates might variably affect the host plant recognition of
specialist herbivores, whereas the combination with hydro-
lysing myrosinases determines the defence against general-
ists. Thereby the quantity of glucosinolate hydrolysis
products was shown to depend on the reaction duration
of active myrosinases (Lazzeri et al., 2004). However, an
optimal defence against plant enemies should be obtained
by a constitutive optimal ratio of myrosinase activity to
glucosinolate concentration. In any plant part that needs
to be protected with priority the concentrations of both
partners should correspond to this ratio or be higher. This
optimal ratio is unknown so far, but probably depends
among others on the kind of myrosinase (soluble vs. insol-
uble) and on the substrate, namely specific glucosinolates.
Nevertheless, high substrate levels can act already deterrent
in itself.

In leaves of S. alba and N. officinale UV treatments
affected both partners of the defence system. In S. alba,
the activities of myrosinases were similar in leaves of both
age, but glucosinolate concentrations were quite different.
Rather high levels of the substrate in young leaves might
provide an efficient protection. In contrast, in N. officinale

differences between young and old leaves were more pro-
nounced in myrosinase activities than glucosinolate con-
centrations (Fig. 3). High myrosinase activities in young
leaves might be the most important factor in the defence
system of N. officinale. However, extraordinary low sub-
strate levels might also weaken the defence independent
of myrosinase activities, since a threshold value of break-
down products might be necessary to efficiently repel
enemies.

The different responses of glucosinolates and myrosin-
ases to UV treatments between both plant species might
be again related to contrasting ecological requirements of
the species’ original habitats. To our knowledge, our study
is the first that investigated effects of UV on both, glucosin-
olates as well as myrosinase activities in leaves, taking also
the leaf-age into account.
3. Conclusions

Responses to an environmental stress such as short-term
exposure to different light regimes with increased photo-
synthetic active radiation levels and including or excluding
UV-A plus UV-B radiation were shown to be highly spe-
cies-specific and leaf-age dependent in the two investigated
Brassicaceae. UV induces probably a plethora of key
enzymes transmitting a general stress response. Thereby
not only UV absorbing metabolites are affected but also
other primary and secondary metabolites including several
compounds that might influence members of the next tro-
phic level by affecting host plant recognition, feeding and
oviposition behaviour of herbivores and their performance
to various degrees (e.g. McCloud and Berenbaum, 1999;
Lindroth et al., 2000; Warren et al., 2002). The level of
plasticity in response to UV might be closely related to
the species’ needs for adaptation to their specific environ-
ment, where plants might have to adjust their defence not
only against harmful radiation, but also against feeding
insects. Increasing costs for synthesis or reallocation of
defence chemicals might accompany this process of adapta-
tion, which might be furthermore influenced by the abun-
dance and sensitivity of generalist insects (Iwasa et al.,
1996). With regard to tissue-age, old leaves are often less
nutritious than young leaves (e.g. Raupp and Denno,
1983; Lambdon et al., 2003), and optimal levels of chemical
defence were also found to decrease with leaf-age (Iwasa
et al., 1996). Similarly, young +UV exposed S. alba leaves
with high levels of nitrogen and soluble proteins should
provide a nutritive feeding source, but due to correspond-
ing high flavonoid and glucosinolate levels and comparably
low myrosinase activities these leaves might be efficiently
defended against both harmful radiation and herbivore
attacks. In contrast, old +UV and �UV exposed leaves
of S. alba with low nutritional values, low flavonoid and
glucosinolate contents and at least variable activities of
insoluble myrosinases could be regarded as less protected.
Old N. officinale leaves also contained low nutrient levels,
low myrosinase activities and particularly low flavonoid
levels which were even not measurable in �UV exposed
leaves, and therefore are probably poorly protected against
UV and herbivory. In young N. officinale leaves flavonoid
levels were still rather low compared to S. alba, probably
reflecting the habitat of the species in shady areas of the
former and in open, sunny habitats of the latter. Against
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herbivores, myrosinase activities might protect the young
tissue of N. officinale which was rich in nitrogen and solu-
ble proteins.

The interaction between qualitative and quantitative
shifts of primary and secondary metabolites of plants and
their role for host plant perception of insects should be
analysed in order to estimate the variable susceptibility to
herbivores of different plant parts and plant species
exposed to different radiation regimes. Studies of herbivore
performance and preferences using S. alba and N. officinale

after different UV treatments as food will provide a further
base for the interpretation of the high phenotypic plasticity
of leaves due to UV treatment in the two investigated
Brassicaceae.
4. Experimental

4.1. Plant species

White mustard (Sinapis alba L. cv. Silenda, Kiepenkerl,
Norken, Germany) and water cress (Nasturtium officinale
L., Rühlemann’s, Horstedt, Germany) were grown from
seeds in unfertilised soil (peat, pH 6) in the greenhouse
(20: 15 �C, 16: 8 h L: D, 70% r.h.). In the greenhouse irra-
diance spectra lacked UV-B, whereas low levels of UV-A
were detected starting at 320 nm, but not exceeding
21 mW m�2 nm�1. Photosynthetic active radiation (400–
700 nm) was approximately 10.3 · 10�6 mW m�2 nm�1.
Irradiance spectra were measured in the early afternoon
under cloudless sky with a portable high accuracy UV–vis-
ible spectroradiometer configured with 0.25 mm entrance
and exit slits that result in a half bandwidth of 62 nm,
detected at 400 nm (OL 754, Optronic Laboratories,
Orlando, USA; Fig. 1). At an age of 19 days (4–5 leaf stage
for S. alba, multiple leaf stage for N. officinale) individual
plants were transferred outdoors in two types of foil-tents
to allow adaptations to two different radiation regimes
including and excluding ultraviolet radiation. A minimum
of 12 plant individuals of S. alba and six pots with N. offi-

cinale were exposed in each tent, resulting in 24 S. alba

individuals and 20 N. officinale pots per exposure condi-
tion. Samples of the second youngest completely unfolded
leaves and the primary and thus oldest non-cotyledon
leaves of each plant individual were collected after short-
term UV exposure; harvest time was at about 10 o’clock
in the morning. Exposure was performed in July 2005.

4.2. UV exposure and climate conditions

Four exposure tents provided with two types of foils were
situated outdoors in the Botanical Garden of Würzburg.
Tents (3 · 1 m ground area) were constructed of wooden
frames (beam width: 5 cm) with roofs and walls of foils,
and aligned with the longer axis in an east–west direction.
The roof sloped from 1.8 m (north) to 1.2 m (south), and
the northern wall remained open for ventilation; diffuse radi-
ation from the north was minimised by shielding the open end
with the appropriate foil (3.5 · 1.5 m) mounted at 45� and
20 cm from the top of the tent (Kolb et al., 2001). Two tents
were provided with a teflon foil (Nowofol, Siegsdorf, Ger-
many) transmitting the complete visible light spectrum plus
UV-A (315–400 nm) and UV-B (280–315 nm) radiation.
Spectral irradiances in +UV tents ranged from 280 to
900 nm. The two other tents were provided with a ‘‘Lee 226
UV’’ foil (FFL-Rieger, Munich, Germany) cutting off UV-
B, transmitting visible light, and transmitting low levels of
UV-A between 320 and 360 nm, increasing slightly to full
transmission at 400 nm. Spectral irradiances in �UV tents
ranged approximately from 400 to 900 nm (Fig. 1). Transmit-
ted radiation was measured in the early afternoon under
cloudless sky with a spectroradiometer. Tents of both foil
types were situated alternating in a distance of 3 m to each
other, in order to avoid shading. Outside the tents radiation
parameters (UV-A and UV-B-radiation, global radiation)
were recorded by a meteorological station (Thies Clima, Göt-
tingen, Germany) in 25 m distance from the tents. A maxi-
mum UV-A radiation of 61 W m�2, UV-B radiation of
1.12 W m�2 and global radiation of 815 W m�2 were
recorded. Furthermore, in both types of foil-tents, humidity
and temperature were measured (Tiny Tag Ultra, Gemini
Data Loggers, UK) over the whole exposure period.

4.3. Physical analysis of plant material

The UV-A screening of the leaf epidermis was measured
with a UV-A-PAM chlorophyll fluorometer (Gademann
Meßinstrumente, Würzburg, Germany). By use of light-
emitting diodes, a quasi-simultaneous excitation of chloro-
phyll fluorescence at 375 nm, F(UV-A), and 470 nm (blue-
green light), F(BL), is achieved. The resulting UV shield
(%) is calculated from 100 · [1 � F(UV-A)/F(BL)] and
gives a measure for the content of screening pigments,
mainly phenolic compounds like flavonoids, and hydroxy-
cinnamic acids (Bilger et al., 1997). Maximum differences in
epidermal UV shields between individual plants reflect
highest differences in pigment accumulation and were taken
as indicators for additional differences in the chemical com-
position of differently treated plants. UV shields of adaxial
leaf sides of youngest leaves of six individual plant species
were measured per species daily over four days of exposure
at 10 o’clock in the morning in a preceding experiment. Per
type of foil-tent three plant species were investigated in
each of both tents, but no differences in UV shields were
detectable between these tents. Therefore, data were pooled
per type of foil-tent. The optimum exposure time was
determined and used for UV treatment of plants for the
main experiment.

4.4. Chemical analyses

For chemical analyses, leaf samples were taken from the
second youngest and the oldest leaf of each plant individual
exposed in the tents for 48 h, and frozen in liquid nitrogen
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right after harvest. Plants exposed in both tents provided
with the same type of foil were haphazardly taken for leaf
samples; per plant individual only one leaf sample was used
for each analysis. Number of replicates varied between 4
and 7. All samples were stored at �80 �C until analysis.
Leaf samples for analyses of glucosinolate concentration
and myrosinase activity were collected from corresponding
leaf halves of longitudinally sectioned leaves, respectively,
in S. alba. As far as leaf size allowed, further samples for
analysis of flavonoid concentration and C/N content were
also taken from the same leaf. Otherwise, and in N. offici-

nale, these were taken from additional plant individuals of
the same treatment. Since N. officinale leaves are of small
size, three or four leaves of identical age were pooled and
longitudinally sectioned, in order to ensure two chemically
identical samples for analyses of glucosinolates and myro-
sinases, respectively. Glucose concentration and soluble
protein contents were analysed from samples taken for
myrosinase analysis.

Water content. Leaf samples were taken from freshly
collected leaf material, weighed and lyophilised. Dry
weights were measured, and weight differences of fresh
and dry samples were taken as water content (in percent).

Carbon and nitrogen content. Carbon and nitrogen con-
tent of lyophilised leaf samples were determined by quanti-
tative decomposition of substances via oxidative
combustion (CHN-O-Rapid, Elementar, Hanau, Germany).

Soluble protein content. Frozen leaf discs were ground
and extracted three times with buffer (200 mM Tris,
10 mM EDTA, pH 5.5). The protein contents of the result-
ing extracts were determined with Bradford reagent (Sigma,
Taufkirchen, Germany) by using bovine serum albumin
(1.4 mg ml�1 in extraction buffer) as a standard. The absor-
bance was measured with a photometer (Multiskan EX,
Thermo Labsystems, Vantaa, Finland) at 595 nm. Obtained
absorption values were used for calculation of soluble pro-
tein contents using a cubic polynomial standard curve.

Flavonoid classification and quantification. The frozen
leaf material was lyophilised, weighed, ground, and
extracted in aqueous 80% MeOH with catechin (Phyto-
plan, Heidelberg, Germany) as internal standard. In order
to remove chlorophyll, petrolether (Fluka, Taufkirchen,
Germany) was added to the extracts and the resulting
upper phases were discarded. These purified extracts were
analysed by HPLC (1100 Series, Hewlett-Packard, Wald-
bronn, Germany) with a quaternary pump and a 1040M
diode array detector. Gradient separation of flavonoids
was achieved on a Supelco C-18 column (Supelcosil LC-
18, 250 · 4.6 mm, 5 lm, Supelco) with an eluent gradient
(solvent A: 0.1% formic acid in aqua bidest, solvent B: ace-
tonitril, Rotisol >99.9%, Roth, Karlsruhe, Germany) of 8–
15% B (5 min), 15–22% B (15 min), 22% B (5 min hold),
22–27% B (5 min), 27–40% B (5 min), followed by a clean-
ing cycle (40–100% B in 5 min, 5 min hold, 100–8% B in
1 min, 10 min hold). Glycosylated flavonols and hydroxy-
cinnamic acids were classified by comparison of retention
times and UV spectra to those of purified standards. Com-
pounds were quantified by calculating the peak area at
254 nm (bandwidth 4 nm) relative to the area of the inter-
nal standard peak. In order to determine response factors
of flavonol compounds and hydroxycinnamic acids to the
internal standard catechin, known concentrations of the
internal standard and quercetin-3-O-glucoside (Phytoplan,
Heidelberg, Germany), kaempferol-7-O-neohesperidoside
(Extrasynthèse, Genay, France), and ferulic acid (Fluka,
Taufkirchen, Germany), respectively, were repeatedly
injected. Relative ratios of integrated peak areas were cal-
culated and used as response factors for quantification of
quercetin glycosides (response factor 43), kaempferol gly-
cosides (36.9), other unidentified glycosylated flavonols
(40, estimated) and hydroxycinnamic acids (13).

Glucosinolate identification and quantification. The frozen
leaf material was lyophilised, weighed, ground, and
extracted in aqueous 80% MeOH with 2-propenyl glucosin-
olate (P99%, Fluka, Taufkirchen, Germany) as internal
standard. Glucosinolates were converted to desulfogluco-
sinolates using purified sulfatase [E.C. 3.1.6.1, ‘type H-1,
from Helix pomatia, 15,100 units (gram solid)�1; Sigma,
Taufkirchen, Germany] (Graser et al., 2001). The resulting
desulfoglucosinolates were analysed by HPLC and identi-
fied by comparison of retention times and UV spectra to
those of purified standards, which were further confirmed
by LC-ESI-MS as described earlier (Reifenrath et al.,
2005). Desulfoglucosinolates were quantified by calculating
the peak area at 229 nm (bandwidth 4 nm) relative to the
area of the internal standard peak, corrected by the response
factors as in Brown et al. (2003). A few aromatic glucosino-
lates of S. alba could not be further identified. For these, a
response factor of 0.5 was assumed. For another glucosino-
late of S. alba with an aliphatic sulfonyl side chain at 24 min
retention time, a response factor of 1 was taken.

Myrosinase activity and glucose concentration. The activ-
ity of soluble and insoluble myrosinases was determined by
photometric quantification of released glucose from exter-
nally added substrate. For S. alba, 4-hydroxybenzyl gluco-
sinolate (obtained from glucosinolates.com, Denmark) and
for N. officinale, 2-phenylethyl glucosinolate (Phytoplan,
Germany) were used as substrates, which are the most
dominant glucosinolates in both species, respectively. The
extraction and determination of myrosinase activity fol-
lowed slightly modified protocols of Müller and Martens
(2005) and Martin and Müller (2007). Frozen leaf samples
were extracted three times in 500 ll extraction buffer
(200 mM Tris, 10 mM EDTA, pH 5.5) on ice and superna-
tants applied to Sephadex A25-columns (Sigma, Taufkir-
chen, Germany) to remove internal glucosinolates.
Extracts were eluted with further 500 ll buffer. One hun-
dred and fifty microliters of each extract were added to
four individual cells on a 96-cell microplate with 25 ll of
1.9 M glucosinolate/phosphate buffer in two cells as sub-
strate. The other two cells served as background controls
and 25 ll phosphate buffer were added instead of glucosin-
olate. Released glucose was measured by addition of 50 ll
freshly mixed colour reagent, including glucose oxidase,
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peroxidase, 4-aminoantipyrine and phenol (Siemens and
Mitchell-Olds, 1998) and determined by measuring the
absorbance at 490 nm on a photometer for 90 min at room
temperature. Means of the two replicate measurements
were calculated after subtraction of the means of the back-
ground controls. A glucose standard curve was included
for each assay. Maximum rates of colour production were
observed between 5 and 15 min. Glucose concentrations
were calculated by relating sample maximum rates to those
of the standard curve (Martin and Müller, 2007). The
resulting enzyme kinetics of myrosinases were analysed
for a linear range of enzyme activity (usually between 30
and 70 min). Myrosinase activities were quantified as nmol
glucose released per minute and mg fresh weight. To detect
activity of insoluble myrosinases in the remaining pellets,
these were dissolved in 500 ll buffer, and measured in the
same way as the supernatants, with two background con-
trols per sample. Under our assay conditions, rates of col-
ouration were not affected by ascorbate (data not shown).

4.5. Statistical analyses

Multifactorial ANOVA were used to determine the
effects of UV exposure, leaf-age and the interaction term
UV treatment · leaf-age (Table 2). Data were square
root-, arcsin- or log-transformed to achieve homogeneity
of variances. For further analyses Student’s t-tests for inde-
pendent variables were used instead of post hoc tests fol-
lowing the ANOVA, since only comparisons of chemical
composition within leaf-age classes due to UV exposure
and within UV treatments due to leaf-age classes, respec-
tively, were of interest (Fig. 2). In case of heterogeneity
of variances, Welch correction was used, and two-tailed
P-values are given. Data were analysed with Statistica 7
(StatSoft, Tulsa, USA).
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Olsson, L.C., Veit, M., Weissenböck, G., Bornman, J.F., 1998. Differential

flavonoid response to enhanced UV-B radiation in Brassica napus.

Phytochemistry 49, 1021–1028.

Paul, N.D., Rasanayagam, S., Moody, S.A., Hatcher, P.E., Ayres, P.G.,

1997. The role of interactions between trophic levels in determining the

effect of UV-B on terrestrial ecosystems. Plant Ecol. 128, 297–308.

Pontoppidan, B., Hopkins, R., Rask, L., Meijer, J., 2003. Infestion by

cabbage aphid (Brevicoryne brassicae) on oilseed rape (Brassica napus)

causes a long lasting induction of the myrosinase system. Entomol.

Exp. Appl. 109, 55–62.
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