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a b s t r a c t

The aim of this study was to determine the composition and concentration of flavonoid aglycones in kale,
the dependence on genotype and their interaction with decreasing temperature and global radiation.
Eight kale cultivars, comprising hybrid and traditional, old cultivars, were grown in a field experiment
and harvested four times at 4-week intervals. The traditional, old cultivars in particular contained high
concentrations of flavonoids. In all of the investigated cultivars, kaempferol was the main flavonoid agly-
cone, followed by quercetin and isorhamnetin, which was quantified in six of the eight cultivars. Further-
more, in six of the eight cultivars, the total concentration of flavonoids remained unchanged with
decreasing temperature and global radiation. The quercetin concentration increased in five of these six
cultivars, whereas the kaempferol concentration decreased. Interestingly, the quercetin-to-kaempferol
ratio increased in all of the investigated cultivars, despite the fact that the radiation level decreased, sug-
gesting that the impact of the decline in temperature could be responsible for this effect.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Kale (Brassica oleracea var. sabellica), which is commonly culti-
vated in Central and Northern Europe and North America, belongs
to the Brassicaceae family. As a leafy vegetable, kale has higher
concentrations of flavonoids than other vegetables, such as onion,
green bean, broccoli or leek (Hertog, Hollman, & Katan, 1992).

Due to their molecular structure, flavonoids have a health-pro-
moting effect on humans. Flavonoids possess a variety of biological
activities, which may contribute to protecting humans against
chronic diseases (Gerhäuser, 2001; Knekt et al., 2002). Quercetin,
a main aglycone in human nutrition, is a potent free radical scav-
enger due to the di-hydroxylated B-ring, unsaturation at the C-ring
and a 4-oxo function at the C-ring (Williams, Spencer, & Rice-
Evans, 2004), and is thus considered to protect humans against
several types of cancer (Knekt et al., 2002) and cardiovascular dis-
eases (Chu, Chang, & Hsu, 2000). In addition, kaempferol also re-
vealed a strong antioxidant potential (Kim, Liu, Guo, & Meydani,
2006), and higher intakes resulted in a lower risk of coronary heart
disease (Lin et al., 2007). It has been demonstrated recently that
quercetin and kaempferol synergistically suppress cell prolifera-
tion in human gut cancer lines (Ackland, Van de Waarsenburg, &
ll rights reserved.

.

Jones, 2005). Furthermore, isorhamnetin revealed distinct vasodi-
lator effects in animal models, suggesting vascular protective ef-
fects in human cardiovascular diseases (Ibarra et al., 2003).
Quercetin, kaempferol and isorhamnetin were shown to have an
anti-inflammatory effect on activated macrophages (Hämäläinen,
Nieminen, Vuorela, Heinonen, & Moilanen, 2007).

Flavonoids consist of two aromatic rings and one heterocyclic
ring containing an oxygen atom (Fig. 1). In plants, flavonoids are
commonly present as glycosides, usually conjugated with glucose.
The flavavone naringenin, which is the precursor of various flavo-
noid groups, e.g., flavonols, was formed by several enzymes in
the flavonoid biosynthesis pathway including phenylalanine
ammonium lyase, cinnamate-4-hydroxylase, chalcone synthase,
and chalcone isomerase. Flavonols, e.g., monohydroxylated
kaempferol, are synthesised by the introduction of a hydroxyl
group and a double bond in the heterocyclic ring catalysed by
flavanone 3-b-hydroxylase and flavonol synthase, respectively.
The flavonol 30-hydroxylase introduces a hydroxyl group at the 30

position of the B-ring, resulting in the formation of di-hydroxylated
quercetin. Isorhamnetin, the methylised form of quercetin, is
formed by O-methyltransferase implementing a methyl group at
the 30 position (Edreva, 2005; Kim, Kim, Kim, Lee, & Ahn, 2008;
Yonekura-Sakakibara et al., 2008).

Huang, Wang, Eaves, Shikany, and Pace (2007) found kaempfer-
ol to be the main flavonoid aglycone in curly kale (B. oleracea var.
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acephala), followed by quercetin and isorhamnetin. Heimler, Vign-
olini, Dini, Vincieri, and Romani (2006) described kaempferol-3-[2-
sinapoylglucopiranosyl (1,2) glucopiranoside]-7-[glucopiranosyl
(1,4) glucopiranoside] and kaempferol-3-[2-feruloylglucopiranosyl
(1,2) glucopiranoside]-7-[glucopiranosyl (1,4) glucopiranoside]
and other kaempferol glycosides, as well as one quercetin glyco-
side, to be the main flavonoid glycosides.

Flavonoids can be influenced by the genetic potential. Different
Brassica species and cultivars (cvs) usually show a similar flavonoid
composition but quantitative differences in their flavonoid concen-
trations (Krumbein, Saeger-Fink, & Schonhof, 2007; Rochefort,
Imsic, Jones, Trenerry, & Thomkins, 2006). Information about flavo-
noid concentrations in various kale cultivars (B. oleracea var. sabel-
lica) is still rather lacking. Zhang et al. (2003), and more recently
Murtaza et al. (2005), studied the genotype-induced effect in vari-
ous kale cultivars. However, these results are only provide limited
information since cultivar (cv) details were missing and local kale
cultivars were used, respectively.

Furthermore, phenolic substances, such as flavonoids, can be
influenced by temperature and radiation. Low temperatures are
associated with higher concentrations of flavonoids due to the
higher quantities of reactive oxygen species (ROS) (Klimov et al.,
2008). At lower temperatures, the mRNA of phenylalanine ammo-
nia lyase and chalcone synthase are enhanced or accumulated in
maize seedlings and Arabidopsis thaliana (Christie, Alfenito, & Wal-
bot, 1994; Leyva, Jarillo, Salinas, & Martinezzapater, 1995). Pheno-
lic substances are responsible for protecting the plants from
damage caused by radiation, in particular UV-B, which is part of
global radiation (Edreva, 2005). Flavonoids act as shielding compo-
nents, as they are strong scavengers of ROS (Edreva, 2005). Increas-
ing global radiation induces the synthesis and accumulation of
shielding components, such as flavonoids and hydroxycinnamic
acids, especially in the epidermis of leaves (Edreva, 2005). With re-
gard to radiation and polyphenols, many investigations have been
carried out under enhanced UV-B radiation levels. Otherwise, cli-
mate simulations for Central and Northern Europe indicate in var-
ious scenario runs that, as a result of the greenhouse gases in the
atmosphere, warming in these regions will be most noticeable in
late autumn and winter, whereas radiation is still being degraded
in this season (Raisanen et al., 2004). To our knowledge none of
the literature deals with the climatic conditions of low tempera-
ture combined with low radiation for vegetables cultivated in Cen-
tral Europe in the winter season.

To obtain a more detailed knowledge about flavonoid concen-
tration and composition in kale, we investigated a highly various
genotype pool including both hybrid cultivars and traditional, old
cultivars. The aim of this study, therefore, was to determine the
quality and quantity of flavonoid aglycones in kale, dependent on
genotype to characterise the flavonoid profile and their interaction
with the climatic factors temperature and global radiation to de-
velop strategies for different cultivation conditions of kale cultivars
with a high anti-oxidative potential dependent on climate changes.
2. Materials and methods

2.1. Plant material and experimental design

To analyse the influence of genotype, eight kale cultivars (F1
hybrids: ‘Winterbor’ (by Bruno Nebelung, Norken, Germany),
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‘Redbor’ (by Chrestensen, Erfurt, Germany), ‘Winnetou’ (by Bruno
Nebelung, Norken, Germany) and ‘Arsis’ (by Gärtner Pötschke,
Kaarst, Germany); traditional, old cultivars: ‘Altmärker Braunkohl’
(with red and green coloured leaves) (by Dulcamara-Samen Car-
mzow-Wallmow, Germany), ‘Halbhoher grüner Krauser’ (by Chre-
stensen, Erfurt, Germany), and ‘Lerchenzunge’ (by Gärtner
Pötschke, Kaarst, Germany) and the cultivar Frostara (by Bruno
Nebelung, Norken, Germany)) were set in a randomised block de-
sign with three replicates on the experimental fields at the Leib-
niz-Institute of Vegetable and Ornamental Crops Grossbeeren and
Erfurt e.V. (Grossbeeren, Germany). The sowing date for all of the
kale plants in 2007 was 18 June; plants in the four-leaf stadium
were transplanted into the field on 17 July. The spacing between
plants was 0.4 � 0.5 m. Six fully developed plants of each cultivar
were harvested four times per replication at 4-week intervals
(23–25 October, 19–21 November, 17–19 December and 15–17 Jan-
uary). The daily mean temperature and daily mean global radiation
were calculated from measurements taken every 2 and 5 min,
respectively, throughout the 4-week prior to each harvest (October:
9.7 �C, 713 lmol/m2 s; November 6.0 �C; 285 lmol/m2 s; Decem-
ber: 3.8 �C, 179 lmol/m2 s; January: 0.3 �C, 172 lmol/m2 s).

2.2. Sample preparation

A mixture of leaves (without the middle rib) from six plants per
replication was frozen (�40 �C), lyophilised and ground. After-
wards, samples were stored at room temperature until analysis.
For analysis, 0.5 g of the lyophilised kale sample was hydrolysed
with 50% aqueous methanol and 1.6 M HCl (40 ml of 62.5% aque-
ous methanol and 10 ml of 8 M HCl) in duplicate. After refluxing
at 90 �C for 2 h, the extract was cooled down to room temperature,
adjusted to 100 ml with 50% aqueous methanol and sonicated for
5 min. The extract was then filtered through a 0.45 lm PTFE filter
for HPLC analysis (Krumbein et al., 2007).

2.3. HPLC-DAD-ESI-MS2

Flavonoids were determined as aglycones after acid hydrolysis,
using a modified HPLC-DAD-ESI-MS2 method described by Krum-
bein et al. (2007). A HPLC series 1100 from Agilent (Waldbronn,
Germany), consisting of a degaser, binary pump, autosampler,
thermostat and a photodiode array detector was used to determine
the composition and concentration of the flavonoid aglycones. The
extracts were separated on a Prodigy (ODS 3, 150 � 3.0 mm, 5 lm,
100 Å) column (Phenomenex, Aschaffenburg, Germany) with a
security guard C18 (ODS 3, 4 � 3.0 mm, 5 lm, 100 Å) at a temper-
ature of 25 �C using a water/acetonitrile gradient. Solvent A con-
sisted of 99.5% water and 0.5% acetic acid, whereas solvent B
contained 100% acetonitrile. The following gradient was used:
30–35% B (5 min), 35–39% B (12 min), 39–90% B (5 min), 90% B iso-
cratic (5 min), 90–30% B (5 min), and 30% B isocratic (5 min). The
flow was performed using 0.3 ml/min, and the measured detector
wavelength was 370 nm. The standards dihydroquercetin, kaempf-
erol and isorhamnetin (Carl Roth GmbH, Karlsruhe, Germany) were
used to obtain an external calibration curve in the range of 0.1–
10 mg/100 ml. The total concentration of flavonoids was calculated
as the sum of the concentration of the individual flavonoid agly-
cones quercetin, kaempferol and isorhamnetin.

Quercetin, kaempferol and isorhamnetin were identified as
deprotonated molecular ions and characteristic mass fragment
ions by HPLC-DAD-ESI-MS2, using an Agilent series 1100 MSD
(ion trap) with ESI as an ion source in negative ionisation mode.
Nitrogen was used as the dry gas (12 l/min, 350 �C) and nebuliser
gas (40 psi). Helium was used as the collision gas in the ion
trap. The mass optimisation was performed for quercetin [M�H]�

m/z 301.
2.4. Statistical analysis

For the analysis of variance (ANOVA), Tukey’s Honest Significant
Difference (HSD) test was used to calculate significant differences.
All tests were performed at a significance level of p 6 0.05. Calcu-
lations were performed using Statistica (version 6.1, Statsoft Inc.,
Tulsa, Okla).
3. Results and discussion

3.1. Influence of genotype on flavonoid concentration and composition

Eight kale cultivars harvested in October were investigated to
determine the genotypic influence on flavonoid concentration
and composition. The three flavonoid aglycones quercetin, kaempf-
erol and isorhamnetin, which belong to the group of flavonols,
were determined after acid hydrolysis. The flavonoid aglycones
were identified by their deprotonated molecular ions m/z 301 for
quercetin, m/z 285 for kaempferol and m/z 315 for isorhamnetin.
The characteristic mass fragment ions in MS2 were m/z 151 and
179 for quercetin, m/z 151 for kaempferol and m/z 300 for isorham-
netin. The sum of these flavonoid aglycones ranged between 6.0
and 14.8 mg/g dry matter (dm), which is related to 97.4–
298.5 mg/100 g fresh matter (fm)) (Fig. 2). This genotypic variation
reveals that traditional, old cvs Altmärker Braunkohl, Halbhoher
grüner Krauser and Lerchenzunge are characterised by relatively
high flavonoid concentrations, while lower flavonoid concentra-
tions were found in the hybrids ‘Arsis’ and ‘Winterbor’, as well as
in the cv Frostara. The main flavonoid in all tested kale cultivars
in October was kaempferol, which varied from 3.8 to 9.1 mg/
g dm (61.7–187.5 mg/100 g fm) (Fig. 3), followed by quercetin with
concentrations from 0.9 to 4.0 mg/g dm (15.6–82.2 mg/100 g fm).
Isorhamnetin varied from 0.6 to 3.0 mg/g dm (9.8–60.0 mg/
100 g fm), but was not quantitatively detected in ‘Winterbor’ and
‘Frostara’.

Murtaza et al. (2005) found total phenolic concentrations be-
tween 145 and 286 mg/100 g fm in local Indian kale cultivars, cor-
responding to the total flavonoid concentrations determined in our
tested kale cultivars. Comparable concentrations to our results
were also determined by Huang et al. (2007) in curly kale (B. oler-
acea var. acephala), with 90.5, 31.8 and 23.6 mg/100 g fm for
kaempferol, quercetin and isorhamnetin, respectively. Further-
more, similar quercetin concentrations (7.7–24.4 mg/100 g fm)
were detected in curly kale, but the kaempferol concentrations
were much lower (21–47 mg/100 g fm) compared to our investi-
gated cultivars, whereas isorhamnetin was not detected in these
kale varieties (Hertog et al., 1992; Justesen, Knuthsen, & Leth,
1998; Zhang et al., 2003). Our investigations showed that isorham-
netin occurred in both traditional, old cultivars and hybrid culti-
vars, even if they were found in quantitatively non-detectable
traces in ‘Winterbor’ and ‘Frostara’. Furthermore, the flavonoid
aglycones kaempferol, quercetin and isorhamnetin were assessed
in all cultivars (Fig. 3), but the composition varied as Krumbein
et al. (2007) and Rochefort et al. (2006) described in previous
investigations for the Brassica species broccoli and pak choi,
respectively.
3.2. Influence of the climatic factors temperature and global radiation
on flavonoid concentration and composition

During the harvest period from October 2007 to January 2008,
daily mean temperatures and daily mean global radiations de-
creased from 9.7 to 0.3 �C and from 713 to 172 lmol/m2 s, respec-
tively. In six cultivars (‘Winterbor’, ‘Redbor’, ‘Frostara’, ‘Altmärker
Braunkohl’, ‘Halbhoher grüner Krauser’, and ‘Lerchenzunge’), the
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total flavonoid concentration was unaffected by the different har-
vest times, and hence by varying climatic conditions, whereas ‘Ar-
sis’ showed increasing flavonoid concentrations with decreasing
temperature and radiation intensity (Table 1). In five of these cul-
tivars (‘Winterbor’, ‘Redbor’, ‘Altmärker Braunkohl’ with green
leaves, ‘Halbhoher grüner Krauser’, and ‘Lerchenzunge’), quercetin
was increased and kaempferol decreased, while temperature and
global radiation declined. Furthermore, the isorhamnetin concen-
tration increased in four of these five cultivars (‘Winterbor’, ‘Red-
bor’, ‘Halbhoher grüner Krauser’, and ‘Lerchenzunge’). This effect
is exemplarily shown for ‘Winterbor’ (Fig. 4). The kaempferol con-
centration did not change, although the quercetin concentration
increased within a temperature range of between 9.7 and 3.8 �C
combined with radiation intensities from 713 to 179 lmol/m2 s
(October–December). In contrast, the kaempferol concentration
declined while the quercetin concentration remained constant
and the isorhamnetin concentration increased in kale plants culti-
vated down to 0.3 �C and 172 lmol/m2 s (January).

Due to an enhanced ROS level at lower temperatures during cul-
tivation, an enhancement of the total flavonoids in winter wheat
was determined (Klimov et al., 2008), as we found for quercetin
in kale. The increase of epidermal located phenolic compounds,
such as flavonoids, could also be due to a cold-induced biosynthe-
sis based on the induction of phenylalanine ammonium lyase and
chalcone synthase (Christie et al., 1994; Leyva et al., 1995).
Enhanced quercetin concentrations also occurred in cold stressed



Table 1
Total flavonoid concentration (mg/g dm) in various kale genotypes dependent on climate conditions at different harvest times.

Cultivar October 2007 November 2007 December 2007 January 2008
9.7 �C 6.0 �C 3.8 �C 0.3 �C
713 lmol/m2 s 285 lmol/m2 s 179 lmol/m2 s 172 lmol/m2 s

Winterbor 7.49 ± 0.37a 8.26 ± 0.29a 8.07 ± 0.79a 8.13 ± 0.51a
Redbor 8.51 ± 0.46a 7.39 ± 1.16a 8.89 ± 0.68a 8.02 ± 0.53a
Frostara 7.18 ± 0.79a 7.26 ± 1.08a 7.80 ± 0.84a 7.49 ± 0.56a
Winnetou 10.43 ± 0.52b 8.66 ± 0.99a 10.43 ± 0.45b 10.21 ± 0.64ab
Arsis 6.05 ± 0.80ab 5.87 ± 0.49a 7.23 ± 0.73b 8.26 ± 0.53c
Altmärker Braunkohl (green leaves) 14.84 ± 1.61a 14.47 ± 3.30a 18.53 ± 4.32a 16.83 ± 2.92a
Altmärker Braunkohl (red leaves) 14.06 ± 2.24a 13.11 ± 2.67a 15.82 ± 0.96a 14.46 ± 1.32a
Halbhoher grüner Krauser 10.86 ± 0.63a 9.47 ± 0.90a 10.90 ± 1.68a 9.92 ± 1.05a
Lerchenzunge 9.11 ± 1.07a 9.31 ± 1.23a 9.33 ± 1.37a 10.09 ± 0.27a

Different letters indicate significant differences between harvest times for each cultivar (p 6 0.05 by Tukey’s HSD test). Each value represents the mean of three replicates.
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buckwheat plants (Suzuki, Honda, & Mukasa, 2005). These results
indicate that quercetin, as a dihydroxyflavonoid, is a stronger anti-
oxidant, after a reversible redox transition to a quinone, in contrast
to kaempferol (Edreva, 2005). In contrast, ‘Granny Smith’ apples
showed a lower quercetin concentration grown at 4 �C compared
to those grown at 20 �C (Reay, 1999). Otherwise, kaempferol
decreased in our results while temperatures decreased, but to
our knowledge there is no literature that explains the effect of
low temperatures on kaempferol concentration.

Exposure to global radiation enhanced the synthesis and accu-
mulation of shielding compounds, such as flavonoids, in the adax-
ial epidermis of fully developed leaves (Edreva, 2005).
Tsormpatsidis et al. (2008) demonstrated that Lollo Rosso lettuce
‘Revolution’ had lower concentrations of total flavonoids in June
compared to July, dependent on the higher radiation levels in July.
Accordingly, in our experiment we expected lower concentrations
of flavonoids in low light for January (172 lmol/m2 s) than in Octo-
ber (713 lmol/m2 s), which was only found for kaempferol but not
for quercetin or isorhamnetin, which increased. Furthermore, the
total concentration of flavonoids in the investigated kale cultivars
remained unchanged while global radiation decreased. In white
mustard (Sinapis alba) Reifenrath and Müller (2007) assessed a sev-
enfold increase in quercetin and a doubling of kaempferol under
global radiation compared to the exclusion of UV radiation under
greenhouse conditions. In leaves of bilberry exposed to sunlight,
the expression of genes encoding phenylalanine ammonium lyase,
chalcone synthase and flavanone 3-b-hydroxylase was enhanced
causing flavonol (quercetin and kaempferol) concentrations to in-
crease (Jaakola, Maatta-Riihinen, Kärenlampi, & Hohtola, 2004).
In contrast, in our experiment decreasing global radiation, and
hence also decreasing UV radiation, resulted in higher quercetin
and isorhamnetin concentrations. The kaempferol concentration
fell, as expected. In leaves of the perennial, woody species Ligu-
strum vulgare and Phillyrea latifolia, the phenylalanine ammonium
lyase activity was distinctly higher at 100% sunlight exposure,
compared to 12% sunlight exposure, indirectly causing an in-
creased concentration of ortho-di-hydroxylated B-ring flavonoid
glycosides, such as quercetin-3-O-rutinoside and luteolin-7-O-
glucosid after the application of full sunlight; in contrast, the con-
centration of apigenin-7-O-glucoside, an ortho-mono-hydroxylated
flavonone glycoside comparable to kaempferol, showed a decreas-
ing concentration at 100% sunlight (Tattini et al., 2005), suggesting
that quercetin and kaempferol potentially differ in their response
to radiation at low radiation, as in our experiment. However, in
our experiment decreased global radiation did not result in a de-
creased quercetin concentration but in a decreased kaempferol
concentration. In soybean, however, global radiation enhanced
the concentrations of all of the assessed quercetin glycosides com-
pare radiation to excluding UV radiation, whereas the kaempferol-
based glycosides did not change, and only one of four isorhamnetin



Table 2
Quercetin-to-kaempferol ratio in various kale genotypes, dependent on climate conditions at different harvest times.

Cultivar October 2007 November 2007 December 2007 January 2008
9.7 �C 6.0 �C 3.8 �C 0.3 �C
713 lmol/m2 s 285 lmol/m2 s 179 lmol/m2 s 172 lmol/m2 s

Winterbor 0.21 0.30 0.36 0.45
Redbor 0.61 0.68 1.02 1.19
Frostara 0.14 0.16 0.17 0.22
Winnetou 0.20 0.23 0.38 0.43
Arsis 0.38 0.47 0.64 0.81
Altmärker Braunkohl (green leaves) 0.39 0.65 0.94 1.37
Altmärker Braunkohl (red leaves) 0.44 0.53 0.52 0.62
Halbhoher grüner Krauser 0.41 0.56 0.82 0.81
Lerchenzunge 0.43 0.61 0.92 1.13

Each value represents the mean of three replicates.
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glycosides increased under the global radiation level (Winter &
Rostas, 2008). These results indicate that quercetin was more sen-
sitive to radiation than kaempferol. In our experiments, isorham-
netin showed a corresponding response to the radiation level as
quercetin. Interestingly, in our experiment the quercetin-to-
kaempferol ratio in all of the investigated cultivars increased as
quercetin increased and kaempferol decreased, with a prolonging
cultivation duration corresponding to the reduction of the radia-
tion and temperature levels (Table 2). Accompanied with the low-
est temperature and global radiation levels (0.3 �C and 172 lmol/
m2 s in January) in the cvs. Redbor, Altmärker Braunkohl with
green coloured leaves and Lerchenzunge, quercetin became the
predominant flavonoid aglycone, as indicated by a ratio value
P1; for ‘Redbor’ this was already determined at 3.8 �C and
179 lmol/m2 s (December). In Petunia wild-type and transgenic-
lines, an approximately 80% increase in the quercetin-to-kaempf-
erol ratio between plants grown without UV-B and plants with
UV-B 25% above the ambient global radiation level was determined
due to an increasing expression of the gene-encoding flavonol 30-
hydroxylase (Ryan et al., 1998), which promoted the formation of
quercetin. Similar results have been demonstrated by Zhang et al.
(2003), where an enhanced quercetin-to-kaempferol ratio was de-
tected in the kale cv Vates with supplemented UV-B (25% above
maximum average global radiation). Flavonoids act as shielding
components against UV-B because they are strong scavengers of
ROS (Edreva, 2005). Ryan et al. (1998) and Zhang et al. (2003) used
supplemented UV-B to enhance the quercetin-to-kaempferol ratio,
which contrasted with our investigated decreasing low radiation
levels, suggesting that the decreasing temperature in our experi-
ment could have led to the enhancement of the quercetin-to-
kaempferol ratio, due to higher ROS, which is associated with low-
er temperatures (Klimov et al., 2008). Additionally, with ongoing
plant development an increase in ROS is accompanied by physio-
logical aging (Vogt & Gulz, 1994). In our experiment, the number
of newly developed leaves between October and January was
low: the mean maximum number of leaves (including all cultivars)
increased from 39, 41, 44 and 44 in 18-, 22-, 26- and 30-week-old
plants, respectively. However, the existing leaves were physiolog-
ical aging. A higher number of hydroxyl groups, as in the tri-
hydroxylated myricetin aglycone, compared with the di-hydroxyl-
ated quercetin is associated with higher antioxidant activity (Vogt
& Gulz, 1994). According to our results, a shift from kaempferol
(mono-hydroxylated) to quercetin (di-hydroxylated) in the investi-
gated kale plants could possibly provide a better protection against
ROS caused in particular by lower temperatures in addition to the
physiological aging of the plants. The decreasing radiation only
seemed to have a weak effect on the flavonoid biosynthesis, if at
all.

Our results revealed that the total flavonoid concentration did
not differ, although the composition of the three flavonoid
aglycones kaempferol, quercetin and isorhamnetin changed,
dependent on varying climatic conditions, in particular low tem-
perature levels. In general, at a low radiation level the quercetin-
to-kaempferol level increased in all of the investigated cultivars,
suggesting that the enhanced ROS, resulting only from a lower
temperature (Klimov et al., 2008), could be responsible for this ef-
fect. It is aimed to carry out further research under well-defined
conditions in climate chambers to determine the individual influ-
ence of temperature and radiation. Another aim is to enhance the
flavonoids in kale and to determine the parameters by means of
producing a functional food.
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