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Strawberries (Fragaria � ananassa Duch. cvs. Everest, Elsanta) were grown in a tunnel covered with two

films, which were distinguished in their ultraviolet transparency, as well as under open-field conditions. One

applied film was not transparent for UVB radiation, and the second film transmitted 70% of UVB radiation.

During the present study, the nutritional value and quality parameters of the fruits were evaluated.

Strawberries were UV-unresponsive in view of the content of ascorbic acid and sum parameters like total

anthocyanins and antioxidant capacity measured with TEAC (trolox equivalent antioxidant capacity),

ORAC (oxygen radical absorbance capacity) and total phenols. These parameters were mainly affected

by sampling date and cultivar. However, HPLC analysis showed that individual phenolics were affected in

the absence of UV radiation. The content of the anthocyanin cyanidin 3-glucoside and the flavonols

quercetin 3-glucuronide and kaempferol 3-glucoside was decreased in the fruits grown under UV blocking

film compared to open-field grown strawberries. By means of the UV transparent film the content of the

mentioned flavonoids could be enhanced up to similar amounts like in open-field grown strawberries. All

other phenolics were not consistently affected by UV radiation. This result was independent of cultivar.
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INTRODUCTION

During the past decade health-promoting components of plant

products have received increasing attention. Particularly berry

fruits are assumed to play an essential role in the prevention of

cardiovascular diseases or cancer (1,2). In strawberries, phenolic

compounds and ascorbic acid are main contributors to the

antioxidant capacity of the fruits and their nutritional value (3).

More than 40 phenolic compounds including anthocyanins,

proanthocyanidins, ellagitannins, phenolic acids or flavonols

have been identified in these fruits until now (4). However,

cultivars differ in their phenolic composition (5, 6). In addition,

environmental effects like temperature, altitude, salt stress or deficit

irrigation influence the formationof strawberry bioactives (7-10).
Several studies were directed to the effect of cultural systems e.g.

mulch color, high beds or planting date, which may interact with

the synthesis of phytochemicals in strawberry (11-13).

Nowadays, the use of polyethylene tunnels for out-of-season
production in Europe is common to produce strawberries (14).
Additionally, this method offers advantages like increased plant
density, protection from hail and rain or reduction of certain
fungal diseases (15). However, less is known about changes of
nutritional ingredients in fruits grown in plastic tunnels. Themain
used plastics are standard polyethylene foils, which are not
transparent for UVB radiation.

However, different materials are available, which vary in their
transparency for UV radiation (16). Plants often respond to UV
light, which affects flavonoid biosynthesis genes (17). Phenolics
can act as UV-protectors e.g. because of their absorption of light
between 270 and 290 nm. Detailed investigations of different UV
transparent plastic foils were focused on bioactives in let-
tuce (18, 19). Furthermore, research on ultraviolet radiation
and phenolic substances was performed with grapes, tomatoes
and apples (20-22). The treatments with reduced UVB irradia-
tion generally resulted in lower contents of secondary plant
metabolites in the crops. In contrast, also increases of individual
phenolics were observed during UVB absence in grapes (20).
Recently, studies with strawberries grown under plastic films,
which differ in theirUV transparency, affectedneither the content
of anthocyanins nor the antioxidant capacity (23).
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In the present study, the influence of tunnel cultivation with
two different films compared to open-field grown strawberries
was investigated. The aim was to analyze the impact of UV
radiation on bioactives in strawberries with respect to agronomi-
cal and quality parameters like leaf area:yield ratio, soluble solids
content and titratable acidity. Therefore the content of ascorbic
acid, total anthocyanins and antioxidant capacity was deter-
mined. High performance liquid chromatography (HPLC) anal-
ysis was performed to detect alteration of the major individual
polyphenols. In a subtrial the external (“peel”) and internal
tissues (“flesh”) of strawberries cv. Everest were analyzed sepa-
rately to determine the distribution of phenols in strawberry and
to evaluate putative UV-protectors. To avoid influences of the
sampling date fruits from the three treatments; blocking film,
window film and open-field were sampled and compared on the
same day with consideration of the fruit size.

MATERIALS AND METHODS

Chemicals. Folin-Ciocalteu’s phenol reagent was purchased from
VWR (Darmstadt, Germany); L-(þ)-ascorbic acid fromCarl RothGmbH
(Karlsruhe, Germany); 2,20-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt (ABTS), (()-6-hydroxy-2,5,7,8-tetramethylchromane-
2-carboxylic acid (Trolox), 2,20-azobis(2-methylpropionamidine)dihydrochlo-
ride (AAPH), gallic acid monohydrate (3,4,5-trihydroxybenzoic acid)
and fluorescein sodium salt was from Sigma Aldrich (Steinheim,
Germany). The standards for HPLC analysis were ellagic acid and
coumaric acid obtained from Sigma Aldrich, cyanidin 3-O-glucoside,
kaempferol 3-O-glucuronide and pelargonidin 3-O-glucoside from Extra-
synth�ese (Genay Cedex, France) and quercetin 3-D-glucuronide from
Carbosynth (Berkshire, U.K.).

Plant Material and Field Experiments. In 2008, ever-bearing
strawberry plants (Fragaria� ananassaDuch. L. cv. Everest) were grown
at Landwirtschaftskammer Köln-Auweiler (Germany) soilless in peat
bags under a four span plastic tunnel (Haygrove, length 34 m, width of
each span 5.5 m) with automatic control of irrigation and fertilization.
Two spans were covered with a standard film (blocking film) and the other
two with a UV transparent film (window film). Plastic films were
purchased from folitec Agrarfolien-Vertriebs GmbH (Westerburg,
Germany). The blocking film was UV M 42 (clear, thickness 190 μm,
transmittance 89/90%, UVB transparency 0%) and window film was UV
B window (clear, thickness 190 μm, transmittance 89/90%, UVB trans-
parency 70%). The assured transparency of the films was confirmed by
photometric measurements (Figure 1). A control was cultivated under
open-field conditions and covered with a net for crop protection against
birds. The harvest started for the open-field treatment June 29 and was
completed September 28. Strawberry plants in the high-tunnel were
harvested from May 25 to November 2. Protected cultivation extended
the harvest period of the ever-bearer cv. Everest because of increased
temperatures. In 2009, the trial was repeatedwith the same film types at the
Geisenheim Research Center (Germany). In addition, the June-bearer cv.
Elsanta was planted. Both cultivars were set in the middle of May in bare
soil, irrigated and covered with an open-sided tunnel (Haygrove, length 30
m,width 8m) June 10. The harvest period for cv. Elsantawas fromJune 29
to July 27 outside and in the tunnel from June 25 to July 27. The first
inflorescences of cv. Everest were removed as is common for ever-bearers,
and the harvest began for all treatments on July 16 and was stopped on
August 20.

For the period of the trials, air temperature and photosynthetically
active radiation (PAR) were measured every 10 min for all treatments and
collected using a data-logger in both years. The two plastic films
transmitted similar amounts of PAR,whichwas comparable to the outside
treatment with net in 2008 (around 98% of natural light under the net). In
2009, PAR radiation in the tunnel was 87% compared to the open-field
only, because of the missing net. All trials were carried out in three
repetitions with a minimum of 40 plants per plot and harvested in a three/
four day rhythm. 500 g of healthy, nondamaged fruits fromeach treatment
and replication were collected twice: for cv. Everest at the beginning of the
harvest and two weeks later and for cv. Elsanta at harvest beginning and
already one week later because of its shorter harvest period, respectively.

LeafArea. In 2009, the leaf areawas analyzed; five complete plants per
treatment and repetition were measured directly after the harvest period
with a leaf area meter (LI-3100C, Licore, Lincoln, NE, USA).

Sample Preparation. The fruits were quartered and, to avoid bias, the
counterparts of the fruits were immediately snap frozen in liquid nitrogen
at sampling date, stored at -28 �C and milled to powder later on. The
other two quarters of the fruits were homogenized with a hand blender,
and the resulting puree was used for determinations of soluble solids
content, titratable acidity and dry matter. Each biological replicate was
analyzed separately.

To evaluate the distribution of phenolics in strawberry fruits, an
additional sampling date of the cv. Everest in 2009 was fixed for a tissue
trial. Therefore the sliced fruits were lyophilized, and the external tissue
(peel, 2.5mm)was separated from the internal tissue (flesh) andmilled to a
fine powder, whichwas used for determination of total phenol content and
HPLC analysis.

Soluble Solids Content (SSC), DryMatter and Titratable Acidity.

The puree was directly measured with a digital refractometer (A. Kr€uss
Optotronic GmbH, Hamburg, Germany) to determine SSC in %. For
total drymatter content five grams of puree per sample wasmixedwith sea
sand and dried for approximately four hours at 103 �C until the last
weighing step was stable. The dry matter content was expressed in % of
freshweight. Titratable acidity was determined by resuspending five grams
of strawberry puree with 50 mL of water. This mixture was automatically
titrated (Schott-Titrator, Titrinoline Alpha; software, Titrisoft) with
0.33mol 3L

-1 sodiumhydroxide.Results were expressed as citric acid in%
of fresh weight.

Ascorbic Acid. The ascorbic acid content was determined by iodo-
metric titration. Five grams of frozen strawberry powder was extracted
twice with 10 mL of oxalic acid (2%, w/v) and centrifuged. The super-
natants were collected, acidified with sulfuric acid (10%) and determined
with automatic potentiometric titration (Schott-Titrator, Titrinoline Al-
pha Plus; software, Titrisoft) with a 1/128 mol 3L

-1 iodide-iodate solu-
tion. Results were expressed as ascorbic acid in μg per g fresh weight.

Total Anthocyanins and Total Phenols Content. Five grams of
frozen strawberry powder was extracted twice ultrasound-assisted for 30
minwith 10mLof 80%methanol. For the tissue trial 500mgof lyophilized
powder was used for the extraction. Supernatants were collected and the
methanol was added to a volume of 25 mL for the following analysis as
previously described (24). Briefly, total anthocyanins were determined by
the pH differential method (25) and the extracts were diluted with two
buffer solutions at pH 1 and 4.5. The absorbance wasmeasured at 500 and
700nm, and the resultswere calculated asμgof pelargonidin 3-glucoside per g
fresh weight with a molar absorption coefficient of 15,600 L 3mol-1

3 cm
-1

for pelargonidin 3-glucoside. Total phenols were determined by the
Folin-Ciocalteu method (26) using gallic acid as reference compound.
The absorbancewasmeasured after 60min at 760 nm, and the total phenol
content was expressed as μg of gallic acid equivalents per g fresh weight.

Trolox Equivalent Antioxidant Capacity (TEAC) Assay. The
TEAC assay was carried out as previously described (24). In brief,

Figure 1. Spectral transmission of the blocking film in comparison to the
window film used in this study.
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45mmol 3L
-1 potassium persulfate was added to a 7mmol 3L

-1 ABTS solu-
tion in 50 mmol 3L

-1 phosphate buffer (pH 7.4) to generate a stable ABTS
radical cation solution overnight. Before measuring, the ABTS•þ solution
was diluted with phosphate buffer to an absorbance of 0.800 ( 0.050. This
solution was mixed with the buffer diluted supernatants from the extracts
described above in a ratio of 1:20. The absorbance was measured after 6 min
at 734 nm. Trolox was used as a reference compound, and the antioxidant
capacity was expressed in μmol of Trolox equivalents per g of fresh weight.

Oxygen Radical Absorbance Capacity (ORAC) Assay. For the
measurement of the antioxidant capacity by a hydrogen atom transfer, the
ORAC assay was applied after Huang et al. (27). The analysis was carried
out on a black 96-well plate with a microplate reader (Infinite M200,
Tecan). Each well was filled with a 20 μL sample (diluted supernatants
from the methanolic extracts described above), blank or Trolox-
standard (12.5 μmol 3L

-1 to 100 μmol 3L
-1) and 120 μL of fluorescein

(120 nmol 3L
-1). After 5 min incubation 60 μL of AAPH-solution

(40 mmol 3L
-1) was added. The fluorescence was recorded every minute

for 90 min at 37 �C with an excitation wavelength of 485 nm and an
emission wavelength of 520 nm. The ORAC values refer to the net area
under the quenching curve (AUC). The final ORAC values were calcu-
lated by linear regression of the Trolox standards with the Magellan
software and expressed as μmol per g of fresh weight.

HPLC Analysis of Phenolic Compounds. The methanolic extracts
described above were directly analyzed using a ThermoFinnigan Surveyor

HPLC system coupled with a photodiode array detector (PDAD), pump,

and autosampler to separate and quantify individual phenolic compounds,

which was controlled with Chromquest software 4.1. A 3 μL filtrated

sample was injected using a Reprosil-PurC18AQ (Dr. Maisch GmbH,

Ammerbuch-Entringen, Germany) column (150 � 2 mm, 3 μm) with a

guard column. Themobile phase was acidified water containing 2%acetic

acid (A) and acetonitrile/water/acetic acid (50/49.5/0.5) (B) with the

following gradient: 0-31.5 min, 55% B; 31.5-37.5 min, 100% B;

37.5-41 min, 10% B with a flow of 200 μL 3min-1 and an equilibration

time of 10 min. The PDAD scanned 250 to 600 nm with three discrete

channels at 280, 360, and 500 nm. The main peaks were analyzed and

calculatedwith available standards. The results were given inμg per g fresh
weight. Peaks were identified by HPLC ESI-MS on an Accela HPLC

system coupled to a LXQmass spectrometer (Thermo Scientific, Dreieich,

Germany) equipped with an ESI source and a linear ion trap mass

analyzer. HPLC conditions were the same as described above. The whole

systemwas controlledby theXcalibur software. For polyphenols, themass

spectrometer was operated in the positive and the negative mode with the

following conditions: source voltage 4.5 kV; capillary voltage 26 V;

capillary temperature 275 �C. Dependent scans were carried out on target

peaks for MSn scans with a collision energy of 35%.
Analysis of Conjugated Ellagic Acid and Ellagitannins after

Hydrolysis. Because of nonavailable standards ellagitannins were analyzed
after hydrolysis as ellagic acid equivalents. 1.5 g of strawberry powder and
150 mg of lyophilized strawberry powder for the tissue trial, respectively,
was mixed with 5 mL of 50%methanol with 1.2 mol 3L

-1 hydrochloric acid
and incubated at 80 �C for 8 h according to Häkkinen et al. (28). The
hydrolyzed suspension was filled to 10 mL, filtrated and analyzed with the
same HPLC system as described above on an ODS-A (Dr. Maisch GmbH,

Ammerbuch-Entringen, Germany) column (125� 2mm, 5 μm). Themobile
phase was 5% formic acid (A) and methanol (B) according to the following
gradient: 0-25 min, 50%B; 25-37min, 90%B; 37-39min; 10%B; 39-46
min, 10% B with a flow of 200 μL 3min-1. The amount of ellagic acid was
calculated at a wavelength of 255 nm and given in μg per g fresh weight.

Statistical Analysis.All data were analyzed statistically with analysis
of variance using SPSS (version 17). The means of all parameters were
compared with Duncan’s test. Differences of P<0.05 were considered as
significant. Results were given as a mean ( standard deviation (SD). A
principal component analysis (PCA) was performed with XLSTAT 2010
for the bioactive components to get an overview of the relationship
between the analyzed data. PCA is an effective tool for reducing dimen-
sions of a data set by creating a matrix and describing major trends. The
score plot visualizes the distribution of the sample, which can be use for
grouping the observations. The loading plot shows the importance and
interactions of the variables correlating with the distribution of the
samples. To suppress the effect of sampling, each value was divided with
the mean of the open-field value per each sampling date. The data were
autoscaled to supply comparable weights for all parameters. Accordingly,
the four sampling dates for cv. Everest in 2008 and 2009 were compared
and also the two sampling dates for cv. Elsanta in 2009.

RESULTS

Agronomical Parameters: Not Affected by UV Radiation. The
three different treatments blocking film, window film and open-
field were distinguished mainly in temperature and the films in
UV transparency (Figure 1). The mean temperature outside was
19.5 �C( 1.0 �C for each date calculated for four weeks prior to
sampling. In 2008, the average daily mean temperature under the
films was þ2.0 �C (blocking film) or þ2.5 �C (window film) and
the average daily maximum temperature þ6.5 �C (blocking film)
toþ8.0 �C (window film) higher than the open-field treatment. In
2009, the temperature differences were lower than in 2008 due to
the use of an open-sided tunnel and better air exchange (mean
temperature: þ1.1 �C to þ1.4 �C and maximum temperature
þ2.6 �C to þ3.4 �C, respectively) Despite the fact that a single
tunnel was used in both experimental years, temperature under
the window film was higher than under the blocking film. The
window film was transparent for radiation from 230 nm and the
blocking film from 340 nm (Figure 1).

The environmental parameters affected the plant performance,
i.e., leaf area, yield or fruit size (Table 1). In the first experimental
year the yields of the two tunnel treatments (blocking film 1152 g/
plant, window film 1138 g/plant) were significantly enhanced
compared to the open-field yield (850 g/plant) because of an
extended harvest period of the ever-bearer cv. Everest. In the
second year, a higher yield of around 150 g more per plant was
observedunder open-field conditions for both cultivars compared
to tunnel cultivation (Table 1). In addition, open-field grown
plants of each cultivar had the highest total and single leaf area.

Table 1. Effect of Cultural System on Agronomical Parameters in 2009a

cultivar treatment single leaf area (cm2) leaf area per plant (cm2) leaf area:yield ratio (cm2/g) yield (g/plant) mean fruit wt (g)

’Everest’ blocking 36 ( 3 c 2210 ( 616 c 5.8 ( 1.0 b 390 ( 90 b 14.2 ( 0.8 b

window 37 ( 4 bc 2451 ( 591 c 7.6 ( 1.1 b 321 ( 8 bc 14.5 ( 0.4 b

open-field 41 ( 4 a 3790 ( 982 b 7.5 ( 0.6 b 505 ( 35 a 17.8 ( 0.2 a

’Elsanta’ blocking 27 ( 7 e 2399 ( 549 c 14.3 ( 1.1 a 168 ( 13 d 11.8 ( 0.4 c

window 24 ( 4 e 2181 ( 675 c 15.2 ( 1.5 a 143 ( 15 d 11.6 ( 0.2 c

open-field 32 ( 5 d 4622 ( 1150 a 15.1 ( 1.1 a 305 ( 25 c 11.9 ( 0.6 c

Significanceb

treatment * ** ns ** **

cultivar ** ns ** ** **

treatment x cultivar ns ns ns ns **

aData are expressed as the mean ( standard deviation (n = 3). Means within the same column followed by different letters were significantly different at p < 0.05. b ns =
nonsignificant. *Significant at p < 0.05. **Significant at p < 0.01.
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For both cultivars none of the parameters were affected by the
different film types and were thereforeUV independent (Table 1).
Furthermore, the leaf area:yield ratio was not significantly
affected by the treatments. However, plants under the blocking
film showed a tendency toward a closer leaf area:yield ratio than
plants of the other two treatments. The mean fruit weight was
increased for fruits of the cv. Everest in both years. In 2008, the
mean fruit size of tunnel grown fruits was 15.5 g and significantly
different for open-field fruits with 17.4 g. This effect was not
observed for cv. Elsantawhen grownunder open-field conditions.

Quality Parameters. For both cultivars UV radiation did not
affect the fruit size. In general, the fruit size of ever-bearers like cv.
Everest alternates during their long harvest period. This was
confirmed in our study. In contrast, the fruit size of June-bearers
decreases continuously during the harvest period. The beginning
of the June-bearer cv. Elsanta, harvested in the open-field, was
four days later than in the tunnel, consequently the tunnel-grown
fruits cv. Elsanta were smaller than open-field fruits at the same
sampling date (Table 2).

Drymatter, titratable acidity and SSCwere only inconsistently
affected by the different treatments. Only in 2008, the open-field
treatment increased significantly the dry matter and SSC in the
fruits at both sampling dates, but no influence of UV radiation
was observed (Table 2).

Overview UV-Effects on Bioactive Compounds: Characteriza-

tion with Principal Component Analysis (PCA). For PCA only the
17 health-related parameters ascorbic acid, antioxidant capacity,
colorless phenols and anthocyanins were considered. The result
was displayed for principal component (PC) 1 and PC2, which
explained for cv. Everest 70.9% of the data and for cv. Elsanta
56.5% (Figures 2 and 3). The 17 variables discriminated for cv.
Everest mainly the treatment blocking film while the treatments
window film and open-field were not clearly separated. Separa-
tion of the UV treatments was mainly caused by the content
of anthocyanin cyanidin 3-glucoside, the flavonols quercetin

3-glucuronide, kaempferol 3-glucoside and the TEAC value. All
other analyzed anthocyanins were correlated with the total
anthocyanin content and split window film and blocking film
of the first cultivation year (2008) from all other samples.
Antioxidant capacity measured by ORAC, TEAC and total
phenols was not correlatedwith anthocyanins except for cyanidin
3-glucoside, but with the ellagic acid content after hydrolysis,
quercetin 3-glucuronide and kaempferol 3-glucoside. p-Coumar-
oyl glucose was for this cultivar negatively correlated to the
anthocyanins and not correlated to all other parameters
(Figure 2). For cv. Elsanta all three treatments were clearly
clustered (Figure 3). The three flavonoids quercetin 3-glucuro-
nide, kaempferol 3-glucoside including kaempferol 3-glucuronide
and cyanidin 3-glucuronide separated UV-treated and UV-un-
treated fruits correlating negativelywithp-coumaroyl glucose.All
other health-related parameters were independent of these two
groups with strong interactions (Figure 3).

Ascorbic Acid, Total Anthocyanins and Antioxidant Capacity.

Overall, the treatments did not affect the content of ascorbic acid
and total anthocyanins in fruits of both cultivars. Ascorbic acid
was significantly affected by cultivar only and total anthocyanins
by cultivar and the sampling date (Table 3). However, in 2008 the
content of total anthocyanins was enhanced in strawberries of cv.
Everest growing under plastic, but no effect was observed among
the treatments in 2009 (Table 3). The antioxidant capacity of both
cultivarsmeasuredwith the three assays total phenols, TEACand
ORAC was significantly affected by the treatment, but no clear
UV-effects were observed (Table 3). In general, significant differ-
ences among the treatments were lower than 15% and the
variation among the sampling dates was partially higher than
between the three treatments. The cultivars were distinguished
only in antioxidant capacity measured by the ORAC-assay
(Table 3).

Composition of Individual Anthocyanins. At all sampling dates
significant effects for both cultivars were observed only for

Table 2. Effects of Cultural System on Quality Parameters Like Dry Matter, Titratable Acidity and Soluble Solidsa

cultivar/year sampling date treatment mean fruit wt of the sample (g) dry matter (%) titratable acidity (%) soluble solids content (% Brix)

’Everest’ 2008 T1 blocking 13.7 ( 2.0 d 7.3 ( 0.1 h 0.77 ( 0.05 bcd 6.3 ( 0.1 h

window 13.8 ( 1.8 d 7.8 ( 0.2 hg 0.83 ( 0.03 b 6.3 ( 0.1 h

open-field 15.4 ( 2.1 bc 9.2 ( 0.3 f 0.72 ( 0.02 def 8.0 ( 0.1 de

T2 blocking 15.0 ( 0.7 bc 8.2 ( 0.5 g 0.67 ( 0.03 f 7.0 ( 0.2 g

window 17.7 ( 0.8 b 8.1 ( 0.5 g 0.66 ( 0.01 f 7.0 ( 0.1 g

open-field 14.6 ( 0.9 cd 9.1 ( 0.5 f 0.81 ( 0.01 bc 7.7 ( 0.3 ef

’Everest’ 2009 T1 blocking 17.7 ( 1.0 b 10.5 ( 0.5 bcde 0.93 ( 0.04 a 9.2 ( 0.6 b

window 15.3 ( 1.2 bc 10.6 ( 0.1 bcde 0.97 ( 0.03 a 9.5 ( 0.1 b

open-field 17.6 ( 2.1 b 10.3 ( 0.2 cde 0.88 ( 0.01 a 9.1 ( 0.1 b

T2 blocking 13.8 ( 0.8 d 10.0 ( 0.4 de 0.76 ( 0.01 cde 7.4 ( 0.6 fg

window 13.7 ( 0.8 d 10.6 ( 0.4 bcde 0.84 ( 0.01 bc 8.0 ( 0.3 cde

open-field 21.3 ( 3.5 a 10.4 ( 0.1 bcde 0.83 ( 0.02 bc 8.3 ( 0.3 cd

’Elsanta’ 2009 T1 blocking 13.0 ( 0.4 d 10.7 ( 0.4 bcd 0.78 ( 0.05 bc 8.4 ( 0.2 cd

window 12.8 ( 0.6 d 11.6 ( 0.3 b 0.76 ( 0.03 bc 8.5 ( 0.3 c

open-field 16.6 ( 1.3 bc 10.5 ( 0.3 bcde 0.79 ( 0.03 bc 8.3 ( 0.2 cd

T2 blocking 7.6 ( 0.7 f 11.3 ( 0.8 b 0.71 ( 0.04 ef 10.3 ( 0.3 a

window 7.6 ( 0.2 f 12.5 ( 0.6 a 0.72 ( 0.05 def 10.5 ( 0.3 a

open-field 10.2 ( 0.2 e 10.9 ( 0.2 bc 0.70 ( 0.04 f 9.1 ( 0.3 b

Significanceb

treatment ** ns ns ns

cultivar ** ** ** **

sampling ** ns ** *

treatment � cultivar ns ns ns *

treatment � sampling ns ns ns ns

treatment � cultivar � sampling ns ns ns ns

aData are expressed as the mean ( standard deviation (n = 3). Means within the same column followed by different letters were significantly different at p < 0.05. b ns =
nonsignificant. *Significant at p < 0.05. **Significant at p < 0.01.
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cyanidin 3-glucoside and pelargonidin 3-glucoside-malonate con-
tent (Table 4). For each sampling date the content of cyanidin
3-glucoside was significantly reduced in fruits grown under
blocking film compared to those grown under the window film
or under open-field conditions, respectively (Table 4). The con-
tent ranged in fruits of cv. Everest (cv. Elsanta) treated with
blocking film from 11.1 μg to 18.9 μg (1.9 μg to 4.9 μg) and in
fruits treatedwithwindow filmor open-field fruits from16.6μg to
25.7 μg (5.7 μg to 15.0 μg) per g fresh weight. As a result the
formation of cyanidin 3-glucoside was influenced by UV radia-
tion predicted by the PCA (Figures 2 and 3). The pelargonidin
3-glucoside-malonate content was decreased in open-field grown
fruits of cv. Everest only in 2008, but in this year all other
pelargonidin related anthocyanins were decreased, too (Table 4).
Concerning cv. Elsanta the amount of pelargonidin 3-glucoside-
malonate was decreased in open-field fruits only at the first
sampling date. The PCA results showed that only cyanidin
3-glucoside was independent from all other anthocyanins while
pelargonidin 3-glucoside-malonate was correlated with them
(Figure 2). Consequently, this anthocyanin was not affected by
UV radiation. Both cultivars were significantly different for all
analyzed anthocyanins. Sampling date influenced all anthocyanins

except for pelargonidin 3-rutinoside in cv. Everest, which was not
detected in cv. Elsanta.

Composition of the Major Colorless Polyphenols. The main
effect on colorless phenols was observed on the content of
quercetin 3-glucuronide and kaempferols in both cultivars
(Figures 2 and 3,Table 5). The absence ofUV radiation decreased
strongly the content of quercetin 3-glucuronide at each sampling
date. Fruits of cv. Everest and cv. Elsanta produced under
blocking film contained only approximately 85% and 75% less
of this flavonol, respectively, compared to open-field grown
fruits, whereas the strawberries treated with window film con-
tained approximately 40% less quercetin 3-glucuronide com-
pared to open-field fruits in 2008. In 2009, they reached up to
similar amounts as the open-field grown strawberries in both
cultivars (Table 5). The impact onkaempferol-derivativeswas not
as strong as on quercetins and dependent on glycosylation.
Kaempferol 3-glucoside and kaempferol 3-glucuronide, respec-
tively, were for both cultivars negatively affected by missing UV
radiation and correlatedwith the quercetin content (Figures 2 and 3).
In cv. Everest approximately 35% less kaempferol 3-glucoside under
blocking film and 15% under window film compared to the open-
field fruits were found. For cv. Elsanta this kaempferol content was

Figure 2. Principal component analysis (PC1 and PC2) of the different treatments blocking film, window film and open-field on cv. Everest score plot (A) and
loading plot of the bioactives (B). The ending _y1 indicates the samples of the first experimental year (2008) and _y2 of the second experimental year (2009).
Kaempferol 3-glucoside includes kaempferol 3-glucuronide.
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decreased in fruits produced under the blocking film, too, but no
differenceswere observed between the other two treatments, window
film and open-field (Table 5). The formation of kaempferol 3-gluco-
side-malonate was not obviously affected byUV radiation (Table 5).
PCA results showed that this kaempferol was for both cultivars cor-
related with all pelargonidin related anthocyanins (Figures 2 and 3).

The content of ellagic acid after hydrolysis of the ellagitannins
and the ellagic acid derivative was significantly influenced by the
treatment and by the sampling date, but no effects of UV
radiation could be ascertained (Table 5). Ellagic acid after
hydrolysis was correlated with antioxidant capacity for both
cultivars. However, for cv. Everest no interaction of the ellagic
acid after hydrolysis with the ellagic acid derivative was observed.

Overall, the content of p-coumaroyl glucose was not affected
by the treatment or by the sampling date but by the cultivar
(Table 5). Nevertheless, there was no or a negative correlation
with this phenolic acid and all other bioactive compounds.For cv.
Everest, p-coumaroyl glucose correlated negatively with pelargo-
nidin related anthocyanins, kaempferol 3-glucoside-malonate
and ellagic acid derivative but not with the UV affected param-
eters like quercetin 3-glucuronide, kaempferol 3-glucoside and
cyanidin 3-glucoside, whereas for cv. Elsanta, p-coumaroyl
glucose was negatively correlated with these three flavonoids,
consequently the content was enhanced in UV-untreated fruits.

However, no correlation of p-coumaroyl glucose with all other
bioactives was observed (Figures 2 and 3).

Distribution of Polyphenols in Strawberry Flesh and Peel.

To work out if the determined effects are limited to the surface
of strawberry fruits, external and internal tissues were analyzed
separately. The peel contained higher amounts of total phenols
(3800 mg per 100 g dry weight) than the flesh (2300 mg per
100 g dry weight) (Table 6). All detected phenols except for
p-coumaroyl glucose were up to 10 times higher in the peel than in
the flesh (Tables 6 and 7). The content for p-coumaroyl glucose
was similar in both tissues and enhanced in the peel of UV-
untreated fruits as observed in cv. Elsanta. The previous result,
which was determined in the whole fruits, was mainly confirmed
by this additional sampling. However, significant effects for
quercetin 3-glucuronide, kaempferol derivatives (Table 6) and
cyanidin 3-glucoside (Table 7) were only observed in the peel of
the fruits. The results for the flesh showed the same tendency as
the external tissue.

DISCUSSION

The main objectives when applying different cultural systems
are out-of-season production or high yields with high quality
fruits. However, it is important that the nutritional value is not
disregarded. In order to estimate the effect of UV radiation on

Figure 3. Principal component analysis (PC 1 and PC 2) of the different treatments blocking film, window film and open-field on cv. Elsanta score plot (A) and
loading plot of the bioactives (B). Kaempferol 3-glucoside includes kaempferol 3-glucuronide.
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bioactives in this study, two films differing in UV transparency
(Figure 1) were used. Moreover, tunnel-grown strawberries and
open-field grown fruits were compared focusing on health-
beneficial components, for the first time to our knowledge.

Strawberry fruits contain a complex mixture of polyphenols,
which contribute, togetherwith ascorbic acid, to their antioxidant
capacity in different ways, depending on the used assay, chemical
constitution, content or synergistic effects of individual compo-
nents.Considering these bioactives, PCAwas able to discriminate
among the fruits of the three treatments; blocking film, window
film and open-field. The main characterization of both cultivars
was caused by the content of the flavonols quercetin 3-glucoside,
kaempferol 3-glucoside including kaempferol 3-glucuronide and
the anthocyanin cyanidin 3-glucoside and separated UV-treated
and UV-untreated fruits. All other health-related parameters did
not explain a UV effect.

At one point in the sampling dates we could observe significant
effects of the treatments in antioxidant capacity, but the differ-
ences were generally lower than 15% (Table 3). Fruits grown
under blocking film had tended to a lower antioxidant capacity
than under the window film, but also open-field grown fruits
often showed the lowest values. This result was not sufficient for
a certain conclusion of UV-effects on antioxidant capacity and
agrees with the published research of soft fruits (23). The main
research on tunnel cultivation and health-related compounds
focused on leafy vegetables (18, 19) and tomato fruits (21). In
these studies the content of total phenols was enhanced with UV
treatment.

Regarding the total anthocyanin result, UV radiation did not
affect the content in our study. Other investigations observed
positive UV effects for lettuce on the total anthocyanin con-
tent (18,19,23) but not for strawberries and other soft fruits (23).
However, in 2008 we could observe less total anthocyanins

(Table 3) and pelargonidin related anthocyanins (Table 4) in
open-field fruits at both sampling dates. This observation could
be explained by higher temperature differences measured during
the first experimental year compared to the second. Wang
et al. (10) found a strong correlation between temperature and
anthocyanin content. In the face of the enhancement of total
anthocyanins in 2008, it is astonishing that the formation of
cyanidin 3-glucoside was inhibited in the absence ofUV radiation
for all sampling dates. In 2009, this result was confirmed, and a
higher cyanidin 3-glucoside content was observed in both culti-
vars. Nevertheless, cyanidin 3-glucoside-malonate and all other
pelargonidin related compounds were not affected by UV radia-
tion. In strawberries, cyanidins are minor pigments, but they
occur asmajor anthocyanins in the lettuce LolloRosso and there-
fore explain the detected enhancement of the total anthocyanins
in these studies. The skin of several apple varieties contains
cyanidin-related anthocyanins, which are mainly formed on the
sun exposed side (22). Postharvest treatmentswithUVB radiation
could enhance the total anthocyanin content, too (29).

During this study the main effect of UV radiation on straw-
berries was observed in the enlarged formation of quercetin
derivatives. Strawberries grown without UV radiation contain
only 15% to 25% of the amount compared to open-field grown
fruits. Bymeans of aUV transparent film, quercetin contentswere
increased from 50%up to similar contents as in open-field grown
fruits (Table 5). Kaempferol 3-glucoside and kaempferol 3-glu-
curonide were decreased in the absence of UV radiation but less
than quercetin, while kaempferol 3-glucoside-malonate was not
affected. In addition, the lack of UV radiation caused by the
blocking film increased the content of p-coumaroyl glucose in the
whole fruits of cv. Elsanta and also in the peel of cv. Everest, while
their flesh was affected in tendency, only. More research in this
context is required to clarify if this result is a cultivar effect or an

Table 3. Effects of Cultural System on Ascorbic Acid, Total Anthocyanins and Antioxidant Capacitya

cultivar/year sampling date treatment ascorbic acidb total anthocyaninsc total phenolsd TEACe ORACe

’Everest’ 2008 d1 blocking 551 ( 33 f 647 ( 26 a 2097 ( 23 bcde 23.0 ( 0.5 ij 32.4 ( 2.4 ghi

window 564 ( 30 f 641 ( 36 a 2341 ( 85 ab 26.5 ( 0.9 defgh 37.1 ( 1.4 def

open-field 609 ( 20 ef 553 ( 41 b 2254 ( 195 abc 24.4 ( 2.7 hi 36.8 ( 2.7 def

d2 blocking 563 ( 15 f 692 ( 30 a 1822 ( 71 f 20.7 ( 0.8 jk 29.1 ( 1.3 i

window 559 ( 16 f 692 ( 19 a 1869 ( 60 ef 20.2 ( 0.5 k 35.2 ( 1.5 efg

open-field 614 ( 15 ef 484 ( 21 de 2254 ( 202 abc 24.0 ( 1.3 hi 34.4 ( 2.1 fgh

’Everest’ 2009 d1 blocking 753 ( 31 c 383 ( 36 ghi 2327 ( 121 ab 28.9 ( 1.5 bcd 37.0 ( 0.1 def

window 675 ( 14 de 382 ( 9 ghi 2460 ( 234 a 31.6 ( 0.9 a 39.0 ( 0.1 cde

open-field 574 ( 9 f 418 ( 33 fgh 2224 ( 106 abc 28.6 ( 0.1 bcd 36.4 ( 1.2 def

d2 blocking 730 ( 23 cd 426 ( 33 fg 1897 ( 177 def 25.2 ( 1.6 efghi 31.4 ( 2.3 hi

window 740 ( 29 cd 409 ( 38 fgh 2423 ( 94 a 29.8 ( 2.1 bc 38.4 ( 2.5 cde

open-field 740 ( 33 cd 409 ( 42 fgh 1937 ( 109 def 27.3 ( 2.0 cdefg 37.4 ( 0.4 def

’Elsanta’ 2009 d1 blocking 893 ( 30 a 362 ( 24 hi 2195 ( 30 abc 28.6 ( 0.1 bcde 39.6 ( 0.6 bcd

window 855 ( 30 ab 369 ( 12 hi 2416 ( 228 a 26.8 ( 0.8 defg 43.3 ( 3.1 ab

open-field 896 ( 15 a 343 ( 22 i 2196 ( 138 bcd 27.7 ( 1.4 cdefg 41.2 ( 1.8 bc

d2 blocking 768 ( 24 c 497 ( 14 d 2277 ( 89 ab 25.8 ( 0.3 efghi 41.1 ( 2.6 bc

window 796 ( 69 bc 573 ( 25 b 2275 ( 164 ab 30.0 ( 2.4 ab 45.6 ( 2.2 a

open-field 866 ( 45 a 540 ( 48 bc 2052 ( 140 cdef 25.0 ( 1.5 fghi 32.1 ( 1.5 ghi

Significancef

treatment ns ns * * **

cultivar ** * ns ns **

sampling ns ** ** ns **

treatment � cultivar ns ns * ns **

treatment � sampling ns ns ns ns **

treatment � cultivar � sampling ns ns ns ns **

aData are expressed as the mean( standard deviation (n = 3). Means within the same column followed by different letters were significantly different at p < 0.05. b Data
are expressed in micrograms per gram of fresh weight. c Data are expressed as micrograms of pelargonidin 3-glucoside equivalents per gram of fresh weight. d Data are
expressed as micrograms of gallic acid (GAE) equivalents per gram of fresh weight. eData are expressed as micromoles of Trolox equivalents per gram of fresh weight. f ns =
nonsignificant.
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effect of distribution between peel and flesh tissue. Other studies
showed a decrease in phenolic acids in tomatoes when UV
untreated (21).

The content of polyphenols in strawberrieswas increased in the
external tissue except for p-coumaroyl glucose, agreeing with
other studies (30). This observation approves the UV-protection
function of flavonoids. Especially quercetins in the strawberry
external tissue seem to play a key role in the context with
ultraviolet radiation agreeing with other studies (18, 19, 22).
Themain part of total phenol content was detected in the external
tissue. Thus, the occasional above-mentioned low antioxidant
capacity of open-field grown fruits compared to tunnel grown
fruits can be explained by the fruit weight: A higher berry size
results in a lower epidermal tissue:fruit size ratio; consequently
larger fruits must have lower total phenol contents than smaller
fruits. Anttonen et al. (11) also described that primary fruits,
which have the highest berry size, contain a lower antioxidant
capacity than secondary or tertiary fruits, respectively.

Quercetins are besides kaempferols one of the major flavonols
occurring in strawberries, but compared to the complex antiox-
idant mixture of anthocyanins, ellagitannins, proanthocyanidins
or ascorbic acid the content is relatively low. That is one reason
why the intense changes of quercetins by the treatments were not
detected by the antioxidant assays like TEAC or ORAC. Borges
et al. (31) analyzed soft fruits by HPLC-PDA with online
antioxidant detection (TEAC). They showed that quercetins in
raspberries did not provide antioxidant capacity and also that the
contribution of quercetins detected in blackcurrant, redcurrant
and cranberry was low. Recently, Ordidge et al. (23) postulated
that UV radiation does not affect bioactives in soft fruits, but in
this study individual components were not regarded. Hence,
present quercetin derivatives in blueberries or raspberries are
supposedly influenced by UV radiation, too.

The flavonoid biosynthesis pathway (32) comprehends that
eriodyctyol and dihydroquercetin, respectively, are precursors of
quercetin and cyanidin, whereas kaempferol and pelargonidin
result from naringenin and dihydrokaempferol. For this reason
themain effect was found on the linked components cyanidin and
quercetin derivatives.Accordingly, the expression of genes which,
are involved in quercetin synthesis are inducible byUV radiation.
In the case of kaempferol, our assumption is that the synthesis is
little affected by UV, but one part of the glycosylation because
kaempferol 3-glucoside-malonate was not affected by UV radia-
tion. Results of 2008 and other investigation (10) indicated that
especially the content of kaempferol 3-glucoside-malonate could
be temperature sensitive like anthocyanins. Supplementary re-
search, which includes the responsible genes is required. Already
published metabolomic (33) or proteomic (34) work during fruit
ripening should be estimated with caution because the used
strawberries were produced in tunnels. The “original” flavonoid
biosynthesis pathway for the mentioned studies is probably
affected by the absence of UV radiation. Faith et al. (33) showed
the highest quercetin 3-glucuronide content through the big green
stage of unripe strawberry fruits, followed by a decline until full
ripeness of the fruits. It is possible that this development is not in
agreement with the quercetin accumulation in open-field grown
fruits. Evidence for this hypothesis in our study is provided by the
first and second sampling results of cv. Elsanta: Although the
plants had been covered with the film at the first sampling for a
shorter time (less than three weeks) than for the second, where
already small green fruits were observable, we found the same
relationship for the three treatments for both sampling dates.
Consequently, the major formation of quercetins has to be at a
later fruit stage agreeing with other publications (35, 36).

Further investigations of individual phenolics in berries grown in
tunnels are necessary, especially because the protected production

Table 4. Effects of Cultural System on Individual Anthocyaninsa

cultivar/year

sampling

date treatment

cyanidin

3-glucosideb
pelargonidin

3-glucosidec
pelargonidin

3-rutinosidec, d
pelargonidin

derivativec
cyanidin 3-glucoside-

malonateb
pelargonidin 3-glucoside-

malonatec

’Everest’ 2008 d1 blocking 12.8 ( 1.4 ef 357.9 ( 25.4 a 32.7 ( 2.3 a 2.1 ( 0.1 de 5.3 ( 0.5 bcd 75.8 ( 4.6 de

window 21.0 ( 1.6 bc 377.0 ( 40.7 a 34.6 ( 3.0 a 2.6 ( 0.9 cd 6.8 ( 0.6 ab 74.2 ( 12.6 e

open-field 23.8 ( 3.5 ab 307.6 ( 29.6 b 26.1 ( 2.9 b 2.0 ( 0.3 defg 5.3 ( 0.6 bcd 56.5 ( 5.2 fg

d2 blocking 18.9 ( 2.5 cd 372.9 ( 16.3 a 36.0 ( 2.6 a 3.3 ( 0.4 b 8.0 ( 0.4 a 87.7 ( 4.5 c

window 24.7 ( 1.9 ab 376.3 ( 12.6 a 33.3 ( 1.0 a 3.1 ( 0.1 bc 7.9 ( 0.7 a 84.7 ( 1.3 cd

open-field 25.7 ( 3.9 a 271.4 ( 9.0 bc 25.1 ( 0.8 b 1.4 ( 0.2 fgh 6.2 ( 0.7 abc 47.4 ( 1.2 gh

’Everest’ 2009 d1 blocking 11.1 ( 0.7 fg 219.5 ( 22.8 defg 25.2 ( 1.5 b 1.2 ( 0.3 h 3.4 ( 0.8 defg 42.6 ( 6.0 h

window 17.9 ( 2.4 cd 201.6 ( 23.5 fg 21.6 ( 2.5 c 1.3 ( 0.4 gh 4.3 ( 0.1 cde 39.0 ( 4.3 h

open-field 16.6 ( 2.0 de 229.8 ( 18.7 defg 24.7 ( 2.4 bc 1.4 ( 0.3 efgh 3.0 ( 0.2 efg 40.5 ( 3.2 h

d2 blocking 11.8 ( 2.9 f 236.5 ( 15.4 cdefg 27.6 ( 1.9 b 1.4 ( 0.1 fgh 4.0 ( 0.1 de 46.8 ( 3.0 gh

window 19.1 ( 0.8 cd 243.8 ( 29.7 cde 27.6 ( 4.1 b 1.2 ( 0.1 h 3.6 ( 0.7 def 47.4 ( 6.2 gh

open-field 18.3 ( 3.4 cd 240.2 ( 21.1 cdef 27.5 ( 2.4 b 1.6 ( 0.2 efgh 4.9 ( 0.5 bcde 41.9 ( 2.3 h

’Elsanta’ 2009 d1 blocking 1.9 ( 0.2 i 203.5 ( 10.2 efg nd 2.1 ( 0.4 def 1.4 ( 0.7 g 61.2 ( 3.5 f

window 5.7 ( 1.6 hi 200.6 ( 4.9 fg nd 1.9 ( 0.2 defg 1.8 ( 0.5 fg 59.6 ( 4.9 f

open-field 7.8 ( 0.7 gh 195.7 ( 13.3 g nd 1.6 ( 0.2 efgh 1.7 ( 0.9 fg 47.5 ( 3.9 gh

d2 blocking 4.9 ( 0.4 hi 247.6 ( 9.8 cd nd 4.1 ( 0.3 a 4.2 ( 0.7 cde 100.9 ( 4.0 b

window 15.0 ( 2.7 def 292.4 ( 26.4 b nd 4.4 ( 0.6 a 6.3 ( 1.2 abc 111.8 ( 9.2 a

open-field 12.7 ( 1.2 ef 289.5 ( 26.5 b nd 4.0 ( 0.5 a 5.1 ( 0.7 bcde 99.9 ( 9.0 b

Significancef

treatment ** ns ns ns ns *

cultivar ** ** ** ** **

sampling ** * ns ** ** **

treatment � cultivar ns ns ns ns ns

treatment � sampling ns ns ns ns ns ns

treatment � cultivar � sampling ns ns ns ns ns

aData are expressed as the mean( standard deviation (n = 3). Means within the same column followed by different letters were significantly different at p < 0.05. bData are
expressed as cyanidin 3-glucoside in micrograms per gram of fresh weight. cData are expressed as pelargonidin 3-glucoside in micrograms per gram of fresh weight. d nd = not
detected. f ns = nonsignificant. *Significant at p < 0.05. Significant at p < 0.01.
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of soft fruits is increasing and fruits do not react like leafy
vegetables, e.g., lettuce, or other crops like apple or tomato.

The reduced content of quercetin 3-glucuronide of UV-
untreated strawberries could impair the nutritional value of the
fruits regarding that this flavonol has putative health effects (37).
Quercetin is one of the most predominant flavonols occurring
ubiquitously in fruits and vegetables. Themost famous source for
quercetins is onions, with a content of 284-486 μg of quercetin
per g fresh weight (38) and accordingly more than 10-fold higher
than in strawberries grown under open-field conditions. In
Germany, the per capita consumption of onions per year was
in 2008 around 7.1 kg and that of strawberries 3.3 kg. The

strawberry is a seasonal fruit whereas onions are consumed
constantly all over the year. Even in this short season strawberry
consumption is only 2-fold higher compared to onions (39, 40).
Regarding this information the quercetin content in strawberries
compared to onions seems to be less important. However, the
only benefit of strawberries is that the main occurrence of this
flavonol is quercetin 3-glucuronide as quercetin is present in
plasma (41). Quercetins are available in onions only as glucosides,
which could be a disadvantage in bioavailability.

Considering the agronomical and quality parameters, tem-
perature effects covered possibleUVeffects. Tunnel-grownplants
tended to lower yields for the same harvest period (Table 1),

Table 5. Effects of Cultural System on Main Colorless Polyphenolsa

cultivar/year samplingtreatment

ellagic acid after

hydrolysisb
ellagic acid

derivativeb
p-coumaroyl

glucosec
quercetin

3-glucuronided
kaempferol 3-glucoside þ kaempferol

3-glucuronidee
kaempferol 3-glucoside-

malonatee

’Everest’ 2008 T1 blocking 360 ( 35 fg 5.8 ( 0.1 def 28.8 ( 3.7 fg 6.1 ( 0.6 g 4.7 ( 0.3 ghij 3.8 ( 0.2 d

window 415 ( 11 def 5.7 ( 1.1 defg 28.5 ( 4.7 fg 19.5 ( 0.2 e 6.0 ( 0.4 def 4.1 ( 0.4 d

open-field 481 ( 26 cd 4.5 ( 0.3 h 40.9 ( 4.7 ab 33.9 ( 2.4 c 7.5 ( 0.8 b 2.7 ( 0.2 e

T2 blocking 480 ( 41 cd 6.7 ( 0.5 cd 20.7 ( 1.4 h 4.8 ( 1.1 g 5.1 ( 0.2 fghi 4.5 ( 0.1 d

window 479 ( 13 cd 6.1 ( 0.3 def 17.4 ( 0.7 h 22.3 ( 0.9 de 7.2 ( 0.3 bc 4.2 ( 0.1 d

open-field 481 ( 26 cd 3.3 ( 0.1 i 27.7 ( 1.9 g 40.5 ( 0.9 b 10.0 ( 1.6 a 2.5 ( 0.2 e

’Everest’ 2009 T1 blocking 454 ( 39 cde 5.6 ( 0.6 efgh 41.9 ( 2.1 a 3.5 ( 0.4 g 3.7 ( 0.1 j 2.5 ( 0.1 e

window 577 ( 39 ab 6.3 ( 0.4 cde 36.2 ( 3.4 bcd 24.8 ( 3.3 d 5.9 ( 0.8 ef 2.3 ( 0.2 e

open-field 590 ( 74 ab 5.5 ( 0.4 efgh 34.6 ( 3.0 cde 24.1 ( 1.7 d 6.1 ( 0.4 def 2.3 ( 0.1 e

T2 blocking 536 ( 48 abc 5.1 ( 1.0 fgh 37.1 ( 1.0 abcd 5.2 ( 0.8 g 4.2 ( 0.4 ij 2.4 ( 0.3 e

window 520 ( 84 bc 6.1 ( 0.6 def 37.7 ( 4.4 abc 26.1 ( 3.5 d 6.1 ( 0.5 def 2.5 ( 0.2 e

open-field 532 ( 20 abc 4.6 ( 0.8 gh 38.7 ( 2.7 abc 34.6 ( 2.1 c 7.6 ( 0.9 b 2.3 ( 0.2 e

’Elsanta’ 2009 T1 blocking 427 ( 50 def 3.2 ( 0.1 i 31.8 ( 1.2 defg 10.3 ( 1.4 f 4.5 ( 0.2 hij 6.8 ( 0.4 ab

window 383 ( 32 efg 3.3 ( 0.9 i 30.5 ( 0.5 efg 41.0 ( 0.7 b 5.4 ( 0.1 efgh 5.9 ( 0.2 c

open-field 313 ( 12 g 3.0 ( 0.2 i 27.4 ( 1.6 g 48.8 ( 2.0 a 5.7 ( 0.3 efg 5.8 ( 0.3 c

T2 blocking 425 ( 30 def 8.0 ( 0.2 ab 33.3 ( 1.6 cdef 11.0 ( 1.7 f 5.1 ( 0.1 fghi 6.9 ( 0.4 ab

window 603 ( 71 a 8.7 ( 0.6 a 30.4 ( 1.6 efg 45.3 ( 1.7 a 7.0 ( 0.6 bcd 7.2 ( 0.2 a

open-field 415 ( 45 def 7.3 ( 1.0 bc 30.6 ( 1.0 efg 40.4 ( 4.6 b 6.4 ( 0.3 cde 6.5 ( 0.2 b

Significancef

treatment * ** ns ** ** **

cultivar ** ns ns ** * **

sampling * ** ns ns ** ns

treatment � cultivar ** ns ns ** ** ns

treatment � sampling ns ns ns ns ns ns

treatment � cultivar � sampling * ns ns ** ns ns

aData are expressed as the mean( standard deviation (n = 3). Means within the same column followed by different letters were significantly different at p < 0.05. bData are
expressed as ellagic acid equivalents in micrograms per gram of fresh weight. cData are expressed as coumaric acid in micrograms per gram of fresh weight. dData are expressed
as quercetin 3-glucuronide in micrograms per gram of fresh weight. eData are expressed as kaempferol 3-glucuronide in micrograms per gram of fresh weight. f ns =
nonsignificant. *Significant at p < 0.05. **Significant at p < 0.01.

Table 6. Distribution of Polyphenols in Strawberry Flesh and Peela

tissuetreatment

ellagic acid after

hydrolysisb
ellagic acid

derivativeb
p-coumaroyl

glucosec
quercetin

3-glucuronided
kaempferol 3-glucoside þ kaempferol

3-glucuronidee
kaempferol 3-glucoside-

malonatee total phenolsf

flesh blocking 241 ( 22 a 2.3 ( 0.6 c 55.6 ( 2.0 a 2.5 ( 0.6 d 1.7 ( 0.1 d 1.9 ( 0.1c 2248 ( 217 b

window 292 ( 35 a 2.1 ( 0.2 c 49.6 ( 1.4 a 2.4 ( 0.2 d 1.9 ( 0.2 d 1.6 ( 0.2 c 2205 ( 55 b

open-field 318 ( 15 a 2.1 ( 0.7 c 51.2 ( 2.9 a 7.7 ( 1.0 cd 2.2 ( 0.1 d 1.6 ( 0.2 c 2329 ( 121 b

peel blocking 680 ( 65 b 9.3 ( 1.7 a 54.0 ( 2.8 a 10 ( 1.9 c 4.7 ( 0.3 c 3.6 ( 0.4 a 3865 ( 242 a

window 677 ( 133 b 6.8 ( 0.6 b 39.9 ( 3.8 b 35.9 ( 2.5 b 6.8 ( 0.7 b 2.5 ( 0.4 b 3899 ( 262 a

open-field 683 ( 10 b 6.7 ( 0.2 b 40.7 ( 5.0 b 55.2 ( 7.3 a 8.5 ( 1.0 a 2.8 ( 0.1 b 3748 ( 123 a

Significanceg

treatment ns * * ** ** ** ns

tissue ** ** ** ** ** ** **

treatment �
tissue

ns * ns ** ** * ns

aData are expressed as the mean( standard deviation (n = 3). Means within the same column followed by different letters were significantly different at p < 0.05. bData are
expressed as ellagic acid equivalents in milligrams per 100 grams of dry weight. cData are expressed as coumaric acid in milligrams per 100 grams of dry weight. dData are
expressed as quercetin 3-glucuronide in milligrams per 100 grams of dry weight. eData are expressed as kaempferol 3-glucuronide in milligrams per 100 grams of dry weight.
fData are expressed as GAE in milligrams per 100 grams of dry weight. g ns = nonsignificant. * Significant at p < 0.05, ** Significant at p < 0.01.
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which may be an effect of temperature (42). However, protected
cultivation can extend the season, which resulted particularly for
ever-bearer in higher total yields as shown in 2008. Higher
temperature decreases the average fruit weight, but cv. Elsanta
showed only marginal reduction by mean temperatures higher
than 20 �C (42). During this trial the temperature outside was on
average 20 �C, and 1 �C higher under the standard film, not
affecting the fruit size of cv. Elsanta Elsanta but of cv. Everest
(Table 1). The ever-bearer cultivar seemed to be more tempera-
ture sensitive; lower fruit weights of tunnel-grown strawberries
were observed in both experimental years. The window film
inclined to slightly higher temperatures. However, no significant
effects were observed by application of the window film for single
leaf area, total leaf area per plant, yield or mean fruit weight
compared to the blocking film (Table 1), although lettuce
decreased leaf area with UV radiation (18). The plant perfor-
mance of strawberries seems to be mainly UV unresponsive and
more temperature dependent. Over all sampling dates, the open-
field fruits had the highest average fruit weight (Table 2).

Formost parameters, the sampling dates had a stronger impact
on the fruits than the treatment. In principle, one should bear in
mind that the growth stage of field-grown plants is delayed to that
of tunnel-grown plants; consequently the comparability of the
fruits on the same sampling date is only restrictedly possible.
Generally, the treatments did not differ in quality parameters like
titratable acidity, SSC or dry matter and consequently the
irrigation in the tunnel was not deficit.

In summary,we could estimate losses of several flavonols in the
absence of UV radiation by the use of standard UVB blocking
films in strawberry fruits, although open-field grown strawberries
are delayed compared to tunnel-grown fruits and the sampling
date strongly affects the content of bioactives. The main observa-
tions caused by UV radiation were not cultivar dependent. The
deficits can be partially avoided by the application of UVB
transparent films. Most bioactives, which contribute to the
antioxidant capacity, were not affected by UV radiation. In our
study we could not provide any disadvantages of the use of UV
transparent films in plant performance or yield compared to
standard blocking films.
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