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This study was  aimed  at investigating  the  production  of  phytochemicals  that determine  fruit  quality,  and
evaluating  growth  characteristics  of  mature  strawberry  plants  during  cultivation  under  three  different
wavelengths  (blue,  red and blue  plus  red)  of LED light.  Cultivation  was  conducted  in  two  separate  loca-
tions,  namely,  a growth  chamber  (GC)  illuminated  with  LED lights  as  the  sole  light  source  and  a  plastic
greenhouse  (PG)  which  was  given  supplemental  LED  light  in  addition  to  ambient  light.  It was  noted  that
leaves  of  plants  cultivated  in  the  GC under  LED  lights  displayed  elevated  levels  of chlorophyll  compared
with  those  cultivated  in  the PG. In contrast,  plants  cultivated  in  the  PG  with  supplementary  LED  lights
yielded  much  higher  production  of  fruits  than  those  cultivated  in  the GC.  Moreover,  fruits  harvested  in
the PG  were  demonstrated  to contain  higher  levels  of  organic  acids  than  those  harvested  in the  GC.  When
lant factory the  effects  of  different  LED lights  were  examined,  a remarkably  higher  production  of  fruits  was  achieved
in  the  PG  when  ambient  light  was  supplemented  with  either  blue  LED  light  or  combined  blue  and  red
LED  light.  Furthermore,  it was  also  noted  that greater  accumulation  of  organic  acids  and  phytochemicals
such  as phenolic  compounds  were  observed  in the  fruits  that  had  been  cultivated  in the  PG  when  ambient
light  was  supplemented  with either  red  LED  light  or combined  blue  and  red LED  lights.
. Introduction

The Republic of Korea has been striving to expand overseas
xports of its domestic agricultural products in an effort to com-
ensate for the ever increasing imports of foreign agricultural
oods following the signing of free trade agreements with many
ther countries. Strawberry (Fragaria × ananassa Duch.) fruits pro-
uced in the country have been suggested as one of the several
ompetitive candidates that are qualified for export abroad. Straw-
erry plants, perennials that belong to the rose family, are being
ultivated all over the world and regarded as one of the major eco-
omical crops in the horticultural industry of South Korea. In the
ear of 2010 alone in the country, strawberry production accounted
or approximately 1 billion dollars of revenue, and its cultivation
reas were estimated to be approximately 6,841 hectares in total.
A variety of studies are being conducted to help to improve
he fruit quality of strawberry plants in an endeavor to increase
heir exports abroad. The fruit quality of strawberries is primarily
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ttp://dx.doi.org/10.1016/j.scienta.2015.03.022
304-4238/© 2015 Elsevier B.V. All rights reserved.
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determined by chemical qualities such as soluble sugars, organic
acids, and antioxidants. The functional ingredients of strawberry
fruits are represented by many secondary metabolites, such as
anthocyanins, flavonoids, and phenolic compounds, which are pre-
sumed to be used defensively to prevent harmful damage caused by
reactive oxygen species (Gil et al., 1997; Zhang et al., 2008; Zheng
et al., 2007).

Environmental factors such as light, water, CO2, temperature,
and nutrients are important elements in the production of high-
quality strawberries (Cantliffe et al., 2007; Sun et al., 2012). A
number of studies have been conducted to optimize carbon diox-
ide, nutrient, and irrigation control of plant growth (Rezende et al.,
2003; Vidyavathi et al., 2012). Despite those efforts, frequent recent
occurrences of abnormal weather have imposed many difficulties
on the production of crops. Low sunlight conditions caused by
abnormal climate are often considered responsible for the depres-
sion of photosynthesis, which eventually leads to crop reduction.

To prevent crops from suffering damage caused by shortage of

sunlight, the introduction of supplementary light into the culti-
vation practices has been proposed (Demers and Gosselin, 1998).
Up till now, various light sources, such as incandescent, fluores-
cent, metal halide or high-pressure sodium lamps, were adopted

dx.doi.org/10.1016/j.scienta.2015.03.022
http://www.sciencedirect.com/science/journal/03044238
http://www.elsevier.com/locate/scihorti
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s supplementary lights for cultivation of strawberry plants. In
ecent years, however, a newly developed light technology, the
ight emitting diode (LED), has just begun to be adopted as a sup-
lementary light source for the cultivation of crops. The red and
lue wavelengths of LED lights are usually chosen to promote crop
hotosynthesis.

As part of an effort to improve crop quality, there have been a
ouple of previous trials to utilize LED light sources for the culti-
ation of crops in a growth chamber (Folta and Childers, 2008), or
n a greenhouse covered with plastic or glass as well as in polytun-
els (Azad et al., 2011; Nestby and Trandem, 2013). In the growth
hamber study, LED lights were provided as the sole light source,
hereas in the plastic greenhouse LED lights were supplied only as

upplementary illumination in addition to ambient light. A growth
hamber facility is sometimes termed a plant factory, and the cul-
ivation of economic crops in this system is often believed to be
ssociated with the build-up of high-quality functional ingredients
r bioactive substances in leaf vegetables.

We have noticed that there have been few comparative studies
bout how combinations of different wavelengths of LED lights can
ffect the growth or quality of crops during cultivation in a growth
hamber or greenhouse. In the present study we aimed at finding
he most proper method to provide LED lights to promote both the
rowth and the fruit quality of strawberry.

There are claims of agricultural company (Newgreenfarm Ltd.,
aegu, Korea) insisting that plant factory such as a growth cham-
er is as competitive as a plastic greenhouse in the production
f high-quality fruits of strawberry. However, we  did not agree
ith those opinions. We  believe that a growth chamber has less

dvantage over the plastic greenhouse when it comes to the pro-
uction of strawberry fruits, probably due to its low light. To clarify
hese inconsistencies, we attempted to get quantitative data on
ow much effects the LED illuminations in a closed growth cham-
er has on the production of high-quality strawberry as compared
o a plastic greenhouse. Finally, the additional aim of the present
tudy was to obtain quantitative information about how the varia-
ions of the light condition could possibly affect the production and
he quality of fruits.

For this purpose, we prepared two separate cultivation loca-
ions, a growth chamber (GC) and a plastic greenhouse (PG).
he environmentally controlled GC was illuminated with differ-
nt wavelengths of LED as sole light sources, whereas the PG was
lluminated with supplementary LED lights in addition to ambient
ight.

. Material and methods

.1. Plant materials and cultivation

Plant cultivation as well as all the other subsequent experiments
as conducted at the Protected Horticulture Research Station of

outh Korea (35◦13′ N; 129◦10′ E). In order to obtain samples,
unners of strawberry (Fragaria × ananassa Duch. cv. Daewang)
ere generated from their mother plants that had been grown for

eventy or seventy-three days and were subsequently grown in
 plastic greenhouse. Runners having four leaflets were cut and
lanted in the two separate growth locations. For the growth in a
rowth chamber (GC) we planted six runners, while for the growth
n a plastic greenhouse (PG) forty runners each for the respective
ight treatment.

GC was exclusively equipped with LED lights of three different
avelengths under the artificial climatic control and the cultivation

as started in the flower pots from the 25th of September until the

7th of December 2011. PG was exposed to ambient light with each
upplemental LED light of three different colors and the cultivation
as started in the high-bench beds from the 27th of September
lturae 189 (2015) 22–31 23

2011 until the 30th of March of the following year (Fig. 1). In partic-
ular, for the control study in the PG, weak incandescent light below
20 �mol  m−2 s−1 was illuminated, according to the report that the
weak light was  not able to induce photosynthesis (Harvey, 1979).
Ambient light photosynthetic active radiation (PAR, 400–700 nm)
was measured using LI-190 quantum sensors (Licor, NE, USA) and
stored in the CR 10X data-logger (Campbell Sci. Inc., UT, USA) with
intervals of 10 min. Daily ambient light integral of the PG during
cultivation periods are shown in Fig. 3. Plant cultivation in the GC
was disrupted earlier than expected, because of frequent fungal
infections such as powdery mildew.

Cultivation was carried out in coir medium with the supply of
water and nutrients through a drip irrigation system. In the GC
and in the PG during cultivation periods, the heating point and
cooling (or ventilation) point were under the control by 10 ◦C and
25 ◦C. LED lights (model name of PGL-PFL) were purchased from
Parus Ltd. located in the city of Cheonan, Korea. For the illumi-
nation, each one of the three LED lights was used, namely, blue
(448 nm), red (634 and 661 nm)  or combination of blue and red
(=3:7). In the GC, illumination began from the 25th of September
2011 with a photoperiod of 16 h-light and 8 h-darkness, while in the
PG, daily supply of supplementary LED lights from 17:00 to 23:00
began on the 1st of November and ambient light hours from 8:00 to
17:00 during all cultivation periods. PPFD and wavelengths of LED
lights were measured with a photometer (LI-1800, LI-CoR Inc. NE,
USA) and were shown in Table 1 and Fig. 2. Ever since flowering
began, plants maintained the number of leaves to about 7 in the
GC and to about 11 in the PG for the rest of growth period. Vege-
tative growth of plants was  evaluated on 12th of December 2011
in terms of petiole number per plant, petiole length, leaflet-length
and leaflet-width.

2.2. Measurement of chlorophylls and carotenoids

For the measurement of chlorophyll and carotenoid contents,
leaves were harvested in the GC and the PG, respectively, on the
12th of December, 2011. After punching six leaf disks (1 g fresh
weight) from strawberry leaves with a cork borer, a metal tool used
for punching a hole, they were macerated in 15 mL of acetone (con-
taining 100 mg  of CaCO3) with a homogenizer (PT-3100, Kinenatica
AG, Switzerland). The homogenates were poured into a solvent-
resistant microfuge tube, and after spinning for 5 min, the resulting
supernatants were collected. The extracts were filtered, and the
absorbance was  measured at 661.6, 644.8, and 470 nm with a spec-
trophotometer (Evolution 300, Thermo Co., MA,  USA) as described
by Lichtenthaler (1987).

2.3. Preparation of fruit extracts

Fully matured fruits were harvested in the PG and the GC on the
27th of December 2011 and were provided for the analyses of sugar
content, organic acids, and phytochemicals as well as antioxidants
activities. Fifty grams of fruits were homogenized and centrifuged
at 16,000 × g for 30 min  at 4 ◦C (64R Centrifuge, Beckman Coulter
Inc., CA, USA). After filtering through Whatman No. 2 filter paper,
the supernatants were immediately frozen and stored at −70 ◦C.

2.4. Analysis of sugars and organic acids

To measure soluble sugar contents (SSC) of fruit extracts, frozen
samples were melted and filtered through 0.45 �m syringe filters.
After diluting the filtrates with water, they were analyzed with an

HPLC (YL9100, Younglin Co., Anyang, Korea) equipped with a Sugar-
Pak (4.6 mm × 250 mm,  Supelco, PA, USA) column and RI detector.
The separation was conducted at 30 ◦C with the mobile phase of
acetonitrile:water (75:25, v/v) at a flow rate of 1 mL  min−1. The
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ig. 1. Cultivation of strawberry plants with separate illumination of different LED
perated in the Busan area of South Korea. In the PG, natural sunlight was  used ins
3:00  with curtains closed overnight to keep warm inside. (1) Blue + Red LED, (2) B

dentification of sugars in the fruits was performed by compar-
ng the retention times of individual sugars in the reference vs.
ested solution. Several carbohydrates, such as fructose, glucose,
nd sucrose were quantitatively assayed. The contents of those
ompounds were calculated by comparing the peak areas obtained
n the examined samples with those from the reference solution.
Organic acids in the extracts of fruits were analyzed with an
on chromatography system (ICS 5000, Dionex, CA, USA) equipped

ith and Ion-Pac column (9 mm  × 250 mm ICE-AS6, Dionex, NY,

able 1
ED lights provided to the growth chamber or to the plastic greenhouse during cultivatio

Cultivation location LED light Duration of treatment 

d 

Growth
chamber

Blue + Red 94 

Blue  94 

Red  94 

Plastic
greenhouse

Blue  + Red 151 

Blue  151 

Red  151 

Controlz 151 

x PPFD of GC and PG was  measured at the level of plant canopy with the distance of 15
y In the plastic greenhouse, ambient light was daily illuminated from 8:00 to 17:00, fo

y  drawing curtains.
z Control represents the illumination of incandescent bulbs.
ts in a growth chamber (GC, A) and in a plastic greenhouse (PG, B) that had been
 opening curtains during daytime and LED light was provided daily from 17:00 to

D, (3) Red LED, (4) incandescent bulbs (Control of the experiment in the PG).

USA) and a suppressor (AMMS  ICE300, Dionex, NY, USA). The
mobile phase was  composed of 0.4 mM heptaflurobutyric acid
and adjusted to flow at a rate of 1 mL min−1. The anion self-
regenerating suppressor was  provided with 5.0 mN  tetrabutyl
ammonium hydroxide and 5.0 psi N2 in recycle mode to reduce
the eluent background conductivity. Oxalic, citric, and malic acid

were identified by comparing their spectra with those of standards.
The total organic acid content was calculated by combining the
respective amount of those three acids.

n of strawberry plants in South Korea.

Photoperiod (ambient + artificial light) Artificial light PPFDx

h d−1 �mol m−2 s−1

0 + 16 200 ± 1.0
0 + 16 200 ± 1.0
0 + 16 200 ± 1.0

9 + 6y 75 ± 1.0
9 + 6 75 ± 1.0
9 + 6 75 ± 1.0
9 + 6 8 ± 1.0

 cm and 30 cm respectively, from the LED light sources.
llowed by LED light illumination from 17:00 to 23:00 after blocking ambient light
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ig. 2. Spectral distribution of light in a growth chamber (GC) and in a plastic green
unny  day during the experimental period in the Busan area of South Korea. (A) Blu
n  PG at noon of a sunny day, (E) Blue + Red LED light in PG, (F) Blue LED light in PG,

.5. Analysis of phytochemicals

Anthocyanin content in the fruit extracts was  measured accord-
ng to Kim et al. (2011) using pelargonidin-3-glucoside as the
tandard. After the extracts were pretreated with methanol and 1%

ydrochloric acid, absorbance of the test solutions was measured
t 530 nm.

The content of total phenolic compounds in the fruit extracts
as determined according to Slinkard and Singleton (1977) with
 (PG). In the PG, light spectrum was  measured at full sunlight of the representative
 LED light in GC, (B) Blue LED light in GC, (C) RED LED light in GC, (D) ambient light

ed LED light in PG, (H) incandescent bulbs (Control) in PG.

reference to gallic acid equivalents as the standard. Briefly, 50%
Folin-Ciocalteu reagent and Na2CO3 (20%) were added to the
aliquots of the extracts sequentially, and the mixture was incu-
bated at 37 ◦C for 45 min. When the blue color was developed in
each tube, absorbance of the test solutions was measured at 750 nm

against the reagent used as a blank. A standard calibration plot was
generated at 750 nm using known concentrations of gallic acid.

The amounts of flavonoids were analyzed according to Bae et al.
(2009) using naringin as the standard. After incubating the fruit
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ig. 3. Daily ambient light integral measured in the plastic greenhouse during the
rea  of South Korea.

xtracts with 75% ethanol overnight, 0.1 mL  of them were combined
ith 10 mL  of diethylene glycol plus 0.1 mL  of 1 N sodium hydrox-

de. After incubating the mixture at 37 ◦C for 1 h, the absorbance
as measured at 420 nm.

.6. Determination of antioxidant activity

Antioxidant activities were assayed with a modified DPPH (2,2′-
iphenyl-1-picrylhydrazyl) method as described by Li et al. (2011)
nd with the revised ABTS [2,2′-azinobis-(3-ethylbenzothiazoline-
-sulfonic acid)] method as described by Li et al. (2011). For
he measurements of DPPH radical scavenging activities, the fruit
xtracts were reacted with the stable DPPH radical in an ethanol
olution. The reaction mixture consisted of 0.5 mL  of fruit extract,

 mL  of absolute ethanol and 0.3 mL  of 0.4 mM DPPH radical solu-
ion in ethanol. The changes in color (from deep violet to light
ellow) were read at 517 nm after 100 min  of reaction using a UV-
is spectrophotometer (Evolution 300, Thermo Co., CA, USA). The
ixture of ethanol (3.3 mL)  and fruit extract (0.5 mL)  was adopted

s the blank. The control solution for this reaction was prepared
y mixing ethanol (3.5 mL)  and DPPH radical solution (0.3 mL). The
ercentage of antioxidant activity (AA%) was determined according
o the method of Mensor et al. (2001):

A% = 100 − [(Abssample − Absblank) × 100]
Abscontrol

ABTS was obtained by reacting 7.4 mM ABTS solution with
.6 mM potassium persulfate, and the mixture was left in the dark
t room temperature for 16 h before use. The ABTS solution was
iluted with methanol to an absorbance of 1.5 ± 0.02 at 734 nm.

fter adding 0.2 mL  of the fruit extract to 4 mL  of the diluted ABTS
olution, the mixture was maintained at room temperature for
0 min. The DPPH and ABTS radical scavenging activities (SAs) of the
amples are expressed as SA % = [((Acontrol − Asample)/Acontrol)] × 100,
ation period (September 1 of 2011–March 31 of 2012) of strawberry in the Busan

where Acontrol denotes the absorbance of the blank control, and
Asample denotes the absorbance of the test sample.

2.7. Statistical analysis

The experiments were performed on the basis of randomized
block design with three replications. All experiments in GC were
carried out using a large facility composed of nine growth cham-
bers whose respective environmental factors were controlled. In
addition, for PG experiments, we used three separate plastic green-
houses, each was divided into four separate compartments (one
of them included the control). In each block of GC, the respec-
tive LED light of three different colors was  given to six individual
plants, respectively. On the other hand, in the case of the PG,
the respective LED light of three different colors as well as the
low intensity incandescent light (as control) was given to forty
individual plants, respectively. The results obtained from the two
lines of experiments were subjected to ANOVA analysis using SAS
(SAS Institute Inc., NC, USA). Values of P < 0.05 were regarded as
significant.

3. Results

3.1. Vegetative growth, amount of photosynthetic pigments and
fruit yield of strawberry plants cultivated under different LED
lights

We  first investigated the effects of different LED lights on the
vegetative growth of strawberry plants, and consequently, we
found that red LED light as well as the combination of red and blue
LED light was  effective in the production of leaf petioles compared

with blue LED light (Fig. 4A). Typically, when comparing the two
cultivation locations, the petiole formation was  demonstrated to
be much greater during growth in the PG than in the GC (Fig. 4A).
On the contrary, the petiole length and the growth of leaflets were
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Fig. 4. Effects of different LED lights on the vegetative growth of strawberry in the growth chamber (GC) and the plastic greenhouse (PG). Black bars; Blue + Red, Gray bars;
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lue,  Black virgule bars; Red, Gray virgule bars; Control stands for the incandesce
eaflets,  (D) width of leaflets. B, C, and D are given as average per plant in cm.  Vertic

ot different from one cultivation location to another (Fig. 4B–D). It
as noted that blue LED light was the most effective in increasing

he length of leaflets at both cultivation locations. In the GC, blue
ED light was the most efficient in increasing the length of peti-
le, as well as the length and the width of leaflet, while in the PG,

ombined illumination with red and blue LED light was the most
ffective in increasing the length of petioles as well as the width
f leaflets. In general, all LED lights were found to have positive
mpacts on the growth of leaves as compared to the control.

able 2
ffects of different LED light treatments on the contents of photosynthetic pigments in le

Cultivation location LED light treatment Chlorophyll a 

(g·kg−1, FW)

Growth chamber
Blue + Red 25.7ay

Blue  20.6c 

Red  24.0b 

Plastic greenhouse

Blue + Red 17.5a 

Blue  15.5b 

Red  17.7a 

Controlz 15.2b 

y Mean separation within columns by Duncan’s multiple range test at P = 0.05.
z Control is used incandescent bulbs.
bs in the PG. (A) Numbers of petiole per plant, (B) length of petiole, (C) length of
s represent standard deviations (n = 3).

We also examined the effects of different wavelengths of LED
light on the contents of photosynthetic pigments in strawberry
leaves during cultivation in two different locations. When they
were cultivated under either red LED light or a combination of blue
and red LED light, the amount of total chlorophyll displayed greater

value for both cultivation locations. Contrastingly, blue LED light in
two different locations as well as the control light condition in the
PG was  found to be less efficient in the accumulation of chlorophylls
(Table 2). When the two  cultivation locations were compared in

aves of strawberry that had been cultivated in South Korea.

Chlorophyll b Total chlorophyll Carotenoids

7.0a 32.7a 18.2a
6.9a 27.5c 18.1a
5.6b 29.6b 18.1a

5.7a 23.2a 12.0a
5.0a 20.5b 12.2a
5.5a 23.2a 12.6a
5.1a 20.3b 11.5a
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ig. 5. Fruit yield of strawberry grown under three different LED lights in the grow
eviations (n = 3).

erms of chlorophyll accumulation, the leaves of plants cultivated
n the GC stored higher amounts than those in the PG.

When we examined effects of different LED lights upon
he formation of carotenoids in plants cultivated in the two
ifferent locations, there were little differences in the amounts of
arotenoids between those plants that had been grown under dif-
erent LED lights. Nevertheless, when the carotenoid levels were
ompared between the two cultivation locations, plants grown in
he GC displayed a greater amount than those in the PG (Table 2).

In another line of study, we also investigated effects of different
ED lights on the productivity of strawberry fruits. In the GC, the
ombination of blue and red LED light yielded the highest produc-
ion of fruits when compared with the respective treatment with
ed or blue LED light (Fig. 5A). In addition, when the rate of fruit
aturation in the GC was compared, red LED light was found to

e responsible for the delayed maturation. Furthermore, in the PG,
ot only the combined blue with red LED light but also the blue one
lone yielded higher fruit production as compared with the red LED
ight (Fig. 5B). The yield of strawberry grown under red LED light

as almost comparable to that obtained from the control treatment
Fig. 5B). When the fruit production was compared between the two
ultivation locations, the PG displayed much higher production of

ruit biomass than the GC. The results might have been derived from

ore favorable light environments of the PG, where both the natu-
al sunlight and the supplemental LED lights were supplied (Fig. 5).

able 3
ffects of different LED light treatments on the contents of soluble sugars and organic aci

Cultivation location LED light treatment Fructose Glucose

(g·100 g−1, FW)  

Growth chamber
Blue + Red 3.4ay 3.4a 

Blue  3.0a 3.5a 

Red  3.1a 3.6a 

Plastic greenhouse

Blue + Red 4.1a 4.0a 

Blue  3.5b 4.0a 

Red  3.3b 2.2b 

Controlz 3.5b 2.6b 

y Mean separation within columns by Duncan’s multiple range test at P = 0.05.
z Control is used incandescent bulbs.
amber (GC, A) and the plastic greenhouse (PG, B). Vertical bars represent standard

3.2. Accumulation of soluble sugars and organic acids in the fruits
of strawberry plants grown under different LED lights

We  tried to determine which light is most important in the
production of high-quality fruit among three different LED lights.
Soluble sugars and organic acids are claimed to have a major role in
the formation of fruit flavor. We  measured the content of fructose,
glucose, and sucrose, as well as the content of organic acids such
as oxalic, citric, and malic acid in the fruits (Table 3). It was found
that there were little differences in the accumulation of fructose
and glucose between the fruits that had been grown in the GC and
the PG. Contrastingly, the contents of sucrose in the fruits of the
GC was  increased than those of the PG. Also, in the case of organic
acids, the fruits of the PG were found to have stored much higher
amounts than those of the GC.

When we measured the light quality-dependency of sugar
accumulation in the fruits that had been grown in the GC,
the contents of fructose and glucose were not much different
when compared among three different LED lights. In the case
of sucrose, nevertheless, blue LED light was less efficient in
the formation of sucrose as compared with other LED lights.
In the PG, the combination of blue and red lights was  the

most effective in the formation of fructose, whereas the red
LED light as well as the control treatment stimulated the high-
est accumulation of sucrose in the fruits. It was also noted that

ds in the fruits of strawberry that had been cultivated in South Korea.

 Sucrose Oxalic acid Citric acid Malic acid

(mg·100 g−1, FW)

4.6a 13.6a 143.8a 42.2a
3.5b 12.0a 158.7a 43.0a
4.9a 9.3a 140.9a 42.1a

1.9b 63.7a 376.0b 152.0b
1.6b 58.0a 387.0b 155.0b
2.8a 92.0a 515.0a 211.0a
2.8a 68.3a 391.0b 137.0c
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Fig. 6. Accumulation of phytochemicals in the fruits of strawberry grown under three different LED lights in the growth chamber (GC, A) and the plastic greenhouse (PG, B).
Vertical bars represent standard deviations (n = 3).
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Fig. 7. Antioxidant activities of the fruits from strawberry grown under three different LED lights in the growth chamber (GC, A) and the plastic greenhouse (PG, B). Vertical
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ed light was the least effective in the formation of glucose
Table 3).

When we examined the contents of organic acids in the fruits
hat had been grown in the GC, the three different LED lights were
ot able to produce any clear differences in the production of
rganic acids. However, when cultivated in the PG, fruits displayed
ot only a large boost of organic acid production but also exhibited
bvious differences in the accumulation of organic acids depend-
ng on the wavelength of LED lights. In particular, red light was  the

ost effective in the production of oxalic, citric, and malic acid in
he fruits (Table 3).

.3. Amounts of phytochemicals and the antioxidant activities
easured in strawberry fruits grown under different LED lights

Fig. 6 shows the contents of phytochemicals in the fruits of

trawberry plants that had been grown under different LED lights
n the two different cultivation locations. In both locations, red LED
ight was the most effective in the production of total phenolic
ompounds, whereas blue LED light as well as the combination of
blue plus red LED light was  effective in the enhancement of antho-
cyanin production. In contrary, the content of flavonoids was found
no to not be very dependent on the wavelength of LED lights used.
Interestingly, fruits grown under the control treatment showed the
highest amount of flavonoids, as compared with those exposed to
different LED lights. In general, the cultivation in the PG was  turned
out to yield a higher production of phytochemicals than in the GC.

We also examined antioxidant activities of fruits from straw-
berry plants that had been grown under different LED lights in
two different cultivation locations (Fig. 7). They were evaluated
on the basis of scavenging activities of fruit extracts against radi-
cals generated from DPPH or ABTS. When we measured the DPPH
electron donating abilities of the strawberry fruits, those grown
under red LED light displayed the highest degree of antioxidant
activity in both cultivation locations, whereas those grown under
combined blue and red displayed the lowest value. Contrastingly,

when the antioxidant activities were evaluated on the basis of ABTS
radical cation decolorization, fruits that had been cultivated under
different LED lights failed to exhibit differences in the capacity to
scavenge radicals in both cultivation locations (Fig. 7).
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chemical composition of Cucumis sativus grown under different combinations
0 H.G. Choi et al. / Scientia H

. Discussion

Strawberry plants that had been grown in the growth chamber
GC) as well as in the plastic greenhouse (PG) displayed higher veg-
tative growth of leaflet length when illuminated with blue LED
ight (Fig. 4). Wu et al. (2007) demonstrated that blue LED light was
ffective in increasing stem length or leaf area of pea seedlings,
ompared with red or combined blue with red LED light. Azad et al.
2011) also demonstrated that growth of green cayenne pepper in
he glasshouse was higher when provided with supplementary blue
ED light than with supplementary red or combined LED light. In
ontrast to our results, Folta and Childers (2008) demonstrated that
he growth of strawberry plants cultivated for 40 days in a growth
hamber was higher when illuminated with combined blue and red
ED light compared to red or blue one alone. Brown et al. (1995) and
uong et al. (2003) also reported that the growth of crops was  more

trongly influenced by a combination of LED light of blue and red
avelengths than by single-wavelength LED light. In the PG which
ad been provided with LED light in addition to ambient light of
igh intensity, growth of plants, measured as frequency of petiole
evelopment, were greatly promoted compared to GC which had
een under LED lights only. This finding suggests that ambient light
f the PG is important in the promoted development of strawberry,
hich eventually leads to enhanced growth.

When the accumulation of photosynthetic pigments was exam-
ned in the leaves of strawberry, the plants grown in the GC showed
igher levels than those grown in the PG. In particular, the plants
rown in the GC under combined blue with red LED light accumu-
ated approximately 40% higher amount of total chlorophylls than
hose grown in the PG (Table 2). In both cultivation places, blue light
llumination was  the least effective in the accumulation of chloro-
hylls and, moreover, the accumulation of carotenoids was little
ffected by different LED lights (Table 2). Blue light is essential in
he development of chloroplasts and formation of chlorophylls in
he thylakoids during the early stages of plant life (Senger, 1982)
nd furthermore, blue light responses of higher plants allow plants
o capture light energy efficiently (Kinoshita et al., 2001). Increas-
ng the proportion of blue wavelength in the combination of blue

ith red LED light was found to result in the higher accumula-
ion of chlorophylls in cucumber leaves (Hogewoning et al., 2010).
n the present study, blue LED light alone was ineffective in the
timulation of chlorophyll formation. The discrepancy might be
esulted from differences in the developmental stages of the plants
nder study as well as from different energy levels of the light
ources.

When the fruit production was compared between GC and PG,
lants of the PG showed much higher yield than those of the GC,
egardless of the LED lights provided (Fig. 5). In particular, the fruit
ield of the PG increased to the maximum level in March in which
AR intensity reached the peak (Figs. 3 and 5). When the fruit pro-
uction was compared between the different LED lights in the GC,
ixture of blue and red LED lights was the most effective in the pro-
otion of fruit yield, while in the case of the PG mixture of blue and

ed LED lights as well as single blue LED light was the most effec-
ive for the highest fruit yield. These findings are in agreement with

ėnard et al. (2006), who demonstrated that the yield of crop fruits
as improved when blue LED light was added to high pressure

odium lamps that are poor in the blue wavelength. The higher fruit
roduction observed in the PG is thought to be resulted from the
pecial light environments of the PG which had been provided with
upplemental LED lights in addition to the natural sunlight. Under
hose PG conditions, the distribution of light spectrum favored by
hotosystem I (PS I) or photosystem II (PS II) could be well balanced,

esulting in much higher photosynthetic rate of plants compared
o those in the GC that had been predominantly illuminated with
ights that activate PS II.
lturae 189 (2015) 22–31

When the formation of phytochemicals was examined in the
fruits that had been grown under different LED lights, it was  found
that red LED light was the most effective in the accumulation of
phenolic compounds in the fruits whether they were grown in the
GC or in the PG (Fig. 6). On the other hand, the combination of blue
and red LED light as well as blue LED light alone were the most
effective in the formation of anthocyanins as compared to the red
LED light or the control treatment. In the case of fruits grown in
the PG, there were little differences in the amounts of flavonoids
between the different LED light treatments.

Li and Kubota (2009) also reported that supplemental red LED
light was the most effective in raising the concentration of phenolic
compounds in baby leaf lettuce. In agreement with our observa-
tions, other researchers have demonstrated that a combination of
blue and red LED light was the most successful in raising the content
of anthocyanins in red lettuce (Stutte et al., 2009). Moreover, Meng
et al. (2004) claimed that blue light was  involved in the regulation of
anthocyanin biosynthesis by influencing the expression of chalcone
synthase and dihydroflavonol-4-reductase. Xu et al. (2014) showed
that blue light treatment improved total anthocyanin content in the
strawberry fruit during storage.

In the present study, it was noted that cultivation in the GC had
an advantage over the PG in the formation of photosynthetic pig-
ments in leaves of strawberry. On the other hand, the cultivation
in the PG was more successful in the elevation of fruit yield as well
as in the accumulation of soluble sugars and organic acids in the
fruits. We found that cultivation of strawberry in the PG was  much
more efficient, as compared to GC, in promoting the fruit yield and
in raising the fruit quality. We propose that higher performance of
the PG in the production of strawberry fruits is accomplished by
supplemental supply of LED lights of blue and red wavelength in
addition to ambient light.
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