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Abstract. The addition of green light-emitting diodes (LEDs) to a combination of red and blue LEDs, which promote photosynthesis
and growth in plants, is known to enhance plant growth in closed-type plant production systems. However, there is limited information
on the effects of supplementary green light. This study aimed to determine the effect of red (R), green (G), and blue (B) LED ratios
on the growth, photosynthetic, and antioxidant parameters in two lettuce (Lactuca sativa) cultivars, red leaf ‘Sunmang’ and green
leaf ‘Grand Rapid TBR’. The seedlings were grown for 18 days and then cultivated in growth chambers equipped with LED lighting
systems for 4 weeks. Combinations of six LED lighting sources (R:B = 9:1, 8:2, 7:3; R:G:B = 9:1:0, 8:1:1, 7:1:2) were manufactured
to emit red (655 nm), blue (456 nm), or green (518 nm) lights under photosynthetic photon flux density of 173 + 3 umol‘m'2~s'l.
Red LEDs were found to improve growth characteristics such as fresh and dry weights of shoots and roots, and leaf area in
combination with blue LEDs. The substitution of blue with green LEDs in the presence of a fixed proportion of red LEDs
enhanced the growth of lettuce. In particular, the fresh weights of red leaf lettuce shoots under R8GIB1 were about 61% higher
than those under R8B2. Furthermore, analysis of leaf morphology, transmittance, cell division rate, and leaf anatomy under
treatments with green LEDs supported the enhanced growth of the two lettuce cultivars tested. Meanwhile, growth under blue LEDs
led to the accumulation of antioxidant parameters in ‘Sunmang’. Thus, the results of this study suggest that the percentage of red,
green, and blue LEDs is an important factor for the growth, development, and biosynthesis of secondary metabolites in plants and
especially the supplemental irradiation of green LEDs based on the combination of red and blue LEDs can improve lettuce growth.
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Introduction

Among the various environmental factors that affect plant
growth and development, light is a main impetus for the
plant life cycle. It provides energy for photosynthesis and
acts as a signal that induces various physiological responses
in plants, which are affected by light intensity, light quality,
and photoperiod (Jiao et al., 2007). Plants transfer the energy
required for photosynthesis using chlorophylls that absorb
visible light. In addition, plants recognize light in the visible
spectrum as well as neighboring wavelengths through the
stimulation of photoreceptors such as phytochromes (red and
near infrared wavelengths), and cryptochromes or phototropins
(blue and ultraviolet-A wavelengths). This leads to photomor-
phogenesis, which is associated with growth and development
as a result of signal transduction (Carvalho et al., 2011). Thus,
the selection of an optimal light source is an essential task in
closed-type plant production systems, which are fully reliant
on artificial light sources since wavelength characteristics of

irradiated light influence yield and quality of crops.
Compared to conventional lighting sources such as fluor-
escent, metal halide, and high-pressure sodium lamps that
are used as the main or supplementary light source for plant
cultivation, light-emitting diodes (LEDs) have various advan-
tages. In particular, a unique advantage is the precise control
of light quality due to their narrow range of wavelengths.
Previous studies using these conventional lighting sources
were limited in their ability to control the light quality since
the light could only be controlled by films that convert or
block a broad range of wavelengths (Matsuda et al., 2008;
Ohashi-Kaneko et al., 2007). However, the development of
LEDs made it possible to develop light irradiation technology
to improve the productivity and quality of crops and to conduct
plant physiological studies that are related to light quality
(Massa et al., 2008). Finally, the application of LEDs for the
purpose of crop cultivation has been recently tested in
closed-type plant production systems (Bian et al., 2014).
Red and blue lights have an essential role in plant growth
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and development because chlorophyll a and b in leaf cells
effectively absorb both red (600-700 nm) and blue (400-500
nm) wavelengths of light (Hopkins and Huner, 2004). Red
LEDs were effective at promoting an increase in plant biomass
such as fresh and dry weights, height, and leaf area (Johkan
et al., 2010), while blue LEDs were found to simulate photo-
synthetic function and induce the formation and development
of chlorophylls, rather than having a direct effect on plant
growth (Wu et al., 2007; Wang et al., 2009; Heo et al., 2012;
Savvides et al., 2012; Son et al., 2012). Moreover, it was
reported that a combination of red and blue LEDs promoted
the photosynthetic rate compared with the effect of mono-
chromatic red or blue LEDs (Goins et al., 1997; Matsuda et
al., 2007; Samuoliené et al., 2011; Savvides et al., 2012). In
our previous study, the effects of various ratios of red and
blue light on lettuce growth were determined (Son and Oh,
2013). Based on the findings from these studies, red and
blue LEDs have often been used in closed-type plant pro-
duction systems.

Green light (500-600 nm) was considered to be an inef-
fective signal or energy source for photomorphogenesis or
photosynthesis in plants due to it having higher reflectiveness
and a lower absorption rate than red and blue light in lettuce
leaves (Johkan et al., 2012). Indeed, many previous studies
have reported that green light has negative effects on plants,
including stem elongation (Folta, 2004), decreased chlorophyll
content, inhibited stomatal opening (Son et al., 2012; Talbott
et al., 2002), and growth inhibition (Terashima et al., 2009).
However, several studies have shown positive effects of
green light. Folta (2004) reported that green light influenced
the physiological and morphological responses of plants
including photosynthesis and photomorphogenesis in addition
to red and blue lights. Moreover, it was reported that green
light with a relatively lower rate of absorption compared to
red and blue light (about 90% absorption) in the upper plant
leaf could stimulate photosynthesis in the lower canopy due
to high transmittance passing light energy (Nishio, 2000; Sun
et al., 1998; Terashima et al., 2009). Additionally, mixed red
and blue LEDs supplemented with green LEDs promoted
lettuce growth (Kim et al., 2004), and the manipulation of
wavelengths and intensity of light within the green spectrum
had positive effects on the growth and pigmentation of lettuce
(Johkan et al., 2012). However, evidence to support the role
of green light as an essential light source for plant growth
and development is not sufficient. Thus, the objective of this
study was to determine the effect of supplementary green LEDs
in combination with various proportions of red and blue LEDs
on lettuce growth and nutritional quality related to antioxidant
parameters. Our findings provide important basic information
for the design of light sources for use in a closed-type crop
production system.
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Materials and Methods

Plant growth conditions

Seeds of red leaf lettuce (Lactuca sativa L. ‘Sunmang’;
Nongwoo Bio, Suwon, Korea) and green leaf lettuce (Lactuca
sativa L. ‘Grand Rapid TBR’; Asia Seed, Seoul, Korea) were
sown in a plug tray (32 mL per cell, two seeds per cell),
containing growing medium (Myung—Moon; Dongbu Hannong,
Seoul, Korea). The seedlings were then grown in a growth
chamber (DS-96S; Dasol Scientific, Hwaseong, Korea) under
normal growing conditions [20°C, fluorescent lamps + high-
pressure sodium lamps, photosynthetic photon flux density
(PPFD) 170 + 2 pmol'm™s™, 12-h photoperiod] for 18 days.
Sixteen seedlings per treatment (one seedling per pot; 10.6 x
10.6 x 11.5 cm, L x W x H) were transferred to another
chamber (DS-50CPH; Dasol Scientific, Hwaseong, Korea)
equipped with six different LED treatments. Distilled water
(2 L) subirrigated the plug tray at intervals of 2-3 days for
18 days and nutrient solution for lettuce (N:P:K = 17.3:
4.0:8.0, pH 5.5, EC 1.16 dS'm™") was subirrigated to a tray
(45 x 45 cm) containing 16 pots once a week for the rest of
the cultivation period. All plants were grown at 20°C, PPFD
of 173+ 3 pmol'm™s™', and a 12-h photoperiod for 4 weeks.
The pots were systematically rearranged to minimize dispro-
portionate light distribution at the same time each day.

Light treatments

To evaluate the effect of substituting green LEDs for red
or blue LEDs, six lighting treatments were designed (Table 1),
which were based on the result from our previous study
related to the ratios of red to blue LEDs (Son and Oh, 2013).
The six plate-type lighting sources (48 x 48 cm, L x W) were
manufactured to emit specific light quality using red (655
nm) (Bright LED Electronics, Seoul, Korea), blue (456 nm),
and green (518 nm) (Itswell, Incheon, Korea) LEDs as follows:
R9B1 (R:G:B =9:0:1; based on chip number), R9G1 (R:G:B
=9:1:0), R8B2 (R:G:B = 8:0:2), R8GIBI1 (R:G:B = 8:1:1),
R7B3 (R:G:B = 7:0:3), and R7G1B2 (R:G:B = 7:1:2). Fluor-
escent and high-pressure sodium lamps were used as the control
lighting source. The spectral distribution of each lighting
source was measured at a height of 25 cm from the lighting
source to the bottom and at five points (center and four
edges of a tray) using a spectroradiometer (LI-1800; Li-Cor,
Lincoln, NE, USA) (Fig. 1). From the spectral data, the photon
flux and fractions in far-red (700-800 nm), red (600-700 nm),
green (500-600 nm), and blue (400-500 nm) light of each
treatment were determined from bandwidth integration (Table 1).

Growth characteristics

The fresh and dry weights of shoots and roots, total leaf
area, and specific leaf weight (SLW) were measured 4 weeks
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Table 1. Spectral data for various combinations of red (R) and blue (B), and RB with green (G) light-emitting diodes (LEDs). Data were
recorded at the plant canopy (25 cm from LED lighting sources) with a spectroradiometer. The spectral data were acquired from
five points (a center and four edges of each tray of pots) and the means are shown (n = 5)

Treatment
Parameter S "
R9B1 R9G1 R8B2 R8G1B1 R7B3 R7G1B2 Control
Photon flux (umol-m?s™)
PPFD (400-700 nm) 174 175 172 176 174 174 170
Far-red (700-800 nm) 0 0 0 0 0 0 8
Red (600-700 nm) 152 161 130 136 114 118 30
Green (500-600 nm) 0 14 0 14 0 14 85
Blue (400-500 nm) 22 0 42 26 60 42 47
Fraction (%)’
PPFD 100 100 100 100 100 100 100
Far-red 0 0 0 0 0 0 4
Red 87 91 76 77 66 68 18
Green 0 9 0 8 0 8 50
Blue 13 0 24 15 34 24 28
“Ratios of red, green, and blue LEDs based on the number of LED chips.
YFraction of far-red, red, green, and blue wavelengths in terms of photosynthetic photon flux density (PPFD).
*Control: fluorescent lamp + high-pressure sodium lamp.
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Fig. 1. Relative spectral distribution of various combinations of red (R) and blue (B), and RB with green (G) light-emitting diodes (LEDs)
used in this study. (A) red:green:blue = 9:0:1, (B) red:green:blue = 8:0:2, (C) red:green:blue = 7:0:3, (D) red:green:blue = 9:1:0, (E)

red:green:blue = 8:1:1, (F) red:green:blue = 7:1:2, (G) control

gﬂuorescent lamp + high pressure sodium lamp). Photosynthetic photon

flux density (PPFD) of all treatments was 173 + 3 pmol'm?s™ in each treatment. Spectral scans were measured at 25 cm from the
lighting sources and at five points (a center and four edges of each tray of pots).
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after the onset of LED treatment. The fresh weights of shoots
and roots were measured by an electronic scale (Si-234;
Denver Instrument, NY, USA), and were then dried at 70°C
in an oven (VS-120203; Vision Scientific, Daejeon, Korea)
for 3 days to determine the dry weight. The total leaf area
was measured using a leaf area meter (LI-3000A; Li-Cor,
Lincoln, NE, USA). The SLW was calculated by dividing
the dry weight of shoots by the leaf area.

Chlorophyll content

To analyze the chlorophyll (Chl) content of leaves, samples
were collected 4 weeks after the onset of LED treatment.
The Chl content of lettuce was determined by a modified
version of the method described by Arnon (1949). Each
sample (0.2 g) was macerated with a mortar and pestle and
extracted with 5 mL of 80% (v/v) acetone. The extract (1.5
mL) was placed in a micro-tube, centrifuged at 905 xg for 5
min, and the supernatant was then used to measure the Chl
content. The absorbance of samples was read at both 663
nm (Chl a) and 645 nm (Chl b) using a spectrophotometer
(UV-1800; Shimadzu, Kyoto, Japan). Total Chl, Chl a, and
Chl b content of lettuce leaves were calculated using the
following formula:

Total Chl content [pgmL™"] = (20.3 X Agss) + (7.22 % Ag3)
Chl a [ugmL"]=(12.72 % Ase3) — (2.58 x Agss)
Chl b [ug-mL'l] = (2288 X A645) — (550 X A663)

where Asss and Aggs is the absorbance of each sample.
The Chl content is expressed as pg Chl per 0.2 g of fresh
weight of lettuce leaves.

Photosynthetic rate and leaf transmittance

At 3 weeks after the onset of LED treatment, the photo-
synthetic rate (Pn) of the fully expanded fourth leaf from the
top was measured using a portable photosynthesis system
(LI-6400; Li-Cor, Lincoln, NE, USA). Considering diurnal
variation in the Pn, the measurement was performed from
11 am. to 1 p.m. and the flow rate, CO, levels, PPF, and
leaf temperature within a leaf cuvette was maintained at 350
pmol's'l, 400 umol-mol'l, 400 umol-m'z-s'l, and 20°C, respectively.

Leaf transmittance was measured using a portable UV/VIS
spectroradiometer (JAZ-EL200; Ocean Optics, Dunedin, FL,
USA) with a 400-um premium fiber (QP400-2-SR) and cosine
corrector diffuser (CC-3-UV-S). At 4 weeks after the onset
of LED treatment, the transmittance rate of each LED treatment
was obtained by scanning the light spectrum from 400 to 700
nm at an interval of 0.38 at 1 cm below a fully expanded leaf
that was parallel to the LED panels. The value was calculated
with spectrometer operating software (SpectraSuite; Ocean
Optics, Dunedin, FL, USA).
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Cell division analysis

About 100 mg of each sample (completely unfolded young
leaves) was collected at 4, 11, and 17 days after the onset of
LED treatment. A high resolution DNA staining kit (CyStain
UV Precise P; Partec, Miinser, Germany) was used for this
analysis, according to the manufacturer’s instructions, and
the sample was chopped with a sharp razor blade in 0.4 mL
of nuclei extraction buffer (solution A), filtered through a
30-um nylon sieve, and then 1.6 mL of staining buffer
(solution B) was added. In each sample, analyses involved a
minimum of 3,000 particles (total count) using Ploidy
Analyzer (Partec, Miinster, Germany). Data are presented as
the percentage of the total number of nuclei in G1, S, and
G2M phase.

Leaf cell density

Sampling and analysis of the epidermal cell density was
performed using the method described by Ceulemans et al.
(1995). At 3 weeks after the onset of each LED treatment,
epidermal tissue near the central vein of the leaf was
collected from fully expanded leaves that were the fourth
leaf from the bottom using colorless nail polish and adhesive
cellophane tape. Stomatal and epidermal cells were observed
by fluorescence microscopy (JSB-F40; Samwon, Goyang, Korea)
and each density (cell number per unit leaf area) was calculated
as followed:

Stomatal density = s/(e + )
Epidermal cell density = e/(e + )

where s and e are the total numbers of stomatal and
epidermal cells per unit area of leaf, respectively.

Antioxidant parameters; total phenolic concen-
tration and antioxidant capacity

The total phenolic concentration and antioxidant capacity
of lettuce was determined using the modified Folin-Ciocalteu
reagent method (Ainsworth and Gillespie, 2007) and 2,2’-
azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS)
method (Miller and Rice-Evans, 1996), respectively. About
0.2 g of each sample was collected at 4 weeks after the onset
of LED treatment and stored in a deep freezer at -70°C
(DF8524; 11-ShinBioBase, Dongducheon, Korea) until analysis.
The methods used for the extraction and analysis of total
phenolic concentration and antioxidant capacity followed
those described previously (Son and Oh, 2013). The absorbance
of samples was read at 765 nm for total phenolic concentration
and 730 nm for antioxidant capacity using a spectrophotometer
(UV-1800; Shimadzu, Kyoto, Japan). The total phenolic con-
centration and antioxidant capacity of lettuce are expressed
as mg gallic acid equivalents (GAE) per g of fresh weight
and mM trolox equivalents antioxidant capacity (TEAC) per
g of fresh weight of lettuce leaves, respectively.
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Statistical analysis

Four plants per treatment were used to measure all par-
ameters. The experiment was repeated twice to verify repro-
ducibility. Data were analyzed using the statistical analysis
system (SAS 9.2; SAS Institute, USA) program. Two-way
ANOVAs were performed using Fisher’s LSD test to assess
the interaction effects of cultivar and light source on growth
characteristics. ANOVA was performed and Duncan’s multiple
range test was used to compare the means for the other
parameters.

Results

Light spectrum

The light spectrum of each LED treatment was clearly
distinct because the blue, green, and red LEDs that were
used in this study had short wavelength ranges (= 25 nm
from the peak wavelength) (Fig. 1). Fluorescent and high
pressure sodium lamps that were used as the control treat-
ment showed a multiple light spectrum, as expected. Based
on the quantum from 400 nm to 700 nm, blue (400-500 nm),
green (500-600 nm), and red (600-700 nm) lights were measured
and the percentage of the three visible light sections was

calculated for each LED treatment (Table 1). The average
PPFD of all the LED treatments was 173 + 3 pmol'm™s™.
The difference in the PPFD of red or blue lights was between
4 and 9 pmol'm™s" compared with the two LED treatments
that had the same ratio of red and blue LEDs. The PPFD of
green light irradiated to lettuce plants was 14 pmol'-m™s™ in
all of the LED treatments containing green LEDs.

Growth characteristics

Both lettuce cultivars grown under each treatment for 4
weeks showed significant differences according to the ratios
of red, green, or blue light in terms of fresh and dry weights
of shoot and roots, leaf area, and SLW (Table 2). For the red
leaf lettuce ‘Sunmang’, the fresh and dry weights of shoots
and roots, and leaf area increased as the proportion of red
LEDs increased within the combination of red and blue
LEDs (except for treatments with green LEDs). The fresh
weight under R9B1 was about 1.8 and 1.4 times higher than
that of R7B3 and the control, respectively. In contrast, increasing
the proportion of blue LEDs had a negative effect on the
fresh and dry weights of shoots and roots, and leaf area
whereas SLW representing leaf thickness increased as the
proportion of blue LEDs increased resulting in the highest

Table 2. Growth characteristics of lettuce plants grown under various combinations of red (R) and blue (B), and RB with green (G)
light-emitting diodes (LEDs) at 4 weeks after the onset of LED treatment (n = 4)

Cultivar Light source Fresh weight (g/plant) Dry weight (g/plant) Leaf area  Specific leaf weight
Shoot Root Shoot Root (cm‘/plant) (DW-mg-cm")
R9B1 4297 @& 2.92 def 1.86 a 012b 123819 b 146 g
R9G1 4714 a 2,51 efg 1.93 a 010b  1506.16 a 1.25 h
R8B2 26.70 ¢ 194 g 1.35 ¢ 009 b  587.62 de 2.23 ab
(f:(;"gg)g R8G1B1 4301 a 3.14 cde 1.84 a 012b 113768 b 1.57 efg
R7B3 23.87 ¢ 182 g 125 ¢ 0.10 b 517.80 e 234 a
R7G1B2 3218 b 2.27 fg 1.59 b 0.11 b 713.02 d 2.16 b
Controly 3153 b 2.43 efg 1.43 be 0.11 b 925.81 ¢ 1.49 fg
R9B1 53.93 a 3.72 abcd 228 a 016 a  1430.22 ab 1.54 efg
R9G1 5018 ab  2.01g 1.81 be 011a 158791 a 1.08 h
_ R8B2 3827 bc  4.04 ab 1.67 b 0.17 a 808.88 ¢ 197 ¢
(grr:gg :22?)'0' TBR" ReG1B1 55.02 a 3.94 abc 244 a 016 a  1357.58 ab 1.73 de
R7B3 3934 bc 414 ab 1.75 be 017 a 869.53 ¢ 1.96 ¢
R7G1B2 50.34 ab  4.37 a 2.06 ab 018a 112298 bc 1.78 d
Control 35.64 ¢ 3.42 bcd 149 ¢ 0.17 a 865.14 ¢ 1.67 def
Significance”
Cultivar (C) NS
Light source (L) "
CxL NS NS * NS

“Different letters within columns indicate significant differences by Duncan’s multiple range test. Significant at p < 0.05.

YControl: fluorescent lamp + high-pressure sodium lamp.

*NS,*** ***indicates non-significant, significant at p = 0.05, 0.01 and 0.001, respectively.
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Fig. 2. Lettuce plants grown under various combinations of red (R) and blue (B), and RB with green (G) LEDs at 4 weeks after the
onset of LED treatment in both ‘Sunmang’ (A) and ‘Grand Rapid TBR’ (B). Control represents fluorescent lamp and high-pressure

sodium lamp.

value under R7B3. The replacement of some blue LEDs with
green LEDs under the same red LED ratios increased the fresh
and dry weights of shoots and roots, and leaf area (Table 2).
Shoot fresh weights of R8G1B1 and R7G1B2 were about
61% and 35% higher than those of R8B2 and R7B3, re-
spectively, which were significant. However, SLW was sig-
nificantly decreased under treatments containing green LEDs.
The replacement of red LEDs with green LEDs under about
10% blue LEDs (R9B1—R8G1B1) had no significant effect
on any growth parameters, whereas the replacement of red
LEDs with green LEDs under about 20% blue LEDs (R8B2
—R7G1B2) induced a significant increase in all growth
parameters except for SLW.

For the green leaf lettuce ‘Grand Rapid TBR’, the growth
responses were similar with the red leaf lettuce ‘Sunmang’
according to the ratio of red to blue LEDs (except for
treatments under green LEDs). The fresh weight under
RO9B1 was about 1.4 and 1.5 times higher than that under
R7B3 and the control treatment, respectively. As the level of
blue LED light increased, the SLW also increased, which
was similar to the results observed for ‘Sunmang’. The effect
of green LEDs on lettuce growth was observed in the same
way as ‘Sunmang’. Replacing blue LEDs with green LEDs
under about 80% of red LED light (R8B2—R8G1B1)
increased shoot growth parameters such as fresh and dry
weights, and leaf area, whereas the SLW was significantly
decreased. The use of green LEDs instead of blue LEDs under
about 70% of red LEDs (R7B3—R7G1B2) also appeared to
increase shoot growth, although there was no significant dif-
ference between the two treatments. However, the complete
replacement of blue LEDs by green LEDs (R9B1—R9G1)
did not affect the shoot growth and decreased SLW. The
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replacement of red LEDs by green LEDs, regardless of the
blue LED ratio, had no clear effect on lettuce growth in
‘Grand Rapid TBR’.

The light quality generated by red, green, and blue LEDs
altered leaf shape and pigment in both lettuce cultivars at 4
weeks after the onset of LED treatment (Fig. 2). Considering
the ratios of red to blue LEDs, the leaf length of ‘Sunmang’
decreased with the increasing proportion of blue LEDs. The
leaf color became reddish under the treatments with a high
proportion of blue LEDs. The addition of green LEDs, par-
ticularly in place of some of the blue LEDs, generally induced
leaf expansion. The leaf shape for the green leaf lettuce ‘Grand
Rapid TBR’ grown under treatments that did not contain blue
LEDs (R9G1) was more elongated than that grown under
other treatments, and the difference in leaf pigment was not
clearly observed.

Table 3 shows the chlorophyll content of lettuce grown
under various LED treatments for 4 weeks. The total chloro-
phyll content for ‘Sunmang’ tended to increase as the proportion
of blue LEDs in the LED treatments composed of red and
blue LEDs increased. The contents of total chlorophyll, Chl
a, and Chl b of R8B2 and R7B3 were significantly higher
than those under R9B1 and the control treatment. The re-
placement of blue LEDs with green LEDs under about 90%
or 80% red LEDs (R9B1—R9G1, R8B2—R8G1B1) led to
a significant inhibition of chlorophyll biosynthesis, whereas
below 70% red LEDs (R7B3—R7G1B2) there was no sig-
nificant difference. Under 10% or 20% blue LED light,
irradiation with green LEDs instead of red LEDs (R9B1—
R8GI1B1, R8B2—R7G1B2) did not affect the change in
chlorophyll content. The total chlorophyll content under
LED treatments with 20% more blue LEDs, such as R8B2,
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Table 3. Chlorophyll (Chl) contents of lettuce plants grown under various combinations of red (R) and blue (B), and RB with green
(G) light-emitting diodes (LEDs) at 4 weeks after the onset of LED treatment (n = 4)

Cultivar Light source {uo;arlnfp)l (pg-hrlnl?) (pZ%I?)
R9B1 87.01 b* 67.16 b 19.85 ¢
R9G1 59.85 ¢ 4557 ¢ 14.28 d
R8B2 132.10 a 102.74 a 29.37 b

‘Sunmang’ (red leaf) R8G1B1 92.93 b 7193 b 21.00 ¢
R7B3 143.84 a 108.17 a 35.67 a
R7G1B2 130.36 a 99.18 a 31.18 ab
Control” 101.48 b 80.26 b 2122 ¢
R9B1 105.91 b 8544 b 2048 b
R9G1 64.80 d 48.88 e 15.92 ¢
R8B2 84.88 ¢ 68.81 ¢ 16.07 ¢

‘Grand Rapid TBR’ (green leaf) R8G1B1 11717 a 94.16 a 23.01 a
R7B3 85.82 ¢ 69.33 ¢ 16.49 ¢
R7G1B2 90.57 ¢ 73.03 ¢ 1754 ¢
Control 66.55 d 56.02 d 10.53 d

“Different letters within columns indicate significant differences by Duncan’s multiple range test. Significant at p = 0.001.

YControl: fluorescent lamp + high-pressure sodium lamp.

R7G1B2, and R7B3 was significantly higher than that of the
plants grown under the control (fluorescent + high-pressure
sodium lamps).

In green leaf lettuce ‘Grand Rapid TBR’, the chlorophyll
content under different ratios of red to blue LEDs showed a
somewhat different trend, and a high content was observed
under treatments consisting of about 10% blue LEDs such
as R9B1 and R8GIBI. The substitution of blue LEDs by
green LEDs under about 80% red LEDs (R8B2—R8G1B1)
induced a significant increase in chlorophyll contents in
‘Grand Rapid TBR’, which was different from the results
observed with ‘Sunmang’. The total chlorophyll content for

‘Grand Rapid TBR’ under all LED treatments except for
RO9G1 without blue LEDs, was significantly higher than that
under the control.

Photosynthetic rate and leaf transmittance
Changing the ratio of red, green, and/or blue LEDs led to
a significant difference in the photosynthetic rate of two leaf
lettuce cultivars following 3 weeks of LED treatment (Fig. 3).
The photosynthetic rate per unit area in the same leaf order
and position showed an opposite tendency from the result of
growth in both cultivars: the treatment without blue light
(R9G1) led to the lowest photosynthetic rate and the treatment
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Fig. 3. Single leaf photosynthesis of both ‘Sunmang’ (A) and ‘Grand Rapid TBR’ (B) grown under various combinations of red (R) and
blue (B), and RB with green (G) light-emitting diodes (LEDs) at 3 weeks after the onset of LED treatment. The data indicate the
means + SE (n = 4). Different letters above bars indicate significant differences at p = 0.001.
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Fig. 4. Spectral distribution of light transmitted by red leaf lettuce (‘Sunmang’) grown under various combinations of red (R) and blue
(B), and RB with green (G) light-emitting diodes (LEDs) at 4 weeks after the onset of LED treatment. The transmittance was detected
by a spectroradiometer with software at each treatment. Data are the percentages of transmitted light from lettuce leaves.

with over 10% of blue LEDs led to a high photosynthetic
rate. When the proportion of red light was about 90% or
80%, the replacement of blue LEDs with green LEDs (R9B1
— R9GI, R8B2—R8GI1BI1) led to a significant reduction in
the photosynthetic rate, whereas in the case of about 70%
red LEDs (R7B3—R7G1B2), there was no significant dif-
ference, although a numerical reduction was observed in red
leaf lettuce. On the other hand, the replacement of red LEDs
with green LEDs at the same ratio of blue LEDs (R9B1—
R8G1B1, R8B2—R7G1B2) did not lead to a significant
difference in the photosynthetic rate. For green leaf lettuce,
there was no difference in the photosynthetic under the dif-
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ferent treatments, except under the treatment without blue
LEDs (R9G1).

The transmittance of two leaf lettuce cultivars, which
were grown under each LED treatment was analyzed under
each light source (Figs. 4 and 5). The quality of light pene-
trating the lettuce leaves following 4-weeks of growth under
the treatments containing green LEDs was analyzed and the
light transmittance (15-36%) within the range of green light
(500-600 nm) was higher than that of blue and red. The
transmittance each of red and blue light was 10-30% and
1-11%, respectively. In other words, the fraction of incident
light within the visible light spectrum that passed through a
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Fig. 5. Spectral distribution of light transmitted by green leaf lettuce (‘Grand Rapid TBR’) grown under various combinations of red (R)
and blue (B), and RB with green (G) light-emitting diodes (LEDs) at 4 weeks after the onset of LED treatment. The transmittance
was detected by a spectroradiometer with software at each treatment. Data are the percentages of transmitted light from lettuce leaves.

leaf was green, red, and blue in descending order. Green leaf
lettuce showed a similar tendency as red leaf lettuce. Under
treatments containing green LEDs, the green wavelength ex-
hibited a higher transmittance than blue or red wavelength.

Cell division and leaf anatomy

By analyzing the rate of cell division in red leaf lettuce,
the influence of different light sources was observed (Fig. 6).
The percentage of cells in the G2M phase under the treat-
ments containing green LEDs was increased, while treatments
without green LEDs such as R8B2 and R7B3 led to relatively
lower percentages of cells in the G2M phase following 4 days

of treatment. After 11 and 17 days of treatment, the results
seemed similar to those observed after 4 days. In the graph
showing the rate of cell division, the area indicating the
G2M phase increased under treatments that included green
LEDs (Figs. 6D and 6E). Such a trend was also observed in
green leaf lettuce (data not shown).

The effect of green light on the epidermal cell density was
also observed following 3 weeks of treatment (Fig. 7). In the
case of red leaf lettuce, the density of epidermal cells and
stomata showed an increasing tendency as blue LEDs were
replaced by green LEDs under the specific ratio of red light.
In particular, when the ratio of red light was about 80%, the
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Fig. 6. Cell division of red leaf lettuce ‘Sunmang’ grown under various combinations of red (R) and blue (B), and RB with green (G)
light-emitting diodes (LEDs). Cell division rates are shown at 4 (A), 11 (B) and 17 (C) days after the onset of LED treatment. (D-E)
The picture represents endoreduplication levels in red leaf lettuce ‘Sunmang’ grown under R9B1 (D) and R9G1 (E) LED treatments.
The data indicate the means (n = 4).
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Fig. 7. Epidermal cell density (A, C) and stomatal density (B, D) in leaves of ‘Sunmang’ (A, B) and ‘Grand Rapid TBR’ (C, D) grown
under various combinations of red (R) and blue (B), and RB with green (G) light-emitting diodes (LEDs) at 3 weeks after the onset
of LED treatment. (E-H) Epidermal and stomatal traits in ‘Sunmang’ (E, F) and ‘Grand Rapid TBR' (G, H) grown under R8B2 (E,
G) and R8G1B1 (F, H) LED treatments. The data indicate the means + SE (n = 12). Different letters above bars indicate significant
differences at p = 0.01.
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replacement of some of the blue LEDs with green LEDs
(R8B2—R8GI1B1) induced a significant increase in the
density of epidermal cells. Substitution of some of the blue
LEDs with green LEDs (R8B2—R8G1B1) also significantly
increased the stomatal density in green leaf lettuce, but the
treatment without blue LEDs showed the lowest value, which
was inconsistent with the result observed in red leaf lettuce.
This trend can be observed by microphotography (Figs. 7E-7H).

Total phenolic concentration and antioxidant
capacity

The total phenolic concentration and antioxidant capacity
of red leaf lettuce following 4 weeks of treatment increased
as the ratio of red LEDs decreased and the ratio of blue
LEDs increased (Table 4). The total phenolic concentration
and antioxidant capacity under R7B3 were significantly
higher at 53-56% and 61-67%, compared with those under
ROBI1 and the control, respectively. In terms of the effect of
substitution, replacement of blue LEDs with green LEDs led
to a decrease in total phenolic concentration and antioxidant
capacity. In particular, R9OB1—R9G1 and R7B3—R7G1B2
led to a significant decrease, whereas when the ratio of red
light was about 80%, there was a non-significant numerical
decrease. On the other hand, when the proportion of blue
light was constant, replacing red LEDs with green LEDs
(R9B1—R8GI1BI1, R8B2—R7G1B2) did not lead to a sig-
nificant change in the levels of both total phenolic concen-
tration and antioxidant capacity. Light treatments that did
not contain blue LEDs, except for R9G1, did not lead to a
significant decrease compared to the control treatment. Total
phenolic concentration and antioxidant capacity showed a
similar tendency.

Table 4. Total phenolic concentration and antioxidant capacity of
red leaf lettuce (‘Sunmang’) grown under various combinations
of red (R) and blue (B), and RB with green (G) light-emitting diodes
(LEDs) at 4 weeks after the onset of LED treatment (n = 4)

Total phenolic concentration Antioxidant caPacity

Light source (Mg GAE- g'1 FW) (mM TEAC-g" FW)

R9B1 0.53 b* 242 b
R9G1 031c 126 ¢
R8B2 0.64 b 295 b
R8G1B1 053 b 233 b
R7B3 0.83 a 3.90 a
R7G1B2 053 b 264 b
Control” 0.54 b 233 b

“Different letters within columns indicate significant differences by
Duncan’s multiple range test. Significant at p = 0.001.
YControl: fluorescent lamp + high-pressure sodium lamp.

Discussion

Growth characteristics

Out of red, green, and blue LEDs, red LEDs provide the
major source of light for the growth of two leaf lettuce
cultivars. As the ratio (or PPFD) of red LEDs increased, the
fresh and dry weights of shoots and roots, and leaf area in-
creased in both leaf lettuce cultivars. The positive effect of
red light on the growth of lettuce has been reported in
previous studies (Heo et al., 2012; Johkan et al., 2010), and
our previous studies that compared monochromatic LEDs
and the ratio of red and blue LEDs also suggested that red
light was the most effective at improving the biomass of
lettuce (Son et al., 2012; Son and Oh, 2013). Red light is
absorbed by phytochromes, which are known to have an
important role in the growth and development of plants, and
have been used as an important energy source for the devel-
opment of photosynthetic apparatus and the accumulation of
starch (Saebo et al., 1995). Red light is therefore known to
represent the effective light spectrum for promoting crop
growth (Folta and Childers, 2008). The leaf shape was
mainly influenced by the ratio of red to blue LEDs, and
increasing the ratio of blue light suppressed leaf expansion
in both cultivars (Fig. 2). This result was consistent with that
of our previous experiment, which compared the effect of
red to blue LED ratios (Son and Oh, 2013). On the other
hand, blue light had a positive influence on the increase of
SLW, which indicates leaf thickness (Table 2). This was con-
sistent with results from the previous experiment, in which
fluorescent lamps supplemented with blue light promoted
increased thickness of lettuce leaf compared to treatment
without blue light (Ohashi-Kaneko et al., 2007). Since blue
light stimulates the formation of mesophyll tissue in leaves
(Liu et al., 2014; Xiao et al., 2011), it is thought that the
increased quantum of blue light increased the thickness of
lettuce leaves in the present study. Furthermore, R8GI1BI,
RI9BI1, and R9GI1 treatments led to a significant increase in
shoot growth compared to that observed under the control
treatment in both cultivars. This suggests that a specific
combination of LEDs would be more effective in terms of
crop production compared to a conventional lighting source.

Green light had been thought to provide an ineffective
range of wavelengths for the growth and development or
photosynthesis in plants (Folta and Maruhnich, 2007). Mono-
chromatic green light (518 nm), however, was used for photo-
synthesis so that it led to an accumulation of biomass in
lettuce, although the chlorophyll content and the growth were
significantly reduced compared to those under other mono-
chromatic wavelengths such as red and blue (Son et al.,
2012). Kim et al. (2004) reported that the addition of 24%
green light to a combination of red and blue LEDs led to the
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enhancement of lettuce growth. Johkan et al. (2012) also
demonstrated that high intensity radiation at 300 pmol'm™s"
of monochromatic green light (510 nm) improved anthocyanin
biosynthesis as well as the growth and development of lettuce
suggesting the availability of green light. In this study, the
overall growth including fresh weight was improved when
some of the blue LEDs were replaced with green LEDs to
the same level as the red LEDs. In particular, shoot biomass
under the treatment R8GI1BI1 significantly increased by
about 1.6 and 1.4 times in both ‘Sunmang’ and ‘Grand Rapid
TBR’ cultivars, respectively, compared to that under R8B2.
However, complete replacement of blue light with green
light (R9B1—R9G1) had no effect on lettuce growth. This
result is consistent with that of Kim et al. (2004), who com-
pared the combination of red and blue LEDs with and those
supplemented with green LEDs. Poor lettuce growth under
the R9GI1 treatment without blue LEDs could be explained
by the fact that blue light is an absolute wavelength range
for photosynthesis along with red light, which plays an
important role in the formation of chlorophyll (Banas et al.,
2012).

Meanwhile, growth under the R9GI treatment was similar
to that under R9B1 because irradiation with green LEDs
caused pronounced leaf expansion. Thus, replacing some of
the blue LEDs with green LEDs led to expanded leaf area
and maintained leaf thickness to some extent, and could also
improve overall shoot growth and development in lettuce
plants. In contrast, when some of the red light was replaced
with green light without any change being made to the blue
light source, there was no significant increase in lettuce
growth. This is not consistent with the results of Kim et al.
(2004) who reported that the growth of lettuce was improved
following the addition of green light under the same ratio as
blue light. The proportion of green light used in this study
was 8%, whereas in their study, the light treatment that
improved the growth was composed of 24% green light.
Therefore, green light is thought to have quantitative effects
as well as qualitative effects.

Chlorophyll content

In this study, the chlorophyll content of lettuce leaves was
closely associated with the ratio of blue LEDs. In our previous
study, which examined the combined effects of red and blue
LEDs, the SPAD value, which indicates chlorophyll content,
gradually increased as the proportion of blue LEDs increased
up to about 50%, and the lowest level was recorded in the
treatment without blue LEDs (Son and Oh, 2013). In this
study, the red leaf lettuce grown under the R9G1 treatment
without blue LEDs had the lowest chlorophyll content
although there was somewhat of a difference in the green
leaf lettuce. Hogewoning et al. (2010) reported that the role
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of blue light in the biosynthesis of chlorophyll is important
for the qualitative as well as quantitative aspects. In general,
green wavelength is absorbed less efficiently than red and
blue wavelengths (Carvalho et al., 2011). However, green
light was not thought to have a negative impact on the
formation of chlorophyll compared with red because there
was no significant difference in the total chlorophyll content
when red LEDs were replaced with green LEDs at the same
level of blue LEDs (R9B1—R8GIBI1, R8B2—R7G1B2).
Kim et al. (2004) also demonstrated that supplementing
combined blue and red LEDs with green LEDs did not change
the chlorophyll content of lettuce leaves. These authors sug-
gested that an increased leaf area by green light would be
improved the chlorophyll content of the whole plant ability
to absorb light although green light reduced the formation of
chlorophyll and the carbon assimilation rate per unit area.
Consistent with this, in the present study, replacing blue
LEDs with green LEDs led to reduced chlorophyll content
per unit fresh weight, but the relatively high leaf area appeared
to be because of enhanced growth. Meanwhile, chlorophyll
content is an important factor for photosynthesis, growth,
and development of plants. In particular, chlorophyll a has a
direct impact on the activation of photosynthesis through
energy transfer, and has a much wider spectrum of activity
than chlorophyll b (Calatayud and Barreno, 2004; Sestak,
1966). The content of chlorophyll a relied largely on the pres-
ence of blue light in red leaf lettuce because it was similar to
the total chlorophyll content. Such a tendency was also seen
in green leaf lettuce. The difference in chlorophyll content
between the two cultivars was a result of the different com-
position of various pigments including anthocyanin in leaf
tissues (Calatayud and Barreno, 2004). Son and Oh (2013)
reported that the chlorophyll content and growth differed
between cultivars. In conclusion, the chlorophyll content
was mainly dependent on blue light (Banas$ et al., 2012), an
effect that may vary with cultivars.

Photosynthesis and transmittance

The increased ratio of red LEDs and the replacement of
blue LEDs with green LEDs led to improved lettuce growth,
whereas the photosynthetic rate did not support the growth
results. The increased photosynthetic rate did not have a
direct impact on growth (Kim et al., 2004), and measurement
of the limited leaf area and the usage of particular lighting
source equipped with the equipment for photosynthesis
would be considered as factors that may reduce the objectivity
of the result (Chow et al., 1990). However, when the photo-
synthetic rate per plant canopy was expressed based on the
data obtained per unit area, it showed a similar pattern to
that of the growth result (data not shown). Therefore, in an
experiment of light quality, it seems necessary to measure
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photosynthesis of the plant canopy under similar light con-
ditions to the growth environment to obtain further accurate
results. On the other hand, when the level of blue light was
the same, no reduction in photosynthetic rate was observed.
A significant reduction in photosynthesis under treatments
without blue LEDs occurred because blue light has an essential
role in photosynthesis. This can be explained by the reported
effect of blue light on stomata and CO: fixation (Hogewoning
et al., 2010).

The results of transmittance in two leaf lettuce cultivars
supported growth improvement by green LEDs (Figs. 4 and
5). When the lettuce canopy begins to form a colony and
leaves overlap, most of the blue and red light is absorbed
and used for photosynthesis on the top of the leaves (Kim et
al., 2004). However, green light is transmitted to the lower
part of the lettuce canopy and would therefore have some
positive effect on photosynthesis (Klein, 1992). Moreover,
green light has been shown to be effective at fixing CO, in
thick leaves (Sun et al., 1998). The red and blue wavelengths
of light that are absorbed by chloroplasts in thick leaf tissue
are relatively reduced compared to green light as the leaf
increases in thickness (Nishio, 2000). The difference in trans-
mittance of visible light depending on lettuce cultivar is
thought to have resulted from differences in leaf shape and
structure, and the content of pigments including chlorophylls.

Finally, given the growth stage and leaf thickness, supple-
mentary irradiation with green light in combination with red
and blue light might enhance growth by improving the
photosynthesis rate of the whole plant canopy.

Cell division and leaf anatomy

The rate of cell division was determined by endopolyploidy
analysis, which observed development of an organ and the
size of plant cells. The percentage of cells in the G2M
phase, which represents the rate of cell division, was higher
under treatments with green LEDs (R9G1, R8G1B1, R7G1B2)
than those under treatments with the same ratio of red LEDs
but in the absence of green LEDs (Fig. 6), and this was
consistent with the growth results. Thus, green light would
be increased the rate of cell division at each growth stage.
This directly involves the cell cycle, which is related to cell
expansion and size and suggests the possibility of improved
growth and development through the conversion of M, a
mitotic period (Park et al., 2010; Vazquez-Romos and de la
Paz Sanchez, 2003).

The results from the analysis of epidermal cell density
and stomatal density of leaves also support a positive effect
of green light on lettuce growth. It was thought that acti-
vation of cell division under treatments including green
LEDs increased the density of epidermal cells and that this
leads to expansion of the leaf area and improved growth and

development. Stomatal density is also thought to have a
positive impact on growth (Downton et al., 1985) since it
increased when blue LEDs were replaced with green LEDs
(R8B2—R8G1B1, R7B3—R7G1B2) in green leaf lettuce.

Total phenolic concentration and antioxidant
capacity

The difference in the expression of pigments such as
anthocyanin depending on light qualities in red leaf lettuce
is closely related to the difference in the level of secondary
metabolites produced through the phenylpropanoid biosynthetic
pathway. A considerable amount of secondary metabolites
is phenolic compounds, and in the case of lettuce, about 70%
of phenolic compounds have antioxidant properties (Llorach
et al., 2008). In this study, an increase in blue light intensity
increased the total phenolic concentration and the antioxidant
capacity of red leaf lettuce (Table 4). This was consistent
with the amount of pigment expressed in the image of
lettuce leaves (Fig. 2) and was consistent with the results of
previous studies that reported an increase in antioxidant
phenolic compounds following the addition of blue light to
red light (Johkan et al., 2010; Stutte et al., 2009). In our
previous study, blue light activated expression of the PAL
gene, which leads to the synthesis of PAL, a key factor in
the biosynthetic pathway of secondary metabolites (Son et
al., 2012). Replacing blue LEDs with green LEDs led to a
reduction in the total phenolic concentration and the anti-
oxidant capacity, while the replacement of red LEDs with
green LEDs did not have an impact on total phenolic
concentration and the antioxidant capacity. However, as we
reported in Son and Oh (2013), green leaf lettuce did not
show a clear tendency in total phenolic concentration and
antioxidant capacity according to the change of blue LED
ratio (data not shown). Most of the existing LED studies
relating to plants have focused on growth; however, this study
analyzed changes in antioxidant phenolic compounds, which
are important for determining crop quality.

Conclusion

In our study, we demonstrated that red and blue lights have
a large influence on improving biomass of lettuce and accu-
mulating secondary metabolites, respectively. In addition,
the supplementation with green LEDs was found to enhance
leaf expansion and cell division of lettuce, and subsequently
enhance growth and development under appropriate pro-
portions of red and blue LEDs. In visual aspects, the supple-
mentation with green light also reduces the burden, enabling
easy observation of the growth status of crops (Kim et al.,
2004). Thus, the results of this study suggest that the proportion
of red, green, and blue LEDs is an important factor in designing
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artificial lighting sources because of its effects on growth,
development, morphology, and secondary metabolite biosyn-
thesis, and thereby the application of cultivation techniques
by adjusting the light quality should be considered for the
production of goal-oriented crops in closed-type plant pro-
duction systems.
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