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Abstract 
Spectral quality of radiation has a major impact on the growth, development 
and nutritional quality of crops. The effect of supplemental radiation (blue, 
red and far-red) on the growth and nutritional quality with regard to 
health-promoting phytochemical and micronutrient composition of two let-
tuce (Lactuca sativa) varieties (red leaf “New Red Fire” and green leaf “Two 
Star”) was studied. Supplemental radiation was provided by blue (450 nm), 
red (660 nm) or far-red (730 nm) LEDs against a background of white light 
(fluorescent lighting, PAR; 270 μmol/m2/s) in a growth chamber study. All 
the supplemental radiation treatments increased dry shoot biomass in both 
varieties. However, supplemental far-red radiation increased both fresh and 
dry shoot biomass in both varieties. In addition, supplemental far-red radia-
tion produced distinct morphological characteristics in lettuce plants. It pro-
duced the largest shoot biomass, bigger and taller plants, fewer leaves but 
with larger leaf area compared to the control, similar to the shade avoidance 
response. With regard to the accumulation of phytochemicals, supplemental 
blue radiation enhanced the total phenolic compound concentration in both 
varieties. In addition, supplemental blue radiation sharply increased the ac-
cumulation of several phenolic compounds in green leaf lettuce including 
chlorogenic acid, chicoric acid, rutin, kaempferol, luteolin and apigenin. For 
example, the leaf concentration of rutin in green leaf lettuce increased by 
20-fold under supplemental blue radiation. Similarly, supplemental red radia-
tion increased the concentration of many of these phenolic compounds in red 
leaf lettuce. However, supplemental far-red radiation had an inhibitory effect 
on the accumulation of chlorogenic acid, chicoric acid, rutin and kaempferol 
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in red leaf lettuce. While supplemental radiation did not affect the accumula-
tion of most of the micronutrients, it had a negative impact on the accumula-
tion of some micronutrients, the response being variety dependent. The results 
show that supplementing white light with specific spectral quality has a major 
impact on the biomass accumulation, morphology and on the accumulation of 
many health-promoting phytochemicals and micronutrients in lettuce. While it 
had a large positive effect in enhancing the accumulation of several phyto-
chemicals, it also suppressed the accumulation of some micronutrients. 
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1. Introduction 

Light plays a vital role not only in many aspects of plant growth and develop-
ment including seed germination, shoot and leaf growth, dormancy and flower-
ing but also in the primary and secondary metabolism thus affecting the nutri-
tional quality of plants [1] [2] [3] [4]. Light intensity, spectral quality and dura-
tion of exposure to light (photoperiod) play a key role in photo-responses of 
plants. Manipulation of above light factors, especially spectral quality, provides a 
potential opportunity to enhance growth, control development and improve nu-
tritional quality and aesthetic appeal of crops, which can enhance their marketa-
bility [5]-[10]. Photosynthetic function is among many factors that contribute 
directly to growth and biomass accumulation in plants, and blue and red radia-
tion of the visible spectrum play an important direct role in this as they provide 
the energy needed for carbon assimilation. In addition to this, both blue and red 
radiation also regulate many aspects of morphogenesis including shoot elonga-
tion, cell differentiation, modulating shoot growth and flower initiation and also, 
numerous biochemical and physiological processes including those involved in 
secondary metabolism [8] [11]. Thus, notably spectral characteristics of light 
have a significant impact on the nutritional quality of plants including on the 
accumulation of health-promoting phytochemicals such as phenolic compounds, 
carotenoids, glucosinolates and micronutrients [7] [12] [13] [14]. 

Increasing number of food crops, especially horticultural food crops, are now 
being produced under environmentally controlled conditions using artificial 
source of lighting especially light emitting diodes (LEDs) [8]. The emerging LED 
technology has made it possible to use narrow band of light spectra to control 
growth, flowering and nutritional quality of crops [3] [5] [6]. LEDs emitting red 
and blue radiations are commonly used to grow a number of crop plants in con-
trolled environment conditions as they provide photosynthetically active radia-
tion [15]. However, in recent years, green and far-red have also been added to 
the mix to modify plant growth and morphology in leafy vegetables [5] [16] [17]. 
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The primary photoreceptors that are responsible for morphogenic responses 
in plants that allow the plants to sense and adapt to the quality, intensity and 
duration of light are red/far-red absorbing phytochromes and blue absorbing 
phototropins and cryptochromes [18] [19]. Phytochromes are chromoproteins 
containing 2 polypeptide subunits with a covalently-bound tetrapyrrole (billin) 
chromophore sensitive to red and far-red light. There are two interconvertible 
forms of phytochromes, Pr and Pfr. Pr form absorbs red light and is converted 
into Pfr form which can be rapidly converted back to Pr form by absorbing 
far-red light. Interestingly, the absorption spectra of Pr and Pfr somewhat over-
lap and thus, there is a balance between these two forms of phytochromes. This 
helps the photoreceptor molecule to actually sense the quality of light that sur-
rounds the plants, which in turn will allow for a greater control on the physio-
logical processes and plant responses such as seed germination, photomorpho-
genesis, shade avoidance and photoperiod dependent responses [20]. The Pfr 
form of phytochrome produced in the presence of red light is considered as the 
physiologically active form, which can modulate many plant functions while 
far-red light can produce Pr form of phytochrome and has been linked to en-
hanced plant growth and shade avoidance strategies [21] [22] [23]. 

Blue light, in addition to its important role in photosynthesis, is also involved 
in morphogenic responses such as phototropism, suppression of stem elongation 
and stomatal regulation [19]. There are two types photoreceptors of blue radia-
tion namely, phototropins and cryptochromes. Phototropins are flavoproteins 
which mediate phototropic responses in plants i.e., directional movement of 
plant organs toward light, control of stomatal opening and chloroplast move-
ment. Cryptochromes are photolyase-like flavoproteins sensitive to blue light 
and are involved in photomorphogenic responses such as photoperiod con-
trolled flowering, inhibition of hypocotyl elongation, stomatal opening, root de-
velopment, apical dominance, light dependent gene expression and regulation of 
many physiological and biochemical processes [24] [25]. 

In a previous study, we found that environmental conditions have a notable 
impact on the secondary metabolism resulting in a significant accumulation 
many important health-promoting phytochemicals in lettuce [26]. High light 
intensity increased the accumulation of total phenolic compounds in the leaves 
by 3-fold compared to the control plants along with significant increases in 
chlorogenic acid, caffeic acid, chicoric acid, quercetin-3-O-glucoside and lute-
olin-7-O-glucodise. In addition, light elicits much stronger phytochemical re-
sponse in lettuce than other environmental factors such as low or high tempera-
tures. Previous studies have examined the spectral quality of light on plant 
growth and development and nutritional quality of plants including leafy vege-
tables using narrow-band LEDs. Often LEDs with different spectral outputs in 
various combinations (red, blue and green) have been used to study plant res-
ponses, an approach to identify the best combination of spectral quality that can 
produce the desired impact on plants [16]. However, this approach does not 
lend itself to discern effects of a specific spectral quality of light on plant func-
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tions. Therefore, in lieu of combination of spectral bands of radiation, in the 
current study we supplement traditional source of PAR (white light) with spe-
cific spectral quality in order to identify its impact on plant responses. The ob-
jective of this study was to examine the impact of supplementing traditional 
white light (PAR) with red, blue or far-red radiation in order to evaluate the 
growth and the nutritional quality with regard to the accumulation of 
health-promoting phytochemicals and micronutrients in red and green leaf let-
tuce varieties. 

2. Materials and Methods 
2.1. Plant Materials and Growing Conditions 

Seeds of two varieties of lettuce (Lactuca sativa), a red leaf “New Red Fire” and a 
green leaf “Two Star” were sown in a commercial soil mix (Metromix 360, Sun-
gro Horticulture, Agawam, MA) contained in seedling trays and the seedlings 
were grown for 2 weeks in a growth chamber set at 22˚C (day/night) under flu-
orescent lamp (white light) with a photon flux of 300 μmol/m2/s and a 12 h 
photoperiod. The seedlings were then transplanted into pots (12 cm × 12 cm × 
12 cm) with the same soil mix as above and were subsequently transferred to a 
large growth chamber containing 3 open-top chambers (66 cm width × 56 cm 
depth × 77 cm height), each constructed out of white reflective particle boards. 
The chambers were used for supplementing the background white light (fluo-
rescent lamps) with blue, red, or far-red radiation by using LED arrays. The 
growing conditions were 22˚C (day/night) and 60% relative humidity with a 
photon flux for the background light (PAR) of 270 μmol/m2/s and a 12 h photo-
period. The LED arrays consisted of LED bars (47 cm long) mounted vertically 
16 cm apart along the walls of the open-top chambers. Each open-top chamber 
contained blue (peak 450 nm), red (peak 660 nm) or far-red (peak 730 nm) 
LEDs (Philips GreenPower Research Module; 24 V/10 - 15 W) and each LED bar 
had a photon flux output in the range of 13 - 16 μmol/s as supplemental source 
of lighting. The supplemental photon flux output in each open-top chamber was 
in the range of 78 - 96 μmol/s. Fluorescent background lighting without the 
LEDs represented the control. 

Supplemental LED treatments were started when seedlings were 2 weeks old. 
Each LED treatment and the control had 4 replications and the experiment was 
laid out on a completely randomized design. Pots in each chamber were ran-
domly rearranged in each open-top chamber every 2 days to minimize the un-
even exposure of plants to supplemental radiation. Plants were watered every 2 
days and fertilized once a week with irrigation water (N:P:K; 20:10:20) at 200 
ppm of N. 

All the growth characteristics were measured at the time of harvest (4 weeks 
after transplanting). The fresh biomass of shoots and roots was measured and 
their dry biomass was obtained after drying them at 75˚C in an oven for 72 h. In 
addition, leaf number/plant was recorded. Leaf area was measured using a 
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LI-3100 Area Meter (LI-COR, Inc., Lincoln, Nebraska). As the lettuce varieties 
used in this study are loose leaf type, the plant height was measured from the 
base of the plant to include the longest leaf in the canopy. Photosynthetic photon 
flux density (PPFD) was measured using a quantum radiometer (LI-185B, 
LI-Cor, Inc., Lincoln, NE). The PPFD measurements were made at the canopy 
level and the mean PPFD was obtained from 9 measurements made within each 
open-top chamber. 

2.2. Chlorophyll and Carotenoid Measurements 

Four lettuce plants from each treatment were randomly selected to determine 
the chlorophyll and carotenoid concentrations in their leaves. The freeze-dried 
leaf sample (0.3 g) was extracted with 3 mL 80% acetone for 25 min in an ultra-
sonic processor (Vibra-Cell, Sonics and Materials Inc., Danbury, CT). The ab-
sorbance (A) of the extracts was read at 663 nm, 645 nm and 470 nm in a micro-
plate reader (Synergy H1, BioTek, Winooski, VT). The leaf concentrations of 
chlorophyll a (Chl a), chlorophyll b (Chl b) and carotenoids were estimated ac-
cording to the methods by Chen et al. [27] with some modifications using the 
following relationships: 

663 645Chl a 12.72A 2.59A= −  

645 663Chl b 22.88A 4.567A= −  

645 663Total Chl a b 20.3A 7.22A+ = +  

( )470Carotenoids 1000A 3.27Chl a 104Chl b 229= − −  

2.3. Total Phenolic Compounds and Antioxidant Capacity 

Total phenolic compounds were extracted according to Oh et al. [26] using the 
modified Folin-Ciocalteu reagent method [28]. Leaf sample (4 replications/ 
treatment, 0.04 g each) was used to extract in 4 mL of 80% acetone using an ul-
trasonic processor (Vibra-Cell, Sonics and Materials, Inc., Danbury, CT) for 20 
min and then 1.5 mL of the sample was transferred to a centrifuge tube and kept 
in the darkness overnight at 4˚C. The extract was than centrifuged at 1000 rpm 
for 2 min and a 50 μL of the supernatant was mixed with 135 μL of distilled wa-
ter, 750 μL diluted (1:10) Folin-Ciocalteu reagent (Sigma-Aldrich, St. Louis, MO, 
USA) and 600 μL of 7.5% (w/v) Na2CO3. The mixture was vortexed and incu-
bated in a water bath at 45˚C for 15 min and was then allowed to cool at room 
temperature. Absorbance was read at 765 nm (U-1100 Spectrophotometer, Hi-
tachi Ltd. Japan). Gallic acid standards were made from freshly prepared gallic 
acid (Acros Organics, Belgium) in 80% acetone with 3 replicates for each con-
centration. 

Total Antioxidant capacity was measured using ABTS decolorization assay as 
outlined by Miller and Rice-Evans [29] and Pennycooke et al. [30]. A 2.5 mM 
ABTS stock solution was prepared in 20 mL distilled water and the ABTS * rad-
ical cations were generated by adding 0.4 g of MnO2 as an oxidizing agent to 
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ABTS solution and stirring continuously at room temperature. Excess MnO2 was 
removed by filtering under vacuum first, and then using 0.22 μm syringe end 
filter (MilliporeSigma, Burlington, MA). Then the ABTS* solution was diluted to 
an absorbance value of 0.7 (±0.05) at 730 nm by using 5 mM PBS (phosphate 
buffer saline) at pH 7.4 and stored in water bath at 30˚C. Trolox standards were 
prepared from a stock solution of 0.5 mM trolox. One mL of ABTS* reagent was 
added to trolox standards or samples and vortexed for 10 s and followed by 1 
min of reaction time. The absorbance of the reaction mixture was measured at 
730 nm. A PBS solution was used as a blank for each assay. The antioxidant ca-
pacity of samples was estimated as the trolox equivalent. 

2.4. Individual Phenolic Compounds and Quantification 

Freeze-dried and ground leaf samples (0.15 g) were extracted overnight with 15 
mL of 70% aqueous methanol containing flavone as an internal standard on an 
orbital shaker (Benchmark, Edison, NJ). The extract was centrifuged and filtered 
3 times to remove cell debris. Aqueous methanol was added to make up the final 
volume (25 mL) and 2 μL of this was evaporated to dryness under streaming ni-
trogen gas. The residue was re-dissolved in 1 mL of 70% methanol and then fil-
tered through 0.22 μm syringe end filter (MilliporeSigma, Burlington, MA). The 
phenolic compounds were quantified using a Shimadzu HPLC system (Kyoto, 
Japan) consisting of a DGU-20A3 degasser, a LC-20AB liquid delivery pump, a 
SIL-20ACHT auto-sampler, a CTO-20AC column oven and a SPD-20A diode 
array detector. A C18 reversed phase column (250 mm L × 4.6 mm D, Waters, 
Milford, MA) was used to separate the phenolic compounds. The elution was 
conducted with a mobile phase A consisting of 5% formic acid in deionized wa-
ter and mobile phase B consisting of 5% formic acids in 95% methanol at a rate 
of 0.8 mL/min and 31˚C oven temperature. The gradient used for solvent B was 
0 - 10% for 5 min, 10% - 40% for 25 min, 40% - 70% for 10 min, and 70% for 16 
min before returning to 0%. The phenolic compounds were separated and quan-
tified using the method described by Woolley et al. [31]. The data were analyzed 
using the Shimadzu LC Solution Software (Kyoto, Japan). Concentrations of 
phenolic acids (gallic acid, chlorogenic acid, caffeic acid and chicoric acid) and 
flavonoids (luteolin, apigenin, kaempferol and rutin) were expressed as equiva-
lents of vanillic acid and quercetin, respectively. 

2.5. Micronutrient Analyses 

Leaf samples were collected at the time of harvest and were dried in an oven at 
72˚C for 72 h. The dried samples were ground in an electric grinder and the total 
carbon and nitrogen concentrations in the sample were determined using a 
LECO TrueSpec CN combustion analyzer. The concentrations of micronutrients 
including phosphorus, potassium, calcium, magnesium, sulfur, copper, iron, 
manganese and zinc were determined using an inductively coupled plasma (ICP) 
spectrometer (Model 720-ES ICP Optical Emission Spectrometer, Varian, Aus-
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tralia PTY Ltd., Australia). 

2.6. Statistical Analyses 

The mean separation of treatment effects was performed using Analysis of Va-
riance (ANOVA) (SAS 9.4, Cary, NC and XLSTAT, Addinsoft, New York, NY) 
and the treatment comparisons were conducted by using the Duncan’s multiple 
range test for growth characteristics and micronutrient composition and by Tu-
key’s test for phenolic compounds. 

3. Results and Discussion 

Red leaf (New Red Fire) and green leaf (Two Star) varieties of lettuce were 
grown in growth chambers with supplemental blue, red or far-red radiation us-
ing LEDs. Supplemental light of various spectral quality affected both shoot and 
root characteristics of both red and green leaf varieties of lettuce. However, the 
responses were variable and variety dependent. One common response of both 
varieties was that their exposure to far-red supplemental lighting significantly 
increased both fresh and dry biomass of shoots relative to control plants (W) 
that received fluorescent lighting with no supplemental lighting (Figure 1). 
However, the largest increase in shoot fresh biomass in “New Red Fire” was due 
to supplemental far-red radiation while such increase in “Two Star” was with 
supplemental red radiation compared to the control plants. These increases in 
shoot fresh biomass were over 70% in “New Red Fire” and over 56% in “Two 
Star” compared to the control plants. While shoot fresh biomass increased with  

 

 
Figure 1. Shoot fresh and dry weight in lettuce red leaf variety, “New Red Fire” (NRF), and green 
leaf variety, “Two Star” (TS), and supplemental LED radiation. Fresh weight (a) and dry weight of 
shoots (b) for NRF and fresh weight (c) and dry weight of shoots (d) for TS in response to fluores-
cent white light (W-control) and supplemental blue (WB), red (WR) and far-red (WFR) are pre-
sented. Vertical bars indicate SD and significant differences are indicated at p ≤ 0.05, p ≤ 0.01 and p 
≤ 0.001 with *, ** and ***, respectively. 
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only supplemental far-red radiation in “New Red Fire”, it increased under both 
supplemental red and far-red radiation treatments in “Two Star” relative to the 
control plants. However, all supplemental radiation treatments (blue, red and 
far-red) increased the dry biomass in both red leaf and green leaf varieties. 
Addition of red and blue radiation are expected to increase the biomass as both 
of these are directly involved in photosynthesis in converting the radiant energy 
into chemical energy to be used in fixing CO2. Addition of far-red radiation may 
also aid in enhancing photosynthesis by perhaps increasing the plant leaf area, as 
we have found in this study (Figure 2). Supplemental far-red LEDs have been 
shown to increase fresh and dry weight, stem length and leaf area in red-leaf let-
tuce relative to white light [23]. With regard to the root growth, generally, “Two 
Star” produced larger root system than did the “New Red Fire” under control 
conditions (Table 1). Supplemental red radiation produced significant increases 
in fresh and dry root biomass in both “New Red Fire” and “Two Star,” however, 
in addition to red radiation, supplemental blue radiation also enhanced fresh 
root mass in “Two Star.” The fresh root biomass was approximately 40% to 59% 
higher due to supplemental red radiation in both varieties than that in the con-
trol plants. 

While far-red light increased the shoot biomass in both varieties, it had 
distinct effect on the morphology of lettuce plants. It significantly reduced the 
number of leaves while increasing the total leaf area in both varieties (Figure 2). 
Supplemental far-red radiation increased the leaf area by more than 45% in both  

 

 
Figure 2. Growth characteristics of lettuce red leaf variety, “New Red Fire” (NRF), and 
green leaf variety, “Two Star” (TS) and supplemental LED radiation. Plant height, num-
ber of leaves/plant and leaf area in response to fluorescent white light (W-control) and 
supplemental blue (WB), red (WR) and far-red (WFR) are presented. Photograph shows 
plants subjected to various light treatments (top row “New Red Fire” and bottom row 
“Two star”). Vertical bars indicate SD and significant differences are indicated at p ≤ 0.05, 
p ≤ 0.01 and p ≤ 0.001 with *, ** and ***, respectively. 

https://doi.org/10.4236/ajps.2019.1012157


M. Lee et al. 
 

 

DOI: 10.4236/ajps.2019.1012157 2227 American Journal of Plant Sciences 
 

Table 1. Root fresh weight (FW) and dry weight (DW) in red leaf “New Red Fire” and 
green leaf “Two Star” lettuce in response to supplemental blue, red and far-red radiation. 
Supplemental radiation was provided by LEDs against a background of white light (W). 
Significant differences are indicated by letters at p < 0. 05, p ≤ 0.01 and p ≤ 0.001 with *, 
** and ***, respectively. 

 New Red Fire Two Star 

 Root Root 

 FW (g/plant) DW (g/plant) FW (g/plant) DW (g/plant) 

W 

W-Blue 

W-Red 

W-Far-red 

Significance 

9197.03b 

8324.47b 

13007.47a 

8049.63b 

*** 

677.50b 

548.47b 

1021.97a 

596.43b 

*** 

12285.60b 

18131.23a 

19590.13a 

11511.50b 

** 

1023.13b 

1568.67ab 

1912.43a 

940.87b 

* 

 
varieties. Plants were larger under supplemental far-red radiation compared to 
the control plants. Under far-red supplemental radiation, plant height increased 
by approximately by 89% in the case of “New Red Fire” and by more than 63% 
in “Two Star” (Figure 2). High proportion of far-red radiation can trigger shade 
avoidance characteristics which include larger leaf area, elongated petiole, low 
chlorophyll content and fewer leaves [16] [32]. Plants receiving far-red will have 
higher phytochrome Pr form than Pfr resulting in shade avoidance syndrome 
which is characterized by changes in the morphological characteristics. This is 
often observed in crowded canopies which are exposed to greater amount 
far-red radiation (more Pr than Pfr) than direct red radiation, thus resulting in 
shade avoidance characteristics [21]. Also, in our study, there was much reduced 
leaf coloration in “New Red Fire” under supplemental far-red radiation com-
pared to the control plants while plants under supplemental blue produced dee-
per red foliage. The reduced coloration is due to lower leaf anthocyanin content 
when plants are exposed to far-red light [5] [23] while supplemental blue radia-
tion has been known to increase the concentration of leaf anthocyanin content 
in lettuce [23]. Owens and Lopez [17] found that when red leaf varieties of let-
tuce were exposed to supplemental radiation of red, blue or a combination of 
equal ratio of red and blue for 5-7 days, there was an increase in their foliage 
color, which had a positive impact on their aesthetic appeal and marketability. 

The response of total chlorophyll and carotenoids to specific spectra of light 
varied in lettuce varieties (Figure 3). In the red leaf “New Red Fire,” supple-
mental blue and far-red exposure increased both chlorophyll and carotenoid 
concentrations in the leaves, in contrast both red and far-red exposure signifi-
cantly reduced both chlorophyll and carotenoid concentrations in the leaves of 
green leaf “Two Star.” Thus, the response of chlorophyll and carotenoid contents 
in lettuce to spectral quality of light is dependent on the variety/genotype [8]. 
However, the response of total chlorophyll concentration in both varieties to 
supplemental radiation was similar to that of chlorophyll a while there were no 
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significant changes in chlorophyll b concentrations to the supplemental radia-
tion in both varieties, suggesting that chlorophyll a is sensitive to supplemental 
radiation rather than chlorophyll b (Table 2). In a study to examine the effect of 
supplemental LEDs on red leaf lettuce, Li and Kubota [23] found that supple-
menting white light with blue radiation increased xanthophylls and β-carotene 
in the leaves but not with red light while far-red light suppressed both of these 
carotenoids. Kopsell et al. [13] found that a combination of red and blue radia-
tion from LEDs increased concentration of chlorophyll and carotenoids in the 
shoot tissue of broccoli microgreens grown under hydroponic system compared 
to the plants under conventional white light. 

The total phenolic concentration and antioxidant capacity of leaves measured  
 

 
Figure 3. Chlorophyll and carotenoid concentrations in leaves of lettuce red leaf variety, “New Red 
Fire” (NRF), and green leaf variety, “Two Star” (TS), and supplemental LED radiation. The treat-
ments included fluorescent white light (W-control) and supplemental blue (WB), red (WR) and 
far-red (WFR). Vertical bars indicate SD and significant differences are indicated at p ≤ 0.01 and p 
≤ 0.001 with ** and ***, respectively. 

 
Table 2. Chlorophyll a and chlorophyll b concentration in leaves of red leaf “New Red 
Fire” and green leaf “Two Star” lettuce in response to supplemental blue, red and far-red 
radiation. Supplemental radiation was provided by LEDs against a background of white 
light. Significant differences are indicated by letters at p ≤ 0.01 and p ≤ 0.001 with ** and 
***, respectively. NS represents no significant differences. 

 New Red Fire Two Star 

 Chl a (μg/g DW) Chl b (μg/g DW) Chl a (μg/g DW) Chl b (μg/g DW) 

W 

W-Blue 

W-Red 

W-Far-red 

Significance 

121.3b 

188.2a 

104.6b 

217.7a 

*** 

4.35 

4.16 

4.22 

4.29 

NS 

298.6a 

363.7a 

187.6b 

152.2b 

** 

4.17 

4.21 

4.24 

4.24 

NS 
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at the time of harvest (without any supplemental light treatment) were signifi-
cantly higher in red leaf “New Red Fire” compared to the green leaf “Two Star” 
(Figure 4). This finding is supported by previous studies that show red leaf let-
tuce varieties have higher concentration of many health-promoting phenolic 
compounds than do green leaf lettuce [33] [34]. In our study, supplemental blue 
radiation significantly enhanced the concentration of total phenolic content and 
antioxidant capacity in the leaves of both varieties (Figure 4). However, the in-
creases were more pronounced in green leaf “Two Star” (nearly 75% over the 
control) compared to red leaf “New Red Fire.” Similarly, studies by Stutte and 
Edney [35] on the effects of spectral quality of light on lettuce found an increase 
in antioxidant capacity by adding blue radiation to red radiation through LEDs. 

We also examined the accumulation of individual phenolic compounds in the 
leaves of lettuce varieties as affected by supplemental radiation (Figure 5). Sup-
plemental blue radiation in “Two Star” significantly increased the accumulation 
of a number of phenolic compounds including chlorogenic acid, chicoric acid, 
rutin, kaempferol, luteolin and apigenin (Figure 5 and Table 3). It should be 
noted that the supplemental blue light resulted in a strikingly large accumulation 
of some of the phenolic compounds. For example, while leaves of control plants 
of “Two Star” had very low concentration of rutin (26.82 μg/g DW), exposure of 
plants to supplemental blue radiation resulted more than 20-fold increase in its 
concentration. Similarly, the supplemental blue light increased the accumulation 
of apigenin and kaempferol in leaves by more than 4.5-fold and luteolin by ap-
proximately 2.5-fold in the leaves of “Two Star.” Furthermore, exposure of “Two  

 

 
Figure 4. Total phenolic concentration and antioxidant capacity of lettuce red leaf variety, “New 
Red Fire” (NRF), and green leaf variety, “Two Star” (TS), and supplemental LED radiation. Total 
phenolic concentration and antioxidant capacity in NRF [(a) and (b), respectively] and in TS [(c) 
and (d), respectively] are shown. The treatments included fluorescent white light (W-control) and 
supplemental blue (WB), red (WR) and far-red (WFR). Vertical bars indicate SD and significant 
differences are indicated at p ≤ 0.001 with ***. 
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Figure 5. Concentration of phenolic compounds in lettuce red leaf variety, “New Red 
Fire” [NRF-(a), (b), (c) and (d)], and green leaf variety, “Two Star” [TS-(e), (f), (g) and 
(h)], and supplemental LED radiation. The treatments included fluorescent white light 
(W-control) and supplemental blue (WB), red (WR) and far-red (WFR). Vertical bars in-
dicate SD and significant differences are indicated by letters at p ≤ 0.05. 

 
Table 3. Phytochemical concentration in leaves of red leaf “New Red Fire” and green leaf 
“Two Star” lettuce in response to supplemental blue, red and far-red radiation. Supplemen-
tal radiation was provided by LEDs against a background of white light (W). The values are 
presented with SD and significant differences are indicated by letters at p ≤ 0.05. 

  
Phytochemicals (μg/g DW) 

  
Gallic acid Caffeic acid Luteolin Apigenin 

New Red Fire 

W 85.05 ± 8.3ab 48.67 ± 2.7b 259.70 ± 11.5b - 

W-Blue 4.63 ± 0.5b 13.40 ± 9.0c 145.62 ± 14.2c - 

W-Red 101.50 ± 64.0a 218.74 ± 15.5a 405.07 ± 74.1a - 

W-Far-red 5.13 ± 1.8b 4.37 ± 1.4d 24.89 ± 6.4d - 

Two Star 

W 18.75 ± 11.1ab 100.93 ± 13.7ab 172.91 ± 14.9c 3.92 ± 0.04b 

W-Blue 27.70 ± 16.9ab 116.97 ± 45.2ab 442.28 ± 28.1b 19.47 ± 4.0a 

W-Red 6.33 ± 4.6b 59.08 ± 35.0b 228.40 ± 56.9c 1.86 ± 0.1b 

W-Far-red 54.48 ± 21.2a 178.4 ± 36.9a 686.43 ± 70.7a 17.91 ± 7.6a 
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Star” to supplemental far-red also had a positive impact in enhancing the accu-
mulation of certain phenolic compounds such as chlorogenic acid, chicoric acid, 
luteolin and apigenin. Also, it should be noted that the increase in the accumula-
tion of the many individual phenolic compounds in response to blue supple-
mental radiation in “Two Star” is consistent with its higher total phenolic con-
centration in the leaves (Figure 4). Blue light has been shown to increase quer-
cetin concentration and flavonol synthase, a key enzyme in the biosynthesis of 
quercetin in both green leaf and red leaf varieties of lettuce [36]. In addition, 
blue light was also found to increase the accumulation of phenolic acids in basil 
and flavonoids in arugula [37]. Son and Oh [15] found that increasing blue radi-
ation increased the total phenolic concentration, antioxidant capacity and total 
flavonoid concentration in both red and green leaf varieties grown under a 
combination red and blue LEDs. 

In the case of “New Red Fire,” supplemental red radiation was most effective 
in enhancing the accumulation of phenolic compounds including chlorogenic 
acid, caffeic acid, chicoric acid, rutin, kaempferol, and luteolin. Similar observa-
tions of increased concentration of total phenolic compounds and antioxidant 
capacity were made in red leaf lettuce with supplemental red radiation [38]. 
While supplemental red radiation produced positive impact on the accumula-
tion of many phenolic compounds in “New Red Fire,” supplemental far-red light 
drastically suppressed the accumulation of most of the phenolic compounds 
examined in this study. For example, the leaf concentrations of most of the phe-
nolic compounds (caffeic acid, chlorogenic acid, chicoric acid, ruitn, kaempferol 
and luteolin) in “New Red Fire” grown under supplemental far-red light were 
much lower than those in the control plants and only ranged from 8% to 25% of 
the levels found in the control plants. The results show a strong inhibitory effect 
of far-red on the accumulation of phenolic compounds in “New Red Fire” let-
tuce plants. 

Leaves from plants grown under supplemental lighting were analyzed for 
carbon, nitrogen and micronutrient composition at the time of harvest (Table 
4). Generally, accumulation of most the nutrients was not affected by supple-
mental radiation treatments in both varieties. In the case of “New Red Fire,” the 
accumulation of most of the micronutrients did not significantly vary with re-
spect to different supplemental radiation treatments except for manganese 
which accumulated in the leaves at much higher concentrations (about 1.4-fold 
higher) in plants subjected supplemental red light compared to control plants. 
Thus, in “New Red Fire,” supplemental red radiation had a positive impact not 
only on the accumulation of many phenolic compounds but also on the impor-
tant micronutrient, manganese. However in “Two Star,” all the supplemental 
light treatments had a negative impact on the accumulation of nitrogen and zinc 
compared to the control plants. In addition, carbon accumulation was also sup-
pressed by supplemental red and far-red radiation as well. It is not clear how the 
spectral quality of light may influence the accumulation of nutrients in plants.  
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Table 4. Leaf concentration of nutrients in red leaf “New Red Fire” and green leaf “Two Star” lettuce in response to supplemental 
blue, red and far-red radiation. Supplemental radiation was provided by LEDs against a background of white light (W). Significant 
differences are indicated by letters at p ≤ 0. 05, p ≤ 0.01 and p ≤ 0.001 with *, ** and ***, respectively. NS represents no significant 
differences. 

 Light source N (%) C (%) P (%) K (%) Ca (%) Mg (%) SO4-S (%) Cu (ppm) Fe (ppm) Mn (ppm) Zn (ppm) 

New Red 
Fire 

W 

W-Blue 

W-Red 

W-Far-red 

Significance 

2.718 

2.565 

2.388 

2.842 

NS 

36.42 

36.88 

36.14 

35.90 

NS 

0.559 

0.566 

0.553 

0.571 

NS 

4.87 

4.64 

4.80 

4.94 

NS 

0.794 

0.783 

0.933 

0.821 

NS 

0.316 

0.324 

0.348 

0.364 

NS 

0.204 

0.245 

0.224 

0.267 

NS 

5.10 

4.95 

5.15 

4.65 

NS 

109.58 

104.53 

165.38 

165.45 

NS 

89.78b 

96.43b 

129.08a 

80.43b 

* 

49.48 

49.65 

52.35 

43.10 

NS 

Two star 

W 

W-Blue 

W-Red 

W-Far-red 

Significance 

2.073a 

1.718b 

1.723b 

1.738b 

*** 

38.68a 

39.07a 

37.82b 

37.92b 

** 

0.398 

0.359 

0.396 

0.351 

NS 

4.02 

3.62 

3.70 

3.86 

NS 

0.925 

0.846 

0.664 

0.859 

NS 

0.255 

0.242 

0.206 

0.257 

NS 

0.196 

0.182 

0.176 

0.180 

NS 

3.78 

2.88 

3.23 

3.05 

NS 

80.60 

95.55 

77.95 

94.63 

NS 

92.58 

90.20 

77.68 

92.55 

NS 

34.73a 

26.43b 

28.83b 

23.45b 

** 

 
However, in a study on broccoli sprouts, Kopsell et al. [13] reported that the blue 
light exposure of plants increased the concentration of a number of micronu-
trients including manganese. They attributed this response to the influence of 
blue radiation on stomatal opening, membrane permeability and other mem-
brane properties that may impact transport of nutrients [8]. 

4. Summary 

In summary, supplementing spectral quality of light has a major impact on the 
growth and nutritional quality of lettuce. Supplementing blue and red radiation 
produced large increases in many health-promoting phenolic compounds in 
green leaf and red leaf lettuce varieties, respectively. In addition, supplementing 
blue, red or far-red radiation resulted in higher shoot dry matter accumulation 
in both lettuce varieties. However, supplementing far-red radiation produced 
distinct morphological changes in both varieties such as enhanced shoot growth, 
increased leaf area and plant height but with reduced leaf number, similar to the 
shade avoidance response. Furthermore, it had an inhibitory effect on the accu-
mulation of many phenolic compounds in red leaf variety, “New Red Fire”. 
While supplemental radiation did not affect the accumulation of most micronu-
trients, it suppressed the accumulation of some micronutrients in lettuce. 
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