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AbstractArticle Info

Importance of the work: Pre-harvest illumination has an impact on the nutritional value of 
vegetables by improving antioxidants and regulating nitrate concentration.
Objectives: To focus on the effect of pre-harvest illumination with different spectral compositions 
and photoperiods on the nitrate content, total phenolic content (TPC) and antioxidant capacity of 
hydroponic green oak lettuce.
Materials & Methods: This experiment was arranged in a completely randomized design 
with three replications. The 10 treatments comprised no treated light (control) and pre-harvest-
treatments with different spectral compositions of blue 460 nm-to-red 630 nm-to-red 660 nm as 
BRR 1:1:1 and BRR 2:1:1, respectively, and fluorescence light (FL) for 1 d, 2 d or 3 d (1D, 2D 
or 3D, respectively).
Results: The hydroponic green oak lettuce under pre-harvest lighting of 1D-BRR 1:1:1 contained 
the significantly lowest nitrate content of 14.36 mg/g which was a 67% reduction from the 
control. The TPC was the significantly highest in 3D-BRR 2:1:1 at 78.29 µg gallic acid equivalent 
(GAE)/g dry weight (dw), which was 59% greater than for the control. The 2, 2-diphenyl-1-
picrylhydrazyl (DPPH) assay resulted in the significantly highest scavenging activities in the 
plant treated with 2D-BRR 2:1:1 (265.49 µg GAE/ g dw), which was 53% greater than the 
control. However, the results for both the TPC and DPPH were not significantly different from 
that of 1D-BRR 1:1:1.
Main finding: Among the pre-harvest illuminations treatments investigated with different 
spectral compositions, 1D-BRR 1:1:1 produced the lowest nitrate content, whereas the TPC 
and scavenging activity of hydroponic green oak lettuce were not significantly different for the 
2D-BRR 2:1:1 and 3D-BRR 2:1:1 treatments. Therefore, 1D-BRR 1:1:1 pre-harvest illumination 
can be recommended for green oak lettuce production in a hydroponic system.
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Introduction 

	 Lettuce is a well-known salad of green vegetables that 
is eaten worldwide; it has a low content of calories and zero 
fat and cholesterol, while being full of fiber and many other 
antioxidant compounds that provide several health benefits 
for human beings (Kim et al., 2016). Unfortunately, the health 
benefits of lettuce are not always accessible, especially those 
from hydroponic farming, where nitrate concentrations can 
rise to high levels (Chen et al., 2014) and may have a negative 
impact on consumers (Du et al., 2007; Hord et al., 2009). 
Daily consumption of nitrate in humans is approximately 
75–100 mg and nearly 80% of total nitrate consumption is 
from vegetables (Du et al., 2007; Hord et al., 2009; Wu et al., 
2013; Petpiamsiri et al., 2018). Nitrate itself is not harmful 
to human health but other nitrate-related compounds and 
excessive nitrate intake by humans may raise the incidence of 
bladder cancer (Abdel Mohsen et al., 1999), prostate cancer 
(Wu et al., 2013) and gastric cancer (Eroğlu et al., 1999). 
In the human body, nitrate reductase is active in saliva and 
gastric fluid, where it can convert a high nitrate concentration 
to a high nitrite concentration (Santamaria, 2006; Du et al., 
2007). Nitrite can be reacted with amino acids, amides and 
amines to form N-nitroso compounds that are well-known as 
carcinogenic and can cause a variety of cancers (Santamaria, 
2006; Du et al., 2007; Petpiamsiri et al., 2018). In vegetables 
or other plants, nitrate is a form of nitrogen that is a source of 
important nutrients for plant growth and as a key component of 
genetic material, protein and chlorophyll (Htwe and Ruangrak, 
2021). Nitrate can be taken up easily through root hair, xylem 
and mesophyll cells. The nitrate is able to pass through cell 
walls via transporters and is reduced to nitrite and ammonium. 
Subsequently, the ammonium is assimilated into glutamine 
acid and other amino acids (Stitt, 1999). The assimilation or 
decrease of nitrates is influenced by a wide range of variables. 
One key factor in reducing the nitrate content of hydroponic 
lettuce is fertilizer management (Liu et al., 2011). Wang and 
Shen (2011) recommended the proper ammonium-to-nitrate 
ratio to lower the nitrate content of lettuce. Furthermore, it has 
been observed that the use of foliar fertilizers in lettuce, such as 
the proper proportions of urea, molybdenum and benzylidene, 
is effective in lowering nitrate levels (Wojciechowska and 
Kowalska, 2011). In hydroponic floatation systems growing 
lettuce, escarole and curly endive plants, nutrient solutions 
containing Mo (0.5, 1.5 and 3.0 mol/L) considerably decreased 
the nitrate accumulation (Moncada et al., 2018). However, the 

light factor can stimulate the expression of NR-related genes 
(NR), enhance NR activity and makes accessible surfactants 
that are the main inducer of nitrate degradation (Iglesias-
Bartolome et al., 2004). In addition, increased light intensity 
significant impacts on the induction of the enzyme activity 
involved in nitrate metabolism (Demšar et al., 2004). For 
example, when the light intensity of red and blue (4:1) light 
emitting diode (LED) light increased from 60 µmol/m2/s to 
210 µmol/m2/s, there was a substantial reduction in the nitrate 
concentration in lettuce (Lactuca sativa var. butterhead) leaves 
(Fu et al., 2017). Similarly, the nitrate concentration in brassica 
microgreens reduced from 37.7% to 84.5% when the light 
intensity of mixed LEDs (455, 638, 665 and 731 nm) increased 
from 110 µmol/m2/s to 545 µmol/m2/s (Samuolienė et al., 2013). 
Pérez-López et al. (2015) reported that the nitrate concentration 
in green-leaf and red-leaf lettuce significantly decreased by 
25% and 86%, respectively, when the light intensity increased 
from 400 µmol/m2/s to 700 µmol/m2/s. Photoperiod is another 
important environmental component that controls nitrate 
assimilation. The nitrate contents in hydroponic lettuce were 
substantially lowered when continuously treated with a 
combination of red and blue (4:1) LEDs with a photosynthetic 
photon flux density of 200 µmol/m2/s for 48 hr (Zhou et al., 
2012). Similarly, a reduction in nitrate is impacted by the light 
spectral component. For example, the nitrate concentration 
in Boston lettuce (var. capitate) decreased by 29 mg/kg (dw) 
when cultivated under white light (400–700 nm) mixed with 
red (660 nm) and blue (454 nm) light, with a light intensity 
of 210 µmol/m2/s (16 hr light/8 hr dark) (Lin et al., 2013). 
Green light also had beneficial effects on nitrate reduction 
when combined with other light spectra or sunlight. For 
example, the supplementation of high-pressure sodium lamps 
(170 µmol/m2/s) with green light (30 µmol/m2/s) significantly 
reduced the nitrate content while simultaneously increasing the 
carbohydrate accumulation in lettuce cultivated in greenhouses 
(Samuoliene et al., 2012). Additionally, UV-A light (315–400 
nm) was effective in lowering the nitrate level in hydroponic 
lettuce (Chang and Chang, 2014). Furthermore, red light 
had an impact on the regulation of NR activity (Sakuraba 
and Yanagisawa, 2018). Bliznikas et al. (2012) reported that 
the nitrate content in spinach, parsley and dill reduced by 
206 mg/kg, 566 mg/kg and 1,811 mg/kg, respectively, when 
these plants were exposed to red light (638 nm) plus HLP 
and nature light with a light intensity of 300 mol/m2/s for 3 d 
prior to harvest. The blue light spectrum is another factor that 
influences nitrate reduction in plants. According to Zheng et al. 
(2018), growing pak choi (Brassica rapa) under a high light 
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intensity (150 µmol/m2/s) reduced nitrate. The appropriate 
wavelength of light indirectly promotes plants to produce 
the necessary energy for the activation of enzymes, such 
as nitrate reductase, nitrite reductase, glutamine synthetase  
and glutamine 2-oxoglutarate aminotransferase, which  
play vital roles in transforming nitrate into amino acids, 
proteins and other organic nitrogen compounds (Htwe and 
Ruangrak, 2021). Therefore, light is a key factor in promoting 
the reduction of nitrate and the subsequent assimilation  
of nitrogen in plants.
	 Phenolic compounds are secondary metabolites of plants 
that have positive health effects for humans, including anti-
inflammatory, anti-cancer, coronary heart disease and diabetes 
prevention, as well as cardiovascular protection (Chen et al., 
2018; Zhang et al., 2019). The primary dietary sources of 
phenolic compounds for humans are fruits and vegetables (Lin 
et al., 2016). Light is one of the most significant environmental 
factors controlling the biosynthesis of phenolic compounds in 
plants (Zoratti et al., 2014). Several photoreceptors, including 
phytochromes, cryptochromes, phototropins and UV response 
locus 8 (UVR8), play important functions in the regulation 
of the biosynthesis of phenolic compounds (Jiao et al., 2007; 
Rizzini et al., 2011). For example, buckwheat sprouts had 
higher phenolic compounds when exposed to white and blue 
light than to red light (Thwe et al., 2014). The TPC also 
increased in response to the green light (524 nm) (Battistoni  
et al., 2021). Furthermore, the total phenolic compounds in rice 
leaves were higher under different light spectra in the following 
order: blue > white > red > green > dark (Lakshmanan et al., 
2015).
	 Antioxidants help to increase the nutrient value in food 
and maintain human health (Chen et al. 2018). Multiple 
environmental factors, including salinity, drought, metal 
toxicity, extremely high or low temperatures, air pollutants, 
ultraviolet-B (UV-B) radiation, pesticides and pathogen 
infection, cause enhanced antioxidant capacity in plants (Xie 
et al., 2019). Light can also increase antioxidant capacity. For 
example, the antioxidant capacity increased in the presence 
of white light, blue light and UV-A when there was a higher 
phenolic content (Bendary et al., 2013). Baby spinach leaves 
(Spinacia oleracea L.) exposed to blue light (B: 468 nm) had 
phenolic contents and antioxidant capacity that were noticeably 
higher compared to leaves of plants exposed to white light 
(Battistoni et al., 2021). In addition, the largest antioxidant 
capability was reported by water convolvulus, red holy basil, 
dill and lemon basil microgreens while exposed to irradiation at 
330 mol/m2/s photosynthetic photon flux density (Harakotr et 

al., 2019). Furthermore, lettuce (Lactuca sativa L. cv. Rome), 
cherry radish (Raphanus sativas L. cv. Hongxin) and cherry 
tomato (Lycopersicon esculentum M. cv. Mosite) had higher 
antioxidant activity when exposed to high-intensity blue light 
in red/blue/green (RBG) and red/blue/white (RBW) light than 
W light (Tang et al., 2020). Similarly, common buckwheat 
sprouts treated with B light had increased antioxidant activity 
(Nam et al., 2018).
	 Pre-harvesting processes can reduce the nitrate content in 
vegetables and improve the quality of the vegetables. There 
are many advantages to pre-harvesting, such as reducing health 
risks from the accumulation of chemical residue and increasing 
essential nutrients in vegetables for human health. For example, 
substituting the fertilizer solution with tap water for different 
durations before harvesting has been reported to have a positive 
impact by accumulating soluble sugars while simultaneously 
reducing the nitrate contents in lettuce (Ruangrak et al., 2023). 
However, the chemical composition and bioactive compounds 
of tomatoes, garlic and lettuce were affected by pre-harvest 
illumination (Martins et al., 2016). According to Zukauskas 
et al. (2011), pre-harvesting using a R LED supplement on 
spinach, parsley, dill, mustard, rocket and onion leaves for 3 
d improved the antioxidant and nutritional qualities of those 
vegetables. Similarly, pre-harvesting using continuous lighting 
(R:B = 3:1) and short-term nitrogen limitation for 3 d improved 
the quantities of soluble sugar, soluble protein, anthocyanins 
and phenolic compounds and reduced the contents of nitrate 
and sesquiterpene lactones in lettuce (Yang et al., 2022). In 
addition, Zhou et al. (2012) found that after pre-harvesting 
lettuce plants with 48 hr of continuous light, the nitrate 
concentrations greatly decreased, while the contents of soluble 
sugars and vitamin C significantly increased. However, more 
research is needed to explore the pre-harvest application of 
light sources on each type of lettuce vegetable and the different 
spectral compositions of light. Therefore, the current study 
focused on the effect of pre-harvest illumination of different 
spectral compositions of light and their duration of exposure on 
the nitrate content, TPC and antioxidant capacity in hydroponic 
green oak lettuce.

Materials and Methods

Plant materials and cultivation conditions

	 Green oak lettuce (Lactuca sativa L.) seeds were planted 
in a covered box and allowed to germinate on a wet paper 
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towel for 3 d (Fig. 1A). Then, the seedlings were transplanted 
into a polyfoam cube (2.5 cm × 2.5 cm × 3.0 cm), as shown 
in Fig. 1B and placed for 15 d in a hydroponic dynamic root 
floating technique system under a 50% aluminum net shade 
with a plastic tunnel (Figs. 1C–1E). Then, the seedlings were 
transplanted into a hydroponic system using the nutrient 
film technique (NFT) for 28 d under a 50% aluminum net 
shade (Figs. 1F and 1G). The nutrient solution was applied 
(electrical conductivity = 1.5–2.0 mS/cm, pH = 5.5–6.5) as 
mentioned in Table 1 (Sirinupong, 2017).

Light conditions and treatments

	 To investigate light quality effects on the nitrate content, 
TPC and antioxidant capacity in hydroponic green oak 
lettuce, plants aged 6 wk were grown using NFT hydroponics  
under a 50% aluminum net shade (Fig. 1G) and placed  
in a chamber with different light spectral compositions  
(Fig. 1H). The chamber had three shelves (each 240 cm length ×  

40 cm width × 170 height cm), each with three cells (80 cm 
length × 40 cm width × 30 cm height). More details can be 
found in Etae et al. (2020). This chamber was set up with three 
different spectral compositions of light: 1) combined B and R 
LED light using at 1:1:1 of blue 460 nm-to-red 630 nm-red 660 
nm light (BRR 1:1:1 LED); 2) combined B and R LED light at 
2:1:1 of blue 460 nm-red 630 nm-red 660 nm light (BRR 2:1:1 
LED); and 3) fluorescence light (FL) with a spectral wavelength 
of 400–700 nm. To avoid light contamination, non-reflective 
whiteboards were placed between neighboring treatments. 
This experiment was arranged in a completely randomized 
design with three replications. The 10 treatments comprised: 
1) no treated light (control); 2) 1 d of light exposure with BRR 
2:1:1 (1D-BRR 2:1:1); 3) 1 d of light exposure with BRR 1:1:1 
(1D-BRR 1:1:1); 4) 1 d of light exposure with FL (D-FL); 5) 
2 d of light exposure with BRR 2:1:1 (2D-BRR 2:1:1); 6) 2 
d of light exposure with BRR 1:1:1 (2D-BRR 1:1:1); 7) 2 d 
of light exposure with FL (2D-FL); 8) 3 d of light exposure 
with BRR 2:1:1 (3D-BRR 2:1:1); 9) 3 d of light exposure with 

Table 1	 Ingredient of stock A and B nutrient solutions
Fertilizer Elemental nutrient

(%)
Amount

(g/10 L of water)
Solution A
	 Magnesium sulphate (MgSO4·7H2O) Mg (9.35), S (13) 500
	 Potassium nitrate (KNO3) K (38.2), N (13) 780
	 Mono ammonium phosphate (NH4H2PO4) P (26.18), N (12) 130
	 Mono potassium phosphate (KH2PO4) P (22.69), K (28.23) 100
	 Manganese EDTA (MnEDTA) Mn (13) 8
	 Micro element (Boron EDTA, MnEDTA, MgO, CuEDTA, 	
	 MoEDTA and FeEDTA)

B (2), Mn (2), Mg (4.5), Cu (1.9), Mo (0.023), Fe (1.8) 10

Solution B
	 Calcium nitrate (Ca(NO3)2·4H2O) Ca (18.8), N (15.5) 1000
	 Iron chelate (FeEDTA) Fe (13.2) 10

EDTA = ethylenediaminetetraacetic acid

Fig. 1	 Germination to pre-harvesting stages of hydroponic green oak lettuce plant: (A) tissue paper germination in covered box; (B) transplanting to 
polyfoam cube; (C, D, E) seedlings growing using dynamic root floating technique; (F, G) plants after transplanting into nutrient film technique; (H) plants 
in chamber for pre-harvesting with different light spectral compositions
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BRR 1:1:1 (3D-BRR 1:1:1); and 10) 3 d of light exposure 
with FL (3D-FL). For all treatments, the photoperiod was set 
at 12 hr light/12 hr dark, the temperature was maintained in 
the range 28–30°C, and the relative humidity was maintained 
in the range 75–85%. Nutrient solutions were substituted with 
drinking water during the 3 d of the pre-harvest illumination 
treatments to minimize the nutrient effect on plant growth. 
The experiment was carried out at the Laboratory of Urban 
Agriculture Technology, Division of Agricultural Technology, 
Department of Agricultural and Fishery Science, Faculty of 
Science and Technology, Prince of Songkla University, Pattani 
campus, Thailand.

Light quality of the three different spectral compositions

	 The light parameters of the three different spectral 
compositions of light—photosynthetically active radiation 
(PAR), photosynthetic photon flux density (PPFD), yield 
photon flux density (YPFD) and the intensities of ultra violet 
(UV) B, G, R and far-red light were measured using a plant 
light spectrum analyzer (OHSP-350P; Hangzhou HOPOO 
Optical Color Technology Co., Ltd; China).

Determination of nitrate content

	 The nitrate content was determined using the method 
described by Lastra (2003). One fresh lettuce leaves (one 
selected from each of 11 uniform plants) were washed three 
times in distilled water after being washed with running tap 
water. These leaves were oven-dried at 65°C for 24 hr, ground 
and blended until all samples passed through a 40-mesh sieve. 
Then, 0.1 g of ground tissue samples was suspended in 10 mL 
of distilled water, kept at 45°C for 1 hr and filtered through No. 
40 Whatman paper. In a freshly made concentrated sulfuric acid 
(H2SO4) solution, 0.1 mL of the extraction solution was added 
to a 50 mL tube along with 0.4 mL of 5% (weight per volume, 
w/v) salicylic acid (Ajax Finechem; Australia). After 20 min at 
room temperature, 9.5 mL of 2M sodium hydroxide (NaOH) 
solution was slowly added to raise the pH. The extracted 
samples were immediately determined using a spectrometer 
(Libra S12; Biochrom; UK) at an absorbance of 412 nm.

Determination of total phenolic content

	 The TPC was determined following the method mentioned 
in Sulaiman et al. (2011). Briefly, 5 g of ground tissue sample 
were suspended in 10 mL of 70% (volume per volume, v/v) 

ethanol, shaken for 1 hr, filtered and then kept at 20°C in the 
dark before use. Folin-Ciocalteu’s reagent (25 mL) was added 
to 50 ml of extract (500 mg/mL), allowed to stand for 6 min 
at room temperature and then added with 500 ml of 7% (w/v) 
sodium carbonate. After incubation at room temperature for 20 
min, the TPC was measured using a spectrophotometer (Libra 
S12; Biochrom; UK) at 760 nm.

Determinations of antioxidant capacity

	 The 2, 2-diphenyl-1-picrylhydrazyl (DPPH) free radical 
scavenging assay described by Sulaiman et al. (2011) was 
used to determine the free radical scavenging activity of the 
plant samples. A stock radical solution of DPPH (Merck; USA) 
was prepared by dissolving 0.02 mM DPPH in methanol. The 
reaction mixtures were kept at room temperature for 12 hr in 
the dark before use. The extracted sample (450 µL) suspended 
in 70 % (v/v) ethanol was added to 900 µL of methanolic 
DPPH for the DPPH assay. Before measuring, the mixture 
was blended well and kept in the dark at room temperature 
for 30 min. Then, the absorbance of the reaction mixture was 
measured for DPPH using a spectrophotometer (Libra S12; 
Biochrom; UK) at 515 nm. 

Statistical analysis

	 Data analysis was performed using a one-way analysis of 
variance. The Excel software (version 7.0; Microsoft Corp.; 
USA) was used for data processing. The means were tested 
based on the least significant difference at a confidence level of 
95%.

Results

Light quality of three different spectral compositions

	 The light parameters of the BRR 1:1:1-treatment, consisting 
of PAR, PPFD, YPFD and the intensities of UV, B, G, R and far-
red lights, had significantly higher intensities than BRR 2:1:1 
and FL; however, parameters of UV and G light for the BRR 
1:1:1-treatment were not significantly different from the FL 
treatment (Table 2). These different light parameters affected 
the quality of hydroponic green oak lettuce. The results showed 
that the PAR value of BRR 1:1:1 was the highest (42.87 ± 2.39 
mW/cm2), followed by BRR 2:1:1 (5.60 ± 0.24 mW/cm2) and 
FL (1.26 ± 0.27 mW/cm2), as shown in Table 2. 
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Table 2	 Light quality parameters in three different spectral compositions (blue 460 nm-to-red 630 nm-red 660 nm light (BRR 2:1:1 and BRR 1:1:1) and 
FL), photosynthetically active radiation (PAR), photosynthetic photon flux density (PPFD), PPFD-UV (ultraviolet), PPFD-B (blue), PPFD-G (green), 
PPFD-R (red), PPFD-FR (far-red) and yield photon flux density (YPFD)

Light parameter BRR 2:1:1 BRR 1:1:1 FL
PAR (mW/cm2) 5.60±0.24b 42.87±2.39a 1.26±0.27c

PPFD (µmol/m2/s) 256.32±11.56b 2005.05±53.62a 51.64±11.20c

UV (µmol/m2/s) 0.35±0.08b 1.93±0.30a 1.78±0.43a

Blue (µmol/m2/s) 105.64± 7.49b 748.60±159.40a 17.14±3.78b

Green (µmol/m2/s) 3.27±0.22b 22.44±4.16a 23.89±5.17a

Red(µmol/m2/s) 147.41±11.30b 1234.01±149.61a 10.60±2.28c

Far Red (µmol/m2/s) 2.36±0.44b 15.97±1.95a 2.56±0.43b

YPFD (µmol/m2/s) 219.71±10.49b 1712.69±31.43a 44.45±9.65c

Mean ± SD (n = 3) in each row superscripted with different lowercase letters are significantly (p < 0.05) different. 

Pre-harvest illumination effect on nitrate content in hydroponic 
green oak lettuce

	 The spectral compositions of light have been identified as  
one of the major factors that influence the major nitrogen content  
in vegetables (Nájera and Urrestarazu, 2019). The current study 
compared the nitrate contents in hydroponic green oak lettuce 
following pre-harvest illumination using different spectral 
compositions of light (BRR 2:1:1, BRR 1:1:1 and FL) in 
combination with 1 d, 2 d or 3 d of light exposure and a control with  
no treated light. According to the findings, the nitrate contents of 
the hydroponic green oak lettuce under the 2D-FL and 3D-FL 
treatments (34.77 mg/g and 37.17 mg/g, respectively) did not differ 
significantly from the control treatment, while the other treatments 
did. The hydroponic green oak lettuce under 1D-BRR 1:1:1 had the 
lowest nitrate content (14.36 mg/g) but this was not significantly 
different from 1D-BRR 2:1:1 (29.07 mg/g), 1D-FL (18.85 mg/g), 
2D-BRR 2:1:1 (14.84 mg/g), 2D-BRR 1:1:1 (17.93 mg/g), 
3D-BRR 2:1:1 (24.96 mg/g) and 3D-BRR 1:1:1 (19.16 mg/g). 

Pre-harvest illumination effect on total phenolic content of 
hydroponic green oak lettuce

	 Vegetables contain various kinds of antioxidants that help 
protect the human body from disease and oxidative damage 
when consumed regularly (Wootton-Beard et al., 2011). 
The TPC is an indicator of the number of polyphenols in 
vegetables that have antioxidant properties that can help to 
protect the human body against chronic diseases. The current 
study measured the TPC in hydroponic green oak lettuce 
pre-harvested under different spectral compositions of light 
treatments for 1 d, 2 d or 3 d (Fig. 3). The results showed that 
the TPC in hydroponic green oak lettuce was significantly 
affected in different ways by the varying treatments. The TPC 
was in the range 45.53–78.28 µg GAE/g dw and increased by 
59% compared to the control treatment (49.24 µg GAE/ g dw). 
However, the TPC content in the 3D-BRR 2:1:1 treatment did 
not differ significantly from the treatments of 1D-BRR 1:1:1, 
2D-BRR 2:1:1, 3D-BRR 1:1:1 and 3D-FL (Fig. 3).
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Fig. 2	 Nitrate content in green oak lettuce leaves under non-treated light (control) and LED lighting at different ratios of blue 460 nm-to-red 630 nm-red 
660 nm light (BRR 1:1:1) for 1 d, 2 d or 3 d (1D, 2D, 3D, respectively) = 1D-BRR 2:1:1, 2D-BRR 2:1:1, 3D-BRR 2:1:1, 1D-BRR 1:1:1, 2D-BRR 1:1:1, 
3D-BRR 1:1:1 and fluorescent light (FL) for 1D-FL, 2D-FL and 3D-FL, where error bars show ± SD of three replications; Different lowercase letters 
above bars indicate significant (p < 0.05) difference.
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Fig. 4	 Antioxidant activities of green oak lettuce leaves for 2,2-diphenyl-1-picrylhydrazyl (DDPH) under non-treated light (control) and LED lighting 
at different ratios of blue 460 nm-to-red 630 nm-red 660 nm light (BRR 1:1:1) for 1 d, 2 d or 3 d (1D, 2D, 3D, respectively) = 1D-BRR 2:1:1, 2D-BRR 
2:1:1, 3D-BRR 2:1:1, 1D-BRR 1:1:1, 2D-BRR 1:1:1, 3D-BRR 1:1:1 and fluorescent light (FL) for 1D-FL, 2D-FL and 3D-FL, where GAE = gallic acid 
equivalent; error bars show ± SD of three replications; Different lowercase letters above bars indicate significant (p < 0.05) difference.
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Fig. 3	 Total phenolic content in green oak lettuce leaves under non-treated light under non-treated light (control) and LED lighting at different ratios of 
blue 460 nm-to-red 630 nm-red 660 nm light (BRR 1:1:1) for 1 d, 2 d or 3 d (1D, 2D, 3D, respectively) = 1D-BRR 2:1:1, 2D-BRR 2:1:1, 3D-BRR 2:1:1, 
1D-BRR 1:1:1, 2D-BRR 1:1:1, 3D-BRR 1:1:1 and fluorescent light (FL) for 1D-FL, 2D-FL and 3D-FL, where GAE = gallic acid equivalent; error bars 
show ± SD of three replications; Different lowercase letters above bars indicate significant (p < 0.05) difference.

Pre-harvest illumination effect on antioxidant activities of 
hydroponic green oak lettuce

	 The scavenging activities were measured based on the 
total antioxidant capacity (DPPH) in green oak lettuce using 
assays and electron transfer according to Huang et al. (2005). 
There were significantly different results in the free radical 
scavenging activities, with a range of 173.69–265.49 µg 
GAE/g dw, representing an increase by 23–53% compared 
to the control (Fig. 4A). The hydroponic green oak lettuce in  
the pre-harvest treatment under 2D-BRR 2:1:1 had the  

highest free radical scavenging activity based on DPPH  
assay (265.49 g GAE/g dw), followed by 3D-BRR 2:1:1 
(252.59 µg GAE/g dw), 1D-BRR 1:1:1 (247.10 µg GAE/g 
dw), 1D-FL (246.68 µg GAE/ g dw), 2D-FL (231.86 µg 
GAE/g dw), 3D-FL (231.15 µg GAE/ g dw), 3D-BRR 1:1:1 
(222.44 µg GAE/ g dw), 1D-BRR 1:1:1 (217.83 µg GAE/ 
g dw), 1D-BRR 2:1:1 (212.93 µg GAE/ g dw) and the control 
treatment (173.96 µg GAE/ g dw), respectively. However,  
there was no significant difference among the treatments  
of 2D-BRR 2:1:1, 1D-FL, 2D-BRR 1:1:1, 2D-FL, 3D-BRR 
2:1:1 and 3D-FL (Fig. 4A).
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Discussion

	 The results of the nitrate concentration were compatible 
with the light quality of the three different spectral compositions 
(Fig. 2). PAR (400–700 nm) is important for the photosynthesis 
process as a high PAR value indicates high energy from the 
photosynthesis process. Therefore, pre-harvest illumination 
with BRR 1:1:1 produced a higher energy, because it provided 
higher PAR value than BRR 2:1:1 and FL. This energy 
activates the enzymes nitrate reductase, nitrite reductase, GS 
and GOGS to reduce nitrate to nitrite, ammonium, glutamate 
and glutamine, respectively. Far-red radiation (FR, 700–800 
nm) plays an important role in promoting the mechanism 
of radiation capture and regulating morphological and 
developmental plants, especially their survival under shade 
(Park and Runkle, 2017). B light (400–500 nm) is vital for  
plant photosynthesis at high capacity because it is highly 
captured by chlorophyll a and b (Lanoue et al., 2019). G light 
(500–600 nm) activates a shade avoidance syndrome that is 
similar to far-red light (Zhang et al., 2022). R light (600–700 
nm) has great potential for use as a light source to drive 
photosynthesis (Liu and van Iersel, 2021).
	 The effects of pre-harvest illumination on the nitrate 
content in hydroponic green oak lettuce in the current study 
were similar to the report of Ohashi et al. (2007), which showed 
a notable decrease in the nitrate content under combined R  
and B LED light compared to under FL. Similarly, in the 
Spanish plant, it was reported that a mixture of R and B LED 
light was more effective in the reduction of the nitrate content 
than white or yellow light (Qi et al., 2007). Furthermore, the 
nitrate content in hydroponic green oak lettuce pre-harvest 
illumination under 1D-BRR 1:1:1 was the lowest but not 
significantly different from that treated with 2 d and 3 d of 
illumination, indicating that 1 d of illumination is sufficient 
(Fig. 2). The comparison of BRR 1:1:1 and BRR 2:1:1 showed 
that the double amount of B light of the former might have 
been responsible for the increase in the nitrate content, because 
nitrate reduction had been observed under R light in radish 
plants, with the R light activating a higher capacity of the 
nitrate reductase enzyme than the B light (Maevskaya and 
Bukhov, 2005). In addition, modification of the R and B light 
ratio affected nitrate levels in plants as shown by the lowest 
nitrate content being observed in the treatment with an R-to-B 
ratio of 4:1 (Wanlai et al., 2013). It could be possible that the 
LED treatment increased the products from photosynthesis 
(adenosine triphosphate and nicotinamide adenine dinucleotide 

phosphate hydrogen), which play a vital role in enzyme 
regulation and nitrate reduction in leaves (Huner et al., 1998; 
Velez-Ramirez et al., 2011). It was also reported that the 
assimilation rate of nitrate was substantially enhanced under 
light, leading to a decrease in plant nitrate accumulation (Scaife 
and Schloemer, 1994).
	 An increased phenolic content promotes health benefits by 
producing antioxidant activity to prevent cell aging and various 
diseases (Matsumura et al., 2023). Plants produce phenolic 
compounds as secondary metabolites; these substances can 
be divided into a variety of major subclasses, including 
phenolic acids, phenylpropanoids, flavonols, flavanones, 
flavones and isoflavones (Ross and Kasum, 2002). Along 
with assisting in plant growth and development, they play  
a role in how plants interact with the environment (Pourcel  
et al., 2007; Nakabayashi and Saito, 2015). Light is one of  
the most important environmental factors. It is known 
that several photoreceptors, including phytochromes, 
cryptochromes, phototropins and UV response locus 8, 
sense light signals that control the biosynthesis of phenolic 
compounds in plants (Jiao et al., 2007; Rizzini et al., 2011; 
Nakabayashi et al., 2015). For example, buckwheat sprouts 
were reported to contain more phenolic compounds when 
exposed to W and B light compared to R light (Thwe et al., 
2014). Furthermore, Lobiuc et al. (2017) and Samuolienė et al. 
(2012) found that R light or a combination of R and B ratios 
enhanced the TPC in young seedlings of lettuce and basil 
plants. In addition, the total phenolic compounds in rice leaves 
subjected to various light treatments were in the following 
order: B > W > R > G > darkness (Lakshmanan et al., 2015). 
For hydroponic green oak lettuce, the current results showed 
that all pre-harvest illumination treatments, except 1D-BRR 
2:1:1, were more effective at increasing the TPC than the 
control treatment. It was reported that pre-harvest illumination 
with continuous light exposure effectively increased the 
phytochemical contents in lettuce plants (Bian et al., 2015). 
Furthermore, continuous lighting could lead to greater use of 
absorbed energy for generating more reactive oxygen species 
(ROS), which induces the production of TPC in plants (Huner 
et al., 1998; Cakmak and Kirkby, 2008).
	 Dietary antioxidants, such as phenolic compounds, are 
extremely beneficial for boosting food value and preserving 
human health (Chen et al., 2018). The pre-harvest illumination 
effects on the hydroponic green oak lettuce, based on the DPPH 
assay, produced significantly higher levels of antioxidant 
activity than for the control treatment. Plants increase the 
activity of antioxidant enzymes and secondary metabolites, 
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such as phenolic compounds, under abiotic stress conditions, 
particularly light factors during photosynthesis system. Plants 
protect themselves from ROS-induced oxidative damage 
by activating phenolic compounds (Grassmann et al., 2002; 
Foyer, 2018). Zhang et al. (2019) studied the antioxidant 
activity in soybean microgreens grown under different 
light spectra. They found that soybean microgreens grown  
under UV-A had the highest antioxidant activity, followed by 
B and W lights, and was comparable to that of pea sprouts 
(Qian et al., 2016) and Chinese kale sprouts (Liu et al., 2016). 
In the current study using hydroponic green oak lettuce,  
many treatments with different light spectral components 
resulted in increased TPC levels and DPPH radical scavenging 
activity compared to the control treatment. Similar findings 
were made by Zhang et al. (2019), who found that soybean 
microgreens grown under a light spectrum had higher 
antioxidant capacity because of the higher transcript level of 
genes involved in the phenylpropanoid pathway.
	 In conclusion, hydroponic green oak lettuce under a pre-
harvest light treatment of 1D-BRR 1:1:1 had the significantly 
lowest nitrate content. The TPC was the significantly highest 
in 3D-BRR 2:1:1. The DPPH assay results showed that the 
significantly highest scavenging activity was in 2D-BRR 
2:1:1. However, the results for both TPC and DPPH were not 
significantly different from those of 1D-BRR 1:1:1. Among 
the pre-harvest illumination options investigated with different 
spectral compositions, 1D-BRR 1:1:1 resulted in the lowest 
nitrate, whereas the levels of TPC and scavenging activity of 
hydroponic green oak lettuce were not significantly different 
for 2D-BRR 2:1:1 and 3D-BRR 2:1:1. Therefore, 1D-BRR 
1:1:1 pre-harvest illumination can be recommended for green 
oak lettuce production in a hydroponic system. Furthermore, 
the application of pre-harvest illumination can be beneficial 
for the production of phenolic compound-rich functional 
vegetables with higher antioxidant capacity and reduced nitrate 
content.
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