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            Abstract
          
        

        
          Variations in lettuce growth and quality were observed depending on the type of artificial light source. The RGB LED treatment resulted in thick leaf development, leading to higher fresh weight, dry weight, and relative growth rates. Two cultivars, “Tomalin” and “seonpunggold,” exhibited increased anthocyanin content and dark red leaf color under conditions of RGB LED treatment. Additionally, they exhibited high chlorophyll content under conditions of RGB LED and RGBFR LED treatments. Particularly, under Red LED treatment, the plants showed elongated leaves with narrow widths, resulting in a higher leaf shape index and a tendency towards leaf curling. Therefore, RGB LED lighting which appropriately blends red, blue, and green lights, is more effective than single lighr sources at improving lettuce growth and quality.
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       1. Introduction
      Recently, due to frequent extreme weather events such as localized heavy rainfall, droughts, and heavy snowfall, various weather anomalies have occurred. Consequently, the damage to human food production is becoming increasingly severe. Because of these changes, there is a growing interest in and research trend towards plant factories, where crops can be produced regardless of external environmental factors (Kim et al., 2011).

      Light is not only crucial for the photosynthetic process of plants but also plays a vital role in shaping the morphology of plants, including tissue and organ differentiation, as well as seed germination (Lin et al., 2013). Inadequate light conditions can lead to poor crop growth and various physiological disorders and diseases. Therefore, in controlled environment agriculture, the introduction of facility structures and devices to enhance light efficiency is necessary.

      Many studies have been conducted to improve crop growth by utilizing various spectra of light in many crops (Briggs, 1993; Nozue et al., 2010). Especially in South Korea, there has been an increase in the number of farming facilities utilizing artificial lighting to enhance crop productivity in winter greenhouse cultivation of peppers and tomatoes, aiming to increase photosynthesis. However, the type of artificial lighting used for crop cultivation can have different effects on crop growth. Metal halide lamps, for instance, distribute wavelengths across the visible spectrum, making them effective for plant cultivation, but they have low luminous efficacy and a short lifespan. On the other hand, fluorescent lamps have the advantage of being inexpensive but have low luminous efficacy and a limited effective spectrum for photosynthesis (Park et al., 2012).

      Light emitting diodes (LEDs) are widely used in greenhouse cultivation due to their many advantages such as small size, durability, long lifespan, low heat emission, and ability to emit specific wavelengths (Massa et al., 2008; Nozue et al., 2010; Lin et al., 2013).

      Light quality plays a crucial role in the growth and quality of plants, and LEDs, in particular, offer the advantage of being able to provide light across all wavelengths, including red, green, and blue. This feature makes them useful for controlling photomorphogenesis (Briggs, 1993; Hwang et al., 2004; Nozue et al., 2010).

      Red and blue light, which are important energy sources for plant photosynthesis, have the greatest impact on plant growth (Lin et al., 2013). Blue light affects photoperiodic effects, stem growth inhibition, leaf expansion promotion, and gene expression induction (Briggs, 1993), while red light influences shoot and stem growth (Shin et al., 2008) as well as photosynthesis (Yorio et al., 2001). Moreover, research is actively conducted on high-quality crop production using LEDs to supply specific wavelengths, thereby increasing the content of functional components such as β-carotene and anthocyanin in crops or promoting growth (Nishimura et al., 2006; Wu et al., 2007; Li and Kubota, 2009; Lee et al., 2010; Kim et al., 2011).

      Lettuce is known to be a commonly used plant in illuminant and light quality research (Yorio et al., 2001; Kim et al., 2011; Lin et al., 2013). However, research on the effects of LED wavelength combinations, appropriate light intensities, and other factors on the growth response and quality of lettuce cultivars remains insufficient.

      Therefore, this study aimed to investigate the effects of different types of light sources and LED spectra (red, blue, red + blue + green mixed light and red + blue + green + far-red mixed light) in the greenhouse cultivation environment on the growth and quality of leaf lettuce.

    

    

  
    
      2. Materials and Methods
      
        2.1. Cultivation condition
        The lettuce cultivars used in this experiment were 'Tomallin' (Kwonnong, Chungcheongbuk-do, Korea) and 'Seonpunggold' (Kwonnong, Chungcheongbuk-do, Korea). The experiment was conducted at the high-set bench of a 40 m2 glass greenhouse located at Pusan National University in Miryang, Gyeongsangnam-do, South Korea.

        The lettuce cultivars 'Tomallin' and 'Seonpunggold' were sown on 162-cell plug trays and grown for 31 days in a greenhouse. After the seedlings developed at least 2 true leaves, they were transplanted into 15 cm diameter pots. The soil used was horticultural soil (Farmhannog, Seoul, Korea), filling 90% of the pots. Throughout the cultivation period, the greenhouse's daytime and nighttime temperatures were set at 20°C. To ensure proper temperature management during the experimental period, temperature and humidity were monitored using a temperature-humidity recorder (TR-72Ui, TSD Corporation, Japan) installed 50 cm above the plants from September 19th to October 25th.

      

      
        2.2. Artificial light treatment
        The artificial light sources used in this experiment included a 400W high-pressure sodium lamp (HPS Ike-Nhip_400W, Il Kwang Electric Co., Ltd., Korea), a 175W metal halide lamp (MH Geolighting, Korea), red LED (R-L, Parus, Korea), blue LED (B-L, Parus, Korea), red + green + blue LED (RGB-L, D&W, Korea), and red + green + blue + far-red LED (RGBFR-L, D&W, Korea). These were used as bulb-type artificial light sources.

        The types of LED light used were R-L (630 nm, R), B-L (450 nm, B), RGB-L (R:G:B=6.9:1:2.1, RGB), and RGBFR-L (R:G:B:FR=3.8:3.2:1.8:1.2, RGBFR). The LED lights were installed vertically at a height of 90 cm from the pots and illuminated for 24 hours (Fig. 1). The control group was exposed to natural sunlight for lettuce growth comparison.

        
          
          

          Fig. 1. 
				
          

          
            Effect of artificial light source on growth of ‘Tomalin’ and ‘Seonpunggold’ in lettuce cultivar. Artificial light source treatment : A; B-L, B; HPS, C; MH, D; R-L, E; RGB-L, F; RBGFR-L, G; Control.
          
          

          

        

        The light intensities of each artificial light source were as follows: HPS lamp: 45 μmol/m2·s, MH lamp: 14 μmol/m2·s, R-L: 153 μmol/m2·s, B-L: 149 μmol/m2·s, RGB-L: 58 μmol/m2·s, RGBFR-L: 91 μmol/m2·s, and the control group was 77 μmol/m2·s.

        Lux values for each light source were measured at three different points in the cultivation pots using a lux meter (ANA-F9, Tokyo Photo-Electric CO. LTD, Japan), and the average value was calculated. The lux value for the control group was measured at 12:30.

      

      
        2.3. Assessment of lettuce growth and quality under artificial light treatment
        The growth assessment of lettuce was conducted on days 15, 22, 29, and 36 after transplantation. Growth parameters including number of leaves, leaf area, leaf length, leaf width, leaf shape index, plant height, root length, fresh weight, dry weight, and relative growth rate were examined. For each measurement, three plants per replicate were sampled. Number of leaves was determined by counting leaves with an area greater than 1 cm2, while leaf area was measured using a leaf area meter (LI-3000, LI Cor., USA).

        The leaf length and leaf width were measured on the third fully expanded true leaf, while the plant length was measured as the longest part of the above ground portion. The root length was measured after washing the roots with water to remove soil, measuring the longest part of the root. Fresh weight was determined by weighing the plant, and dry weight was measured after drying the plant at 70°C for 24 hours. The relative growth rate was calculated using the following formula.
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RGR ; Relative growth rate
Wa : Plant dry weight(g) of ta after transplanting
Wb : Plant dry weight(g) of tb after transplanting

        Chlorophyll content, anthocyanin content, and color index were measured on days 15, 22, 29, and 36 after transplanting. Chlorophyll content was measured by taking three readings at three different points on the third fully expanded true leaf using a Chlorophyll meter (SPAD-502, Minolta Co., Ltd., Japan), and then averaging the values.

        The lettuce harvested by each treatment was freeze-dried to obtain 1 g, then crushed using a mortar and pestle with a mixture of Ethanol and 1.5 N HCl in a ratio of 85:15 (v/v) in a 10 ml solution. Afterward, the mixture was centrifuged at 5000 rpm for 10 minutes using a Hanil MICRO 17TR centrifuge (Korea), and the supernatant was filtered through Whatman No.2 filter paper. The supernatant was then diluted with a mixture of Potassium chloride buffer (0.025 M, pH 1.0) and Sodium acetate buffer (0.4 M, pH 4.5) in a 1:1 (v/v) ratio for 15 minutes. After dilution, absorbance was measured at 520 nm and 700 nm by using a Spectrophotometer (Mecasys Optizen 3220UVbio, Korea), and the anthocyanin content was determined. Absorbance (A) and anthocyanin content were calculated as follows.
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MW : molecular weight of cyanidine-3-glucoside=449.2
DF : dilution factor
ɛ : molar absorptivity=26900

        Colorimetry involved selecting leaves with average color for each treatment by using a colorimeter (CM-3500d, Minolta, Japan) to measure Hunter L, a, and b values. The mean values were then calculated. L value ranges from 0 (Black) to +100 (White), a value indicates +a (Redness) or -a (Greenness), and b value indicates +b (Yellowness) or –b (Blueness).

      

      
        2.4. Statistical analysis
        Statistical analysis was conducted by using the SAS program (Version SAS 9.4, SAS Institute Inc., Cary, NC, USA), and Duncan's multiple test was performed at a 95% confidence level.

      

    

    

  
    
      3. Results and Discussions
      
        3.1. The effect of artificial light treatment on growth of lettuce
        The investigation of various artificial light sources on lettuce cultivation at different stages is presented in Table 1. In both cultivars, the highest number of leaves was observed in the RGB-L treatment. For instance, in the 'Tomalin' cultivar, after 36 days post-sowing, the number of leaves in the control group was 12.3, whereas in the RGB-L treatment, it was 25, more than double that of the control group. Also, in the 'Seonpunggold' cultivar, the untreated group had 9.0 leaves after 36 days, whereas the RGB-L treatment had 16.7 leaves, 1.86 times more than the control group. However, there was no significant difference between the HPS and RGBFR-L treatments.

        
          Table 1. 
				
          

          
            Effect of artificial light source on number of leaves, leaf area for various growth state of ‘Tomalin’ and ‘Seonpunggold’ lettuce at 20℃ in greenhouse
          
          

        

        
          
            
              	Cultivar
              	Light sourcez
              	Days after transplanting
            

            
              	0
              	15
              	22
              	29
              	36
            

          
          
            	
            	
            	
              No. of Leaves
            
          

          
            	Tomalin
            	B-L
            	6.0
            	6.5by
            	7.5d
            	7.5d
            	8.7d
          

          
            	HPS
            	6.0
            	8.0a
            	11.0b
            	15.3b
            	21.5b
          

          
            	MH
            	6.0
            	6.3b
            	8.3cd
            	9.0cd
            	9.3d
          

          
            	R-L
            	6.0
            	7.8a
            	9.3c
            	10.3c
            	12.3c
          

          
            	RGB-L
            	6.0
            	8.3a
            	12.8a
            	20.3a
            	25.0a
          

          
            	RGBFR-L
            	6.0
            	8.0a
            	9.3c
            	16.7b
            	20.0b
          

          
            	Control
            	6.0
            	7.8a
            	10.7b
            	10.8c
            	12.3c
          

          
            	
            	
              Leaf area (㎠)
            
          

          
            	B-L
            	29.7
            	117.1d
            	202.5c
            	230.8d
            	261.0d
          

          
            	HPS
            	29.7
            	296.6b
            	684.8a
            	1029.7ab
            	1781.8a
          

          
            	MH
            	29.7
            	139.8d
            	169.6c
            	244.4d
            	287.9d
          

          
            	R-L
            	29.7
            	223.6c
            	255.0c
            	260.3d
            	375.1d
          

          
            	RGB-L
            	29.7
            	279.9b
            	513.0b
            	985.0b
            	1504.7b
          

          
            	RGBFR-L
            	29.7
            	354.8a
            	521.4b
            	1100.0a
            	1523.7b
          

          
            	Control
            	29.7
            	284.0b
            	562.7a
            	842.2c
            	916.4c
          

          
            	
            	
            	
              No. of Leaves
            
          

          
            	Seonpunggold
            	B-L
            	6.0
            	6.3b
            	6.5c
            	7.5d
            	8.0cd
          

          
            	HPS
            	6.0
            	6.7ab
            	9.3a
            	13.3b
            	16.7a
          

          
            	MH
            	6.0
            	7.0ab
            	7.5bc
            	9.3c
            	11.7b
          

          
            	R-L
            	6.0
            	6.3b
            	6.5c
            	7.0d
            	9.7c
          

          
            	RGB-L
            	6.0
            	7.0ab
            	9.0a
            	16.3a
            	16.7a
          

          
            	RGBFR-L
            	6.0
            	7.7a
            	8.5ab
            	14.0b
            	16.5a
          

          
            	Control
            	6.0
            	6.5b
            	7.5bc
            	8.0d
            	9.0cd
          

          
            	
            	
              Leaf area (㎠)
            
          

          
            	B-L
            	19.4
            	158.3cd
            	165.9c
            	253.3e
            	509.6c
          

          
            	HPS
            	19.4
            	280.5a
            	554.2a
            	1019.4a
            	1464.2a
          

          
            	MH
            	19.4
            	161.4cd
            	236.7c
            	422.7d
            	496.0d
          

          
            	R-L
            	19.4
            	131.6d
            	150.8c
            	176.7f
            	368.5d
          

          
            	RGB-L
            	19.4
            	175.4bc
            	392.6b
            	721.9b
            	929.4b
          

          
            	RGBFR-L
            	19.4
            	291.5a
            	372.4b
            	669.7c
            	887.9b
          

          
            	Control
            	19.4
            	210.4b
            	390.7b
            	411.0d
            	552.1c
          

        

        
          
            z Artificial light source treatment B-L; Blue LED, HPS; High-pressure sodium lamp, MH: Metal halide lamp, R-L; Red LED, RGB-L; Red + Green + Blue LED, RGBFR-L; Red + Green + Blue + Far-Red LED
          

          
            y Means separation in columns by Duncan's multiple range test at P =0.05
          

        

        

        Leaf area also varied according to the artificial light source, with significant differences observed. In the 'Tomalin' cultivar, after 36 days, the leaf area under HPS treatment was 1781.8 cm2, more than double that of the control group. Similarly, in 'Seonpunggold', the leaf area was highest at 1464.2 cm2 after 36 days under HPS treatment. Conversely, single LED treatments, including R-L, and B-L showed lower growth compared to RGB-L and RGBFR-L treatments, where various light qualities were mixed (Table 1). Particularly, in B-L, R-L, and MH treatments, the leaf area was lower, reflecting the effect of light quality, but it is also interpreted that the lower light intensity may have played a role as a contributing factor.

        Leaf length and leaf width growth in lettuce were best in both 'Tomalin' and 'Seonpunggold' cultivars under HPS treatment. Conversely, in the MH treatment, leaf length and leaf width growth were lower than the control group throughout the entire growth period (Table 2). Among the light spectrum, blue light in the range of 400-520 nm promotes leaf growth, while red light in the range of 610-720 nm promotes flowering and fruit set (Xu et al., 2016). However, in this study, both cultivars showed lower leaf growth under R-L and B-L single light treatments compared to RGB-L, which combines red, green, and blue light, and RGBFR-L, which combines red, green, blue, and far-red light.

        
          Table 2. 
				
          

          
            Effect of artificial light source on leaf length, leaf width for various growth state of ‘Tomalin’ and ‘Seonpunggold’ lettuce at 20℃ in greenhouse
          
          

        

        
          
            
              	Cultivar
              	Light sourcez
              	Days after transplanting
            

            
              	0
              	15
              	22
              	29
              	36
            

          
          
            	
            	
            	Leaf length (cm)
          

          
            	Tomalin
            	B-L
            	2.43
            	5.83dy
            	7.63cd
            	7.97b
            	8.08bc
          

          
            	HPS
            	2.43
            	8.70a
            	9.63a
            	9.73a
            	11.80a
          

          
            	MH
            	2.43
            	7.45bc
            	7.83bcd
            	8.05a
            	9.28bc
          

          
            	R-L
            	2.43
            	5.05e
            	6.72d
            	7.92b
            	8.68c
          

          
            	RGB-L
            	2.43
            	7.30bc
            	9.00ab
            	9.68a
            	9.83b
          

          
            	RGBFR-L
            	2.43
            	6.45cd
            	7.70cd
            	8.01b
            	8.71bc
          

          
            	Control
            	2.43
            	7.65b
            	8.00bc
            	9.70a
            	11.75a
          

          
            	
            	Leaf width (cm)
          

          
            	B-L
            	1.77
            	4.05ab
            	4.20ab
            	4.25bc
            	4.43c
          

          
            	HPS
            	1.77
            	4.60a
            	4.77a
            	4.88ab
            	6.43a
          

          
            	MH
            	1.77
            	3.75b
            	3.88b
            	4.73abc
            	5.43ab
          

          
            	R-L
            	1.77
            	3.08c
            	3.95b
            	4.20c
            	4.30c
          

          
            	RGB-L
            	1.77
            	4.08ab
            	4.63a
            	5.18a
            	6.08ab
          

          
            	RGBFR-L
            	1.77
            	4.43ab
            	4.65a
            	5.00a
            	5.43ab
          

          
            	Control
            	1.77
            	3.77b
            	4.13ab
            	5.15a
            	6.08ab
          

          
            	
            	
            	Leaf length (cm)
          

          
            	Seonpunggold
            	B-L
            	2.00
            	5.10b
            	5.20b
            	6.58c
            	7.35b
          

          
            	HPS
            	2.00
            	4.70bc
            	6.68a
            	7.77b
            	11.48a
          

          
            	MH
            	2.00
            	5.30ab
            	5.72b
            	6.60c
            	7.10b
          

          
            	R-L
            	2.00
            	5.03b
            	5.27b
            	5.83d
            	6.65b
          

          
            	RGB-L
            	2.00
            	5.25ab
            	6.70a
            	8.85b
            	10.45a
          

          
            	RGBFR-L
            	2.00
            	5.90a
            	6.63a
            	9.73a
            	10.50a
          

          
            	Control
            	2.00
            	4.13c
            	5.83b
            	8.28b
            	10.48a
          

          
            	
            	Leaf width (cm)
          

          
            	B-L
            	2.06
            	4.65cd
            	5.00bc
            	5.30de
            	5.65c
          

          
            	HPS
            	2.06
            	4.60cd
            	5.50ab
            	6.70bc
            	8.37a
          

          
            	MH
            	2.06
            	4.70cd
            	5.05bc
            	5.65d
            	5.80c
          

          
            	R-L
            	2.06
            	4.30d
            	4.65c
            	4.93e
            	5.10c
          

          
            	RGB-L
            	2.06
            	5.63a
            	5.85a
            	6.28c
            	6.98b
          

          
            	RGBFR-L
            	2.06
            	5.33ab
            	5.65ab
            	7.20ab
            	8.87a
          

          
            	Control
            	2.06
            	4.90bc
            	5.53ab
            	7.45a
            	8.23a
          

        

        
          
            z Artificial light source treatment B-L; Blue LED, HPS; High-pressure sodium lamp, MH: Metal halide lamp, R-L; Red LED, RGB-L; Red + Green + Blue LED, RGBFR-L; Red + Green + Blue + Far-Red LED
          

          
            y Means separation in columns by Duncan's multiple range test at P =0.05
          

        

        

        Therefore, even for the same crop, there were slight differences in growth responses to light quality depending on the cultivar (Shin et al., 2012; Kim et al., 2020).

        Lettuce was cultivated under different types of artificial light sources to investigate the effect of light quality on leaf shape index (leaf length/leaf width) of the plants (Fig. 2). In the 'Tomalin' cultivar, there was a tendency for a higher leaf shape index in plants cultivated under R-L single light source, but the difference was not significant. On the other hand, in the 'Seonpunggold' cultivar, plants cultivated under HPS light source exhibited the highest leaf shape index.

        
          
          

          Fig. 2. 
				
          

          
            Effect of artificial light source on leaf shape index for 36 days growth of ‘Tomalin’ and ‘Seonpunggold’ lettuce at 20℃ in greenhouse. Artificial light source treatment B-L; Blue LED, HPS; High-pressure sodium lamp, MH: Metal halide lamp, R-L; Red LED, RGB-L; Red + Green + Blue LED, RGBFR-L; Red + Green + Blue + Far-Red LED. Vertical bars are means ± SE of three measurements. Means separation at P = 0.05 with Duncan's multiple range test.
          
          

          

        

        According to Lee et al.(2010), an increase in the proportion of blue light (Blue LED) in both single blue light (B-L) treatment and mixed light treatments leads to a decrease in the leaf shape index. Consistent with this finding, in this study, when blue light was mixed in artificial light sources such as RGB-L, lettuce exhibited a lower leaf shape index, characterized by longer leaf length and narrower leaf width.

        Indeed, it is known that an increase in the proportion of blue light (B-L) leads to thicker leaves, inhibiting length growth, and consequently resulting in shorter plants (Son and Oh, 2015). On the other hand, it is known that in R-L treatment, both leaf and plant length increase (Lee et al., 2010).

        Both 'Tomalin' and 'Seonpunggold' cultivars exhibited a tendency for shorter plant length under RGB-L treatment (Fig. 3). This result aligns with the findings in Fig. 5, where lettuce seedlings treated with RGB-L had the shortest relative growth rate. 'Tomalin' showed the best plant height growth under R-L treatment, while 'Seonpunggold' performed best under RGB-L treatment in terms of plant height.

        
          
          

          Fig. 3. 
				
          

          
            Effect of artificial light source on plant height and root length for various growth state of ‘Tomalin’ and ‘Seonpunggold’ lettuce at 20℃ in greenhouse. Artificial light source treatment B-L; Blue LED, HPS; High-pressure sodium lamp, MH: Metal halide lamp, R-L; Red LED, RGB-L; Red + Green + Blue LED, RGBFR-L; Red + Green + Blue + Far-Red LED. Vertical bars are means ± SE of three measurements.
          
          

          

        

        Root length was highest in RGB-L with a high proportion of blue light (Blue LED). On the other hand, ‘Tomalin' cultivar showed the lowest root length under MH treatment, while 'Seonpunggold' cultivar showed the lowest root length under R-L treatment.

        The investigation of lettuce cultivation under various light qualities to examine the effect of artificial light sources on the fresh weight and dry weight of lettuce revealed that both 'Tomalin' and 'Seonpunggold' cultivars exhibited higher fresh weight and dry weight under RGB-L treatment compared to R-L, B-L, and RGBFR-L treatments, which included far-red light.

        The lettuce plants of the 'Tomalin' cultivar cultivated under RGB-L light for 36 days had a fresh weight of 106.19 g and a dry weight of 6.07 g. In comparison, the fresh weight of plants in the control group was 46.979 g, with a dry weight of 2.20 g. These results indicate that the plants grown under RGB-L light had a fresh weight 2.78 times higher and a dry weight more than 3 times higher than those in the control group. Additionally, lettuce cultivated under HPS light also exhibited significantly higher fresh weight and dry weight compared to the control group.

        In general, the dry weight was highest throughout the entire growth period under RGB-L treatment. Additionally, the mixed light source treatment, RGBFR-L, which included far-red light, resulted in the higher dry weight compared to R-L and B-L single light treatments.

        This indicates that mixed light treatments combining red light, blue light, and far-red light are more effective in enhancing photosynthesis compared to single light source treatments (Ouzounis et al., 2015). Particularly, the promotion of lettuce growth by far-red light is consistent with the findings of Li and Kubota(2009).

        Light quality also influences plant morphology, and it is known that in blue led (B-L), stimulation of mesophyll tissue in the leaves leads to an increase in quantum yield and energy, resulting in thicker leaf tissues and promoting robust growth (Okamoto, 1996; Xiao et al., 2011).

        In this study, when comparing R-L and B-L treatments, both cultivars showed higher fresh weight and dry weight under B-L treatment, but the difference between treatments was not recognized (Table 3, 4). On the other hand, plants cultivated under MH light source exhibited lower fresh weight and dry weight compared to the control group. This is attributed to the lower light intensity of MH at 50 μmol/m2·s compared to other artificial light sources, resulting in delayed growth due to insufficient photosynthesis.

        
          Table 3. 
				
          

          
            Effect of artificial light source on fresh and dry weight for various growth state of ‘Tomalin’ lettuce at 20℃ in greenhouse
          
          

        

        
          
            
              	Light sourcez
              	Fresh weight (g/plant)
              	
              	Dry weight (g/plant)
            

            
              	Shoot
              	Root
              	Total
              	
              	Shoot
              	Root
              	Total
            

          
          
            	
              0 days after transplanting
            
          

          
            	Control
            	0.92
            	0.37
            	1.29
            	
            	0.05
            	0.02
            	0.08
          

          
            	
              15 days after transplanting
            
          

          
            	B-L
            	8.17y
            	0.34e
            	8.52d
            	
            	0.34d
            	0.02d
            	0.35d
          

          
            	HPS
            	13.72a
            	2.26c
            	15.98b
            	
            	0.66b
            	0.07c
            	0.72b
          

          
            	MH
            	4.62d
            	0.43e
            	5.04e
            	
            	0.22b
            	0.01d
            	0.23e
          

          
            	R-L
            	3.91d
            	0.33e
            	4.24e
            	
            	0.17e
            	0.01d
            	0.18e
          

          
            	RGB-L
            	14.55a
            	6.13a
            	20.68a
            	
            	1.01a
            	0.20a
            	1.19a
          

          
            	RGBFR-L
            	15.36a
            	3.89b
            	19.26a
            	
            	0.64e
            	0.11b
            	0.73b
          

          
            	Control
            	10.49b
            	1.52d
            	12.02c
            	
            	0.40c
            	0.05cd
            	0.44c
          

          
            	
              22 days after transplanting
            
          

          
            	B-L
            	8.54d
            	1.04d
            	9.58d
            	
            	0.36e
            	0.02e
            	0.38e
          

          
            	HPS
            	29.43b
            	2.55c
            	31.98b
            	
            	1.53b
            	0.13c
            	1.69b
          

          
            	MH
            	9.42d
            	0.45d
            	9.87d
            	
            	0.35e
            	0.01e
            	0.36e
          

          
            	R-L
            	7.61d
            	0.72d
            	8.33d
            	
            	0.24e
            	0.02e
            	0.26e
          

          
            	RGB-L
            	36.38a
            	8.81a
            	45.19a
            	
            	2.25a
            	0.39a
            	2.64a
          

          
            	RGBFR-L
            	28.34b
            	4.23b
            	32.57b
            	
            	1.36c
            	0.17b
            	1.52c
          

          
            	Control
            	21.03c
            	2.23c
            	23.26c
            	
            	1.12d
            	0.09d
            	1.24d
          

          
            	
              29 days after transplanting
            
          

          
            	B-L
            	16.46d
            	0.53d
            	16.98c
            	
            	0.58d
            	0.03c
            	0.60d
          

          
            	HPS
            	54.43a
            	3.53c
            	57.96a
            	
            	3.90b
            	0.27b
            	4.27b
          

          
            	MH
            	9.85d
            	0.63d
            	10.48c
            	
            	0.37d
            	0.02c
            	0.39d
          

          
            	R-L
            	9.18d
            	0.97d
            	10.15c
            	
            	0.37d
            	0.04c
            	0.41d
          

          
            	RGB-L
            	44.42b
            	9.86a
            	54.30a
            	
            	4.65a
            	0.54a
            	5.19a
          

          
            	RGBFR-L
            	55.70a
            	6.48b
            	61.45a
            	
            	4.01b
            	0.49a
            	4.50b
          

          
            	Control
            	34.93c
            	3.21c
            	38.14b
            	
            	1.43c
            	0.14bc
            	1.54c
          

          
            	
              36 days after transplanting
            
          

          
            	B-L
            	16.54d
            	1.62d
            	18.16d
            	
            	0.66e
            	0.06d
            	0.72d
          

          
            	HPS
            	101.86a
            	22.31a
            	124.17a
            	
            	4.71b
            	0.45b
            	5.16b
          

          
            	MH
            	11.51d
            	0.52e
            	12.03d
            	
            	0.48e
            	0.02d
            	0.50d
          

          
            	R-L
            	10.78d
            	1.13d
            	11.91d
            	
            	0.40e
            	0.04d
            	0.44d
          

          
            	RGB-L
            	106.73a
            	23.95a
            	130.68a
            	
            	6.07a
            	0.57b
            	6.64a
          

          
            	RGBFR-L
            	83.36b
            	13.70b
            	97.06b
            	
            	4.21c
            	0.83a
            	5.04b
          

          
            	Control
            	43.31c
            	3.66c
            	46.97c
            	
            	2.01d
            	0.20c
            	2.20c
          

        

        
          
            z Artificial light source treatment B-L; Blue LED, HPS; High-pressure sodium lamp, MH: Metal halide lamp, R-L; Red LED, RGB-L; Red + Green + Blue LED, RGBFR-L; Red + Green + Blue + Far-Red LED
          

          
            y Means separation in columns by Duncan's multiple range test at P =0.05
          

        

        

        
          Table 4. 
				
          

          
            Effect of artificial light source on fresh weight and dry weight for various growth state of ‘Seonpunggold’ lettuce at	 20℃ in greenhouse
          
          

        

        
          
            
              	Light sourcez
              	Fresh weight (g/plant)
              	
              	Dry weight (g/plant)
            

            
              	Shoot
              	Root
              	Total
              	
              	Shoot
              	Root
              	Total
            

          
          
            	
              0 days after transplanting
            
          

          
            	Control
            	0.87
            	0.12
            	0.99
            	
            	0.04
            	0.03
            	0.07
          

          
            	
              15 days after transplanting
            
          

          
            	B-L
            	5.85cdy
            	0.49cd
            	6.34cd
            	
            	0.22c
            	0.02bc
            	0.24c
          

          
            	HPS
            	12.35b
            	1.63c
            	13.99b
            	
            	0.47b
            	0.04b
            	0.51b
          

          
            	MH
            	5.11d
            	0.42cd
            	5.53d
            	
            	0.15d
            	0.01c
            	0.16d
          

          
            	R-L
            	4.23d
            	0.29d
            	4.52d
            	
            	0.07e
            	0.01c
            	0.08e
          

          
            	RGB-L
            	14.12a
            	3.18a
            	17.30a
            	
            	0.71a
            	0.12a
            	0.83a
          

          
            	RGBFR-L
            	14.34a
            	2.95b
            	17.30a
            	
            	0.74a
            	0.11a
            	0.85a
          

          
            	Control
            	7.83c
            	0.80c
            	8.63c
            	
            	0.23c
            	0.01c
            	0.24c
          

          
            	
              22 days after transplanting
            
          

          
            	B-L
            	6.14d
            	0.60c
            	6.74d
            	
            	0.39d
            	0.02b
            	0.41d
          

          
            	HPS
            	28.22a
            	3.24b
            	31.47a
            	
            	1.48a
            	0.16a
            	1.64a
          

          
            	MH
            	8.14d
            	0.43c
            	8.57d
            	
            	0.24e
            	0.02b
            	0.26e
          

          
            	R-L
            	5.09d
            	0.46c
            	5.55d
            	
            	0.18e
            	0.01b
            	0.19e
          

          
            	RGB-L
            	27.18a
            	4.39a
            	31.57a
            	
            	1.52a
            	0.17a
            	1.69a
          

          
            	RGBFR-L
            	25.21b
            	4.09ab
            	29.30b
            	
            	0.87b
            	0.18a
            	1.05b
          

          
            	Control
            	14.80c
            	1.28c
            	16.09c
            	
            	0.52c
            	0.05b
            	0.56c
          

          
            	
              29 days after transplanting
            
          

          
            	B-L
            	10.61e
            	1.47cd
            	12.08de
            	
            	0.65c
            	0.09c
            	0.74c
          

          
            	HPS
            	56.48a
            	5.09a
            	61.57a
            	
            	2.66a
            	0.26a
            	2.92a
          

          
            	MH
            	14.73d
            	0.67d
            	15.61d
            	
            	0.67c
            	0.02d
            	0.69c
          

          
            	R-L
            	5.99e
            	0.75d
            	6.75e
            	
            	0.21d
            	0.01d
            	0.22e
          

          
            	RGB-L
            	51.17a
            	4.19b
            	55.36a
            	
            	2.78a
            	0.27a
            	3.05a
          

          
            	RGBFR-L
            	35.83b
            	5.86a
            	41.69b
            	
            	2.19b
            	0.28a
            	2.47b
          

          
            	Control
            	24.93c
            	2.21c
            	27.14c
            	
            	0.98c
            	0.09c
            	1.07c
          

          
            	
              36 days after transplanting
            
          

          
            	B-L
            	21.77d
            	2.46d
            	24.24d
            	
            	0.88d
            	0.09c
            	0.96d
          

          
            	HPS
            	73.40a
            	5.31b
            	78.70a
            	
            	3.27a
            	0.39a
            	3.65a
          

          
            	MH
            	20.30de
            	0.87e
            	20.97e
            	
            	0.70d
            	0.03d
            	0.73d
          

          
            	R-L
            	13.45e
            	0.65e
            	14.11f
            	
            	0.37e
            	0.04d
            	0.40f
          

          
            	RGB-L
            	75.20a
            	5.25c
            	80.45a
            	
            	3.19a
            	0.42a
            	3.61a
          

          
            	RGBFR-L
            	61.89b
            	6.63a
            	68.52b
            	
            	2.94b
            	0.38a
            	3.32b
          

          
            	Control
            	39.30c
            	2.59d
            	41.90c
            	
            	1.11c
            	0.14b
            	1.25c
          

        

        
          
            z Artificial light source treatment B-L; Blue LED, HPS; High-pressure sodium lamp, MH: Metal halide lamp, R-L; Red LED, RGB-L; Red + Green + Blue LED, RGBFR-L; Red + Green + Blue + Far-Red LED
          

          
            y Means separation in columns by Duncan's multiple range test at P =0.05
          

        

        

        The T/R ratio, according to the artificial light source, was highest in both cultivars under MH treatment (Fig. 4). This indicates not only lower fresh weight and dry weight under MH but also poor above-ground growth. On the other hand, the T/R ratio was lowest under RGBFR-L, but there was no statistically significant difference compared to other artificial light treatments.

        
          
          

          Fig. 4. 
				
          

          
            Effect of artificial light source on T/R for 36 days growth of ‘Tomalin’ and ‘Seonpunggold’ lettuce at 20℃ in greenhouse. Artificial light source treatment B-L; Blue LED, HPS; High-pressure sodium lamp, MH: Metal halide lamp, R-L; Red LED, RGB-L; Red + Green + Blue LED, RGBFR-L; Red + Green + Blue + Far-Red LED. Vertical bars are means ± SE of three measurements. Means separation at P = 0.05 with Duncan's multiple range test. 
          
          

          

        

        The relative growth rate of lettuce plants after cultivation under different artificial light sources is shown in Fig. 5. In the case of the 'Tomalin' cultivar, the relative growth rate was highest under RGB-L treatment, followed by RGBFR-L treatment, and then HPS treatment. For 'Seonpunggold', the relative growth rate was highest under HPS treatment, followed by RGBFR-L treatment, and then RGB-L treatment.

        
          
          

          Fig. 5. 
				
          

          
            Effect of artificial light source on relative growth rate for 36 days growth of ‘Tomalin’ and ‘Seonpunggold’ lettuce at 20℃ in greenhouse. Artificial light source treatment B-L; Blue LED, HPS; High-pressure sodium lamp, MH: Metal halide lamp, R-L; Red LED, RGB-L; Red + Green + Blue LED, RGBFR-L; Red + Green + Blue + Far-Red LED. Vertical bars are means ± SE of three measurements. Means separation at P = 0.05 with Duncan's multiple range test.
          
          

          

        

        On the contrary, both varieties exhibited lower relative growth rates under single-light treatments such as B-L, R-L, and MH compared to the control group. Plant responses to light intensity, vary among crops, but generally, lower light intensity leads to poor overall growth, including leaf area and fresh weight (Ju et al., 2009; Yoon et al., 2015). Indeed, the lower relative growth rates observed under single light treatments such as B-L, R-L, and MH compared to the control group suggest growth delay due to inadequate photosynthesis compared to sunlight.

      

      
        3.2. The effect of artificial light treatment on the quality of lettuce
        The effect of different artificial light sources on the chlorophyll content of lettuce was investigated (Table 5). There were differences in chlorophyll content depending on the type of artificial light source. Both 'Tomalin' and 'Seonpunggold' cultivars exhibited the highest chlorophyll content under RGB-L and RGBFR-L treatments. In contrast, plants cultivated under single-light treatments such as B-L and R-L had lower chlorophyll content. Light quality and intensity influence chlorophyll content (Kim et al., 2009; Lee et al., 2011), with higher light intensity leading to higher chlorophyll content (Lee et al., 2011; Kim et al., 2018).

        
          Table 5. 
				
          

          
            Effect of artificial light source on chlorophyll content for various growth state of ‘Tomalin’ and ‘Seonpunggold’ lettuce at 20℃ in greenhouse
          
          

        

        
          
            
              	Cultivar
              	Light sourcez
              	Days after transplanting
            

            
              	0
              	15
              	22
              	29
              	36
            

          
          
            	
            	
            	Chlorophyll (SPAD unit)
          

          
            	Tomalin
            	B-L
            	24.03
            	20.45by
            	17.61c
            	16.93c
            	18.93c
          

          
            	HPS
            	24.03
            	20.28b
            	20.09b
            	22.72b
            	23.76b
          

          
            	MH
            	24.03
            	19.73b
            	15.33d
            	17.59c
            	13.80e
          

          
            	R-L
            	24.03
            	19.36bc
            	16.23cd
            	15.21d
            	18.88c
          

          
            	RGB-L
            	24.03
            	23.81a
            	24.93a
            	24.18a
            	25.13a
          

          
            	RGBFR-L
            	24.03
            	21.24b
            	20.56b
            	25.09a
            	26.24a
          

          
            	Control
            	24.03
            	17.64c
            	17.33c
            	16.83c
            	16.45d
          

          
            	Seonpunggold
            	B-L
            	22.90
            	13.14d
            	11.37d
            	12.60c
            	10.71de
          

          
            	HPS
            	22.90
            	15.64c
            	15.54bc
            	14.37b
            	12.63c
          

          
            	MH
            	22.90
            	17.00c
            	15.96abc
            	14.46b
            	13.01c
          

          
            	R-L
            	22.90
            	13.85d
            	11.90d
            	12.28c
            	10.25e
          

          
            	RGB-L
            	22.90
            	18.67b
            	17.13a
            	15.52b
            	13.94b
          

          
            	RGBFR-L
            	22.90
            	17.11bc
            	16.85ab
            	17.46a
            	16.64a
          

          
            	Control
            	22.90
            	21.79a
            	15.28c
            	14.68b
            	11.15d
          

        

        
          
            z Artificial light source treatment B-L; Blue LED, HPS; High-pressure sodium lamp, MH: Metal halide lamp, R-L; Red LED, RGB-L; Red + Green + Blue LED, RGBFR-L; Red + Green + Blue + Far-Red LED
          

          
            y Means separation in columns by Duncan's multiple range test at P =0.05
          

        

        

        In this study, the higher chlorophyll content was observed under mixed light treatments such as RGB-L and RGBFR-L, and this is interpreted as a result of the interaction between light quality and intensity. These results suggest that artificial light treatments could enhance the productivity of lettuce during the winter months when daylight becomes insufficient. Furthermore, mixed light treatments containing red, green, and blue light are deemed more effective for promoting growth compared to single light sources.

        The anthocyanin content varied depending on the type of artificial light source. Also, there was a tendency that anthocyanin content to increase when growth period progress (Table 6). Blue light is known to play a role in the expression of anthocyanins through cryptochrome, which acts as a photoreceptor (Ninu et al., 1999). Additionally, the expression of chalcone synthase and dihydroflavonol-4-reductase (DFR) is promoted by blue light, which is reported to regulate anthocyanin synthesis (Meng et al., 2004).

        
          Table 6. 
				
          

          
            Effect of artificial light source on anthocyanin content for various growth state of ‘Tomalin’ and ‘Seonpunggold’ lettuce at 20℃ in greenhouse
          
          

        

        
          
            
              	Cultivar
              	Light sourcez
              	Days after transplanting
            

            
              	0
              	15
              	22
              	29
              	36
            

          
          
            	
            	
            	Anthocyanin content (mg/100g)
          

          
            	Tomalin
            	B-L
            	-
            	0.96cy
            	1.31d
            	2.72c
            	3.04c
          

          
            	HPS
            	-
            	1.49b
            	1.65c
            	2.82bc
            	3.10c
          

          
            	MH
            	-
            	0.75d
            	0.94f
            	1.14e
            	1.56f
          

          
            	R-L
            	-
            	0.53e
            	1.00f
            	1.09e
            	1.70e
          

          
            	RGB-L
            	-
            	2.15a
            	6.30a
            	7.36a
            	8.37a
          

          
            	RGBFR-L
            	-
            	1.53b
            	1.82b
            	2.90b
            	3.44b
          

          
            	Control
            	-
            	0.85cd
            	1.19e
            	1.75d
            	1.94d
          

          
            	Seonpunggold
            	B-L
            	-
            	0.77b
            	1.39c
            	2.35c
            	3.37d
          

          
            	HPS
            	-
            	0.39c
            	1.11d
            	3.56b
            	3.88c
          

          
            	MH
            	-
            	0.29cd
            	0.69e
            	1.00e
            	1.05f
          

          
            	R-L
            	-
            	0.17de
            	0.30f
            	1.55d
            	1.66e
          

          
            	RGB-L
            	-
            	2.89a
            	3.21a
            	4.51a
            	5.31a
          

          
            	RGBFR-L
            	-
            	0.40c
            	2.45b
            	4.51a
            	4.65b
          

          
            	Control
            	-
            	0.05e
            	0.47f
            	0.75e
            	0.98f
          

        

        
          
            z Artificial light source treatment B-L; Blue LED, HPS; High-pressure sodium lamp, MH: Metal halide lamp, R-L; Red LED, RGB-L; Red + Green + Blue LED, RGBFR-L; Red + Green + Blue + Far-Red LED
          

          
            y Means separation in columns by Duncan's multiple range test at P =0.05
          

        

        

        Among the single artificial light sources, B-L resulted in a higher anthocyanin content than R-L for both cultivars throughout the entire growth period. However, the anthocyanin content was higher under mixed light treatments such as RGB-L and RGBFR-L compared to single light treatments including B-L and R-L.

        In particular, the anthocyanin content of the plants increased under RGB-L treatment. After 36 days of cultivation, 'Tomalin' exhibited an anthocyanin content of 8.37 mg/100 g under RGB-L treatment, which was more than 7 times higher than the control group. Similarly, 'Seonpunggold' showed an anthocyanin content of 5.31 mg/100 g under RGB-L treatment, which was more than 5 times higher than the control group.

        This finding is similar to previous research, such as Nishimura et al.(2009), which reported an increase in anthocyanin content under light sources where red LEDs (R-L) and blue LEDs (B-L) were mixed.

        It is known that day length and temperature influence the expression of anthocyanins in lettuce. Higher temperatures and longer day length lead to an increase in anthocyanin content in lettuce cultivation (Joo and Lim, 2000). Additionally, it has been reported that in red-pigmented lettuce cultivars like 'Lactuca Sativa Va', anthocyanin content increases as the duration of exposure to light increases (Choi et al., 2014).

        In the case of 'Seonpunggold', a Lactuca Sativa Va, the anthocyanin content was higher in all artificial light treatments compared to the control group, regardless of the type of artificial light source. However, for 'Tomalin', a black skirt lettuce cultivar, the anthocyanin content was lower than the control group in MH and R-L treatments. Therefore, it can be concluded that there are differences in anthocyanin expression depending on the cultivar, even within the same crop (Table 6).

        The Hunter L, a, and b values of lettuce varied significantly depending on the type of artificial light source (Table 7, 8). In the control group, which typically had lower chlorophyll content, exhibiting a lighter green color, the Hunter L value was higher, indicating higher brightness of the leaves. Hunter a value represents the expression of red color, and both cultivars showed higher Hunter a value under RGB-L treatment. Hunter L value is an indicator of leaf brightness, and under R-L treatment, L value was higher, indicating the brightest leaf color.

        
          Table 7. 
				
          

          
            Effect of artificial light source on chromaticity for various growth state of ‘Tomalin’ lettuce at 20℃ in greenhouse
          
          

        

        
          
            
              	Light sourcez
              	Chromaticity
            

            
              	Hunter L
              	Hunter a
              	Hunter b
            

          
          
            	
              0 days after transplanting
            
          

          
            	Control
            	44.82
            	-17.14
            	26.03
          

          
            	
              15 days after transplanting
            
          

          
            	B-L
            	45.30aby
            	-15.99bc
            	27.21b
          

          
            	HPS
            	49.21a
            	-17.91c
            	32.46a
          

          
            	MH
            	44.53b
            	-16.91bc
            	28.83ab
          

          
            	R-L
            	46.01ab
            	-13.86b
            	28.25ab
          

          
            	RGB-L
            	37.28c
            	-10.02a
            	17.04c
          

          
            	RGBFR-L
            	44.75b
            	-16.10bc
            	26.11b
          

          
            	Control
            	44.66b
            	-16.87bc
            	28.57ab
          

          
            	
              22 days after transplanting
            
          

          
            	B-L
            	48.69ab
            	-15.68bc
            	32.45ab
          

          
            	HPS
            	43.04d
            	-14.21b
            	25.94c
          

          
            	MH
            	48.05abc
            	-17.27c
            	31.83ab
          

          
            	R-L
            	50.07a
            	-18.24c
            	35.23a
          

          
            	RGB-L
            	38.89e
            	-9.62a
            	17.32d
          

          
            	RGBFR-L
            	45.78c
            	-18.03c
            	29.27bc
          

          
            	Control
            	46.63bc
            	-14.30b
            	29.01bc
          

          
            	
              29 days after transplanting
            
          

          
            	B-L
            	55.33b
            	-17.92cd
            	37.33a
          

          
            	HPS
            	48.77d
            	-14.32b
            	31.91b
          

          
            	MH
            	53.39bc
            	-19.59de
            	37.33a
          

          
            	R-L
            	60.98a
            	-17.92cd
            	38.60a
          

          
            	RGB-L
            	41.90e
            	-8.85a
            	21.82c
          

          
            	RGBFR-L
            	51.15cd
            	-16.42bc
            	33.53b
          

          
            	Control
            	54.43b
            	-21.43e
            	37.89a
          

          
            	
              36 days after transplanting
            
          

          
            	B-L
            	43.20b
            	-15.47b
            	25.60c
          

          
            	HPS
            	42.88b
            	-17.18bc
            	30.56b
          

          
            	MH
            	50.86a
            	-20.33c
            	36.17a
          

          
            	R-L
            	51.34a
            	-15.47b
            	31.84ab
          

          
            	RGB-L
            	36.23c
            	-6.45a
            	17.05d
          

          
            	RGBFR-L
            	43.93b
            	-17.88bc
            	27.94bc
          

          
            	Control
            	50.38a
            	-19.66c
            	31.39ab
          

        

        
          
            z Artificial light source treatment B-L; Blue LED, HPS; High-pressure sodium lamp, MH: Metal halide lamp, R-L; Red LED, RGB-L; Red + Green + Blue LED, RGBFR-L; Red + Green + Blue + Far-Red LED
          

          
            y Means separation in columns by Duncan's multiple range test at P =0.05
          

        

        

        Under RGB-L treatment, the Hunter a value was high, while the L and b values were low, resulting in a dark green color with a reddish hue (Fig. 6, 7). This could be attributed to the promotion of anthocyanin expression under RGB-L treatment, leading to a reddish coloration of the leaves. Similar results have been reported in previous studies; for example, in the cultivation of young radish sprouts, the treatment with a combination of blue and red light resulted in the highest Hunter a value and the lowest Hunter L value (Kim, 2009).

        
          
          

          Fig. 6. 
				
          

          
            Changes in growth of ‘Tomalin’ lettuce by different light source treatment 15, 22, 29 and 36 days after transplanting at 20℃ in greenhouse. Artificial light source treatment is as shown in Fig. 1. 
          
          

          

        

        
          
          

          Fig. 7. 
				
          

          
            Changes in growth of ‘Seonpunggold lettuce by different light source treatment 15, 22, 29 and 36 days after transplanting at 20℃ in greenhouse. Artificial light source treatment is as shown in Fig. 1.
          
          

          

        

        In 'Seonpunggold', the RGB-L treatment exhibited the highest Hunter a and b values, while there were no significant differences observed among the other artificial light treatments compared to the control group (Table 8 and Fig. 7).

        
          Table 8. 
				
          

          
            Effect of artificial light source on chromaticity for various growth state of ‘Seonpunggold’ lettuce at 20℃ in greenhouse
          
          

        

        
          
            
              	Light sourcez
              	Chromaticity
            

            
              	Hunter L
              	Hunter a
              	Hunter b
            

          
          
            	
              0 days after transplanting
            
          

          
            	Control
            	47.07
            	-18.058
            	29.03
          

          
            	
              15 days after transplanting
            
          

          
            	B-L
            	49.27bcy
            	-16.09b
            	28.34b
          

          
            	HPS
            	53.10a
            	-19.30cd
            	35.68a
          

          
            	MH
            	47.14c
            	-15.64b
            	29.13b
          

          
            	R-L
            	53.18a
            	-19.14cd
            	35.54a
          

          
            	RGB-L
            	38.86d
            	-7.31a
            	19.98c
          

          
            	RGBFR-L
            	48.64c
            	-16.93bc
            	31.46b
          

          
            	Control
            	51.88ab
            	-19.81d
            	36.09a
          

          
            	
              22 days after transplanting
            
          

          
            	B-L
            	54.46ab
            	-18.44bc
            	36.39b
          

          
            	HPS
            	49.90bc
            	-15.69b
            	33.40bc
          

          
            	MH
            	43.49c
            	-17.70bc
            	32.16cd
          

          
            	R-L
            	60.49a
            	-17.04bc
            	37.62a
          

          
            	RGB-L
            	57.21bc
            	-9.17a
            	29.37d
          

          
            	RGBFR-L
            	54.37ab
            	-16.87bc
            	36.11ab
          

          
            	Control
            	53.48ab
            	-19.17c
            	35.06abc
          

          
            	
              29 days after transplanting
            
          

          
            	B-L
            	50.34d
            	-17.61bc
            	34.01c
          

          
            	HPS
            	56.70b
            	-15.69ab
            	35.01bc
          

          
            	MH
            	55.11bc
            	-19.27c
            	38.22a
          

          
            	R-L
            	60.44a
            	-17.85bc
            	37.26ab
          

          
            	RGB-L
            	52.69cd
            	-14.40a
            	33.18c
          

          
            	RGBFR-L
            	45.95e
            	-15.51ab
            	27.99d
          

          
            	Control
            	46.38e
            	-19.67c
            	30.02d
          

          
            	
              36 days after transplanting
            
          

          
            	B-L
            	51.10b
            	-18.06b
            	33.22a
          

          
            	HPS
            	52.95ab
            	-20.40b
            	35.43a
          

          
            	MH
            	54.28ab
            	-19.72b
            	33.96a
          

          
            	R-L
            	55.35a
            	-18.07b
            	31.79a
          

          
            	RGB-L
            	46.10c
            	-11.32a
            	27.22b
          

          
            	RGBFR-L
            	50.65b
            	-18.75b
            	32.20a
          

          
            	Control
            	52.95ab
            	-19.75b
            	33.35a
          

        

        
          
            z Artificial light source treatment B-L; Blue LED, HPS; High-pressure sodium lamp, MH: Metal halide lamp, R-L; Red LED, RGB-L; Red + Green + Blue LED, RGBFR-L; Red + Green + Blue + Far-Red LED
          

          
            y Means separation in columns by Duncan's multiple range test at P =0.05
          

        

        

        It appears that 'Tomalin' exhibited significant color changes in response to the quality of artificial light sources, whereas 'Seonpunggold' showed smaller variations in color based on the quality of light compared to 'Tomalin'.

      

    

    

  
    
      4. Conclusion
      This research aimed to investigate the effects of artificial light sources on the growth and quality of lettuce to identify the optimal artificial light source for producing high-quality lettuce. Variations in lettuce growth and quality were observed depending on the type of artificial light source. The RGB-L treatment resulted in thick leaf development, leading to higher fresh weight, dry weight, and relative growth rates. Additionally, both cultivars exhibited higher anthocyanin content and a darker reddish leaf coloration under the RGB-L treatment.

      Furthermore, both RGBFR-L and HPS treatments resulted in a larger leaf area and superior growth compared to the control group. In contrast, treatments with single light sources such as R-L, B-L, and MH exhibited lower plant growth compared to treatments with a combination of red, green, and blue light like RGB-L or a combination of red, green, blue, and far-red light like RGBFR-L.

      Both 'Tomalin' and 'Seonpunggold' exhibited the highest chlorophyll content under RGB-L and RGBFR-L treatments. In contrast, treatments with single light sources such as B-L and R-L resulted in lower chlorophyll content in the plants. Particularly, under R-L treatment, the plants showed elongated leaves with narrow widths, resulting in a higher leaf shape index and a tendency towards leaf curling.

      The anthocyanin content was highest under the RGB-L light treatment. Specifically, on the 36th day after planting, the 'Tomalin' exhibited anthocyanin levels more than 7 times higher than the control group, while the 'Seonpunggold' showed anthocyanin levels more than 5 times higher than the control group.

      Therefore, for the improvement of lettuce growth and quality, it is more effective to use RGB-L lighting where red, blue, and green lights are appropriately mixed, rather than single light sources.
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