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            Abstract
          
        

        
          The aim of this study was to investigate the effects of artificial light sources on the germination and seedling vigor of lettuce, aiming to identify the optimal artificial light source for producing high-quality seedlings. Lettuce cultivar of 'Tomalin' and 'Seonpunggold' exhibited the highest seed emergence in the Metal halide(MH) lamp and High-pressure sodium(HPS) lamp treatment group, while the emergence rate parameter, T50, was the fastest in the HPS lamp treatment group. Both cultivars showed good growth characteristics such as number of leaves, root length, and stem diameter under RGB-LED, and their seedling vigor was excellent as well. The plant height was smallest in the Red + Green + Blue LED treatment, but the leaves were round and thick, resulting in higher biomass and dry weight. Single light sources of Red LED and Blue LED led to reduced growth compared with that under the mixed light treatments. Chlorophyll content in lettuce varied with the type of artificial light, with both cultivars exhibiting the highest chlorophyll content in the Red + Green + Blue LED treatment. The most suitable artificial light for lettuce seedling growth was the Red + Green + Blue LED treatment.

        

      

      
        Keywords: 
Artificial light, Emergence, Growth, Leaf area index, Light emitting diode

      

    

    

  
    
      1. Introduction
      Lettuce is rich in fiber, vitamins, and minerals, making it beneficial for patients with constipation and anemia, and it holds the largest market share among all leafy vegetables (RDA, 2018). In 2022, the cultivation area of lettuce in South Korea was 3,913 hectares, with an annual production of 97,137 tons (KOSIS, 2022).

      Lettuce is a cold-season crop with optimal growth temperatures ranging from 15 to 20℃. When temperatures exceed 30℃, both germination and leaf development cease, and nutrient absorption decrease. As a result, during the hot summer season, lettuce prices often surge due to the unfavorable conditions for its growth.

      In a plant factory, environmental conditions such as temperature, light, CO2, and nutrient solution are artificially controlled, allowing plants to be continuously produced automatically regardless of season or location (Lee et al., 2022). This represents an evolved cultivation system compared to traditional greenhouses, which provide only limited control over external factors (Lee, 2019).

      Crop cultivation relies significantly on the cultivation environment, with considerable research focusing on artificial lighting in plant factories (Um et al., 2010; Lee et al., 2014; Uoon and Cho, 2019). Light is a crucial environmental factor involved in photosynthesis and morphogenesis of plants (Ma et al., 2021).

      In plant factories, artificial lighting is used to supply insufficient natural light, while in facility cultivation, artificial lighting is utilized to enhance photosynthesis, particularly as daylight shortens from autumn onwards.

      However, the type of artificial lighting used in crop cultivation has different effects on plant growth. Metal halide lamps, for example, distribute wavelengths across the visible spectrum, making them effective for plant growth, but they have disadvantages such as low luminous efficiency and short lifespan. On the other hand, fluorescent lamps are inexpensive but have lower luminous efficiency and a limited effective spectrum for photosynthesis (Park et al., 2011).

      LEDs have the advantage of high efficiency, long lifespan, and the ability to easily create desired light quality. However, they are more expensive compared to other lighting options. Thus, each type of lighting has its own advantages and disadvantages, and the growth response of crops varies depending on the different wavelengths (Dougher and Bugbee, 2001; Kim et al., 2004).

      This study was conducted to determine the effects of artificial light sources used for illumination in plant factories and facility cultivation on the germination and seedling growth of lettuce.

    

    

  
    
      2. Materials and Methods
      
        2.1. Crop cultivation conditions
        The lettuce cultivars used in this experiment were 'Tomalin' (Kwonnong Seed Co.) and 'Seonpunggold' (Kwonnong Seed Co.). The experiment was conducted in a Venlo-type glass greenhouse with a floor area of 40 m2 located at Pusan National University.

        The seeds of 'Tomalin' and 'Seonpunggold' were sown at a rate of 50 seeds per plug tray with 105 cells, repeated three times. The growing medium used was horticultural soil (Farmhannog, Seoul, Korea). Throughout the cultivation period, the day and night temperatures in the greenhouse were maintained at 20°C. To ensure proper temperature management during the experimental period, a temperature and humidity recorder (TR-72Ui, TSD Corporation, Japan) was installed in the center of the greenhouse from October 24th to November 13th to measure and collect temperature and humidity data.

      

      
        2.2. Artificial light source process
        The artificial light sources used in this experiment were 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 lights (R-L, Parus, Korea), blue LED lights (B-L, Parus, Korea), a combination of red + green + blue LED lights (RGB-L, D&W, Korea), and a combination of red + green + blue + far-red LED lights(RGBFR-L, D&W, Korea), all in bulb form.

        The types of LED lights 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 above the plug boards for seedlings and illuminated continuously for 24 hours. The control group was grown using natural sunlight.

        The light intensities for each artificial light source were as follows: HPS lamp: 45 μmol·m-2·s-1, MH lamp: 14 μmol·m-2·s-1, R-L: 153 μmol·m-2·s-1, B-L: 149 μmol·m-2·s-1, RGB-L: 58 μmol·m-2·s-1, RGBFR-L: 91 μmol·m-2·s-1. The control group received natural sunlight with an intensity of 77 μmol·m-2·s-1.

        
          Table 1. 
				
          

          
            B-L, HPS, MH, R-L, RGB-L, FGBFR-L artificial light resource treatments during the experiment periods
          
          

        

        
          
            
              	Light resourcez
              	PPFD 
(μmol·m-2·s-1)
              	Lux
              	Peak (nm)
            

          
          
            	B-L
            	149
            	1,290
            	450
          

          
            	HPS
            	 45
            	3,449
            	570
          

          
            	MH
            	 14
            	 750
            	580
          

          
            	R-L
            	153
            	1,987
            	660
          

          
            	RGB-L
            	 58
            	2,246
            	450-660
          

          
            	RGBFR-L
            	 91
            	3,547
            	450-520-660-730
          

          
            	Control
            	 77
            	3,336
            	
          

        

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

        

        

        
          
          

          Fig. 1. 
				
          

          
            Light spectral distribution of artificial light source. A; B-L, B; HPS, C; MH, D; R-L, E; RGB-L, F;RGBFR-L.
          
          

          

        

        Lux values for each light source were measured at three points on the seedling plug tray 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 represents the measurement taken at 12:30.

      

      
        2.3. Testing of seed germination rate by artificial light treatments
        The study aimed to investigate the impact of artificial light sources on the seedling emergence rate and the speed of the seedling emergence. The speed of the seedling emergence was assessed by determining the time required for 50% germination, known as T50, relative to the final germination rate. The evaluation was conducted daily for seven days following sowing, and the emergence was determined based on the emergence of cotyledons above the soil surface. T50 was calculated by using the following formula.
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          	N : Sum of the number of seeds that emerged by the emergence survey deadline


          	Ni: Sum of the number of seeds that emerged up to 50% of N 


          	Nj : Sum of the number of seeds that emerged immediately after 50% for N 


          	Ti : Appearance period until Ni


          	Tj : Appearance period until Nj


        

      

      
        2.4. Testing the seedling vigor by artificial light source treatments
        Testing the seedling vigor included assessments on the 10th, 15th, and 20th days after sowing. The evaluated parameters consisted of number of leaves, leaf area, leaf length, leaf width, leaf shape index, plant height, root length, stem diameter, fresh weight, dry weight, and relative growth rate. Stem diameter was measured using a Vernier caliper (CD-15CP, Mitutoyo Co., Japan) on the thickest part of the stem, and leaf shape index was calculated by dividing leaf length by leaf width.

      

      
        2.5. Testing chlorophyll content in lettuce seedlings by artificial light treatments
        To assess the quality of seedlings, chlorophyll content was measured on days 10, 15, and 20 after sowing. The measurement involved using a chlorophyll meter (SPAD-502, Minolta Co., Ltd., Japan) to take readings at three points on the third fully expanded normal leaf, and the average value was recorded.

      

      
        2.6. 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 sources on lettuce seedling emergence rate
        Table 2 presents the results of investigating the germination rate of lettuce seeds under various artificial light sources.

        
          Table 2. 
				
          

          
            Effect of artificial light source on percent emergence and days to 50% of the final emergence percentage(T50) of lettuce at 20℃ in greenhouse
          
          

        

        
          
            
              	Cultivar
              	Light sourcez
              	Emergence (%)
              	T50 (days)
            

          
          
            	Tomalin
            	B-L
            	86.7by
            	3.41b
          

          
            	HPS
            	94.0a
            	2.75c
          

          
            	MH
            	97.3a
            	4.21a
          

          
            	R-L
            	92.0ab
            	3.64b
          

          
            	RGB-L
            	93.3ab
            	3.42b
          

          
            	RGBFR-L
            	96.0a
            	3.44b
          

          
            	Control
            	94.7a
            	3.29b
          

          
            	Seonpunggold
            	B-L
            	96.7ab
            	4.09a
          

          
            	HPS
            	98.7a
            	2.57d
          

          
            	MH
            	98.7a
            	3.04cd
          

          
            	R-L
            	97.3ab
            	3.10c
          

          
            	RGB-L
            	92.7b
            	3.69ab
          

          
            	RGBFR-L
            	96.7ab
            	3.29bc
          

          
            	Control
            	94.7ab
            	3.29bc
          

        

        
          
            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, FGBFR-L; Red + Green + Blue + Far-Red LED.
          

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

        

        

        Most horticultural crop seeds are capable of germination regardless of light, but photodissociative seed require light for germination. Lettuce has photodissociative seeds, and germination is promoted in red light (660 nm) while it is inhibited in far-red light (730 nm).

        For both 'Tomalin' and 'Seonpunggold' cultivars, the germination rate was highest under MH at 97.3% and 98.7%, respectively, in case of ‘Seonpunggold’ cultivar germination rate under HPS was equal to MH. On the other hand, T50, the indication of the germination speed, was fastest under HPS at 2.75 days and 2.57 days, respectively (Table 2).

        'Tomalin' exhibited the lowest germination rate under B-L(Blue LED), while 'Seonpunggold' had the longest T50 of 4.09 days under B-L, indicating an extended germination period. Taking into account the findings of the prior study (Cho et al., 2008), which demonstrated notable suppression of germination in rapeseed under B-L treatment, our study's results suggest that light quality indeed affects the germination of photodissociative seeds. Specifically, B-L treatment can be concluded to inhibit germination.

        'Seonpunggold' showed a germination rate of over 90% five days after sowing, regardless of the light quality of the artificial light source. Germination speed varied depending on the light quality, with rapid germination occurring under HPS, while B-L resulted in the slowest emergence speed.

      

      
        3.2. The effect of artificial light sources on lettuce seedling vigor
        Table 3 presents the application of various artificial light sources to observe the growth of lettuce, aimed at investigating their effects on seedling growth.

        
          Table 3. 
				
          

          
            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 sowing
            

            
              	10
              	15
              	20
            

          
          
            	Tomalin
            	
            	No. of Leaves
          

          
            	B-L
            	2.0dy
            	3.0d
            	4.0d
          

          
            	HPS
            	 3.0ab
            	3.8c
            	5.0c
          

          
            	MH
            	2.0d
            	2.7d
            	4.0d
          

          
            	R-L
            	2.0d
            	2.0e
            	4.0d
          

          
            	RGB-L
            	3.3a
            	5.0a
            	6.3a
          

          
            	RGBFR-L
            	 2.7bc
            	4.3b
            	5.3b
          

          
            	Control
            	2.5c
            	3.0d
            	4.0d
          

          
            	
            	Leaf area (㎠)
          

          
            	B-L
            	0.62b
            	 2.52bc
            		5.71bc
          

          
            	HPS
            	5.07a
            	8.40a
            	21.57a
          

          
            	MH
            	0.35b
            	0.98c
            	 1.21c
          

          
            	R-L
            	0.60b
            	0.65c
            		1.69bc
          

          
            	RGB-L
            	 3.49ab
            	7.94a
            	17.57a
          

          
            	RGBFR-L
            	 3.02ab
            	9.00a
            	21.16a
          

          
            	Control
            	0.76b
            	3.93b
            	 6.23b
          

          
            	Seonpunggold
            	
            	
              No. of Leaves
            
          

          
            	B-L
            	 2.2bc
            	 2.8bc
            	4.0d
          

          
            	HPS
            	3.0a
            	4.0a
            	5.0c
          

          
            	MH
            	2.0c
            	2.5c
            	4.0d
          

          
            	R-L
            	2.7a
            	3.2b
            	5.0c
          

          
            	RGB-L
            	3.0a
            	4.3a
            	6.0a
          

          
            	RGBFR-L
            	3.0a
            	4.0a
            	5.3b
          

          
            	Control
            	 2.5ab
            	3.0b
            	4.0d
          

          
            	
            	Leaf area (㎠)
          

          
            	B-L
            	0.86f
            		2.27cd
            	 10.30cd
          

          
            	HPS
            	2.89c
            	 9.40b
            	29.38a
          

          
            	MH
            	0.55g
            	 0.79d
            	 1.70e
          

          
            	R-L
            	1.61d
            	 4.75c
            	12.09c
          

          
            	RGB-L
            	5.55a
            	 9.16b
            	23.19b
          

          
            	RGBFR-L
            	4.61b
            	11.97a
            	27.97a
          

          
            	Control
            	1.36e
            	 1.58d
            	 7.18d
          

        

        
          
            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, FGBFR-L; Red + Green + Blue + Far-Red LED.
          

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

        

        

        Both 'Tomalin' and 'Seonpunggold' cultivars showed the highest number of leaves under the RGB-L (Red + Green + Blue LED) treatment. On the 20th day after sowing, the number of leaves for 'Tomalin' was 6.3, and for 'Seonpunggold' it was 6.0 (Table 3). In contrast, in ‘Tomalin’ the number of leaves was the lowest under MH, R-L and B-L treatment at 4.0, whlie in ‘Seonpunggold’ the number of leaves was the lowest under M-H and B-L at 4.0, which is attributed to the insufficient light intensity of MH at 14 μmol·m-2·s-1 for lettuce growth.

        Light intensity plays a crucial role in plant growth, and it has been reported that lettuce shows reduced leaf count and overall poor growth under fluorescent lamps with light intensity below 70 μmol·m-2·s-1 (Lee et al., 2010). And also, in cabbage, an increase in light intensity was associated with an increase in number of leaves and leaf area, resulting in improved growth (Son et al., 2012).

        The leaf area of both 'Tomalin' and 'Seonpunggold' was highest under HPS, with RGBF-L statistically belonging to the top group as well.

        These results are consistent with a previous study by Lee et al.(2014), which reported an increase in leaf area in plants treated with HPS artificial lighting.

        Table 4 illustrates differences in leaf growth of 'Tomalin' based on the type of artificial lighting, as evidenced by variations in leaf length and width. On the 10th day after sowing, leaf expansion rates were slower in the B-L, R-L, and MH treatments. Additionally, both leaf length and leaf width tended to be higher in the artificial lighting treatment groups compared to the control group.

        
          Table 4. 
				
          

          
            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 sowing
            

            
              	10
              	15
              	20
            

          
          
            	Tomalin
            	
            	Leaf length (cm)
          

          
            	B-L
            	-
            	3.10d
            	7.33b
          

          
            	HPS
            	3.07ay
            	8.40a
            	9.62a
          

          
            	MH
            	-
            	0.98e
            	5.72c
          

          
            	R-L
            	-
            	-
            	5.40c
          

          
            	RGB-L
            	3.07a
            	4.97c
            	5.55c
          

          
            	RGBFR-L
            	3.15a
            	7.32b
            	9.32a
          

          
            	Control
            	0.67b
            	4.63c
            	7.02b
          

          
            	
            	Leaf width (cm)
          

          
            	B-L
            	-
            	0.99c
            	1.88bc
          

          
            	HPS
            	1.20a
            	1.38b
            	1.93bc
          

          
            	MH
            	-
            	0.07d
            	0.42d
          

          
            	R-L
            	-
            	-
            	0.17d
          

          
            	RGB-L
            	1.27a
            	1.80a
            	2.05b
          

          
            	RGBFR-L
            	0.90b
            	1.92a
            	2.65a
          

          
            	Control
            	0.33c
            	0.98c
            	1.58c
          

          
            	Seonpunggold
            	
            	Leaf length (cm)
          

          
            	B-L
            	0.15c
            	2.80bc
            	8.03a
          

          
            	HPS
            	2.28ab
            	7.93a
            	8.92a
          

          
            	MH
            	-
            	1.98c
            	5.65bc
          

          
            	R-L
            	0.90c
            	6.72a
            	8.15a
          

          
            	RGB-L
            	2.35ab
            	3.93b
            	4.83c
          

          
            	RGBFR-L
            	3.15a
            	7.17a
            	8.37a
          

          
            	Control
            	1.18bc
            	3.93b
            	6.52b
          

          
            	
            	Leaf width (cm)
          

          
            	B-L
            	0.03c
            	0.93d
            	3.18a
          

          
            	HPS
            	0.77b
            	2.53b
            	3.10a
          

          
            	MH
            	-
            	0.25e
            	0.75c
          

          
            	R-L
            	0.27bc
            	1.67c
            	2.35b
          

          
            	RGB-L
            	1.47a
            	3.42a
            	3.72a
          

          
            	RGBFR-L
            	1.30a
            	3.38a
            	3.53a
          

          
            	Control
            	0.60b
            	0.92d
            	2.07b
          

        

        
          
            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, FGBFR-L; Red + Green + Blue + Far-Red LED.
          

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

        

        

        The leaf length was the longest in the HPS treatment at 9.62 cm on the 20th day after sowing, while the leaf width was the longest in the RGBFR-L treatment at 2.65 cm. On the other hand, lettuce grown under R-L treatment had the shortest leaf length and leaf width.

        Similarly, 'Seonpunggold' also showed differences in leaf length and leaf width depending on the type of artificial light source, and generally, the artificial light treatments resulted in better leaf growth compared to the control. On the 20th day after sowing, the lettuce's leaf length was the highest in the HPS(8.92 cm) and RGBFR-L(8.37 cm) treatment, while the leaf width was the highest in the RGB-L(3.72 cm) and RGBFR-L(3.53 cm) treatment.

        Fig. 2 depicts the leaf shape index, which is calculated by dividing leaf length by leaf width, indicating the leaf's shape. On the 20th day after sowing, 'Tomalin' exhibited the highest leaf shape index under the R-L treatment, followed by the MH treatment. Conversely, for 'Seonpunggold', the highest leaf shape index was observed under the MH treatment, followed by the R-L treatment.

        
          
          

          Fig. 2. 
				
          

          
            Effect of artificial light source on leaf shape index for 20 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, FGBFR-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.
          
          

          

        

        These results are similar to the findings of Kim et al.(2017), where an increase in the proportion of B-L in mixed LED treatments resulted in a more rounded leaf shape. In this study, the Blue LED proportion in the RGB-L mixed light was 21%.

        B-L is known to inhibit plant height growth (Rajapakse and Kelly, 1992), while R-L is reported to have a lower inhibitory effect on plant height growth under conditions without blue light (McMahon et al., 1991). However, Fig. 3 illustrates that in this study, both cultivars showed the lowest plant height growth under RGB-L conditions. This suggests that the inhibitory effect on plant height growth increases when various lights are mixed compared to single B-L.

        
          
          

          Fig. 3. 
				
          

          
            Effect of artificial light source on plant height and root length for 20 days growth of ‘Tomalin’ and ‘Seonpunggold’ lettuce at 20℃ in greenhouse. Vertical bars are means ± SE of three replications.
          
          

          

        

        On the other hand, when comparing single B-L and R-L treatments, both cultivars showed lower plant height growth in B-L treatment compared to R-L treatment. Root length was the longest in both cultivars under RGB-L treatment and the shortest under MH treatment.

        Table 5 demonstrates that the stem diameter of both 'Tomalin' and 'Seonpunggold' cultivars was highest under RGB-L treatment, followed by RGBFR-L and HPS treatments. After 20 days of sowing, the stem diameter of 'Tomalin' was 1.42 mm under RGB-L treatment, which was more than twice as high as that in the control group. Similarly, the stem diameter of 'Seonpunggold' was 1.46 mm under RGB-L treatment, which was also more than twice as high as that in the control group. Conversely, under R-L, MH, and B-L treatments, the stem diameter was lower than that in the control group, at 0.68 mm. In 'Seonpunggold,' the stem diameter was lowest under MH treatment.

        
          Table 5. 
				
          

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

        

        
          
            
              	Cultivar
              	Light
sourcez
              	Days after sowing
            

            
              	10
              	15
              	20
            

          
          
            	
            	
            	Stem diameter (mm)
          

          
            	Tomalin
            	B-L
            	0.47cy
            	 0.65cd
            	0.65c
          

          
            	HPS
            	0.42c
            	0.83b
            	0.94b
          

          
            	MH
            	0.47c
            	 0.52de
            	0.52c
          

          
            	R-L
            	0.39c
            	0.43e
            	0.52c
          

          
            	RGB-L
            	0.77a
            	1.12a
            	1.42a
          

          
            	RGBFR-L
            	0.64b
            	 0.75bc
            	1.08b
          

          
            	Control
            	0.41c
            	0.56d
            	0.68c
          

          
            	Seonpunggold
            	B-L
            	 0.53bc
            	0.64c
            	0.75c
          

          
            	HPS
            	0.61b
            	0.68c
            	1.08b
          

          
            	MH
            	0.38c
            	0.42d
            	0.47d
          

          
            	R-L
            	 0.52bc
            	 0.55cd
            	0.79c
          

          
            	RGB-L
            	0.88a
            	1.33a
            	1.46a
          

          
            	RGBFR-L
            	0.67b
            	1.02b
            	1.45a
          

          
            	Control
            	0.39c
            	 0.53cd
            	 0.61cd
          

        

        
          
            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, FGBFR-L; Red + Green + Blue + Far-Red LED.
          

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

        

        

        Table 6 highlights that for 'Tomalin,' both fresh weight and dry weight exhibited a tendency to be highest under RGB-L treatment, followed by RGBFR-L and HPS treatments throughout the entire growth period. After 20 days of sowing, the fresh weight and dry weight of 'Tomalin' under RGB-L treatment were 1120.15 mg and 70.98 mg, respectively, which were more than three times higher than those in the control group, which were 211.04 mg and 23.95 mg, respectively.

        
          Table 6. 
				
          

          
            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 (mg/plant)
              	
              	Dry weight (mg/plant)
            

            
              	Shoot
              	Root
              	Total
              	Shoot
              	Root
              	Total
            

          
          
            	
              10 days after sowing
            
          

          
            	B-L
            	40.0bcy
            	1.67d
            	41.7d
            	
            	1.7d
            	0.1b
            	1.7d
          

          
            	HPS
            	100.9a
            	10.7c
            	111.8b
            	
            	4.0c
            	0.2b
            	4.2c
          

          
            	MH
            	30.1c
            	1.6d
            	31.7d
            	
            	1.0de
            	0.1b
            	1.1de
          

          
            	R-L
            	30.1c
            	1.6d
            	31.7d
            	
            	0.3e
            	0.1b
            	0.4e
          

          
            	RGB-L
            	112.3a
            	92.8a
            	205.0a
            	
            	10.8a
            	1.4a
            	12.2a
          

          
            	RGBFR-L
            	96.9a
            	28.1b
            	125.0b
            	
            	6.0b
            	0.1b
            	6.0b
          

          
            	Control
            	52.9b
            	7.2c
            	60.0c
            	
            	1.3d
            	0.1b
            	1.4d
          

          
            	
              15 days after sowing
            
          

          
            	B-L
            	99.7c
            	18.6bc
            	118.4c
            	
            	5.9d
            	0.8c
            	6.7d
          

          
            	HPS
            	296.1b
            	22.3bc
            	318.4b
            	
            	13.5c
            	0.9c
            	14.4c
          

          
            	MH
            	45.8c
            	3.0c
            	48.7c
            	
            	1.0e
            	0.2c
            	1.2e
          

          
            	R-L
            	45.7c
            	4.7c
            	50.4c
            	
            	1.3e
            	0.2c
            	1.5e
          

          
            	RGB-L
            	391.5a
            	162.5a
            	554.1a
            	
            	30.2a
            	5.9a
            	36.1a
          

          
            	RGBFR-L
            	338.2ab
            	50.4b
            	388.7b
            	
            	20.1b
            	1.9b
            	22.0b
          

          
            	Control
            	81.9c
            	9.7c
            	91.6c
            	
            	4.0de
            	0.2c
            	4.2de
          

          
            	
              20 days after sowing
            
          

          
            	B-L
            	229.3b
            	20.1b
            	249.4c
            	
            	10.0d
            	0.8b
            	10.8d
          

          
            	HPS
            	788.1a
            	77.2b
            	865.3b
            	
            	37.7bc
            	2.6b
            	40.3bc
          

          
            	MH
            	62.1c
            	3.0b
            	65.2c
            	
            	2.4d
            	0.4b
            	2.8d
          

          
            	R-L
            	102.0bc
            	19.93
            	121.9c
            	
            	6.4d
            	1.2b
            	7.5d
          

          
            	RGB-L
            	756.8a
            	363.4a
            	1120.2a
            	
            	59.8a
            	11.2a
            	71.0a
          

          
            	RGBFR-L
            	828.3a
            	107.3b
            	935.6ab
            	
            	46.5ab
            	3.8b
            	50.3ab
          

          
            	Control
            	192.4bc
            	18.6b
            	211.0c
            	
            	23.4cd
            	0.5b
            	24.0cd
          

        

        
          
            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, FGBFR-L; Red + Green + Blue + Far-Red LED.
          

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

        

        

        Table 7 illustrates that for 'Seonpunggold' as well, the fresh weight after 20 days of sowing under RGBFR-L and RGB-L treatments was 1456.48 mg and 1433.4 mg, respectively, which was more than seven times higher than that in the control group. Therefore, for both cultivars, the growth was best in the RGB-L and RGBFR-L mixed treatment groups.

        
          Table 7. 
				
          

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

        

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

            
              	Shoot
              	Root
              	Total
              	Shoot
              	Root
              	Total
            

          
          
            	
            	
              10 days after sowing
            
          

          
            	B-L
            	50.0cy
            	1.7c
            	51.7d
            	
            	2.5cd
            	0.1c
            	2.6de
          

          
            	HPS
            	140.0b
            	10.7c
            	150.7c
            	
            	5.5c
            	0.1c
            	5.6c
          

          
            	MH
            	40.0c
            	1.3c
            	41.3 d
            	
            	1.2d
            	0.1c
            	1.3e
          

          
            	R-L
            	70.0c
            	1.6c
            	71.6d
            	
            	3.7c
            	0.1c
            	3.8d
          

          
            	RGB-L
            	200.0a
            	117.9a
            	317.9a
            	
            	14.7a
            	2.1a
            	16.7a
          

          
            	RGBFR-L
            	163.3ab
            	40.2b
            	203.5b
            	
            	8.5b
            	1.3b
            	9.8b
          

          
            	Control
            	56.7c
            	8.7c
            	65.4d
            	
            	2.0d
            	0.1c
            	2.1e
          

          
            	
            	
              15 days after sowing
            
          

          
            	B-L
            	71.7c
            	24.0c
            	95.8d
            	
            	6.9c
            	0.1d
            	7.0d
          

          
            	HPS
            	281.7b
            	16.3c
            	298.0c
            	
            	13.0b
            	1.1c
            	14.2c
          

          
            	MH
            	44.1c
            	3.3c
            	47.4d
            	
            	1.5d
            	0.1d
            	1.6e
          

          
            	R-L
            	153.4c
            	20.8c
            	174.3d
            	
            	7.1c
            	0.2d
            	7.3d
          

          
            	RGB-L
            	478.4a
            	203.4a
            	681.8a
            	
            	28.3a
            	5.5a
            	33.7a
          

          
            	RGBFR-L
            	423.7a
            	86.3b
            	510.0a
            	
            	24.9a
            	3.0b
            	27.9b
          

          
            	Control
            	71.9c
            	9.4c
            	81.4d
            	
            	3.5cd
            	0.1d
            	3.6de
          

          
            	
            	
              20 days after sowing
            
          

          
            	B-L
            	341.9d
            	35.1c
            	376.93c
            	
            	15.4cd
            	1.7cd
            	17.2cd
          

          
            	HPS
            	996.8b
            	40.9c
            	1037.7b
            	
            	34.3b
            	2.5c
            	36.8b
          

          
            	MH
            	68.2f
            	8.3c
            	76.5d
            	
            	2.6e
            	0.3d
            	2.9e
          

          
            	R-L
            	456.6c
            	48.6c
            	505.2c
            	
            	23.8c
            	1.9cd
            	25.6c
          

          
            	RGB-L
            	1019.3ab
            	412.1a
            	1431.4a
            	
            	67.1a
            	10.8a
            	77.9a
          

          
            	RGBFR-L
            	1131.3a
            	325.2b
            	1456.5a
            	
            	61.5a
            	8.7b
            	70.3a
          

          
            	Control
            	184.7e
            	19.7c
            	204.5d
            	
            	7.5de
            	0.4d
            	8.0de
          

        

        
          
            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, FGBFR-L; Red + Green + Blue + Far-Red LED.
          

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

        

        

        On the other hand, although leaf area, plant height, and overall growth were highest under HPS, the fresh weight, dry weight, and relative growth rate for both cultivars tended to be lower than those in the RGB-L and RGBFR-L mixed treatment groups (Table 7 and Fig. 5). Plants positioned under HPS and LED experience a slight increase in apiculus meristem temperature (Lee et al., 2014), and it is speculated that this increase in apiculus meristem temperature due to HPS lighting may have had some impact on seedling growth.

        
          
          

          Fig. 4. 
				
          

          
            Effect of artificial light source on T/R for 20 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, FGBFR-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.
          
          

          

        

        
          
          

          Fig. 5. 
				
          

          
            Effect of artificial light source on relative growth rate for 20 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, FGBFR-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.
          
          

          

        

        In the case of single light sources like R-L and B-L, overall growth was inhibited compared to mixed light sources. This inhibition could be attributed to delayed plant growth under lower light intensities (Park et al., 2011; Kwon and Park, 2018). Therefore, it is interpreted that lettuce growth was suppressed in light treatments such as MH, R-L, and B-L, which relatively had lower light intensity compared to LED mixed light treatments, resulting in lower biomass production.

        After 20 days post-seeding, the T/R ratio for both cultivars was highest in the control group and lowest in the RGB-L treatment. For lettuce, the criteria for high-quality seedlings include higher dry weight and lower T/R ratio, leaf area ratio (leaf area/leaf weight), and stem length (Kitaya et al., 1998). In the HPS treatment, although number of leaves and leaf area were high, biomass and plant weight were low, indicating a higher leaf area ratio.

        In summary, both cultivars exhibited superior seedling growth in the RGB-L treatment, characterized by higher plant weight and lower shoot-to-root ratio(T/R), indicating better seedling quality. Following RGB-L, the RGBFR-L and HPS treatments showed the next best growth performances.

        Fig. 5 illustrates the effect of artificial lighting on relative growth rate. In both cultivars, the relative growth rate was lowest in the MH treatment and highest in the RGB-L and RGBFR-L treatments. Additionally, for 'Tomalin', the relative growth rate was lower in the B-L and R-L treatments compared to the control group. It is known that an increase in light intensity leads to an increase in plant biomass and leaf expansion rate, thereby enhancing seedling quality (Jang et al., 2017). Conversely, a decrease in light intensity results in reduced vigor metrics such as leaf area ratio and leaf area index for seedlings (Kwack and An, 2021).

        In this study, it was observed that the lower light intensity in the MH treatment resulted in reduced plant biomass, as indicated in Tables 6-7. Consequently, the relative growth rate was also lower in the MH treatment compared to other light treatments.

      

      
        3.3. Effect of artificial lighting on the chlorophyll content of lettuce
        Table 8 examines the effect of various artificial lighting treatments on chlorophyll content in the cultivation of lettuce. For both 'Tomalin' and 'Seonpunggold' cutivars, chlorophyll content was highest under RGB-L lighting throughout the entire growth period.

        
          Table 8. 
				
          

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

        

        
          
            
              	Cultivar
              	Light sourcez
              	Days after Seeding
            

            
              	10
              	15
              	20
            

          
          
            	
            	
            	
              Chlorophyll content (SPAD unit)
            
          

          
            	Tomalin
            	B-L
            	12.70cdy
            	20.00a
            	15.33bcd
          

          
            	HPS
            	15.98b
            	13.55c
            	17.40ab
          

          
            	MH
            	10.05de
            	11.90c
            	11.20e
          

          
            	R-L
            	7.77e
            	11.87c
            	14.27cd
          

          
            	RGB-L
            	22.62a
            	21.87a
            	19.73a
          

          
            	RGBFR-L
            	13.48bc
            	16.85b
            	17.05abc
          

          
            	Control
            	13.60bc
            	13.65c
            	12.78de
          

          
            	Seonpunggold
            	B-L
            	11.32c
            	9.98ab
            	11.30a
          

          
            	HPS
            	11.45c
            	10.20ab
            	8.28bc
          

          
            	MH
            	11.66c
            	7.32c
            	7.03cd
          

          
            	R-L
            	9.83c
            	9.15b
            	11.33a
          

          
            	RGB-L
            	19.27a
            	11.40a
            	11.80a
          

          
            	RGBFR-L
            	14.82b
            	10.57ab
            	8.90b
          

          
            	Control
            	10.67c
            	10.63ab
            	6.52d
          

        

        
          
            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, FGBFR-L; Red + Green + Blue + Far-Red LED.
          

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

        

        

        ‘Tomallin' exhibited a trend of decreasing chlorophyll content initially under HPS treatment, followed by an increase as the growth period progressed, while 'Seonpunggold' showed a continuous decrease in chlorophyll content. Conversely, under MH treatment, chlorophyll content was lower throughout the entire growth period compared to other artificial lighting sources. This is interpreted as being due to the lower light intensity of MH (Kim et al., 2018), which led to a reduction in photosynthetic activity and consequently inhibited growth.

        In 'Seonpunggold', the chlorophyll content of plants grown under B-L and R-L treatments for 20 days after sowing was 11.30 SPAD and 11.33 SPAD, respectively, which were higher than that of the control group. A similar trend was observed in 'Tomalin' as well. Kasim and Kasim(2017) reported that chlorophyll content varies with light quality, and chlorophyll content was higher under single B-L and R-L treatments compared to the control group. These findings suggest that the light quality of artificial lighting influences chlorophyll content, with the highest content observed under RGB-L treatment, which combines red, green, and blue LEDs.

        Fig. 6 and Fig. 7 demonstrate that in visual evaluation, both cultivars displayed a purplish coloration of leaves under RGB-L treatment. Also, under RGB-L treatment, although the seedlings had short plant height, the leaves were round-shaped, thick, and had short hypocotyl lengths, indicating overall excellent seedling vigor.

        
          
          

          Fig. 6. 
				
          

          
            Changes in growth of ‘Tomalin’ lettuce seedling by different light source treatment 10, 15 and 20 days after transplanting 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, FGBFR-L; Red + Green + Blue + Far-Red LED.
          
          

          

        

        
          
          

          Fig. 7. 
				
          

          
            Changes in growth of ‘Seonpunggold’ lettuce seedling by different light source treatment 10, 15 and 20 days after transplanting 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, FGBFR-L; Red + Green + Blue + Far-Red LED.
          
          

          

        

        In RGBFR-L and HPS treatments as well, the leaf area was broader, and seedling vigor was superior compared to the control group. Conversely, in treatments with single artificial light sources such as B-L, R-L, and MH, the seedling vigor was inferior to the control group (Fig. 6 and Fig. 7).

      

    

    

  
    
      4. Conclusion
      This study aimed to investigate the effects of artificial light sources on the seedling emergence and seedling vigor of lettuce, with the goal of identifying the optimal artificial light source for producing high-quality seedlings.

      'Tomalin' and 'Seonpunggold' exhibited the highest germination rates under MH treatment, while the T50, representing the germination speed, was fastest under HPS treatment. Both 'Tomalin' and 'Seonpunggold' had the highest number of leaves under RGB-L (Red + Green + Blue LED) treatment. Stem diameter was also highest under RGB-L treatment for both cultivars, followed by RGBFR-L and HPS treatments. Conversely, under single light sources such as R-L, MH, and B-L, overall growth parameters including stem diameter were lower compared to mixed light source treatments. Relative growth rates were lowest under MH treatment and highest under RGB-L and RGBFR-L treatments.

      The chlorophyll content in lettuce varied depending on the type of artificial light source, with both cultivars showing the highest chlorophyll content under RGB-L (Red + Green + Blue LED) treatment. To enhance lettuce seedling emergence and promote seedling growth, it was more effective to use a combination of red + blue + green + far-red lights rather than single light sources. The most suitable artificial light source for lettuce seedling growth was RGB-L (Red + Green + Blue LED) treatment, followed by RGBFR-L.
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