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 ABSTRACT 

Seasonal low light intensity and short photoperiods lead to decreased yield, size, 

and quality of fruits in the Northern Hemisphere. Recently, supplemental lighting 

using LEDs has been introduced to overcome such problems. However, most 

studies have focused on plant growth or fruit yield but not on taste. This study 

aimed to evaluate the quality and volatile compounds of greenhouse sweet pepper 

fruits under three different light conditions: natural light only (NL), red and blue 

(RB) interlighting, and RB interlighting with additional FR (RBFR). Sweet peppers 

(Capsicum annuum L.) were grown in a Venlo-type glasshouse. The red to blue 

ratio of the LED was 8:2, and the combined light intensity was adjusted to 100 μmol 

m
-2

 s
-1

 at a distance of 20 cm. The spectral intensity of FR was 60 μmol m
-2

 s
-1

. The 

average daily light integral (DLI) during cultivation was 16.6 mol m
-2

 d
-1

. The size, 

color, firmness, and soluble sugar concentration of the harvested fruit were 
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investigated, and sensory evaluation was conducted by nine trained panelists. 

Individual fruit fresh weights were higher in the order of RBFR, NL, and RB, with 

mean values of 219.1, 201.7, and 197.4 g, respectively. Additionally, the 

compositions of volatile compounds demonstrated a distinct clustering pattern by 

light treatments, implying that the LED interlighting spectra affected the overall 

taste of sweet pepper fruits. The sensory evaluation indicated that sweetness was 

higher in the order of RBFR, RB, and NL, with values of 5.28, 4.36, and 3.72, 

respectively. The soluble sugar results showed the same order as that for the sensory 

evaluation of sweetness, i.e., RBFR, RB, and NL, with values of 5071, 4647, and 

3978 μg FW
-1

, respectively. Based on these results, it can be seen that adding FR to 

RB interlighting could improve the fruit quality attributes, fruit taste perception, and 

soluble sugars of sweet peppers compared to those under RB and NL. 

 

keywords: far-red, intracanopy lighting, morphology, photosynthetic acclimation, 

3D plant model  
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INTRODUCTION 

Sweet pepper (Capsicum annuum L.) is a popular vegetable consumed 

worldwide, either fresh or processed (Eggink et al., 2012). It is popular due to 

its distinct color, taste, aroma, and health-promoting qualities, such as vitamin 

C, vitamin A, flavonoids, and carotenoids (Luning et al., 1994; Marin et al., 

2004; Eggink et al., 2012; Sobczak et al., 2020). The quality parameters 

influencing the willingness to buy or price of sweet peppers are size, shape, 

color, firmness, shelf-life, and flavor. Among them, flavor is regarded as a 

less significant quality parameter, but its importance is more pronounced as 

consumers’ needs for sensory parameters become critical, thereby affecting 

the breeding process and growers’ decision in choosing varieties (Eggink et 

al., 2012). 

Light is the primary energy source for photosynthesis, and its intensity, 

photoperiod and spectral composition play significant roles in plant growth 

and physiology during the entire life cycle. In winter, the lower seasonal light 

conditions cause decreases in the yield, size, and quality of fruits. Thus, 

supplemental lighting is commonly used in the Northern Hemisphere to 

compensate for low sunlight intensity and short daylength (Paponov et al., 

2020; Appolloni et al., 2021). In addition, greenhouse crops undergo uneven 

light distribution along the canopy due to self and mutual shading. Thus, light 

capture is highly concentrated in the upper canopy and declines exponentially 

with depth (Kim et al., 2016; Paponov et al., 2020; Appolloni et al., 2021).  
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Light-emitting diode (LED) has revolutionized the horticultural 

supplemental lighting system. First, it can fine-tune the light spectrum and 

intensity. Also, it makes intracanopy lighting or interlighting possible in a 

high wire cultivation system due to its low heat emission, enabling it to place 

in proximity to the plant tissues. LED has the highest electrical energy 

conversion ratio and energy use efficiency among artificial light sources and 

its capital investment and running cost are expected to decrease constantly in 

the future (Chaki et al., 2015; Appolloni et al., 2021). For these reasons, 

supplemental interlighting using LEDs is gaining attraction in high-tech 

greenhouses (Paponov et al., 2020; Sobczak et al., 2020; Paradiso et al., 2021). 

Plants use radiation within the 400-700 nm wavebands known as 

photosynthetically active radiation (PAR). Among them, red (R; 600 to 700 

nm) and blue (B; 400 to 500 nm) light are known to be the most efficient for 

photosynthesis (Paponov et al., 2020; Paradiso et al., 2021). Light also 

transfers specific signals to plants activating and regulating many critical 

processes related to photomorphogenesis and metabolic functions through 

photoreceptors, such as phytochromes absorbing red and far-red (FR; 700 to 

800 nm) light and cryptochromes absorbing blue light (Paradiso et al., 2021). 

Red light participates in leaf photosynthesis and photosynthetic apparatus 

development, and blue light influences stomatal opening, plant height, and 

chlorophyll biosynthesis (Paradiso et al., 2021). FR light stimulates 

phytochrome-mediated shade avoidance responses such as seed germination, 
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early flowering, and the transition from vegetative to reproductive 

development by changing the red to FR ratio (Kim et al., 2019; Kim et al., 

2020; Paradiso et al., 2021). When applied solely, FR light has minimal 

impact on photosynthesis. Nevertheless, a recent study revealed that FR light 

complements photosynthesis when combined with red and blue (RB) lights 

(Zhen et al., 2017, Kim et al., 2019). Additionally, FR light promotes fruit 

growth and enhances sugar transportation and metabolism in tomatoes 

increasing sugar contents in fruits (Kim et al., 2019; Ji et al., 2020; Kim et al., 

2020). 

In regard to fruit vegetables, a few studies have compared the fruit quality 

and sensory attributes of tomatoes grown under different light regimes, such 

as natural light only (NL), adding high-pressure sodium (HPS), and LEDs. 

Among these light sources, the LED spectrum with red and FR, or RB and FR 

LEDs scored higher in total soluble solids, and sensory attributes compare to 

NL and HPS grown tomatoes (Dzakovich et al., 2015; Kim et al., 2020). The 

contents of flavor and aroma-related compounds of phenolics and flavonoids 

were higher in basil, dill, and parsley grown with RB LEDs than in HPS 

(Litvin et al., 2020). In addition, RB LEDs grown strawberries demonstrated 

the higher sugar contents compared to incandescent light, solely red or blue 

LEDs (Choi et al., 2015). Another study compared strawberry fruits grown 

with different LED light treatments; top only, top with additional lighting on 

leaves and top with additional lighting on fruits, of which combination of top 

and fruits LED lighting scored highest in sensory test and °Brix (Hanenberg et 
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al., 2016). In sweet pepper, several studies have reported that supplemental 

lighting with LEDs increases leaf photosynthesis, fruit quality, and the yield 

(Snowden et al., 2016; Joshia et al., 2019; Naznin et al., 2019). However, 

studies on flavor-related quality attributes such as firmness, texture, and taste 

under different lighting treatments have been limited. In addition, the 

physicochemical properties of fruits are closely related to light qualities, but 

most studies of supplemental lighting have focused on plant growth or fruit 

yield and not on taste. The unique taste and aroma of fruits and vegetables 

result from the integration of various chemicals comprising sugars, acids, and 

volatiles (DeFillipi et al., 2009; Bartoshuk et al., 2013). For instance, the 

aroma, sweetness, and fruitiness of sweet peppers have been reported to be 

positively correlated with some of the lipid derivatives and primary 

metabolites of fructose and glucose (Eggink et al., 2012). Thus, this study 

aimed to evaluate the physicochemical composition of greenhouse sweet 

pepper fruits grown in RB and/or FR LED interlighting conditions and its 

contribution to sensory attributes. 
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LITERATURE REVIEW  

Supplemental lighting in greenhouses 

Supplemental lighting is applied in controlled environment agriculture (CEA) 

to compensate for low daily light intergral (Appolloni et al., 2021). In addition, 

light interception is highly concentrated in the upper canopy and declines 

exponentially with depth in greenhouses due to high plant density (Kim et al., 

2016). LED has revolutionized the horticultural supplemental lighting system 

by fine-tuning narrow spectrum, non-thermal photon emission making 

interlighting possible, greater longevity, and energy-saving characteristics 

(Hasan et al., 2017).  

 

Spectral composition of supplemental lighting 

Plants use radiation within 400-700 nm, known as photosynthetically active 

ration (PAR), and red and blue light are known to be the most efficient for 

photosynthesis (Paponov et al., 2020; Paradiso et al., 2021). FR light 

complements photosynthesis when combined with red and blue light (Zhen et 

al., 2017, Kim et al., 2019). FR light upregulates genes involved in sugar 

transportation and metabolism of fruits in tomatoes (Ji et al., 2020; Kim et al., 

2020). 
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Fruit sensory quality affected by supplemental lighting 

Tomatoes grown under RB or RB with FR LEDs scored higher in total 

soluble solids and sensory attributes compared to natural light and high 

pressure sodium lamps (HPS) (Dzakovich et al., 2015; Kim et al., 2020). 

Contents of flavor and aroma-related compounds of phenolics and flavonoids 

showed higher in basil, dill, and parsley grown with RB LEDs than HPS 

(Litvin et al., 2020). In strawberries, higher sugar contents and total soluble 

solids were obtained with fruits grown under RB LEDs than incandescent 

light, red LED only and blue LED only (Choi et al., 2015). 
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MATERIALS AND METHODS 

Plant materials and growth conditions 

Seedlings of the red sweet pepper variety (Capsicum annuum L. cv. Mavera) 

were raised in a commercial greenhouse in Asan, Republic of Korea (36.8°N, 

127.1°E). Seeds were sown in trays filled with stone wool plugs (Plantop Plug, 

Grodan, Roermond, The Netherlands), and after the development of two 

cotyledons, the seedlings were transplanted into stone wool blocks (Plantop, 

Grodan, Roermond, The Netherlands) supplied with a nutrient solution of EC 

1.2 mS cm
-1 

by mixing the water and soluble NPK (3:1:1) fertilizer (Multifeed, 

Haifa Group, Haifa, Israel). After six weeks, the seedlings were moved to a 

Venlo-type greenhouse located at Seoul National University, Suwon (37.3° N, 

127.0° E), Republic of Korea. The seedling blocks were placed on rockwool 

substrate slabs (Grodan GT Master, Grodan, Roermond, The Netherlands). 

The greenhouse was partitioned into three different areas (2.3 W x 9.0 L m 

each). The plant density was three plants/m
2
. The plants were pruned to 

maintain two main stems trellised vertically. The open-loop irrigation system 

with PBG nutrient solution was applied. The EC and pH of the nutrient 

solution were maintained at 2.6‒3.0 dS m
–1

 and 5.5‒6.5, respectively. The 

nutrient solution was irrigated with 133 mL for each plant when the 

cumulative solar radiation reached 50 J cm
–2

. The greenhouse-control 

temperature of the day/night was 26/18 °C, and the relative humidity was 

maintained at 60±20%. 
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Light treatments 

Sweet peppers were grown under three different lighting regimes: natural light 

only (NL), red and blue LED interlighting (RB), and RB with far-red LED 

(RBFR) (Fig. 1). For the interlighting, two layers of lighting modules were 

installed parallel to the growing bed; one with 90 cm and the other with 110 

cm above the growing bed. Each layer of the LEDs had a red to blue ratio of 

8:2, and the intensity was 100 μmol m
-2

 s
-1 

at a distance of 20 cm. The spectral 

intensity of FR was 60 μmol m
-2

 s
-1

. The lighting treatment was initiated when 

the meristems reached approximately 80 cm in height and were applied for 12 

hours from 6:00 to 18:00 each day. Solar irradiance was measured by a sensor 

at the top of the crop. The average daily light integral (DLI) during the 

cultivation period was 16.6 mol m
-2

 d
-1

. 
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Fig. 1. Spectral distributions of the light treatments with red and blue 

interlighting (RB) and RB with far-red interlighting (RBFR).
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Fruit sampling and measurement 

The fruits were harvested every week when they were fully ripened. The first 

harvest date was November 16, 2021, and the fruits were harvested until 

January 24, 2022. After harvest, each fruit was measured for its fresh weight, 

length, diameter, and length/diameter ratio on the same day of the harvest. 

Samples for sensory testing and color measurement were stored in a 

refrigerator at 8 °C to prevent chilling injury (Meir et al., 1995). Samples for 

the analysis of acid, sugar, and volatile contents were stored in a refrigerator 

for 3 to 5 days, and were relocated to a deep freezer (DF8520, Ilshiniobase, 

Dongducheon, Republic of Korea) with a temperature fixed at -80 °C. Then, 

the fully frozen pericarps were ground with a Freezer/Mill cryogenic grinder 

(SPEX6875D, Spex Co., Metuchen, NJ, USA). Next, the frozen powdered 

sample was moved into conical tubes (polypropylene) with a spoon cooled by 

liquid nitrogen, restored in a deep freezer and used to measure its chemical 

composition. 

   

Sensory test 

The sensory test was held in a room with individual partition, ventilation, air 

conditioning, and heating at the College of Agriculture and Life Sciences 

building, Seoul National University. The fruit samples grown under three 

different light conditions of NL, RB, and RBFR were used for the sensory test. 
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The test was approved by the IRB Department of Seoul National University 

(IRB no.2203/002-007). Nine panelists (aged between 20-40, 2 males and 7 

females) were recruited voluntarily from among the members of the College 

of Agriculture and Life Sciences, Seoul National University. The panelists 

were checked for allergies to sweet peppers. A total of ten sessions, each of 

which lasted 30 minutes per day of the training and testing time periods, took 

place; specifically, there were five sessions of training, two sessions of mock 

testing, and three sessions of actual testing. During the mock test, 

reproducibility and panelists’ understanding of the test were checked, and the 

actual tests were carried out after both were confirmed. Sweet pepper fruits 

were stored for 3-7 days after harvest at 8 °C to prevent chilling injury (Meir 

et al., 1995). The fruits were removed from the refrigerator 30 minutes before 

the test started and kept at room temperature (22±2 °C). Three pieces of each 

of the three samples were provided to the panelists in every session. Samples 

were cut into a rectangular shape with dimensions of 3 x 1 cm. The size and 

shape of samples were discussed and decided on by both the researcher and 

the panelists during the training session to optimize the sensory evaluation 

attributes. Three pieces of each sample were provided to the panelists. The 

sequences of providing the three types of fruits were randomized using 

Williams Latin Square Design, and there was a 1-minute break between the 

samples to cleanse the palate with water. Panelists were asked to score the 
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fruits using a scale ranging from 1 to 7 on the intensities of aroma, sweetness, 

sourness, fruitiness, crunchiness, firmness, and juiciness, and overall 

acceptability, with the scores based on the degree of liking (where 7 = very 

strong, like extremely, 4 = neither strong nor weak, neither like nor dislike, 1 

= very weak, dislike extremely). 

 

Quantification of soluble sugars and organic acids 

The quantification of three soluble sugar contents of sucrose, glucose, and 

fructose and three organic acid contents of malic, citric, and shikimic acids 

were performed using a high-performance liquid chromatography (HPLC) 

(Dionex UltiMate 3000, Thermo Fisher Scientific Inc., Waltham, MA, USA) 

equipped with a Shodex RI 101 Detector (Showa Denko K.K., Tokyo, Japan). 

Five grams of frozen powdered sample was mixed with triple distilled water, 

adjusting the total volume to 50 ml, and centrifuged for 10 min at 10,000 rpm. 

Then the samples were filtered with a 0.45-μm PVDF membrane filter, and 10 

μL was injected into the HPLC. For sugars, separation was performed using a 

Sugar-Pak column (6.5 x 300 mm, Waters Corp., Perth, Australia), and for 

acids, an Aminex 87H column (300 x 10 mm, Bio-Rad, Hercules, CA, USA) 

was used. Oven temperatures were set at 70 °C for sugars and 40 °C for acids, 

and the flow rate was 0.5 mL/min. Total soluble sugar (TSS) was calculated 

by summing the individual free sugars of sucrose, glucose, and fructose. 
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Volatile analysis by headspace-solid phase microextraction gas 

chromatography-mass spectrometry 

Volatile contents were investigated using a headspace headspace-solid phase 

microextraction gas chromatography‒mass spectrometry (HS-SPME-GC‒

MS) system (TSQ, Thermo Fisher Scientific Inc., Waltham, MA, USA). Two 

grams of powdered sample was put into an SPME amber vial with 2 g of 

NaCl and 6 µL of internal standard solution (500 ppm, 1,2,3-trichloropropane). 

The SPME amber vial was tightly sealed and mixed using a vortex mixer. 

After incubating on an autosampler for 10 minutes at 30 °C, the sample from 

the headspace was adsorbed on a 65 µm SPME fiber coated with polymethyl 

siloxane/divinyl benzene (DVB/PDMS, SUPELCO Co., Bellefonte, PA, 

USA). Subsequently, the fiber was inserted into the injector of the gas 

chromatograph with a mass spectrometer. The injector temperature was set at 

250 °C. During the injection, the fiber was kept for 2 minutes in the injector 

for the split mode (10:1). Chromatography was held on a DB-Wax fused silica 

column (60 m x 0.25 mm x 1.05 µm) with helium as the carrier gas and a 2.0 

mL/min flow rate. The oven temperature started at 40 °C (2 min holding time), 

then it was raised to 150 °C (10 min holding time) at a rate of 4 °C and then to 

200 °C (5 min holding time) at a rate of 4 °C and lastly to 230 °C (5 min 

holding time). Mass scanning was executed between 35 to 550 amu with a 
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scanning speed of 5 scans/s. Component identification was performed by 

matching the measured mass spectra with the NIST mass spectral library 

(version 2.0 g, NIST, Gaithersburg, MD, USA). The area of the peaks was 

calculated by integrating the peak intensity on the selected ion monitoring 

chromatogram from the total ion chromatogram. The calculated area of each 

volatile compound was quantified by dividing it by the total internal peak area 

and multiplying by 1,000 to provide a semiquantitative composition of the 

samples. Three samples in each replication were used. 

 

Color measurement 

The surface color of the fruits was assessed using a CM-2600d colorimeter 

spectrophotometer (Konica Minolta, Osaka, Japan). Three fruits from each 

light treatment of NL, RB, and RBFR were selected randomly for the color 

measurement. The color of four different points of each fruit was measured 

based on the standard method of calculating color attributes adopted by the 

CIE (Commission Internationale de l’Eclairage), of which a set of three 

parameters described by; L
*
 (brightness), a

*
 (red component), and b

*
 (yellow 

component) (De Guevara et al., 1996). The fruit ripeness was calculated as a
*
 

divided by b
*
. 

 

Statistical data analysis 
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Data are presented as the mean ± standard deviation (SD). The significance of 

the sensory test differences was analyzed by ANOVA and Duncan's multiple 

range test, while Tukey's HSD test analyzed sugars, acids, and color 

measurements (P < 0.05). As the sample sizes differed, the Bonferroni 

correction test (P < 0.05) was used for fruit weight, length, and diameter data. 

To construct a classification model for volatile contents with different light 

treatments, partial least square discrimination analysis (PLS-DA) was 

conducted. SPSS software (SPSS for Windows 10.0; SPSS Inc., Chicago, IL, 

USA) was used for ANOVA, Duncan's multiple range test, Tukey's test, 

Bonferroni correction test and bivariate correlation analysis. The PLS-DA 

model was constructed using SIMCA 17 software (Umetrics Inc., Umeå, 

Sweden) 
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RESULTS 

Individual average fruit fresh weight and length/diameter ratio 

Fruit fresh weights were significantly different depending on the light 

treatments (Table 1). Fruit weight was highest in RBFR followed by control 

and RB treatments. The fruits grown in RBFR were 6% and 10% larger than 

those grown in NL and RB, respectively. The fruit length/diameter ratio was 

higher in NL than in RB and RBFR, but no significant difference was 

observed between RB and RBFR. 

 

Soluble sugar and organic acid contents 

TSS, glucose, and fructose contents were significantly higher in the order of 

RBFR, RB, and NL (Fig. 2A). While sucrose levels between RBFR and RB 

were not significantly different, both were significantly higher than NL. 

However, sucrose had the lowest portion of approximately 2% of the TSS. 

The fructose and glucose ratio was the highest with RB, and there was no 

significant difference between NL and RBFR (Table 2). The citric, malic, and 

shikimic acid contents were significantly different among the light treatments 

(Fig. 2B). NL was the highest citric acid, followed by RB and RBFR. For 

malic acid, RB was the highest, followed by RBFR and NL. Shikimic acid 

content was topped in NL and bottomed in RB. 
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Table 1. Individual average fruit fresh weight (g) and length/diameter ratio of 

sweet pepper fruits grown in natural light (NL), RB and RBFR. Refer to 

Fig. 1 for RB and RBFR. 

Treatment Fruit weight(g) Length/diameter ratio 

NL 205.83±42.95b 1.10±0.12a 

RB 199.69±45.97c 1.07±0.74b 

RBFR 219.14±47.58a 1.08±0.14b 

Significance *** * 

* 0.01 < P ≤ 0.05; ** 0.001< P ≤ 0.01; *** P ≤ 0.001; ns, nonsignificant at P 

> 0.05. Different letters indicate that the values are significantly different by 

Bonferroni correction for multiple tests (α = 0.05). Mean ± SD(n=140-192) 
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Fig. 2. Sucrose, glucose, fructose, and total soluble sugar (TSS) 

concentrations of fully ripened sweet pepper fruits grown in natural light 

(NL), RB and RBFR (A). The TSS was calculated by adding individual 

soluble sugar contents. Concentrations of citric, malic, and shikimic acids 

in fully ripened sweet pepper fruits (B). Refer to Fig. 1 for RB and RBFR. 

Mean values of five replicates are presented. Different letters indicate 

significant differences by Tukey’s honestly significant difference (HSD) 

test (α=0.05).
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Table 2. Fructose/glucose ratio of sweet pepper fruits grown in natural light 

(NL), RB and RBFR. Refer to Fig. 1 for RB and RBFR. 

Treatment fructose/glucose ratio 

NL 1.14±0.01b 

RB 1.18±0.01a 

RBFR 1.13±0.00b 

Significance *** 

*0.01 < P ≤ 0.05; ** 0.00 1 < P ≤ 0.01; *** P ≤ 0.001; ns, nonsignificant 

at P > 0.05. Different letters indicate that the values are significantly different 

by Tukey’s honestly significant difference (HSD) test (α = 0.05).  Mean ± 

SD (n = 5) 
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Volatile compounds 

HS-SPME-GC-MS identified a total of 47 volatile compounds. RB had the 

largest number of 27 compounds with a strong correlation above 0.5 (Table 3). 

Ten compounds with the highest relative peak areas were 2-isobutyl-3-

methoxypyrazine, 2-heptanone, methyl salicylate, dendrasaline, E-β-ocimene, 

phenylacetaldehyde, hexanoic acid, nonanal, 2-ethyl-1-hexanol, and 1-

heptanethiol (Table 4). Fourteen compounds were strongly correlated with 

RBFR, and only two were strongly correlated to NL. The PLS-DA model was 

applied to investigate variability in volatile compounds to light treatments 

(Fig. 3). The resulting score plot indicated distinct classification and grouping 

by light treatments, implying that different interlighting treatments alter the 

composition of volatile compounds in sweet peppers. 

 

Sensory test 

Panelists found differences across light treatments in overall acceptability, 

sweetness, sourness, and juiciness (Fig. 4). No significant differences were 

observed in aroma, firmness, or crunchiness. Samples in RBFR scored the 

highest in overall acceptability, significantly different (*** P ≤ 0.001) from 

RB and NL. The sweetness was highest in RBFR, while no difference was 

observed between RB and NL. Sourness was higher in the order of NL, RB, 

and RBFR. 
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Fig 3. Partial least square discrimination analysis (PLS-DA) of the 

composition of volatile compounds of sweet pepper fruits by the light 

treatments of natural light (NL), red-blue (RB), and red-blue-far-red 

(RBFR); total n = 9. Refer to Fig. 1A for RB and RBFR. The ellipse 

indicates Hotelling's T2 with 95% confidence; t1 and t2 indicate the X- 

and Y- score vectors for the set of PLS-DA model dimension. 
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Table 3. Volatile compounds quantified using headspace-solid phase microextraction gas chromatography-mass 

spectrometry. Volatile compounds of sweet pepper fruits grown in natural light (NL), RB and RBFR are listed with 

average relative peak areas of three replicates calculated by dividing the internal peak area of each volatile compound by 

the total internal peak area and multiplying by 1,000 and odor descriptions. Refer to Fig. 1 for RB and RBFR. 

No

. 
 Compound   Odor description  NL RB RBFR Significance  

1 
 2-Isobutyl-3-

methoxypyrazine  
 bell pepper like  326.0a 199.3c 282.5b *** 

2  2-Heptanone  fruity, banana like 100.1b 110.3b 121.3a * 

3  Methyl_salicylate  root beer, minty 116.3a 44.6b 123.6a *** 

4  Dendrasaline   - 53.7b 72.5a 20.9c *** 

5  E-β-ocimene   citrus, green woody  39.3b 54.2a 35.7b *** 

6  Phenylacetaldehyde  honey-like, sweet 33.6b 66.2a 22.9b ** 

7  Hexanoic_acid  cheesy, goats 36.9 40.1 35.5 ns 

8  2-Ethyl-1-hexanol   citrus  21.1c 37.6a 29.3b *** 

9  Nonanal  herbal, rose, orange 18.1b 9.4c 51.8a *** 

10  1-Heptanethiol   - 14.1b 25.3a 15.8b *** 

11  α-Copaene  spicy and woody 14.3b 24.1a 16.0b ** 
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12  Benzaldehyde   bitter almond  11.6b 21.4a 14.7b ** 

13  Acetonitrile   ether-like (toxic)  11.7b 19.4a 12.2b ** 

14  D-Limonene   citrus  9.8b 21.5a 8.9b *** 

15  Hexanal   grassy, bell pepper  12.6a 10.5b 14.2a * 

16  p-Xylene   - 10.7b 17.9a 6.4c *** 

17  2-Heptanol   citrus  10.5b 7.5c 15.3a *** 

18  Ethylbenzene   gasoline  8.7b 15.5a 6.9b *** 

19  1-Octanol   waxy  6.9b 5.6b 17.1a *** 

20  Methyl_hexadecanoate   - 9.7a 13.5a 5.7b * 

28  Linalool  floral, green bp 8.3a 5.8b 8.6a *** 

35  (E)-2-Hexenal   green, leaf, apple  4.7b 7.1a 2.4c *** 

46  (E)-2-Heptenal   soap, fat, almond  2.0 2.3 1.8 ns 

*Different letters indicate that the values are significantly different by Tukey’s honestly significant difference (HSD) test 

(α = 0.05) *0.01< P ≤ 0.05; ** 0.001 < P ≤ 0.01; *** P ≤ 0.001; ns, nonsignificant at P > 0.05.  

*Odor descriptions are obtained by Eggink et al. (2012); http://www.thegoodscentscompany.com; 

https://pubchem.ncbi.nlm.nih.gov;  

 

http://www.thegoodscentscompany.com/
https://pubchem.ncbi.nlm.nih.gov/
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Table 4. Correlation matrix between peak areas of volatile compounds and light treatments of natural light (NL), RB and 

RBFR. Refer to Fig. 1 for RB and RBFR. Only correlation values of more than 0.5 are indicated in the table. 

NL Corr  RB Corr   RBFR Corr 

2-Isobutyl-3-methoxypyrazine 0.76  o-Ethylmethylbenzene 0.99   1-Octanol 0.99 

Octanoic_acid 0.60  D-Limonene 0.99   2-Butanol 0.99 

     (+)-Cyclosativene 0.98   Heptanal 0.96 

     1-Heptanethiol 0.97   1-Pentanol 0.92 

     Styrene 0.97   2-Heptanol 0.91 

     α-Bergamotene 0.97   Nonanal 0.90 

     Ethylbenzene 0.96   Decane 0.88 

     E-β-ocimene 0.96   p-Tolualdehyde 0.80 

     p-Xylene(2) 0.96   2-Butanone 0.74 

     Acetonitrile 0.95   2-Heptanone 0.70 

     α-Copaene 0.93   Hexanal 0.70 

     p-Xylene 0.92   Methylbenzene 0.68 

    
 

(E)-2-Hexenoic_acid 0.91   
Methyl 

salicylate 
0.56 

     Benzaldehyde 0.90   Linalol 0.56 
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     2-Propanone 0.89       

     4-Oxoisophorone 0.88       

     Phenylacetaldehyde 0.87       

     2-Ethyl-1-hexanol 0.87       

     (E)-2-Hexenal 0.83       

     3-Methylbutanal 0.79       

     Dendrasaline 0.77       

     3-Methyl-2-(2-methyl-2-butenyl)-furan 0.75       

     Methyl_hexadecanoate 0.74       

     (E)-2-Heptenal 0.71       

     1-Octen-3-ol 0.64       

     β-Pinene 0.59       

     Benzene 0.56       
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Fig. 4. Radar chart demonstrating the mean scores of three replicates of flavor 

attributes of sweet pepper fruits grown in natural light (NL), RB and 

RBFR (A). Refer to Fig. 1 for RB and RBFR. The bar chart shows the 

mean scores of overall acceptability (B). Different letters indicates 

significant differences by Tukey’s honestly significant difference (HSD) 

test (α = 0.05) * 0.01< P ≤ 0.05; ** 0.001< P ≤ 0.01; *** P ≤ 0.001; ns, 

nonsignificant at P > 0.05. 
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Fruit color 

As a result of color measurement, the fruit surface color in RBFR had lower 

lightness (L
*
), redness (a

*
), and yellowness (b

*
) compared to NL and RB 

(Table 5). However, RBFR showed the highest degree of ripeness (a
*
/b

*
) 

among light treatments. The samples between NL and RB were not 

significantly different regarding all fruit color measurements. 
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Table 5. Fruit coloration of fully ripened sweet pepper fruits grown in natural 

light (NL), RB and RBFR. Refer to Fig. 1 for RB and RBFR. L
*
 

(brightness), a
*
 (redness), and b

*
 (yellowness) values were measured. Fruit 

ripeness was calculated as a
*
 divided by b

*
.  

Values are the mean ± SD (n = 20). Different letters indicate that the values 

are significantly different by Tukey’s honestly significant difference (HSD) 

test (α=0.05) *0.01 < P ≤ 0.05; ** 0.001 < P ≤ 0.01; *** P ≤ 0.001; ns, non-

significant at P > 0.05.

Treatment L
*
 a

*
 b

*
 

Ripeness 

(a
*
/b

*
) 

NL 24.15±0.64a 47.04±0.46a 41.29±1.06a 1.15±0.02b 

RB 24.39±0.33a 46.33±0.46a 41.40±0.57a 1.12±0.01b 

RBFR 21.43±0.24b 45.19±0.46b 36.70±0.42b 1.23±0.01a 

significance *** * *** *** 
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DISCUSSION 

Adding FR light to RB interlighting to fruit weight and size 

This study shows that individual fruit fresh weight increased by adding FR light to 

RB supplemental interlighting. In addition, fruits grown in RBFR were larger than 

fruits grown in NL. For tomatoes, it has been previously reported that FR 

supplemental lighting could increase individual fruit weight when used together 

with red-light or RB light (Ji et al., 2020; Kim et al., 2020). The main reason for the 

larger fruits was the increased fruit sink strength or higher dry matter partitioning to 

fruits by adding FR light to RB interlighting (Kim et al., 2020). FR light is known to 

have a minimal impact on photosynthesis when used individually. Adding FR light 

to red and blue lights promotes photosynthesis, increasing total photosynthate 

production and moving more energy to the sink (Zhen et al., 2017; Kim et al., 2019; 

Kim et al., 2020). Therefore, additional FR light may have positively affected 

photosynthate production and increased dry mass partitioning to fruits. However, 

the individual fruit weight was reduced more in fruits grown in RB than in fruits 

grown in NL. The reduced fruit weight was previously observed both in sweet 

pepper (Joshia et al., 2019) and strawberry (Díaz-Galián et al., 2020) when 

supplemented with RB LED lighting. Based on these results, RB alone may 

increase total photosynthates but do not lead to an increase in fruit weight. 

Therefore, further study is needed to determine why the RB spectrum reduces 
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individual fruit weight in sweet peppers. The length/diameter ratio is one means of 

expressing the shape of pepper fruits (Gerber et al., 1988). Undesirable flat fruits 

are fruits with a length/diameter ratio below 0.90 (Bar-Tal et al., 2001). In this 

study, all treatment groups showed a 1.0 to 1.1 fruit length/diameter ratio, indicating 

ideal fruit shape and sufficient marketability. 

 

Adding FR light to RB interlighting boosts individual fruit sugar 

content 

The glucose, fructose, and TSS contents were higher in the order of RBFR, RB, and 

NL (Fig. 2). Sucrose contents between RBFR and RB were not significantly 

different, but both were higher than that in NL. The sucrose portion of TSS was 

minimal as it is known that in ripening process, sucrose is hydrolyzed into fructose 

and glucose (Koch et al., 2004). Adding FR light to RB substantially increased 

glucose content, fructose content and TSS in the fruits. A similar result was reported 

when FR light was supplemented to red light in tomatoes. FR light with red light 

had a higher °Brix level than that observed when only red light was applied. 

Additionally, it was previously reported that FR light increases fruit sink strength by 

upregulating critical genes involved in sugar metabolism and transportation and 

may significantly increase the glucose and fructose contents in tomatoes (Ji et al., 

2020). The fructose to glucose ratio plays an important role in the taste of fruits. 

There is an evident advantage in higher fructose levels since fructose is 
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approximately twice as sweeter as glucose (Shammai et al., 2018; Casals et al., 

2019; Levin et al., 2000). In this study, the fructose/glucose ratio was highest in RB, 

and the fructose content was highest in RBFR. There was no significant difference 

between NL and RBFR in the fructose to glucose ratio. Thus, RB or RBFR may 

have an increased overall sugar sensitivity when tasted compared to natural light. 

Previous studies comparing titratable acidity (TA) levels under three different light 

treatments of NL, overhead high-pressure sodium lamps, and LED interlighting 

showed that the TA contents were not significantly different among the three 

treatments (Dzakovich et al., 2015). Adding FR light to red light has been found to 

increase the titratable acidity (TA) level in tomatoes (Kim et al., 2020). In this study, 

adding FR light to RB did not increase the three acids, i.e., citric, malic, and 

shikimic acids (Fig. 2). Citric acid was highest in NL, and malic acid, which is 

known to be sourer than citric acid, was highest in RB (Amerine et al., 1965). 

Therefore, RBFR did not increase acidity despite the higher sugar contents. 

 

Changes in volatile compounds under interlighting treatments  

Volatile compounds of peppers are known to be affected by environmental variation 

(Eggink et al., 2012). In pepper and tomatoes, the composition of volatile 

compounds is regulated by the availability of light directly to the fruits since fruits 

fully covered with black colored high-density polyethylene bags show the disparate 

composition of volatile compounds with noncovered fruits (Yoo et al., 2020). 
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Additionally, the contents of many volatile compounds in sweet peppers change 

rapidly with the development of ripening stage (Luning et al., 1995; DeFillipi et al., 

2009). The resulting score plot of PLS-DA (Fig. 3) indicates that three groups of 

samples grown in NL, RB, and RBFR have different compositions of volatile 

compounds, but are similarly clustered with the same light treatment. Among the 47 

compounds identified, six compounds related to the flavor of sweet peppers were 

identified: 2-isobutyl-3-methoxypyrazine, nonanal, hexanal, linalool, (E)-2-hexenal, 

and (E)-2-heptenal (Luning et al., 1994). 2-Isobutyl-3-methoxypyrazine, the 

primary aroma compound in sweet peppers, also called bell pepper pyrazine, 

showed the highest relative peak areas in all three light treatments, and the peak 

areas were higher in the order of NL, RBFR, and RB (Luning et al., 1994). Nonanal 

with the odor description of herbs, roses, and oranges was correlated with RBFR. 

Lipid derivatives of hexenal, (E)-2-hexenal lend sweet and fruity aromas (Eggink et 

al., 2012). Both showed mixed results with RBFR as RBFR was highest in hexenal 

but scored the lowest in (E)-2-hexenal. (E)-2-Hexen-1-ol, neopentane and p-Menth-

1-en-9-al, which are strongly correlated with the taste of sweetness, fruitiness, and 

aroma of sweet peppers, were not identified in test (Eggink et al., 2012). The results 

from this volatile compound analysis offer a clue that interlighting can increase 

some of the volatile compounds and change the composition of the same but 

whether it improves the overall sensory quality of the fruits requires further study. 
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Preferred overall fruit flavor under FR supplemented interlighting by 

panelists 

The sensory test showed that RBFR scored highest in sweetness, fruitiness, and 

overall acceptability. Sweetness and fruitiness scores were in line with the results of 

the soluble sugar measurement (Fig. 4); a previous study indicated that both are 

strongly correlated with fructose and glucose (Eggink et al., 2012). In contrast, 

RBFR scored the lowest in sourness, while NL samples scored the highest. Thus, 

the sweet and sour tastes had directly opposite results. This result of the sensory test 

corresponded to the citric acid contents in which RBFR was the lowest. In tomatoes 

and strawberries, total soluble solids, titratable acidity (TA), and the ratio of total 

soluble solids to TA are important factors for evaluating fruit quality (Kafkas et al., 

2007; Dzakovich et al., 2015; Kim et al., 2020). However, in sweet peppers, a prior 

study has revealed that organic acids do not play an important role in sour taste, as a 

masking effect has been observed by fructose and other sugars on sourness and 

sourness-related metabolites such as citrate (Eggink et al., 2012). The aroma of 

fruits depends upon the combination of volatiles produced and the concentration 

and potency of the individual volatile compounds (Kafkas et al., 2007). In this study, 

aroma properties were not significantly different with light treatments while volatile 

composition showed a significant change. Despite the panelists judging that there 

was no change in the aroma, the change in improved overall acceptability could be 

related to the variation in volatile composition. In this study, the overall 

acceptability of fruits showed a significant increase with the addition of FR, and FR 
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could help to improve the quality and taste of fruit. However, since flavor has a 

strong subjective domain, studies on correlating sensory evaluation with changes in 

fruit physicochemical composition are very challenging; thus, further research is 

needed in the future. 
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CONCLUSION 

This study showed the effect of red, blue, and far-red LED interlighting on the fruit 

quality and volatiles of sweet pepper fruits. Red and blue interlighting could 

increase the flavor quality of sweet pepper fruits by enhancing the fruit sugar 

contents, and adding far-red light to red and blue light could further improve both 

flavor quality and fruit sugar contents. Furthermore, adding far-red light to red and 

blue interlighting also makes fruits larger than fruits grown in natural light and red 

and blue interlighting. Therefore, far-red supplemented red and blue interlighting 

facilitates to produce larger and tastier sweet pepper fruits in greenhouses.  
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ABSTRACT IN KOREAN 

 

광은 작물의 생산성과 품질에 직접적인 영향을 준다. 온실 재배에서 보

광은 동절기에 상대적으로 짧은 일조량을 보충하고 연중 생산 및 과실 

품질 유지를 위해 도입되고 있다. 그러나 적색+청색 및 원적색광을 이용

한 보광이 착색단고추의 과실 품질과 향에 미치는 영향은 제한적이다. 

본 연구는 자연광, 적색+청색 보광, 적색+청색+원적색 보광 처리 조건에

서 재배한 착색단고추 과실의 형태, 크기, 경도, 색, 맛 품질을 평가하였

다. 수확 후 각 과실의 무게, 과장, 과폭, 색을 측정하였고, 당, 산, 향 

성분을 분석하였다. 실험 결과, 과실 생체중은 적색+청색+원적색 보광, 

자연광, 적색+청색 보광 순서로 높았으며, 과실의 당성분과 패널 테스트

의 단맛 점수 및 총 선호도 역시 적색+청색+원적색 보광, 적색+청색 보

광, 자연광 순으로 높았다. 또한 광 처리별로 과실의 향미 성분이 다르

게 군집화 되었고, 결과적으로 보광 처리 광질이 과실의 전반적인 맛과 

선호도에 영향을 미쳤을 것으로 사료된다. 본 연구는 일반적인 적색+청

색 보광에 원적색광을 추가할 경우에 착색단고추의 생산성과 전반적인 



43 

 

과실의 맛과 품질을 개선할 수 있음을 증명하였다. 

 

주요어: 관능 검사, 당, 맛, 산, 원적색광, 향 

학  번: 2019-29875 
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