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 ABSTRACT 

Functional films have been used in greenhouses to improve the light 

environment for crop growth. Among these films, a spectrum conversion film 

converting the green light of incident sunlight into red light has been reported 

to increase the productivity of various crops. However, the results are not 

always consistent, and the reasons for the improvement are not fully understood. 

The objectives of this study were to reveal the cumulative effects of a green-to-

red spectrum conversion film (SCF) on the electron transport and 

photosynthetic performance of Fragaria ×  ananassa Duch. The photosynthetic 

efficiency, leaf optical properties, chlorophyll content, chlorophyll 
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fluorescence, growth, and fruit qualities when the plant was grown under a 

transparent polyethylene film (PE) and the SCF were evaluated. The sunlight 

modified by SCF did not change the leaf optical properties and chlorophyll 

content but significantly increased the chlorophyll fluorescence parameters 

related to reduction end electron acceptors at the photosystem (PS) I acceptor 

side and the efficiency of electron transport. Without an increase in 

nonphotochemical quenching, the electron flows of PSII and PSI and the cyclic 

electron flow of leaves grown under SCF were significantly higher than those 

parameters when grown under PE. After 48 days after transplanting, the 

photosynthetic efficiency and photosynthetic rates of leaves and whole plants 

increased significantly under SCF compared to PE. The vegetative growth was 

not affected by the SCF, but the average fruit weight, sweetness, acidity, and 

firmness of Fragaria ×  ananassa Duch. grown under the SCF were 

significantly improved. These results indicated that sunlight modified by SCF 

stimulates electron flow without photoinhibition, improving photosynthetic 

capacity and fruit quality. 

 

key words: Chlorophyll fluorescence, JIP analysis, Light spectrum, 

Photosystem, Strawberry 
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INTRODUCTION 

Light is an important environmental factor that determines the growth and 

quality of crops. Photosynthesis, growth, and yield of plants in greenhouses are 

known to increase when the light environment is efficiently changed (Long et 

al. 2006; Zhu et al. 2008; Shin et al. 2021). In general, the quantum yield for 

the photosynthetic rate is different for each wavelength within 

photosynthetically active radiation (PAR, 400-700 nm) (McCree, 1972). Red 

light has the highest quantum yield for photosynthesis and plays an important 

role in plant growth and development such as upregulation of enzymes and 

genes related to sugars, acids and bioactive components of fruit in strawberry 

(Kasperbauer et al. 2001; Casierra-Posada et al. 2011; Ilić et al. 2015; Shiukhy 

et al. 2015; Miao et al. 2016, 2017). 

Spectrum conversion films (SCFs) have been used to manipulate the light 

quality in greenhouses, converting less active light into more active light based 

on the quantum yield (McCree, 1972), that is, absorbing blue and green light 

and emitting red light. Previous studies have reported that SCF increases the 

yield of various crops such as tomato, cucumber, strawberry, radish, and lettuce 

(Novoplansky et al. 1990; Hemming et al. 2006; Hidaka et al. 2008; Nishimura 

et al. 2012; Park et al. 2016). However, due to the energy conversion process, 

the SCF unavoidably reduces the light intensity in PAR compared to 

transparent films (Yoon et al. 2020b) and can decrease short-term 

photosynthetic rate. Some plants such as celery, tomato, and sweet potato did 
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not change with the light quality caused by SCF (Nishimura et al. 2009; Kwon 

et al. 2013; Park et al. 2016). Unlike monochromatic light, the effects of 

complex changes to light quality by SCF are challenging to estimate. Therefore, 

to clarify these questions, changes in photosynthetic mechanisms by SCF are 

required. 

A recent study reported the effects of SCF-modified sunlight on plant 

photosynthesis. In Arabidopsis thaliana, plants grown under SCF significantly 

increased the photosynthetic rate, which was accompanied by an increase in 

cyclic electron flow (CEF) (Li et al. 2017). Similarly, the SCF improved the 

photosynthetic capacity of sweet pepper over time after covering with the SCF 

and increased the chlorophyll fluorescence parameters related to the reduction 

of end acceptors at the PSI electron acceptor side (Yoon et al. 2020a). However, 

previous studies could not explain whether the photosynthetic acclimation 

induced by SCF was applicable to other crops during entire growing periods. 

The objective of this study was to reveal the cumulative effects of a green-to-

red SCF on the photosynthetic traits, growth, morphology, and fruit quality of 

Fragaria ×  ananassa Duch. plant. SCF-induced photosynthetic acclimation 

was evaluated using photosynthetic efficiency, leaf optical properties, 

chlorophyll content and chlorophyll fluorescence. 
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LITERATURE REVIEW 

Spectrum conversion film (SCF) is a functional covering material that 

converts ultra-violet (UV) or green light into blue or red light. McCree. (1972) 

suggested the average photosynthetic response of various plants is different for 

each light wavelength. Based on this study, SCF converts solar spectrum from 

less efficient spectrum (UV and green light) to more efficient spectrum (blue 

and red light). 

SCF can be divided into two categories: green-to-red SCF and UV-to-blue 

SCF. Each SCF has its advantages and disadvantages. UV-to-blue SCF has 

advantage of increasing the blue light without decreasing the photosynthetic 

photon flux density (PPFD), but the spectrum conversion efficiency is 

inefficient due to the low UVs in sunlight (Hemming et al. 2006). Green-to-red 

SCF has advantage of increasing the red light with the highest relative quantum 

yield for photosynthesis, but it has critical disadvantage of reducing the light 

quantity (Yoon et al. 2020b). 

In the previous research, Hemming et al. (2006) reported that UV-to-blue 

SCF increased PAR transmittance compared to conventional clear film. The 

vegetative growth parameters, such as dry weight of leaves and leaf area, of 

strawberry plant grown under UV-to-blue SCF did not differ significantly 

(Hemming et al. 2006). However, UV-to-blue SCF significantly increased the 

leaf length and shoot dry weight of welsh onion (Hidaka et al. 2008). In case of 
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tomatoes, UV-to-blue SCF significantly increased the number of fruits (Kwon 

et al. 2013). 

Using green-to-red SCFs, the tomato fruit yields and the number of rose 

flowers significantly increased by 19.6% and 26.7%, respectively 

(Novoplansky et al. 1990). Hidaka et al. (2008) reported green-to-red SCF 

slightly increased leaf photosynthetic rate. Accordingly, root fresh weight of 

radish and shoot fresh weight were significantly increased compared to the 

clear film. However, fresh weight and morphology of celery, sweet potato, and 

spinach grown at SCF were not significantly different. However, the effect of 

each SCFs is species-specific. In the Arabidopsis pgr5 mutant, which lacks 

functions of the Proton Gradient Regulation 5 protein and inactivates the cyclic 

electron flow (CEF), photoinhibition was increased by aggravation of 

photodamage to PSII and prevention of the repair of photodamage (Takahashi 

et al. 2009). Li et al. (2017) suggested that wild-type Arabidopsis grown at 

green-to-red SCF has higher ATP/NADPH ratio through CEF, photosynthetic 

rates, and yield compared to the pgr5 mutant. In addition, Yoon et al. (2020a) 

reported the photosynthetic efficiency and the maximum photosynthetic rates 

of sweet pepper grown at green-to-red SCF significantly increased over time 

after covering with such SCF. The authors also reported green-to-red SCF 

significantly promoted electron transfer around PSI, improving photosynthetic 

performance and growth of sweet pepper. 
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MATERIALS AND METHODS 

Spectral characteristics and growth environment 

Strawberry seedlings (Fragaria ×  ananassa Duch. cv. Seolhyang) were 

grown in a commercial nursery until 3–4 normal leaves appeared. On January 

17, 2020, the seedlings were transplanted into pots (15 cm in diameter) in 

experimental greenhouses (L × W × H, 2 × 3 × 2 m). Commercial growing 

media for strawberries (BC2, BVB, Alast, Netherlands) were used. The air 

temperature was set at 25/15 oC day/night with roof vents and hot-water pipe 

systems. After transplanting, the plants were supplied with nutrient solutions of 

electrical conductivity of 1.2–1.7 dS m–1 and pH 5.5 for each growth stage. 

The experimental greenhouses were covered with treatment films in a 

Venlo-type glass greenhouse at the experimental farm of Seoul National 

University, located in Suwon (37° 16' N, 126° 59' E), Korea. A polyethylene 

film (PE, Taekwangnewtec Co., Ltd., Seoul, Korea) and a spectrum conversion 

film (SCF) containing the fluorescent dye (developed by the Department of 

Materials and Engineering of Seoul National University, Korea) were used. The 

maximum absorption and emission spectra of the SCF dye were 582 and 620 

nm, respectively (Fig. 1). The SCF was made by extrusion molding of the 

synthesized dye between films, and the PE was made in the same way but 

containing resin substance. The thickness of PE and SCF was the same at 100 

μm. 
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Fig. 1. Normalized absorption and emission spectra (a) and the chemical 

structure (b) of the dye used for spectrum conversion film. The absorption 

peaks were 448, 542, and 582 nm, and the emission peak was 620 nm. 
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Light intensity and temperature in each greenhouse were measured using a 

quantum sensor (SQ110, Apogee Instrument, Logan, UT, USA) and a 

datalogger (TR-71U, T&D Cor., Nagano, Japan) at the plant height level. 

Relative humidity was measured using an air quality monitor (AM-21, Wise-

sensing, Inc., Yongin, Korea). The spectral irradiance was measured using a 

spectroradiometer (BLUE-Wave spectrometer, StellarNet, Inc., Tampa, FL, 

USA) connected to a fiber optic cable with a light receptor (CR2, StellarNet, 

Inc.). 

  



 

8 

 

Optical properties of films and leaves 

The transmittance of the films was measured at room temperature using a 

spectroradiometer connected to an integrating sphere (IC-2, StellarNet, Inc.) in 

the range of 280 to 980 nm. A solar simulator (XIL-01B50KPV1, SERIC Ltd., 

Tokyo, Japan) was used as a light source. The transmittance and reflectance of 

leaves were measured from 280 to 980 nm using a spectroradiometer. Nine 

leaves were randomly selected and measured from each treatment. The 

absorbance of leaves was calculated as 100 – transmittance – reflectance. 

 

Chlorophyll content 

Four plants were randomly selected from each treatment, and the leaves of 

the upper, middle, and bottom were harvested. Chlorophyll and carotenoid 

content was measured according to Porra’s method (Porra et al. 1989). All leaf 

discs of 0.566 cm2 were submerged in 1.5 ml N,N-dimethylformamide. 

Chlorophylls were extracted for 48 h at room temperature in the dark. The 

samples were vortexed and centrifuged at 10,000 rpm for 10 min at 25 °C before 

spectrophotometric analysis was carried out. Thereafter, the absorbance (A) of 

the solution was measured at 664, 647, and 480 nm using a spectrophotometer 

(Photolab 6100vis, WTW, Weilheim, Germany). Chlorophyll and carotenoid 

contents were determined as: 

 

𝐶ℎ𝑙 𝑎 = (12 ∗ 𝐴664) − (3.11 ∗ 𝐴647)                                     



 

9 

 

𝐶ℎ𝑙 𝑏 = (20.78 ∗ 𝐴647) − (4.88 ∗ 𝐴664)  

𝑇𝑜𝑡𝑎𝑙 𝑐𝑎𝑟𝑜𝑡𝑒𝑛𝑜𝑖𝑑𝑠 = (1000 ∗ 𝐴480 − 1.12 ∗ 𝐶ℎ𝑙 𝑎 − 34.07 ∗ 𝐶ℎ𝑙 𝑏) 245⁄  

 

Chlorophyll fluorescence  

Chlorophyll fluorescence transient, called the JIP test, was measured on 

younger, medium, and older leaves using a chlorophyll fluorescence meter 

(Handy PEA fluorometer, Hanstatech, King Lynn, UK) at 64 DAT. The middle 

part of each leaf was dark-adapted for 20 min using a leaf clip (HPEA/LC, 

Hansatech), with 20 replicates per treatment. The measurement was conducted 

using a saturating pulse of 1,500 μmol m–2 s–1, a pulse duration of 1 s, and a 

fixed gain of 1 ×. The parameters obtained from the JIP test were 

phenomenological energy fluxes for absorption (ABS), trapped energy flux 

(TR0), electron transport (ET0), and electron flux reducing end electron 

acceptors at the PSI acceptor side (RE0) per measured area of samples, called 

excited cross-section (CS). Through the parameters obtained, the quantum yield 

for electron transport (φEo), the efficiency to move an electron farther than QA
– 

(ψEo), the quantum yield for reduction of end electron acceptors at the PSI 

acceptor side (φRo), the performance indexes for energy conservation from 

exciton to the reduction of intersystem electron acceptors (PIabs) and to the 

reduction of PSI end acceptors (PItotal), and the maximum quantum yield of PSII 

efficiency (Fv/Fm) were calculated from the following equations: 
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φEo = 
𝐸𝑇0

𝐴𝐵𝑆
, ψEo = 

𝐸𝑇0

𝑇𝑅0
, φRo = 

𝑅𝐸0

𝐴𝐵𝑆
, PIabs = 

𝑅𝐸0

𝐴𝐵𝑆
∙

𝑇𝑅0

𝐴𝐵𝑆−𝑇𝑅0
∙

𝐸𝑇0

𝑇𝑅0−𝐸𝑇0
, PItotal = 

PIabs ∙
𝑅𝐸0

𝐸𝑇0−𝑅𝐸0
, Fv/Fm =

(𝐹𝑚−𝐹0)

𝐹𝑚
 

The electron transport rates of PSI and PSII (ETRI and ETRII) and 

nonphotochemical quenching (NPQ) were measured on the third leaf from each 

treatment. The measurement was conducted in light curve mode using a Dual-

PAM-100 measuring system (Dual PAM-100, Heinz Walz, Effeltrich, 

Germany) with software (Dual PAM v1.19). The light curve was determined 

with photosynthetic photon flux densities (PPFDs) of 0, 10, 18, 36, 94, 172, 

214, 330, 501, 759, 1,178, and 1,455 μmol m–2 s–1 for 30 s duration. The 

saturation pulse was 10,000 μmol m–2 s–1 for 300 ms. The measurements were 

conducted at room temperature. The cyclic electron flow (CEF) was calculated 

as ETRI – ETRII. All measurements were conducted with four replicates per 

treatment.  

 

Gas exchange measurement 

The photosynthetic light response curve was measured using a portable 

photosynthetic system (LI-6400XT, Li-Cor, Lincoln, NE, USA) with a light 

emitting diode (LED) light source chamber (6400-02B, Li-Cor) at 8, 48, 56, 

and 131 days after transplanting (DAT). Except for 8 DAT, all gas exchange 

measurements were performed with a third fully expanded leaf from the top of 

the plant with three or four replicates. Before measurement, the leaves were 
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light-adapted at a PPFD of 1,000 μmol m–2 s–1 for 15 min using a light chamber. 

The temperature, relative humidity, and CO2 concentration in the LED chamber 

were set at 25 oC, 60%, and 400 μmol mol-1, respectively. PPFDs at 2,000, 1,500, 

1,200, 900, 600, 400, 200, 100, 50, and 0 μmol m–2 s–1 were used to construct 

the light response curve. 

The photosynthetic rates of leaves were measured using a photosynthetic 

system with a clear chamber (6400-08, Li-Cor) under PE and SCF. Measured 

data were recorded every minute for 20 min with 10 replicates. The recorded 

photosynthetic rates were fitted to a rectangular hyperbola model according to 

previous studies (Thornley, 1976; Givnish, 1988; Lobo et al. 2013): 

 

𝑃𝑛 = −𝑅𝑑 +
𝑃𝑚𝑎𝑥 ∗ 𝐼

𝑃𝑚𝑎𝑥 𝜃⁄ + 𝐼
                                                                                

 

where Pn is the net photosynthetic rate (μmol m–2 s–1), Rd is the dark respiration 

rate (μmol m–2 s–1), Pmax is the maximum net photosynthetic rate (μmol m–2 s–

1), I is the photosynthetic photon flux density (μmol m–2 s–1), and θ is the 

quantum yield at I = 0 μmol m–2 s–1. 

The photosynthetic rates of the whole plants were measured using a 

CO2/H2O infrared gas analyzer (LI-840, Li-Cor). Nine plants grown were 

randomly selected for each treatment and adapted to 300 μmol m–2 s–1 PPFD 

under an artificial solar light source (PLS 700W, LG Electronics, Seoul, Korea) 

at room temperature for one day. Whole-plant photosynthesis was measured 
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using three adapted plants in a closed chamber (L × W × H, 100 × 80 × 50 cm) 

connected to a CO2/H2O infrared gas analyzer with three replicates. The light 

source used for the measurement was an 8:1:1 ratio of red, blue, and white 

LEDs with 1,000 μmol m–2 s–1 PPFD. The whole plant photosynthetic rates 

were measured by calculating the rate of reduction of CO2 from 1,000 to 200 

μmol mol–1. The soil respiration was measured by calculating the rate of 

increment of CO2 from 380 to 1000 μmol mol–1. The air leakage of the closed 

chamber was measured by calculating the rate of reduction of CO2 for 24 h at 

1,000 μmol mol–1. The soil respiration and air leakage were 0.0982 and 0.017 

μmol mol s–1, respectively, and these values were used to calibrate the whole 

plant photosynthetic rate. 

 

Growth and morphological parameters 

Growth and morphological parameters such as leaf, stem, crown weight, 

number of leaves, stem length, and plant height were measured in three plants 

sampled at harvest (32, 53, 75, and 124 DAT). The dry weight of the plants was 

measured after drying in an oven at 70 oC for 72 h. The leaf area was calculated 

using ImageJ 1.49 image analysis software (National Institutes of Health, 

Bethesda, MD, USA). The SPAD value was measured using a chlorophyll 

meter (SPAD-502, Konica Minolta, Tokyo, Japan). 

 

Fruit quality 
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Fruit yield per plant was measured with six plants. All fruits were harvested 

after fully ripening. Fruit weight was measured at each harvest. The color value 

(L*, a*, and b*) was measured (n = 72) using a colorimeter (CM-2600d, Konica 

Minolta, Tokyo, Japan). Before color measurement, calibration of the 

colorimeter was conducted according to the manufacturer’s instructions. Three 

measurements were made per fruit, and the average reading was calculated for 

each treatment. The fruits from each treatment were randomly selected for 

firmness measurement (n = 68). The firmness of fruit was measured at the 

equatorial plane of the fruit using a texture analyzer (CT-3, Brookfield Co., 

Middleborough, MA, USA) with a flat probe of 100 mm diameter at a speed of 

2 mm s−1 and a strain of 5 mm (Bang et al. 2019). The firmness was measured 

by N. Juice extracted from each treatment (n = 200) was used to determine 

soluble sugar content using a refractometer (PAL-1, Atago, Tokyo, Japan) and 

expressed as oBrix. Acidity was measured using a fruit acidity meter (GMK 708, 

G-Won Hitech, Seoul, Korea) and expressed as the percentage of citric acid. 

 

Statistical analysis 

For all measurements, the means between treatments were compared via 

Student’s t-test with each replicate at P < 0.05, 0.01, and 0.001. R software (R 

3.6.2, R Foundation, Vienna, Austria) was used for the statistical analysis 

containing the regression analysis of the leaf photosynthetic rate. 
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RESULTS 

Spectral characteristics and growth environment 

The transmittance of SCF decreased at blue (400–500 nm) and green (500–

600 nm) wavelengths and increased at red (600–700 nm) wavelengths 

compared to PE (Fig. 2a). The photon flux density under the SCF was decreased 

by 28% at the blue and green wavelengths compared to the PE (Fig. 2b and 

Table 1). The red and far-red (700–800 nm) wavelengths of SCF were increased 

by 7% and 5%, respectively, compared to PE. The red and far-red (R:FR) ratios 

at the PE and SCF were 1.27 and 1.30, respectively. The ratio of red to blue 

light (R:B) under SCF was 1.33 and higher than the ratio under PE (R:B = 1.00). 

The PPFD under the SCF was decreased by 17% compared to the PE at the 

experimental site.  

Growth environment conditions during the growth period are shown in 

Table 2. The daily light integral (DLI) under the SCF was decreased by 25% 

compared to the DLI under the PE. The average daytime temperature under the 

SCF was decreased by 6% compared to the PE but not significantly. The 

average nighttime temperatures under PE and SCF were 13.4 and 13.3 ℃, 

respectively. 
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Fig. 2. The spectral transmittance of films (a) and spectral irradiance (b) under 

the polyethylene (PE) film and spectrum conversion film (SCF) were 

measured at the experimental site at 12:00 on December 26, 2019. 
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Table 1. The spectral irradiance under the greenhouses (PE and SCF) in the experimental site at 12:00 on December 26, 

2019. 

zThe R:FR ratio is calculated by dividing Red into Far-red. 

yThe R:B ratio is calculated by dividing Red into Blue. 

  

Film 

Spectral irradiance (mol m-2 s-1) 

Blue    

(400–500 nm) 

Green     

(500–600 nm) 

Red     

(600–700 nm) 

Far-red     

(700–800 nm) 

PAR     

(400–700nm) 

R:FR 

ratioz 

R:B 

ratioy 

PE 349 394 349 275 1092 1.27 1 

SCF 281 297 374 288 952 1.30 1.33 
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Table 2. Environmental conditions under the polyethylene (PE) film and spectrum conversion film (SCF) from February 10 

to May 8, 2020. 

Film 

Daily light 

integral  

(mol m-2 d-1) 

Average photosynthetic photon 

flux density 

(mol m-2 s-1) 

Daytime air 

temperature (oC) 

Nighttime air 

temperature (oC) 

Relative 

humidity (%) 

PE 9.55±4.33zy 221±100 24.3±0.7 13.4±0.2 

40±5 

SCF 7.67±3.54 177±82 22.9±1.5 13.3±0.2 

zMean±SD, n = 131 

yAll data were not significantly different according to the t-test (P < 0.05). 
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Leaf optical properties and chlorophyll contents 

The transmittance and reflectance of leaves were not different between the 

treatments (Fig. 3a). Accordingly, the absorbance of leaves was not different 

(Fig. 3b). The Chl a, Chl b, total Chl content, carotenoid content, and Chl a/b 

ratio were not significantly different between the treatments (Fig. 4). 
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Fig. 3. Leaf optical properties of Fragaria ×  ananassa Duch. at 86 days after 

transplanting. Spectral transmittance (a) and reflectance (b) were used to 

calculate the spectral absorbance (c). The values were the mean of three 

replicates. 
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Fig. 4. Chlorophyll and carotenoid content of Fragaria ×  ananassa Duch. 

leaves grown under polyethylene (PE) film and spectrum conversion film 

(SCF) at 86 days after transplanting. The vertical bars indicate 1SD; n=3. 

The asterisks indicate significant differences (Student’s t-test, *P < 0.05, **P 

< 0.01, ***P < 0.001).  
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Chlorophyll fluorescence transient 

The chlorophyll fluorescence parameters of leaves under SCF were 

significantly increased compared to the chlorophyll fluorescence parameters of 

leaves under PE, except for younger leaves (Fig. 5). In the medium leaves, the 

performance indexes for energy conservation from exciton to the reduction of 

intersystem electron acceptors (PIabs) and to the reduction of PSI end acceptors 

(PItotal), the quantum yield for electron transport (φEo), the efficiency to move 

an electron farther than QA
– (ψEo), and electron flux reducing end electron 

acceptors at the PSI acceptor side (RE0/CS) were significantly increased under 

the SCF compared to the PE (Fig. 5b). In the older leaves, φEo and ψEo were 

significantly increased under SCF compared to PE (Fig. 5c). 

The electron transport rates of PSII (ETRII) and PSI (ETRI) increased in 

the form of a saturation curve with the light intensity (Fig. 6a, b). The ETRII of 

leaves grown under the SCF was significantly increased above 759 μmol m–2 s–

1 PPFD. The ETRI and CEF in the SCF significantly increased above 214 μmol 

m–2 s–1 PPFD rather than PE (Fig. 6b, c). The NPQ in the SCF was not different 

from the NPQ in the PE (Fig. 6d). 
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Fig. 5. Chlorophyll fluorescence parameters of younger (a), medium (b), and 

older (c) leaves of Fragaria ×  ananassa Duch. grown under polyethylene 

(PE) film and spectrum conversion film (SCF) at 64 days after transplanting 

with 20 replicates. Each parameter obtained from JIP-test analyses was 

normalized to that parameter of PE in the plot. The asterisks indicate 

significant differences (Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001). 
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Fig. 6. Electron transport rate of PSII (ETRII) and PSI (ETRI), cyclic electron 

flow (CEF), and nonphotochemical quenching (NPQ) of Fragaria ×  

ananassa Duch. leaves grown under polyethylene (PE) film and spectrum 

conversion film (SCF) at 123 days after transplanting. The vertical bars 

indicate 1SD; n=4. The asterisks indicate significant differences (Student’s 

t-test, *P < 0.05, **P < 0.01, ***P < 0.001). 
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Photosynthesis 

The difference in photosynthetic rate between PE and SCF significantly and 

gradually increased over time (Fig. 7). At 8 DAT, the photosynthetic rate was 

not significantly different. The photosynthetic rates in the SCF at 48 DAT were 

significantly greater than the photosynthetic rates in the PE above a PPFD of 

200 μmol m–2 s–1. At 56 DAT, the differences in photosynthetic rate were 

significant at 900 and 2,000 μmol m–2 s–1. At 131 DAT, the photosynthetic rates 

in the SCF were significantly greater than the photosynthetic rates in the PE 

above 50 PPFD μmol m–2 s–1. 

The leaf photosynthetic rates in the SCF were higher than the leaf 

photosynthetic rates in the PE as the PPFD increased (Fig. 8a). From the 

regressed models, the maximum photosynthetic rates (Pmax) under PE and SCF 

were 25 and 27 μmol m–2 s–1, respectively. The dark respiration (Rd) under the 

SCF was 4 μmol m–2 s–1, 225% lower than the Rd under PE. The quantum yields 

(θ) of PE and SCF were 0.11 and 0.05, respectively. With increasing CO2 

concentration, the photosynthetic rates increased, and the photosynthetic rates 

under the SCF increased significantly by approximately 20% (Fig. 8b). 
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Fig. 7. Light response curves of photosynthetic rates in the third fully expanded 

leaves of Fragaria ×  ananassa Duch. grown under polyethylene film (PE) 

and spectrum conversion film (SCF) at 8 (a), 48 (b), 56 (c), and 131 (d) 

days after transplanting. The vertical bars indicate 1SD; n=3-4. The 

asterisks indicate significant differences (Student’s t-test, *P < 0.05, **P < 

0.01, ***P < 0.001). 
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Fig. 8. Leaf photosynthetic rates (a) in the third expanded leaf at 102 days after 

transplanting and whole plant photosynthetic rates (b) of Fragaria ×  

ananassa Duch. grown under polyethylene (PE) film and spectrum 

conversion film (SCF) 66 days after transplanting. The vertical bars indicate 

1SD; n=3. The asterisks indicate significant differences (Student’s t-test, *P 

< 0.05, **P < 0.01, ***P < 0.001). 
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Growth, morphology and fruit quality 

Growth and morphological parameters, except for leaf area and stem length, 

were not significantly different between the treatments (Table 3). The longest 

stem length under the SCF at 53 DAT was significantly longer than the longest 

stem length under the PE at 53 DAT. The shoot dry weight in the SCF at 124 

DAT increased by 10.5% but was not significantly different. The leaf area in 

the SCF was significantly increased by 15% at 124 DAT. The individual fruit 

weight under the SCF was increased by 16.1% compared to the individual fruit 

weight under the PE (Table 4). The fruit yield per plant and color values (L*, 

a*, b*) were not significantly different. The fruit juice under SCF had 12.9% 

lower acidity and 3.6% higher sweetness than PE. The firmness of SCF 

significantly increased by 10.5% compared to the firmness of PE. 
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Table 3. Growth and morphology of Fragaria × ananassa Duch. under polyethylene (PE) film and spectrum conversion film (SCF) at 32, 53, 75, and 124 

days after transplanting (DAT). 

zMean ± SD, n = 3. 

ySignificant difference according to t-test (P < 0.05) is marked with asterisk. 

  

DAT Film 
 Dry weight (g) 

No. of leaves Leaf area (cm2) Stem length (cm) Plant height (cm) SPAD value 
Leaf Stem Crown Shoot 

32 PE 2.4±0.32z 0.5±0.06 0.4±0.05 3.4±0.42 21±2 578±90 14.9±0.78 19.0±1.66 40.0±1.09 

 SCF 2.4±0.20 0.5±0.04 0.3±0.05 3.2±0.27 18±2 591±49 16.5±0.39 19.0±1.68 40.6±0.44 

53 PE 6.7±0.58 1.6±0.18 0.9±0.06 9.2±0.79 42±2 1429±92 21.3±0.48 25.2±2.50 39.5±0.67 

 SCF 7.4±0.52 1.9±0.13 1.0±0.05 10.3±0.60 39±2 1575±69 24.0±1.10*y 27.4±1.96 40.0±0.62 

75 PE 19.2±0.30 4.5±0.11 2.3±0.55 26.1±0.78 59±4 2395±219 22.3±2.40 30.4±1.55 42.7±0.51 

 SCF 18.0±3.04 4.3±0.80 2.6±0.27 24.9±4.10 58±9 2786±496 22.7±2.37 30.7±1.15 43.3±0.61 

124 PE 20.7±6.68 5.6±2.07 4.3±1.81 30.7±10.45 70±18 3673±561 24.5±2.43 30.6±3.55 40.7±1.39 

 SCF 28.7±2.49 7.9±1.19 5.4±0.97 42.1±4.27 99±12 4341±401* 24.4±2.59 31.9±1.61 40.2±0.69 
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Table 4. Fruit quality of Fragaria × ananassa Duch. grown under polyethylene (PE) film and spectrum conversion film (SCF) from March 29 to May 29, 

2020. 

zMean ± SD, n = (Yield = 6, Fruit weight = 500, color = 72, Acidity = 127, Sweetness = 200, Sugar/acid ratio = 127, Firmness = 68). 

ySignificant difference according to t-test is marked with asterisk (*, P < 0.05; **, P < 0.01; ***, P < 0.001). 

 

Film 
Yield 

(g/plant) 

Fruit weight 

(g/fruit) 
L* a* b* Acidity (%) 

Sweetness 

(Brix) 

Sugar/acid 

ratio 

Firmness 

(N) 

PE 287.0±18.54z 11.8±0.25 34.0±4.05 46.4±5.87 43.8±13.26 1.0±0.19 9.2±1.41 10.3±4.44 7.2±1.34 

SCF 300.6±23.81 14.0±0.30***y 34.3±4.23 47.5±5.51 45.3±13.33 0.8±0.21*** 9.5±1.55** 12.3±6.79** 8.1±2.26*** 
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DISCUSSION 

Light environment and photosynthetic efficiency 

Light intensity is one of the most important factors for plant photosynthetic 

efficiency as well as growth (Splinter, 1974; Vasseur et al. 2011; Kang et al. 

2013). Pons and De Jong-Van Berkel (2004) reported a significant decrease in 

photosynthetic efficiency and capacity in six plants grown under a shade filter 

for a week. In this study, the SCF had low transmittance in the range of PAR, 

reducing the average PPFD, daily light integral, and air temperature (Table 2). 

Nevertheless, the increases in photosynthetic efficiency and capacity of 

Fragaria ×  ananassa Duch. leaves grown under the SCF were maintained after 

a certain period, resulting in improvement of photosynthetic rates under natural 

light as well as artificial lighting (Figs. 7 and 8). This result is consistent with 

the increase in photosynthetic efficiency of Arabidopsis and sweet pepper 

grown for a long time under SCF despite reduced light intensity (Li et al. 2017; 

Yoon et al. 2020a). These results suggested that photosynthetic acclimation was 

caused by light quality but not light intensity. Photosynthetic acclimation to 

light quality includes changes in chlorophyll content, leaf optical properties, 

electron transport, and gene expression related to photosynthetic mechanisms 

(Murchie and Horton, 1998; Dietzel et al. 2008; Zheng and Van Labeke, 2017; 

Yang et al. 2018; Kalaitzoglou et al. 2019). 
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Red light has the highest quantum yield for photosynthesis, but 

monochromatic red light can severely damage the plant photosynthetic 

apparatus due to ‘red light syndrome’ (Trouwborst et al. 2016; Miao et al. 

2019). This ‘red light syndrome’ could be alleviated by adding blue light (Miao 

et al. 2019). In this study, the SCF increased the R:B ratio (Table 1). Similarly, 

Shengxin et al. (2016) indicated that the net photosynthetic rate of rapeseed 

grown under R:B = 3:1 was higher than the net photosynthetic rate under R:B 

= 1:1. Blue light has the second highest quantum yield sensed by cryptochromes 

and phototropins and promotes the synthesis of chlorophyll a (Sæ bø et al. 1995; 

Wang et al. 2016; Zheng and Van Labeke, 2017). In addition, tomatoes grown 

in blue light showed lower electron transfer rates and higher CEF-inducing 

NPQ than tomatoes grown in red light (Yang et al. 2018). Green light has the 

lowest quantum yield but has a high transmittance and increases canopy 

photosynthesis (Paradiso et al. 2011; Lee et al. 2017). Green light also affects 

morphological changes such as hypocotyls, stem elongation, and leaf expansion 

by shade avoidance syndrome (Folta and Maruhnich, 2007; Zhang et al. 2011). 

However, these responses are the monochromatic effect of each light, so the 

effect of increased or decreased light quality by SCF is difficult to estimate. 

 

Chlorophyll content and leaf optical properties 
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For the light absorption of Fragaria ×  ananassa Duch. leaves, it is 

intriguing that similar chlorophyll content and leaf optical properties grew 

under PE and SCF (Figs. 3 and 4). Chlorophyll content is directly affected by 

light intensity and quality (Sæ bø et al. 1995; Hoffmann et al. 2015). The total 

chlorophyll content increased as the light intensity decreased in 

chrysanthemum and strawberry (Zheng and Van Labeke 2018; Zheng et al. 

2019). The biosynthesis of photosynthetic pigments is also regulated by light 

quality. Blue light is generally known to be favorable for the synthesis of 

chlorophyll a (Sæ bø et al. 1995; Wang et al. 2016; Zheng and Van Labeke, 

2017). In detail, blue light improved the expression of MgCH, GluTR, FeCH, 

and the enzymes that regulate chlorophyll synthesis (Wang et al. 2009; Fan et 

al. 2013). The carotenoid content was also increased by additional blue light. 

Fu et al. (2013) reported that the combination of blue and red light enhanced 

Chl b and carotenoid biosynthesis in green microalgae compared to pure red 

light. However, red light suppressed chlorophyll synthesis because the red light 

downregulated the protein and/or gene expression of enzymes involved in the 

biosynthesis of tetrapyrroles (Sood et al. 2005). However, in this study, despite 

the decreases in 23% light intensity and 24% blue light by the SCF, the Chl a, 

Chl b, Chl a/b ratio and carotenoid content remained unchanged (Fig. 4). The 

changes in light intensity and quality in the SCF may not be enough to change 

the chlorophyll content and SPAD value. Finely modified sunlight by SCF did 

not change the chlorophyll content, and therefore, the optical properties of 
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leaves did not change. In basil plants grown at R:B ratios of 0.5, 1.0, and 2.0, 

chlorophyll and carotenoid contents increased, but not significantly (Lobiuc et 

al. 2017). 

 

Electron transport from PSII to PSI 

Chlorophyll fluorescence parameters are reliable biomarkers for evaluating 

electron transport at the level of the photosynthetic apparatus (Kalaji et al. 

2018). Based on the JIP test, the parameters represent the quantification of 

energy flow through PSII and PSI (Strasser et al. 2006). Since the JIP test is 

measured after dark adaptation, the maximal efficiency can be evaluated. In this 

study, chlorophyll fluorescence parameters of younger leaves of Fragaria ×  

ananassa Duch. showed no significant difference (Fig. 5). Because either the 

photosynthetic apparatus was not fully developed (Sitko et al. 2020) or 

photosynthetic acclimation did not yet occur, we assume that the younger 

leaves under the PE and SCF had similar photosynthesis capacities. In the 

medium leaves with relatively vigorous photosynthetic capacity, ABS/CS, 

TR0/CS, and ET0/CS under the SCF were similar, but RE0/CS were 

significantly increased, similar to a previous study (Yoon et al. 2020a). 

Therefore, the energy fluxes for absorption, trapping, and electron transport 

were not changed but  the reduction of the PSI acceptor side increased. 

Significant increases in φEo and ψEo mean an increase in electron transport, 
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indicating a significant increase in the electron transport efficiency of PSII. The 

performance index PI describes the energy conservation from photons absorbed 

by PSII to the reduction of intersystem electron acceptors (PIabs) and to the 

reduction of PSI end acceptors (PItotal). Therefore, PI is the most powerful and 

comprehensive parameter due to its sensitivity in quantifying the effects of 

abiotic factors on photosynthetic performance in many studies (Tsmilli-

Michael and Strasser, 2008; Jedmowski et al. 2014; Ceusters et al. 2019; Galic 

et al. 2019, Tsimilli-Michael, 2019). In this study, although ABS/CS, TR0/CS, 

and ET0/CS were unchanged, the SCF treatment significantly increased PIabs 

due to the increases in φEo and ψEo. In addition, increased PItotal indicates that 

the SCF facilitated electron transport from excitons to the reduction of PSI end 

acceptors, thereby increasing photosynthetic capacity. 

As the leaves were light-adapted, the electron flows in PSII and PSI 

increased in the SCF (Fig. 6). Both the chlorophyll fluorescence results in dark-

adapted and light-adapted leaves suggest that sunlight modified by SCF had an 

effect on electron flow around PSI. CEF is an alternative electron transport 

pathway that circulates electrons from the ferredoxin of PSI back to the electron 

transport chain (Kramer et al. 2004; Shikanai, 2014; Nawrocki et al. 2019). In 

general, CEF is known to activate photoprotection by producing additional 

ATP without NADPH accumulation to protect the photosystem in a fluctuating 

light environment (Yamori et al. 2015; Shikanai and Yamamoto, 2016). 

However, far-red irradiation of leaves drives CEF around PSI (Kono et al. 2017; 
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2020; Wang et al. 2020). In this study, the far-red irradiance in the SCF was 

approximately 4% greater than the far-red irradiance in the PE (Table 1). 

Additionally, an appropriately increased ATP/NADPH ratio can accelerate the 

Calvin-Benson cycle (Osmond et al. 1981; Kramer et al. 2004). Controlling the 

ATP/NADPH ratio through the CEF at low light intensities might be favorable 

for Calvin-Benson cycle activity (Yamori et al. 2011; 2015; Huang et al. 2015; 

Laisk et al. 2007; 2010; Li et al. 2017). In this study, CEF was increased 

significantly by SCF, consistent with previous research in Arabidopsis (Li et al. 

2017). The Arabidopsis pgr5 mutant lacks the functions of the proton gradient 

regulation 5 protein and inactivates CEF. WT Arabidopsis grown in SCF had a 

higher ATP/NADPH ratio, photosynthetic rates, and plant yield than the pgr5 

mutant grown in green-to-red SCF (Li et al. 2017). 

NPQ is caused by CEF, which prevents too many electrons from being 

transported to PSI and results in photoinhibition (Munekage et al. 2004; 

Takahashi et al. 2009; Yamori et al. 2015; Yang et al. 2018; Kono et al. 2020). 

However, NPQ in the SCF was not significantly increased (Fig. 6d) because it 

is assumed that the electron transport of acclimated leaves under the SCF was 

not sufficiently excessive to induce photoinhibition. Across all data, modified 

sunlight increased the electron flow of PSI and CEF and improved 

photosynthetic performance without stress. 
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Vegetative and reproductive growth 

Light quality can determine photomorphogenesis as well as the growth of 

plants. In this study, Fragaria ×  ananassa Duch. grown under SCF did not 

significantly increase vegetative growth parameters, excluding leaf area and 

stem length, despite the increased photosynthetic capacity. In general, leaf area 

is regulated by PhyB, which reacts to light near 660 nm (Klose et al. 2015; 

Yoshida et al. 2018). The increases in red light by SCF may stimulate PhyB. 

These results are consistent with a previous study, which showed that the leaf 

area of tomatoes and cucumbers grown under SCF was increased (Park et al. 

2016). Stem length at 53 DAT was promoted in the SCF but was not maintained 

at 75 and 124 DAT. Yoon et al. (2020a) reported that the initial effect of SCF 

on some morphological parameters was not maintained until the end of the 

growth period. In contrast, the total and leaf fresh weight of plants such as 

cucumber, tomato, celery, and Welsh onion grown under SCF significantly 

increased (Hidaka et al. 2008; Nishimura et al. 2012; Park et al. 2016). 

Vegetative and reproductive growth are generally affected by the 

photosynthetic rate (Zhu et al. 2007; Zhu et al. 2010; Li et al. 2014; Ort et al. 

2015; Simkin et al. 2019). The increased photosynthetic rate using 

supplemental lighting increased fruit weight, sweetness, and the number of 

fruits of strawberries and tomatoes (Hidaka et al. 2013, 2014, 2015; Pan et al. 

2019). Interestingly, despite the unchanged vegetative growth, the quality of 
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the fruit grown under the SCF was improved (Tables 3 and 4). These results 

agreed with González et al. (2003) and Hemming et al. (2006), who reported 

that the subtle change in solar spectrum by SCF did not affect vegetative growth 

but increased fruit dry weight and yield in strawberries. However, none of them, 

including this study, investigated root weight. Zheng et al. (2019) reported that 

strawberry seedlings with higher photosynthetic rates had higher root dry 

weights. Therefore, consideration of the root weight of plants is required. 

In this study, the SCF increased red light by 7% and far-red light by 5% 

compared to the PE, but since the SCF also increased the R:FR ratio, it is 

necessary to study whether the effect of far-red to fruit is dominated by the 

absolute amount of far-red or the far-red fraction (Kusuma and Bugbee, 2020). 

Recently, increased far-red light by supplemental lighting has been found to 

upregulate key enzymes and genes related to fruit sugar transportation and 

metabolism and elevate the fruit sink strength of tomato (Ji et al. 2020). In 

particular, strawberries grown using a red mulching film, which reflects red and 

far-red light, had higher levels of FaSPS expression, sucrose synthase activity, 

sucrose phosphate synthase activity, and sweetness/acidity ratio than a white 

mulching film (Miao et al. 2017). Sucrose is a primary sugar of most strawberry 

cultivars and is the main form of photosynthate translocated into the fruits. In 

this study, whether the high sweetness and low acidity of fruits under the SCF 

was due to the increased far-red and/or the increased photosynthesis was not 
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revealed exactly. Further study is needed to explain the exact effects of 

modified sunlight through SCF on fruit quality. 
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CONCLUSION 

This study demonstrated the effects of a spectrum conversion film (SCF) 

on growth and fruit quality in Fragaria ×  ananassa Duch. and focused on 

revealing the reasons for increased photosynthesis using chlorophyll 

fluorescence. The increased red and far-red light by SCF over a long time led 

to higher photosynthetic efficiency, while SCF did not affect the photosynthetic 

chlorophyll content or leaf optical properties. Regarding chlorophyll 

fluorescence parameters, SCF increased the efficiency of electron transport 

from PSII to the intersystem electron transport chain (φEo and ψEo) of leaves. In 

particular, the parameters related to PSI electron transport (RE0/CS, PItotal, 

ETRI and CEF) were significantly increased by the SCF. Fruit qualities such as 

fruit weight, sweetness, sweet/acid ratio, and firmness were promoted under the 

SCF. These results suggest that the SCF-induced enhancement of electron 

transport around PSI as well as PSII promotes photosynthetic performance and 

improves fruit quality. 
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ABSTRACT IN KOREAN 

 

기능성 필름은 온실 내 작물 생장을 위한 광환경을 증진시키기 

위해 도입되어왔다. 이러한 필름 중, 입사된 태양광 중 녹색광을 

적색광으로 전환시키는 광전환필름은 다양한 작물의 생산량을 

증가시키는 것으로 알려져 있다. 하지만 이 결과는 항상 일정하지 

않고 작물 생장이 증가되는 원인 또한 완전히 밝혀지지 않았다. 본 

연구는 적색 광전환필름의 누적 효과가 딸기 작물의 전자전달과 

광합성 능력에 미치는 영향을 규명하고자 하였다. 이를 위해 

폴리에틸렌 필름과 광전환필름 하에서 자란 딸기의 광합성 효율, 

엽광학적 특성, 엽록소 함량, 엽록소 형광, 생육 및 과실 품질이 

평가되었다. 광전환필름에 의해 변형된 태양광은 엽광학적 특징과 

엽록소 함량을 변화시키지 않았지만 광계 I 전자 수용체의 환원과 

전자전달의 효율에 관련된 엽록소 형광 지표들을 유의하게 

증가시켰다. 광전환필름 하에서 재배된 딸기는 비광화학적 소산의 

증가없이 광계 I, 광계 II 의 전자전달량과 순환적 전자전달량이 

폴레에틸렌 필름에서 자란 딸기보다 유의하게 높았다. 정식 후 

48 일 이후부터는 단일엽 및 전체 식물체의 광합성 효율 또한 

광전환필름 처리구가 대조구보다 유의하게 증가되었다. 영양 생장은 
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광전환필름에 의해 영향을 받지 않았지만 딸기 과실의 평균 

과실중량, 당도, 산도, 경도는 광전환필름 처리구에서 유의하게 

증진되었다. 이러한 결과는 광전환필름에 의해 변형된 태양광은 

광저해현상 없이 전자전달을 증가시켜 광합성 능력과 과실의 질을 

증진시켰음을 나타낸다. 

 

주요어: 광스펙트럼, 광화학반응계, 딸기, 엽록소 형광, JIP 분석  
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