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Abstract

Light is one of the most important environmental factors influencing plant growth and development. 

Light-emitting diodes (LEDs) are are a promising alternative to conventional light sources for plant 

tissue cultures. Combined red (R) and blue (B) LEDs are suitable for the production of many plant 

species. However, few studies have examined the effects of different R:B ratios on Gerbera 

jamesonii under controlled conditions. G. jamesonii plantlets were grown in controlled conditions 

under different ratios of discreet and blue light wavelengths provided by programmable LEDs. The 

effects of the different LED treatments on various morphological indices, photosynthetic parameters, 

soluble sugar and protein contents, and antioxidant enzyme activities were analyzed. Growth under 

monochromatic red light resulted in the tallest plantlets and longest stomata, and most promoted 

soluble content and intercellular CO2 concentration (Ci). Growth under monochromatic blue light 

promoted the highest levels of soluble protein, chlorophyll a (chlorophyll a (Chl a), and chlorophyll 

b (chlorophyll b (Chl b). An R:B ratio of 6:4 was the ideal LED treatment for enhancing leaf length, 

root length, and peroxidase activity. Growth under R:B = 7:3 promoted the number of leaves, leaf 

width, number of roots, superoxide dismutase, and catalase activities, chlorophyll synthesis, and the 

accumulation of Chl a and Chl b and led to the highest fluorescence parameters. With the exception 

of three physiological indicators, other indicators growth under R:B = 7:3 were better than under 

other tested ratios, implying that R:B = 7:3 represents the ideal LED treatment for improving G. 

jamesonii growth and photosynthetic activities under controlled conditions.

Additional key words: controlled conditions, Gerbera jamesonii, light-emitting diode (LED), 

photosynthetic parameters, physiological indices
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Introduction

Light is one of the most important environmental variables affecting plant growth and morphology (Hernández et al., 

2016). The use of artificial lighting has become increasingly relevant in agriculture, not only because of the associated 

increased productivity and quality, but also because it allows cultivation of crops in areas with insufficient natural light 

(e.g. indoor cultivation). One type of artificial lighting, light-emitting diodes (LEDs), has been widely used in scientific 

research and culture, since an LED source can be set to a narrow and specific spectral composition, has a long operating 

life, is durable and small, and and remains relatively cool (Bantis et al., 2016). Numerous studies investigating the effects 

of LEDs on plants have produced promising results. LEDs set to specific wavelengths have been used to regulate various 

morphological and physiological attributes as well as photosynthetic abilities of of plantlets grown in vitro, including 

shoot elongation, antioxidant enzyme activities, rhizogenesis, leaf anatomy, chlorophyll content, and chlorophyll 

fluorescence (Wang et al., 2009; Simlat et al., 2016). Blue light alone resultss in decreased net photosynthetic rate (Pn) in 

many plants, such as Chrysanthemum morifolium (Kim et al., 2004) and Withania somnifera (L.) (Lee et al., 2007). 

Compared to monochromatic light, a mixture of red (R) and blue (B) may increase the Pn and the shoot dry weight 

(Hogewoning et al., 2010b). A combination of red and blue LEDs has been used for the production of many plant species 

in controlled environments, including potato and Brazilian ginseng (Luz et al., 2015); lettuce (Cao et al., 2013 ); spinach, 

radish, and lettuce (Yorio et al., 2001); and Brassica chinensis (Ani et al., 2015). In controlled lighting regimes, the 

optimal ratio between the red and blue LEDs must be determined, as this ratio affects plant growth (Kalyani et al., 2012). 

Earlier studies revealed that the maximum fresh and dry weights of in vitro-grown strawberry plantlets, in vitro-grown 

rapeseed (Brassica napus L.), and cucumber seedlings were reached when the R:B ratio was 7:3 (Cao et al., 2013), 1:3 (Li 

et al., 2013), or 9:1 (Hernández and Kubota, 2016), respectively. 

Photosynthetic pigments mainly absorb light in the red and blue spectrum (Yao et al., 2017). Other scientists reported 

that among LEDs, red and blue light exerted the greatest effects on the photosynthetic rate and plant growth (Wang et al., 

2011; Simlat et al., 2016). Red light may influence stem elongation, chlorophyll content, soluble sugar content, and the 

photosynthetic apparatus (Akcin et al., 2016), while also initiating root development (Daud et al., 2013). Blue light 

prompts phototropins to induce physiological responses that regulate leaf expansion, stomata opening, leaf anatomy, 

enzyme synthesis, chloroplast movements (Hogewoning et al., 2010; Akcin et al., 2016), and carotenoid and soluble sugar 

contents (Lee et al., 2007). However, plants under red LED light alone exhibit abnormal leaf morphology as well as a 

lower photosynthetic rate than plants exposed to white light or red supplemented with blue light (Liu et al., 2018). 

Hogewoning et al. (2010b) reported that the dysfunctional leaf photosynthetic machinery induced by red light alone can 

be recovered by exposure to as little as 7% blue light. 

Gerbera jamesonii is an important plant species of the global cut-flower industry because of its great diversity of flower 

colors and high cut-flower yield. Research on G. jamesonii has mainly focused on micropropagation and proliferation 

(Minerva et al., 2013; Singh et al., 2016), with relatively few studies examining the effects of different artificial light 

sources. Wang et al. (2011) studied the effects of different cold cathode fluorescent lighting conditions on G. jamesonii 

plantlets, while Gabryszewska and Rudnicki (1995) researched the growth and development of G. jamesonii under 

different artificial light qualities. However, the effect of LEDs on G. jamesonii growth and physiology has not been 

reported. 

The objective of this paper was to characterize how different ratios of red and blue light produced by LEDs influence 
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the growth and physiology of G. jamesonii. The morphological indices, physiological parameters, and photosynthetic 

performance of the plantlets were analyzed. The data presented here will serve as basis for designing LED sources suitable 

for industrialized seedling production of G. jamesonii in a controlled environment. 

Materials and Methods

Plant Materials and Growth Conditions

In vitro-grown plantlets of G. jamesonii cultivar ‘De Kou’ (Dezhou Shijifeng Horticulture Scientific and Innovation 

Co., LTD, China) were grown in culture bottles (a transparent glass bottle with a capacity of 250 mL; four plants per 

bottle) containing 40 mL half-strength Murashige and Skoog medium (Murashige and Skoog, 1962) supplemented with 

0.5 mg·L-1 3-indolebutyric acid (IBA; Beijing Solarbio, Beijing, China), 0.5 mg·L-1 1-indoleacetic acid (IAA; 

Sigma-Aldrich, St Louis, USA), 30 g·L-1 sucrose (Shanghai Just Scientific, Shanghai, China), and 7 g·L-1 agar powder 

(Sigma-Aldrich). The pH of the medium was adjusted to pH 5.8 with 1 M NaOH prior to autoclaving at 121°C for 15 min. 

Plantlets were placed into the bottles and and put in the growth room with 40 µmol·m-2·s-1 irradiance provided by 

fluorescent lamps (TL-D 36W, Philips, China). After the third leaf fully expanded, uniform plantlets were randomly 

divided into seven groups, each group comprising 15 bottles, three plantlets per bottle. One group was cultured under 

fluorescent lamps as the control (CK), while the remaining six groups were exposed to different LED conditions in a 

controlled environment (R, R:B = 8:2, R:B = 7:3, R:B = 6:4, R:B = 5:5, and B). Plants were grown at 23 ± 2°C with a 

relative humidity of 75 ± 5%. 

Light Source

The LEDs were equipped with light plates (Dongguan Bio-lighting Sciences and Technology Co. Ltd, China) and a DC 

power supply (PKU-MS605D, Beijing, China). The red and blue irradiances were individually controlled by adjusting the 

DC supply for each treatment. The LEDs provided red light with a peak wavelength of 657 nm and blue light with a peak 

wavelength of 450 nm. The light intensity was 40 µmol·m-2·s-1. Six light quality treatments of different R:B ratios were 

R, R:B = 8:2, R:B = 7:3, R:B = 6:4, R:B = 5:5, and B. Plantlets were cultured in vitro for 30 days prior to sampling. 

Experimental Sampling for Characterization

Randomly selected G. jamesonii plantlets were characterized morphologically by assessing their plant height, number 

of leaves, leaf length and width, number of roots, as well as root length and dry weight. Each measurement was completed 

using seven replicates, with three plantlets per replicate. The third leaf from the top was used as the test material for 

assessing physiological indicators (i.e. soluble sugar and protein contents and antioxidant enzyme activities), and and 

each measurement was completed using three replicates, with three plantlets per replicate. Additionally, photosynthetic 

indices (i.e. chlorophyll and carotenoid contents, photosynthetic parameters and characteristics, and chlorophyll 

fluorescence) were measured from the third leaf, using three different replicates than above, respectively, with three 

plantlets per replicate. All materials were randomly selected, uniform plantlets in each replicate.
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Soluble Sugar Content

The soluble sugar content was measured according to the method described by Zhao et al. (1998). Specifically, 0.2 g 

leaf material (fresh weight [FW]) was placed in a test tube, to which 5 mL distilled water was added. The test tubes were 

sealed with plastic film and then placed in boiling water for 30 min. The supernatant was filtered, and the filtrate was 

collected in a 25-mL bottle. A 0.5-mL aliquot was added to a test tube and then 1.5 mL distilled water, phenol, and 

concentrated sulfuric acid were added in this order. The phenol and sulfuric acid were used to determine the soluble sugar 

content (at a wavelength of 620 nm) as follows:

soluble sugar (%) = (C × VT/a × n)/(W ×106),

where C is the soluble sugar content standard (g) according to a standard equation, VT is the extract volume (mL), a isis 

the sample volume, n is the dilution factor, and W is FW (g).

Soluble Protein Content

Soluble protein content was measured following the method of method of Zhao et al. (1998). Samples (0.2 g FW) were 

ground in a mortar with liquid nitrogen and then resuspended in 3 mL phosphate-buffered salinesaline (pH 7.0). After a 

centrifugation step (12,000 × g for 15 min at 4°C), 0.1 mL supernatant was combined with 4.9 mL Coomassie Brilliant 

Blue G-250 solution (0.1 g·L-1). After 2 min, the soluble protein content was determined (at a wavelength of 595 nm as 

follows:) as follows:

soluble protein (mg·g) = (C × VT)/(W × Vs × 1,000),

where C is the protein content according to a standard equation (g), VT is the extract volume (mL), Vs is the liquid volume 

(mL), and W is the sample FW (g).

Superoxide Dismutase Activity

Superoxide dismutase (SOD; EC 1.15.1.1) activity was assayed based on the photochemical method described by Zhao 

et al. (1998). The assay mixture, which comprised three reagents (xanthine, xanthine oxidase, and cytochrome c) 

dissolved in potassium buffer, was used at room temperature but was otherwise stored at 4°C. Xanthine (0.5 mM) was 

prepared fresh and used at room temperature. SOD anions generated by a xanthine/xanthine oxidase system were detected 

with a chromatin solution. Xanthine oxidase (5 µL of Sigma X4500 diluted with 495 µL potassium phosphate buffer for 

a final concentration of 0.32 U·mL-1) was prepared fresh and stored on ice when used. Cytochrome c was prepared in 

phosphate buffer (12.5 mg in 0.5 mL) and maintained on ice when used but was otherwise stored at -20°C. The assay 

mixture was prepared by mixing 8.85 mL potassium phosphate buffer and 1 mL xanthine. The SOD solution was prepared 

fresh by diluting 10 µL SOD from bovine liver (Sigma-Aldrich) with 90 µL buffer (960 final concentrations). The final 

solution was stored on ice when used. The assay mixture (10 mL, which was sufficient for at least 32 wells) was prepared 

just before use. Sample aliquots (50 µL) were added to the wells of a 96-well plate (Fisher Scientific, Loughborough, 
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UK). Control wells contained SOD solution or buffer instead of the sample. The xanthine oxidase solution (100 µL) was 

added to the assay mix just before being added to the wells, taking readings once a minute. The assay mixture (250 µL) 

was pipetted into each well and mixed carefully. The plate was immediately transferred to the VersaMax™ plate reader 

(Molecular Devices, Sunnyvale, CA, USA), and the increase in absorbance was monitored at 550 nm for at least 5 min 

using a kinetic program. All data are herein expressed as unit mL-1and were determined as follows: and were determined 

as follows:

SOD (µmol·g-1) = [(Ack–AE) × V]/[Ack × 1/2 × W × a],

where Ack is the extinction value for the light, AE is the extinction value of the sample tubes, V refers to the total sample 

volume, a corresponds to the sample consumed during the analysis, and W is the sample FW (g).

Peroxidase Activity

Peroxidase (POD; EC 1.11.1.7) activity was measured by determining the rate of oxidation according to Zhao et al. 

(1998). The reaction mixture consisted of buffered pyrogallol in 0.1 M potassium phosphate buffer (pH 7.0), 1% H2O2, 

and the enzyme extract. The reaction rate was calculated by monitoring the changes in absorbance at 430 nm (ε = 12 

mM-1 cm-1), with the activity expressed as U·mgprotein
-1·min-1:

POD (µmol·g-1) = (Δ470 × VT)/(0.01 × t × Vs × W),

where Δ470 is the change in the absorbance value during the reaction, VT represents the total volume of the enzyme 

extract (mL), t refers to the reaction time (s), Vs is the volume of the enzyme solution (mL), and W is the sample FW (g).

Catalase Activity

Catalase (CAT; EC 1.11.1.6) activity was assayed according to the method described by Zhao et al. (1998). Aliquots (50 

µL) of the leaf extract were added to each well of a 96-well plate (Fisher Scientific), to which 25 µL of 40 µM H2O2 was 

added. The plates were incubated at 37°C for 30 min prior to the addition of 50 µL reaction buffer containing 100 µM 

Amplex Red reagent and 0.4 U·mL-1 horseradish peroxidase (Sigma-Aldrich, Poole, UK) to each well. The resulting 

fluorescence was quantified using a microplate reader (PerSeptive Biosystems, Framingham, USA), with excitation and 

emission wavelengths of 540 and 590 nm, respectively. The 10 mM Amplex Red stock solution was prepared in DMSO, 

and aliquots were stored at -20°C. CAT activity was calculated using a standard curve prepared with purified catalase (0 

- 2,000 U·mL-1; Sigma-Aldrich):

CAT (µmol·g-1) = (Δ240 × Vt)/(0.01 × t × W × Vs),

where Δ240 is the change in the absorbance value during the reaction, Vt is the total volume of the enzyme extract (mL), 

t is to the reaction time (s), Vs is the volume of the enzyme solution (mL), and W is the sample FW (g).
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Malondialdehyde Contents

Malondialdehyde (MDA) content was determined according to the method of Zhang et al. (2013). Samples (1.0 g FW) 

were added tosilica sand and then ground in 2 mL 0.1% trichloroacetic acid (TCA). An additional 8 LmL TCA was added 

before continuing the grinding. Samples were then centrifuged at 4,000 × g for 10 min. The resulting supernatant (2 mL) 

was added to 2 mL thiobarbituric acid prepared in 0.6% TCA. The reaction mixture was incubated at 100°C for 15 min, 

after which the reaction was stopped by placing the samples in an ice bath. The control consisted of 2 mL water instead 

of the extract. The absorbance of the supernatant was measured at 532 and 450 nm as follows: as follows:

MDA (µmol·g-1) = 6.45 × 10 -6 × A532–0.56 × 10 -6 × A450,

where A532 is the absorbance value at 532 nm and A450 is the absorbance value at 450 nm.

Chlorophyll and Carotenoid Contents

Leaf samples were collected from similar positions on 10 plants per treatment. The leaf FWs were 0.1 to 0.2 g. All leaf 

samples were treated with 10 mL 80% acetone until they turned white. The optical density of the solution was measured 

with the UV-1800 spectrophotometer (Shimadzu, Japan) at 663 nm (OD663) and 645 nm (OD645) for chlorophyll a (Chl a) 

and chlorophyll b (Chl b), respectively, and at 470 nm (OD470) for carotenoids. The Chl a and Chl b concentrations were 

determined as described by Zhao et al. (1998):

Chl a (mg·g-1) = [(12.72 × OD663–2.59 × OD645) × v]/(1,000 × W),

Chl b (mg·g-1) = [(22.88 × OD645–4.67 × OD663)]/(1,000 × W),

carotenoid (mg·g-1) = (1,000 × OD470–2.05 Chl a–114.8 × Chl b)/245,

where V is the total volume of the acetone extract (mL) and W is the FW (g).

Photosynthetic Characteristics and Chlorophyll Fluorescence

Photosynthetic characteristics were measured using fully expanded third leaves (from the top) of four plants per 

treatment. Photosynthetic activity was analyzed using a single leaf exposed to light provided by the Li-6400 portable 

photosynthesis system (ILI-COR, USA). The leaves were exposed to light under saturated CO2 conditions at 25 ± 1°C and 

60 to to 70% relative humidity. The LED light source used Li-6400 RB lamps with an intensity of 400 ± 5 µmol·m-2·s-1. 

Although the leaves were artificially irradiated using different LED sources, the respective light intensities 

(photosynthetic photon flux density) were all ~400 µmol·m-2·s-1. For each light intensity level, data were obtained when 

the net photosynthetic rate (Pn) stabilized. Moreover, ratio the transpin rate (Tr), stomatal conductance (Gs), and 

intercellular CO2 concentration (Ci) were measured.

Chlorophyll fluorescence parameters were measured on the abaxial surface of freshly prepared leaf discs. Plants were 

incubated in darkness for 30 min prior to analyses. Modulated fluorescence was measured using the PEA portable 

chlorophyll fluorimeter (version 1.21; Hansatech Instrument Ltd., Norfolk, UK). Four plants were randomly selected, and 
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fully expanded young leaves were analyzed using a standard leaf chamber, with four leaves examined per treatment. The 

chlorophyll fluorescence images were captured at 22°C according to an experimental protocol involving a -20-min 

adaptation to darkness followed by measurements of Fo (minimal fluorescence: chlorophyll fluorescence yield after the 

dark adaptation, which is when all of the photosystem II [PSII] reaction centers and electron acceptor molecules are fully 

oxidized) and Fm (maximum fluorescence yield in dark-adapted samples measured after a light-saturating pulse of about 

1,800 µmol·m-2·s-1 provided by a halogen light source). Then, samples were exposed to orange actinic light (620 nm; 400 

µmol·m-2·s-1) for 400 s. Light-saturating pulses ~1,800 µmol·m-2·s-1) were provided every 25 s. This treatment was 

sufficient for the steady-state fluorescence yield (Ft), and Fm' (maximum fluorescence yield in light-adapted samples) was 

measured during the last pulse. Fo' (minimum fluorescence yield in light-adapted samples) was recorded after 3 seconds 

of a far-red light illumination after the orange actinic light treatment. Images were processed using the Fluorcam program 

program (version 5.0). The maximum quantum efficiency of PSII photochemistry was calculated as Fv/Fm, where Fv = Fm 

- Fo. The PSII antenna light-trapping efficiency was calculated as Fv'/Fm', where Fv' = Fm' - Fo'. Furthermore, the effective 

quantum yield of PSII photochemistry (ФPSII) was calculated according to the method developed by Maxwell and Johnson 

(2000) [i.e. (Fm'- Ft')/ Fm', where Ft'= the steady-state fluorescence under actinic light prior to a saturating pulse]. 

Photochemical quenching (qP) = (Fm' - Ft)/(Fm' - Fo), and nonphotochemical quenching (NPQ) = (Fm - Fm'). The most 

representative images are presented.

Stomata Characteristics

The fully expanded third leaves of four plants were sampled for each treatment. The back of the leaves were coated with 

transparent nail polish prior to observing the stomata. Slides were prepared according to the epidermal fingerprint with 

nail polish blotting method (Cui et al., 2007) and were observed using a DP71 optical microscope (Olympus Inc., Japan). 

Stomata length, width, and density were measured using Image-Pro Express software (Olympus Inc.).

Statistical Analysis

Data underwent a one-way analysis of variance (ANOVA), and significant differences between the means were tested 

using Duncan’s post-hoc test (p < 0.05). All statistical analyses were conducted using the SPSS 19.0 (SPSS, Chicago, 

USA) program for Windows.

Results

There were considerable differences in growth and morphological characteristics among the G. jamesonii plantlets 

treated with different LED light conditions (Table 1). Plantlet height exhibited a decreasing trend with increases in the 

amount of blue LED. The shortest plantlets were those grown under an R:B = 6:4. The number of leaves, leaf length and 

width, number of roots, and root length tended to increase with the increase of blue light and gradually decreased as the 

portion of blue light further increased. Maximum leaf width and number of roots were observed in plantlets grown under 

an R:B ratio of 7:3, while the longest leaves and roots were observed in plantlets grown under an R:B ratio of 6:4 regimen, 

followed by the R:B = 7:3 regimen. 
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The soluble sugar and protein contents of G. jamesonii plantlets grown under controlled conditions exhibited the 

opposite tendencies (Table 2). Overall, the soluble sugar content decreased with increasing amounts of blue light. The 

highest sugar and protein levels were observed in plantlets treated with only red LED, followed by those grown under the 

R:B ratio of 7:3. On the other hand, the soluble protein content increased with the increasing amount of blue light, peaking 

in plantlets exposed to either 100% blue or 30% blue LED light. 

Antioxidant enzyme activities also responded to the addition of blue LEDs (Table 3). When comparing the activities 

under only monochromatic light, the POD, SOD, and CAT activities were all higher under monochromatic blue LED than 

under monochromatic red. The lowest POD activity was observed in samples treated with only red light, while the highest 

activity was observed in plantlets under R:B = 6:4, followed by B and R:B = 5:5. The SOD and CAT activities exhibited 

a W-shaped trend. Specifically, the activity levels initially decreased, peaked under R:B = 7:3, and then declined again as 

the portion of blue light further increased. The MDA content initially decreased before increasing, with the highest level 

observed in plantlets grown under only red light, then reaching its lowest level under R:B = 7:3, before increasing to a 

second peak under only blue light. The MDA content was higher in plantlets treated with red, blue, or R:B = 5:5 than in 

Table 1. Plant height, leaf number, length of leaf, leaf width, root number, and root length of Gerbera jamesonii plantlets 
grown in vitro under different ratios of red and blue light

Light quality treatmentsz
Parameters

Plant height 

(cm)
Leaf number

Length of leaf 

(cm)

Leaf width 

(cm)
Root number

Length of root 

(cm)

CK 5.84 aby   9.82 ab 1.96 ab 1.92 b 4.80 ab 6.53 ab

R 6.48 a   9.80 ab 2.00 ab 1.14 cd 4.00 b 5.84 bc

R8B2 6.15a b 10.20 ab 1.21 c 1.09 cd 4.30 ab 6.05 b

R7B3 5.93 ab 11.60 a 2.21 a 2.06 a 5.20 a 7.03 a

R6B4 4.50 b 11.00 a 2.55 a 2.06 a 4.20 ab 7.76 a

R5B5 5.81 ab 11.40 a 2.02 ab 1.81 b 4.50 ab 6.04 b

B 5.74 ab 9.80 ab 1.93 b 1.55 c 4.50 ab 5.31 c

zLight was supplied by LEDs with different ratios of red and blue light. A halogen light source was used as the control.
yDifferent letters indicate significant differences using Duncan’s multiple range test (p < 0.05; n = 7).

Table 2. Soluble sugar and soluble protein content content of Gerbera jamesonii plantlets grown in vitro under different 
ratios of red and blue light

Light quality treatmentsz
Parameters

Soluble sugar (%) Soluble protein (mg g-1)

CK 1.17 by 21.35 b

R 1.37 a 16.60 c

R8B2 1.26 ab 16.65 c

R7B3 1.32 a 25.78 a

R6B4 1.25 ab 23.29 ab

R5B5 1.13 b 24.06 a

B 1.06 bc 25.90 a

zLight was supplied by LEDs with different ratios of red and blue light. A halogen light source was used as the control.
yDifferent letters indicate significant differences using Duncan’s multiple range test (p < 0.05; n = 3).
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the CK plantlets. 

The chlorophyll and carotenoid contents were determined in G. jamesonii plantlets cultured under different light 

qualities (Table 4). The Chl a and Chl b contents both increased under mixed light qualities, but decreased as blue light 

gained a larger proportion of the irradiance. However, the Chl a/Chl b ratio did change and was highest under only blue 

light. The highest Chl a and Chl b contents were induced by R:B = 7:3, and the Chl a/Chl b ratio differed significantly 

under control light, but no under red light only. Increasing the blue light resulted in a decrease in Chl levels. The 

carotenoid content tended to increase with increasing proportion of blue light, peaking under the blue light only regimen.

The photosynthetic indices showed various responses in G. jamesonii plantlets grown under various light qualities 

(Table 5). The Ci value declined as a whole with the addition of blue light, with the minimum value in plants grown under 

R:B = 6:4. The Tr value was lowest under red light only, increased significantly with increasing amounts of blue light, and 

peaked under blue light only. However, the Tr value under all LED treatments was lower than that under the CK light 

condition. The Pn value increased with a little bit of blue light, reaching its maximum value in plantlets grown under R:B 

Table 3. Antioxidant activities in leaves of Gerbera jamesonii plantlets grown in vitro under different ratios of red and blue 
light

Light quality treatmentsy
Antioxidantz

POD (µmol·g-1) SOD (µmol·g-1) CAT (µmol·g-1) MDA (µmol·g-1)

CK 195.21 ex 184.35 e 59.35 b 17.52 c

R 168.64 ab 177.20 ab 52.19 b 27.77 a

R8B2 170.29 cd 113.41 d 33.76 c 14.55 c

R7B3 203.31 ab 198.60 a 69.75 a 11.37 d

R6B4 233.45 a 155.50 c 56.72 b 15.49 c

R5B5 204.19 ab 104.03 e 66.02 a 20.10 ab

B 225.18 a 188.60 b 53.23 b 22.00 ab

zPOD = peroxidase; SOD = superoxide dismutase; CAT = catalase; MDA = malondialdehyde.
yLight was supplied by LEDs with different ratios of red and blue light. A halogen light source was used as the control.
xDifferent letters indicate significant differences using Duncan’s multiple range test (p < 0.05; n = 3).

Table 4. Chlorophyll and carotenoid levels in leaves of Gerbera jamesonii plantlets grown in vitro under different ratios of 
red and blue light

Light quality treatmentsy
Parameterz

Fo Fm Fv/Fm фPSII NPQ qP

CK 134.27 cdx 631.24 c 0.79 ab 0.064 b 1.27 a 0.15 ab

R 123.04 d 640.68 c 0.78 ab 0.061 c 1.14 c 0.08 b

R8B2 119.99 d 647.76 c 0.80 a 0.046 d 1.21 b 0.14 a

R7B3 180.94 a 818.93 a 0.85 a 0.144 a 1.28 a 0.19 a

R6B4 169.64 b 758.86 b 0.79 ab 0.103 ab 1.23 ab 0.09 b

R5B5 145.29 c 697.20 bc 0.79 ab 0.083 b 1.22 ab 0.11 b

B 117.32 d 616.72 d 0.77 ab 0.102 ab 1.25 a 0.13 b

zChl a = chlorophyll a; Chl b = chlorophyll b; Chl a/b = chlorophyll a/ chlorophyll b.
yLight was supplied by LEDs with different ratios of red and blue light. A halogen light source was used as the control.
xDifferent letters indicate significant differences using Duncan’s multiple range test (p < 0.05; n = 3).
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= 7:3, and then decreased with a a further increase in the amount of blue light. The Gs value was lowest under red light 

only, but then increased with the addition of blue light, peaking in plantlets grown under the R:B = 7:3 treatment, before 

decreasing and then increasing to a second peak under monochromatic blue light. All photosynthetic indices were lower 

under monochromatic red compared to both monochromatic blue light and composite light treatments.

Stomata development directly affects photosynthesis and transpiration, which then affects plant growth. Stomata 

development differed considerably in G. jamesonii plantlets exposed to various red and blue light treatments (Table 5). 

Higher amounts of red light increased stomata length, while higher amounts of blue light had the opposite effect. Overall, 

stomata width and density increased as the amount of blue light increased, peaking in plantlets grown under R:B = 7:3, 

then decreasing under higher proportions of blue light. 

Various fluorescence parameters were tracked in G. jamesonii plantlets grown under different light qualities (Table 6). 

Table 5. Photosynthetic parameters and size and density of stomata in leaves of Gerbera jamesonii plantlets grown in vitro 
under different ratios of red and blue light

Light quality 

treatmentsy

Parameterz

Ci 

(µL·L-1)

Tr 

(mmol·m-2·s-1)

Pn 

(µmolCO2 m
2·s-1)

Gs 

(molH2O m-2·s-1)

Stomata length 

(µm)

Stomata width 

(µm)

Stomata density 

(mm-2)

CK 68.75 bx 8.75 ab 11.25 c 0.41 ab 37.64 ab 26.34 a 24.16 ab

R 77.40 d 3.14 c 9.56 d 0.14 b 40.37 a 20.99 b 22.14 ab

R8B2 61.37 c 6.36 b 10.56 c 0.48 ab 39.5 a 22.37 ab 23.33 ab

R7B3 66.57 bc 7.05 a 16.71 a 0.54 a 34.88 b 27.86 a 28.33 a

R6B4 69.88 b 7.03 ab 13.89 b 0.35 ab 37.54 ab 25.32 a 26.67 a

R5B5 68.86 b 7.65 ab 13.63 b 0.44 ab 35.56 b 22.71 b 16.67 c

B 66.11 bc 8.50 ab 10.61 c 0.66 a 34.05 b 27.64 a 20.67 b

zCi = intercellular CO2 concentration; Pn = net photosynthetic rate; Tr = transpiration rate; Gs = stomatal conductance.
yLight was supplied by LEDs with different ratios of red and blue light. A halogen light source was used as the control.
xDifferent letters indicate significant differences using Duncan’s multiple range test (p < 0.05; n = 3).

Table 6. Fluorescence parameters in dark-adapted leaves sampled from Gerbera jamesonii plantlets grown in vitro under 
different ratios of red and blue light

Light Quality 

Treatmentsy
Parameterz

Fo Fm Fv/Fm фPSII NPQ qP

CK 134.27 cdx 631.24 c 0.79 ab 0.064 b 1.27 a 0.15 ab

R 123.04 d 640.68 c 0.78 ab 0.061 c 1.14 c 0.08 b

R8B2 119.99 d 647.76 c 0.80 a 0.046 d 1.21 b 0.14 a

R7B3 180.94 a 818.93 a 0.85 a 0.144 a 1.28 a 0.19 a

R6B4 169.64 b 758.86 b 0.79 ab 0.103 ab 1.23 ab 0.09 b

R5B5 145.29 c 697.20 bc 0.79 ab 0.083 b 1.22 ab 0.11 b

B 117.32 d 616.72 d 0.77 ab 0.102 ab 1.25 a 0.13 b

zFo = minimal fluorescence; Fm = maximum fluorescence; Fv/Fm = the maximum quantum efficiency of PSII photochemistry; NPQ = 

nonphotochemical quenching; qP = photochemical quenching; ФPSII = the effective quantum yield of PSII photochemistry.
yLight was supplied by LEDs with different ratios of red and blue light. A halogen light source was used as the control.
xDifferent letters indicate significant differences using Duncan’s multiple range test (p < 0.05; n = 3).
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The Fo value increased and then decreased with increasing amounts of blue light, with the peak in plantlets grown under 

R:B = 7:3 and lowest value under monochromatic blue light. The Fm value increased and then decreased with the addition 

of blue light, reaching its peak value under R:B = 7:3. The Fm and Fo values were significantly higher under R:B = 7:3 than 

all other treatments, including the control, and significantly lower under monochromatic blue light. Additionally, Fv/Fm 

ratio, ΦPSII, NPQ, and qP values tended to increase with the addition of some blue light, peaking in plantlets grown under 

R:B = 7:3 and then decreasing as the blue light portion increased further. These four fluorescence indices were lower in 

plantlets grown under monochromatic blue light than in those grown under the control halogen light, except for ΦPSII (for 

significantly different) and NPQ (not significantly different). In contrast, each of these indices indices was lower under 

monochromatic red light compared to control conditions.

The minimal fluorescence yield of dark-adapted leaves (F0) sampled from the G. jamesonii plantlets showed significant 

differences under the different red and blue light treatment regimens (Fig. 1), as confirmed by the data (Table 6). 

Fig. 1. Chlorophyll fluorescence in leaves sampled from plantlets grown under different ratios of red and blue light. Leaves 
were dark adapted and then treated to obtain the Fo, Fm, Fv/Fm, NPQ, qP, and ФPSII values. All images show how leaves 
sampled from G. jamesonii plantlets grown under the same treatments. The colored bar parallel to the images shows the 
range of values and how they mapped to the color palette.
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Additionally, the images show that the Fm values heterogeneously distributed within the leaf, which cannot be gleaned 

from the tabulated data. The highest Fm intensity values were recorded near the blade edge of leaves taken from plantlets 

grown under the control halogen lighting and the monochromatic blue lighting regimes (Fig. 1 and Table 6). Another 

revelation from looking at the leaf images is that the Fv/Fm values also varied within the control leaves, but this difference 

was not significant (Table 6). The NPQ imaging also showed distinct spatial differences within the leaves of plantlets 

grown under different light qualities (Fig. 1 and Table 6). Under R:B = 7:3, the NPQ image revealed homogeneity of the 

parameters within the green area. The value of qP under red light was low, as indicated by both the imaging and the 

measurements, especially in the green sectors (Fig.1 and Table 6). The effective quantum yield of the PSII photochemistry 

(FPSII) did not differ in leaves sampled from plantlets grown under different light qualities (Fig. 1), which was inconsistent 

with the measurement data (Table 6).

Discussion

Red and blue light, either alone or in combination, significantly influenced plant growth (He et al., 2017.). Red light 

resulted in increases in the number of leaves, the length of leaves, and plant height (Kurilčik et al., 2008; Yang et al., 

2015), while blue light produced more leaves and wider leaves (Manivannan et al., 2015). Some research has revealed that 

a mixture of blue and red light enhanced plant growth better than monochromatic LEDs (Poudel et al., 2008; Luz et al., 

2015) and stimulated the growth under controlled conditions of many plant species, including spinach (Matsuda et al., 

2008) and grape (Poudel et al., 2008), similar to these these results. G. jamesonii plant height reached the highest under 

red light and decreased with the addition of blue light, while leaf number first increased with a little blue light, peaked 

under R:B = 7:3, and then decreased with the addition of more blue light, with no difference induced by only R or B 

treatments. This observation was dissimilar to earlier research, may be due to differences between the species or varieties 

of plants tested cultivation conditions, and requires further study. Red light produced longer leaves (Kurilčik et al., 2008; 

Yang et al., 2015), while blue LEDs produced wider leaves (Manivannan et al., 2015). However, in this study, the length 

and width of the leaves decreased and and then increased with the addition of blue light, reaching the maximum values 

under R:B = 6:4 and 7:3, respectively. This showed that red or blue light alone did not significantly affect the length or 

width of G. jamesonii leaves, while the right proportion of RB light could increase these parameters, indicating that 

different plants reacted differently to red and blue light. Poudel et al. (2008) reported that grape root number and length 

under controlled LEDs conditions were optimal under blue light, while red light inhibited root number and length. In our 

research, the number and length of roots increased first and then decreased with an an increasing proportion of blue light, 

peaking under a mixture of B and R (R:B = 7:3 or 6:4). Analysis of these morphological indices in G. jamesonii plantlets 

indicated that red light promoted plantlet elongation, that leaf number, leaf width, and root number were greatest under 

R:B = 7:3, and that that leaves and roots were longer under R:B = 6:4. 

Sugar and protein are important building blocks for plant growth and development. An earlier study confirmed that light 

quality may affect soluble sugar content because of differences in the absorption of light by carbohydrates (Matsuda et al., 

2008). Moreover, proteins require considerable energy for their synthesis (Cui et al., 2009). Cui et al. (2009) and Lin et al. 

(2013) found that R was beneficial to the accumulation of soluble sugars but detrimental to accumulation of soluble 

proteins. The relatively high energy associated with light in the blue spectral region may be responsible for the increase 
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of protein synthesis under B but not R (Lee et al., 2007). Additionally, Wang et al. (2009) and Lee et al. (2007) observed 

that R could increase the soluble sugar content, while B promoted the accumulation of soluble proteins. In our research, 

the contents of soluble sugars and soluble proteins exhibited the opposite tendencies. The highest soluble sugar content in 

G. jamesonii plantlets grown under controlled conditions was observed under R, followed by R:B = 7:3. Meanwhile, the 

highest soluble protein content occurred under B, followed by R:B = 7:3. These results implied that while R or B alone 

contribute to the accumulation of soluble sugars or proteins, respectively, an appropriate mixture of these wavelengths 

could increase both soluble sugars and proteins. This increase in both building blocks under a combined light source 

agreed with agreed with the data on the morphological indicators.

In plants, oxidant defense systems include various antioxidants, such as carotenoids and a series of antioxidases (POD, 

SOD, and CAT) that play important roles in protection from photooxidative damage. Carotenoids are strong antioxidants 

that protect plants from free radicals, while the presence of high antioxidant enzyme activity is important for strong 

growth of seedlings (Lin et al., 2013). Harmful free radicals (i.e., O2
-1) produced in plant cells are removed by SOD and 

CAT, thereby protecting cells from free radicals and their derivatives. Meanwhile, POD activity directly affects the 

metabolism and distribution of IAA, which is an important hormone mediating plant growth and development. Strong 

POD activity enhances the oxidative decomposition of endogenous IAA, resulting in inhibited growth (i.e., dwarf 

phenotype) (Gupta et al., 2015). Samuoliene et al. (2010) found that carotenoid content is positively correlated with the 

activity of antioxidant enzymes. Kim et al. (2013) reported that CAT and SOD activities in tomato leaves are higher under 

B than under R, with similar results observed for Rehmannia glutinosa (Manivannan et al., 2015). We also investigated 

the antioxidant capacity of the leaves of G. jamesonii plantlets cultivated under different LEDs. The results showed that 

POD activity was lowest under R and highest under an R:B ratio of 6:4, resulting in excessive growth under R and 

dwarfed phenotype under R:B = 6:4. The activities of SOD and CAT under monochromatic blue light were higher than 

under monochromatic red light, with a maximum under R:B = 7:3. Furthermore, the content of MDA influences plant 

stress resistance, with higher contents leading to greater damage (Liu et al., 2018). Our data indicated that the MDA 

content decreased with greater exposure to blue light, with the lowest value observed under an R:B of 7:3. Above all, it 

is clear that plantlets grown under either R or B grew in adversity, while an appropriate proportion of R and B LEDs (R:B 

= 7:3 or 6:4) optimized plant growth.

Light is an environmental factor that that affects chlorophyll synthesis, chlorophyll content, stomatal movement, and 

photosynthetic indices, all of which are intrinsic factors that affect the photosynthesis of plants, the changes are unlike 

anything under different light qualities (Liu et al., 2018). Manivannan et al. (2015) determined that red LEDs had the most 

positive effect on chlorophyll synthesis in R. glutinosa, while Johkan et al. (2010) reported that that blue fluorescent light 

positively influenced carotenoid accumulation. Matsuda et al. (2008) reported that plants grown under B had a higher Chl 

a/Chl ratio than plants under R and that an appropriate R:B treatment affected growth parameters better than 

monochromatic light. In our study, Chl a and Chl b contents were significantly higher in plants grown under R than in 

those grown under B, but the highest value was for plantlets grown under an R:B ratio of 7:3. These data showed that an 

appropriate proportion of red and B LEDs was more beneficial to the synthesis of chlorophyll. The carotenoid content and 

the Chl a/Chl bratio increased with the proportion of B, peaking under monochromatic B LEDs, suggesting that the 

increase of blue light was beneficial to the transformation of Chl b to Chl a, which would then result in increasing 

photosynthesis. The concomitant increase in carotenoid content would balance the increased photosynthetic production 
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of free radicals in the plantlets. 

Stomata are the main route for the exchange of gases required and produced by photosynthesis. Stomatal development 

directly affects photosynthesis and transpiration, with implications for plant growth. The opening and closing of the 

stomata are closely related to the concentration of carbon dioxide, while stomata opening induced by blue light may help 

to increase photosynthetic productivity (Darko et al., 2014; Muneer et al., 2014). High-intensity blue LEDs were found to 

maintain the integrity of chloroplast proteins by controlling stomata movement (Muneer et al., 2014). An increase in the 

abundance of stomata also leads to enhanced carbon dioxide (CO2) absorption by leaves (Yao et al., 2017). Blue LED 

treatments resulted in the most stomata in grape samples and Tagetes erecta (Heo et al., 2002). Additionally, in tomato 

leaves, the width of stomata was greater under B than under R (Kim et al., 2013), while the opposite relationship was 

observed in Salvia splendens (Heo et al., 2013). We found that stomata numbers were greater under B than R, but that the 

largest number appeared under R:B = 7:3. These differences may be species dependent. Some researchers have described 

the effect of light on the number and size of stomata (Poudel et al., 2008; Macedo et al., 2011). An increase in stomata size 

may increase the internal surface area of leaves, with more robust aerenchyma improving photosynthetic efficiency (Pohl 

et al., 2011). In histhis study, stomata density was lower under B than under R, but was highest under R:B = 7:3.

A larger stomatal aperture can improve photosynthetic efficiency because more CO2, the raw material of 

photosynthesis, can enter the the leaf cell. With an increase in the intercellular CO2 concentration (Ci), the net 

photosynthetic rate (Pn) declines accordingly (Pohl et al., 2011). Meanwhile, a change in the stomata conductance (Gs) 

also affects the Pn value. If Gs increases, more CO2 enters cells, leading to more CO2 for photosynthesis and, thus, a greater 

Pn. This was observed in our experiments. The value of Ci reached its maximum under R and dropped off with the addition 

of blue LEDs, while the values of Tr, Pn, and Gs followed the opposite trend. When the suitable proportion of red and blue 

LEDs (R:B = 7:3) was applied, the values of Ci, Tr, Pn, and Gs came together to promote growth G. jamesonii plantlets. In 

this study, stoma density was lower under B than under R. Stoma density was highest under R:B = 7:3, as were the Pn and 

growth. While the Gs and Tr of plantlets grown under B reached their maximum values, the Pn was lower than under most 

other treatments, and plantlets did not achieve their best growth. These results showed that the growth of plants was not 

controlled by a single factor nor it could it be measured by a single indicator.

Fluorescence parameters provide the most direct evidence of the levels of the photosynthetic pigment and can reflect the 

level of photosynthesis within a plant. The pigment content is the basis for the interpretation of some CF parameters 

(Muniz et al., 2014). In the blue and orange sector of leaves, the Fo and Fm values were low when compared to the other 

areas due to the low content of photosynthetic pigments. Therefore, in these areas, other parameters, such as Fv/Fm, qP, 

and NPQ, also remained low, indicating diminished photochemical capacity of PSII, low amount of PSII reaction centers, 

and less energy availability due to the lack or low level of carotenoids (Sofo et al., 2009). Fo is a fixed parameter and 

reflects the fluorescence yield of PSII, which is related to the chlorophyll concentration in the leaves. Fm is the fluorescent 

parameter with the largest production, which reflects the electron transfer through PSII. Fv/Fm is used to characterize the 

efficiency of light energy conversion by PSII, which represents an important index for assessing photoinhibition. The 

Fv/Fm ratio may also be useful for determining the maximum photochemical yield of PSII in the dark-adapted state (Daood 

et al., 1989; Reay et al., 2015; Akcin et al., 2016). Healthy plant samples are associated with a maximum Fv/Fm value of 

0.850 (Reay et al., 2015) or 0.830 (Daood et al., 1989). qP reflects the ability of PSII to perform photochemical reactions 

under light adaptation. NPQ is a measure of the mechanism by which plants protect themselves against excess excitation 
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energy through carotenoids (Wang et al., 2010). Meanwhile, qP reflects the relationship between photochemical electron 

transfer and the light energy absorbed by the PSII antenna pigment (Cao et al., 2013). The qP value also represents the 

openness of the PSII reaction center to some extent (Sawicki et al., 2017). In In our study, we found that the Fo value value 

reached to aa maximum under R and decreased with the addition of blue LED light light, while while the Fm increased 

with the addition of blue light and reached its maximum under R:B = 7:3. The data presented here indicate that an R:B 

ratio of 7:3 yielded the highest Fv/Fm and ΦPSII values in G. jamesonii plantlets under control conditions. Moreover, the 

NPQ value was the lowest and highest under R and B respectively, suggesting B may inhibit the PSII electron transfer 

system. We also observed a gradual increase in the qP value with the addition of B, and the qP value peaked under R:B 

= 7:3. The changes in the different fluorescence values values could be observed directly (Fig. 1). When these 

observations were combined with the data provided in Table 6, it is clear that an appropriate R:B ratio is required to enable 

LED-treated plants to fully self-regulate and optimally absorb and transform light energy. 

Different ratios of R and B LEDs influenced the density and size of leaf stomata, which resulted in changes in the 

photosynthetic indices (Kim et al., 2004). The Ci, Tr, Pn, and Gs parameters reflected the photosynthetic capacity due to 

altered levels of chlorophyll in the plants (Lee et al., 2007). The concentration of chlorophyll in the plant is directly related 

to the fluorescence reaction, which determines whether plants can effectively convert light energy into chemical energy, 

and since chemical energy eventually forms the sugar and protein needed for plant growth, increased photosynthesis 

shown as plant growth (Akcin et al., 2016). 

In our study, we found that monochromatic R resulted in the tallest G. jamesonii plantlets, longest stomata, highest 

soluble sugar content, and largest Ci value. Monochromatic B facilitated the greatest accumulation of soluble protein, Chl 

a/Chl b, and carotenoids. A combination of 60% red LED and 40% blue LED light was ideal for enhancing leaf length, 

root length, and POD activity. A combination of 70% red LED and 30% blue LED light light had the most positive effects 

on the number of leaves, leaf width, number of roots, SOD and CAT activities, chlorophyll synthesis and accumulation, 

and fluorescence parameters. Since most of the indicators mentioned above performed better under an R:B ratio of 7:3 

than under the other tested ratios, we conclude that an R:B of 7:3 represents the ideal LED treatment for improving G. 

jamesonii growth and photosynthetic activities under controlled conditions. 

Literature Cited

Akcin A, Yalcin E (2016) Effect of salinity stress on chlorophyll, carotenoid content, and proline in Salicornia prostrata Pall. and Suaeda 

prostrata Pall. subsp. prostrata (Amaranthaceae). Braz J Bot 39:101-106. doi:10.1007/s40415-015-0218-y

Ani NN, Harun AN, Samsuri SFM, Ahmad R (2015) Effect of red and blue lights on photomorphogenesis in Brassica chinensis. The 

Malaysia-Japan Model on Technology Partnership: International Proceedings 2013 of Malaysia-Japan Academic Scholar Conference 

4:49-58. doi:10.1007/978-4-431-54439-5_5

Bantis F, Ouzounis T, Radoglou K (2016) Artificial LED lighting enhances growth characteristics and total phenolic content of Ocimum 

basilicum, but variably affects transplant success. Sci Hortic 198:277-283. doi:10.1016/j.scienta.2015.11.014

Cao G, Zhang GB, Ji-Hua YU, Yan-Xia MA (2013) Effects of different LED light qualities on cucumber seedling growth and chlorophyll 

fluorescence parameters. Sci Agric Sin 46:1297-1304. doi:10.3864/j.issn.0578-1752.2013.06.024

Cui HA, Liu YQ, Bai HX (2007) A new method to observe the stomas.  Acta Agric Boreali-Occidentalis Sin 16:305-306

Cui J, Ma ZH, Xu ZG, Zhang H, Chang TT, Liu HJ (2009) Effects of supplemental lighting with different light qualities on growth and 

physiological characteristics of cucumber, pepper and tomato seedlings. Acta Hortic Sin 36:663-670  

Daood HG, Czinkotal B, Hoschke Ágoston, Biacs P (1989) High-performance liquid chromatography of chlorophylls and carotenoids 

from vegetables. J Chromatogr A 472:296-302. doi:10.1016/S0021-9673(00)94119-0



488 Horticultural Science and Technology

LED-Supplied Red and Blue Light Alters the Growth, Antioxidant Status, and Photochemical Potential of in Vitro-Grown Gerbera jamesonii Plantlets

Darko E, Heydarizadeh P, Schoefs B, Sabzalian MR (2014) Photosynthesis under artificial light: the shift in primary and secondary 

metabolism. Philos T R Soc B 369:1-7. doi:10.1098/rstb.2013.0243 

Daud N, Faizal A, Geelen D (2013) Adventitious rooting of Jatropha curcas L. is sstimulated by phloroglucinol and by red LED light. In Vitro 

Cell Dev Biol Plant 49:183-190. doi:10.1007/s11627-012-9486-4 

Gabryszewska E, Rudnicki R (1995) The influence of light quality on the shoot proliferation and rooting of Gerbera jamesonii in vitro. 

Acta Agrobot 48:105-111. doi:10.5586/aa.1995.021 

Gupta SD, Sahoo TK (2015) Light emitting diode (LED)-induced alteration of oxidative events during in vitro shoot organogenesis of 

Curculigo orchioides Gaertn. Acta Physiol Plant 37:1-9. doi:10.1007/s11738-015-1990-9

He J, Qin L, Chong ELC, Choog TW, Lee SK (2017) Plant growth and photosynthetic characteristics of Mesembryanthemum crystallinum 

grown aeroponically under different blue and red light-emitting diode (LED). Front Plant Sci 8:1-13. doi:10.3389/fpls.2017.00361

Heo J, Lee C, Chakrabarty D, Paek K (2002) Growth responses of marigold and salvia bedding plants as affected by monochromic or 

mixture radiation provided by a light-emitting diode (LED). Plant Growth Regul 38:225-230. doi:10.1023/A:1021523832488 

Heo JW, Kim DE, Kang KK, Park SH, Chun Ch (2013) Growth and flowering before and after storage of African marigold and salvia 

seedlings stored under different light conditions. Korean J Hortic Sci Technol Technol 31:400-406. doi:10.7235/hort.2013.12213

Hernández R, Kubota C (2016) Physiological responses of cucumber seedlings under different blue and red photon flux ratios using LEDs. 

Environ Exp Bot 121:66-74. doi:10.1016/j.envexpbot.2015.04.001

Hogewoning SW (2010) On the photosynthetic and developmental responses of leaves to the spectral composition of light. J Geophys 

Res-Space 100:7613-7626

Hogewoning SW, Trouwborst G, Maljaars H, Poorter H, Leperen WV (2010b) Blue light dose-responses of leaf photosynthesis, 

morphology, and chemical composition of Cucumis sativus grown under different combinations of red and blue light. J Exp Bot 

61:7-17. doi:10.1093/jxb/erq132 

Johkan M, Shoji K, Goto F, Hashida S, Yoshihara T (2010) Blue light-emitting diode light irradiation of seedlings improves seedling quality 

and growth after transplanting in red leaf lettuce. Hortic Sci 45:1809-1814. doi:10.21273/HORTSCI.45.12.1809

Kalyani NT, Dhoble SJ (2012) Organic light emitting diodes: energy saving lighting technology-A review. Renew Sustain Energy Rev 

16:2696-2723. doi:10.1016/j.rser.2012.02.021

Kim K, Kook HS, Jang YJ, Lee WH, KamalaKannan S (2013) The effect of blue-light-emitting diodes on antioxidant properties and 

resistance to Botrytis ccinerea in tomato. J Plant Pathol Microbioliol 4:49-54. doi:10.4172/2157-7471.1000203

Kim SJ, Hahn EJ, Heo JW, Peak KY (2004) Effects of LEDs on net photosynthetic rate, growth and leaf stomata of chrysanthemum 

plantlets in vitro. Sci Hortic 101:143-151. doi:10.1016/j.scienta.2003.10.003

Kurilčik A, Miklušytė-Čanova R, Dapkūnienė S, Žilinskaitė S, Kurilčik G (2008) In vitro culture of chrysanthemum plantlets using 

light-emitting diodes. Cent Eur J Biol 3:161-167. doi:10.2478/s11535-008-0006-9 

Lee S, Tewari R, Hahn, Paek KY (2007) Photon flux density and light quality induce changes in growth, stomatal development, 

photosynthesis and transpiration of Withania ssomnifera (L.) Dunal. plantlets. Plant Cell Tiss Org 90:141-151. doi:10.1007/s11240- 

006-9191-2

Li H, Tang C, Xu Z (2013) The effects of different light qualities on rapeseed (Brassica napus L.) plantlet growth and morphogenesis in 

vitro. Sci Hortic 150:117-124. doi:10.1016/j.scienta.2012.10.009

Lin KH, Huang MY, Huang WD, Hsu MH, Yang ZW (2013) The effects of red, blue, and white light-emitting diodes on the growth, 

development, and edible quality of hydroponically grown lettuce (Lactuca sativa L.). Sci Hortic 150:86-91. doi:10.1016/j.scienta.2012.10.002

Liu XY, Jiao XL, Chang TT, Guo SR, Xu ZG (2018) Photosynthesis and leaf development of cherry tomato seedlings under different 

LED-based blue and red photon flux ratios. Photosynthetica 56:1-6. doi:10.1007/s11099-018-0814-8

Luz TCLA, Cardoso LD, Alves RBN, Matsumoto K (2015) Photomorphogenesis by led lighting on potato and Brazilian ginseng for 

medium-term in vitro conservation. Acta Hortic 1113:513-517. doi:10.17660/ActaHortic.2015.1083.67

Macedo AF, Leal-Costa MV, Tavares ES, Lage CLS, Esquibel MA (2011) The effect of light quality on leaf production and development of 

in vitro-cultured plants of Alternanthera brasiliana Kuntze. Environ Exp Bot 70:43-50. doi:10.1016/j.envexpbot.2010.05.012

Manivannan A, Soundararajan P, Halimah N (2015) Blue LED light enhances growth, phytochemical contents, and antioxidant enzyme 

activities of Rehmannia glutinosa, cultured in vitro. Hortic Environ Biotechnolchnol 56:105-113. doi:10.1007/s13580-015-0114-1 

Matsuda R, Ohashi-Kaneko K, Fujiwara K, KKurata K (2008) Effects of blue light deficiency on acclimation of light energy partitioning in 

PSII and CO2 assimilation capacity to high irradiance in spinach leaves. Plant Cell Physiol 49:64-70. doi:10.1093/pcp/pcn041

Maxwell K, Johnson GN (2000) Chlorophyll fluorescence-a practical guide. J Exp Bot 51:659-668. doi:10.1093/jxb/51.345.659 

Minerva G, Kumar S (2013) Micropropagation of Gerbera (Gerbera jamesonii Bolus). Methods in Mol Biol 1:305-316. doi:10.1007/ 

978-1-62703-074-8_24

Muneer S, Kim EJ, Park JS, Lee JH (2014) Influence of green, red and blue light emitting diodes on multiprotein complex proteins and 

photosynthetic activity under different light intensities in lettuce leaves (Lactuca sativa L.). Int J Mol Sci 15:4657-4670. doi:10.3390/ 

ijms15034657

Muniz CR, Freire FCO, Viana FMP, Cardoso JE, Sousa CAF, Guedes R, Schoor Van Der, Jalink H (2014) Monitoring cashew seedlings 

during interactions with the fungus Lasiodiplodia theobromae using chlorophyll fluorescence imaging. Photosynthetica 52:529-537. 

doi:10.1007/s11099-014-0061-6

Murashige T, Skoog F (1962) A revised medium for rapid growth and bioassays with tobacco tissue culture. Physiol Plant 15:473-497. 



Horticultural Science and Technology 489

LED-Supplied Red and Blue Light Alters the Growth, Antioxidant Status, and Photochemical Potential of in Vitro-Grown Gerbera jamesonii Plantlets

doi:10.1007/s11099-016-0230-x

Pohl M, Stroude R, Buttler A, Rixen C (2011) Functional traits and root morphology of alpine plants. Ann BBot 108:537-545. 

doi:10.1093/aob/mcr169

Poudel RP, Kataoka I, Mochioka R (2008) Effect of red-and blue-light emitting diodes on growth and morphogenesis of grapes. Plant Cell 

Tissue Organ Cult 92:147-153. doi:10.1007/s11240-007-9317-1

Reay PF, Fletcher RH, Thomas VJ (2015) Chlorophylls, carotenoids and anthocyanin concentrations in the skin of ‘Gala’ apples during 

maturation and the influence of foliar applications of nitrogen and magnesium. J Sci Food Agric 76:63-71. doi:10.1007/s11240-007-9317-1

Samuoliene G, Brazaityte A, Urbonaviciute A, Sabajeviene G, Duchovskis P (2010) The effect of red and blue light component on the 

growth and development of frigo strawberries. Žemdirbystė 97:99-104
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