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ABSTRACT 

The tuberization phenomenon in potatoes (Solanum tuberosum L.) is a highly synchronized 

morphophysiological process occurring on the underground stolons under the influence of various 

intrinsic and extrinsic factors. This involves the participation of the phytochrome sensory system, 

transport of sucrose from source to stolon, and several regulatory pathways including tuber-inducing 

hormone biosynthetic lipoxygenase (StLOX1) gene and major calcium-mediated signaling pathway 

genes (StCDPK and StCaM1). This study was aimed to explore the impacts of distinctive qualities of 

the light-emitting diode (LED) light with a specific wavelength on in vitro tuberization of potato. Single 

nodal segments of potato ‘Kufri Jyoti’ were incubated in vitro on the growth medium at a temperature of 

22 ± 2 °C and exposed to various combinations of red (R) and blue (B) LED light. The results showed that 

the combination of 30% red + 70% blue LED light (R30B70) significantly shortened the tuber induction 

period, increased the number of tubers, and their yield compared with these parameters in the tissues 

exposed to the white light (W100). The induction of the in vitro tuberization correlated with the enhanced 

expression of the major tuberizing pathway genes, including the lipoxygenase (StLOX1), calmodulin 

(CaM1), and calcium-dependent protein kinase (StCDPK). The current study indicated that the combination 

of red and blue LED lights at R30B70 is the best spectrum for effective in vitro tuberization of potatoes. 
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INTRODUCTION 

 

Potato (Solanum tuberosum L.) is a tuber crop 

grown worldwide for its essential participation in 

economy and nutrition. The potato is considered the 

third most important food crop after rice and wheat 

in terms of human consumption (Bagri et al. 2018). 

The potato is an annual, herbaceous, dicotyle-

donous, and vegetative propagated plant, which tu-

bers are formed under short days and cool nights 

(Sarkar 2008). The vulnerability to different abiotic 

stresses as well as viral and fungal infections is 

a key challenge for potato cultivation that results in 

loss of quality and yield. Therefore, aseptic in vitro 

production of infection-free microtubers as potato 

seeds is preferred over other methods (Park et al. 

2009; Chen et al. 2018). 

The potato tuberization phenomenon is a com-

plex developmental process that is controlled by 

several environmental and cellular factors. The tu-

berization starts with the growth of underground 

shoots – stolons, which terminal fragments develop 

into tubers. The induction of potato tubers mainly 

depends on environmental factors, including photo-

period (Jackson 1999), temperature (Xu et al. 1998), 

and age of the potato plant (Carrera et al. 1999). 
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Tuberization is also known to be regulated by the 

availability of carbohydrates, in particular, sucrose, 

the transported form of sugar, which is required for 

the synthesis of starch, which ultimately depends on 

the photosynthesis (Raíces et al. 2001). The wave-

length and duration of light irradiation have also 

been recognized as crucial environmental factors 

that affect the growth and development of plants un-

der natural as well as in vitro conditions (Seabrook 

et al. 1995; Tadesse et al. 2001). Plants sense and 

absorb various light spectra through the photorecep-

tors and phytochrome sensory system, which is pre-

sent in the photosynthetic organs. Multiple molecu-

lar forms of phytochromes have been recognized in 

plants, which are expressed at different levels in 

cells in response to various environmental and phys-

iological cues (Kurilčik et al. 2008; Milinkovic et al. 

2012). It has also been observed that the plant phy-

tochromes absorb red light spectrum (600–700 nm), 

while the cryptochromes absorb blue light (400–

500 nm) (Halterman et al. 2016). The morphogene-

sis in potatoes and subsequent growth of microtu-

bers were also reported to be influenced by the 

wavelength and duration of light. The high irradi-

ance of light, short-day photoperiod, and a lower 

temperature have been recognized as the most sig-

nificant environmental signals that impact the tuber 

formation in potatoes. The red and blue light spectra 

have been recognized as controlling factors for in-

duction and growth of microtubers in potatoes 

(Cope et al. 2014; Huché-Thélier et al. 2016). Bio-

chemical and molecular studies of potato tuberiza-

tion revealed that the tuber induction starts with the 

perception of appropriate environmental signals in 

the aerial parts of the plant through phytochrome B 

and subsequent changes in the plant hormone, 

which then transmit the signal to the underground 

stolons to commence tuber formation (Smith 1994). 

Photoperiodic-controlled biosynthesis of the plant 

gibberellins (GAs) coordinates the stolon formation 

and tuber initiation; however, the GA endogenous 

level is regulated by the sucrose and its antagonistic 

hormone, the abscisic acid (ABA). Thus, the light-

induced signals alter the plant hormone levels that 

finally regulate the tuber induction in potatoes 

(Aksenova et al. 1989; Fixen et al. 2012). 

Moreover, it was found that the activation of 

some genes of the tuberization pathway at the level 

of transcription is regulated by the protein 

dephosphorylation mechanism, which ultimately 

depends on the concentration of cytosolic Ca2+. 

Various extrinsic and intrinsic stimulus including 

the light irradiation regulates the cellular Ca2+ level, 

which ultimately alters the expression of the major 

calcium-mediated pathway genes including the 

calmodulin (StCaM1) and calcium-dependent pro-

tein kinases (StCDPK1) in the tissues ready for the 

tuber formation (Jena et al. 1989; Raíces et al. 

2001; 2003; Upadhyaya et al. 2016). Role of far-

red and blue light in the positive regulation of cy-

tosolic Ca2+ concentration in higher plants and 

mosses has already been reported (Russell et al. 

1998; Harada et al. 2003; Harada & Shimazaki 

2007). Moreover, the cellular induction of reactive 

oxygen species (ROS) was reported to induce the 

expression of the lipoxygenase (LOX) cascade in 

potato resulting in change of vital plant hormone 

including the GA and tuberonic acid (TA) leading 

to the onset of tuberization (Grant et al. 2000; Ko-

lomiets et al. 2001; Nam et al. 2005). Thus, the tu-

berization in potatoes is a coordinated function of 

the various calcium-signaling pathways leading to 

change in the regulating proteins, and also lipoxy-

genase-derived metabolites result in potato tuberi-

zation (Sarkar 2008; Upadhyaya et al. 2013). Light 

quality also regulates carbohydrate metabolism 

and photosynthetic assimilation in plants 

(Kowallik 1982). The red-light irradiation has 

been reported to affect the synthesis of soluble 

sugar as well as starch in the leaves; however, the 

blue light spectra were found to induce the biosyn-

thesis of soluble proteins in the plant (Li et al. 2017). 

Blue light has also been reported to stimulate the 

synthesis of amino acid content in Zea mays 

(Felker et al. 1995). Thus, the plant exposed to 

particular combinations of red and blue light spec-

tra might exhibit increased starch and protein con-

tent with improved plant growth parameters. The 

artificial light illuminating with the light-emitting 

diodes (LEDs) of requisite wavelength of light 

has been used for better growth and development 

of various plant species (Schuerger et al. 1997).  
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There are scanty reports on the optimal combina-

tions of red (R) and blue (B) light spectra on po-

tato growth and development under the in vitro 

condition. Thus, our study aimed to investigate the 

effect of LED light with red, blue spectra, and 

their various combinations on in vitro tuberization 

of potato and to find out the perfect combination 

of the LED light spectrum for industrial-level 

development of pathogen-free potato microtubers 

as seeds. The study also discussed the biochemical 

and molecular investigations on the stimuli of 

LED light spectrum on potato tuberization. 

 

MATERIALS AND METHODS 

 

Plant material and culture conditions 

Solanum tuberosum ‘Kufri Jyoti’ is widely culti-

vated in India. For the experiment tubers were pro-

vided by the Central Potato Research Institute 

(CPRI, Shimla, India). The characteristics of culti-

var include the early time to maturity, medium-size 

tubers, and upright plant type. The experiments 

were done at Potato Phenomics Laboratory estab-

lished at Department of Biotechnology, Dr. 

Harisingh Gour Vishwavidyalaya (A Central Uni-

versity), Sagar, Madhya Pradesh, India 

(23.8388°N, 78.7378°E). The potato tubers col-

lected were washed in running water, dried, and 

sprouted under dark conditions at 37 °C with 80% 

relative humidity. The sprouted plantlets (4–5 cm 

in height) were then transferred to the medium-size 

pots (25 cm) filled with coco-peat and sand (3 : 1 

ratio). The plants were maintained in the plant 

growth chambers (Matrix Eco India, size 1.5 m × 

1.2 m × 2 m, providing a total growth area of 

4.2 m2 with 40-cm high clearance) at 22 ± 2 °C 

temperature 16/8 h photoperiod exposed to the flu-

orescent light and required humidity (65 ± 10%). 

The plants were watered with tap water as per re-

quirements.  

The stem taken from 4- to 6-week-old plants 

were cut into pieces (1.5 cm) containing nodal part, 

washed with detergent (Triton-X100), and disin-

fected with 0.1% sodium hypochlorite followed 

by 70% ethanol and then washed thrice with au-

toclaved water, and dried under the laminar flow. 

Single nodal explants were aseptically inoculated 

into the Murashige and Skoog (1962) medium 

(MS) containing 3% sucrose and 0.8% agar ad-

justed to pH 5.8. The cultures were incubated at 

22 ± 2 °C with 60% relative humidity in the plant 

growth chamber fitted with different LED lights. 

Each treatment contained 60 nodal explants, and 

a total of 180 explants were taken upon repeating 

the experiment thrice. 

The light source and culture conditions 

The LED light source was procured from the sup-

plier (Sagar, Madhya Pradesh, India) with the 

corresponding red (650 nm) and blue (460 nm) 

wavelength. The LED source comprised stripes 

(5 × 100 cm) containing 40 LEDs, which created 

a light-emitting set with 100 μmol·m-2·s-1 total 

photosynthetic photon flux density (PPFD). The 

nodal tissues were maintained under the exposure 

of red (R) and blue (B) LED such as 100% R 

(R100), 100% B (B100), and their combinations of 

RB such as 30% R and 70% B (R30B70), 50% R 

and 50% B (R50B50), and 70% R and 30% B 

(R70B30) LED spectra. The nodal tissues main-

tained under W100 LED without supplementation 

of red and blue lights were used as a control, 

while the nodal tissues maintained under contin-

uous dark were used as a positive control. The 

photoperiod, photosynthetic photon flux density 

(PPFD), day/night temperature, and relative hu-

midity in the plant growth chamber were set as 

16/8 h (day/night), 210 µmol·m-2·s-1, 22 ± 2 °C, 

65 ± 10%, respectively. 

Sample collection and analysis of microtubers 

The percentage of in vitro tuberization was calcu-

lated according to the number of stolons (arising 

on the nodal cuttings) converting into tubers di-

vided by the total number of the inoculated single-

node cuttings. The stolons and further developed 

tuber samples were collected individually upon 

each LED light treatment. Observations on the tu-

ber induction period, number of stolons convert-

ing to initial tubers, the total number of tubers, 

tuber weight, and overall yield were taken upon 

30 days of tuber induction. 
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Biochemical analysis of microtubers 

Estimation of total carbohydrates and soluble 

proteins 

The soluble sugar content in tubers was extracted 

as described (Ciha & Brun 1978) and quantified 

using the phenol-sulfuric acid method (Dubois et 

al. 1956). Concentrated sulfuric acid hydrolyzes 

the glycosidic linkages to neutral sugars, which 

then partially dehydrated via elimination of three 

molecules of water to form furfural or furfural de-

rivatives. The colored compounds developed by 

the condensation of furfural or furfural derivatives 

with phenol were estimated using the spectropho-

tometer (Shimadzu 1800, Japan) at 490 nm. Vari-

ous concentrations of D-glucose (10–100 µg·ml-1) 

were used as standards for the estimation of total 

carbohydrates. The tuber starch was hydrolyzed 

into simple sugars using perchloric acid, and the 

quantity of simple sugars was estimated by the an-

throne method (Sadasivam & Manickam 1992). 

The D-glucose solution (50–500 µg·ml-1) was used 

as a standard for the estimation of starch. 

Extraction of the soluble proteins was done 

using the phosphate buffer following the standard 

protocol (Sambrook et al. 1989), and quantifica-

tion of the protein was done using the Bradford re-

agent (Bradford 1976). Solution of bovine serum 

albumin (1–10 µg·ml-1) was used as a standard for 

the estimation of total proteins. 

Molecular analysis of microtubers 

Expression analysis of tuberization signaling 

pathway genes 

The calcium-dependent protein kinases (StCDPK), 

calmodulin proteins (StCaM1), and the resulting 

metabolites of the lipoxygenase (StLOX) pathway 

have been reported as the major signaling pathway 

genes regulating the potato tuberization. Total 

RNA was extracted from tuberizing tissues by using 

TRIzol reagent kit (Invitrogen, USA) following the 

manufacturer’s instructions. 

The SuperScript™ First-Strand cDNA synthesis 

kit (Invitrogen, USA) was used taking 1.0 µg RNA. 

A standard protocol was followed for the cDNA 

synthesis using Oligo-dT primers. The mixture 

was incubated at 42 °C for 50 min to complete the 

reverse transcription reaction (Sambrook et al. 1989). 

The cDNA was used as a template for the quantitative 

gene expression analysis. Real-time quantitative 

amplification (q-PCR) of the major tuberization 

pathway genes, such as CaM1, StCDPK, and LOX, 

was carried out in a real-time PCR system (Applied 

Biosystems, USA) using the gene-specific primers. 

The RT-PCR reaction was performed using the 

SYBR-green real-time PCR kit (Invitrogen, USA). 

The actin (NCBI accession No. XM_015308091.1) 

gene-specific primers were used as an internal 

gene amplification control where the proportional 

threshold (Ct) values were normalized to the 

actin gene to achieve the comparative expression. 

Different primer sequences used for the qPCR 

analysis are shown in Table 1. 

Lipoxygenase enzyme assay 

The in vitro grown stolons and tuber tissues devel-

oped from the single nodal explants upon the treat-

ment with various LED lights were collected sim-

ultaneously depending on their stage of formation. 

The proteins were extracted following the standard 

protocol (Sambrook et al. 1989). The LOX activity 

was quantified using the extracted proteins follow-

ing the procedure as reported (Gökmen et al. 2002). 

A standard substrate solution was prepared via 

mixing 2.0 ml of potassium phosphate buffer 

(0.1 M; pH 6.0), 2.0 μl of Tween-20, and 2.0 μl of 

pure linoleic acid (Sigma, USA). The gentle stream 

of air was passed through the solution for aeration, 

and the reaction was initiated by adding 100 μl of 

crude enzyme extract to the solution. The blank 

consisted of only substrate solution (2.0 ml) added 

with distilled water (100 μl). The synthesis of hy-

droperoxides due to the presence of a conjugated 

hydroperoxydiene moiety was monitored using the 

spectrophotometer (Shimadzu 1800, Japan) at 

234 nm. One unit of LOX activity was defined as 

an increase in absorbance at min per mg of protein 

under assay conditions. 

Statistical analysis 

The data were reported as the mean of three repli-

cates (± standard error, SE). Data were analyzed by 

ANOVA and Tukey HSD test with the statistical 

package SPSS 15.0 unless otherwise stated. 
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RESULTS 

 

Influence of various LED light spectra on the in 

vitro tuberization 

Exposure of R and B LED light spectra and their 

various combinations altered the in vitro tuberiza-

tion process on the nodal tissues grown on the MS 

media (Fig. 1). An early stolons formation was ob-

served on the nodal explants maintained under R100 

(7–8 days) and R30B70 (8–9 days) light spectra com-

pared with other light treatments and the controls. 

Observations further revealed that the stolons devel-

oped under the exposure of R30B70 combination of 

LED light showed early tuber formation (within 

12–14 days) and enhanced number of stolons con-

verting into tubers (143.67 ± 5.37), with improved 

tuber size (4.10 ± 0.45 mm), tuber weight, and tu-

ber yield (83.48 ± 3.50 g) in comparison with those 

under the exposure of other light spectra (Table 2). 

Interestingly, delayed tuber induction was also ob-

served with the nodal tissues maintained without 

light and under W100. 

 

Table 1. List of primers used in the RT-PCR analysis 
 

Gene Accession No. Forward primer 5′-3′ Reverse primer 5′-3′ 

LOX X79107.1 AGAGGAGATGGAACTGGAAAG CTCGGTACATAGATGTCTAAGC 

StCaM1 J04559.1 GCTGATCAGAATGGAACCATTG CAATATCTGCCTCTCGGATCAT 

StCDPK AF115406.3 CTGGTCCGAAAGATGCTCAAT CTGCTGAGAGATTCTCAGCA 

ACTIN X55749.1 GAATGGAAGCAGCTGGAATC CTGGTGGTGCAACAACCTTA 
 
 

Table 2. Effect of various spectra of LED lights on in vitro tuberization of potato ‘Kufri Jyoti’ 
 

Light 

treat-

ments 

Number 

of explants 

showing stolons 

formation 

Days 

to stolon in-

duction/for-

mation 

Number 

of stolons 

converting 

to the tubers 

Days 

to tuber 

induction 

Tuber size 

(mm) 

Tuber weight 

(g) 

Total tuber yield 

(g) 

R100 146.55±3.99 b 7–8 91.55±3.34 e 18–21 1.82±0.31 e 0.32±0.06 e 49.6  ± 1.54 d 

B100 121.2 ±3.18 d 11–13 110.2 ±3.15 b 17–18 5.30±0.31 a 0.58±0.15 a 70.52  ± 2.69 b 

R30 : B70 158.5 ±4.38 a 8–9 143.67±5.37 a 12–14 4.10±0.45 b 0.51±0.06 b 83.48  ± 3.50 a 

R50 : B50 118.2 ±3.15 e 11–12 102.50±2.33 c 18–20 3.11±0.21 cd 0.40±0.12 d 46.46  ± 2.47 d 

R70 : B30 133.22±3.02 c 10–11 97.21±3.15 d 18–20 3.4 ±0.36 c 0.44±0.07 c 57.17  ± 1.23 c  

W100 118.55±4.18 e 13–15 92.20±2.15 e 24–26 3.64±0.21 c 0.40±0.17 d 46.79  ± 3.87 d 

Dark 108.41±5.34 f 10–11 98.65±2.15 d 19–21 2.87±0.28 d 0.34±0.20 e 42.79  ± 1.29 e 
 
Values are mean ± standard errors of three repeated experiments (n = 3). No. of explants inoculated per treatment was 60 with 

a total of 180 explants per treatment. Values represent mean ± SE, and different letters indicate significant differences (p ≤ 0.05) 

in the values according to Tukey HSD test 
 
 

Figure 1. Influence of various LED light spectra on in vitro tuberization in potato ‘Kufri Jyoti’. Nodal 
explants were used for the tuberization studies. Early tuber formation was observed through the subapical 
swelling of the nodal region maintained on MS basal medium under R30B70 combination LED light spectra. 
Abbreviations: R100 – 100% red; B100 – 100% blue; R30B70 – 30% red and 70% blue; R50B50 – 50% red and 
50% blue; R70B30 – 70% red and 30% blue 
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Quantification of carbohydrates and protein 

content in tissues grown under LED light 

A slight increase in the total soluble sugar content 

was observed with the microtubers developed under 

the exposure of the R30B70 (8.1 ± 0.42 mg·g-1 of tuber 

FW) and R100 (7.9 ± 0.71 mg·g-1 of tuber FW) com-

pared with those developed under W100 and other 

light combination (Fig. 2A). The highest starch and 

protein contents in the microtuber tissues were found 

under the B100 and the R30B70. The R30B70 combina-

tion of LED light spectra induced maximum content 

of starch (174.1 ± 5.76 mg·g-1 tuber FW) and the pro-

tein (24.2 ± 1.65 mg·g-1 tubers FW). The lowest con-

tent of starch was quantified in the microtubers 

grown under the W100 light (Fig. 2B–C). 

Expression analysis of tuberization pathway genes 

The qPCR analysis of major tuberization-specific 

genes, such as calmodulin (StCaM1), calcium-dependent 

protein kinase (StCDPK), and the lipoxygenase (LOX), 

indicated a significantly enhanced expression in the 

stolon tissues developed under the exposure of R100 LED 

(2.65-, 2.84-, and 3.21-folds, respectively) followed by 

the R30B70 combination of LED light (2.39-, 2.56-, 

and 2.95-folds, respectively) as compared with the 

control (Fig. 3A). The expressions of StCaM1, 

StCDPK, and LOX in the initial tuber tissues devel-

oped under the exposure of R30B70 and B100 LED 

light were significantly enhanced in comparison 

with the other light combinations and the control 

W100 light as well as the dark conditions. Exposure 

to R30B70 LED light enhanced the expression of the 

StCaM1, StCDPK, and LOX genes by 1.93-, 2.01-, 

and 2.20-folds, respectively, in comparison with the 

control light conditions as shown in Figure 3B. In 

addition, an enhanced expression of these genes was 

also observed in the developed tuber tissues grown 

under R30B70 LED light combination in comparison 

with those grown under dark and W100. A notewor-

thy reduction in the expression of all the genes was 

observed in the developed tubers grown under all 

kinds of light spectra (Fig. 3C). 

Estimation of lipoxygenase enzyme activity in tu-

berizing tissues 

Spectrophotometric analysis depicted an enhanced 

LOX enzyme activity in stolons and initial and de-

veloped tuber tissues grown under the exposure of 

B100 and R30B70 light combinations. The R30B70 LED 

spectrum induced the LOX activity by 2.20-fold 

in stolon (Fig. 4A), 2.06-fold in initial tubers (Fig. 4B), 

and 1.74-fold in developed tubers (Fig. 4C), respec-

tively, in comparison with the W100 LED light. The 

LOX activity was also enhanced in the stolons, ini-

tial tubers, and developed tuber tissues under the 

B100 LED light as compared with the control light 

condition. The increase in the LOX enzyme activity 

in the stolons and tuber tissues also coincides with 

the enhanced LOX gene expression as was evident 

in the qPCR analysis as represented in Figure 3.  

Figure 2. Analysis of total soluble sugar, starch and the 

protein content in the microtuber developed under various 

LED spectra of light. A – total soluble sugar, B – starch 

content, and C – proteins in tuber tissues of potato. Values are 

means ± SE of three replicate experiments (n = 3). Bars 

marked with letters indicate significant differences according 

to the Tukey HSD test (p < 0.05). Abbreviations: See Figure 1 
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Figure 3. Expression analysis of CaM1, StCDPK and LOX genes in stolon, initial tuber, and developed 

tuber tissues of potato. A – expression analysis in the stolon tissues, B – expression analysis in initial 

tuber, and C – expression analysis in the developed tuber. Data analyzed by the comparative delta Ct 

method. Bars marked with letters indicate significant differences according to the Tukey HSD test 

(p < 0.05). Abbreviations: R100 – 100% red; B100 – 100% blue; R30B70 – 30% red and 70% blue; R50B50 

– 50% red and 50% blue; R70B30 – 70% red and 30% blue; CaM1 – calmodulin-1; StCDPK – calcium-

dependent protein kinase; LOX – lipoxygenase  
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Figure 4. Lipoxygenase enzyme activity in various tuberizing tissues of potato during in vitro tuberization 

under various LED light spectra. A – LOX enzyme activity in stolons; B – LOX enzyme activity in initial 

tubers; C – LOX enzyme activity in developed tubers. Values are mean ± SE of three replicate experiments 

(n = 3). Bars marked with letters indicate significant differences according to the Tukey HSD test (p < 0.05). 

Abbreviations: R100 – 100% red; B100 – 100% blue; R30B70 – 30% red and 70% blue; R50B50 – 50% red and 

50% blue; R70B30 – 70% red and 30% blue; LOX – lipoxygenase 
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DISCUSSION 

 

RB combination of LED light spectra enhanced 

the in vitro tuberization  

Various spectra of light impact photosynthesis and 

morphogenesis and hence alter plant growth and de-

velopmental process (Seabrook 2005; Li et al. 2018). 

The results exhibited that the degree of in vitro tu-

berization on the nodal explants varied with expo-

sure to different LED lights; therefore, it was tempt-

ing to find out the pathway reliant upon the light in-

volved in tuberization. The one important reason 

might be the difference in the photosynthetic capac-

ity, hormone content, and efficient translocation of 

carbohydrates from the source (MS media in the 

case) under different spectra of LED light which re-

sulted in varied tuberization. The light-mediated 

regulation of the endogenous plant hormones, in-

cluding GA, abscisic acid (ABA), and indole acetic 

acid (IAA), has already been reported (Aksenova et 

al. 1989; Fixen et al. 2012; Matsuo et al. 2019). The 

GA has been recognized as an important plant hor-

mone regulating the photoperiodic-mediated tuber-

ization in the potato and reported to induce stolon 

formation via the longitudinal cell expansion by the 

transverse orientation of microtubules and microfi-

brils to the cell axis (Aksenova et al. 1989). Thus, 

the plant hormone GA plays an essential role in sto-

lon formation and elongation during tuber for-

mation; however, its higher concentration prevents 

the conversion of stolons to tubers (Fixen et al. 

2012). A recent report also exhibited an increase in 

bioactive GA content in the plant grown under the 

R LED compared with those grown under other 

light conditions (Matsuo et al. 2019). However, the 

addition of the B LED to R light increased the tran-

script level of the GA inactivation gene, thus bal-

ancing endogenous GA contents in the plants. The 

GA level decreases when stolon tips started to swell 

to form the initial tuber (Sarkar 2008). In this study, 

an early stolon induction was observed in the case 

of the nodal explants growing under the R100 LED 

light; however, a lesser number of initial tubers with 

lower mass per tuber were also observed (Table 2). 

This might be due to continuous biosynthesis of 

the endogenous GA content under the R100 mono-

chromatic light, which induced the stolons formation, 

but the efficiency of conversion of stolons to the tu-

ber was redundant. In addition, it was observed that 

the nodal explants growing under the B100 LED light 

showed delayed stolon initiation and tuber formation 

but increased the number of tubers with the greater 

mass per tuber. This might be due to reduction in the 

GA content essential for the conversion of the sto-

lons to tubers. However, insufficient biosynthesis of 

bioactive GA content under B100 LED light might 

have delayed the stolon initiation. The combined 

spectra of R30B70 LED efficiently provided the re-

quired wavelength of light, resulting in biosynthesis 

of balanced hormone GA and IBA for early stolons 

formation, efficient conversion of the stolons into 

the tuber, and translocation of the carbohydrates 

(from either media or the nodal explants) for early 

tuberization with enhanced tuber mass and yield. 

Increase carbohydrates and soluble protein con-

tent in microtubers under RB LED light 

The light quality has been recognized as an essen-

tial factor regulating the protein and carbohydrate 

metabolism in plants and the transportation, as 

well as accumulation of soluble carbohydrates 

such as starch which ultimately determine the 

growth of tuber tissues of potato (Malone et al. 

2006; Asghari-Zakaria et al. 2009; Kang et al. 

2013). The blue light has been reported to induce 

sugar and starch contents in potato tuberizing un-

der the in vitro conditions on the growth media (Li 

et al. 2020). A similar result was also observed in 

this study. An increase in starch content in micro-

tubers grown under B100 LED spectra represented 

the accumulation of starch content in the tuber tis-

sues, which was also associated with the increase 

in the tuber size and mass. Similar results of en-

hanced biosynthesis of the starch and protein in the 

tissues under the B dominant light conditions vali-

dated our study (Chen et al. 2020; Li et al. 2017). 

However, the soluble sugar content in microtubers 

developed under R100 LED light remained higher 

which indicated a reduction in transportation 

and accumulation of sucrose as starch in the tissues. 
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Quantification of the starch and soluble protein 

content enhanced in the tuber tissues developed 

under the exposure of R30B70 combination of LED 

light indicated better translocation of the available 

carbohydrates from the growth medium leading to 

storage of starch in the tuber. 

Induction of tuberization pathway genes 

The change in the concentration of cytosolic Ca2+ is 

one of the primary events in the transduction of dif-

ferent signals leading to variation in metabolic pro-

cesses. The concentration of free cytosolic Ca2+ in 

plant cells elevates via various extrinsic and intrin-

sic stimuli. The calcium-binding proteins are pre-

sent in the cell initiate downstream signaling events 

leading to alteration in gene expression resulting in 

variation in the morphological and physiological 

parameters (Tuteja & Mahajan 2007; Khan et al. 

2014). In case of potato tuberization, the change in 

cytosolic Ca2+ triggers a cascade of phosphorylation 

of tuber-inducing proteins including the calcium-

binding modulator proteins (calmodulin, StCaM1) 

and calcium-dependent protein kinases (StCDPK1) 

(Jena et al. 1989; Raíces et al. 2001; Upadhyaya et 

al. 2016). These proteins have been recognized as 

a key mediator in sucrose-signaling pathways dur-

ing tuber induction and development (MacIntosh et 

al. 1996; Raíces et al. 2003). The blue and red-light 

irradiations have been reported to enhance the cyto-

solic Ca2+ through the Ca2+ channels via the action 

of phototropin 1 and two proteins (Babourina et al. 

2002; Harada et al. 2003; Stoelzle et al. 2003). In 

this study, an early tuber induction, increase in tuber 

number, and yield under the R30B70 could also be at-

tributed to enhanced expression of the calcium-de-

pendent StCaM1 and StCDPK gene as evident in the 

qPCR expression analysis (Fig. 3). Therefore, 

change in concentrations of cytosolic Ca2+ due to 

the combined RB LED spectrum could be a major 

factor in enhanced expression of the calcium-signal-

ing pathway genes leading to early tuber induction 

and tuber yield as evident in this study. 

Variation in cytosolic Ca2+ also resulted in the 

StCDPK-mediated activation of the NADPH oxi-

dase and cellular oxidative burst, which ultimately 

induced an intracellular signaling pathway resulting 

in the generation of reactive oxygen species (ROS) 

that damage membrane lipids and proteins (Grant et 

al. 2000; Kobayashi et al. 2006). In addition to ROS, 

the enhanced LOX enzyme which activity was 

highly correlated with the cellular redox state also 

catalyzed the peroxidation of damaged membrane 

lipid components, particularly unsaturated fatty ac-

ids, which ultimately participated in the biosynthe-

sis of the tuber-inducing essential plant hormones 

(Koda 1997; Maccarrone et al. 2000). The enhanced 

expression of the LOX gene was also corroborated 

with induced tuber formation in potatoes as reported 

earlier (Nam et al. 2005). An enhanced expression 

of the LOX gene in the stolons and the developing 

tubers growing under the R30B70 light spectrum 

might be due to the cytosolic change in the Ca2+ ions 

leading to enhanced ROS-mediated LOX cascade 

products inducing the in vitro tuberization. Products 

of the LOX cascade, such as jasmonic acid (JA) and 

tuberonic acid (TA), have been reported to play 

multiple roles as growth regulators, as well as sig-

nal molecules to initiate potato tuberization by an-

tagonizing the effects of GA (Pinsky et al. 1971; 

Jackson & Willmitzer 1994; Smith 1994). Moreover, 

the LOX enzyme activity strikes exclusively at the 

tip of stolons, developing tubers, which ultimately 

reduces at the maturing stage of the tuber formation 

(Kolomiets et al. 2001; Pelacho & Mingo-Castel 

1991). An enhanced LOX enzyme activity and 

gene expression in the stolons tissues and initial tu-

bers were also observed in this study (Fig. 4A–B). 

Therefore, the R30B70 combination of LED spectrum 

control the expression of the LOX genes in the tis-

sues, resulting in an efficient in vitro tuberization 

even without the addition of external enzymes or su-

crose in the growth medium. The report on LOX 

cascade-regulated tuber formation via direct inter-

action with light and low temperature suggested an 

important downstream signal molecule in photoper-

iod-controlled signaling pathways (Nam et al. 2005; 

2008). Taken together, an association of change in 

the LOX activity profile and tuber formation under 

the in vitro condition exposed to the LED light irra-

diation could not be ignored. A line diagram de-

scribing the possible pathways involved in light-

mediated induction of potato tuberization is pre-

sented in Figure 5. 
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Figure 5. Line diagram describing possible mechanisms related to light-mediated induction of potato tuberization. 

LED light and its various combinations may involve alternation of hormonal and cytosolic Ca2+ ions, ultimately 

leading to an enhanced calcium-signaling pathway and LOX activity to increase tuberization on single nodal potato 

segments growing in a non-tuber inducing medium. Green and orange arrows show respectively GA and IAA 

levels at different stages of tuberization; the blue arrow shows the expression pattern of LOX, CaM, and StCDPK. 

Abbreviations: GA – gibberellic acid; IAA – indole 3 acetic acid; LOX – lipoxygenase; CaM – calmodulin; 

StCDPKs – calcium-dependent protein kinases; PUFAs – polyunsaturated fatty acids; JA – jasmonic acid; 

TA – tuberonic acid; TAG – tuberonic acid glucoside; PM – plasma membrane; LED – light-emitting diode 

 

CONCLUSIONS 
 

Thus, our study aimed to investigate the effect of 

LED light with red (R), blue (B) spectra, and their var-

ious combinations on in vitro tuberization of potato 

and to find out the perfect combination of the LED 

light spectrum for the production of pathogen-free po-

tato microtubers as seeds on an industrial scale. The 

results showed that the combination of 30% red + 70% 

blue LED light shortens the tuber induction period and 

significantly increased tuber number and tuber yield 

compared with these parameters obtained in the tis-

sues exposed to the complete dark or the white light. 

This induction of the in vitro tuberization was corre-

lated with the increased synthesis of starch, soluble 

carbohydrates, and protein as well as an enhanced 

expression of the tuber induction pathway genes, includ-

ing the lipoxygenase (StLOX1), calmodulin (CaM1), 

and calcium-dependent protein kinase (StCDPK). 

The current study indicated that the above combination 

of red and blue LED lights proved to be the best light 

spectra for enhanced in vitro tuberization of potato. 
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