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Abstract: Plant growing using light-emitting diodes (LEDs) in a controlled environment is a revolu-
tionary and innovative idea, regardless of the external environmental disturbances. Studying the
growth and tuber yield of potatoes (Solanum tuberosum L.) in an LED-based plant factory system
is a relatively innovative concept. The current study was conducted in a plant factory to evaluate
the effects of different LED spectral compositions on potato tuberization. Potato tuberization was
analyzed under six different LED light spectral combinations with irradiances of 300 mol m−2 s−1,
with natural light considered the control treatment. The findings stated that the L2 treatment (red70
+ blue20 + white10) increased the plant height, branch number, and biomass accumulation, while
photosynthetic pigments and photosynthetic activity increased significantly in L5 (red60 + blue20
+ green10 + white10). Higher gibberellic acid (GA3) content was recorded in L1 (red70 + blue30),
whereas the tuber number and tuber fresh weight were recorded in L3 (red70 + blue20 + green10)
and L7 (natural light), respectively. On the other hand, a higher number of smaller-sized tubers
were observed in L5, while L2 and L4 (red70 + blue20 + far-red10) resulted in a higher number
of medium-sized tubers. In conclusion, a high proportion of red and blue light, along with white
and far-red light, increased the plant height, branch number, plant biomass, and production of
small- and medium-sized tubers. On the other hand, the inclusion of green light with red and blue
enhanced the chlorophyll content, photosynthesis, and leaf expansion, and promoted the production
of smaller-sized tubers. Finally, with regard to tuberization, the treatment using L4 followed by L2
outperformed the other treatments.

Keywords: biomass accumulation; plant factory system; photosynthetic activity; tuberization; tuber
number and tuber fresh weight

1. Introduction

The potato (Solanum tuberosum L.) is the most extensively consumed vegetable globally
and is a substantial source of carbohydrates, dietary fiber, and potassium for humans [1].
The potato is a significant agricultural crop grown in numerous nations due to its substantial
nutritional content, productivity, and capacity to thrive in diverse climate conditions [2].
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During the process of cultivation, potato plants are susceptible to viral infections and other
diseases, which subsequently lead to the deterioration of the plants and a reduction in
the overall yield of the crop. The production and subsequent in vitro micropropagation of
virus-free potato plantlets result in the generation of high-quality seed tubers, ensuring
purified seed material [3]. The sustainability of potato crops depends, in part, on the
use and availability of high-quality seeds (free from diseases). Unfortunately, such seeds
may not always be easily accessible to growers in less developed nations [4]. High-yield
potato cultivation depends on the use of virus-free seed potatoes. Tissue culture techniques
produce pathogen-free plant materials, allowing for the creation of virus-free seed tubers
in controlled, aseptic conditions, such as those found in plant factories with LED lighting,
enabling year-round production [5]. This innovative technology addresses the challenge of
maintaining seed availability, which is crucial during the growing season. However, the
cost of potato seeds, representing 17 to 21% of overall crop expenses, poses a significant
obstacle, particularly given the high expense associated with obtaining quality seeds [1,6].
This technology significantly reduces virus infection and secures the yield as well. For
continued quality seed availability in the market, we need to grow seed year-round in
controlled environment conditions (under LED light and plant factory conditions). The
features of LED light (its spectrum, intensity, and photoperiod) are essential elements that
regulate the photosynthesis, metabolism, and morphogenesis of potato plantlets when
grown in vitro as well as in vivo conditions. The light spectrum is one of the most essential
environmental elements for the growth and development of potato plants. It not only
produces energy for photosynthesis but also signals cues for physiological functions [7].

Light quality, amount, and photoperiod regulate the entire developmental process of
plants. Light plays an important role in affecting the nutrition and quality of germinating
seeds [8]. Artificial supplemental light compensates for the natural light in greenhouse
production, but in plant factories, the plant is completely reliant on artificial light. Further-
more, by adjusting the light in the closed plant factory conditions, it is possible to control
plant productivity and nutritional quality [9]. Apart from nutritional quality, for entire
plant production (yield and biomass production), blue and red light have a significant
impact [10]. Using red and blue LED light, many plant species may be effectively grown
in greenhouses or plant factories [11,12]. Previous studies have indicated that, out of
the total sunlight received by plants, 90% of the absorbed light consists of red and blue
wavelengths [13]. Furthermore, the nutritional and functional status of lettuce, spinach,
and radish were improved by blue and red light [12]. It has been reported that optimizing
both the quality and quantity of light during the phytochrome photo stationary stage, by
adjusting the ratio of active phytochrome to total phytochrome can enhance both crop
production and quality [14]. Plantlets exposed to red fluorescent light grew weak, with
much longer stems and small leaves, whereas plantlets exposed to blue light grew short,
strong, and had well-developed leaves [3]. Increasing the proportion of red in the spectrum
increased the leaf area [15]. In a previous study, the development of potato plantlets was
examined under red, blue, and green LED lights, revealing that red light resulted in the
most significant stem elongation, followed by green light, and then blue light. The highest
fresh weight of potato shoots and roots was found under a wide light spectrum condition
(white LED). Under a narrow spectrum (blue, red, and red/blue), the fresh weight was the
lowest. Several researchers have suggested that genetic variances in responsiveness to light
treatment exist among different potato cultivars within the species, and these variances are
influenced by genetic diversity [16].

Considering the factors mentioned above, our goal was to optimize the LED light
spectrum in our experiment. The objective was to examine how variations in the light
spectrum impact potato plantlets and the early generation of seed tubers.
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2. Materials and Methods
2.1. Plant Material

Professor Young-Seok Lim at Kangwon National University, a breeder of this cultivar,
provided ’Happy King’ (also called ‘Unification’ and N-198) potato (Solanum tuberosum L.)
for the experiments. The mother plant was multiplicated through in vitro processes under
artificial white LED light (Bisol LED Light Co., Ltd., Seoul, Republic of Korea) with a
photosynthetic photon flux density (PPFD) of 100 µmolm−2 s−1 in an aseptic medium (MS
medium 4.41 g L−1; sucrose 30 g L−1; agar 8 g L−1, pH 5.6–5.8) in plastic culture vessel
(8 cm × 12 cm; SPL Life Sciences Co., Ltd., Pocheon-si, Korea), where 10 plantlets/vessel
were used for 30 days. The photoperiod, relative humidity (RH), and in vitro growth room
temperature were 16/8 (day/night), 70%, and 25 ◦C.

2.2. Plant Growth Conditions and Light-Emitting Diode (LED) Settings and Nutrient Growth

The virus-free potato (Solanum tuberosum L.) plantlets (tested by ISK 20001/0025,
Agdia, Inc., Elkhart, IN, USA) were transplanted to a steel-made chamber structure 80 cm
× 60 cm × 80 cm outfitted covered by a black curtain (QINGDAO SUNTEN PLASTIC
Co., Ltd., Qingdao, China), with various LED light (Bisol LED Light Co., Ltd., Seoul,
Korea) combinations (Table 1). The 30-day-old plantlets were directly transplanted in
the commercial substrates’ soil (Biosangtho. Co., Ltd., Suncheon, Korea), and the plant-
growing pot was made of plastic with a height and diameter of 12 cm × 10 cm, which
was placed in a steel-made light chamber. The photosynthetic photon flux density (PPFD)
and the duration of placement in the chamber were 300 molm−2 s−1 and 16 h (6 a.m. to
10 p.m.), respectively, where the plant grew until harvesting (Figure 1). Growth nutrient
solutions [17] were prepared by mixing nutrients with water, and they were supplied to
the plants every day in the morning using a hand shower. Throughout the experiment, the
quality of the nutrition solution (EC and pH) was checked daily. To maintain the pH, HCl
(1 N) and NaOH (5 M) were used.
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Figure 1. Photograph of potato plant grown under different LED spectrums: (L1)—red70 + blue30;
(L2)—red70 + blue20 + white10; (L3)—red70 + blue20 + green10; (L4)—red70 + blue20 + far-red10;
(L5)—red60 + blue20 + green10 + white10; (L6)—red60 + blue20 + far-red10 + white10; (L7)—natural
light.
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Table 1. LED light spectrum combination.

Light Spectrum Spectrum Combination Intensity Code Name

Red + blue * 70 + 30 300 ** L1
Red + blue + white 70 + 20 + 10 300 L2
Red + blue + green 70 + 20 + 10 300 L3

Red + blue + far-red 70 + 20 + 10 300 L4
Red + blue + green + white 60 + 20 + 10 + 10 300 L5

Red + blue + far-red + white 60 + 20 + 10 + 10 300 L6
Natural light 250–300 L7

* White; red; blue; green; far-red; LED light; L1—red70 + blue30; L2—red70 + blue20 + white10; L3—red70 +
blue20 + green10; L4—red70 + blue20 + far-red10; L5—red60 + blue20 + green10 + white10; L6—red60 + blue20
+ far-red10 + white10; L7—natural light. ** The light ratio and intensity were determined using the PG200N
handheld spectral PAR meter (UPRtek, 165 Vogt 21, Aachen 52072, Taiwan).

2.3. Leaf Gas Exchange Measurement

The photosynthetic data were obtained 40 days after transplantation. The net photo-
synthetic rate (A, µmolm−2 s−1), the transpiration rate (E, mmolm−2 s−1), and stomatal
conductance (gs, mmolm−2 s−1) were measured on well-developed leaves (the third node
from the top) of six plants under each treatment using an LCpro gas analyzer (ADC Bio-
Scientific Ltd., Hoddesdon, UK). The level of A, gs, E, and WUE was measured under
ambient environmental conditions. The measurements of gas exchange were taken at
midday between 10.00 a.m. and 3.00 p.m. The photosynthetic water use efficiency (WUE)
was calculated as the A/E ratio.

2.4. Analysis of Photosynthetic Pigments

The photosynthetic pigments of potato plants were investigated, including chlorophyll
a (Chl a), chlorophyll b (Chl b), total chlorophyll (Tch), and carotenoid (Car). Three plant
samples from each treatment were taken for the photosynthetic pigment analysis. Already
harvested leaves were immediately immersed in liquid nitrogen and preserved at −80 ◦C
for subsequent study. Fresh weight (500 mg) leaves were macerated in acetone (10 mL)
with the use of a mortar and pestle and left at room temperature for 15 min to detect
photosynthetic pigments. The extracted material was placed in a tube and centrifuged at
5000 rpm for 10 min. The absorbance was measured using a spectrophotometer at 647,
663, and 470 nm (UV-1800 240 V, Shimadzu Co., Ltd., Kyoto, Japan). The photosynthetic
pigments were estimated using Lichtenthaler’s formula [18] and reported in milligrams
per gram of fresh weight (FW).

Chl a = 12.25 × A663 − 2.79 ×A647 (1)

Chl b = 21.50 × A647 − 5.10 × A663 (2)

Car = [(1000 × A470) − (1.82 × Chl a) − (85.02 × Chl b)]/198 (3)

Tch = 7.15 × A663 + 18.71 × A647 (4)

2.5. SPAD Index Analysis

The SPAD (Soil–Plant Analysis Development) readings were taken 40 days after
transplantation in the pot using a hand-held chlorophyll meter model SPAD-502 Plus
(Konica Minolta, Tokyo, Japan). Before taking the readings, the instrument was calibrated
with the reading checker according to the recommendations of the manual. Ten plants
per plot were sampled, and readings were taken in the terminal leaflet of the fourth leaf
fully expanded from the apex of the plant, avoiding reading in the central vein of the
leaflets. When the potato plant did not have the fourth leaf fully expanded yet, the oldest
leaf was chosen for SPAD readings. Care was taken not to sample unhealthy (pest attack
and disease) and out-of-spacing plants. The SPAD readings were performed during the
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morning (8:00–10:00 a.m.), shading the device to avoid sunlight interference. In each leaf,
three readings were taken, and values were averaged.

2.6. GA3 Analysis Pretreatment Methods

After freeze-drying (ilShinBioBase Co., Ltd., Donducheon, Korea), 0.2 g of the sample
homogenized with a homogenizer was taken using a conical tube (SPL Life Science Co.,
Ltd., Pocheon, Korea), and 10 mL of purified water was added, and then the pH was
adjusted to 3 using 96% sulfuric acid–water (1:1, v/v). After adding 20 mL of ethyl acetate,
it was shaken at 300 rpm for 15 min with a shaking mixer and centrifuged at 4000 rpm
for 5 min, and the supernatant (ethyl acetate layer) was taken; this process was repeated
twice. After mixing the extracted ethyl acetate layer, 10 mL of pH 8.0 phosphate buffer
was added. After shaking at 300 rpm for 15 min with a shaking mixer, centrifugation was
carried out at 4000 rpm for 5 min. After that, an aqueous layer was collected, and the
pH was adjusted to 3.0 using 96% sulfuric acid–water (1:1, v/v). After adding 10 mL of
ethyl acetate (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan), the mixture was shaken
at 300 rpm with a shaking mixer (Hankuk S&I Co., Ltd., Hwaseong, Korea) for 15 min.
The ethyl acetate layer was taken, and the organic solvent was volatilized with nitrogen
at 45 ◦C to dry it completely; then, 300 µL of tetrahydrofuran (THF, Sigma-Aldrich Co.,
Ltd., St. Louis, MO, USA), 5 µL of triethylamine, and 40 µL of 0.2 M phenacyl bromide
(Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) were added. After mixing with a vortex
mixer for 2 min, the reaction was carried out at 90 ◦C for 1 h. After the completion of the
reaction, the test tube was cooled to room temperature and then completely dried at 40 ◦C.
After dissolving the residue with 500 µL of methanol (JT Baker, Phillipsburg, NJ, USA),
it was transferred to a vial for HPLC analysis (Shimadzu Co., Ltd., Kyoto, Japan, model:
NEXRA XR).

2.7. Tuber Yield

Tubers were manually harvested 70 days after transplanting (DAT) and sorted to
determine the total yield. After sorting, the tubers were counted and weighed to determine
the tuber number (TN) per plant, the mean tuber fresh weight (TFW), and the grade of the
tubers by weight, defined as <1 g, >1 g, or >3 g.

2.8. Statistical Analysis

Statistical analysis was conducted using Statistics 10 (Tallahassee, FL, USA), and a
one-way analysis of variance was performed. All results are presented as mean ± SD
(standard deviation). The mean differences were compared by Tukey’s post hoc multiple
comparison test; p values < 0.05 were significant. Principal component analysis (PCA) was
carried out using the OriginLab 10.0 software (OriginLab, Northampton, MA, USA).

3. Results and Discussion
3.1. The Morphological Characteristics of Potato Plants Grown under LED Light

The morphological response of potato plants varied under different light spectrums
(Table 2). Compared to the control, L2 yielded 13.25%, 50%, 46.79%, and 76.92% more stem
length, branch number, plant fresh weight, and dry weight, respectively. L4 and L5 also had
a positive influence on stem length, which was enhanced by 2.01% and 8.41% compared
to L7. Despite a shorter stem length, L3 resulted in a higher stem diameter (29.57%), leaf
number (28.23%), and leaf width (18.89%) than L7.

The light spectrum plays an important role in plant production under LED lighting.
In our study, we analyzed the effect of the light spectrum and recorded the morphophys-
iological and photosynthetic activity of potato plant growth. The results revealed that a
high ratio of red and blue light, along with green and white light, stimulated biomass
production. The findings are partially supported by a previous study where green light,
along with red and blue, resulted in the maximum biomass, and these were considered
the most eye-friendly conditions [19]. Previous studies also revealed that LED light with
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a spectrum combination of red, blue, green, and far-red light more strongly stimulated
biomass production, leaf expansion, and stem diameter of potato plants [20]. A similar
pattern was recorded in our study in the case of leaf area under L3 (red + blue + green) and
L4 (red + blue + far-red) treatments. This study also revealed that the inclusion of white
and far-red either alone or in combination with red and blue light had a positive effect on
plant biomass production. Similarly, the inclusion of green or far-red light, along with red
and blue, enhanced leaf expansion. However, monochromatic red affects the plant’s normal
growth and biomass [21]. Based on a previous study, the introduction of green LEDs to
the combined spectrums of red and blue light resulted in a reduction in blue light. This
reduction likely alleviated stem elongation inhibition significantly, leading to an increase in
the morphological parameters and leaf area of potato plantlets [22].

Table 2. The morphological parameters of plants grown under different LED light spectrums in
artificial soil pot culture.

Treatments Stem Length Stem
Diameter Leaf Number Leaf Length Leaf Width Branch

Number
Plant Fresh

Weight
Plant Dry

Weight

L1 27.67 ± 2.05 d 5.28 ± 0.08 bc 11.6 ± 1.22 b 13 ± 0.88 bc 11.3 ± 0.49 b 2.3 ± 0.39 b 21 ± 0.82 de 1.06 ± 0.03 bc
L2 37.6 ± 2.08 a 5.24 ± 0.24 bc 10. 7 ± 1.24 c 13.16 ± 0.84 b 9.7 ± 0.47 d 2.6 ± 0.41 a 36.3 ± 1.22 a 2.68 ± 0.07 a
L3 27.6 ± 2.06 d 6.12 ± 0.1 a 13 ± 0.81 a 13 ± 0.8 bc 12.3 ± 0.41 a 2 ± 0.44 c 22.6 ± 2.05 d 1.12 ± 0.02 bc
L4 33.3 ± 0.94 bc 5.33 ± 0.06 bc 8.7 ± 1.63 e 14 ± 0.82 ab 11 ± 0.78 b 2.3 ± 0.47 b 25.33 ± 0.47 cd 1.14 ± 0.02 bc
L5 35.66 ± 1.69 b 5.6 ± 0.33 b 9.34 ± 1.2 d 14.6 ± 1.21 a 10.3 ± 0.44 c 1.6 ± 0.41 d 27.35 ± 0.94 c 1.17 ± 0.01 bc
L6 23.3 ± 1.22 e 5.24 ± 0.21 bc 9 ± 0.8 de 13 ± 0.81 bc 12.33 ± 0.47 a 1.3 ± 0.4 e 30.38 ± 1.24 b 1.32 ± 0.02 b
L7 32.6 ± 1.24 c 4.31 ± 0.14 c 9.33 ± 0.4 d 11 ± 0.79 c 10 ± 0.81 c 1.3 ± 0.47 e 19.6 ± 1.69 e 1.08 ± 0.02 bc

Different letters indicate significant differences (p < 0.05) among the genotypes within each parameter. Values are
expressed as mean ± SD (n = 3).

3.2. Effects of Different LED Light Treatments on Chlorophyll Content

Figure 2 demonstrates the change in both the chlorophyll content and SPAD value of
the potato leaves. Higher Chl b was recorded in L3, while L5 resulted in both higher Chl a
and Tch content (Figure 2). Similarly, higher SPAD values were recorded in both L3 and L5
treatments. On the other hand, higher Car was observed in L4 and L5 treatments.

Chlorophyll is a crucial component for the absorption of light. Therefore, the capacity
for photosynthesis is enhanced as the amount of chlorophyll increases [23]. The photosyn-
thetic antenna of plant pigment efficiently absorbs blue light, catalyzing the buildup of
photosynthetic pigment in plant leaves [24]. When potato plantlets were grown under a
monochromatic red light, a significant deformity in the chloroplast was observed. However,
when a combination of red and blue light was used, the chloroplast in the leaf became
more uniform, and the leaves became thicker [25]. When the red and blue spectrums
were merged, the photosynthetic pigment exhibited a significant increase in comparison to
other combinations of spectrums [26]. Furthermore, there is empirical evidence indicating
that a greater proportion of green combined with red and blue LEDs results in increased
chlorophyll accumulation [27]. This outcome supports our research, as the treatments L3
(red70 + blue20 + green10) and L5 (red60 + blue20 + green10 + white10), which had a higher
concentration of green light, resulted in the augmentation of chlorophyll content (Figure 2).

3.3. Photosynthetic Gas Exchange under Different LED Treatment

The photosynthetic activities were varied under different LED spectrums (Figure 3).
The photosynthetic rate (A), the transpiration rate (E), stomatal conductance (gs), and water
use efficiency (WUE) were analyzed in this study. Plants subjected to the L5 treatment
were recorded with both higher A (9.01 µmol m−2 s−1) and WUE (12.98 µmol m−2 s−1),
whereas they manifested minimal E (0.69 mol m−2 s−1). On the other hand, plants grown
under control treatment (L7) were recorded with higher E (2.41 mol m−2 s−1) and gs
(0.27 mol m−2 s−1).
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Figure 2. Chlorophyll a (A), chlorophyll b (B), carotenoid (C), total chlorophyll (D), and SPAD index
of potato plants grown under different LED light spectrums in artificial soil pot culture (E). Different
letters indicate significant differences (p < 0.05) among the genotypes within each parameter. Values
are expressed as mean ± SD (n = 3). L1—red70 + blue30; L2—red70 + blue20 + white10; L3—red70 +
blue20 + green10; L4—red70 + blue20 + far-red10; L5—red60 + blue20 + green10 + white10; L6—red60
+ blue20 + far-red10 + white10; L7—natural light.

LED lights have gained wide attention in recent times for use in controlled environ-
ment agriculture due to their superior efficacy over traditional lighting technologies [28].
LEDs can have a narrow spectrum and excellent controllability. This presents unprece-
dented opportunities to manipulate crop growth and development by fine-tuning light
spectrums and PPFD. Blue and red LEDs are more efficient than white and green LEDs [29].
Earlier findings revealed that a combination of red and blue light had a positive effect
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on stomatal opening (short-term) and stomatal conductance. However, the addition of
far-red light in red and blue spectrums triggered the photosynthesis activity [30]. In our
study, the L5 treatment enhanced parameter A by 57.38%, and at the same time, it led to a
7.25% lower performance of E, compared to L7. Green light is crucial in photosynthesis
because it enables plants to adjust to varying light intensities. The wavelength-dependent
absorption of chlorophylls allows green light to penetrate deeper into the leaves. This
results in more uniform light absorption, providing excitation in the photosystem within
deeper cell layers [31]. The inclusion of green light has been observed to enhance leaf
photosynthesis under high photosynthetic photon flux density (PPFD) conditions. Despite
plants evolving in the presence of sunlight for hundreds of millions of years, the relatively
low absorption of green light has been considered a factor contributing to plant photosyn-
thetic efficiency [31,32]. However, the current study presents contradictory results, as the
addition of green light in the treatment showed poor photosynthesis performance in every
parameter, specifically in L2 and L6 (Figure 3).
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Figure 3. Net photosynthetic rate (A), transpiration rate (B), stomatal conductance (C), and water
use efficiency (D) of potato plants grown under different LED spectrums in artificial soil pot culture.
Different letters indicate significant differences (p < 0.05) among the genotypes within each parameter.
Values are expressed as mean ± SD (n = 3). L1—red70 + blue30; L2—red70 + blue20 + white10;
L3—red70 + blue20 + green10; L4—red70 + blue20 + far-red10; L5—red60 + blue20 + green10 +
white10; L6—red60 + blue20 + far-red10 + white10; L7—natural light.

3.4. Potato Tuber Yield and Grading

The tuber number, tuber fresh weight, and tuber grading (>3 g, >1 g, <1 g) varied under
different LED light treatments (Figure 4). L3 significantly enhanced the tuber number (by
60.06%) compared to L7, whereas a higher tuber fresh weight was recorded in L7 (8.57 g).
On the other hand, L5 resulted in a 62.4% higher number of smaller-sized tubers (<1 g),
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while L2 and L4 led to 39.75% and 57.08% higher number of medium-sized tubers (>1 g),
respectively, compared to L7.
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Figure 4. Tuber number (TN/plant) and tuber fresh weight (TFW/plant) under different LED
spectrums in artificial soil pot culture. Different letters indicate significant differences (p < 0.05)
among the genotypes within each parameter. Values are expressed as mean ± SD (n = 3). L1—red70 +
blue30; L2—red70 + blue20 + white10; L3—red70 + blue20 + green10; L4—red70 + blue20 + far-red10;
L5—red60 + blue20 + green10 + white10; L6—red60 + blue20 + far-red10 + white10; L7—natural light.

This study investigated the pathway influencing potato tuberization under specific
LED light spectrums, building on findings that revealed distinct impacts of different LED
spectrums on this process. Diverse morphogenesis, photosynthetic pigments, photosyn-
thetic response, and hormone levels were recorded under different spectrums of LED lights,
which resulted in different yield performances. There were few indications suggesting
that light affects potato tuberization [33]. Existing research has outlined the regulation of
endogenous plant hormones like GA, ABA, and IAA through light-mediated processes [34].
Specifically, hormonal signals, particularly gibberellins (GAs) and cytokines, play a signifi-
cant role [35]. The GA hormone is recognized as a crucial plant hormone responsible for
regulating photoperiodic-mediated tuberization in potatoes. It has been demonstrated to
induce stolon formation through longitudinal cell expansion achieved by the transverse
orientation of microtubules and microfibrils to the cell axis [33]. The assumption is that
light treatment successfully activates the plant growth-regulating hormones like cytokine
and gibberellin, causing more tubers to form. More biosynthesis of endogenous gibberellin
is initiated by the monochromatic red light spectrum. On the other hand, the combination
of red and blue spectrums results in a static GA level, and the plant acquires growth signals
such as stem elongation and stem diameter [5,36–38]. It has also been reported that the
red and blue light spectrums increase the number of tubers per plant [25]. These findings
partially support our current study (Figure 4). A previous study found that using red, blue,
and white light together had a significant impact on the growth of stems. This ultimately
resulted in the formation of tubers, with the weight of the tubers being highest when ex-
posed to a combination of red, blue, and far-red light [5]. In our current study, we observed
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a similar pattern to earlier research. Specifically, the combination of red, blue, and green
light in L3 (red70 + blue20 + green10), as well as the combination of red, blue, and far-red
light in L4 (red70 + blue20 + far-red10), exhibited a positive impact on the number and
fresh weight of tubers. This aligns with the positive influence on tuber development that
was previously recorded in L2 (red70 + blue20 + white10) from the earlier study (Figure 4).
Another hormone, indole acetic acid (IAA), improves the sink capacity of plant organs.
Studies indicate that red light boosts the concentration of IAA (indole-3-acetic acid) in
potatoes, facilitating the flow of assimilates into the tubers. The assimilation rate is crucial
for determining the tuber size and weight [26,39,40]. Our current research aligns with this
trend, revealing that larger tuber numbers were observed in L1 (red70 + blue30), with
tubers exceeding 3 g in weight. Additionally, positive effects on tuber weight were noted in
L4, where tubers exceeded both 3 g and 1 g, as illustrated in Figure 5.
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Figure 5. Tuber grading of potato grown under different LED light spectrums in artificial soil pot
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parameter. Values are expressed as mean ± SD (n = 3). L1—red70 + blue30; L2—red70 + blue20
+ white10; L3—red70 + blue20 + green10; L4—red70 + blue20 + far-red10; L5—red60 + blue20 +
green10 + white10; L6—red60 + blue20 + far-red10 + white10; L7—natural light.

3.5. Gibberellic Acid Content Analysis

The gibberellic acid content (GA3) of potato plants grown under different LED
light conditions is shown in Figure 6. The L1 treatment was recorded with significantly
higher GA3 content (25.43% more than L7), whereas a minimal value was recorded in the
L3 treatment.

Previous studies demonstrated that rice seedlings exposed to red LED light ex-
hibited the highest GA3 content, fostering enhanced cell division. Consequently, rice
seedlings subjected to the red LED light treatment displayed superior plant height and
fresh weight [41,42]. These findings offer partial support to our current study, where the
application of L1 (red70 + blue30) demonstrates a noteworthy impact on the GA3 content
in potato plants, along with influencing morphophysiological traits (Figure 6). Hence,
certain studies suggest that plants may be less responsive to GA when exposed to red light
compared to when exposed to blue light alone. This is likely because red light inhibits
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positive GA signaling even when higher GA levels are present [43]. This contradicts our
study, as we observed an increase in red light and elevated GA3 content with L2, L3, and
L4 treatments (Figure 6). A lower GA3 content affected plant morphology, yet it resulted in
an increase in the tuber number, leaf count, and leaf width, which was particularly evident
in the L3 treatment (Figures 4 and 6).
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Figure 6. Effect of different light spectrums on GA3 content of potato plants. Different letters indicate
significant differences (p < 0.05) among the genotypes within each parameter. Values are expressed as
mean ± SD (n = 3). L1—red70 + blue30; L2—red70 + blue20 + white10; L3—red70 + blue20 + green10;
L4—red70 + blue20 + far-red10; L5—red60 + blue20 + green10 + white10; L6—red60 + blue20 +
far-red10 + white10; L7—natural light.

The PCA analysis was carried out to uncover the correlation of the different parameters
with the different treatment groups. The PCA biplot reveals a clear segregation of the
treatments into two groups. The elements of PC1 and PC2 together describe 59.12% of the
variability in the data (Figure 7). From the analysis, it can be inferred that the L2, L3, L4,
and L5 treatments are closely associated with each other, and most of the morphological
characteristics, including the number of small- and medium-sized tubers, are clustered
with them. On the other hand, the L1, L6, and L7 treatments are closely associated with
each other and clustered with the transpiration rate, stomatal conductance, and the number
of tubers with greater size.
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Figure 7. Principal component analysis (PCA) represents patterns and associations among the
treatments. L1—red70 + blue30; L2—red70 + blue20 + white10; L3—red70 + blue20 + green10;
L4—red70 + blue20 + far-red10; L5—red60 + blue20 + green10 + white10; L6—red60 + blue20 + far-
red10 + white10; L7—natural light. Lines started from the ballot’s center show negative or positive
correlations between distinct light treatments. (Stem L, stem length); (Stem dia., stem diameter);
(leaf N, leaf number); (Leaf L, leaf length); (Leaf W, leaf width); (Branch N, branch number); (Root
L, root length); (PFW, plant fresh weight); (PDW, plant dry weight); (A, photosynthetic rate); (E,
transpiration rate); (gs, stomatal conductance); (WUE, water use efficiency); (Chl a, chlorophyll a);
(Chl b, chlorophyll b); (Tch, total chlorophyll); (Car, carotenoid); (SPAD index); (GA3, gibberellic acid
content); (Tuber N, tuber number); (Tuber FW, tuber fresh weight); (Tuber N, tuber number); (TFW,
tuber fresh weight); (<1 g, less than 1 g); (>1 g, more than 1 g); (>3 g, more than 3 g).

4. Conclusions

The L2 (red70 + blue20 + white10) and L4 (red70 + blue20 + far-red10) treatments
with LEDs significantly increased the tuber count and size (>1 g, <1 g). These effects were
observed alongside higher plant height, branch number, plant biomass with moderate GA3
levels, photosynthetic pigments, and activity. Following a comprehensive assessment of
photomorphological, physiological, and tuberization performance, it was determined that
the spectral compositions resulting from the L4 treatment, followed by L2, were the most
favorable for seed potato tuberization. These findings represent initial breakthroughs in
the cultivation of potato seed tubers using artificial light. They provide a basis for the
development of an advanced LED lighting system specifically designed for producing
early-generation potato seed tubers under artificial light conditions.
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