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Colored led reduces energy use, affecting lettuce seed germination,
growth, and antioxidant activity positively

LED coloridas economizando energia, afetando positivamente a germinagao,
crescimento e atividade antioxidantes em alface

Ana Luiza Reale!, Heloisa Santos?, Giovani Tirelli®, Leticia Moreno*, Wilson Pereira’,
Elisa Bicalho®

ABSTRACT: As vegetables have been growing and space has gathered on the market, there is increasing demand
for alternative light sources. This research aimed to evaluate the effects of colored LEDs on the germination and
initial growth of lettuce plants, as well as their effects on the antioxidant system. Seeds were germinated in a
chamber at 20°C under a 12-hour photoperiod. The light treatment in the first phase consisted of white and colored
light-emitting diode (LED) lights (red-V + blue-A) in proportions of 100% V, 80% V + 20% A, 50% V + 50% A, and
80% A +20% V. The first phase of the experiment consisted of a completely randomized design in a 2x4 factorial
scheme (two light conditions and four seed lots) with four replications. The first count, germination, germination
speed index (GSI), root length, shoot length, total seedling length, and shoot-to-root ratio were evaluated via
image analysis. For the second phase of the experiment, the quantification of antioxidative enzyme activity (SOD,
CAT, and APX) was performed to assess whether the light treatments (white LED light, colored LED light, and
fluorescent light) caused photooxidative damage in the seedlings. Compared with white LED light, colored LED
light improved plant germination and growth by promoting faster radicle protrusion, a greater GSI, a longer total
seedling length, and a longer primary root length. The quantification of SOD, CAT, and APX activity indicated that
the quality of light used in this work did not cause photooxidative stress in lettuce plants.

Keywords: Antioxidant system; Lactuca sativa; Light emitting diode; Photooxidation; Seed quality.

RESUMO: A medida que as hortalicas vém crescendo e ganhando espago no mercado, hd uma demanda crescente por
fontes alternativas de luz. Esta pesquisa teve como objetivo avaliar os efeitos dos LEDs coloridos na germinagao e no
crescimento inicial de plantas de alface, bem como seus efeitos no sistema antioxidante. As sementes foram
germinadas em cdmara a 20°C sob fotoperiodo de 12 horas. O tratamento luminoso na primeira fase consistiu em
luzes de diodo emissor de luz (LED) brancas e coloridas (vermelho-V + azul-A) nas proporcoes de 100% V, 80% V +
20% A, 50% V + 50% A e 80% A + 20% V. A primeira fase do experimento consistiu em delineamento inteiramente
casualizado em esquema fatorial 2x4 (duas condi¢oes de luz e quatro lotes de sementes) com quatro repetigcoes. A
primeira contagem, germinacao, indice de velocidade de germinacao (IVG), comprimento da raiz, comprimento da
parte aérea, comprimento total das plantulas e relagao parte aérea/raiz foram avaliados por meio de andlise de
imagens. Para a segunda fase do experimento foi realizada a quantificacdo da atividade das enzimas antioxidantes
(SOD, CAT e APX) para avaliar se os tratamentos luminosos (luz LED branca, luz LED colorida e luz fluorescente)
causaram danos fotooxidativos nas mudas. Em comparacao com a luz LED branca, a luz LED colorida melhorou a
germinacao e o crescimento das plantas, promovendo uma protrusao mais rapida da radicula, um maior GSI, um maior
comprimento total de mudas e um maior comprimento de raiz primdria. A quantificacao da atividade de SOD, CAT e
APX indicou que a qualidade da luz utilizada neste trabalho nao causou estresse fotooxidativo em plantas de alface.

Palavras-chave: Diodo emissor de luz; Foto oxidagdo; Lactuca sativa; Qualidade de semente; Sistema
antioxidante.
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1 INTRODUCTION

Currently, lettuce (Lactuca sativa L.) is the most consumed leaf vegetable
worldwide, and in addition to its center of origin (the Mediterranean region), it must be
cultivated outside of its center of origin to meet the increasing demand for consumption
and, consequently, production (Sala; Costa, 2012). Therefore, plants will be exposed to
unusual conditions from those that the plant is accustomed to developing (Sabir; Singh,
2013). Among all the environmental conditions, water and temperature are highly
important for plant development (Taiz et al., 2017). In addition, in lettuce, light sensitivity
is crucial, with some studies showing that some physiological processes are stimulated by
the presence of light (An; Zhou, 2017).

Lettuce seeds can be classified as photoblastic positive, negative, or neutral (not
influenced by light) according to their response to the stimulus of light (Metivier; Viana,
1979). The influence of light on seed germination is directly correlated with phytochrome,
which is a protein pigment photoreceptor of light (Yang; Pei, 1997). The effect of red light
on the germination of seeds can be explained by the relationship between phytochromes
and the synthesis of hormones (Peng et al., 1997). Light activates phytochromes, initiating
a signaling cascade that results in several physiological responses (Lovegrove; Hooley,
2000). In addition to red light, blue light is another color that plays an important role in
plant phototropism, controlling the development of the plant hypocotyl, carotene
synthesis, and stomatal opening. Studies of lettuce and alternating red and blue light
during seedling development have shown that these light sources lead to an increase in
plant and leaf growth as well as an increase in ascorbic acid and nitrate content, indicating
improved nutritional value (Chen et al., 2017).

Controlled environmental agriculture (CEA) is a method of crop production that is
widely used in horticulture, where it is possible to control parameters such as
temperature, humidity, water, and light exposure time (Liao et al., 2020). An artificial light
supply, common in CEA, has a low heat emission property and the possibility of light-
spectrum control. Light-emitting diodes (LEDs), a type of artificial light, are currently
being used to replace common light bulbs once LEDs significantly reduce energy
consumption (Singh et al., 2015). Just as excess natural light can cause reactions in seeds,
the use of artificial lights in controlled environmental production will also affect seeds.

Furthermore, in agriculture, the use of LEDs can cause several reactions, resulting
in accelerated plant growth. Despite being desirable, this growth acceleration results in
the production of reactive oxygen species (ROS), and excess ROS lead to photooxidative
stress (Morrow, 2008). One way to measure the damage caused by photooxidative stress
is to observe the behavior of enzymes that are part of the plant antioxidant system. When
the system is not able to eliminate or avoid ROS, the high accumulation of these free
radicals may cause lipid peroxidation in cell membranes, such as damage to proteins,
DNA, and other organic molecules, culminating in irreversible cell damage (Sevengor et
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al., 2011). The antioxidant system, through enzymes and secondary metabolites, acts by
removing or limiting ROS formation to avoid oxidative stress (Sharma et al., 2012).
Superoxide dismutase (SOD), catalase (CAT), and ascorbate peroxidase (APX) are some
examples of enzymes that are part of the antioxidant system (Havir and McHale, 1990).

Several studies have been performed to understand the effect of LEDs on the
growth and productivity of different crops, such as wheat, lettuce, radish, and spinach
(Yorio et al., 2001). However, there is a lack of information on how LEDs can positively
affect the initial stages of plant development and on the effect of LEDs on plant ROS
production. With this in mind, the objective of this research was to evaluate the effects of
colored LEDs on the germination and initial growth of lettuce plants, as well as their
effects on the antioxidant system.

2 MATERIAL AND METHODS

The research was conducted at the Central Laboratory of Seed Research (LCPS on
the Portuguese acronym) from the Federal University of Lavras (UFLA on the Portuguese
acronym), with four samples (seed lots from 1 to 4) of crispy lettuce of Veronica's variety.
The experiment was performed using two types of environmental lighting, white and
colored, provided by chamber type B.O.D. (biochemical oxygen demand). The experiment
was divided into two phases. In the first phase, physiological tests were performed on
seeds from two types of light treatments. In the second phase, the best lot was chosen,
and physiological and biochemical analyses were performed on seeds from the three types
of light treatment.

2.1 FIRST PHASE

For the first phase, the seeds from each lot were disinfected in a sodium
hypochlorite solution at a concentration of 0.02% for 30 seconds and subsequently
washed in running water for 3 minutes. After that, the plants were allowed to germinate
for seven days under two light conditions: white and colored. White light was provided by
a B.O.D. instrument equipped with four white tubular LEDs, which included all
wavelengths in the visible spectrum. For colored lights, the B.O.D. was equipped with four
tubular LEDs in blue and red colors using the light color with a wavelength combination
scheme according to Table 1. The light-changing scheme was determined according to the
literature, which states that red light favors radicle protrusion (Sanchez et al., 1990), while
blue light stimulates elongation (Lin, 2002).
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Table 1. The effect of light-changing scheme on the BOD in response to colored light treatment in the
lettuce seed germination test

Day Light color Wavelength
1 Red 100% 625 nm
2 Red 100% 625 nm
3 Red 80% + Blue 20% 580 nm
4 Red 50% + Blue 50% 510 nm
5 Red 50% + Blue 50% 510 nm
6 Red 20% + Blue 80% 460 nm
7 Blue 100% 440 nm

As part of the first phase, the following analyses were performed:

a. Germination test

The test was performed by placing seeds on germination paper moistened with
distilled water (at a rate of 2.5 times the paperweight) inside an acrylic container (Brasil,
2009). The analysis was performed using four repetitions with 50 seeds each. The B.O.D.
chamber was set at a constant temperature (20°C) and a photoperiod of 12 hours (for both
white and colored light environments). Germination seed evaluation was performed on
the fourth (first count) and seventh days (final count), and the results are expressed as the
percentage of normal seedlings (all healthy structures of leaves, stems, and radicles)
(Brasil, 2009). In addition to the germination test, the germination speed index (GSI) was
also evaluated by counting the number of germinated plants daily. The index was
calculated according to the method proposed by Maguire (1962).

b. Image analysis

Plant development was evaluated through images collected with GroundEye®
(version S800) equipment; 10 normal seedlings from each replicate were collected on the
fourth and seventh days during the germination test. Image analysis was used to measure
the sizes of the primary roots and shoot and to determine the total length and shoot-to-
root ratio of the plants.

2.2 SECOND PHASE

After the first phase, lot four was the higher-physiological quality lot selected for
new physiological and biochemical tests. For this second phase, three light treatments
were used: white tubular LED, fluorescent LED, and colored LED according to the light-
changing scheme shown in Table 1. The seeds were allowed to germinate for seven days
under three light conditions, and the germination test was performed using the protocol
mentioned previously in the first phase according to Brasil (2009). In addition to the
germination test, as part of the second phase, the following analyses were performed:
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a. Biochemical analyses

The analyses were performed using seedlings from all 3 light treatments collected
on the seventh day from the germination test of the second phase. Seeds from the higher-
physiological quality lot were used as a control treatment for the biochemical analyses.
Vegetative material from the seeds and seedlings was macerated using liquid nitrogen and
polyvinylpyrrolidone (PVP) immediately after collection (7th day), and the macerated
material was kept in a deep freezer (-86°C) until analysis was performed.

The antioxidant enzyme activities of SOD, CAT, and APX were quantified using the
methodology proposed by Biemelt et al. (1998). A quantity of 200 mg of macerated sample
was mixed with 1.5 mL of extraction buffer. The buffer was composed of 100 mM
potassium phosphate (pH 7.8), 0.1 mM EDTA, and 10 mM ascorbic acid. The material was
homogenized on a vortex and centrifuged at 12000 rpm for 30 minutes at 4°C, after which
the supernatant was collected and used for determination of enzyme activity. The
enzymatic activities of SOD, CAT, and APX were analyzed via electrophoresis.

SOD activity was measured by the ability of the enzyme to inhibit the
photochemical reduction of nitroblue tetrazolium (NBT), as proposed by Giannopolits and
Ries (1977). A volume of 10 pL of enzyme extract was combined with 190 L of incubation
media (composed of 50 mM potassium phosphate (pH 7.8), 14 mM methionine, 0.0001
mM EDTA, 0.075 mM NBT, and 0.002 mM riboflavin). The reaction media were kept in the
dark until sample application. The tubes containing a mixture of buffer and sample, such
as control tubes (incubation medium without the sample), were illuminated with a 20 W
fluorescent lamp for 7 minutes at room temperature. After that, the absorbance was
measured on a spectrophotometer at a wavelength of 560 nm. A unit of SOD activity was
defined as the amount of enzyme that inhibited 50% of the NBT reduction ratio.

CAT activity was measured by the decrease in absorbance at 240 nm every 15
seconds for 3 minutes, which was monitored by hydrogen peroxide consumption (Havir
and McHale, 1990). For that, 10 puL of the samples were mixed with 180 uL of incubation
media (100 mM potassium phosphate, pH 7.0) previously heated at 30°C. A volume of 9
uL of 250 mM hydrogen peroxide (at a final concentration of 12.5 mM) was added to the
mixture, which was immediately analyzed on a spectrophotometer at a wavelength of 240
nm. A unit of CAT activity was defined as the amount of enzyme necessary to decompose
1 ymol per minute of H202-.

APX was measured by the decrease in ascorbate absorbance (¢ = 2,8 mM-1 cm-1)
in a spectrophotometer at 290 nM every 15 seconds for 3 minutes. A sample of 9 uL was
added to 180 uL of preheated (30°C) reaction media composed of 100 mM potassium
phosphate (pH 7.0) and 0.5 mM ascorbic acid. After mixing the sample with the incubation
media, a volume of 9 uL. of 2 mM hydrogen peroxide (final concentration of 0.1 mM) was
immediately read on a spectrophotometer (Nakano; Asada, 1981). APX activity was
defined by the amount of enzyme required to oxidize 1 ymol per minute of ascorbic acid.
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2.3 STATISTICAL ANALYZES

The experimental design was a completely randomized design (CRD), with a
factorial scheme of 2 (treatments) x 4 (seed lots) for the first phase, and a CRD with a
factorial scheme of 3 (treatments) x 1 (seed lot) for the second phase. All the data were
analyzed by the software SISVAR® (Ferreira, 2019) through analysis of variance (ANOVA),
and the means were compared using Tukey’s test at 5% probability.

3 RESULTS AND DISCUSSION

The results from the first germination count showed no significant differences
between light treatments for lots 1 and 2; however, for lots 3 and 4, greater germination
at the first count was observed under colored lights (Figure 1a). However, the total
percentage of germination (final count) did not significantly differ when the light
conditions were analyzed (Figure 1b). For the GSI, in addition to that in lot 4, all the lots
exhibited significant differences among the light treatments, where a greater index was
observed for lots under colored light (Figure 1c).

Seed vigor can be measured in different ways, such as by the germination speed
index and the first germination count, where taller vigor seeds germinate faster than
lower vigor seeds (Franzin et al., 2004). The results presented here indicate that red light
during the first few days after sowing promotes faster radicle protrusion than white light.
This can probably be explained by the direct action of red light on the gibberellin-abscisic
acid balance (Olszewski; Sun; Gubler, 2002).

While gibberellin (GA) promotes germination and consequently overcomes
quiescence and dormancy, abscisic acid (ABA) has the opposite effect (Finch-Savage and
Leubner-Metzger, 2006). Thus, the results observed here may be linked to the fact that
light quality acts directly on the GA-ABA balance, which is part of the photorefractive
process. The photoreceptor phytochrome B (phyB) is active (Pfr) when receiving red light
or inactive (Pr) when the stimulus comes from distant red light (Seo et al., 2006). In
Arabidopsis seeds, Pr, which is inactive due to the accumulation of distant red light,
modulates the balance of GA/ABA by stimulating the transcription of DELLA proteins, a
group characterized as negative GA regulators (Tyler et al., 2004).

As shown in Figure 1a, on the first count, higher values were found for lots 3 and 4
under colored lights than under white lights. This finding indicates a possible connection
between colored light and fast radicle protrusion only on high-quality seed lots, as colored
light does not influence low-quality seed lots (1 and 2). Therefore, although colored light
stimulates the speed of seed germination, it does not promote an increase in physiological
seed quality because the final percentage of germination was not influenced by light
treatment (Figure 1). Similar results were found by Solano et al. (2021) for melon and pea
seeds, where red light did not increase the percentage of germination but was effective at
promoting precocious germination (faster germination).
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Figure 1. Percentage of first count (a), final count (b), and GSI (c) of Lactuca sativa under two light
treatments.
The means followed by equal letters, uppercase letters comparing seed lots inside each light spectrum
and lowercase letters comparing each lot between the two light spectra, are not significantly different
according to Tukey’s test (p< 0.05)

The results of seedling growth obtained by using the GroundEye® equipment can
be observed in Figure 2. The shoot length was not influenced by light treatment, except
for lot 1, where white light resulted in greater shoot values than did the colored light
treatment (Figure 2a). A positive effect of white light on shoot length was reported by
Shimizu et al. (2011), who reported that, compared with mixed lights, monochromatic
lights increased shoot length. Additionally, Ohashi-Kaneko et al. (2007) reported greater
hypocotyl growth in lettuce plants under white light. Overall, the results presented here
may indicate that although colored lights can increase lettuce seed germination, it is
important to use monochromatic light after germination to increase shoot growth and
consequently yield.

The root length, seedling length and shoot-to-root ratio were positively influenced
by the colored light treatment, with all the lots exhibiting greater values under colored
light than under white light (Figures 2b, 2c, and 2d). An increase in seedling length due
to different light conditions has already been reported for other species, such as Mentha
piperita, M. spicata, M. longifolia (Sabzalian et al., 2014), and Brassica oleracea (Paniagua-
Pardo et al., 2015). Sabzalian et al. (2014), studying Mentha sp., showed that the
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combination of 70-30% red-blue light resulted in an increase in fresh weight, the
photosynthesis ratio, and essential oil yield compared to those under field conditions. By
analyzing lettuce plants under artificial light, Lin et al. (2013) reported that a combination
of white and colored light (red and blue) resulted in greater weight (fresh and dry), better
plant morphology and better flavor than light alone.
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Figure 2. Seedling growth of Lactuca sativa plants under two light treatments four days after sowing,
as measured by shoot (a) and root length (b), total seedling length (c), and shoot-to-root ratio (d).
The means followed by equal letters, uppercase letters comparing seed lots in each light spectrum and
lowercase letters comparing each lot between light spectra are not significantly different according to
Tukey’s test (p< 0.05).

Seedling growth was also measured seven days after sowing (Figure 3). Like those
for plants after 4 days, the root and total seedling lengths as well as the shoot-to-root
ratio were greater under colored light than under white light (Figures 3b, 3c, and 3d).
However, unlike in plants after 4 days, in plants subjected to colored light, the shoot
length was greater in lot 4 than in those subjected to white light, and no significant
differences among the light treatments were observed for the remaining lots. An increase
in root length decreases the shoot-to-root ratio, indicating better root support for shoot
growth by providing better water and nutrient absorption (Lin et al., 2013).

Root elongation under colored light at 4 and 7 days after sowing can be explained
by the positive influence of blue light on root growth. Shen et al. (2022) reported that the
root growth of Camellia sinensis was greater under blue light than under white light.
Similar results were also found by Gil et al. (2020), who improved rooting in
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Chrysanthemum plants via the combination of blue light and exogenous auxin. However,
in lettuce, a combination of red and blue light also improved root growth and the
antioxidant system (Bian et al., 2018).
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Figure 3. Seedling growth of Lactuca sativa plants under two light treatments seven days after sowing,
as measured by shoot (a) and root length (b), total seedling length (c), and shoot-to-root ratio (d).
The means followed by equal letters, uppercase letters comparing seed lots in each light spectrum and
lowercase letters comparing each lot between light spectra are not significantly different according to
Tukey’s test (p< 0.05)

After analyzing all the results for the first phase of the experiment, it was
determined that the lot that had the highest physiological quality was lot 4; therefore,
this lot was chosen for the second phase of the experiment, which included physiological
and biochemical analyses. Germination and GSI were measured under three light
treatments (white LED, white fluorescent, and colored LED), and no significant
differences were detected among the treatments (Table 2).

This may indicate that the germination of high-quality seeds is not influenced by
light. However, according to the results from the first phase of the experiment and the
data reported by Shimizu et al. (2011), lettuce plants grown under a combination of red +
blue LED lights had greater rates of photosynthesis than those grown under fluorescent
light compared to those grown under monochromatic lights.

In addition, under the combination of red + blue light, the length of the roots was
greater than that under the other treatments. This suggested that although the
germination of high-quality seeds was not influenced by light treatment, seedling growth
may be greater under the combination of red + blue light.
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Table 2. The percentage of germination and germination speed index (GSI) of lettuce seeds under three
light treatments

Light treatment Germination (%) GSI

White LED 97,5 A** 36,1 A
Fluorescent white 97,5A 37,1A
Colored (red + blue) LED* 95,0 A 39,3A
CV (%) 2,53% 7,29%

*Scheme performed according to Table 1.
**Means followed by equal letters on columns are not significantly different among light
treatments according to Tukey’s test (ps 0.05).

Although essential for photosynthesis and consequently for plant survival, light
may also cause abiotic stress if these conditions are outside the tolerance range of the
plant. Photosystem II (PSII) plants are vulnerable to ROS under all light conditions,
especially under extreme light ratios (Murata et al., 2007). Under light stress conditions,
an excessive amount of accumulated energy results in ROS production in leaves (Cakmak;
Kirkby, 2008), and photooxidative damage caused by ROS is responsible for chlorosis and
lipid peroxidation of cellular membranes (Sevengor et al., 2011). Considering this, the
quantification of enzymes that are part of the antioxidant system may clarify the results
until now.

The results of the quantification of SOD, CAT, and APX enzymes in seeds and
seedling lettuce plants grown under the three light treatments are shown in Figure 4. SOD
activity was greater in the seeds (control treatment) than in the seedlings. Light treatment
did not influence the SOD activity of the lettuce plants, as there was no significant
difference among the light treatments (Figure 4a). Similarly, for CAT activity, there were
no significant differences among the light treatments, with seeds (control treatment)
exhibiting greater CAT activity (Figure 4b). Catalase converts H20-2 to water and
molecular oxygen (Noctor et al., 2000), which is a complementary function of SOD;
consequently, the results of both enzymes corroborate each other.

In contrast to those in the SOD and CAT treatments, the APC activity in the light
treatment group was greater than that in the seed group (Figure 4c). This indicates that
hydrogen peroxide was produced in the lettuce seedlings and was decomposed mostly by
APX. This enzyme acts similarly to CAT, using ascorbate as an electron donor; however,
ascorbate has a greater affinity for H202 than does catalase (Sharma et al., 2012). Similar
results were found by Zha et al. (2020), who reported higher APX activity in lettuce plants
under high-intensity light. Light intensity directly influences ascorbate quantity, where
an increase in irradiance intensity leads to an increase in ascorbate content (Dowdle et
al., 2007; Fukunaga; Fujikawa; Esaka, 2010).

The expression of the enzymes evaluated in this research corroborates the findings
of previous studies showing that light is a source of stress, where the higher the light
intensity and duration are, the greater the ROS production (Heyneke et al., 2013). The
results of the present study showed that light treatments did not cause any stress to the
seedlings, indicating that analysis of the antioxidant system can be used as an indicator
of stressful conditions in plants (Alscher, 2002).
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Figure 4. Quantification of the activity of superoxide dismutase (SOD) (a), catalase (CAT) (b), and
ascorbate peroxidase (APX) (c) enzymes in seedlings developed under three light treatments and a
control treatment (seeds). Means followed by equal letters are not significantly different among light
treatments according to Tukey’s test (p< 0.05).

Light can be a viable way to improve plant productivity (Velez-Ramirez et al.,
2011). The total light amount that a plant can receive within 24 hours is called the daily
light integral (DLI) and is a species-related value. Constant light may excessively increase
the DLI, and consequently, stress conditions will be imposed on the plant. This stressful
condition results in ROS accumulation from excessive energy and reactions in
chloroplasts (Heyneke et al., 2013). These findings corroborate the results of our research,
which indicate that no stressful conditions were applied to the plants, at least not at a
level that may result in prejudices on plant growth. Additionally, in addition to the lack
of differences in the light spectrum used for seed germination, seedling growth was
influenced by the light, which highlights that production is affected by light and,
consequently, the necessity of testing to improve profit.

4 CONCLUSIONS

Red light improves the speed of seed germination but not the percentage of
germination.

A combination of red + blue lights stimulate lettuce seedling growth and
consequently may be appropriate for seedling production.

Due to the positive effects of white light on shoot growth, the combination of white
and colorful lights may be a useful option.
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No photooxidative stress was observed when the plants were exposed to colored
(red + blue) lights for seven days after sowing (12 h photoperiod).
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