
Abstract
The spectrum and intensity of light play a significant role in

the primary and secondary metabolism of plants. Low intensity
can make the photosynthetic process less efficient, while inade-
quate spectrum can impair plant growth and quality. This study
investigates the effect of different LED light spectra at low inten-
sity on germination and growth of lettuce (Lactuca sativa L.)
seedlings under a temperature-controlled chamber and the subse-
quent impact on mature plants grown in a greenhouse under natu-
ral light. The purpose was to reach a commercial plant seedling
using a low amount of energy to achieve the yield potential in a
shorter period. The experiment was carried out in three trials. In
trial 1, the effect of different LED light wavelengths [100% blue

(B); 100% red (R); mixed light 1 (52% blue, 27% green and 21%
red) (BGR1), and mixed light 2 (29% blue, 53% green and 17%
red and 1% far red) (BGR2)] at low intensity (55 µmol m–2 s–1 and
12 h light photoperiod) and darkness (control) on germination of
two lettuce cultivars [‘Levistro’ (green) and ‘Carmolí’ (red)] was
evaluated in a controlled temperature chamber (20±1.2°C). In trial
2, the effect of the same light conditions of the first experiment on
agronomic characteristics and pigment contents of lettuce
seedlings compared to the natural light (control: 451±66 µmol m–2

s–1) were evaluated. In trial 3, the seedlings developed under dif-
ferent LED light wavelengths were transplanted to evaluate the
subsequent effect on the growth of baby lettuce cultivated hydro-
ponically in the greenhouse under natural light. The results of this
study show that red wavelength reduced germination percentage,
while lights with a higher blue component (B and BGR1) acceler-
ated germination and increased the number of germinated seeds in
‘Levistro’. Red also delayed germination and decreased the num-
ber of germinated seeds in ‘Carmolí’ compared to darkness.
Seedlings of ‘Levistro’ had a higher fresh weight (FW) than
‘Carmolí’. In addition, FW increased under BGR2 and R, which
coincided with the highest number of leaves and leaf length.
Nevertheless, fresh weight was higher under BGR2 and B after
transplanting, coinciding with the highest number of leaves. A
higher blue component of the light (B and BGR1) increased the
dry matter percentage (DMP) of seedlings, but there was no sig-
nificant difference after transplanting. Chlorophyll (CHL) a and b
content increased under BGR2; however, the highest CHL a/b
ratio was observed under BGR1 in ‘Levistro’ and B in ‘Carmolí’,
but it was higher after transplanting when seedlings were grown
under B. The anthocyanin (ANT) content of ‘Carmolí’ seedlings
was promoted by a higher blue component of the light (B and
BGR1) but significantly increased under natural light (control) at
the highest intensity. This work shows that varying the spectrum
at low intensity can positively modify the growth and biochemical
characteristics of lettuce seedlings, although the effect depends on
the cultivar. This modification improves the performance of plants
during greenhouse growth after transplanting, especially seedlings
grown under B and BGR2.
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Highlights
- Blue light enhanced germination and increased the number of germinated seeds of green lettuce.
- High blue component lights improved the morphology, dry matter percentage, and chlorophyll a/b ratio of lettuce seedlings.
- Blue and full-spectrum lights applied to lettuce seedlings affect fresh weight after transplanting. 
- The anthocyanin content of seedlings was stimulated by blue light at 55 µmol m–2 s–1, but even more so by PAR of natural light at 451

µmol m–2 s–1. 
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Introduction
Lettuce (Lactuca sativa L.) is one of the most popular leafy

vegetables and an important commercial species grown worldwide
(Pérez-López et al., 2013; Kim et al., 2016). Its good taste, low
price, and high nutritional content make lettuce highly valued
(Pérez-López et al., 2013). Furthermore, its seedling stage is an
essential operation in crop production (Dusadeerungsikul et al.,
2020) since a high-quality, healthy, and vigorous seedling allows
growers to achieve the maximum potential yield in a shorter period
(Gregorio et al., 2010; Balliu et al., 2017; Song et al., 2019).
However, limited studies have been conducted on the effects of the
light spectrum at low intensity on the germination and develop-
ment of lettuce seedlings, alongside the subsequent impact on let-
tuce growth in the greenhouse that mainly affects posterior agro-
nomic characteristics and yield of mature plants. 

Light is a form of energy and can vary in quality (colour or
wavelength distribution), quantity (intensity, or the amount of
energy), and duration (photoperiod) (López et al., 2017). The light
intensity is an important variable to consider since a higher inten-
sity is correlated with higher electricity consumption (Cui et al.,
2021). Therefore, a low light intensity can be most advantageous
from this point of view. Optimizing intensity, spectrum, and pho-
toperiod could accelerate plant growth (Cui et al., 2021) and max-
imize harvestable yield (Kelly et al., 2020). According to Kozai
and Niu (2020a), a relatively low light intensity of 100 to 300 µmol
m–2 s–1 is required in indoor systems. However, this type of electric
lighting system incurs high capital and operating costs (Kelly et
al., 2020). Kozai and Niu (2020a) mentioned that electricity con-
sumption for lighting to increase the dry mass of plants reached
about 20 to 30% of total costs (Kozai and Niu, 2020b). For the pro-
duction of annual herbaceous plants, the recommended intensity is
95 to 140 µmol m–2 s–1 (Currey et al., 2012), while for cucumber
seedlings, it is 110 to 125 µmol m–2 s–1 (Cui et al., 2021). Various
studies have been conducted on lettuce with intensities above 100
µmol m–2 s–1 (Hoenecke et al., 1992; Johkan et al., 2010; Chen et
al., 2014). Nevertheless, studies on lettuce with lower intensities
than 95 µmol m–2 s–1 are limited, although some reported higher
nitrate content in leaf vegetables associated with a lower nitrate
reductase enzyme activity at an intensity between 52 and 117 µmol
m–2 s–1 (Nájera and Urrestarazu, 2019).

The light spectrum can exert an action on different stages of
plant growth. In lettuce seeds, Cantliffe et al. (2000) mentioned
that germination of some genotypes is controlled by light; specifi-
cally, red light plays a promoting role (Contreras et al., 2009; Neff,
2012). In seedling production, vegetables prefer blue to red light,
but for vegetative growth after transplanting, vegetables prefer red
light to blue light (Kozai, 2020). On the other hand, Hernández and
Kubota (2014) mentioned that blue-red LED supplemental light
caused modifications in cucumber seedlings’ morphological
parameters and photosynthetic pigment contents. Specifically, blue
light decreased hypocotyl length and increased CHL content per
leaf area, net photosynthetic rate, and stomatal conductance
(Hernández and Kubota, 2016). In lettuce, seedling growth was
promoted under fluorescent lights plus red or blue LED lights
while inhibited under monochromatic blue LED light (Chen et al.,
2014). Similarly, blue light prevents the extension and elongation
of lettuce seedlings when they are irradiated with monochromatic
red light (Hoenecke et al., 1992). 

The light spectrum can modify several characteristics in
mature lettuce plants (full-grown). For example, fresh and dry
weights can be improved by combined red and blue LED lights

(Lin et al., 2013; Bian et al., 2016; Lee et al., 2016; Naznin et al.,
2019), particularly when the infrared or blue spectrum was
increased in the combination of red and blue LED light (Lee et al.,
2016; Naznin et al. 2019). Also, the red light can increase fresh and
dry weights in green and red lettuce plants (Son and Oh, 2013).
However, the light absorption could be different between red and
green cultivar lettuces exposed to various spectra, provoking vari-
ation in the photosynthesis efficiency (Lee et al., 2017). Likewise,
natural antioxidant pigments such as chlorophylls (CHLs),
carotenoids (CAR), and anthocyanins (ANTs) can be modified by
the light spectrum. A combination of red and blue LEDs improved
CHL content in lettuce (Lee et al., 2016; Choong et al., 2018) and
red light alone (Son and Oh, 2013). However, Lin et al. (2013) and
Proshkin et al. (2020) did not find significant differences in pig-
ment contents (CHL a, b, and CAR) regardless of the light spec-
trum. On the other hand, Proshkin et al. (2020) indicated that under
low light conditions in a greenhouse and a minor blue light frac-
tion, red lettuce leaves tend to remain green as ANT accumulation
is lower. Other studies showed that a combination of red and blue
or red, blue, and green LED lights induced ANTs contents (Stutte
et al., 2009). In contrast, others mentioned that blue light alone was
sufficient to induce ANTs synthesis (Petrella et al., 2016).
Literature results showed the dissimilar susceptibility of lettuce
types to the spectral composition of light (Lee et al., 2017;
Proshkin et al., 2020).

The present study evaluates the differences in germination and
seedling characteristics under different red and blue LED lights in
a constant temperature chamber and the subsequent effect on baby
leaf lettuce growth in a greenhouse under natural light. The prima-
ry purpose is to lead to a complete understanding of the growth and
phytochemical plant responses to define the appropriate spectrum
of light to increase and advance germination, reach a better quality
of the seedlings, and higher yield in baby leaf lettuce.

Materials and methods
In this work, a separate experiment was conducted in three tri-

als to determine LED light effects of different wavelengths. First,
simulated seed germination was performed, followed by a second
seedling trial in which cultivars of green and red lettuces were cul-
tivated at a controlled temperature under different LED light wave-
lengths. Finally, the subsequent effect on plant growth was tested
in the greenhouse in early autumn. Both cultivars, ‘Levistro’
(green) and ‘Carmolí’ (red), belong to the type of lettuce named
Lollo (Lactuca sativa var. acephala) and are characterized by loose
leaves, curled edges, and wavy lamina. In addition, green and red
cultivars were studied to evaluate the content of pigments (CHLs,
CAR, and ANTs) in plant response to light quality. Trials 1 and 2
were conducted at a controlled temperature under a growth cham-
ber with LED light treatments. Trial 3 was conducted in a green-
house at the Faculty of Agricultural Sciences at the University of
Chile (33° 34’ S, 70° 38’ W, Santiago, Chile).

Trial 1. Lettuce seed germination 

Experimental treatment conditions 
Seeds of green and red lettuce were germinated on four layers

of water-saturated papers in Petri dishes. Each Petri dish had 50
seeds of each cultivar. The Petri dishes were placed in a controlled
temperature growth chamber (20±1.2°C), 34±8% relative humidi-
ty, and under different LED light treatments. The light treatments
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included four different wavelengths, and darkness was used as
control. For light treatments, LED lamps of different wavelengths
composition were used. The spectrums were 100% blue light (B);
100% red light (R); mixed light 1 (52% blue, 27% green and 21%
red) (BGR1) and mixed light 2 (29% blue, 53% green and 17% red
and 1% far red) (BGR2). Lamps were automatically switched-on
for 12 h (8:00 a.m. to 8:00 p.m.). The light intensity of each lamp
was adjusted using a dimmer at 55 µmoles of photons m–2 s–1. The
LEDs’ spectral energy distribution scans were recorded at 380 to
780 nm (Figure 1). Using a lighting passport (Asense Tek,
Taiwan), the PPFD was regulated under the lamps at the level of
the plants. LED light treatments were spatially separated from each
other by 0.5 m of space. After four days under light treatments and
only when seeds reached a radicle length of ≥3 mm, seedlings were
considered to have germinated (ISTA, 1999). 

Lettuce seed germination measurements

Germination percentage
Germination percentages (GP) were calculated according to

the following equation:

GP = (N/Nt)*100                                                                       (1)

N and Nt were the germinated seeds per day till day 4 and the
total number of seeds sown at the beginning, respectively.

Coefficient of the velocity of germination
Coefficient of the velocity of germination (CVG) was used as

the number of days in which maximum germination was reached.
CVG was calculated according to the equation adapted from
Rodríguez et al. (2008). 

CVG = Σ (Ni · Di)/Σ Ni                                                            (2)

where Ni and Di were the number of seeds germinated on the day
i (i = 1, 2, 3 y 4) and time since sowing (days), respectively.

The velocity of germination 
Velocity of germination (VG) indicates the number of seeds

that germinated daily. VG was calculated according to the
González-Zertuche and Orozco-Segovia (1996). 

VG = Σ (Ni)/Σt                                                                          (3)

where Ni and t were the number of seeds germinated on the day i
and germination time from sowing to germination of the last ger-
minated seed, respectively.

Statistical analysis for germination measurements
The trial was set up in a completely randomized design with a

factorial structure of 5×2 with four repetitions. Each repetition was
an independent Petri dish, and each dish had 50 lettuce seeds. The
first factor was the spectrum of LED light, which had five levels:
100% blue (B; peak: 466 nm), 100% red (R; peak: 635 nm), mix
light 1 (BGR1: 52% blue, 27% green and 21% red; peak: 467 nm),
and mix light 2 (BGR2: 29% blue, 53% green, 17% red and 1%
far-red; peak: 452 nm) plus the control (darkness). The second fac-
tor corresponded to the lettuce cultivar: ‘Levistro’ (green) and
‘Carmolí’ (red). Results are reported as the mean±standard error
(SE) values. The data were evaluated by two-way analysis of vari-
ance (ANOVA) (F test P≤0.05). The normality of the residuals was
checked by the Shapiro Wilk test (P≤0.05). The homogeneity of

variance was checked by Bartlett’s test and the residuals’ indepen-
dence by descriptive analysis. The differences among the means
were compared by LSD Fisher’s test (P≤0.05). Statistical analyses
were performed with INFOSTAT version 2008. 

Trial 2. Lettuce seedling growth 

Experimental treatment conditions
Lettuce seeds were sown in seedling trays of 98 cells filled

with a mixture of peat and perlite growing medium (1/1=v/v). Each
tray was transferred into a controlled temperature growth chamber
(20±1.2°C), 44±3.7% relative humidity, and under different LED
light treatments. The same light treatments (55 µmoles of photons
m–2 s–1 ×12 h) mentioned above were used. In addition, control
was natural light condition applied in a plastic greenhouse with
451±66 µmoles of photons m–2 s–1 and a photoperiod of 12.2 h at
the beginning of the autumn season. The spectral characteristic of
each light treatment applied to seedlings is shown in Figure 1.
Seedlings were irrigated daily with tap water until the root length
reached 5 to 6 cm [30 days after sowing (DAS)]. 

Biomass measurements
Biomass production was measured on day 30 as fresh weight

(FW) and dry matter percentage (DMP). First, the leaves were
weighed using an analytical balance (RADWAG, AS/100/C/2,
Radom, Poland) and recorded as FW. Then, the leaves were dried
at 70°C in an air circulating oven (LabTech, model LDOS50F,
Korea) until dry weight (DW) was constant. Finally, the leaf num-
ber and leaf length were measured at 30 DAS of all leaves of each
seedling from petiole insertion to apex using a ruler.

Pigments content measurements
The method described by Lichtenthaler and Wellburn (1983)

was used to measure the CHLs (CHL a and CHL b) and CAR con-
tents. First, 100 mg of leaf tissue was subjected to extraction in 2
mL of 96% (v/v) ethanol and centrifugation at 7300 g for 5 min at
4°C (Hermle Brand centrifuge model Z326K, Wehingen,
Germany). Then, the absorbance was measured using a microplate
reader (Asys UVM 340, Biochrom, Cambridge, UK). 
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Figure 1. Light spectrum used in the experiment: 100% blue (B;
peak: 466 nm); 100% red (R; peak: 635 nm); mix light 1 (BGR1:
52% blue, 27% green and 21% red; peak: 467 nm); mix light 2
(BGR2: 29% blue, 53% green, 17% red and 1% far red; peak:
452 nm) and control (natural light: 29% blue, 16% green, 29%
red and 26% far red; peak: 574 nm) for trial 3.
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The determination of the total anthocyanin content (TAC) was
performed only for ‘Carmolí’ (red) seedlings by spectrophotome-
try using the differential pH method according to the protocol
described previously by Giusti and Wrolstad (2001) and Nabli et
al. (2013) with some modifications. On 100 mg of leaf tissue, an
extraction in 2 mL of methanol acidified with 1% HCl for 24 h at
5°C was made. Subsequently, the extract was centrifuged at 7300
g for 10 min at 4°C (Hermle Brand centrifuge model Z326K,
Wehingen, Germany). Each sample obtained after extraction was
divided into two aliquots diluted with the corresponding buffer
solutions at pH 1 and 4.5. The absorbance readings were measured
at 510 and 700 nm using a microplate reader (Asys UVM 340,
Biochrom, Cambridge, UK). Total anthocyanin content in each
sample was calculated using the following expression:

TAC (mg L–1) = (A×MW×DF×1000)/(ε×l)                             (1)

where A was calculated as (A510nm - A700nm)pH1.0 - (A510nm -
A700nm)pH4.5; MW corresponded to the molecular weight of cyani-
din-3-O-glucoside (449.2 g mol–1); DF: dilution factor; l: optical
way and ε: molar extinction coefficient of cyanidin-3-O-glucoside
(20900 L mol–1 cm–1). TAC was expressed in µg of ANT per g of
leaf powder of DW.

Statistical analysis for biomass and pigment content
measurements in seedlings

This part of the experiment was set up in a completely random-
ized design with a factorial structure of 5×2 with four repetitions.
Each repetition considered four independent 98 cells trays contain-
ing the same number of lettuce plants. The first factor was the
spectrum of LED light, which had five levels: 100% blue (B; peak:
466 nm), 100% red (R; peak: 635 nm), mixed light 1 (BGR1: 52%
blue, 27% green and 21% red; peak: 467 nm), and mixed light 2
(BGR2: 29% blue, 53% green, 17% red and 1% far-red; peak: 452
nm) plus the control (natural light). The second factor correspond-
ed to the lettuce cultivar: ‘Levistro’ (green) and ‘Carmolí’ (red).
Results were reported as the mean±standard error (SE) values of
four biological replicates (n=4). Data were evaluated by two-way
analysis of variance (ANOVA) (F test P≤0.05). The normality of
the residuals was checked by the Shapiro Wilk test (P≤0.05). The
homogeneity of variance was checked by Bartlett’s test and resid-

uals independence by descriptive analysis. Finally, the differences
between the means were compared by LSD Fisher’s test (P≤0.05).
Statistical analyses were performed with INFOSTAT version 2008.

Trial 3. Lettuce plant growth 

Experimental treatment conditions
All seedlings from different LED light treatments grown in the

chamber and control (natural light) from the greenhouse were
transplanted to an NFT (nutrient film technique) hydroponic sys-
tem under the same plastic greenhouse. The entire growing period
was carried out in a plastic chapel greenhouse 8 m wide, 33 m
long, and 5.8 m at zenith height. A polyethylene film on the top and
sides 200 µm thick with more than 90% of global light transmis-
sion was used to cover the greenhouse. The NFT was formed by 8
0.15×0.07 m and 7 m in length pipes. The plants were transplanted
when the seedlings developed 2nd to 3rd true leaves with a root
length of 5 to 6 cm that enabled contact with the nutrient solution
(30 DAS). The nutrient solution is described in Table 1 (Lara et al.,
2021). It was kept in constant recirculation, reaching a dissolved
oxygen concentration between 8.2 to 9.2 mg L–1 measured by an
oxygen meter (Oxyguard Handy Polaris, Denmark). The pH was
kept between 5.6 and 5.8 and measured with a potentiometer
(Hi99301, Hanna Instruments, USA). Adjustments to the pH
parameter were made with a prepared acid solution (1.2% phos-
phoric acid +3.8% nitric acid +95% water). Electrical conductivity
was maintained between 2.0 and 2.3 mS measured with a conduc-
tivity meter (Hi99301, Hanna Instruments, USA).

Each seedling on a 3×3 cm sponge (polyfoam) square was
placed on the NFT system at a density of 46 plants per m2. 9 plants
from each light treatment were replicated three times at the same
time on 1 NFT system. The harvest was done after 14 days from
transplant with stainless steel scissors when plant leaves reached a
maximum length of 10 cm. 4 plants per experimental unit were
harvested to perform the measurements. The ambient conditions
during the culture were 20.5±3.3°C and 351±95.6 µmoles m–2 s–1

(Figure 2).

                   Article

Table 1. Composition of the nutrient solution used in the hydro-
ponic lettuce crop cycle.

Fertilizer                                            Concentration (g L–1)

Calcium nitrate                                                                   116.0
Magnesium nitrate                                                             221.0
Monopotassium phosphate                                             264.0
Potassium nitrate                                                               223.0
Ammonium nitrate                                                             140.0
Boric acid                                                                               0.4
Manganese sulphate                                                            1.2
Copper sulphate                                                                   0.1
Ammonium molybdate                                                        0.1
Zinc sulphate                                                                         0.1
Iron chelate (6% Fe)                                                           7.0

Figure 2. Diagram of the light treatments used during lettuce
seedling growth and subsequent cultivation. The light treatments
were: B (100% blue), R (100% red), BGR1 (52% blue, 27% green
and 21% red), BGR2 (29% blue, 53% green, 17% red and 1% far
red) and control (natural light: 29% blue, 16% green, 29% red
and 26% far red). All LED light and control treatments were
applied at 55 and 451 µmol m–2 s–1, respectively, during seedling
growth and natural light (351±95.6 µmoles m–2 s–1) when grown
in the greenhouse. 
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Biomass and pigment contents measurement
Biomass, leaf number, and pigment content were measured 44

days after sowing using the same methodology described above.

Statistical analysis for biomass and pigment content measure-
ments in plant

This part of the experiment was set up in a completely random-
ized design with a factorial structure of 5×2 with four repetitions.
Each repetition considered nine plants. The first factor was the
spectrum of LED light, which had five levels: 100% blue (B; peak:
466 nm), 100% red (R; peak: 635 nm), mixed light 1 (BGR1: 52%
blue, 27% green and 21% red; peak: 467 nm), and mixed light 2
(BGR2: 29% blue, 53% green, 17% red and 1% far-red; peak: 452
nm) plus the control (natural light). The second factor correspond-
ed to the lettuce cultivar: ‘Levistro’ (green) and ‘Carmolí’ (red).
Results were reported as the mean ± standard error (SE) values of
four biological replicates (n=4). Data were evaluated by two-way
analysis of variance (ANOVA) (F test P≤0.05). The normality of
the residuals was checked by the Shapiro Wilk test (P≤0.05). The
homogeneity of variance was checked by Bartlett’s test and the
residuals’ independence by descriptive analysis. The differences
between the means were compared by LSD Fisher’s test (P≤0.05).
In addition, a correlation analysis was performed to determine the
relationship between seedling biomass and plant biomass.
Statistical analyses were performed with INFOSTAT version 2008.

Results

Trial 1. The germination of lettuce seeds is affected by
the wavelength of the LED light

Germination percentage
In comparison with darkness, the GP was significantly affected

only by Red light treatment (Table 2). Specifically, the GP under
Red light was 97.5%, while under dark was 99.5%, which implied
a decrease of 2%.

Coefficient of the velocity of germination
CVG was significantly affected by the interaction of light ×

cultivar, i.e., the effect of light depended on cultivar. Light treat-
ments with a higher proportion of blue light (B and BGR1)
decreased CVG in ‘Levistro’ (green) compared to control in dark-
ness, which means that the seeds germinated 12 hours earlier
(Table 2). At the same time, R increased CVG in ‘Carmolí’ (red),
which means the seeds germinated 12 hours later. In addition,
compared to ‘Carmolí’ (red), ‘Levistro’ (green) decreased the CVG
significantly under light treatments, except for the darkness control
(Table 2).

Velocity of germination
A significant effect of interaction between light and cultivar

was recorded for VG (Table 2). Compared to darkness control,
‘Levistro’ (green) seeds under BGR1 and B raised the VG signifi-
cantly by 56 and 42%, respectively, whereas in ‘Carmolí’ (red) R
decreased, the VG considerably by 19.1% (Table 2). On the other
hand, ‘Levistro’ (green) increased the VG significantly under light
treatments compared to ‘Carmolí’ (red), except for the control
(Table 2).

Trial 2. Lettuce growth is affected by the wavelength of
the LED light

Biomass and morphology of lettuce seedlings 
The biomass (i.e., fresh weight and dry matter percentage) and

morphology (leaf length and leaf number) of green and red lettuces
seedlings are described in Tables 3. The FW of seedlings was sig-
nificantly affected by both LED light treatments and cultivars
without significant interaction between the two factors. Compared
to natural light (control), the FW of seedlings of both cultivars
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Table 2. Values of germination (%) (GP), coefficient of the velocity of germination (CVG), and velocity of germination (VG) of lettuce
cv. ‘Levistro’ (green) and ‘Carmolí’ (red) seeds under different light treatments: B (100% blue), R (100% red), BGR1 (52% blue, 27%
green and 21% red), BGR2 (29% blue, 53% green, 17% red and 1% far red) and control (darkness). All LED light treatments were
applied at 55 µmol m–2 s–1.

Factor                                           Level                                  GP (%)                            CVG (days)                            VG (N° seeds days–1)

Light treatments (L)                                   B                                               100.0±0.0a                                        1.8±0.1c                                                        29.7±2.8a
                                                                          R                                                97.5±1.0b                                         2.3±0.2a                                                        25.5±3.7b
                                                                      BGR1                                            99.8±0.4a                                        1.9±0.2bc                                                       30.5±4.0a
                                                                      BGR2                                            99.8±0.4a                                        2.0±0.2bc                                                       25.9±2.2b
                                                                    Control                                          99.5±0.4a                                        2.1±0.1ab                                                       24.4±0.9b

Cultivar (C)                                              Levistro                                           99.3±0.6                                          1.8±0.1b                                                        31.3±2.8a
                                                                    Carmolí                                           99.3±0.8                                         2.2± 0.2a                                                       23.1±1.4b

L × C                                                        B Levistro                                        100.0±0.0                                       1.6±0.07de                                                    34.4±0.92ab
                                                                  B Carmolí                                        100.0±0.0                                       2.0±0.01bc                                                    24.9±0.03de
                                                                  R Levistro                                         98.0±0.8                                        2.0±0.15bc                                                    31.2±1.42bc
                                                                  R Carmolí                                         97.0±1.3                                         2.6±0.17a                                                       19.9±0.8f
                                                              BGR1 Levistro                                     99.5±0.5                                         1.5±0.06e                                                     37.8±0.68a
                                                              BGR1 Carmolí                                    100.0±0.0                                        2.2±0.04b                                                     23.3±0.15ef
                                                              BGR2 Levistro                                    100.0±0.0                                       1.8±0.04cd                                                    29.0±0.44cd
                                                              BGR2 Carmolí                                     99.5±0.5                                         2.3±0.23b                                                     22.9±1.01ef
                                                            Control Levistro                                   99.0±0.5                                        2.1±0.02bc                                                    24.2±1.29ef
                                                            Control Carmolí                                  100.0±0.0                                       2.1±0.01bc                                                    24.6±1.41de

F-test                                                               L                                                        *                                                       *                                                                     *
                                                                          C                                                      NS                                                     *                                                                     *
                                                                      L × C                                                  NS                                                     *                                                                     *
a-fMean separation within columns by LSD Fisher’s multiple range test (P≤0.05); mean (n=4) ±standard error. NS, not significant.
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increased significantly under BGR2 and R by about 30.8% and
19.2%, respectively, in ‘Levistro’ (green) and by 15% and 25%,
respectively in ‘Carmolí’ (red) (Table 3). Among both cultivars, the
FW of ‘Levistro’ (green) seedlings was significantly higher than
‘Carmolí’ (red) seedlings. 

The effect of light on the seedling’s DW depended on the inter-
action light × cultivar (Table 3). In ‘Levistro’ (green) seedlings,
BGR1 and Blue promoted a higher DW than natural light (control)
by 24 and 18.8%, respectively. In ‘Carmolí’ (red), only BGR2
prompted a lower DW of seedlings than natural light (control) by
37.6%. 

The DMP of seedlings was affected by the interaction of light
and cultivar (Table 3). In particular, the DMP of ‘Levistro’ (green)
seedlings under BGR1 showed a significantly higher value
increase by 14.3% than natural light (control). Similar DPM values
between 10.2 and 10.5% under B, BGR1, and control were reached
in the ‘Carmolí’ (red) seedlings. At the same time, in both culti-
vars, DMP were significantly lower in R and BGR2 by 50.5 and
48.6%, respectively, in ‘Levistro’ (green) and by 29.4% and
37.3%, respectively, in ‘Carmolí’ (red) compared to control under
natural light. 

A significant effect of the interaction of light and cultivar was
recorded for leaf length of seedlings, i.e., the impact of light
depended on the cultivar (Table 3). Compared to natural light (con-
trol), leaf length was significantly longer under R by about 279%
in ‘Levistro’ (green) and 174% in ‘Carmolí’ (red). For B and
BGR2, leaf length enhancement was also observed compared to
control in both cultivars, while BGR1 reached the lowest values. 

Pigment content of the lettuce seedlings 
The pigment content of seedlings is reported in Table 5. CHL

a, CHL b, and CAR were affected by the interaction of light and
cultivar, where the effect of light depended on cultivar. Compared
to control, BGR2, BGR1, and B enhanced the CHL a content in

both cultivars. On the other hand, in ‘Levistro’ (green), the CHL
content under R was similar to the control while ‘Carmolí’ (red)
under R decreased it. Concerning CHL b content and compared to
control, in ‘Levistro’ (green), BGR2 followed by B increased the
content of this pigment; meanwhile, in ‘Carmolí’ (red), the same
effect was observed under BGR2 followed by BGR1. On the other
hand, for ‘Levistro’ (green), the lowest values were observed in
control, followed by BGR1, while ‘Carmolí’ (red) grown in R
showed the same effect. In addition, ‘Carmolí’ (red) had a signifi-
cantly higher CHL b content than ‘Levistro’ (green). Regarding
CAR content, both cultivars showed an increase under BGR2 and
BGR1 compared to the control. In contrast, the lowest content was
observed in R light. Between cultivars, ‘Carmolí’ (red) had a high-
er carotenoid content than ‘Levistro’ (green). 

Also, the CHL a/b ratio was affected by the interaction of the fac-
tors light and cultivar (Table 5). Seedlings of ‘Levistro’ (green) under
BGR1 increased CHL a/b ratio compared to all LED light treatments,
while R and BGR2 decreased it. Seedlings of ‘Carmolí’ (red) under
B enhanced CHL a/b ratio compared to all LED light treatments. 

Anthocyanin content was measured only in ‘Carmolí’ (red) and
was affected significantly by LED light treatments (Figure 3).
Total anthocyanin content was substantially higher in control,
while the values were the lowest in R. Moreover, a high blue com-
ponent in light (>52%) at low PAR promoted the ANT accumula-
tion of ‘Carmolí’ (red) seedlings more than BGR2 and R (Figures
3 and 4).

Trial 3. Lettuce growth after transplanting is affected
by the wavelength of the LED light applied during
seedling rearing

Biomass and morphology of lettuce plants
The biomass and leaf number of green and red lettuces plants

are described in Table 4. LED light treatments applied during
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Table 3. Fresh weight, dry weight, dry matter percentage, leaf length, and leaf number of seedlings of lettuce cv. ‘Levistro’ (green) and
‘Carmolí’ (red) grown under different light treatments: B (100% blue), R (100% red), BGR1 (52% blue, 27% green and 21% red),
BGR2 (29% blue, 53% green, 17% red and 1% far red) and control (natural light: 29% blue, 16% green, 29% red and 26% far red).
All LED light treatments and control were applied at 55 and 451 µmol m–2 s–1, respectively.

Factor                            Level               Fresh weight                   Dry weight                 Dry matter               Leaf length        Leaf number
                                                           (mg seedling–1)            (mg seedling–1)                  (%)                         (cm)               seedling–1

Light treatments (L)                B                          260.9±25.3ab                                30.2±4.1ª                             10.9±0.6a                            5.2±0.3c                      2.0±0.1b
                                                      R                           288.0±44.6a                                18.2±3.4b                              6.2±0.8b                            11.6±0.8a                     2.6±0.2a
                                                  BGR1                       243.6±29.7b                                30.2±5.2ª                             11.2±0.9a                            2.9±0.3e                      2.2±0.1b
                                                  BGR2                       289.7±43.5a                                15.3±1.9b                              5.9±0.8b                             7.6±0.4b                      2.6±0.2a
                                                Control                     230.2±22.3b                                26.7±3.5ª                             10.4±0.6a                            3.6±0.3d                      2.0±0.1b

Cultivar (C)                          Levistro                     297.7±35.2a                                27.8±5.7ª                               8.9±1.6                             6.4±1.8a                       2.2±0.2
                                                Carmolí                     227.2±26.3b                                20.5±2.8b                               8.9±1.1                             6.0±1.5b                       2.3±0.2
L × C                                    B Levistro                    290.7±20.5                                 36.7±2.8ª                            11.3±0.3ab                           5.3±0.2d                       2.0±0.0
                                              B Carmolí                    231.1±20.9                                 23.7±1.9c                             10.5±0.4b                            5.0±0.1d                       1.9±0.2
                                              R Levistro                    307.1±44.8                                16.4±3.6de                             5.2±0.3d                            12.5±0.6a                      2.5±0.3
                                              R Carmolí                    268.8±44.8                                20.0±3.2cd                             7.2±0.3c                            10.7±0.6b                      2.6±0.3
                                          BGR1 Levistro                284.3±26.9                                 38.3±4.3ª                             12.0±0.1a                            3.1±0.2f                       2.2±0.2
                                          BGR1 Carmolí                202.9±14.6                                 22.1±1.6c                             10.3±0.1b                            2.6±0.1f                       2.2±0.2
                                          BGR2 Levistro                344.8±46.8                                16.6±2.2de                             5.4±0.4d                             7.6±0.4c                       2.5±0.2
                                          BGR2 Carmolí                234.6±11.0                                 14.1±1.3e                             6.4±0.8cd                            7.6±0.2c                       2.7±0.3
                                        Control Levistro              261.7±19.4                                 30.9±2.6b                             10.5±0.3b                           3.3±0.1ef                       2.0±0.2
                                        Control Carmolí              198.6±10.9                                 22.6±3.1c                             10.2±0.3b                            3.9±0.2e                       2.0±0.3
F-test                                           L                                    *                                                 *                                            *                                         *                                   *
                                                      C                                    *                                                 *                                          NS                                        *                                 NS
                                                  L × C                               NS                                               *                                            *                                         *                                 NS
a-fMean separation within columns by LSD Fisher’s multiple range test (P≤0.05); mean (n=4) ±standard error. NS, not significant.
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seedling growth had a subsequent effect on the biomass of plants
harvested 14 days after transplanting. Compared to natural light
(control), lettuce plants treated with B and BGR2 were significant-
ly heavier by 16.5% and 18.9%, respectively (Table 4).

The dry weight of plants at harvest after 14 days from transplanting

was significantly affected by both LED light treatment and cultivar with-
out significant interaction between the two factors (Table 4). Specifically,
only R significantly diminishes the DW of the plant compared to control
by 14.3%. Furthermore, ‘Levistro’ (green) showed a higher DW than
‘Carmolí’ (red). Nevertheless, no significant differences were found for
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Table 4. Fresh weight, dry weight, dry matter percentage, and leaf number of plants of lettuce cv. ‘Levistro’ (green) and ‘Carmolí’ (red)
grown in a greenhouse for 14 days after application of different light treatments during seedlings: B (100 % blue), R (100% red), BGR1
(52% blue, 27% green and 21% red), BGR2 (29% blue, 53% green, 17% red and 1% far red) and control (natural light: 29% blue,
16% green, 29% red and 26% far red). All LED light treatments and control were applied at 55 and 451 µmol m–2 s–1, respectively.

Factor                             Level                              Fresh weight                  Dry weight                     Dry matter                  Leaf number
                                                                                (g plant–1)                    (g plant–1)                           (%)                            plant–1

Light treatments (L)             B                                                     24.0±3.4a                                  1.6±0.2a                                     6.6±0.2                                  6.90±0.5a
                                                   R                                                     18.8±2.2b                                 1.2±0.3b                                     6.4±0.2                                   5.7±0.2c
                                                   BGR1                                              20.6±3.0b                                 1.4±0.2ab                                     6.8±0.3                                  6.6±0.6ab
                                                   BGR2                                              24.5±3.8a                                  1.6±0.1a                                     6.5±0.3                                   7.1±0.9a
                                                   Control                                          20.6±2.6b                                  1.4±0.2a                                     6.9±0.5                                   6.3±0.7b

Cultivar (C)                             Levistro                                         26.1±2.9a                                  1.7±0.2a                                     6.5±0.4                                   7.4±0.5a
                                                   Carmolí                                         17.3±1.6b                                 1.2±0.1b                                     6.8±0.2                                   5.6±0.4b

L × C                                         B Levistro                                      28.8±3.1                                   1.9±0.2                                      6.4±0.3                                   7.7±0.4b
                                                   B Carmolí                                      19.2±1.7                                   1.3±0.1                                      6.7±0.2                                   6.2±0.4c
                                                   R Levistro                                      22.3±1.5                                   1.4±0.1                                      6.1±0.2                                   6.1±0.3c
                                                   R Carmolí                                      15.3±1.1                                   1.0±0.1                                      6.7±0.2                                   5.2±0.2d
                                                   BGR1 Levistro                              24.5±2.4                                   1.6±0.2                                      6.6±0.3                                   7.4±0.3b
                                                   BGR1 Carmolí                               16.7±2.2                                   1.2±0.1                                      7.0±0.3                                  5.7±0.4cd
                                                   BGR2 Levistro                              30.6±2.8                                   2.0±0.3                                      6.4±0.4                                   8.6±0.3a
                                                   BGR2 Carmolí                               18.4±1.3                                   1.2±0.1                                      6.6±0.2                                  5.6±0.5cd
                                                   Control Levistro                          24.3±2.5                                   1.7±0.2                                      7.0±0.7                                   7.2±0.5b
                                                   Control Carmolí                           16.9±0.8                                   1.2±0.1                                      6.8±0.3                                   5.3±0.5d

F-test                                        L                                                             *                                               *                                                NS                                             *
                                                   C                                                             *                                               *                                                NS                                             *
                                                   L × C                                                   NS                                            NS                                              NS                                             *
a-dMean separation within columns by LSD Fisher’s multiple range test (P≤0.05); mean (n=4) ±standard error. NS, not significant.

Table 5. Chlorophyll a, chlorophyll b, carotenoids, and chlorophyll a/b ratio contents of seedlings of lettuce cv. ‘Levistro’ (green) and
‘Carmolí’ (red) grown under different light treatments: B (100 % blue), R (100% red), BGR1 (52% blue, 27% green and 21% red),
BGR2 (29% blue, 53% green, 17% red and 1%) and control (natural light: 29% blue, 16% green, 29% red and 26% far red). All LED
light treatments and control were applied at 55 and 451 µmol m–2 s–1, respectively.

Factor                                         Level                        Chlorophyll a              Chlorophyll b                  Carotenoids                 Chlorophyll a/b 
                                                                                     (µg g FW–1)                (µg g FW–1)                   (µg g FW–1)                          ratio

Light treatments (L)                                B                                        198.6±27.5c                            42.0±6.0b                                  53.7±7.8b                                   4.8±0.1b
                                                                       R                                       122.04±19.5e                           32.5±5.6c                                  34.9±5.2c                                   3.8±0.1d
                                                                   BGR1                                    220.5±37.4b                           45.2±10.8b                                 73.9±9.0a                                   5.3±0.4a
                                                                   BGR2                                    271.1±28.9a                           73.6±10.3a                                 70.5±7.7a                                   3.8±0.1d
                                                                 Control                                  143.3±24.5d                            36.1±8.4c                                  49.8±7.6b                                   4.2±0.3c

Cultivar (C)                                           Levistro                                 149.9±26.4b                            33.2±7.4b                                  46.8±9.3b                                   4.7±0.4a
                                                                 Carmolí                                 232.5± 38.9a                           58.5±10.6a                                 66.3±9.0a                                   4.0±0.3b

L × C                                                    B Levistro                               157.4±13.0b                            33.0±3.3b                                  40.6±3.0c                                   4.8±0.2b
                                                               B Carmolí                                240.0±22.2c                            50.9±4.6c                                  66.9±4.9b                                   4.7±0.1b
                                                              R Levistro                                106.8±13.4c                           27.6±3.6bc                                 29.6±3.4d                                   3.9±0.2c
                                                               R Carmolí                                 138.0±4.0e                             37.3±3.4d                                  40.1±3.1c                                   3.7±0.4c
                                                           BGR1 Levistro                            152.9±13.2b                            25.4±2.6c                                 67.9±11.5a                                  6.1±0.2a
                                                           BGR1 Carmolí                            288.1±17.0b                            65.1±4.8b                                  79.9±4.1a                                   4.5±0.1b
                                                           BGR2 Levistro                            230.3±14.4a                            58.3±4.5a                                  59.2±3.5b                                   4.0±0.1c
                                                           BGR2 Carmolí                            312.0±25.1a                            88.8±8.6a                                  81.9±6.4a                                   3.5±0.1d
                                                         Control Levistro                          102.2±10.1c                            21.6±2.9c                                  36.8±3.6d                                   4.8±0.2b
                                                         Control Carmolí                          184.4±15.4d                            50.7±5.2c                                  62.8±4.3b                                   3.7±0.1cd

F-test                                                            L                                                 *                                             *                                                 *                                                 *
                                                                       C                                                 *                                             *                                                 *                                                 *
                                                                   L × C                                             *                                             *                                                 *                                                 *
a-eMean separation within columns by LSD Fisher’s multiple range test (P≤0.05); mean (n=4) ±standard error.
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DW at plant harvest after 14 days from transplanting (Table 4). 
In lettuce plants grown in a greenhouse for 14 days, the num-

ber of leaves was significantly affected by the interaction of light
and cultivar. Specifically, plants originating from seedlings grown
under BGR2 and B increased the number of leaves in ‘Levistro’
(green) and ‘Carmolí’ (red), respectively. Furthermore, between
both cultivars, ‘Levistro’ (green) had a significantly higher leaf
number than ‘Carmolí’ (red) (Table 4).

Pigment content of the lettuce plants
The pigment content of post-transplant lettuce is reported in

Table 6. CHL a, CHL b, and CHL a/b ratio were affected by the
interaction of light on the cultivar. For ‘Levistro’ (green), CHL a
content was significantly higher under R than all other LED light
treatments. In ‘Carmolí’ (red), no significant differences were
observed in CHL. Furthermore, ‘Carmolí’ (red) seedlings had
higher CHL content than ‘Levistro’ (green) seedlings.

Regarding CHL b content, B decreased the concentration of
this pigment compared to control in both cultivars. In the same
way, R promoted the same effect in ‘Carmolí’ (red), reducing CHL
content. Comparing both cultivars, ‘Carmolí’ (red) showed a high-
er CHL b content than ‘Levistro’ (green). Regarding CHL a/b ratio,
R also decreased significantly this ratio compared to control, while
B showed the highest values with no significant differences from
the control. On the other hand, CAR content was affected only by
LED light treatments (Table 6), where R followed BGR2 promoted
a higher CAR content than the other LED light treatments.

Discussion

Germination of lettuce seeds is affected by the wave-
length of LED lights

Light is a crucial factor for lettuce seed germination (Cantliffe
et al., 2000; Neff, 2012; Paniagua et al., 2016). The light spectrum
mainly affects the germination percentage of the lettuce seeds
(Contreras et al., 2009). According to the results, high blue-con-

taining LED lights (BGR1 and B) resulted in a faster germination
process and more germinated seeds per day in ‘Levistro’ (green).
At the same time, R delayed germination and decreased the num-
ber of seeds germinated per day in ‘Carmolí’ (red) (Table 2), indi-
cating that the responses are cultivar dependent. Evenari et al.
(1957) found that the blue region of the spectrum exhibits effects
of promotion and inhibition of germination in lettuce seeds. Small
et al. (1979) mentioned that blue light could induce germination in
dormant lettuce seeds. Similarly, Shinomura et al. (1996) identi-
fied some responses to blue light through phytochrome A (phyA)
in Arabidopsis, irreversibly triggering seed germination photoin-
duction upon irradiation under irradiation with extremely low blue
light intensity. At the same time, Poppe et al. (1998) suggested the
role of phyA in promoting seed germination by blue light, which
reduces germination rates in the wild type and phyA mutants. The
same authors found that the quantitative induction of phyB
mutants through blue light was similar to treatment with white
light in the wild-type phyA and phyB mutants. This response
would demonstrate the dominant role of phyA in promoting seed
germination by blue light. On the other hand, red light promoted
seed germination by increasing phytochrome-mediated gibberellin
levels (Yamaguchi and Kamiya, 2002; Sawada et al., 2008),
although red light also activates phytochrome B (phyB) (Cho et
al., 2012). This study indicates that the seeds of both green and red
lettuce cultivars under R showed 2% lower results than control in
darkness, with a germination percentage of 97.5% (Table 2). This
germination percentage was substantially higher than that
observed by Sawada et al. (2008), who observed 80% germination
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Figure 3. Total anthocyanin content of lettuce cv. ‘Carmolí’ (red)
seedlings grown under different light treatments: B (100% blue),
R (100% red), BGR1 (52% blue, 27% green and 21% red), BGR2
(29% blue, 53% green, 17% red and 1%) and control (natural
light: 29% blue, 16% green, 29% red and 26% far red). All LED
light treatments and control were applied at 55 and 451 µmol 
m–2 s–1, respectively.

Figure 4. Morphology of seedlings of lettuce cv. ‘Levistro’ (green)
(A) and ‘Carmolí’ (red) (B) grown under different light treat-
ments. From left to right, plants treated with B (100% blue light);
R (100% red light); BGR1 (52% blue, 27% green and 21% red);
BGR2 (29% blue, 53% green, 17% red and 1%) and control (nat-
ural light; 29% blue, 16% green, 29% red and 26% far red). All
LED light treatments and control were applied at 55 and 451
µmol m–2 s–1, respectively.
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under red light in 'Grand Rapids' lettuce. The difference in results
may be since the effect of light depends on the species and cultivar
(Naznin et al., 2019). On the other hand, in ‘Levistro’ (green) and
‘Carmolí’ (red), germinability was stimulated mainly by high blue-
containing LED lights (B and BGR1), which denotes a significant
action of blue light.

Biomass and morphology of seedlings and lettuce
plants are affected by LED light wavelength

According to this study, LED light treatments and cultivar
affected the FW of seedlings, while the interaction of light and cul-
tivar affected DMP and leaf length. R and BGR2 promoted a high-
er FW in lettuce seedlings given to excessive leaf elongation
(Table 3; Figure 4), especially under R. Similarly, Tosti et al.
(2018) observed that red light increased lettuce growth, whereas
Battistoni et al. (2021) observed a positive impact on FW of
spinach. Ngilah et al. (2018) found etiolated and long narrow
leaves of ‘Red Fire’ lettuce grown under monochromatic red light
after three weeks. Red light favored leaf cell expansion (Tosti et
al., 2018), promoted shoot length in wheatgrass (Benincasa et al.,
2020), and hypocotyl growth in cucumber seedlings (Hernández
and Kubota, 2016). A low red/far-red ratio effectively inhibits
hypocotyl growth via phyA; therefore, a higher proportion of red
light would stimulate hypocotyl elongation (Casal et al., 2014).
This effect of the red wavelength would explain the excessive
elongation of the seedlings found in this present study under R
(Figure 4). In contrast, hypocotyl elongation was significantly
inhibited by the increased intensity of blue light (Kwack et al.,
2015). Likewise, Hernández and Kubota (2016) indicated that
cryptochromes inhibit hypocotyl elongation, consistent with the
short stems observed in both cultivars grown in B and BGR1.
According to these results, hypocotyl elongation inhibition under
blue light was crucial in developing seedlings by maintaining the
quality and characteristic rosette shape of green and red lettuces.

Notably, LED light treatments applied during seedling growth had
a subsequent effect on the plant biomass harvested 14 days after
transplanting. Lettuce plants grown in the greenhouse whose
seedlings were treated previously with B and BGR2 were signifi-
cantly heavier than the other plants treated with the other LED
light treatments at the harvest. The higher FW of the plants in the
greenhouse would be explained by the higher FW of the seedlings
after the light treatments. Due to the FW correlations between
plants and seedlings reached moderate coefficients (for B: r=0.47
(P=0.05) and R2=0.2131; for BGR2: r=0.66 (P=0.0027) and
R2=0.4326) other factors could also elucidate the values for B and
BGR2. For example, the higher number of leaves and the high
CHL a/b ratio would account for the weight gain. A high CHL a/b
ratio directly influences the photosynthetic capacity of plants (Li et
al., 2018). While the stomatal aperture is stimulated by blue light
(Hernández and Kubota, 2016), the stomatal conductance is
increased by exposure to red light, and weak blue light superim-
posed on red light-induced further stomatal opening (Hosotani et
al., 2021). Therefore, there is a synergistic action between the blue
and red fraction of light concerning stomatal behaviour. In con-
trast, the plants whose seedlings were grown under R showed the
lowest FW at harvest even though the seedlings grown in the
chamber under R showed the highest FW versus natural light (con-
trol). Seedlings grown under R showed a lower DW, which would
indicate that the higher FW was due to higher water content.
Consequently, a lower DMP was also observed under R (Table 3).
BGR2 also caused a significant decrease in dry matter accumula-
tion in the seedlings of both cultivars, which was due to a lower
DW. On the other hand, Okamoto et al. (1997) demonstrated that
dry matter production is inhibited in lettuce seedlings with an
excessively high red/blue ratio. In the present investigation,
because BGR2 and monochromatic red light had a red/blue ratio
>0.9, a significant decrease in dry matter accumulation in lettuce
seedlings could be caused. In contrast, high blue-containing LED
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Table 6. Chlorophyll a, chlorophyll b, carotenoids, and chlorophyll a/b ratio contents of plants of lettuce cv. ‘Levistro’ (green) and
‘Carmolí’ (red) after of LED light treatments applied during seedlings: B (100% blue), R (100% red), BGR1 (52% blue, 27% green
and 21% red), BGR2 (29% blue, 53% green, 17% red and 1%) and control (natural light: 29% blue, 16% green, 29% red and 26%
far red). All LED light treatments and control were applied at 55 and 451 µmol m–2 s–1, respectively. 

Factor                                        Level                         Chlorophyll a              Chlorophyll b                  Carotenoids                 Chlorophyll a/b 
                                                                                     (µg g FW–1)                (µg g FW–1)                   (µg g FW–1)                          ratio

Light treatments (L)                               B                                         329.9±67.5b                           109.8±33.3                                77.6±13.4c                                   3.5±0.4
                                                                     R                                         366.4±51.3a                           117.0±25.7                                88.9±11.3a                                   3.3±0.3
                                                                  BGR1                                     338.1±62.4b                           117.0±33.9                                77.1±11.0c                                   3.2±0.3
                                                                  BGR2                                    354.2±65.7ab                          117.2±31.1                               84.1±13.3ab                                  3.3±0.3
                                                                Control                                  352.5±66.0ab                          126.4±38.8                               80.8±12.2bc                                  3.2±0.4
Cultivar (C)                                          Levistro                                  236.5±29.4b                            62.7±9.0b                                   60.5±7.5                                    3.8±0.2a
                                                               Carmolí                                 459.9.5± 26.1a                        172.3±23.2a                                102.9±4.6                                   2.8±0.2b

L × C                                                   B Levistro                                 209.2±28.0c                            53.5±9.7d                                   53.9±7.3                                    4.1±0.4a
                                                              B Carmolí                                 450.6±29.7a                          166.2±21.3b                                101.2±4.5                                   2.8±0.2c
                                                             R Levistro                                280.0±30.6b                           76.7±10.3c                                  70.0±7.7                                    3.7±0.2b
                                                              R Carmolí                                 452.8±23.1a                          157.3±19.8b                                107.9±3.4                                   3.0±0.2c
                                                         BGR1 Levistro                             228.0±23.0c                           61.8±6.6cd                                  58.5±6.1                                    3.7±0.2b
                                                          BGR1 Carmolí                             448.2±32.8a                         172.2±26.7ab                                95.8±5.2                                   2.7±0.2cd
                                                         BGR2 Levistro                             232.9±26.3c                           62.5±6.3cd                                  60.2±7.2                                    3.7±0.1b
                                                          BGR2 Carmolí                             475.6±19.9a                         171.9±19.1ab                               108.1±2.2                                   2.9±0.2c
                                                        Control Levistro                           232.6±29.6c                           59.2±7.7cd                                  59.9±7.7                                   3.9±0.1ab
                                                        Control Carmolí                           472.5±22.0a                          193.6±25.6a                                101.7±4.1                                   2.5±0.2d

F-test                                                           L                                                  *                                           NS                                               *                                               NS
                                                                     C                                                  *                                             *                                               NS                                               *
                                                                  L × C                                              *                                             *                                               NS                                               *
a-dMean separation within columns by LSD Fisher’s multiple range test (P≤0.05); mean (n=4) ±standard error. NS, not significant.
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lights (B and BGR1) positively affected DMP, exceeding 10%. In
‘Carmolí’ (red), B and BGR1 promoted a similar DMP concerning
the control, while in ‘Levistro’ (green), BGR1 significantly
increased DMP. This result is because the lights with a higher blue
component promoted a higher DW in the seedlings (Table 3).
Similarly, blue-containing LED lights increased the DW of the
shoots and roots of the lettuce seedlings compared with those
seedlings grown under a white fluorescent lamp (Johkan et al.,
2010). Likewise, Hogewoning et al. (2010) mentioned that dry leaf
mass per unit of leaf area in cucumber increased with a higher per-
centage of blue, up to 50%. Furthermore, the addition of only 7%
of blue light prevents dysfunctional photosynthesis, which is relat-
ed to growth. On the contrary, Chang and Chang (2014) observed
that lights of higher red component applied during the growth of
lettuce seedlings and then in mature plants promoted a higher DW,
inducing a DMP over 12%. Meanwhile, Johkan et al. (2012) noted
DMP values of over 14% in lettuce plants under white fluorescent
lamps versus green light-emitting diodes.

Pigment content of lettuce seedlings and plants is
affected by the wavelength of LED lights

The spectrum of PAR plays an essential role in CHL biosyn-
thesis (Frank, 1946). Monochromatic blue light or combined with
other wavelengths increases CHL accumulation (Clavijo-Herrera
et al., 2018; Hernández and Kubota, 2016; Wang et al., 2016,
Chung et al., 2020). In addition, blue light can reverse the low
accumulation of CHL under red light (Sood et al., 2005; Son et al.,
2017). According to the present study, the effect of light on CHL
content and its ratio in seedlings and plants after transplant were
cultivar dependent. Seedlings of both cultivars grown under BGR2
significantly promoted CHL a and b, followed by B in ‘Levistro’
(green) and BGR1 in ‘Carmolí’ (red). At the same time, monochro-
matic red light and natural light (control) showed the lowest values
indicating that spectral balance was relevant for CHL formation. A
different pattern was observed on the plants treated previously by
other light treatments harvested from the greenhouse. In ‘Levistro’
(green), plants treated with R during seedling rearing showed a
higher CHL a and b content than all LED light treatments and con-
trol. While ‘Carmolí’ (red) showed no significant differences in
CHL a content, plants whose seedlings were grown under B and R
showed a significantly lower CHL b content than the control.
Despite these differences, seedlings under B and their subsequent
harvest stage showed a higher CHL a/b ratio. This result is support-
ed by Johkan et al. (2010) in lettuce seedlings, Wang et al. (2016)
in mature lettuce, Yousef et al. (2021) in tomato, and Hogewoning
et al. (2010) in cucumber. The higher CHL a/b ratio was mainly
due to a low CHL b content. This pigment mainly absorbs blue-
purple light (Li et al., 2018) and is the main component of the
light-harvesting complex (Cammarisano et al., 2021). This result
indicates a smaller light-harvesting complex per reaction centre,
suggesting that seedlings subjected to higher blue component
lights are more efficient in light harvesting. On the other hand,
Zhang et al. (2016) observed a decrease in the CHL a/b ratio due
to increased CHL b content in response to low intensity (100 µmol
m–2 s–1). However, in this work, the low intensity does not affect
CHL content and CHL a/b ratio in the seedlings, but rather the
spectrum since seedlings kept in natural light whose intensity is
eight times higher than LED light treatments did not show high
values in CHL content and CHL a/b ratio. 

It is relevant to mention that light plays a crucial role in pig-
ment content. The literature showed that CHL content increased in
lettuce plants by increasing the blue component relative to red

(Son et al., 2017; Wang et al., 2016). Blue light aids the synthesis
and accumulation of CHL biosynthetic enzymes (Sood et al.,
2005). On the other hand, various studies indicate that red light
decreases CHL content in lettuce (Chen et al., 2014; Borowski et
al., 2015; Naznin et al., 2019), basil, spinach, kale, pepper (Naznin
et al., 2019), einkorn wheatgrass (Bartucca et al., 2020), and non-
heading Chinese cabbage (Fan et al., 2013). The current study also
observed that the CHL concentration was lower under monochro-
matic R light (Table 5). Fan et al. (2013) found CHL biosynthesis
precursors, protoporphyrin IX, Mg proporphyrin IX, and pro-
tochlorophyllide in non-heading Chinese cabbage were the lowest
under R light. Seedlings under natural light also showed low CHL
content, which may be associated with a higher light intensity than
LED treatments. Zhang et al. (2016) suggest that high light inten-
sity (500 µmol m–2 s–1) delays CHL synthesis during the greening
process by a metabolic signal, the mitochondrial alternative oxi-
dase-derived plastidial NADPH/NADP+ ratio change. Moreover,
at high light intensities, the degradation rate of CHL in plant leaves
was higher than the synthesis rate, leading to a decrease in CHL
concentration due to chloroplast formation inhibition (Ilić and
Fallik, 2017). Fu et al. (2012) observed a reduction in CHL content
above 400 µmoles m–2 s–1, suggesting that higher intensities nega-
tively affect CHL formation.

Carotenoids protect the CHLs from excess light or the wave-
lengths unsuitable for photosynthesis, thus acting as a selective fil-
ter (Ilić and Fallik, 2017). Carotenoids can also absorb excess ener-
gy from light that may otherwise lead to singlet oxygen formation
from excited CHL molecules (Pizarro and Stange, 2009; Ilić and
Fallik, 2017). On the other hand, light is an essential factor in CAR
biosynthesis (Pizarro and Stange, 2009), and the spectrum may
influence the accumulation of CAR in vegetables (Frede et al.,
2018). The current study shows that the effect of light on CAR
content in seedlings was cultivar dependent. In contrast, the CAR
content in plants after transplant was independently affected by
light and cultivar. In general, seedlings of both cultivars had high
CAR pigments when grown under BGR2 and BGR1 compared to
the control. However, after transplanting, the plants whose juvenile
stage (seedling) were treated with these same lights did not signif-
icantly differ from the control. Only plants whose seedlings were
grown under R showed a higher CAR content than control. Johkan
et al. (2010) found that lettuce seedlings treated with R plus B
(RB) light under indoor conditions had higher CAR content com-
pared to fluorescent light (FL) and R light; however, plants subse-
quently grown in the greenhouse showed no significant differ-
ences. In contrast, Chen et al. (2016) observed that RB and FL pro-
moted a similar CAR content in seedlings of two rice varieties. In
lettuce plants, Amoozgar et al. (2017) indicated that CAR concen-
trations increased in the plants grown under blue and red light
compared to those in the greenhouse.

On the other hand, this research showed that the ‘Carmolí’
(red) had significantly higher CAR content than ‘Levistro’ (green)
in seedlings and the plants after transplanting. Chen et al. (2016)
also observed differences in CAR content between two rice vari-
eties under various light spectra. So light spectrum and cultivar are
relevant factors affecting CAR content. The blue light acts on phy-
toene synthase and phytoene desaturase (Bohne and Linden, 2002;
Frede et al., 2018), enzymes that contribute to the core structure of
biosynthesis of CAR (Frede et al., 2018). The results observed in
this research and the literature suggest that the synergistic action of
blue and red light is likely to occur during carotenoid formation,
activating blue-light photoreceptors and red light photoreceptors,
which may have led to the increase of these pigments in lettuce
seedlings under BGR1 and BGR2 in indoor conditions. However,
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the effect of the wavelength may be masked under greenhouse con-
ditions by both full-spectrum and intensity. Light intensity also
plays a role in carotenoid biosynthesis. Under increased light
intensity, the grade of photooxidation is greater than the synthesis
grade, and CAR are disintegrated (Simkin et al., 2003), explaining
the low accumulation of CAR in lettuce seedlings under control
observed in this research. By contrast, Brazaitytė et al. (2015)
pointed out that concentrations of various CAR in red pak choi and
tatsoi were higher under the illumination of 330 to 440 µmol m–2

s–1 and in mustard at 110-220 µmol m–2 s–1. Hence, the effect of
intensity is probably species-dependent.

Effects of wavelength on ANT content have been reported for
lettuce (Stutte et al., 2009; Baek et al., 2013). In the present
research, high blue-containing LED lights, such as B and BGR1,
promoted the accumulation of ANTs in ‘Carmolí’(red) lettuce
seedlings. Blue lights would play an essential role in ANT biosyn-
thesis (Stutte et al., 2009; Baek et al., 2013) by activating genes of
enzymes associated with their formation (Meng et al., 2004) medi-
ated by cryptochromes (Petrella et al., 2016). In contrast, green
light can generate the opposite response to that induced by blue
light by inhibiting the accumulation of ANTs (Zhang and Folta,
2012; Carvalho and Folta, 2016). Agreement to Zhang and Folta
(2012) complete reverse requires the 2:1 ratio of green/blue. These
data would explain the low accumulation of ANTs observed in
‘Carmolí’ (red) seedlings under BGR2, whose spectrum has almost
twice the green component concerning the blue part.

On the other hand, the role of intensity cannot be ruled out. As
is noted in the present study, the high intensity of natural light (8
times greater than the rest of the LED treatments) increased ANT
concentration in seedlings of ‘Carmolí’ (red) (Figure 3).
Anthocyanin biosynthesis is dependent on the light intensity, but
results vary according to the species (Kang et al., 2013). For exam-
ple, Petrella et al. (2016) mentioned that 1000 µmoles m–2 s–1 is
sufficient to increase ANT content in rough bluegrass. In contrast,
Kang et al. (2013) observed higher ANT content in lettuce at 290
µmoles m–2 s–1. According to Trojak and Skowron (2017), the
onset of ANT synthesis and accumulation is due to excessive radi-
ation for the photosynthetic machinery’s capacity and sudden
exposure to high light exerting a protective action against the
raised intensity of light. Our results showed that the ANT content
responds to blue light and intensity. Still, the combined effort of
these factors observed in natural light also affected the production
of this pigment.

Conclusions
Spectrum modification at low intensity significantly impacts

the different growth stages of lettuce, although the differences
depend on the cultivar. High blue component lights positively
affect the germination process by accelerating it and increasing
germinated seeds per day. Also, high blue component lights
improved the DMP, CHL a/b ratio, and ANT concentration in let-
tuce seedlings. In addition, broad-spectrum light such as BGR2
positively affects the FW of the seedlings and, together with blue
light, increases FW by about 18% in the mature lettuce grown
under natural light conditions. On the other hand, LED technology
would be feasible to use in vertical farms for seedling production
because of its advantages of long service life and low power con-
sumption. In addition, the yield per unit area in controlled growth
systems can be up to twice as high as in traditional agriculture. 
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