
Abstract

Changes in plant responses have been associated with differ-
ent fractions of the visible spectrum and light intensity. Advances
in light-emitting diodes (LED) have enabled the study of the effect
of narrow wavelengths on plant growth and antioxidant compound
synthesis. LED technology also facilitates the incorporation of

light sources in a controlled setting where light spectra and inten-
sity can be regulated. The objective of this study was to compare
the effect of two commercial light spectra (S1: standard white
light with 32.8% blue, 42.5% green, 21.7% red, and 2.4% far-red;
S2: AP67 spectrum, designed for horticultural growth, with 16.9%
blue, 20.5% green, 49.7% red and 12.3% far red) at two light
intensities [low intensity (78 µmol·m–2s–1 of photons for S1 and
62 µmol·m–2s–1 for S2, and high intensity (HI) (102 and 100
µmol·m–2s–1 for S1 and S2, respectively)] on growth and antioxi-
dant compound contents in two leafy vegetables: endive
(Cichorium endivia L.) and lettuce (Lactuca sativa L.). Fresh
weight (FW), dry weight (DW), and DW% of plants were taken as
growth indicators. In addition, leaf number, soil plant analysis
development index, leaf area (LA), and specific leaf area were
also evaluated. Antioxidant synthesis was measured as total phe-
nol content, total flavonoid content, and antioxidant activity. The
results showed that S2 and HI increased the FW, DW, and LA in
both species. On the other hand, antioxidant compound contents
were significantly increased by HI but did not vary with the spec-
trum. 

Introduction
According to the Food and Agriculture Organisation (FAO)

data, worldwide endive and lettuce production reached
26,375,002 tons in 2015 and increased to 29,134,653 tons in 2019,
occupying an area from 1,223,238 ha to 1,316,028 ha, respectively
(FAO, 2020). China was the main producer in 2019 with
16,314,499 tons, followed by the USA with 3,688,520 tons, and
India with a production of 1,262,702 tons in the same year. In
fourth place, Spain reached 1,009,710 tons of endive and lettuce
with 3.5% of the world’s production (FAO, 2020). 

Traditional agriculture takes place in an open field or a green-
house. If plants are grown in an open field, yield and quality are
subject to weather conditions. By contrast, in a greenhouse,
despite some parameters like temperature and relative humidity
being regulated, others like light quality and intensity cannot be,
which impedes the energy optimisation of the growing environ-
ment (Kozai and Niu, 2016). 

Light is one of the leading environmental factors that regulate
plant growth and development (Fan et al., 2013; Huché-Thélier et
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Highlights
- The spectra of LED affected leaf number in lettuce and endive.
- S2 spectrum improved growth parameters of both leafy vegetables.
- Light intensity improved growth parameters of both leafy vegetables.
- Antioxidant compound contents were significantly increased by high intensity LED light.
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al., 2016). It provides the energy for photosynthesis and induces
different physiological responses, including seed germination,
phototropism, chloroplast movement, shade avoidance, circadian
rhythms, flowering time, and morphogenesis (Son and Oh, 2013,
2015; Hasan et al., 2017). In addition, light has different compo-
nents that serve as a signal stimulus, including light intensity, light
quality or spectrum, and day length (Son and Oh, 2013, 2015;
Urrestarazu et al., 2016).

Light intensity is essential for optimal plant growth. However,
it has been shown that high light intensities can be detrimental and
reduce plant production. This can reduce leaf area and specific leaf
area (SLA) and cause leaves to wilt because it affects chlorophyll
content and photosynthetic efficiency (Shirke and Pathre, 2003;
Fan et al., 2013). If the intensity is high enough, it can destroy the
photosynthetic system and cause severe oxidative damage to leaf
tissue (Farquhar and Sharkey, 1982). By contrast, low intensities
can also cause changes in the morphology and physiology of the
leaf. In this case, it may lead to increased SLA and plant height
(Fan et al., 2013). Finally, it has been proved that plants have dif-
ferent lighting requirements under artificial light than under sun-
light (Liu et al., 2010; Yao et al., 2017); therefore, it is crucial to
find the best light intensity to optimize plant growth under indoor
conditions. 

Different light components affect different plant growth
parameters. Thus, red light accelerates growth speed, with greater
leaf area and increased biomass accumulation (Tosti et al., 2018).
In addition, the same authors, mentioned that red light has a greater
absorption of radiation, efficiency in the use of radiation, and effi-
ciency in the conversion of energy into biomass.

Different light components affect the growth and plant devel-
opment and the biosynthesis of primary and secondary metabolites
during the growing period (Liu et al., 2016). Ebisawa et al. (2008)
and Colonna et al. (2015) showed that spectrum and intensity were
fundamental to maximising secondary metabolite accumulation.
Among secondary metabolites, phenolic acids and flavonoids
stand out because they play an important role as antioxidants that
can protect consumers against some types of cancer and cardiovas-
cular diseases (Pérez-López et al., 2018). Flavonoid biosynthesis,
in particular, is strongly influenced by light quality (Ebisawa et al.,
2008). Thus, an optimal light condition is vital for obtaining
antioxidant-enriched vegetables. 

Plant processes are also affected by the light spectrum. They
perceive light signals through photoreceptors such as phy-
tochromes, which absorb red and far-red light, and cryptochromes
or phototropins, which absorb in the blue and ultraviolet A (UV-A)
region of the spectrum (Son and Oh, 2015). Specifically, red light
(between 600 and 700 nm) and blue light (400 and 500 nm) can
affect plant morphology, physiology and development, photosyn-
thesis, and primary and secondary metabolism (Hasan et al., 2017;
Bartuca et al., 2020). The use of the blue or red LED spectrum has
resulted in a significant enhancement in the quality and yield of
fruits and vegetables (e.g., cucumber, pepper, and strawberry)
compared to white fluorescent light or sunlight (Hao et al., 2012;
Sabzalian et al., 2014; Choi et al., 2015). 

Improvements in light technology, particularly with the devel-
opment of light-emitting diodes (LED), have simplified the study
of plant responses in a specific spectral region (Snowden et al.,
2016; Hasan et al., 2017). LEDs have the advantage of high light-
conversion efficiency with low radiant heat output. In addition,
LEDs are available in various narrow wavelengths, so it is possible
to optimize light spectrum and intensity to improve yield and qual-
ity (Son and Oh, 2013; Hasan et al., 2017). 

Nowadays, blue and red LEDs are usually used for plant

growth, yet the effects of spectral quality on plant development
and secondary metabolite synthesis are not entirely understood. 

This study aimed to compare the effect of two commercial
light LED spectra (S1: white light and S2: AP67 spectrum,
designed for horticultural growth) at two light intensities (LI: low
and HI: high intensity) on agronomic parameters and antioxidant
compound contents in endive (Cichorium endivia L. cv. Crispum
Rizada) and lettuce (Lactuca sativa L. cv. Romana Long Blonde
Galaica) plants. 

Materials and methods

Plant material, growing conditions, and light treat-
ments

Endive cv. Crispum Rizada and lettuce cv. Romana Long
Blonde Galaica were used as plant material. The seed company
recommends that both cultivars be grown in spring-summer peri-
ods (Semillas FitóTM, Barcelona, Spain).

One seed per socket was sown in seedling trays with washed
coconut fibre substrate and kept in darkness at 20-22°C and 70-
80% humidity until radicle emission. Then, the trays were placed
in a greenhouse at the University of Almería (Almería, Spain).
Seedlings were irrigated only with tap water until the expanded
cotyledon stage and then irrigated with nutrient solution until
transplant. In a true four-leaf stage, twenty plants per species and
treatment were transplanted to a 750 mL pot with washed coconut
fibre substrate and grown under the light treatments for 20 days at
40 plants*m–2 of density. The culture was carried out in an isolated
room used as a growth chamber with dimensions of 3 m long, 1 m
wide, and 2 m high, provided with two fans and an air conditioning
unit to maintain temperature homogeneity. The photoperiod was a
day/night photoperiod of 16/8 h at 28/18°C day/night temperature
and 80/85% relative humidity. Fertigation was replenished if 10%
of the readily available water was consumed (Urrestarazu et al.,
2016). The nutrient solution used was recommended by Sonneveld
and Straver (1994) for leafy vegetables (1.25 mmol·L–1 NH4; 11.0
mmol·L–1 K; 4.5 mmol·L–1 Ca; 1.0 mmol·L–1 Mg; 19.0 mmol·L–1

NO3; 1.125 mmol·L–1 SO4; 2.0 mmol·L–1 H2PO4; 40 µmol·L–1; 5
µmol·L–1 Mn; 4 µmol·L–1 Zn; 30 µmol·L–1 B; 0.75 µmol·L–1 Cu;
0.5 µmol·L–1Mo). The electrical conductivity was adjusted to 2.6
dS·m–1 following the recommendation of Sonneveld and Straver in
1994. 

Two types of LED lamp tubes were used for the light treat-
ment. S1 was the L18 T8 standard white light, Ecotubo120018B,
6500 K, with an electric consumption of 18 W by RoblanTM

(Toledo, Spain), and S2 was the L18 AP67 spectrum, Valoya L18
spectrum AP67 Milky, 2500 K, also with an electric consumption
of 18W, by ValoyaTM (Helsinki, Finland), specially designed for
horticultural growth. 

The specific light spectra of S1 and S2 were recorded with a
UPRtek MK350S LED meter (Miaoli Country, Taiwan). As shown
in Figure 1, S2 showed a decrease in the blue (450 nm) and green
(540 nm) wavelengths, with a relative intensity value of 0.8 and
0.3, respectively. Conversely, S1 spectrum reached a relative inten-
sity value of 1 and 0.54 for the same blue and green specific wave-
lengths. S2 also had more relative intensity in the red (660 nm) and
far-red region (740 nm) with a relative intensity value of 1 and 0.2
compared to S1, which registered values of 0.2 and 0.05 for these
same spectral regions (Table 1). Additionally, two intensities were
tested, low (L) and high (H) intensity, respectively achieved by

                   Article
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four and six lamps per square meter. The plant pots were placed on
solid base four-level shelves. The lamps were located at the top of
each level, 50 cm from the plants. 

The light intensity as photosynthetic photon flux density
(PPFD) (µmol·m–2·s–1) and illuminance (lux) were measured with
an HD 2302.0 Light Meter (Delta OHMTM, Veneto, Italy) using an
LP 471 PAR probe and LP 471 PHOT quantum radiometric probe,
respectively (Table 2). The measurements were made on 9 points
for each light condition 50 cm from the lamps. The intensity was

adjusted using lamps with the same energy consumption (18 w) by
the number of lamps and the distance to the plants. The differences
in the lamps’ red and blue spectral relation caused slight variations
in the range of light intensity in each treatment (Table 2). So, S1LI
and S2LI caused a different illumination for the LI treatments,
where S1L1 reached a PPFD of 78.04 µmol m–2 s–1, while S2L1
was 62.89 µmol m–2 s–1 (Table 2). Both intensities are very low,
slightly higher than the light compensation limit so that lettuce
may accumulate nitrates in the leaves (Cometti et al., 2011).

                                                                                                                                 Article

Table 1. Light spectrum percentage of L18 T8 (S1) and L18 AP67 (S2) lamps used on endive and lettuce grown under indoor condi-
tions.

Spectrum                                Wavelength (nm)                                L18 T8 (S1) (%)*                                        L18 AP67 (S2) (%)

UV                                                                     380-400                                                                      0.50                                                                                    0.53
Blue                                                                  400-500                                                                     32.84                                                                                  16.93
Green                                                               500-600                                                                     42.51                                                                                  20.54
Red                                                                   600-700                                                                     21.73                                                                                  49.67
Far red                                                             700-780                                                                      2.41                                                                                   12.33
Total                                                                                                                                                   100.00                                                                                100.00
*Values correspond to the relative percentage of the different wavelength ranges in all the spectra for each type of lamp.

Table 2. Light conditions used to grow endive and lettuce plants under indoor conditions. Photosynthetic photon flux density intensity
and illuminance for two light spectra combined with two levels of intensities were used as treatments. 

Spectrum            Level intensity            Treatment                 Light intensity as PPFD (µmol·m–2s–1)                    Illuminance (lux)

S1                                               LI                                     S1LI                                                             78.04±7.44                                                                  3528.8±297.9
                                                   HI                                     S1HI                                                            102.56±8.90                                                                 4610.8±351.5
S2                                               LI                                     S2LI                                                             62.89±5.20                                                                  2210.9±183.5
                                                   HI                                     S2HI                                                            100.06±6.98                                                                 2931.9±249.0
S1 corresponds to a standard white LED (L18 T8 RoblanTM); S2 corresponds to a specific LED spectrum for horticultural crops (L18 EU AP67 ValoyaTM) at low (LI) and high intensity (HI). Photosynthetic photon flux
(PPFD) (µmol·m–2·s–1) and illuminance (lux) were measured with an HD 2302.0 Light Meter (Delta OHMTM, Veneto, Italy).
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Figure 1. Spectral photon flux from 380 to 780 nm lighting treatments for L18 T8 model Ecotubo120018B, 6500 K, RoblanTM, which
correspond to a standard white light-emitting diode (LED) lamp (S1: Spectrum 1) and L18 AP67 spectrum, model: Valoya L18 spec-
trum AP67 Milky, 2500 K, ValoyaTM LED specifically designed for agricultural uses (S2: Spectrum 2). Both spectra were recorded with
a UPRtek MK350S LED meter (Miaoli CountyTaiwan). 
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Growth parameters
Three random plants per repetition and three repetitions per

treatment were considered for all the measurements (n=9). Border
plants were not considered for the analysis. Leaf, root, and total
fresh weight (FW) were measured after 20 days from transplant
and expressed as grams (g). Dry weight (DW) measurements were
obtained after oven-drying until constant weight at 60°C.

The dry weight percentage (DW%) was calculated with FW
and DW of leaf and root. The number of leaves on the fresh plant
was also counted. Next, the chlorophyll content was measured as
the soil plant analysis development (SPAD) index with a portable
chlorophyll meter (SPAD-502; Minolta, Osaka, Japan). Next, leaf
area (LA) was gauged after processing digital images with the
ImageJ program, a free domain program developed by the National
Institutes of Health (NIH), version v1.51j8 (Schneider et al.,
2012). Finally, each plant’s specific leaf area (SLA) was calculated
using the following equation and expressed as cm2·g–1.

                                                       
(1)

Extraction of antioxidant compound fraction for meas-
urements

Phenolic compounds were extracted as described by Galieni et
al. (2015) with some modifications. About 0.2 g of freeze-dried
leaves powder was suspended in 10 mL of methanol: water
(70:30), the vortex was shaken for 1 min and placed in an ultra-
sound bath for 15 min. The mixture was centrifuged at 4°C for 15
min at 4180 gN, and the supernatant was filtered through a PVDF
membrane with a 0.45 µm pore size. The extract was used to eval-
uate total phenol content (TPC), total flavonoids, and antioxidant
activity using the ferric reducing ability of plasma (FRAP) and 2,2-
diphenyl-1-picrylhydrazyl (DPPH) methods. 

Total phenol content
TPC of the methanol-water fraction was evaluated using the

Folin-Ciocalteu reagent following the method described by
Ainsworth and Gillespie (2007). 200 µL of 10% Folin-Ciocalteu
reagent were added to 100 µL of the extract and mixed by the vor-
tex. Then, 800 µL of 700 mM Na2CO3 were added and maintained
at room temperature in darkness for 120 min. Finally, the reaction
product was read at 765 nm using a Biochrom multiplate reader
(Asys UVM 340, Biochrom, Cambridge, UK). TPC was expressed
as milligrams of gallic acid equivalent per 100 g of fresh weight
(mg GAE·100 g–1 FW).

Total flavonoid content 
Total flavonoid content was determined with the aluminium

chloride as described by Tharasena and Lawan (2014) with modi-
fications. 100 µL of 5% NaNO2 were added to 100 µL of the
extract, and after 5 min, 10% AlCl3 was added. After standing for
6 min at room temperature, 670 µL of 1M NaOH were added.
Finally, the reaction absorbance was measured at 510 nm using a
Biochrom multiplate reader. The result was expressed as mil-
ligrams of rutin equivalents per 100 g of fresh weight (mg Rut
Eq·100 g–1 FW).

Antioxidant activity assays
The free radical scavenging activity was measured using

DPPH as Gupta and Prakash (2009) described. Briefly, 1 mL of 0.2
mM DPPH was added to 250 µL of diluted extract. The mixes were

vigorously shaken and left to stand for 20 min at room tempera-
ture. Changes in absorbance were measured at 517 nm every 30
min until stabilisation (after 120 min) using a Biochrom multiplate
reader. The results were expressed as mg of Trolox per 100 g of
fresh weight (mg Trolox·100 g–1 FW) (Llorach et al., 2008). 

FRAP was measured as described by Benzie and Strain in
1996. For the FRAP reagent, 300 mM acetate buffer (pH 3,6); 10
mM 2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ) diluted in 40 mM HCl
and 20 mM FeCl3·6H2O were mixed in a ratio of 10:1:1 and heated
10 minutes at 37°C. 20 µL of the diluted sample were added to 600
µL of FRAP reagent. Changes in the absorbance were measured at
593 nm every 30 min until stabilisation (after 120 min) using a
Biochrom multiplate reader. Equivalent antioxidant activity was
calculated as the ratio of the linear regression coefficient of the
sample with Trolox standard (Merck KGaA, Darmstadt, Germany)
(Llorach et al., 2008). The results were expressed as mg of Trolox
per 100 g of fresh weight (mg Trolox·100 g–1 FW).

Experimental design and statistical analysis
A randomized complete block design was implemented. Five

plants per block and three blocks were analysed for each treatment
and species. The statistical analysis was performed using InfoStat,
a statistics software developed by Córdoba National University,
Argentina (Di Rienzo et al., 2017). Recorded data were subjected
to an analysis of variance (multi-factor ANOVA). Mean differ-
ences were considered statistically significant when P<0.05 and
were detected using Fisher’s least significant difference (LSD)
test. 

Results and discussion

Effect of light quality on growth parameters 
Growth parameters of the endive and lettuce grown under

white light (S1) and AP67 (S2) spectrum at LI and HI intensities
were evaluated. Figures 2 and 3 show side (A) and aerial (B) views
of the effect of light treatments on the shape and size of endive and
lettuce plants, respectively. In endive, there were no significant dif-
ferences between the growth parameters in S1LI and S2LI, show-
ing no significant differences between the two spectra, despite the
differences in light intensity and illuminance of these two treat-
ments. For endive and lettuce, the most significant growth and
development were reached using the S2 and HI combination. The
difference in leaf area (LA) was noted when S1 and S2 were com-
pared. Also, significant differences between LI and HI were found
for LA values of endive and lettuce (Tables 3 and 4). These results
confirm that these species responded to these spectra enriched by
a proportion of red rather than blue light. Similarly, Tosti et al.
(2018) found bigger lettuces under a high proportion of red light.
Colonna et al. (2015) and Urrestarazu et al. (2016) mentioned that
high intensity enhanced the LA values of several horticultural
crops under these spectra.

For endive, LA, root FW, and DW were significantly affected
by spectrum and light intensity separately and showed higher val-
ues at S2 and HI conditions. On the other hand, the SPAD index
and root DW% were not significantly affected by spectrum or
intensity (Table 3). 

There was an interaction between spectrum and intensity for
leaf and total FW and DW parameters. Also, for leaf DW%, leaf
number, and SLA, an interaction was found between the factors
studied. Leaf FW showed a 114% increase when comparing S2HI
and S1LI, increasing from 11.70 to 25.08 g. S2HI also showed an

                   Article
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Figure 2. Effect on shape and size of endive growing under two LED spectra and intensities. A) Side view of one plant per treatment;
B) aerial view of nine plants per treatment. S1, spectrum 1 (white light); S2, spectrum 2 (AP67L); LI, low intensity; HI, high intensity. 

Figure 3. Effect on shape and size of lettuce growing under two LED spectra and intensities. A) Side view of one plant per treatment;
B) aerial view of nine plants per treatment. S1, spectrum 1 (white light); S2, spectrum 2 (AP67L); LI, low intensity; HI, high intensity. 
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increase in leaf DW, in this case of 132% compared to S1LI.
Additionally, when total FW and DW were evaluated; the values
obtained in the S2HI treatment were higher than S1L1, S1HI and
S2LI. Furthermore, leaf DW% was higher in S2HI than S1LI and
S2LI. Finally, leaf number also showed an increase in S2HI com-
pared to S1LI, S1HI, and S2LI. On the other hand, SLA reached
the highest value of 543.06 cm2·g–1 DW under S2LI (treatment
with lower light intensity and illuminance) and presented the low-
est value (409.40 cm2·g–1) at S2HI (Table 3).

For lettuce, leaf, root, and total FW, root DW, leaf number, and
LA were significantly affected by spectrum and intensity separate-
ly, showing the highest values under S2 and HI levels. On the other
hand, SLA was also significantly affected by spectrum and inten-
sity but showed the lowest values at S2 and HI levels. The SPAD
index was only affected by intensity, showing a 21% increase
when HI was compared to LI. Conversely, leaf DW% values were
not affected by spectrum or intensity. Finally, a significant interac-
tion was found for leaf and total DW and root DW% between spec-
trum and intensity. Leaf DW had a 468% increase between S2HI
and S1LI, and total DW also reached the highest value in S2HI
compared to S1LI. The highest values for root DW% were found

in the S2LI treatment and the lowest in the S1HI treatment (Table
4). The greater DW% under S2LI with respect to S1LI must be for
the spectra since S2LI presents less light intensity than S1LI.

S2 had a significantly increased effect on several growth
parameters for both species compared to S1. Although the illumi-
nance and PPFD were higher in S1, S2 had better growth results
for both species. These data agreed with those reported by
Urrestarazu et al. (2016) for lettuce, peppers, and tomatoes due to
the highest photosynthetic responses reached by S2 (McCree,
1972).

This significant increase in growth parameters for endive and
lettuce plants in Tables 3 and 4 may be due to the spectrum com-
position, precisely, because of the increase in red and far-red wave-
lengths present in S2 compared to the S1 spectrum (Figure 1).

In a previous work, Urrestarazu et al. (2016) mentioned that
changes in the light spectrum between 580 and 710 nm might
explain its improved results over white light. In the same way, the
results obtained in this study also confirm previous studies, which
have reported that the red spectrum induced plant growth by
increasing fresh and dry weights and leaf area in different types of
lettuce (Yorio et al., 2001; Johkan et al., 2010; Son and Oh, 2013;

                   Article

Table 4. Effect of two spectral compositions and two light intensities on lettuce growth parameters. 

                                                 FW (g plant–1)                        DW (g plant–1)       DW%            Leaf N°       SPAD             LA                         SLA
                     Level           Leaf         Root       Total           Leaf        Root         Total       Leaf       Root      plant–1        index    (cm2·plant–1)       (cm2·g–1 DW)

Spectrum (S)   S1               12.72b         1.45b       14.16b            0.66b         0.11b           0.77b         5.15         7.89b        10.17b           20.77             865.96b                        1416a
                            S2               23.68a         2.94a       26.62a            1.33a         0.25a           1.58a         5.41         8.67a        11.44a            21.03            1410.06a                       1184b

Intensity (I)      LI                11.01b         1.24b       12.25b            0.54b         0.11b           0.64b         5.04         8.40a        10.06b           18.88b            755.23b                        1469a
                            HI               25.01a         3.14a       28.53a            1.45a         0.26a           1.71a         5.52         8.16b        11.56a           22.91a           1520.79a                       1131b

S·I                      S1LI               6.48            0.86          7.34              0.34c          0.07            0.41c         5.17         7.91c          9.33             18.39             513.13                         1550
                          S1HI              18.95           2.03         20.98             0.98b          0.16            1.14b         5.14         7.88d         11.00            23.14            1218.79                        1281
                          S2LI              15.53           1.63         17.16             0.74b          0.14            0.88b         4.90         8.90a         10.78            19.38             997.33                         1387
                          S2HI              31.83           4.25         36.08             1.93a          0.36            2.29a         5.91         8.44b         12.11            22.68            1822.79                         982
S                      P value         <0.0001      0.0013    <0.0001       <0.0001     0.0005       <0.0001    0.4249    <0.0001     0.0011          0.7174           <0.0001                      0.0014
I                      P value         <0.0001      0.0001    <0.0001       <0.0001     0.0002       <0.0001    0.1282    <0.0001     0.0002         <0.0001         <0.0001                    <0.0001
S·I                   P value           0.2466        0.0937      0.1896           0.0451       0.0940        0.0462      0.1044    <0.0001     0.6398          0.3167            0.5522                        0.3083
FW, fresh weight; DW, dry weight; SPAD index, soil plant analysis development index; LA, leaf area; SLA, specific leaf area; S1, spectrum 1, standard white LED (L18 T8 RoblanTM); S2, spectrum 2, specific horticultural spectrum (L18 EU AP67
ValoyaTM); LI, low intensity; HI, high intensity. S·I interaction. Values are means of n=9 for the interaction. a-dDifferent letters correspond to statistical differences determined by Fisher’s LSD test (P<0.05). 

Table 3. Effect of two spectral compositions and two light intensities on endive growth parameters. 

                                                 FW (g plant–1)                        DW (g plant–1)       DW%            Leaf N°       SPAD             LA                         SLA
Factor          Level            Leaf         Root       Total           Leaf        Root         Total       Leaf       Root      plant–1        index     (cm2·plant–1)        (cm2·g–1 DW)

Spectrum (S)     S1                   13.30b           5.93b         19.23b               0.72b           0.41b             1.13b           5.18           7.07            5.67b               24.22               342.13b                           495.86
                              S2                   19.85a            9.11a         28.96a               1.09a           0.63a             1.72a           5.21           6.90            7.06a               26.07               485.48a                           476.23
Intensity (I)        LI                   13.16b           5.93b         19.08b               0.68b           0.42b             1.10b          4.96b           7.16             6.11                24.37               348.91b                          527.12a
                              HI                   19.99a            9.11a         29.11a               1.13a           0.62a             1.75a          5.44a           6.81             6.61                25.91               478.70a                          444.97b

S·I                        S1LI                 11.70b            5.19          16.89b               0.62b            0.38              1.00b         5.06bc          7.43            6.00b               23.28                303.93                          511.19ab
                            S1HI                 14.90b            6.67          21.57b               0.81b            0.45              1.27b         5.31ab          6.71            5.33b               25.16                380.33                           480.53b
                            S2LI                 14.61b            6.67          21.28b               0.73b            0.46              1.19b          4.85c           6.89            6.22b               25.47                393.89                           543.06a
                            S2HI                 25.08a           11.56         36.64a               1.44a            0.80              2.24a          5.57a           6.91            7.89a               26.67                577.08                           409.40c

S                        P value              0.0007          0.0026        0.0008             0.0016         0.0049          0.0019        0.7586       0.6515         0.0056             0.0509               0.0011                            0.2218
I                         P value              0.0004          0.0026        0.0006             0.0002         0.0062          0.0006        0.0001       0.3451         0.2909             0.1010               0.0026                          <0.0001
S·I                      P value              0.0431          0.0887        0.0487             0.0229         0.0673          0.0299        0.0338       0.3259         0.0177             0.7121               0.1876                            0.0027
FW, fresh weight; DW, dry weight; SPAD index, soil plant analysis development index; LA, leaf area; SLA, specific leaf area; S1, spectrum 1, standard white LED (L18 T8 RoblanTM); S2, spectrum 2, specific horticultural
spectrum (L18 EU AP67 ValoyaTM); LI, low intensity; HI, high intensity. S·I interaction. Values are means of n=9 for the interaction. a-cDifferent letters correspond to statistical differences determined by Fisher’s LSD
test (P<0.05).
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2015; Tosti et al., 2018). Similarly, Hasan et al. (2017) found that
under controlled environmental conditions, red LED lighting acted
as the main light source for growing vegetables and enhancing
yield and dry weight, explaining the increase in growth parameters
by using S2. These results were also consistent with previous stud-
ies reported by Stenbaek and Jensen (2010), Son and Oh (2013),
and Wang et al. (2016), who described mixed blue and red LEDs,
present in S2, as enhancing the growth of various vegetables by
increasing the photosynthetic rate in leaves. This could be because
the absorption peaks of photosynthetic pigments, specifically
chlorophyll a and b, effectively absorb both red (600-700 nm) and
blue (400-500 nm) wavelengths of light (Son and Oh, 2015;
Murakami and Matsuda, 2016). Tosti et al. (2018) also found that
lettuces treated with a greater proportion of red light over blue
increased leaf area and accumulation of biomass as the red wave-
length allow higher absorption of radiation, the efficiency of the
radiation use, and its conversion into biomass. However, Bartucca
et al. (2020) found that a higher proportion of blue over red light
produced a higher yield of einkorn wheatgrass related to a more
remarkable synthesis of photosynthetic pigments.

The SPAD index is related to chlorophyll content, and its
increase could be responsible for elevated fresh and dry weights in
plants. This study demonstrated that the light intensity significant-
ly increased the SPAD index of lettuce. Similarly, Yao et al. (2017)
showed that an increase in light intensity on the red light wave-
length generated high total chlorophyll content and photosynthetic
efficiency in rape seedlings cultivated under blue and red LEDs. 

SLA exhibited a significant reduction in S2 and HI compared
to S1 and LI for lettuce, indicating that leaves in the first combina-
tion were thicker, consistent with the highest leaf dry weight per
unit of leaf area. These results agree with those found by Yao et al.
(2017), who reported that rape leaves under high illumination were
denser and more compact, with a thicker and tidier palisade and
spongy tissues with well-developed chloroplasts. Therefore, high
intensities of about 100 µmol·m–2·s–1 were better than low intensi-
ties of 70 µmol m–2·s–1.

On the other hand, Yao et al. (2017) reported that leaf morphol-
ogy showed plasticity, and the photosynthetic characteristics and
structure of leaves varied markedly under different light intensi-
ties. Low light conditions can reduce DW produce thinner leaves

with a smaller leaf area, whereas extremely high light intensity
reduces the leaf area as a protective mechanism against oxidative
damage to leaf tissues (Farquhar and Sharkey, 1982). Only under
an appropriate light intensity, plants can fully self-regulate to
absorb and transform light energy (Yao et al., 2017). 

Effect of light quality on antioxidant compounds 
TPC, TFC, and AA by DPPH for endive were significantly

affected by light intensity but not by spectrum (Table 5). At the HI
level, a 34.9% increase for TPC, 39.8% for TFC, and 50.7% for
AA by DPPH were found compared to LI. Only AA by FRAP was
affected by light intensity and spectrum separately. S2 showed a
21.3% decrease in AA by FRAP compared to S1. Conversely, HI
showed a 42.4% increase compared to the LI level. 

For lettuce, there was an interaction between light spectrum
and intensity for AA measured by DPPH, showing the highest val-
ues in plants grown under S2HI. The greater AA in S2LI than S1LI
must be due to the spectra because S2LI presents less light inten-
sity than S1LI. On the other hand, TPC, TFC, and AA by FRAP
were affected only by light intensity (Table 6). The HI level
showed a 22.7% increase for TPC, 43.2% for TFC, and 40.2% for
AA measured by FRAP compared to LI. 

These results were according to the spectrum characteristics
(Figure 1: S1 and S2). Both spectra presented blue light (400 to
500 nm), and this wavelength range may be responsible for
enhanced phytochemical contents (Ebisawa et al., 2008; Son and
Oh 2013; 2015). Benincasa et al. (2020) also found an increase in
polyphenols, tannins, flavonoids, and phenolic acid contents of
einkorn sprouts under blue light. Ebisawa et al. (2008) showed in
lettuce that in the presence of blue light, the synthesis of flavonol
synthase (FLS), the enzyme responsible for converting dihydro-
quercetin to quercetin, was increased. By contrast, Son and Oh
(2015) showed that TPC and AA increased when blue light was
used on lettuce cultures. In our study, S2 had about 20% less blue
light than S1; however, this reduced blue light was not enough to
affect the synthesis of phenols and flavonoids, and no significant
differences were found between spectra for these measurements. 

Alternatively, plants grown under high light intensity could
have higher photon absorption, which could generate a greater

                                                                                                                                 Article

Table 5. Effect of two spectral compositions and two light intensities on total phenol content, total flavonoid content, and antioxidant
activity by 2,2-diphenyl-1-picrylhydrazyl and ferric reducing ability of plasma in endive. 

                                                                                                                         Antioxidant activity
                                      Level                          TPC                                 TFC                                   DPPH                                FRAP
                                                             mg GAE·100g–1 FW      mg RutEq·100g–1 FW              mg Trolox·100g–1 FW        mg Trolox·100g–1 FW

Spectrum (S)                           S1                                     91.25                                         216.52                                            347.18                                         236.49a
                                                    S2                                     77.49                                         197.83                                            290.38                                         186.12b

Intensity (I)                              LI                                     71.84b                                       172.80b                                          254.32b                                        174.38b
                                                    HI                                     96.90a                                       241.55a                                           383.24a                                         248.23a

S·I                                              S1LI                                   81.31                                         198.51                                            306.62                                          211.55
                                                  S1HI                                  101.20                                       234.52                                            387.74                                          261.44
                                                   S2LI                                   62.37                                         147.09                                            202.02                                          137.21
                                                  S2HI                                   92.60                                         248.58                                            378.74                                          235.03
S                                              P value                                0.0658                                       0.3220                                            0.0849                                          0.0180
I                                               P value                                0.0064                                       0.0074                                            0.0034                                          0.0032
S·I                                            P value                                0.4315                                       0.1075                                            0.1335                                          0.1756
TPC, total phenol content; TFC, total flavonoid content; DPPH, 2,2-diphenyl-1-picrylhydrazyl; FRAP, ferric reducing ability of plasma; GAE, gallic acid equivalent; FW, fresh weight; S1, spectrum 1, standard white LED (L18
T8 RoblanTM); S2, spectrum 2, specific horticultural spectrum (L18 EU AP67 ValoyaTM; LI, low intensity; HI, high intensity. S·I interaction. Values for the interaction are means of n=3. a-bDifferent letters correspond to
statistical differences determined by Fisher’s LSD test (P<0.05).
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amount of reducing power, which can be subsequently consumed
in the Calvin cycle (Bowyer and Leeggood, 1997). The excess
energy could cause photoinhibition, generating reactive oxygen
species (ROS) if not effectively removed (Bowyer and Leegood,
1997; Edreva, 2005). Some authors have reported that to reduce
and/or scavenge ROS formed under high light intensity, vegetables
such as different types of lettuce increase the synthesis of total phe-
nol and flavonoid content species (Edreva, 2005; Oh et al., 2009).
Therefore, although the differences between LI and HI have not
been very large, they have been sufficient to increase the content
of phenolic compounds and antioxidant activity.

In agreement with the results shown in this study for endive
and lettuce plants, the increase in phenolic and flavonoid contents
under high light intensity may be related to an increase in the
expression of phenylalanine ammonia-lyase, the gateway enzyme
in the phenylpropanoid pathway, and chalcone synthase, the key
enzyme involved in flavonoid biosynthesis (Leyva et al., 1995; Oh
et al., 2009). Furthermore, Ebisawa et al. (2008), Liu et al. (2016),
Pérez-López et al. (2018), and Craver et al. (2017) also reported
that light intensity had a significant influence on flavonoid biosyn-
thesis. Finally, like in this study, Pérez-López et al. (2013) reported
that lettuce showed improved antioxidant activity due to a high-
intensity light treatment. Crozier et al. (2006) explained this phe-
nomenon as being due to an increase in sugar availability generat-
ed by high photosynthetic rates under high-intensity light and the
close link between the phenylpropanoid pathway and carbohydrate
metabolism via the shikimate pathway.

Conclusions
The results demonstrate that the light spectrum with an

increased proportion of red and far-red wavelengths (S2) was ben-
eficial for growing endive and lettuce plants by increasing fresh
and dry weights compared to the white light spectrum (S1). Also,
S2 increased the number of leaves and leaf areas for both species.
However, the studied spectra (S1 and S2) did not modify the
antioxidant compound contents for either species. 

Furthermore, both spectra increased growth parameters and
TPC for endive and lettuce when a higher light intensity (about 100

µmol·m–2s–1 of photons) was applied. The combination of S2 and
HI levels used in this work could be considered optimal for endive
and lettuce plants due to the high growth indicators achieved.
Therefore, manipulating the spectral composition and intensity of
the light proved to be a powerful tool for stimulating growth and
secondary plant metabolite accumulation, particularly in leafy veg-
etables cultivated in intensive management systems or indoor con-
ditions.
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