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Editorial

Effects of Light Quantity and Quality on Horticultural Crops

László Balázs * and Gergő Péter Kovács

Institute of Agronomy, Hungarian University of Agriculture and Life Sciences, 2100 Gödöllő, Hungary;
kovacs.gergo.peter@uni-mate.hu
* Correspondence: balazs.laszlo@uni-mate.hu

1. Introduction

Light plays a fundamental role in the growth and development of plants. It is the
primary energy source of photosynthesis, enabling the process of carbon assimilation in
the chloroplast [1]. On the other hand, light is an environmental signal that stimulates
physiological processes and affects the synthesis of secondary metabolites in horticultural
crops [2]. The rate of photosynthesis determines biomass accumulation in plant tissues, and
it is a major driver of plant yield. In contrast, secondary metabolites significantly impact
the phytonutrient profile and nutritional quality of crops [3].

The lighting environment in which plants thrive is also characterized by quantitative
and qualitative parameters. In horticulture, the quantitative measures of light are the
photoperiod and the photosynthetic photon flux density (PPFD), which correspond to the
number of incident photons of photosynthetically active radiation (PAR) per area and per
time interval [4]. PAR is defined as a waveband ranging from 400 to 700 nm [5]. PPFD is
expressed in μmol m−2 s−1.

The term “light quality” is associated with the spectral distribution of photon irradi-
ance. Absorption spectra of various photoreceptors in higher plants cover a much broader
wavelength range than PAR, spanning from 280 nm to 800 nm [6]. Photoreceptors sense the
spectral differences in irradiance, trigger growth, and developmental processes, allowing
plants to adapt to various environmental conditions. Light spectra in horticulture are often
categorized by photon irradiance ratios [7]. The PAR waveband is divided into 100 nm
wide wavelength intervals: B (blue, 400–500 nm), G (green, 500–600 nm), and R (red,
600–700 nm). Additional wavebands used in horticulture are the FR (far-red 700–800 nm),
UV-A (315–400 nm), and UV-B (280–315 nm) wavebands. The full-spectrum white light
spanning the PAR waveband is often abbreviated as W (400–700 nm). The quotient of
photon irradiances, measured in two wavebands, e.g., the red/blue ratio (R/B), is regarded
as a light quality attribute. Another often-used light parameter is the red/far-red (R/FR)
photon ratio.

The quantity and quality of light are strongly correlated in nature. Daylight intensity
and light color change with solar elevation, the altitude of the location, and meteorological
conditions. Daylight intensity and spectral features, such as the R/B ratio or R/FR ratio,
are not independent parameters and vary within a relatively narrow domain [8]. Shading
nets [9] can reduce daylight intensity with a minor change in the spectral distribution of
incident light. Supplementary lighting in greenhouses [10] extends the photoperiod and
provides light treatments that are beneficial for crop growth and development [11]. LEDs,
as a sole source of light, enable the complete separation of the quantitative and qualitative
light parameters, enabling the testing of spectra that do not occur in nature [12].

Horticulturae 2025, 11, 512 https://doi.org/10.3390/horticulturae11050512
1



Horticulturae 2025, 11, 512

This Special Issue, “Effects of Light Quantity and Quality on Horticultural Crops”,
was launched to collate research results on the interactive response of plants to variations
in light intensity and spectral distributions.

2. Overview of Published Articles

The publications in the Special Issue cover a broad range of lighting solutions for
horticultural crops. The quantitative and qualitative light parameters, the investigated
crop, and the measured effects are summarized in Table 1 in order of contribution number.
Five papers (Contributions 1, 2, 3, 5 and 8) described experiments using LEDs as the
sole source of light. In three contributions (4, 6, and 7), shading nets were employed to
reduce the light intensity of natural daylight. In Contribution 9, LEDs were employed as
supplementary lighting in a greenhouse, and the final publication (Contribution 10) is a
review of the phytochemical profile of peppers (Capsicum fruits) affected by a broad range
of lighting conditions.

Table 1. Main findings of the Special Issue in the order of contribution number.

# Light Quantity Light Quality Crop Effect

1 PPFD: 90, 180 μmol m−2 s−1

Photoperiod: 12 h
R/B: 2.1, 3.1, 5.0 lettuce growth traits

nutrient profile

2 PPFD: 160 μmol m−2 s−1

Photoperiod: 12 h
B, R, W, B + R + W Ethiopian kale growth traits

nutrient profile

3 PPFD: 200 μmol m−2 s−1

Photoperiod: 12, 14, 16, 18 h
W Chinese cabbage bolting and flowering

time, gibberellin conc.

4 Relative solar irradiance: 75–100%
Photoperiod: 10–14 h (daytime)

Control: no shade
Gray, blue, black piquin pepper phytochemical

profile

5 PPFD: 33–390 μmol m−2 s−1

Photoperiod: 16 h
R/B: 2.01–2.78

R/FR: 2.57–4.27 pea growth traits

6
Relative solar irradiance: 50%, 75%,
80%, 100%
Photoperiod: (daytime)

Control: no shade
Black shading nets tomato

biomass,
photosynthesis rate,

metabolism

7
Relative solar irradiance: 25%, 50%,
75%, 100%
Photoperiod: (daytime)

Control: no shade
Black shading nets blueberry hormone and enzyme

activities

8 PPFD: 80, 160 μmol m−2 s−1

Photoperiod: 14 h
R/B = 4.1 lemon basil growth traits,

phenolic content

9
Supplementary LED light
PPFD: 40, 170 μmol m−2 s−1

Photoperiod: 16 h, 0.5 h EOD

R/B = 3
FR

R/B = 3 + FR
tomato crop yield

and quality

10 Review paper covering a broad range of light parameters pepper phytochemical profile

A hot chili pepper variant, piquin pepper (Capsicum annuum L. var. glabriusculum) was
the focus of Contribution 4. Two publications (6 and 9) dealt with tomato (Solanum lycop-
ersicum L.) cultivars. Other horticultural crops explored in this Special Issue were lettuce
(Lactuca sativa L.) (1), Ethiopian kale (Brassica carinata A. Braun) (2), non-heading Chinese
cabbage (Brassica campestris spp. chinensis Makino) (3), pea (Pisum sativum L., cv. Kleine
Rheinländerin) (5), blueberry (Ericaceae, Vaccinium) (7) and lemon basil (Ocimum citriodu-
rum Vis.) (8).

2.1. LEDs as a Sole Source of Light

In Contribution 1, Hernández-Adasme et al. tested three different light spectra (B + W,
R + W and R + B) at two PPFD levels enabling the interaction of light quantity and quality
to be studied. The high PPFD increased the fresh weight of lettuce and total phenolic and
flavonoid content relative to low levels. On the other hand, antioxidant activity decreased

2
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with the increase in light intensity. These results highlight the importance of controlling
light intensity to optimize the nutrient profile of the horticultural crop.

Substrate and light quality interactions were revealed in Contribution 2. The effect of
four different spectra (B, R, W, and B + R + W) at 160 μmol m−2 s−1 on kale microgreens was
studied using three types of substrates. The research is a good example for design space
screening and identifying the cultivation parameters, leading to high and affordable yields.

Contribution 3 is the only paper in this Special Issue that uses the photoperiod as
a quantitative light parameter. Liu et al. measured the bolting and flowering time as a
function of the photoperiod and determined the lighting conditions required to achieve
the optimum stem morphology. The duration of light/dark time intervals were set at four
different levels (12/12, 14/10, 16/8, and 18/6 h), whereas the PPFD was kept constant
at 200 μmol·m−2·s−1. Endogenous gibberellin concentrations measured in stem tips and
young leaves indicated that the bolting and flowering of cabbage is regulated through the
synthesis of gibberellin.

Contribution 5 by Balázs et al. is an outlier in a sense that the article presents a method
of quantifying variations in lighting environments using pea microgreens as the sole test
vehicle to demonstrate the effect of light intensity and light quality variations in a vertical
farm. A broad PPFD range (33–390 μmol m−2 s−1) was established on the cultivation trays
by adjusting the power of the LEDs and the distance between the LED luminaires and the
illuminated crop. The fresh weight of pea seedlings exhibited strong correlations with local
PPFD levels measured in a high-spatial-resolution experiment. The study highlighted that
the local light intensity accounted for 31% of the fresh weight variations, and the rest of the
noise was attributed to the differences among the individual plants.

The growth, yield, and phenolic content of lemon basil was investigated by Daud
et al. (Contribution 8) under controlled environmental conditions. Plants were grown
under mixed red and blue LED light, with an R/B ratio of 4.1. Two PPFD levels, 80
and 160 μmol·m−2·s−1, were tested in the experiment. The electrical conductivity (EC)
(concentration) of the nutrient solution was an additional factor set at four different levels.
The experiment demonstrated that under low PPFD levels, plant development was limited
by light availability, and there were minor differences in the fresh weights among the
four different nutrient concentrations. The interaction between photon irradiance and EC
became apparent at high PPFD. The maximum yield and the best phytochemical traits
were measured in the same PPFD = 160 μmol·m−2·s−1, EC = 2.6 mS cm−1 treatment.

2.2. Shading Net Experiments

Colored shading nets affect several environmental parameters during crop growth:
light intensity, spectral distribution of light, and microclimates, including air temperature
and relative humidity. In the experiments of Jiménez-Viveros and Valiente-Banuet (Con-
tribution 4), the phytochemical profile of piquin pepper cultivated under four shading
conditions was investigated. The maximum reduction in light intensity was 25% in the
case of black mesh relative to the control without shading. The air temperature reduction
was 10% or less at the peak temperature during one day. This work highlighted the ben-
eficial effect of shading on the fruit quality, but the relevance of the key conclusions is
limited to growers in tropical/sub-tropical regions. In an additional review (Contribution
10), Jiménez-Viveros et al. summarized the effects of light on the nutritional properties
of pepper.

In Contribution 7, An et al. studied the physiological response of blueberry in another
shading net experiment. Anthocyanin content and key enzyme activities were measured in
blueberry leaves cultivated under 25%, 50%, 75%, and 100% intensity of natural daylight.
The endogenous hormone concentrations and enzyme activities positively correlated with

3
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light intensity. Anthocyanin concentration, however, exhibited a maximum at 75%. The
molecular mechanism of anthocyanin synthesis through light intensity regulation was a
key finding of this research.

The advantage of shaded tomato cultivation in warm tropical and sub-tropical climate
was highlighted by Delgado-Vargas et al. in Contribution 6. Two tomato cultivars were
grown under four solar irradiance conditions using three different types of shade mesh:
100% (without mesh crop cover), 80%, 75%, and 50%. The photosynthetic rate measure-
ments revealed that open-field plants were exposed to the highest level of abiotic stress,
limiting the growth and development of both cultivars. The photon irradiance exceeded
the light saturation limit early in the morning and remained above the saturation level
throughout the day. The shade nets were efficient in reducing the light intensity and
decreasing the air temperature at the canopy, resulting in the alleviation of stress factors.

2.3. Supplementary LED Lighting

While designed shading was advantageous in tropical climates, the shade of the
construction elements in a building integrated rooftop greenhouse created suboptimal
lighting conditions for tomato cultivation in the Mediterranean area. Appolloni et al.
tested three lighting strategies to supplement solar radiation and found 17% yield increase
regardless of the type of treatment used (with or without far-red, during the whole day or
at the end of the day). The paper investigated the economics of the supplementary lighting
by estimating the specific production cost increase associated with the energy consumption
of LED luminaires.

3. Conclusions

The ten publications in this Special Issue covered only a tiny proportion of the practical
lighting challenges that horticulturalists are faced with. The lighting applications described
ranged from shading nets to LEDs as a sole source of light. Several publications investigated
the interactions between the lighting conditions and other environmental parameters,
which are indispensable for optimizing closed indoor cultivation systems. The publications
described methods to find the trade-off between the quantity and quality (nutritional
profile) of the horticultural crop.

The use of qualitative attributes to describe the lighting environment significantly
limits the transferability of experimental results. This limitation is particularly pronounced
in shade net experiments. While relative solar irradiance allows for direct comparison of
parallel tests differentiated by the shading net type only, the absence of absolute values for
B, G, R, and FR wavebands hinders the direct comparison with results from other experi-
ments conducted under different conditions. Future studies should incorporate absolute
measurements of these wavebands as a function of time to enhance the comparability and
robustness of findings across diverse experimental setups.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: The use of extended light spectra, including UV-A, green, and far-red, has
been scarcely explored in vertical farming. This study evaluated the effects of full spec-
tra under two intensities (90 and 180 μmol m−2 s−1) on the growth and antioxidant
properties of green and purple leaf lettuce. Three light spectra were tested: Blue-White
(BW), Red-White (RW), and Red-Blue (RB). Fresh weight (FW), dry weight percentage
(DWP), chlorophyll concentration (NDVI), and antioxidant parameters (total phenolic
content (TPC), antioxidant capacity by DPPH and FRAP and total flavonoid content
(TFC)) were assessed. Spectrum-intensity interactions significantly influenced FW, with
RW-180 μmol m−2 s−1 yielding the highest FW (78.2 g plant−1 in green and 48.5 g plant−1

in purple lettuce). BW-90 μmol m−2 s−1 maximized DWP in green lettuce, while PAR
intensity of 180 μmol m−2 s−1 favored DWP in purple lettuce. Chlorophyll concentration
increased under PAR intensity of 180 μmol m−2 s−1, and leaf color varied with spectrum,
with RW producing lighter leaves. Antioxidant parameters declined over time, but a PAR
intensity of 180 μmol m−2 s−1, particularly under RW, boosted TPC and TFC contents
in both lettuce cultivars during early stages (days 0 and 15). Conversely, a lower PAR
intensity of 90 μmol m−2 s−1, mainly under RW, enhanced antioxidant capacity by FRAP
at 15 days and by the end of the cycle for both cultivars. Overall, RW-180 μmol m−2 s−1 in-
teractions promoted the best characteristics in lettuce. Nonetheless, the findings emphasize
the significance of fine-tuning both light spectrum and intensity to enhance lettuce growth
and quality in vertical farming systems considering the cultivar, time and variable to
be evaluated.
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1. Introduction

The demand for food is rising due to the continuous increase in the global population,
which poses a significant challenge for agriculture, particularly amid decreasing arable land,
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resource scarcity, and the need for sustainable production [1]. According to Alexandratos
and Bruinsma [2], the world population is expected to increase by more than one-third
(2.3 billion people) between 2009 and 2050, driving a growing demand for food. Faced with
this challenge, innovative alternatives have emerged that integrate agriculture, engineering,
and architecture, creating vertical types of agriculture in cities [3], thereby optimizing the
use of space, energy, and water.

Vertical farming has grown rapidly, combined with indoor farming production tech-
nologies such as hydroponics. This method produces a crop in water with nutrients, which
offers numerous advantages, such as high yield, good quality, continuous production,
and efficient use of resources, among others [4]. Among the most common crops in these
systems are short-cycle, single-crop green leafy vegetables, such as lettuce [5]. This crop is
notable for its rapid growth, short growing cycle, high planting density, and low energy
demand [6–8].

Climatic conditions in vertical cultivation systems are highly dependent on energy
consumption, with lighting being the main vector, responsible for 65–85% of total energy
expenditure [9]. Increasing light intensity, for example, from 250 to 700 μmol m−2 s−1,
dramatically increases energy consumption [9–11], raising the need to optimize intensities
to meet both plant photosynthetic demands and system energy efficiency.

Light provides energy for photosynthesis and regulates plant growth and development
based on its intensity and spectral quality [12,13]. Photosynthetic pigments preferentially
absorb light in the blue (430–453 nm) and red (642–663 nm) ranges, optimizing photon
conversion and activating key metabolic pathways [14–18]. In particular, red and blue
spectra are the most efficient for plant growth and development due to their impact on
photosynthesis and regulation of physiological processes [19–22].

In addition to red and blue spectra, other light ranges, such as ultraviolet (UV), green,
and far-red (FR), can induce specific responses in plants. For example, adding UV-A light
can affect dry weight and leaf area, depending on the exact wavelength employed [23].
Low-intensity white light (55 μmol m−2 s−1) has promoted an increase in fresh weight and
leaf length in lettuce seedlings [24], while the combination of red and far-red light (R:FR
in a 3:2 ratio) and intensities of 300 μmol m−2 s−1 significantly increased leaf area, fresh
weight and gas exchange [25].

The light spectrum also influences the accumulation of phytochemicals. Blue and red
light have increased compounds such as polyphenols and anthocyanins in lettuce [26,27].
For example, UV or green light supplementation over a basal spectrum (blue + red + FR)
has increased the production of antioxidants and pigments such as α-carotene and antho-
cyanins [27]. Similarly, adding FR to red light has improved vitamin C and soluble sugar
content [25]. However, lights with a high red fraction (150 μmol m−2 s−1) have reduced
chlorophyll and carotenoid levels in arugula and lamb’s lettuce [28]. In comparison, spectra
with high red:blue ratios (7.5:1) and intensities between 216 and 376 μmol m−2 s−1 have a
reduced phenolic content in green lettuce [29].

Light intensity also regulates growth and nutritional quality. In microgreens, inten-
sities of 120 and 160 μmol m−2 s−1 (23% blue + 75% red + 2% FR) showed enhanced
yield compared to higher intensities (220 μmol m−2 s−1) [30]. In lettuce, intensities of
250 μmol m−2 s−1 have promoted higher fresh biomass than low intensities of
60 μmol m−2 s−1 [31]. Furthermore, intensities between 350 and 450 μmol m−2 s−1 com-
bined with red and blue spectra (R:B = 2:1) and concentrated nutrient solutions significantly
improved polyphenol and anthocyanin levels [32]. Additionally, studies suggest that inten-
sities between 150 and 300 μmol m−2 s−1 under blue and red light increase antioxidants,
phenols, and sugars in species such as lettuce, cabbage, cucumber, and spinach [13].
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The lower intensity of 60 μmol m−2 s−1 can also promote higher antioxidant capacity
in lettuce when red + blue spectra with different R:B ratios were used [31]. Hernandez-
Adasme et al. [30] showed that an intensity of 120 μmol m−2 s−1 under the spectrum of
23% blue + 75% red + 2% far-red and a photoperiod of 16 h of light promoted betalain
accumulation in beet microgreens compared to 220 μmol m−2 s−1 by 35% and a photoperiod
of 12 h of light by 96.8%.

Therefore, incorporating additional wavelengths to the blue and red spectrum, which
amplifies the spectral quality of lighting, is a promising strategy to maximize vegetative
growth, morphological development, and the antioxidant profile of vegetables. Although
several studies have demonstrated the beneficial effects of blue and red light on crops like
lettuce, the impact of more complete spectra that include ultraviolet (UV-A), green, and
far-red (FR) light, in combination with varying light intensities, remains largely unexplored.
Furthermore, previous studies have not sufficiently addressed the interaction between
spectral quality and light intensity on agronomic parameters and functional quality in leafy
vegetables grown in vertical hydroponic systems.

This study was set out with the aim of evaluating the interaction between complete
light spectra and different light intensities on the morphological characteristics and antioxi-
dant properties of green and purple leafy lettuce grown in vertical hydroponic systems. It
is hypothesized that the combination of full light spectra, integrating ultraviolet (UV-A)
or far-red (FR) light, at moderate intensities improves the fresh weight and antioxidant
quality of lettuce grown in vertical hydroponic systems.

2. Materials and Methods

2.1. Plant Material and Growth Conditions

This study was conducted in a vertical farm system set up in adapted 3.5 × 4.0 × 6.0 m
cold chambers at the Post-harvest Study Center (CEPOC) at the University of Chile (33◦34′ S,
70◦38′ W). Five 1.7 × 1.8 × 0.45 m metal shelves were arranged inside the chamber, with
three levels per shelf. LED lamps for each light treatment were mounted on each level
(Table 1). Dividers made of opaque, non-translucent material were placed between the
experimental units to avoid overlapping between light treatments. This design ensured
effective isolation, preventing light transmission between adjacent treatments and guaran-
teeing the independence of the evaluated light conditions.

Table 1. Treatments applied to green ‘Bartimer’ and purple ‘Soltero’ lettuces grown hydroponically
in a vertical farm.

Light Treatments
Spectrum (%)

UV:B:G:R:FR 2 R:B Ratio
PAR 1

μmol m−2 s−1
Photoperiod

h

Blue-White (BW) 0:18:40:39:3 2.2:1.0
90

12

180

Red-White (RW) 1:17:25:49:8 2.9:1.0
90

180

Red-Blue (RB) 1:17:4:76:2 4.5:1.0
90

180
1 Photosynthetically active radiation. 2 ultraviolet:blue:green:red:far-red.

Lettuce seeds (Lactuca sativa L.) of green and purple loose leaf type Lollo ‘Bartimer’ and
‘Soltero’, respectively, (Nuhmens, BASF) were used. The Bartimer variety is characterized
by its bright green color, tender texture, vigorous growth, and high leaf quality [33].
‘Soltero’, in contrast, is characterized by its reddish color and a high content of antioxidant
compounds, in addition to showing positive results in using hydroponic crops [34].
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Sowing was carried out in 105-cell plastic trays with a single seed allocated to each
cell at the time of sowing. The substrate used was a mixture of DSM2 W R0632 peat
(Kekkilä, Vantaa, Finland) and A6 perlite (Harborlite, Santiago, Chile) in a 1:2 (v:v) ratio.
The sown trays were placed under each light treatment in the vertical cultivation system.
Once the seedlings reached a 5 to 6 cm root length and three to four true leaves, they
were transplanted to the floating root system and maintained until harvest (45 days after
transplant). The floating root system consisted of plastic trays (0.40 × 0.30 × 0.06 m) on
which a white acrylic sheet (0.45 × 0.35 × 0.07 m) with 14 perforations was placed. The
nutrient solution (4 L per tray) was changed weekly in each tray, and its composition was
mentioned in the studies by Hernández-Adasme et al. [24] and Lara et al. [35]. The nutrient
solution was oxygenated by supplying air through 4 mm diameter silicone hoses connected
to an air compressor (SOBO Electrical Appliance Co., Ltd., SB-748, Guangzhou, China),
achieving a concentration that ranged between 8 and 10 mg L−1 in each tray. The pH of
the nutrient solution was measured with a potentiometer (Hi99301, Hanna Instruments,
Woonsocket, RI, USA), maintained between 5.8 and 6.0 and adjustments were made with
an acid solution (1.2% phosphoric acid + 3.8% nitric acid + 95% water) when appropriate.
The electrical conductivity was measured with a conductivity meter (Hi99301, Hanna
Instruments, Woonsocket, RI, USA), maintained around 2.0 mS cm−1 by the addition of
fertilizers to compensate for any variations in nutrient concentrations. Both parameters
(pH and EC) were measured weekly at each solution change. The ambient temperature and
relative humidity during crop growth were 22 ± 2 ◦C and 70–80%, respectively. Neither
variable varied significantly during lettuce cultivation. The thermal energy emitted by the
LED lamps was minimal (±2 ◦C), and the humidity variations were slight, not exceeding
5% between light and dark periods.

2.2. Light Treatments

The light treatments consisted of three different light spectra under two intensities, 90
and 180 μmol m−2 s−1. A TG-14 plug-in analog timer (ManHua Electric Co., Ltd., Wenzhou,
China) was used to program the 12-h photoperiod to save energy. The Blue-White (BW)
treatment was given by a panel with a 32.5 × 19.5 cm dimmer (Samsung, LM301h Quantum
LED, Suwon, Republic of Korea). The Red-White (RW) treatment consisted of two LED
tubes 1.2 m long (Sonneteck Technology Co., Ltd., GL-TL040P12BF-01, Xiamen, China).
Finally, Red-Blue (RB) was achieved with 36 × 30 cm LED lamps (ASYCAR, Santiago,
Chile). Each treatment was initiated on the day of sowing.

2.3. Agronomic Characteristics

Agronomic characteristics were evaluated at harvest, i.e., 45 days after transplanting.

2.3.1. Fresh Weight (FW)

The fresh weight of the aerial part of three lettuce plants obtained from each replicate
was measured at harvest. The result was expressed in grams per plant (g plant−1).

2.3.2. Dry Weight Percentage (DWP)

The dry weight percentage was measured by drying the aerial part of the same three
plants per replicate obtained for fresh weight. Drying was performed in an LFO-250F oven
(LabTech, Gyeonggi-do, Republic of Korea) at 60 ◦C until the sample maintained a constant
weight. The weight was obtained from a CMN3000-1 semi-analytical balance (Kern &
Sohn GmbH, Balingen, Germany), and the result was presented as a percentage using the
equation proposed by Hernández-Adasme et al. [26]:

DWP = (DW/FW) × 100 (1)
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where FW and DW correspond to fresh and dried weight, respectively.

2.3.3. Leaf Number

The total number of leaves of three independent plants for each repetition and treat-
ment was counted at harvest time.

2.3.4. Color

Lightness (L*), chroma (C*), and hue (h*) were measured on the adaxial side of all
extended leaves of three plants per replicate. Three measurements were taken for each leaf
using a compact tristimulus colorimeter minolta chroma meter model CM-2500d (Konica
Minolta INC., Osaka, Japan).

2.3.5. Normalized Difference Vegetation Index (NDVI) as a Relative Index of
Chlorophyll Concentration

This measurement was performed on two leaves from each of the three plants chosen
per replicate in each treatment. Measurements were performed using a reflectance-based
device (PlantPen NDVI 300, Photon Systems Instruments (PSI), Drásov, Czech Republic).

2.4. Antioxidant Parameters

Antioxidant parameters were evaluated at three harvest stages, at transplanting (day 0),
15 and 45 days after transplanting; each phenological stage was analyzed independently.

2.4.1. Total Phenolic Content (TPC)

Total phenolic content was determined according to the method proposed by Singleton
and Rossi [36] and the modifications indicated by Hernández-Adasme et al. [29]. A calibra-
tion curve performed with gallic acid was used to obtain the total phenol concentration.
The results were expressed as mg gallic acid equivalent (GAE) 100 g−1 FW.

2.4.2. Antioxidant Capacity

The FRAP (ferric reducing/antioxidant power) protocol was carried out according
to the methods proposed by Benzie and Strain [37] following the modifications proposed
by Hernández-Adasme et al. [30]. The method monitors the reaction of a ferric-TPTZ
(2,4,6-tripyridyl-s-triazine) solution, which changes from a ferric to a ferrous form through
contact with the antioxidant compounds. This reduced the total antioxidant compounds
in the reaction, changing the absorbance ratios at 593 nm. The antioxidant capacity by
FRAP was calculated through a calibration curve performed with Trolox. The results were
expressed as mg Trolox equivalent (TE) 100 g−1 FW.

The measurement of antioxidant capacity by DPPH was carried out according to the
method proposed by Brand-Williams et al. [38] and following the modifications used by
Hernández-Adasme et al. [30]. To 250 μL of plant extract, 1 mL of 0.1 mM DPPH solution
was added and incubated for 20 min. Subsequently, 200 μL of the mixture (extract and
DPPH reagent) was taken and transferred to a spectrophotometer multi-cell plate (ASYS
UVM340 Biochrom, Cambridge, UK), and readings were taken at 517 nm. After 2 h of
incubation, the absorbance of the reaction was measured again. The antioxidant capacity
was calculated using a calibration curve based on a Trolox stock solution. The results were
expressed as mg Trolox equivalent (TE) 100 g−1 FW.

2.4.3. Total Flavonoid Content (TFC)

Total flavonoid content was determined with aluminum chloride as described by
Flores et al. [39]. 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
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1 M NaOH were added. Finally, the reaction absorbance was measured at 510 nm using a
spectrophotometer multi-cell plate (ASYS UVM340, UK). The results were expressed as
milligrams of Rutin equivalent (RE) 100 g−1 FW.

2.5. Experimental Design and Statistical Analysis

The experiment was designed as a completely randomized 3 × 2 factorial structure,
with three repetitions per treatment, with each repetition consisting of three plants. The
first factor was the light spectrum, with three levels (Blue-White (BW; R:B = 2.2:1), Red-
White (RW; R:B = 3.1:1), and Red-Blue (RB; R:B = 5:1). The second factor was the intensity,
with two levels (90 and 180 μmol m−2 s−1). The data were analyzed using linear mixed
models for each variable evaluated and each lettuce cultivar independently. Finally, the
differences between means were compared using Fisher’s LSD test for the interaction of
factors or independent factors when they corresponded with a significance level of 5%
(α = 0.05). Statistical analyses were performed with the InfoStat software (version 2020e)
and R programming language (i386 3.6.3) version 2020 [40].

3. Results

3.1. Agronomic Characteristics
3.1.1. Fresh Weight

A significant interaction between light intensity and spectrum on FW was observed in
both cultivars (Figure 1a, b). In green lettuce ‘Bartimer’, the highest fresh weights were
recorded with RW-180 (78.2 g plant−1) and BW-180 μmol m−2 s−1 (64.5 g plant−1). For both
cases, the increase in PAR intensity determined a 37% rise in FW in BW and RW whereas
no differences were observed in RB treatments (Figure 1a). In purple ‘Soltero’ lettuce,
the highest values were achieved with the treatments RW-180 (48.5 g plant−1), BW-180
(46.1 g plant−1), and BW-90 μmol m−2 s−1 (45.7 g plant−1). In particular, increasing PAR
intensity resulted in 41.4% more FW in RW while no significant differences were observed
under BW and RB. On the other hand, these fresh weights were lower than those obtained
by the green ‘Bartimer’ lettuce (Figure 1b).
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Figure 1. Fresh weight of (a) green ‘Bartimer’ and (b) purple ‘Soltero’ lettuces grown hydroponically
in a vertical farm exposed to different light spectra and PAR intensities (μmol m−2 s−1) at 45 days
post-transplanting. Different letters indicate significant differences in the factor or the interaction
between factors (Fisher’s test, p ≤ 0.05).

3.1.2. Dry Weight Percentage (DWP)

In green ‘Bartimer’ lettuce, a significant interaction between light intensity and spec-
trum on DWP was observed (Figure 2a). Treatments BW, RW, and RB-90 μmol m−2 s−1

showed the highest values; in particular, BW-90 μmol m−2 s−1 showed the highest value of
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11.2%. Thus, the lower PAR intensity improved the DWP by 95.3, 93.8 and 69.1% under RW,
BW and RB, respectively (Figure 2a). In purple ‘Soltero’ lettuce, significant differences were
observed in the intensity factor only, with 180 μmol m−2 s−1 being the highest value (7.8%)
compared to 90 μmol m−2 s−1 (6.9%) which meant a 13.0% increase in DWP (Figure 2b).
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Figure 2. Dry weight percentage of (a) green ‘Bartimer’ and (b) purple ‘Soltero’ lettuces
grown hydroponically in a vertical farm exposed to different light spectra and PAR intensities
(μmol m−2 s−1) at 45 days post-transplanting. Different letters indicate significant differences in the
factor or the interaction between factors (Fisher’s test, p ≤ 0.05).

3.1.3. Number of Leaves per Plant

The number of leaves per plant of both cultivars showed significant differences in
spectrum and intensity factors independently. In green ‘Bartimer’ lettuce, the highest
values were observed under the RW treatment (25.0 leaves per plant). Specifically, the
number of leaves increased significantly under RW versus RB by 6.4%, while no sig-
nificant differences were found between BW and the other light spectra (RW and RB)
(Table 2). On the other hand, PAR intensity of 180 μmol m−2 s−1 reached 25.6 leaves per
plant, a significant increase of 12.8% compared to low PAR intensity (90 μmol m−2 s−1)
(Table 2). Similarly, in purple ‘Soltero’ lettuce, the maximum value was recorded under BW
(22.0 leaves per plant). Thus, BW determined a 7.3% rise in the number of leaves compared
to RB. In contrast, no differences were observed between BW and RW, and RW and RB
(Table 2). Likewise, PAR intensity of 180 μmol m−2 s−1 significantly enhanced the num-
ber of leaves (22.6 leaves per plant) compared to low PAR intensity (90 μmol m−2 s−1)
by 13.0% (Table 2).

Table 2. Leaf number and NDVI (Normalized Difference Vegetation Index) of green ‘Bartimer’ and
purple ‘Soltero’ lettuces grown hydroponically in a vertical farm exposed to different light spectra
and PAR intensities (μmol m−2 s−1) at 45 days post-transplanting.

Factor Level
Leaf Number Plant−1 NDVI

Bartimer cv. Soltero cv. Bartimer cv. Soltero cv.

Spectrum (S)
BW 23.9 ± 0.7 ab 1 22.0 ± 0.4 a 0.37 ± 0.010 0.44 ± 0.009
RW 25.0 ± 0.7 a 21.3 ± 0.5 ab 0.37 ± 0.011 0.42 ± 0.011
RB 23.5 ± 0.4 b 20.5 ± 0.6 b 0.38 ± 0.012 0.44 ± 0.007
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Table 2. Cont.

Factor Level
Leaf Number Plant−1 NDVI

Bartimer cv. Soltero cv. Bartimer cv. Soltero cv.

Significance * * ns 2 ns

Intensity (I) 90 22.7 ± 0.4 b 20.0 ± 0.4 b 0.40 ± 0.007 b 0.40 ± 0.007 b
180 25.6 ± 0.4 a 22.6 ± 0.4 a 0.47 ± 0.004 a 0.47 ± 0.004 a

Significance * * * *

Interaction (S × I)

BW-90 22.5 ± 0.8 20.6 ± 0.4 0.34 ± 0.015 0.40 ± 0.009
RW-90 23.5 ± 0.9 20.6 ± 0.6 0.35 ± 0.015 0.39 ± 0.014
RB-90 22.3 ± 0.6 18.5 ± 0.6 0.33 ± 0.015 0.42 ± 0.008

BW-180 25.4 ± 0.7 23.3 ± 0.4 0.40 ± 0.009 0.48 ± 0.007
RW-180 26.6 ± 0.7 22.1 ± 0.8 0.39 ± 0.014 0.46 ± 0.007
RB-180 24.8 ± 0.6 22.3 ± 0.8 0.42 ± 0.008 0.46 ± 0.008

Significance ns ns ns ns
1 Different letters on the columns within each factor or interaction indicate significant differences (Fisher’s test,
* p < 0.05). 2 Indicates not significant.

3.1.4. NDVI (Normalized Difference Vegetation Index)

Significant differences were observed only for the intensity factor in both cultivars,
with the highest values being found at 180 μmol m−2 s−1 (Table 2). Green ‘Bartimer’ and
purple ‘Soltero’ lettuces reached an NDVI of 11.8% and 17.5% higher than the PAR intensity
of 90 μmol m−2 s−1, respectively (Table 2).

3.1.5. Color

The spectrum was the only factor significantly affecting lightness in green ‘Bar-
timer’ lettuce. In particular, the RW treatment significantly enhanced lightness, sur-
passing BW and RB by 3.1% and 8.6%, respectively (Table 3 and Figure 3). Con-
versely, no significant differences were detected in chroma or hue in this cultivar
(Table 3). In purple ‘Soltero’ lettuce, significant differences were evident across all evaluated
parameters—lightness, chroma, and hue—exclusively for the spectrum factor (Table 3).
Specifically, RW (49) significantly increased lightness compared to RB (46) and BW (45) by
6.5% and 8.9%, respectively. Likewise, the chroma showed a notable rise under RW, exceed-
ing RB and BW by 42.8% and 48.7%, respectively. Additionally, hue values were signifi-
cantly higher in RW (117◦) than RB (113◦) and BW (112◦). These findings suggest that purple
‘Soltero’ lettuce grown under RW conditions exhibited a greener and lighter appearance
(Table 3 and Figure 4).

Table 3. Lightness (L*), Chroma (C*), and Hue (H◦) of green ‘Bartimer’ and purple ‘Soltero’ lettuces
grown hydroponically in a vertical farm exposed to different light spectra and PAR intensities
(μmol m−2 s−1) at 45 days post-transplanting.

Factor Level
Lightness (L*) Chroma (C*) Hue (H◦)

Bartimer cv. Soltero cv. Bartimer cv. Soltero cv. Bartimer cv. Soltero cv.

Spectrum (S)
BW 65 ± 0.84 b 1 45 ± 1.67 c 47 ± 2.48 26 ± 4.09 b 123 ± 1.99 112 ± 1.18 b
RW 67 ± 0.85 a 49 ± 1.66 a 50 ± 2.41 39 ± 4.09 a 122 ± 1.96 117 ± 1.20 a
RB 62 ± 0.86 c 46 ± 1.67 b 46 ± 2.79 27 ± 4.34 b 123 ± 2.10 113 ± 1.17 b

Significance * * ns 2 * ns *

Intensity (I) 90 64 ± 0.69 47 ± 1.69 49 ± 0.87 30 ± 3.04 123 ± 1.96 114 ± 1.45
180 64 ± 0.76 47 ± 1.71 47 ± 0.85 31 ± 3.65 123 ± 1.97 114 ± 1.24
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Table 3. Cont.

Factor Level
Lightness (L*) Chroma (C*) Hue (H◦)

Bartimer cv. Soltero cv. Bartimer cv. Soltero cv. Bartimer cv. Soltero cv.

Significance ns ns ns ns ns ns

Interaction (S × I)

BW-90 65 ± 0.86 45 ± 0.55 47 ± 0.90 26 ± 0.56 123 ± 1.97 112 ± 0.86
RW-90 67 ± 0.85 49 ± 0.51 54 ± 0.91 39 ± 7.92 122 ± 1.61 117 ± 0.40
RB-90 62 ± 0.89 46 ± 0.69 46 ± 0.89 27 ± 0.70 123 ± 2.34 112 ± 0.83

BW-180 65 ± 0.73 45 ± 0.56 47 ± 0.86 26 ± 0.65 123 ± 1.97 112 ± 0.85
RW-180 67 ± 0.74 49 ± 0.54 47 ± 0.86 39 ± 7.91 122 ± 1.60 117 ± 0.41
RB-180 62 ± 0.76 46 ± 0.65 46 ± 0.87 27 ± 0.68 123 ± 2.33 112 ± 0.79

Significance ns ns ns ns ns ns
1 Different letters on the columns within each factor or interaction indicate significant differences (Fisher’s test,
* p < 0.05). 2 Indicates not significant.

Figure 3. Green ‘Bartimer’ lettuce grown hydroponically in a vertical farm exposed to (a) BW-90
μmol m−2 s−1; (b) RW-90 μmol m−2 s−1; (c) RB-90 μmol m−2 s−1; (d) BW-180 μmol m−2 s−1;
(e) RW-180 μmol m−2 s−1; (f) RB-180 μmol m−2 s−1 at 45 days post-transplanting.
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Figure 4. Purple ‘Soltero’ lettuce grown hydroponically in a vertical farm exposed to (a) BW-90
μmol m−2 s−1; (b) RW-90 μmol m−2 s−1; (c) RB-90 μmol m−2 s−1; (d) BW-180 μmol m−2 s−1;
(e) RW-180 μmol m−2 s−1; (f) RB-180 μmol m−2 s−1 at 45 days post-transplanting.

3.2. Antioxidant Parameters
3.2.1. Total Phenolic Content (TPC)

In the initial evaluation (day 0), a significant interaction between the evaluated factors
was observed in both cultivars. In green ‘Bartimer’ lettuce, the highest values were recorded
in the treatments RW-180 μmol m−2 s−1 (351 mg GAE 100 g−1 FW), BW-180 μmol m−2 s−1

(321 mg GAE 100 g−1 FW), and RB-180 μmol m−2 s−1 (317 mg GAE 100 g−1 FW). Thus,
increasing the PAR intensity promoted a 268.6, 191.8 and 112.7% increase in TPC in RB, BW and
RW, respectively (Table 4). In purple ‘Soltero’ lettuce, the highest value was recorded under
the RW-180 μmol m−2 s−1, reaching 315 mg GAE 100 g−1 FW. Specifically, the enhancement
of PAR intensity resulted in 164.7 and 50.0% rise in TPC under RW and RB, respectively, while
no differences were observed in BW treatment (Table 5).
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At 15 days post-transplant, both cultivars continued to exhibit a significant interaction
between factors. In green ‘Bartimer’ lettuce, the RW-180 μmol m−2 s−1 recorded the highest
value at 431 mg GAE 100 g−1 FW. Likewise, the rise in PAR intensity determined a 455.9,
367.4 and 226.5% increase in TPC in BW, RB and RW, respectively (Table 4). In addition, TPC
values under 180 μmol m−2 s−1 were higher than in the previous evaluation (Table 4). For
purple ‘Soltero’ lettuce, the RW-180 μmol m−2 s−1 and BW-180 μmol m−2 s−1 treatments
delivered the highest TPC levels, reaching 488 and 459 mg GAE 100 g−1 FW, respectively.
Overall, the enhancement of PAR intensity improved in 415.7, 299.1 and 108.6% the TPC
under BW, RB and RW, respectively. Notably, the application of 180 μmol m−2 s−1 yielded
values up to five times greater than the PAR intensity of 90 μmol m−2 s−1 and higher values
than the previous evaluation (Table 5).

By 45 days post-transplant, TPC levels had significantly decreased in all green ‘Bar-
timer’ lettuce treatments and those with a light intensity of 180 μmol m−2 s−1 in the
purple ‘Soltero’ lettuce. In green ‘Bartimer’ lettuce, the BW-180 μmol m−2 s−1 and
RW-90 μmol m−2 s−1 emerged as the top performers, reaching 93 and 87 mg GAE 100 g−1

FW, respectively (Table 4). Particularly, the increase in PAR intensity caused an 82.4% and
21.9% improvement in TPC under BW and RB, respectively. On the contrary, the decrease in
PAR intensity determined a 17.6% rise in TPC under RW (Table 4). Meanwhile, differences
in purple ‘Soltero’ lettuce were primarily linked to the light spectrum factor, with BW
and RW achieving the highest levels at 172 and 169 mg GAE 100 g−1 FW, respectively.
Specifically, the TPC under BW and RW increased compared to RB by 13.9% and 11.9%,
respectively (Table 5).

3.2.2. Antioxidant Capacity
Antioxidant Capacity by FRAP Assay

The antioxidant capacity showed a significant interaction between factors in both culti-
vars at the different harvest times (Tables 4 and 5). On day 0, the RW-180 μmol m−2 s−1

significantly increased antioxidant capacity compared to the other treatments, reaching
511 mg TE 100 g−1 FW in green ‘Bartimer’ lettuce. On the other hand, the increase in
PAR intensity determined a 951.4, 845.5 and 213.5% rise in antioxidant capacity in BW, RB
and RW, respectively (Table 4). Similarly, in purple ‘Soltero’ lettuce, this same treatment
(RW-180 μmol m−2 s−1) resulted in the highest value, with 748 mg TE 100 g−1 FW. Fur-
thermore, moderate PAR intensity (180 μmol m−2 s−1) resulted in a 221.0, 180.3 and 144.0%
enhancement of antioxidant capacity under RW, BW and RB, respectively, compared to
lowest PAR intensity (90 μmol m−2 s−1) (Table 5). Moreover, on day 0, the intensity
of 180 μmol m−2 s−1 under the different spectra was associated with the greatest antioxidant
capacity values by FRAP compared to 90 μmol m−2 s−1 in both cultivars (Tables 4 and 5).

At 15 and 45 days post-transplant, the highest antioxidant capacity was observed
under the RW-90 μmol m−2 s−1 compared to the other treatments in both cultivars. In
particular, in green ‘Bartimer’ lettuce, RW-90 μmol m−2 s−1 recorded 307 and 70 TE
100 g−1 FW on days 15 and 45, respectively. Thus, raising PAR intensity caused increases
of 859.4, 580.0 and 377.8% of antioxidant capacity in RW, RB and BW, respectively, at
day 15, whereas enhancing PAR intensity prompted the antioxidant capacity under RW,
BW and RB by 1330.0, 300.0 and 266.7%, respectively at day 45 (Table 4). On the other
hand, the highest antioxidant capacity of purple ‘Soltero’ lettuce was observed under
RW-90 μmol m−2 s−1, reaching 345 and 181 mg TE 100 g−1 FW at days 15 and 45, re-
spectively. Overall, the lower PAR intensity (90 μmol m−2 s−1) induced an increase in
antioxidant capacity of 741.5, 251.2 and 169.2 at day 15 and 1408.2, 1140.0 and 892.3 at day
45 under RW, RB and BW, respectively (Table 5). Finally, at 180 μmol m−2 s−1, a progressive
decrease in antioxidant capacity was noted in both cultivars over time (Tables 4 and 5).
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Antioxidant Capacity by DPPH Assay

The antioxidant capacity exhibited distinct patterns in both lettuce cultivars across
the different evaluation stages. In the initial analysis (day 0), a significant interaction
between factors was observed in green ‘Bartimer’ lettuce. Thus, RW-90 μmol m−2 s−1

achieving the highest TFC values (1420 mg TE 100 g−1 FW), i.e., the lower PAR intensity
under RW increased antioxidant capacity compared to RW-180 μmol m−2 s−1 by 10.2%,
meanwhile no differences were found between BW and RB spectra under the different
intensities (Table 4). In contrast, the antioxidant capacity showed significant differences
in each factor independently in the purple ‘Soltero’ lettuce. Specifically, the intensity of
90 μmol m−2 s−1 increased antioxidant capacity compared to 180 μmol m−2 s−1 by 16.4%.
Additionally, the RW significantly enhanced antioxidant activity relative to BW by 23.2%
while no differences were observed between RW and RB (Table 5).

At 15 days post-transplant, a significant interaction between factors persisted in
green ‘Bartimer’ lettuce. The highest values were observed under RW- and RB-180 μmol
m−2 s−1, reaching 1317 and 1306 mg TE 100 g−1 FW, respectively. Thus, the rise in PAR
intensity improved the antioxidant capacity under RB, BW and RW by 14.9, 11.0 and
6.6%, respectively (Table 4). In purple ‘Soltero’ lettuce, significant differences continued to
occur independently for each factor. The PAR intensity of 180 μmol m−2 s−1 significantly
increased the antioxidant capacity by DPPH compared to 90 μmol m−2 s−1 by 7.8%.
Conversely, RW provided higher values compared to RB and BW by 6.0% and 10.4%,
respectively (Table 5).

After 45 days post-transplant, a significant interaction between factors was again
observed in green ‘Bartimer’ lettuce. In particular, RB-90 μmol m−2 s−1 recorded the highest
antioxidant capacity (1063 mg TE 100 g−1 FW). Thus, PAR intensity of 180 μmol m−2 s−1

resulted in an 8.4 and 6.3% increase in antioxidant capacity under RB and RW, respectively,
compared to lowest PAR intensity (90 μmol m−2 s−1), whereas no differences were found in
BW treatment (Table 4). In purple ‘Soltero’ lettuce, significant differences were maintained
for each factor independently. The intensity of 90 μmol m−2 s−1 significantly raised
antioxidant capacity compared to 180 μmol m−2 s−1 by 7.1%. Likewise, RW increased
antioxidant capacity compared to both RB and BW by 5.8% (Table 5).

3.2.3. Total Flavonoid Content (TFC)

The TFC was significantly influenced by the interaction between the evaluated factors
at all harvest stages in both green ‘Bartimer’ and purple ‘Soltero’ lettuces (Tables 4 and 5).
Overall, a decreasing trend in TFC values was observed over time (Tables 4 and 5). On day
0, the RW-180 μmol m−2 s−1, RB-180 μmol m−2 s−1, and BW-180 μmol m−2 s−1 treatments
in ‘Bartimer’ lettuce exhibited the highest TFC levels, reaching 839, 816, and 710 mg RE
100 g−1 FW, respectively. Therefore, increasing PAR intensity resulted in 1320.0, 1195.2 and
269.6% improved TFC in BW, RB and RW, respectively (Table 4). In purple ‘Soltero’ lettuce,
the RW-180 μmol m−2 s−1 treatment exhibited the highest value, reaching 1098 mg RE
100 g−1 FW. On the other hand, PAR intensity of 180 μmol m−2 s−1 determined an increase
of 315.9, 284.5, and 195.4% of TFC under RW, BW and RB, respectively (Table 5). In both
cultivars, treatments under 180 μmol m−2 s−1 significantly increased TFC levels, proving
to be the most effective compared to 90 μmol m−2 s−1 (Tables 4 and 5).

On day 15, the RW-180 μmol m−2 s−1 and RB-180 μmol m−2 s−1 showed the high-
est values in the TFC content in green ‘Bartimer’ lettuce, reaching 798 and 740 mg RE
100 g−1 FW, respectively. In addition, the increase in PAR intensity caused an increase
of 1221.4, 950.0 and 781.2% in TFC under RB, RW and BW, respectively (Table 4). On the
other hand, a decrease in TFC was recorded in the same lettuce cultivar under the spectra
with an intensity of 180 μmol m−2 s−1 compared to the evaluation on day 0. Similarly, in
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purple ‘Soltero’ lettuce, a decrease in TFC was identified across all treatments compared to
the assessment on day 0. In addition, RB-180 μmol m−2 s−1 (662 mg RE 100 g−1 FW) and
RW-180 μmol m−2 s−1 (642 mg RE 100 g−1 FW) showed the highest TFC levels. Likewise,
enhancing PAR intensity improved TFC under BW, RW and RB by 219.6, 336.7 and 967.7%,
respectively (Table 5). In both lettuce cultivars, the intensity of 180 μmol m−2 s−1 under the
different spectra positively influenced TFC accumulation, resulting in significantly higher
values compared to 90 μmol m−2 s−1 (Tables 4 and 5).

Finally, on day 45 post-transplant, TFC was significantly affected by the interaction
between the factors in green ‘Bartimer’ lettuce. In detail, RW 90 μmol m−2 s−1 treatment
recorded the highest TFC, with a value of 60 mg RE 100 g−1 FW. On the other hand, the
lower PAR intensity increased TFC in RW and RB by 57.9 and 36.7%, respectively. In
contrast, PAR intensity of 180 μmol m−2 s−1 in BW significantly elevated TCF compared
to lower intensity (90 μmol m−2 s−1) by 168.8% (Table 4). Moreover, TFC levels in this
cultivar decreased further compared to day 15. In purple ‘Soltero’ lettuce, no significant
differences were found among the treatments (Table 5).

4. Discussion

4.1. Agronomic Characteristics

The results showed that the interaction between spectrum and intensity affected fresh
weight (FW) in both lettuce cultivars and dry weight (DWP) in green ‘Bartimer’ lettuce. The
RW-180 μmol m−2 s−1 treatment promoted the highest FW in both cultivars (Figure 1a,b),
characterized by a UVA:B:G:R:FR spectrum = 1:17:25:49:8 and an R:B ratio of 2.9:1.0. This
treatment also presented the highest proportion of far-red (FR, 8%) and the lowest R:FR
ratio (6.1:1). Previous studies have reported that FR supplementation can increase biomass
in lettuce plants [25,41–43]. Additionally, Tan et al. [44] pointed out that FR can regulate
the photosynthetic capacity, facilitating biomass accumulation [45]. Then, the increase in
FW under RW-180 μmol m−2 s−1 could be associated with the elevated proportion of FR in
the spectrum.

In this study, BW, RW and RB spectra at low PAR intensity (90 μmol m−2 s−1) fa-
vored the increase in the percentage of dry weight in green ‘Bartimer’ lettuce (Figure 2a).
According to Ghorbanzadeh et al. [46] a lower PAR intensity (75 μmol m−2 s−1) tends
to develop a larger specific leaf area (cm−2 g−1), i.e., thinner and wider leaves, which
may improve light penetration and utilization within the canopy, resulting in higher dry
weight accumulation. In contrast, the lowest DWP was observed at RW-180 μmol m−2 s−1

in ‘Bartimer’ (Figure 2a), indicating that the higher FW could be attributed to a higher
water content. Furthermore, the number of leaves per plant increased significantly under
RW-180 μmol m−2 s−1 (Table 2), which could also explain the increase in FW due to higher
leaf production under FR treatments [42]. In purple lettuce ‘Soltero’, light intensity sig-
nificantly impacted DWP, with higher values under 180 μmol m−2 s−1 (Figure 2b). Jin
et al. [47] indicated that light intensity influences dry weight and is a key factor in deter-
mining photosynthesis [48]. This process converts light energy into chemical energy [49],
mainly carbohydrates contributing to DWP [50]. Therefore, the higher intensity applied in
this study probably promoted a greater accumulation of carbohydrates in purple ‘Soltero’
lettuce, increasing DWP. Thus, each cultivar responds differentially to the imposed light
conditions, indicating that the effect of the light factors and/or their interaction on DWP is
cultivar dependent.

Normalized difference vegetation index (NDVI) sensors equipped with red and NIR
light detectors can estimate chlorophyll content by measuring light transmitted through
leaves [51]. Alsin, a et al. [52] found that NDVI showed the best correlations for estimating
chlorophyll in different species, including loose-leaf lettuce. In this study, higher light PAR
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intensity (180 μmol m−2 s−1) increased chlorophyll concentration in green and purple let-
tuces, reflected in higher NDVI values compared to lower PAR intensity (90 μmol m−2 s−1)
(Table 2). These results align with those of Zhou et al. [53] and Pennisi et al. [54], who
reported that a PAR intensity between 150 and 200 μmol m−2 s−1 enhances chlorophyll
content in lettuce plants compared to 100 μmol m−2 s−1. However, higher intensities can
further increase chlorophyll content, with 250 μmol m−2 s−1 being the threshold beyond
which no significant differences are observed [54]. Furthermore, Chen et al. [51] pointed
out that a higher chlorophyll concentration reduces red light transmission, increasing ab-
sorption and generating higher NDVI values. In this study, NDVI responded significantly
only to the light intensity factor in both cultivars; however, other studies, like that regard-
ing Batavia cv. Blackhawk, showed that NDVI did not vary under different intensities
(130–389 μmol m−2 s−1) in a blue-red spectrum [20]. This discrepancy suggests that the
effect of light intensity on NDVI might depend on the specific analyzed lettuce cultivar.

Leaf color is a key phenotypic characteristic in horticultural crops [55], affecting
consumers’ perception and choice of vegetables [56]. In this study, the light spectrum
influenced lettuce leaf color. The RW spectrum produced a lighter color in the green
‘Bartimer’ lettuce by significantly increasing luminosity (Table 3). Similarly, in the purple
‘Soltero’ lettuce, the RW spectrum promoted higher luminosity, chroma, and hue (Table 3),
generating greener and lighter leaves. Meanwhile, the BW and RB spectra induced more
yellow and less green colors (Table 3). These effects could be due to the higher proportion
of far-red (FR) in RW (8%), which is consistent with Carotti et al. [57], who found that
increasing FR in RB light increased lightness and hue in red lettuce var. Canasta. However,
the addition of FR showed a reduction in red coloration in other varieties, as reported
by Meng et al. [58] and Meng and Runkle [59], who noted lower anthocyanin levels in
‘Cherokee’ and ‘Rouxai’ under similar conditions. In this study, the spectra used promoted
low anthocyanins accumulation in ‘Soltero’ lettuce (Figure 4), possibly due to the low light
intensities used.

4.2. Antioxidant Parameters

Lettuce is an important vegetable due to its high content of phytochemicals, such
as phenolic acids [60–62], flavonoids [60–63], and anthocyanins [60,63], which provide
essential antioxidant properties in the human diet. The biosynthesis and accumula-
tion of these compounds are closely regulated by environmental factors such as light
quality, intensity, and duration [62]. In this study, the interaction between light spec-
trum and intensity significantly influenced the antioxidant parameters. An intensity of
180 μmol m−2 s−1 promoted an increase in total phenolic (TPC) and flavonoid (TFC) con-
tent on days 0 and 15 in both cultivars, while at the final evaluation (day 45), a lower PAR
intensity (90 μmol m−2 s−1) favored these compounds in the green lettuce ‘Bartimer’.

This differential effect may be attributed to the activation of specific metabolic path-
ways induced by the characteristics of the RW spectrum (UVA:B:G:R:FR = 1:17:25:49:8;
R:B = 2.9:1.0), characterized by a high proportion of UV-A and far-red (FR). UV-A light has
been shown to induce the expression of the phenylalanine ammonia-lyase (PAL) gene, a key
point in the phenylpropanoid pathway, facilitating the synthesis of phenolic compounds
and antioxidants [64]. Additionally, far-red (FR) is associated with increased photosyn-
thetic capacity and biomass accumulation [41,44], which indirectly favors the synthesis of
secondary metabolites such as flavonoids and anthocyanins.

In particular, the increase in TPC and TFC during the first 15 days under
180 μmol m−2 s−1 could be linked to the ability of light to induce the expression of key genes
such as chalcone synthase (CHS), flavonoid 3-hydroxylase (F3H), and UDP-glucose:flavonoid
3-O-glucosyltransferase (UFGT), involved in the biosynthesis of flavonoids and phenols
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under blue and red light [65]. Reducing the intensity to 90 μmol m−2 s−1 at the final stages
(day 45) might also have made it possible to preserve and stabilize antioxidant production
by reducing light stress, as suggested by previous studies in lettuce grown under different
light conditions [39,61].

Antioxidant capacity, as measured by FRAP and DPPH, showed a less clear but more
prominent pattern under RW, especially at 90 μmol m−2 s−1 at day 45, suggesting that mod-
erate intensities initially favor the activation of biosynthetic pathways. In contrast, lower
intensities at later stages promote sustained antioxidant accumulation. Flores et al. [39]
supported this observation by showing that intensities of 100 μmol m−2 s−1 significantly
increased TPC and antioxidant capacity in green lettuce ‘Romana Long Blonde Galaica’
compared to lower intensities. Similarly, Song et al. [32] found that FRAP and DPPH were
enhanced at irradiances between 350 and 450 μmol m−2 s−1 in contrast to lower irradiances
(150–250 μmol m−2 s−1). Furthermore, Hernández-Adasme et al. [29] indicated that low
R:B ratios (0.4–1.6:1.0) increased TPC in green lettuce, while Naznin et al. [66] reported the
opposite, with increases in antioxidants under higher R:B ratios (4.9:1.0). These findings
suggest that the R:B ratio of 2.9:1.0 in this study may have optimized a balance between
red and blue light, favoring the accumulation of antioxidant compounds in the first days
of cultivation, while the intensity reduction to 90 μmol m−2 s−1 preserved these levels
in later stages.

Regarding flavonoid content, the intensity of 180 μmol m−2 s−1 was effective in the
first days (0 and 15) for both cultivars, especially under the RW spectrum, rich in UV-A
and FR. This result agrees with studies highlighting the role of blue light in regulating
biosynthetic genes such as CHS and F3H in lettuce plants [67], which drives flavonoid
accumulation. On the other hand, Van Brenk et al. [42] showed that flavonoid content
increased linearly with increasing blue in the R:B ratio (1.5:1.0 to 7.0:1.0). However, some
studies, such as Naznin et al. [66], also pointed out that higher intensities may inhibit
certain antioxidants, thereby necessitating a reduction in intensity to 90 μmol m−2 s−1 at
later stages.

This behavior could also be related to differential gene activation under light intensi-
ties. Kitazaki et al. [65] revealed that blue and red wavelengths enhance the expression of
genes such as PAL, CHS, and DFR, which are involved in flavonoid and phenolic metabolic
pathways. Specifically, Hernández-Adasme et al. [26] observed enrichment in C3H ex-
pression under low R:B ratios (0.5:1.0), while other authors, such as Karami et al. [68] and
Ouzounis et al. [69], highlighted that blue light increases flavonoid production, but with a
greater effect on red lettuces.

The results suggest that the combination of a RW spectrum, rich in FR and UV-A,
together with an initial intensity of 180 μmol m−2 s−1 followed by 90 μmol m−2 s−1, op-
timizes the biosynthesis of antioxidants and flavonoids in green ‘Bartimer’ and purple
‘Soltero’ lettuces. This effect can be attributed to light-induced enzymatic and gene regu-
lation, such as the activation of PAL, CHS, and UFGT, supported by previous studies on
metabolic pathways under different spectra and intensities [70–72]. Therefore, this lighting
strategy represents an effective tool to improve the nutritional value of lettuce through the
precise management of light spectra and intensities.

5. Conclusions

Spectrum and light intensity significantly influence various growth characteristics
and chemical quality of lettuce plants independently or by the interaction of both fac-
tors. Overall, RW spectrum (UV:B:G:R:FR = 1:17:25:49:8; R:B = 2.9:1.0) in combination
with 180 μmol m−2 s−1 (RW-180 μmol m−2 s−1) improved FW in both lettuce cultivars,
although the effect was greater in ‘Bartimer’ green lettuce, indicating that the effect was
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cultivar-dependent. Independently, RW and 180 μmol m−2 s−1 positively promoted leaf
number. Whereas, only the intensity of 180 μmol m−2 s−1 improved chlorophyll con-
tent in both lettuce cultivars. Thus, RW and the intensity of 180 μmol m−2 s−1 would
be the most favorable factors to achieve better growth in lettuce plants. Regarding an-
tioxidant parameters, the intensity of 180 μmol m−2 s−1, especially under the RW spec-
trum, favored the content of total phenols (TPC) and flavonoids (TFC) in early stages
(days 0 and 15) of green ‘Bartimer’ and purple ‘Soltero’ lettuce. While lower PAR intensity
(90 μmol m−2 s−1), mainly under RW, optimized antioxidant capacity only by FRAP at
15 days and at the end of the cycle (day 45), both in green ‘Bartimer’ and purple ‘Soltero’
lettuce. Thus, the effect on antioxidant parameters varied according to variable, time and
cultivar. Finally, these results highlight the importance of optimizing both light spectrum
and light intensity to maximize lettuce production and quality in vertical growing systems.
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affects bioactive compounds in romaine baby leaf lettuce. J. Sci. Food Agric. 2013, 93, 3286–3291. [CrossRef]

28. Frutos-Totosa, A.; Hernández-Adasme, C.; Martínez, V.; Mestre, T.; Díaz-Mula, H.M.; Botella, M.A.; Flores, P.; Martínez-Moreno,
A. Light spectrum effects on rocket and lamb’s lettuce cultivated in a vertical indoor farming system. Sci. Hortic. 2023, 321, 112221.
[CrossRef]

29. Hernández-Adasme, C.; Silva, H.; Saavedra-Romero, J.; Martínez, V.; Escalona, V. Light supplementation and growing season
affect the quality and antioxidant activity of lettuce. Chil. J. Agric. Res. 2023, 83, 320–333. [CrossRef]

30. Hernández-Adasme, C.; Palma-Dias, R.; Escalona, V.H. The effect of light intensity and photoperiod on the yield and antioxidant
activity of beet microgreens produced in an indoor system. Horticulturae 2023, 9, 493. [CrossRef]

31. Mohamed, S.J.; Rihan, H.Z.; Aljafer, N.; Fuller, M.P. The impact of light spectrum and intensity on the growth, physiology, and
antioxidant activity of lettuce (Lactuca sativa L.). Plants 2021, 10, 2162. [CrossRef]

32. Song, J.; Huang, H.; Hao, Y.; Song, S.; Zhang, Y.; Su, W.; Liu, H. Nutritional quality, mineral and antioxidant content in lettuce
afected by interaction of light intensity and nutrient solution concentration. Sci. Rep. 2020, 10, 279.

33. Tobar, G.; Antúnez, A.; Corradini, F.; Vidal, M. Lettuce. In Technical Aspects of Cultivation, Irrigation and Nutrition in Lettuce, Tomato
and Melon for the Central Zone of Chile; Blanco, C., Ed.; Instituto de Investigaciones Agropecuarias: Santiago, Chile, 2019; pp. 7–48.
Available online: https://bibliotecadigital.ciren.cl/server/api/core/bitstreams/b9f82a07-65f6-47d8-a0c3-1b66d913d774/content
(accessed on 20 November 2024).

34. Alucho, P.J.; Patin, Q.A. Agronomic and Productive Behavior of Three Varieties of Lettuce (Lactuca sativa L.), in a Hydroponic
System (NFT), with the Application of Two Biostimulants, Under Two Types of Environments, in the Guanujo Parish, Bolívar
Province. Bachelor’s Thesis, Bolívar State University, Guaranda, Ecuador, 2023.

35. Lara, O.A.; Amoros, A.; Tapia, M.L.; Escalona, V.H. Effect of a photoselective filter on the yield and postharvest quality of
‘Viroflay’ baby spinach (Spinacia oleracea L.) leaves cultivated in a hydroponic system. Sci. Hortic. 2021, 277, 109804. [CrossRef]

36. Singleton, S.; Rossi, A. Colorimetry of total phenolics with phosphomolybdic-phosphotungstic and reagents. Am. J. Enol. Vitic.
1965, 16, 144–157. [CrossRef]

25



Horticulturae 2025, 11, 220

37. Benzie, I.F.; Strain, J.J. The ferric reducing ability of plasma (FRAP) as a canopy structure in wheat (Triticum aestivum L.) and wild
oat (Avena fatua L.) exposed to enhanced ultraviolet-B radiation. Funct. Ecol. 1996, 2, 319–330.

38. Brand-Williams, W.; Cuvelier, M.E.; Berset, C.L. Use of a free radical method to evaluate antioxidant activity. LWT-Food Sci.
Technol. 1995, 28, 25–30. [CrossRef]

39. Flores, M.; Urrestarazu, M.; Amorós, A.; Escalona, V. High intensity and red enriched LED lights increased growth of lettuce and
endive. Ital. J. Agron. 2022, 17, 1915. [CrossRef]

40. Di Rienzo, J.A.; Casanoves, F.; Balzarini, M.G.; Gonzalez, L.; Tablada, M.; Robledo, C.W. InfoStat, version 2020. InfoStat
Group, FCA, National University of Córdoba: Córdoba, Argentina, 2020. Available online: https://www.infostat.com.ar (accessed
on 29 October 2024).

41. Lee, M.; Xu, J.W.; Wang, W.Q.; Rajashekar, C.B. The effect of supplemental blue, red and rar-red light on the growth and the
nutritional quality of red and green leaf lettuce. Am. J. Plant Sci. 2019, 10, 2219–2235. [CrossRef]

42. Van Brenk, J.B.; Courbier, S.; Kleijweg, C.L.; Verdonk, J.C.; Marcelis, L.F.M. Paradise by the far-red light: Far-red and red:blue
ratios independently affect yield, pigments, and carbohydrate production in lettuce, Lactuca sativa. Front. Plant Sci. 2024,
15, 1383100.

43. Zou, J.; Zhang, Y.; Zhang, Y.; Bian, Z.; Fanourakis, D.; Yang, Q.; Li, T. Morphological and physiological properties of indoor
cultivated lettuce in response to additional far-red light. Sci. Hortic. 2019, 257, 108725. [CrossRef]

44. Tan, T.; Li, S.; Fan, Y.; Wang, Z.; Raza, M.A.; Shafiq, I.; Wang, B.; Wu, X.; Yong, T.; Wang, X.; et al. Far-red light: A regulator of
plant morphology and photosynthetic capacity. Crop J. 2022, 10, 300–309. [CrossRef]

45. Orlando, M.; Trivellini, A.; Incrocci, L.; Ferrante, A.; Mensuali, A. The inclusion of green light in a red and blue light background
impact the growth and functional quality of vegetable and flower microgreen species. Horticulturae 2022, 8, 217. [CrossRef]

46. Ghorbanzadeh, P.; Aliniaeifard, S.; Esmaeili, M.; Mashal, M.; Azadegan, B.; Seifet, M. Dependency of growth, water use efficiency,
chlorophyll fluorescence, and stomatal characteristics of lettuce plants to light intensity. J. Plant Growth. Regul. 2021, 40, 2191–2207.
[CrossRef]

47. Jin, W.; Ji, Y.; Larsen, D.H.; Huang, Y.; Heuvelink, E.; Marcelis, L.F.M. Gradually increasing light intensity during the growth
period increases dry weight production compared to constant or gradually decreasing light intensity in lettuce. Sci. Hortic. 2023,
311, 111807. [CrossRef]

48. Wimalasekera, R. Effect of light intensity on photosynthesis. In Photosynthesis, Productivity and Environmental Stres; Ahmad, P.,
Ahanger, M.A., Alyemeni, M.N., Alam, P., Eds.; Wiley: Hoboken, NJ, USA, 2019; pp. 65–73.

49. Niu, G. Ligh. In Plant Factory: An Indoor Vertical Farming System for Efficient Quality Food Production, 2nd ed.; Kozai, T., Niu, N.,
Takagaki, M., Eds.; Academic Press Ltd.: Cambridge, MA, USA, 2020; pp. 115–128.

50. Brouwer, R. Nutritive influences on the distribution of dry matter in the plant. Neth. J. Agric. Sei. 1962, 10, 399–408. [CrossRef]
51. Chen, J.-J.; Zhen, S.; Sun, Y. Estimating leaf chlorophyll content of buffaloberry using normalized difference vegetation index

sensors. HortTechnology 2021, 31, 297–303. [CrossRef]
52. Alsin, a, I.; Dūma, M.; Dubova, L.; Šenberga, A.; Da ‘gis, S. Comparison of different chlorophylls determination methods for leafy

vegetables. Agron. Res. 2016, 14, 309–316.
53. Zhou, J.; Li, P.; Wang, J. Effects of light intensity and temperature on the photosynthesis characteristics and yield of lettuce.

Horticulturae 2022, 8, 178. [CrossRef]
54. Pennisi, G.; Pistillo, A.; Orsini, F.; Cellini, A.; Spinelli, F.; Nicola, S.; Fernandez, J.A.; Crepaldi, A.; Gianquinto, G.; Marcelis, L.F.M.

Optimal light intensity for sustainable water and energy use in indoor cultivation of lettuce and basil under red and blue LEDs.
Sci. Hortic. 2020, 272, 109508. [CrossRef]

55. Huo, J.; Zhang, N.; Gong, Y.; Bao, Y.; Li, Y.; Zhang, L.; Nie, S. Effects of different light intensity on leaf color changes in a Chinese
cabbage yellow cotyledon mutant. Front. Plant Sci. 2024, 15, 1371451. [CrossRef]

56. Hoppu, U.; Puputti, S.; Sandell, M. Factors related to sensory properties and consumer acceptance of vegetables. Crit. Rev. Food
Sci. Nutr. 2021, 61, 1751–1761. [CrossRef]

57. Carotti, L.; Pistillo, A.; Zauli, I.; Pennisi, G.; Martin, M.; Gianquinto, G.; Orsini, F. Far-red radiation management for lettuce
growth: Physiological and morphological features leading to energy optimization in vertical farming. Sci. Hortic. 2024,
33, 113264. [CrossRef]

58. Meng, Q.; Kelly, N.; Runkle, E.S. Substituting green or far-red radiation for blue radiation induces shade avoidance and promotes
growth in lettuce and kale. Environ. Exp. Bot. 2019, 162, 383–391. [CrossRef]

59. Meng, Q.; Runkle, E.S. Far-red radiation interacts with relative and absolute blue and red photon flux densities to regulate growth,
morphology, and pigmentation of lettuce and basil seedlings. Sci. Hortic. 2019, 255, 269–280. [CrossRef]

60. Hameed, M.K.; Umar, W.; Razzaq, A.; Wei, S.; Niu, Q.; Huang, D.; Chang, L. Quantification of total polyphenols, antioxidants,
anthocyanins and secondary metabolites by UPLC VION IMS QTOF MS/MS analysis in green and red lettuce cultivars. Sci.
Hortic. 2023, 315, 111994. [CrossRef]

26



Horticulturae 2025, 11, 220

61. Materska, M.; Olszówka, K.; Chilczuk, B.; Stochmal, A.; Pecio, Ł.; Pacholczyk-Sienicka, B.; Piacente, S.; Pizza, C.; Masullo, M.
Polyphenolic profiles in lettuce (Lactuca sativa L.) after CaCl2 treatment and cold storage. Eur. Food Res. Technol. 2019, 245, 733–744.
[CrossRef]

62. Yang, X.; Gil, M.I.; Yang, Q.; Tomás-Barberán, F.A. Bioactive compounds in lettuce: Highlighting the benefits to human health
and impacts of preharvest and postharvest practices. Compr. Rev. Food Sci. Food Saf. 2021, 21, 4–45. [CrossRef]

63. Chen, R.; Wang, Z.; Liu, W.; Ding, Y.; Zhang, Q.; Wang, S. Side lighting of red, blue and green spectral combinations altered the
growth, yield and quality of lettuce (Lactuca sativa L. cv. “Yidali”) in plant factory. Plants 2023, 12, 4147. [CrossRef]

64. Lee, M.-J.; Son, J.E.; Oh, M.-M. Growth and phenolic compounds of Lactuca sativa L. grown in a closed-type plant production
system with UV-A, -B, or -C lamp. J. Sci. Food Agric. 2014, 94, 197–204. [CrossRef]

65. Kitazaki, K.; Fukushima, A.; Nakabayashi, R.; Okazaki, Y.; Kobayashi, M.; Mori, T.; Nishizawa, T.; Reyes-Chin-Wo, S.; Michelmore,
R.W.; Saito, K.; et al. Metabolic reprogramming in leaf lettuce grown under different light quality and intensity conditions using
narrow-band LEDs. Sci. Rep. 2018, 8, 7914. [CrossRef]

66. Naznin, M.T.; Lefsrud, M.; Gravel, V.; Azad, M.O.K. Blue light added with red LEDs enhance growth characteristics, pigments
content, and antioxidant capacity in lettuce, spinach, kale, basil, and sweet pepper in a controlled environment. Plants 2019, 8, 93.
[CrossRef]
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Abstract: Microgreens are innovative vegetable products whose production and consumption are
gaining popularity globally thanks to their recognized nutraceutical properties. To date, the effects
of lighting conditions and growing substrate on the performances of Brassica carinata microgreens
(indigenous to Africa) remain underexplored. The present study aimed at providing insights into the
influence of different lighting treatments provided by LEDs, namely monochromatic blue (B), red
(R), cool white (W) and a combination of three color diodes (B + R + W), and substrates (cocopeat,
sand and cocopeat–sand mix (v/v) (1:1)) on the growth, yield and bioactive compounds of B. carinata
microgreens. Seeds were germinated in dark chambers and cultivated in growth chambers equipped
with LED lighting systems for 14 days under a fixed light intensity of 160 ± 2.5 μmol m−2 s−1 and
photoperiod of 12 h d−1. The best performances were associated with the spectrum that combined
B + R + W LEDs and with substrate resulting from the cocopeat–sand mix, including the highest
yield (19.19 g plant−1), plant height (9.94 cm), leaf area (68.11 mm2) and canopy cover (55.9%).
Enhanced carotenoid and flavonoid contents were obtained with B + R + W LEDs, while the B LED
increased the total amount of chlorophyll (11,880 mg kg−1). For plants grown under B + R + W
LEDs in cocopeat, high nitrate levels were observed. Our results demonstrate that substrate and light
environment interact to influence the growth, yield and concentration of bioactive compounds of B.
carinata microgreens.

Keywords: African indigenous vegetables; healthy diets; light quality; functional foods; nutraceutical;
phytochemical

1. Introduction

Microgreens are gaining attention and recognition as a new class of food due to
their unique characteristics such as flavor, tenderness, color [1,2] and nutrient density [3].
Microgreens are young plants harvested shortly after the first true leaves emerge, usually
between 7 and 21 days after sowing. They are harvested by cutting the stem just above the
medium, or over the roots when soilless cultivation is adopted [4]. The harvested shoots
are eaten raw, either alone or in mixed salads, or used as a garnish for dishes [2]. The
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superiority of microgreens over other plant stages of the same plant species is attributed to
the germination process from dry seeds to growing plants which involves many metabolic
activities and de novo synthesis of nutrients [5]. Microgreens are mainly grown in indoor
hydroponic systems using different growing substrates and integrating supplemental
lighting [2].

Ethiopian kale (Brassica carinata A. Braun) is one of the indigenous African leafy
vegetables (ALVs) that are rich in nutrients and health-promoting secondary plant metabo-
lites [6] with potential for use against non-communicable diseases (e.g., cancer). The leaves
and seeds of B. carinata are rich in nutrients with high concentrations of glucosinolates,
especially 2-propenyl glucosinolate (sinigrin), as well as phenolic compounds. B. carinata
has been reported to reduce afb1-induced DNA damage [7]. B. carinata microgreens have
been shown to contain flavonoids, phenols, tannins, saponins, alkaloids and terpenoids
but not glycosides [8].

Growth substrate is critical in the production of microgreens as it is a major contrib-
utor to production costs [9]. Substrates will affect the growth, yield and environmental
sustainability of microgreen production [10]. Locally available and inexpensive substrates
that have good water-holding capacity and provide aeration are ideal for microgreen pro-
duction. Those derived from renewable resources and/or those that can be recycled are
to be preferred [11]. According to several authors, peat and peat-based mixes represent
the most used growing substrates for the production of microgreens because of their good
physicochemical properties, but coconut coir (also referred to as cocopeat) is common as
well [10–13]. However, these substrates are quite expensive, and when they are not locally
available, they require importation. The use of peat poses environmental concern due to its
continuous extraction which contributes to the emission of carbon dioxide. On the other
hand, cocopeat (derived from the coconut processing industry and its discarded fibers)
is a renewable resource and could be used as an alternative to peat [11]. However, it can
also be an expensive material and requires treatment for the removal of its concentrated
salts before use, which increases costs. Accordingly, the exploration of alternative sub-
strates or additives enabling a reduction in the amount of cocopeat needed may lead to the
identification of sustainable, cheaper and renewable growing substrates for microgreens.

Light is another major factor in plant growth and influences the development and
production of phytochemical and bioactive compounds [14]. Light quality (its composition
in the spectral regions), quantity (intensity), direction and duration (photoperiod) are vital
components in microgreen production. In plants such as lettuce, high light intensity results
in the production of high amounts of phenolics, anthocyanins and carotenoids, among
others, which could be beneficial to human health [15]. Regarding the effects of light on
microgreen growth, research results vary across studies and for different vegetable species.
For example, it has been found [16] that growth and phytochemical accumulation in Brassica
juncea and Brassica napus using different R and B ratios differed depending on the species.
The chlorophyll, carotenoid and soluble protein contents depended on photoperiod [17]
in other Brassica species. Artificial light sources such as light-emitting diodes (LEDs)
have been used as a source of supplemental lighting in controlled environments such
as indoor spaces and greenhouses in the production of microgreens [17]. B, R and W
LEDs used alone or in combination have been used to produce high-quality microgreens
with various nutritional benefits [17]. However, the influence of LED grow lights on B.
carinata microgreens is still unknown. In addition, it is unclear how plants respond to LEDs
in combination with substrates since most of the previous studies assessed either LEDs
or substrates alone. Therefore, this study aimed to investigate the influence of different
LED lights and growing substrates on the growth, yield and phytochemical content of
B. carinata microgreens. The results obtained from this study provide a baseline towards
an understanding of the influence of the interactions between the substrate and LEDs on
quality traits and bioactive accumulation of B. carinata microgreens.
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2. Materials and Methods

2.1. Experimental Materials and Design

The experiment was conducted in a controlled environment in a locally fabricated
walk-in growth chamber at Tokyo University of Agriculture between April and October
2023. The chamber was divided into four compartments using black opaque fabric to
prevent light interference. Each compartment measured 100 cm by 100 cm. In each com-
partment, an LED fixture was placed 50 cm above the surface of the substrate. Ethiopian
kale (Brassica carinata) seeds used in the study were sourced from a commercial vendor
in Kenya. A phytosanitary certificate allowing entry of seeds to Japan was obtained from
the Kenya Plant Health Inspectorate Service (KEPHIS). B. carinata was identified by a tax-
onomist at JKUAT GoK laboratories, and a voucher specimen (JMW/JKUAT/BOT/H001)
is maintained at the JKUAT herbarium.

2.2. Growing Environment

Seeds of B. carinata were sown and grown using three substrates under four LED light
spectra in a factorial experiment. The light spectra used were B (with a peak at 450 nm),
R (with a peak at 650 nm), W, and B + R + W (managed by having one light with three
diodes; B, R and W combined in the ratio of 1:1:1) LEDs in each compartment. The three
substrate types (cocopeat, sand and a mix of cocopeat and sand) and one LED light were
placed in each compartment to give a split plot design with light being the main plot factor
and substrate the subplot factor. There were three replicates for light spectra and twelve
for the substrate. The lights had a fixed light intensity of 160 ± 2.5 μmol m−2 s−1, and a
12 h photoperiod was applied. The air temperature in the walk-in growth chamber was
set and maintained at 26 ± 2 ◦C while relative humidity was maintained at approximately
60% during the experimental period. Temperature and relative humidity were monitored
using a data logger (HOBO, OnSet Data Logging Solutions, Bourne, MA, USA). There were
no nutrients supplied throughout the growing period. Irrigation was performed using
capillary wick technology [18].

2.3. Growth Measurements

Growth was assessed at the end of the experiment (14 days after sowing) in terms of
height, leaf area and canopy cover. Ten plants were randomly selected from each subplot
and harvested for height and leaf area measurements. The plants were harvested by cutting
above the substrate. The individual height of each plant was measured using a ruler.
Leaf area values were estimated using ImageJ v.1.5 software [19]. Leaves from the ten
selected plants were spread on a clean white sheet of paper, and photographs were taken
against a ruler as a reference. Additionally, a square paper of known area (2 × 2 mm)
was included for verification of the measurements obtained. Canopy cover was estimated
using Canopeo software (version 1.1.7) [20]. This was done by taking aerial photographs
of all the above-ground plant materials. To achieve uniformity in all the photographs, a
30 cm distance from the camera to the treatment was maintained. The photographs were
processed with Canopeo software, and canopy cover was calculated as a percentage of the
total surface area.

2.4. Yield and Biomass Analysis

Yield and dry biomass were obtained by weighing the whole harvested microgreen
shoots 14 days after sowing (DAS). All above-ground parts including the leaves, stems and
cotyledons were harvested by cutting them at the base, and fresh weight (yield) and dry
biomass (after freeze drying at −41 ◦C for 24 h) were weighed using a weighing balance.
The samples were further powdered and used for phytochemical analysis.
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2.5. Phytochemical Analysis
2.5.1. Flavonoids

The estimation of total flavonoids in the sample was performed using the aluminum
chloride method. Rutin was used as the standard [21]. The sample (0.1 mL) and stan-
dards were prepared in triplicates, vortexed and incubated for 5 min at room temperature.
Afterward, 10% aluminum chloride was added, vortexed and incubated for 6 min at
room temperature. The absorbance was measured against the blank at 510 nm using a
spectrophotometer (Shimadzu model UV-1601 PC, Kyoto, Japan). The standard curve
was plotted, and the total amount of flavonoids in the sample was expressed as mg of
rutin equivalent (RE)/g of dry weight of the sample. Equation (1) was used to compute
flavonoids (mg/100 g) from absorbance.

Flavonoids = 0.0001 ∗ (As − Ab)

0.0018 ∗ W
∗ D (1)

where Ab = absorbance of the blank, As = absorbance of the sample, D = dilution factor (30),
W = weight of the sample (g), 0.0018 is the slope of the standard curve and 0.0001 is the
factor for conversion to mg/100 g.

2.5.2. Carotenoids

Total carotenoids were extracted using acetone and analyzed using column chromatog-
raphy (Rodriguez- Amaya and Kimura, 2004; AOAC, 1996) and a UV spectrophotometer
(Shimadzu model UV-1601 PC, Kyoto, Japan) [22]. Approximately 0.08 g of dried sample
was weighed and ground in a mortar containing 10 mL of acetone, and extraction was
repeated until the residue turned colorless. Then, 25 mL of the extract was evaporated to
dryness using a rotary evaporator; the residue was dissolved in 10 mL of petroleum ether,
and the solution was introduced into a chromatographic column. Absorbance was read
at 450 nm in a UV-Vis spectrophotometer. Equation (2) was used to calculate carotenoids
(mg/100 g) from absorbance.

Carotenoids = 0.001 ∗ A
2592 ∗ W

(2)

where A = absorbance, W = weight of the sample (g) and 2592 is the absorption coefficient
of β-carotene in petroleum ether.

2.5.3. Nitrates

The nitrate content in the test samples was determined by the calorimetric method
using salicylic acid [22]. Samples of 0.3 g dry B. carinata were weighed and put in a test
tube. Hot (90–95 ◦C) distilled water measuring 10 mL was added. The closed tubes were
placed in a water bath at 80 ◦C and shaken for 30 min. The samples were then cooled
and centrifuged at 4500 rpm. Chlorophyll in the sample was removed by adding 0.5 g
MgCO3 to the supernatant and centrifuging it again. The supernatant containing the nitrate
extract was then treated with NaOH and a combination of salicylic acid and H2SO4. Nitrate
standards were prepared using a sodium nitrate calibration curve. Absorbance was read at
410 nm in a UV-Vis spectrophotometer (Shimadzu model UV-1601 PC, Kyoto, Japan). The
nitrate concentration was expressed on a dry weight basis (mg/100 g DW). Equation (3)
was used to calculate nitrates (mg/100 g) from absorbance.

Nitrates = 0.1 ∗ As − Ab
0.0078 ∗ W

∗ D (3)

where Ab = absorbance of the blank, As = absorbance of the sample, D = dilution factor (30),
W = weight of the sample (g), 0.0078 is the slope of the standard curve and 0.1 is the factor
for conversion to mg/100 g.
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2.5.4. Chlorophyll

Chlorophyll was extracted using acetone and analyzed using column chromatography
(Rodriguez- Amaya and Kimura, 2004; AOAC, 1996) and a UV spectrophotometer (Shi-
madzu model UV-1601 PC, Kyoto, Japan) [23]. Approximately 0.08 g of a dry sample was
weighed and ground in a mortar containing 10 mL acetone. The extraction was repeated
until the residue turned colorless. An aliquot of 25 mL of the extract was evaporated to
dryness using a rotary evaporator, and the residue was dissolved in 10 mL of petroleum
ether. The solution was introduced into a chromatographic column, and absorbance was
read at 645 nm and 663 nm in a UV-Vis spectrophotometer. Chlorophyll content was
determined by computation from the absorbance using Equation (4).

Total Chlorophyll (mg/100 g)ChlA = 0.1 ∗ (7.12 ∗ A663 + 16.8 ∗ A645) ∗ D
W

(4)

where A = absorbance at indicated wavelength (645 or 663), D = dilution factor (25),
W = weight of the sample (g).

2.6. Statistical Analysis

Statistical analysis was performed using GenStat software, version 12.1. Growth
measurements (leaf area and plant height) were analyzed based on the individual values of
the 10 sampled plants from each subplot, while canopy cover, yield and dry weight were
analyzed at the subplot level. All data were subjected to two-way ANOVA, and significant
differences among means were determined by Tukey’s multiple comparison test at p < 0.05.

3. Results

3.1. Effect of LED Light and Substrate on Height, Leaf Area and Canopy Cover

The results from the ANOVA indicated that the interaction between substrates and
LED light treatments did not have a significant effect on plant morphological parameters.
However, height differed significantly in response to both different substrates and LED light
treatments (Table 1). The microgreens grown using monochromatic R were significantly
shorter compared to those grown using other LEDs. More specifically, microgreens grown
under monochromatic R were 8% shorter compared to those under monochromatic B.
Microgreens grown under B, W and B + R + W did not differ significantly in height.
Microgreens grown in either sand alone or cocopeat–sand mix were significantly taller (F
(3,108) = 3.92, p < 0.001) than those grown in cocopeat alone. Microgreens in cocopeat were
shorter than those in sand and cocopeat–sand mix by 8%.

Table 1. Effect of LED light and substrate on height, leaf area and canopy cover.

Treatment Height (cm) Leaf Area (cm2) Canopy Cover (%)

LED Lights
B 9.9 (0.16) a 57.62 (1.40) c 50.68 (4.51) a

R 9.2 (0.16) b 57.36 (1.46) c 44.45 (2.66) b

W 9.7 (0.18) a 63.43 (1.56) b 56.39 (2.85) a

B + R + W 9.8 (0.11) a 68.11 (1.96) a 55.15 (2.76) a

P 0.011 <0.001 <0.001
LSD0.05 0.39 4.32 5.87
F Value F (3,108) = 3.92 F (3,108) = 11.18 F (3,33) = 13.12

Substrates

Sand 9.8 (0.13) a 60.0 (1.36) b 56.0 (3.26) a

Cocopeat 9.2 (0.12) b 59.1 (1.44) c 47.1 (2.07) b
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Table 1. Cont.

Treatment Height (cm) Leaf Area (cm2) Canopy Cover (%)

Sand + Cocopeat 9.9 (0.14) a 65.6 (1.66) a 51.9 (3.394) ab

P <0.001 0.001 0.005
LSD0.05 0.34 3.74 5.08
F Value F (3,108) = 11.86 F (3,108) = 7.28 F (3,33) = 12.02

Mean separation by the Tukey test at the 5% significance level. Values in brackets are standard errors of means.
Values without a letter in common in a column within a factor are significantly different (p < 0.05).

Both substrate and LED treatment had a significant effect on leaf area (Table 1). Micro-
greens grown under B + R + W had significantly higher leaf area (68.11 mm2) compared
to microgreens grown under W (63.43 mm2) and both under monochromatic B and R
(57.62 mm2 and 57.36 mm2). Leaf area in the cocopeat–sand mix was significantly higher
by 22% (65.75 mm2) compared to microgreens produced using cocopeat alone (59.12 mm2).

Both the growing media and LED treatments had a significant effect on canopy cover.
Canopy cover values under B + R + W treatment were significantly higher (55.15%) than
those produced in monochromatic R (44.45%). On the other hand, microgreens in sand had
a significantly higher canopy cover (55.95%) compared to those in cocopeat (47.11%).

3.2. Effect of LED Light and Substrate on Yield and Dry Weight

The results from the ANOVA indicated that the interaction between substrates and
LED light treatments was not significant. Similarly, no significant differences in yield were
noted among LEDs. Regarding the effects of LEDs on dry weight, significant differences
were noted between monochromatic R and all other LEDs. No differences were noted
between B + R + W, W and monochromatic B LEDs (Table 2). Dry weight among the sub-
strates ranged from about 1.0 g (cocopeat) to 1.3 g (sand). Regarding the yield, significant
differences were found among the substrates but not the LED lights. The microgreen yield
in sand and cocopeat–sand mix differed significantly from cocopeat alone (p < 0.05). Sand
alone had a yield that was not significantly different from the cocopeat–sand mix.

Table 2. Effect of LED light and substrate on yield and dry weight of Brassica carinata.

Treatment Yield (g) Dry Weight (g)

LED Lights

B 17.9 (1.94) a 1.2 (0.11) ab

R 16.0 (0.86) a 1.0 (0.06) c

W 18.8 (2.36) a 1.3 (0.17) a

B + R + W 19.5 (2.22) a 1.2 (0.10) ab

P 0.339 0.053
LSD0.05 3.73 0.23
F (3,33) 1.28 5.38

Substrates

Cocopeat 15.2 (1.75) b 1.0 (0.08) a

Sand 19.2 (1.54) a 1.3 (0.10) b

Cocopeat + sand 19.8 (1.76) a 1.2 (0.13) ab

P 0.013 0.016
LSD0.05 3.23 0.20
F (2,33) 11.29 13.14

Mean separation by the Tukey test at the 5% significance level. Values in brackets are standard errors of means.
Values without a letter in common in a column within a factor are significantly different (p < 0.05).

3.3. Effect of LED Light and Substrate on Phytochemical Content

Carotenoids: There were significant differences for carotenoids among LED lights (F
(3,24) = 1270.56250, p < 0.001), substrates (F (2,24) = 50.24509, p < 0.001) and their interactions
(F (6,24) = 1814.12864, p < 0.001). Microgreens under B + R + W light in cocopeat had the
highest carotenoid content (644.4 mg kg−1 DW). Under monochromatic B and R, more
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carotenoids were found in sand compared to cocopeat and in the cocopeat–sand mix. Under
W and B + R + W, cocopeat had higher carotenoids relative to those in sand alone and the
cocopeat–sand mix (Figure 1A).

  

  

Figure 1. Effect of LED light on phytochemicals ((A) carotenoids, (B) flavonoids, (C) chlorophyll and
(D) nitrates) under different substrates (cocopeat + sand, sand and cocopeat). Bars represent standard
errors of means. Different letters indicate significant differences at p < 0.05.

Flavonoids: Flavonoids similarly showed significant differences among LED lights (F
(3,24) = 100.7731207, p < 0.001), substrates (F (2,24) = 98.2264237, p < 0.001) and interactions
(F (6,24) = 105.0911162, p < 0.001). Monochromatic B and B + R + W had higher flavonoid
contents in sand than in cocopeat alone as well as in the cocopeat–sand mix. Under
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monochromatic B in sand, flavonoids were 16.8% higher than in cocopeat and 32.4% higher
than in the cocopeat–sand mix. For B + R + W in sand, flavonoids were 11.5% higher
than in cocopeat and 12.0% higher than in the cocopeat–sand mix. Monochromatic R had
higher flavonoid contents in sand alone than in cocopeat alone by 4.6% but lower flavonoid
contents in sand alone than in the cocopeat–sand mix by 15.7%. Similarly, under W, sand
had 9.8% more flavonoids than cocopeat alone but less flavonoids by 6.3% than in the
cocopeat–sand mix (Figure 1B).

Total Chlorophyll: Total chlorophyll content differed significantly among LED light (F
(3,24) = 2690.467, p < 0.001) and substrates (F (2,24) = 6647.472, p < 0.001). In addition, the
interaction between substrate and lights was significant (F (6,24) = 2957.422, p < 0.001).
Except for W, total chlorophyll content under monochromatic B, R and B + R + W was
higher in sand compared to cocopeat. The highest total chlorophyll content (11,880 mg
kg−1) was observed under monochromatic B in sand while the lowest (3100 mg kg−1) was
under monochromatic B in cocopeat, a reduction of 73.9%. The chlorophyll content under
B + R + W was higher in sand by 26.1% compared to B + R + W in cocopeat substrate, while
for monochromatic R it was 34.5% higher in sand than in cocopeat (Figure 1C).

Nitrates: There were significant differences for nitrates among LED lights (F (3,24) =
1696.0669, p < 0.001), substrates (F (2,24) = 110.4731, p < 0.001) and interactions (F (6,24)
= 983.5374, p < 0.001). Microgreens under B + R + W in cocopeat had extremely higher
nitrates (966.2 mg kg−1 DW) compared to other treatments. Except under W and B + R +
W, nitrate contents were higher in sand than in cocopeat. Under monochromatic B, nitrate
content in sand was higher by 53.4% compared to cocopeat, while for monochromatic R it
was 30.3% higher compared to cocopeat (Figure 1D).

4. Discussion

4.1. Effect of LED Light and Substrate on Height, Leaf Area and Canopy Cover

In recent years, several scientific reports addressed the role of light in stimulating
specific plant photoreceptors, allowing plants to be manipulated to produce desirable phy-
tochemicals and nutrients. Lighting systems for indoor farming can therefore be designed
to maximize growth, control morphology and optimize yield [24]. This study established
that B. carinata grown under monochromatic B were significantly taller compared to those
grown using a monochromatic R source. Such a result is surprising since it is commonly
acknowledged that monochromatic B decreases hypocotyl elongation. For example, the
stem length of baby lettuce decreased by 33% when a supplemental B treatment was pro-
vided [25]. Furthermore, lettuce grown using an increased ratio of red radiation had an
increased shoot height and shoot/root ratio compared to that grown using a blue light
source [26]. Inconsistencies in results on the effect of different spectral regions across plant
species and phenological stages have been acknowledged as a gray area requiring further
research [27]. Monochromatic B and B in combination with far-red light were found to
increase mustard (Brassica juncea) and arugula (Eruca sativa) microgreen elongation (as
defined as plant height) [28]. The results presented herein suggest that sand alone or the
cocopeat–sand mix had better growth than cocopeat, indicating that these substrates pro-
vided a better growing environment. This could be due to the physiochemical properties
such as low water retention capacity allowing good aeration as compared to cocopeat
which could have retained excessive moisture potentially leading to anoxia conditions.
Similarly, ref. [29] reported that using cocopeat-based mixes with other coarser materials
such as burnt rice hull improved the growth of Celosia cristata.

The present research also found that B + R + W and white light resulted in better
yield performances than monochromatic red or blue. This was previously associated with
synergistic effects of the different spectral regions. Red light combined with varying ratios
of blue has been reported to enhance the growth characteristics of lettuce, spinach, kale,
basil and sweet pepper compared to red light alone [27]. Similarly, leaf area among other
growth parameters of lettuce increased with an increase in the proportion of red light in
combination with blue [30]. For leaf area and canopy cover, B + R + W LED in the ratio
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of 1:1:1 and cocopeat–sand mix enhanced the leaf growth of B. carinata microgreens. In
this study, a cocopeat-based substrate (cocopeat–sand mix) showed increased leaf area of
B. carinata microgreens. Similar results showed that cocopeat-based substrate increased
plant growth, yield, nutritional, biochemical composition and antioxidant activity of vari-
ous microgreen species [31]. These positive effects were attributed to enhanced nutrient
acquisition, water retention and root development.

4.2. Effect of LED Light and Substrate on Yield and Biomass

Yield is an important parameter in microgreen production because microgreens are
sold on a fresh weight basis [32]. One of the limiting factors in microgreen production
continues to be low yield due to various elements [33]. Microgreen yield can be affected by
seed quality [34], growing media [35], and light quality and intensity [36], among other
factors. In our study, both substrate and light quality significantly affected the yield and
dry matter accumulation for B. carinata. Notably, the yield of microgreens varied across
the different light spectra used, being highest under W. The results obtained are similar
to those reported in the literature where fresh weight, which was used as a measure of
yield, responded differently in plants grown using different light spectra. On the other
hand, in the experiments presented herein, the increase in yield also depended on the
substrate used. For B. carinata microgreens, a higher yield was recorded in sand alone or
in the cocopeat–sand mix. In previous research comparing different substrates, the yield
of sunflower microgreens was significantly affected by the type of substrate used [12].
Dry mass yield is a good indicator of crop productivity and photosynthetic efficiency [37]
in microgreens. In our study, the highest dry matter accumulation was in microgreens
grown using W. Conversely, microgreens grown in cocopeat using R had the lowest dry
matter accumulation. Therefore, a significant effect resulting from substrate was noticed
in our trial indicating the importance of substrate and lighting on the yield of B. carinata
microgreens. Other studies on dry matter assessment of microgreens seem to indicate
interspecies variability. For example, ref. [38] found differences in dry mass accumulation
within W and R for broccoli, cabbage and radish microgreens.

4.3. Effect of LED Light and Substrate on Phytochemical Content
4.3.1. Carotenoids

Microgreens grown using B + R + W and in cocopeat had higher amounts of carotenoids.
This is consistent with previous observations on the effect of light treatments on carotenoid
accumulation in plants, where the R + B combination increased carotenoid accumulation
in lettuce, spinach and pepper [27], while in kale and basil, carotenoid accumulation was
increased under monochromatic B. Earlier studies also demonstrated that R/B combina-
tions positively influenced carotenoid accumulation in lettuce [26]. Conversely, however,
enzymatic activities involved in the metabolic pathways of carotenoid pigments were
largely increased under monochromatic B, resulting in higher carotenoid accumulation in
Chinese cabbage [25]. For Brassica sprouts, carotenoid transcription of biosynthesis genes,
namely PSY, βLCY and βOHASE1, was enhanced by a higher B percentage compared to
R [39], therefore increasing the carotenoid accumulation in the sprouts. Similar results
were associated with a combined spectrum (resulting from the integration of blue, red and
amber diodes) that enhanced the transcription of a gene involved in carotenoid biosynthesis
(PSY), leading to higher carotenoid accumulation in various Brassica plants [40]. In the
present study, the results are consistent, as the treatment B + R + W often presented higher
amounts of carotenoids. Such findings corroborate the concept that combined light spectra
are superior to monochromatic B or R light supply. On the sand substrate, carotenoids
were higher under monochromatic R and monochromatic B. We hypothesize that these two
spectra may have boosted photosynthesis, and therefore leaf transpiration, a scenario that
could have led to drought stress ultimately inducing carotenoid biosynthesis and accumu-
lation. Further studies on water retention in sand (compared to other substrates) and how
it influences carotenoid accumulation are needed to provide a conclusive explanation.
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4.3.2. Flavonoids

Flavonoids are important plant compounds that are produced as a result of stress
to prevent DNA damage [41]. Light quality triggers different transcriptional genes that
are used for the biosynthesis of flavonoids and could cause differences in the levels of
flavonoid accumulation in plants [42]. In the current study, both monochromatic B and
B + R + W enhanced the accumulation of flavonoid content in B. carinata microgreens
grown on sand and cocopeat substrates, just as monochromatic R and W did in those
grown on the cocopeat–sand mix. An earlier study indicates that monochromatic B highly
influenced the accumulation of flavonoids by modulating the phenylpropanoid pathway, a
pathway in which most plant secondary metabolites are synthesized [43]. The adoption
of R/B combinations at low intensities was formerly found to increase the accumulation
of flavonoids in lettuce [44]. This could have resulted from the influence of different R/B
ratios on the phenylalanine ammonia lyase (PAL), chalcone synthase (CHS) and other
enzymes involved in the flavonoid biosynthesis, ultimately leading to the accumulation of
flavonoids [45]. For Scrophularia kakudensis, ref. [46] reported that flavonoid accumulation
was higher in monochromatic B and R than in W. Furthermore, these effects of light were
also influenced by the substrate used (although different from those adopted in this study).
While monochromatic B enhanced flavonoid accumulation in cocopeat and sand, R and W
enhanced the same phytochemical in cocopeat–sand mix. These subtle differences point
toward a substrate–light interaction, as also previously hypothesized [47].

4.3.3. Chlorophyll

Besides its role as photosynthetic pigment, total chlorophyll content is also one of the
key indicators of quality in vegetables, as the green color indicates freshness, which leads
to product acceptability or rejection by consumers. In microgreens, vivid and intense colors
are particularly appreciated and tend to influence consumer preference [48]. Chlorophylls
represent part of the light-harvesting complex and therefore play a significant role in
photosynthesis. As reported in the literature, significant genotypic variations were observed
for chlorophyll content in microgreens, with their level also being highly dependent on the
lighting conditions [2,49]. In the present study, monochromatic B increased chlorophyll
biosynthesis and accumulation in plant tissues. The role of B in boosting chlorophyll
accumulation was evidenced in previous studies thanks to both increased photosynthetic
efficiency and a concentration factor (e.g., as a consequence of lower leaf extension as
compared with spectra with a higher R fraction) [49,50]. Blue light improves the expression
of genes such as MgCH, GluTR and FeCH, involved in chlorophyll biosynthesis, while red
light may lead to a reduction in 5-aminolevulinic acid, a tetrapyrrole precursor required for
chlorophyll synthesis [51]. Furthermore, when a monochromatic R, a monochromatic B
and a combination of R and B ratio (with R/B = 6) were alternatively applied to Chinese
cabbage, a lower chlorophyll content was associated with monochromatic R, as a result of
reductions in the synthesis of chlorophyll precursors including ALA, Proto IX, Mg-Proto IX
and protochlorophyllide [51]. In an analysis of the effect of the tested substrates, higher
chlorophyll content was observed in B. carinata grown using sand compared to those grown
using cocopeat, which could have contributed to the higher yield observed for the same
treatments. The use of sand for microgreen production is not common. Elsewhere, the use
of sand as a substrate is reported as an additive to another substrate [35]. The effects of
sand as a microgreen substrate may thus require some further investigation, e.g., by using
different mixture combinations.

4.3.4. Nitrates

Nitrates are among the main compounds that may negatively affect food safety. Veg-
etables can accumulate nitrates which are associated with harmful effects on human health,
with toxic effects of methemoglobinemia and the possibility of causing an endogenous
formation of carcinogenic N-nitroso compounds. Accumulation of nitrates in vegetables
may vary depending on the species, the substrate used for production or the stage of
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plant growth at harvest. Several studies reported that microgreens recorded lower lev-
els of nitrates compared to their mature counterparts [52,53]; therefore, microgreens are
commonly considered safe to consume within a healthy diet. As reported earlier, lighting
conditions can influence the accumulation of nitrates in vegetables, thus affecting their
quality [52]. Regarding the substrates, the result contrasts with what was reported by two
studies that evaluated microgreens grown on different substrates and found significantly
lower concentrations of nitrates in microgreens grown using cocopeat substrate [2,10]. In
our case, cocopeat showed a higher nitrate content compared to the other substrates. This
could possibly be because of the differences in the lighting sources during cultivation.
Notably, no such results have been reported for microgreens, and this assumption could be
further investigated.

4.4. Interactive Effects of Light and Substrate on Phytochemicals

The current study reports some significant interactions between lighting treatments
and substrate composition. For example, the interaction between cocopeat and B + R + W
and the interaction between sand and B enhanced the production of all phytochemicals
investigated here. Further, the cocopeat–sand mix and R exhibit a strong interaction except
in the accumulation of carotenoids. This suggests that the effect of light was dependent on
the substrate. No such results have been previously reported for microgreens. Possibly,
the cause of these interactive effects may be associated with either reflective or absorptive
attributes of the substrates. This could be better studied, e.g., by measuring the light
intensity in a sealed box with light turned on and only one substrate at a time. The incident
radiation could be absorbed or reflected depending on the substrate, leading to differences
in lighting conditions experienced by the microgreens. Sand for instance is known to
have the capacity to cause light scattering [54], while cocopeat due to its color and texture
would be expected to absorb light. The light absorption and reflection are further affected
by moisture content, which varies across different substrates. It will be good to test this
assumption to understand the mechanisms involved in the noted interactive effects.

5. Conclusions

This study aimed to investigate the influence of LED light quality and different
substrates on the growth, yield and accumulation of selected bioactive compounds of
Brassica carinata microgreens. Our results demonstrate that substrate and light environment
interact to influence the growth, yield and concentration of bioactive compounds of B.
carinata microgreens, enabling improved cultivation strategies. A combination of various
light spectra (B + R + W) offers a better chance of obtaining higher yields and better-quality
B. carinata microgreens. A combination of cocopeat with sand is a viable alternative to
cocopeat considering the additional benefits of lower costs and ubiquitous availability
of sand. Further studies are needed to elucidate media-related physical and biochemical
dynamics that could potentially influence how different lighting systems lead to the varied
accumulation of phytochemicals. Since B. carinata microgreens have not been extensively
studied (compared to other species), such exploratory studies should first focus on the
most commonly studied microgreen taxa. Such an understanding would help to describe
the specific influence of the interactions between substrates and LED ratios on the quality
traits (nutritional value, color, texture, taste, etc.) of microgreens.
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Abstract: Non-heading Chinese cabbage (cabbage) is an essential green leafy vegetable, and bolting
and flowering are necessary for reproduction. However, further research is needed to study the
effect of photoperiod on the bolting and flowering of cabbage, particularly on the development of the
stem. In this study, we performed phenotypic analysis and measured endogenous gibberellin levels
in the cabbage. We carried out these experiments under four different photoperiodic treatments,
12 h (light)/12 h (dark), 14 h (light)/10 h (dark), 16 h (light)/8 h (dark), and 18 h (light)/6 h (dark).
The results showed that the time of bolting and flowering gradually decreased with increasing light
duration. The development of stems was optimal under the 16 h (light)/8 h (dark) photoperiod
treatment, and the same result was obtained via cytological observation. In addition, the changes in
the endogenous gibberellin3 (GA3) content under different photoperiodic treatments were consistent
with the development of stems and peaked at 16 h (light)/8 h (dark). At the same time, qRT-
PCR analysis showed that the relative expression of the key gibberellin synthase genes, BcGA3ox2
and BcGA20ox2, exhibited upregulation. When treated with exogenous GA3 and its synthesis
inhibitor, paclobutrazol (PAC), exogenous gibberellins significantly promoted bolting; conversely,
gibberellin inhibitors suppressed the bolting, flowering, and stem elongation of cabbage. Therefore,
the photoperiod may regulate cabbage bolting by regulating endogenous GA3.

Keywords: cabbage; photoperiodic; gibberellin; bolting; flowering; stem development

1. Introduction

Non-heading Chinese cabbage (cabbage) (Brassica campestris spp. chinensis Makino),
a vernalization-responsive, long-day (LD) plant of the Brassica genus in the Cruciferae
family [1], is an important leafy vegetable cultivated worldwide [2]. The life cycle of
higher plants can be divided into two stages, namely, vegetative growth and reproductive
growth [3]. Completing the transition from vegetative growth to reproductive growth at
the right time is essential for plant reproduction [4], which occurs in the meristem within
the rosette [5]. Bolting and flowering are landmark features of cabbage entering the re-
productive growth stage and critical agronomic traits in production [6]. Bolting refers to
the phenomenon of the flower moss gradually elongating and growing from the rosette of
leaves after the completion of floral bud differentiation [7], which is a characteristic of cab-
bage stem development [8]. In cruciferous vegetables, bolting is an important process in the
transition to flowering, with flowering being an evolutionary component [9]. Endogenous
and environmental signals jointly manipulate the timing of bolting and flowering [10–12],
and these signals form a complex regulatory network to determine the transition of repro-
ductive growth. Environmental signals, such as light and temperature, particularly through
the photoperiodic pathway and the vernalization pathway, and endogenous developmental
signals, including phytohormones like salicylic acid (SA), jasmonic acid (JA), gibberellin
(GA), and auxin (IAA) [13–15], play critical roles in this process.
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Light is an essential environmental condition for normal plant development, being
an important factor in crop growth and development and quality formation [16]. Plants
can sense changes in the photoperiod with their biology and regulate the time of bolting
and flowering according to the duration of light exposure, as well as provide energy for
plant development [17]. Plants regulate growth in response to environmental variations,
which rely on the interaction between endogenous factors and environmental signals, such
as hormone and light signaling pathways [18]. On the one hand, plants absorb different
light levels through a series of photoreceptors, inducing light signaling to regulate plant
flowering via sensing the presence or absence, direction, and intensity of light [19]. On
the other hand, related studies have demonstrated that light signaling synergistically
with gibberellin signaling mediates plant flowering [20]. Wang found that GA induced
the expression of the CO (CONSTANS) gene and thus facilitated the expression of FT
(FLOWERING LOCUS T) under LD conditions [21]. However, other studies have also
shown that flowering is associated with the apical bioactivity of gibberellins under short-
day light (SD) conditions [22]. In addition, bolting can affect the structure of the plant, and
a longer light duration can favorably induce the initial elongation of flowering stems [23].
The stem is not only one of the important production organs but also a storage organ for
supplying nutrients to the plant [24]. The photoperiodic response to flowering is a hot
research topic today. At the same time, the study of light and stem development has also
attracted increasing attention. Current research has focused on onion species [25], and
there is still a demand to deepen the study in Brassica.

Active gibberellins (GAs) are involved in various processes of plant development,
including seed germination, stem and leaf development, and flowering time; they also play
a pivotal role in plant cell expansion and elongation, and they can respond to endogenous
and environmental signals in plants [26–29]. Secondly, promoting branch tip elongation
and plant height is also a more prominent feature of GAs [30]. Wang found in cabbage that
the knockout of the BraRGL1 (DELLA protein) gene using the CRISPR/Cas9 gene editing
system resulted in a delay in the process of bolting initiation and flowering in the mutant
material [31]. It has been shown that in the gibberellin synthesis pathway, three classes of
oxidases, GA3ox, GA20ox, and GA2ox, positively regulate the synthesis and inactivation of
active GAs, and the overexpression of the GA20ox gene in Arabidopsis was found to be
effective in promoting branch elongation [32]. Although many studies have shown that
GAs are involved in the flowering process [11], the changes and functions of endogenous
GAs in the photoperiodic regulation of cabbage bolting need to be further investigated,
especially under extended light duration conditions.

In this study, we investigated the effects of photoperiod on the time of bolting and
flowering, stem development, changes in endogenous GA3 content, and the expression
of related genes using morphology, cytology, and molecular biology to explore the regu-
lation of photoperiod on the bolting and flowering of cabbage and the mechanism of the
endogenous gibberellin response.

2. Materials and Methods

2.1. Plant Material and Growing Conditions

The cabbage cultivar ‘Qingtai No. 4’ was obtained from Fujian Jinpin Agricultural
Technology Co. (Fujian, China). The cabbage seeds were sown into the substrate in a 25 ◦C
growth chamber until they grew to 4–5 true leaves. Afterward, the plants were placed
in a climate chamber (Jiangnan Instrument Factory, Ningbo, China) for ten days of low-
temperature vernalization at 8 ◦C/6 ◦C (day/night), 14 h/10 h photoperiod, photosynthetic
photon flux density (PPFD) of 200 μmol·m−2·s−1, and relative humidity of 75%.

2.2. Photoperiod Processing

Uniform and healthy plants were selected for photoperiod treatment after vernaliza-
tion. Four different photoperiod treatment groups were set up as 12 h (light)/12 h (dark)
(recorded as Ph12), 14 h (light)/10 h (dark) (Ph14), 16 h (light)/8 h (dark) (Ph16), and
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18 h (light)/6 h (dark) (Ph18) in a special growth chamber. The plants were grown at a
temperature of 25 ◦C and white light (LED with a wavelength of 400–700 nm) (Fujian Jiupu
Biotechnology Co. Fuzhou, China) with PPFD of 200 μmol·m−2·s−1.

2.3. Treatment with Exogenous GA3 and Inhibitors

The cabbage plants with the same growth after vernalization were selected for treat-
ment. The exogenous GA3 (300 mg/L) and PAC (20 mg/L) treatments were sprayed once
every two days individually under the 18 h (light)/6 h (dark) photoperiod. Each treatment
application was sprayed only twice during the entire growth period, with water spray as
the control. The experiment was over when the plants bloomed.

2.4. Plant Phenotyping and Morphological Characterization

The beginning of sowing was recorded as the first day, and we recorded the time taken
for the emergence of green flower buds as the time of the squaring stage. The bolting stage
was the time of the elongation of the flower moss and rosette leaf flush. The time that
elapsed until the first flower fully opened was recorded as the flowering stage. The growth
indices of the different treatments were determined at different stages. Plant height and
stem height were measured using a ruler. We took the length from the cotyledon to the top
as the plant height. Stem height was defined as the distance from above the rosette to the
stem tip. A Vernier caliper was used to determine the stem diameter, and the diameter of
the stem with the first internodal distance greater than 1cm was the thickness of the stem.
Fresh weight and dry weight were determined using an electronic balance. Chlorophyll
content was determined using the ethanol extraction colorimetric method [3] from the
young leaf to the outer third mature functional leaf.

2.5. Measurement of Endogenous GA Content

The endogenous GA3 content was determined at the apical of the cabbage stems,
including the stem tips and young leaves, at the bolting and flowering stages under
different photoperiod treatments. The endogenous gibberellin content was determined
using an enzyme-linked immunosorbent assay with a gibberellin (GA3) ELISA kit (Enzyme-
linked Biotechnology, Shanghai, China).

2.6. Cytologic Observations

Stems from the same nodulation locus (where the internode distance on the rosette
first appeared to be greater than 1 cm nodulation) of each treatment at the flowering stage
were immersed in FAA fixative (70% ethanol: acetic acid: formaldehyde = 90:5:5) for 24 h.
Afterward, paraffin section preparations were embedded in paraffin wax and stained with
Senna red and solid green. Finally, the cells were observed and photographed using a
fluorescence inverted microscope (Leica, Wetzlar, Germany). Data measurements were
performed using ImageJ 1.8.0 software.

2.7. Gene Expression Analysis

Total RNA was extracted from plants of different treatments at the bolting and flower-
ing stages using the Plant Total RNA Isolation Kit (Vazyme, Nanjing, China). First-strand
cDNA was synthesized with a FastKing gDNA Dispelling RT SuperMix Kit (Tiangen, Bei-
jing, China). The real-time PCR analysis was performed using the 2× RealStar Green Fast
Mixture reagent (Genstar, Beijing, China) in a LightCycler® 96 Real-Time PCR instrument
(Roche, Basel, Switzerland). The β-actin gene was used as an internal control, and relative
expression was calculated using the 2−ΔΔCt calculation method. Gene-specific primers are
listed in Table S1.

2.8. Statistical Analysis

Three replicates were set up for each treatment, and each replicate consisted of twenty
plants. Statistical analysis was performed using SPSS 26.0 software, and the significance of
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differences between treatments was compared using a one-way ANOVA (p = 0.05). Plotting
was performed using Origin 2022 software.

3. Results

3.1. Bolting and Flowering Time of Cabbage under Different Photoperiod Treatments

The development of buds, bolting, and flowering of cabbage are closely related to light
duration. The experimental results show (Figure 1) that photoperiodic treatments caused
positive effects on the bolting and flowering stages of the cabbage. And the bud appearance,
bolting, and flowering stages were gradually shortened with increasing light duration.
Among them, the Ph18 treatment took the shortest time in the flowering process, followed
by the Ph16 treatment, but the difference between the two treatments was slight. In contrast,
the Ph12 treatment delayed bolting and flowering time the longest compared with the Ph18
treatment. It could be seen that prolonging the light duration had a promoting effect on
bolting and flowering, but the promotion effect was weakened beyond the Ph16 treatment.
Flowering was advanced by 8.6%, 12.1%, and 13.8% (median as a reference) under Ph14,
Ph16, and Ph18 treatments, respectively, compared with the Ph12 treatment.

 
Figure 1. Effect of photoperiod on flowering of non-heading Chinese cabbage (cabbage). (A) Analysis
of the squaring time under different photoperiod treatments. (B) Analysis of the bolting time.
(C) Analysis of the flowering time. The horizontal line in the figure indicates the median (n > 20).

Photoperiod affected the accumulation of photosynthetic pigments in cabbage. This
study determined changes in the photosynthetic pigments content of the third mature
functional leaf from the young leaf outward. As shown in Figure 2A,B, the total chlorophyll
and carotenoid content showed the same trend of change under the same light duration
treatment as the growth process advanced. The photosynthetic pigments all showed a
gradual decrease under the Ph12 treatment. In contrast, they showed a gradual increase
in the Ph14 and Ph16 treatments. Beyond that, they all increased before bolting and
decreased after bolting under the Ph18 treatment. In terms of the developmental period,
there was no marked difference in the pigment content between the different light treatment
groups at the squaring stage. At the bolting stage, the Ph18 treatment showed a distinct
advantage, and the carotenoid content and total chlorophyll content were 1.5 and 1.3 times
higher than those under the Ph12 treatment, respectively. During the flowering stage, the
pigment content significantly increased under the Ph14 and Ph16 treatments, whereas it
was downregulated under the Ph12 treatment, and its content decreased by 29.3% and
12.6%, respectively, compared with that at the squaring stage.

Plant dry and fresh weights are also indicators for evaluating plant quality and yield.
The growth morphology and weight changed after the cabbage entered the carex stem
development stage. In this study, the dry and fresh weights of the aboveground parts of
the cabbage with different light duration treatments were measured at the bolting and
flowering stages. There were significant differences in fresh weight but not in dry weight
among the treatments, while both dry and fresh weights peaked under the Ph16 treatment,
as shown in Figure 3.
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Figure 2. Effect of photoperiod on the photosynthetic pigments of cabbage. (A,B) Total chlorophyll
content and carotenoid content of the third mature functional leaf of cabbage at squaring, bolting,
and flowering stages. Data shown are means and error lines indicate SE (n = 3). All data were
evaluated statistically using one-way ANOVA (p ≤ 0.05). Different lowercase letters indicate a
significant difference.

Figure 3. Effect of photoperiod on the aboveground fresh and dry weights of cabbage at flowering.
The data shown are means and error lines indicate SE (n > 15). All data were evaluated statistically
using one-way ANOVA (p ≤ 0.05). Different lowercase letters indicate a significant difference.

3.2. Analysis of Stem Phenotypes and Endogenous GA3

In the experiment, it was found that photoperiod not only affected the time of bolting
and flowering but also had a significant effect on plant height. According to the measured
plant height data (Figure 4A), at the squaring stage, the plant height showed a decreasing
and then increasing trend with increasing light duration. However, the aboveground height
at flowering showed a trend of increasing and then decreasing, peaking under the Ph16
treatment, which was 16.5%, 11.2%, and 4.3% higher than that under the Ph12, Ph14, and
Ph18 treatments, respectively. The flowering phenotype is shown in Figure 4B.

Photoperiod affects the development of stems in cabbage. In the present study, we
observed the phenotypes of carex stems in the upper part of the rosette at the bolting
(Figure 5A) and flowering stages (Figure 5B). As shown in Figure 5C, the results of stem
length indicated that the maximum was achieved under the Ph16 treatment, which was
5.4% higher than that of the Ph12 treatment at the bolting stage. At the flowering stage, it
showed a unimodal trend, peaking under the Ph16 treatment and being 18.5% higher than
that under the Ph12 treatment. Stem diameter is also one of the indicators of carex stem
development. Moreover, the stem diameter in the upper part of the rosette (Figure 5D)
showed a tendency to increase and then decrease at both the bolting and flowering stages
and peaked under the Ph16 treatment. This indicates that carex stems develop both
horizontally and vertically under the influence of the photoperiod.
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Figure 4. Effect of photoperiod on the phenotype of cabbage. (A) Aboveground plant heights at
squaring stage and flowering stage, data shown are means and error lines indicate SE (n > 20).
(B) Phenotypes at the time of 1–3 flowers in each photoperiod treatment, scale bar = 5 cm. All data
were evaluated statistically using one-way ANOVA (p ≤ 0.05). Different lowercase letters indicate a
significant difference.

 
Figure 5. Effect of photoperiod on the development of stems during the bolting and flowering stages
of cabbage. (A,B) Stems on the rosette at the bolting and flowering stages, scale bar = 2 cm. (C) Stem
length on the rosette at bolting stage and flowering stage, data shown are means, and error lines
indicate SE (n > 20). (D) Stem diameter at the bolting stage and flowering stage, data shown are
means and error lines indicate SE (n > 20). (E) Changes in endogenous GA3 content in cabbage at the
bolting and flowering stages under different photoperiod treatments, the data shown are means, and
error lines indicate SE (n = 3). All data were evaluated statistically using one-way ANOVA (p ≤ 0.05).
Different lowercase letters indicate a significant difference.

To investigate the role of gibberellin in development under different photoperiodic
treatments, we measured the levels of endogenous GA3 content at both the bolting and
flowering stages of the cabbage. The data showed that the GA3 content was at its maximum
under the Ph16 treatment, both at the bolting and flowering stages. However, further exten-
sion of light duration caused the gibberellin content to decrease under the Ph18 treatment
(Figure 5E). At the bolting stage, compared to the Ph16 treatment, endogenous GA3 was
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29.2%, 14.7%, and 17.4% lower in the Ph12, Ph14, and Ph18 treatments, respectively. At the
flowering stage, endogenous GA3 under the Ph16 treatment was 27.7%, 19.8%, and 30.5%
higher than under the Ph14, Ph16, and Ph18 treatments.

3.3. Cellular Observation

Morphological indicators showed that different photoperiod treatments affected the
development of the cabbage stems. For this reason, we further observed the rosette stem
nodes at the flowering stage from a cytological point of view in paraffin sections. The
morphology of the transverse cut cells is shown in Figure 6A, and the longitudinal cut cells
are shown in Figure 6B. By observing the cells in the pith of the stems between different
treatments, we found that both the area of the cells in the transverse section (Figure 6C)
and the length of the cells in the longitudinal section (Figure 6D) were higher under the
Ph16 treatment than under the other three treatments. In addition, the cell area and length
under the Ph16 treatment reached 1.2 times that of the minimum value under the Ph12
treatment. It is evident that the photoperiod induces the development of stems by affecting
the elongation and division of stem cells.

Figure 6. Photoperiodic effects on carex stem cells at the flowering stage of cabbage. (A) Anatomical
drawings of the cross-section of the stem of cabbage at the flowering stage, EP, epidermis; Ct, cortex;
Vb, vascular bundle; Pi: pith. Scale bar = 200 μm. (B) Anatomy of the longitudinal interface of carex
stems at the flowering stage. Scale bar = 200 μm. (C,D) Cell area and cell length of cabbage stems
at the flowering stage. Three medullary regions were photographed in each tissue section, no less
than 50 cells were randomly selected from each region for counting, and the data shown are means
and error lines indicate SE (n > 150). All data were evaluated statistically using one-way ANOVA
(p ≤ 0.05). Different lowercase letters indicate a significant difference.

3.4. Molecular Characterization of Related Genes in the Process of Bolting and Flowering
in Cabbage

Photoperiod affected the expression levels of related genes. To further investigate
the influence of photoperiod on stem development, according to previous research [33]
and prior laboratory study [34], we analyzed the expression of the key enzyme-encoding
genes for GA synthesis (BcGA20ox2 and BcGA3ox2), the flowering-associated genes (BcCO,
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BcSOC1, and BcFT), and the cell elongation genes (expansion protein (BcEXPA10) and xy-
loglucan endotransferase (BcXTH4)) at both the bolting (Figure 7) and flowering (Figure 8)
stages under different photoperiodic treatments. The results showed that the gibberellin
synthase genes BcGA3ox2 and BcGA20ox2 exhibited distinct expression patterns in pho-
toperiodic regulation. In contrast, the flowering-related genes were gradually upregulated
with the prolongation of light duration at both the bolting and flowering stages. The
experimental results show that the photoperiod also affected the relative expression of the
cell expansion-related genes BcEXPA10 and BcXTH4.

 
Figure 7. During the bolting stage, (A,B) relative expression levels of photoperiod-regulated gib-
berellin synthesis genes, (C–E) flowering-related genes, (F,G) cell elongation-related genes in the
cabbage. The data shown are means and error lines indicate SE (n = 3). All data were evaluated statis-
tically using one-way ANOVA (p ≤ 0.05). Different lowercase letters indicate a significant difference.

Figure 8. During the flowering stage, (A,B) relative expression levels of photoperiod-regulated
gibberellin synthesis genes, (C–E) flowering-related genes, (F,G) cell elongation-related genes in the
cabbage. The data shown are means and error lines indicate SE (n = 3). All data were evaluated statis-
tically using one-way ANOVA (p ≤ 0.05). Different lowercase letters indicate a significant difference.

49



Horticulturae 2023, 9, 1349

3.5. Effect of Exogenous GA3 on Bolting, and Flowering, and Stem Development in Cabbage

To further evaluate the role of GA in bolting and flowering, we exogenously sprayed
GA3 and PAC on the vernalized cabbage. As shown in Figure 9A, the spraying of GA3
promoted bolting initiation and flowering under the 18 h (light)/6 h (dark) light condition.
However, the PAC treatment significantly delayed carex stem development and flowering
time. The externally applied GA3 treatment significantly affected the morphology of the
carex stems in the cabbage (Figure 9B). In addition, the differences in carex stem develop-
ment were also significant. Compared with the control, the GA3 treatment significantly
increased the stem diameter by 9.6% (Figure 9C) and the elongation by 24.5% (Figure 9D).
In contrast, the sample under the PAC treatment until flowering did not reach the flush
with the rosette of the cabbage and became significantly thinner and weaker. Moreover,
internode was not obvious, but the number of leaves increased. The data showed a 20.3% re-
duction in stem diameter and a 61.4% reduction in stem length compared to the control. The
above results indicate that GA3 is more prominent in the role of carex stem development.

 
Figure 9. Effects of externally applied GA3 and PAC on the time of bolting and flowering and the
development of carex stem in cabbage. (A) Quantitative analysis of the time of squaring, bolting,
and flowering in GA3 treatment, PAC treatment and control, and the horizontal line in the figure
indicates the median (n > 20). (B) Morphological phenotypes of stems at flowering stage after external
application of treatments, scale bar = 2 cm. (C,D) Stem diameter and length of stems at flowering
stage, the data shown are means and error lines indicate SE (n > 20). All data were evaluated
statistically using one-way ANOVA (p ≤ 0.05). Different lowercase letters indicate a significant
difference.

We further observed the alterations in the paraffin sections of stem cells. The transverse
cell morphology of the stems under different treatments is shown in Figure 10A, and the
longitudinal cell morphology is shown in Figure 10B. By comparing the area (Figure 10C)
and length (Figure 10D) of pith cells, the results show that the area and length of the pith
cells in the GA3 treatment increased by 31.2% and 33.3%, respectively, compared with those
in the CK. However, the area and length of the pith cells in the PAC treatment decreased by
69% and 53%, respectively, compared with those in the CK group, and the cells were more
tightly arranged. Therefore, it follows that exogenous GA3 can influence the bolting and
stem development of cabbage.
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Figure 10. Effects of externally applied GA3 and PAC on the cells of stems during the flowering
period of cabbage. (A) Anatomical drawings of stems in cross-section at the flowering stage, EP:
epidermis, Ct: cortex, Vb: vascular bundles, Pi: pith. Scale bar = 200 μm. (B) Anatomical drawings
of longitudinal sections of stems at flowering stage. (C,D) Stem cell area and cell length of cabbage
under different exogenous treatments, data shown are means and error lines indicate SE (n > 150).
All data were evaluated statistically using one-way ANOVA (p ≤ 0.05). Different lowercase letters
indicate a significant difference.

4. Discussion

In this study, we demonstrated that photoperiod affects the growth of bolting, flow-
ering, and stem development in cabbage and that gibberellin plays an important role in
this process. Non-heading Chinese cabbage is an LD plant. However, the length of the
bolting and flowering time varied under different LD conditions. Moreover, the time of
bolting and flowering not only directly affects the yield and quality of cabbage [35] but
also features critical impacts on the breeding of floral regulation among different varieties.
Therefore, proper bolting and flowering under suitable light conditions can ensure the
quality of cabbage and reduce energy consumption. In this study, we found that pro-
longing the light duration could accelerate the bolting and flowering of cabbage under
LD. Santos [36] also found that the flowering time of cassava was significantly advanced
when the light duration was extended via artificial supplementation. The photoperiodic
change also affected the photosynthesis of leaves. Relatively high chlorophyll could be
more favorable for photosynthesis, providing a material basis for the next stage of the
flowering process [37]. It was also found in rapeseed that prolonging photoperiod could
promote plant growth [38]. The findings of this study revealed that the pigment content
under the Ph18 treatment, which caused a short flowering time, peaked at the bolting stage,
possibly indicating a reserve of nutrition for the early flowering stage, thus facilitating early
flowering. However, the pigment content under the Ph14 and Ph16 treatments increased
gradually with the advancement of the bolting and flowering time, and thus, under these
two treatments, blossoming successively occurred following the Ph18 treatment. The pig-
ment content under the Ph12 treatment gradually decreased with the advancement of the
floral transition. Reduced pigmentation may not be favorable for photosynthesis, so the
time of bolting and flowering was also longer.

The process of the bolting and flowering of cabbage is accompanied by the develop-
ment of carex stems. Stems are also considered as nutrient storage organs of plants [24].
Therefore, the quality of carex stems can be used as an index to evaluate the quality of bolt-
ing. In this study, we found from the morphological observation that the stem development
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was optimum under the Ph16 treatment at the bolting and flowering stages. This indicates
that photoperiod affects stem development in the process of flower formation. When the
light duration was sufficient, incomplete stem growth may have been due to premature
flowering and nutrient bias in preparing for the flowering of cabbage. In contrast, the time
of bolting and flowering was delayed under shorter photoperiod conditions, while the
development of the carex stems was also hindered. The proliferation and expansion of
the internodal meristematic tissue cells significantly affected stem elongation and devel-
opment [39]. The results of paraffin sections of the stems showed consistency with the
phenotype. We can hypothesize that photoperiod affects the elongation and growth of the
cells inside carex stems inside the cells, which causes the differences in stem length and
stem diameter phenotypes.

In previous studies, GAs have been found to respond positively to the photoperiodic
regulation of flowering, especially under SD [40,41]. However, significant effects of GAs
have also been demonstrated in Viola philippica [42], garlic [25], spinach [43], and sugar
beet [44]. They also proved the actions of GAs to be remarkable under LD, while the
GAs requirement was reduced by CO and FT relative to under SD [45]. Temperature
and light have also jointly affected plant elongation and growth in Brassica juncea [46].
However, using shade and PAC to treat Arabidopsis, Alabadi found that endogenous
GAs repress photomorphogenesis in the dark [47]. Therefore, the functional role of GA
varies with light conditions. The present study, however, focused on LD to investigate
the function of GAs in the photoperiodic regulation of bolting and flowering. GAs are
essential hormones that harmonize plant development, with the most critical functions
including flowering, stem development, and cell elongation [48]. GAs have been reported
to be involved in the photoperiodic induction of the flowering pathway [21,49]. GAs and
SLs have been shown to cooperate in the regulation of stem development in cucumber [50].
Measurements of endogenous GA3 showed that within a specific range of light duration, a
higher GA3 content promoted bolting and flowering. Beyond this range, the GA3 content
declined, while flowering still advanced. This may be attributable to the synergistic
action of GA3 with other species of active gibberellins in inducing flowering under more
prolonged photoperiodic conditions [51,52]. It is also assumed that feedback regulation
by endogenous GAs resulted in a lower endogenous GA3 content in the cabbage under
longer light durations. In addition, we found that changes in the endogenous GA3 content
coincided with the development of carex stems, and we hypothesized that endogenous
GA3 is involved in photoperiod induction of stem growth in cabbage.

The feedback regulation of GA20ox, GA3ox, and GA2ox can mediate GAs level home-
ostasis [53]. In this experiment, data from the corresponding relative quantitative analysis
of genes showed that the expression tendency of BcGA3ox2 was the same as that of BcFT,
which may be involved in the flowering process of cabbage. Osnato showed that, in
Arabidopsis, GA3ox2 affected flowering by regulating FT with the TEM1 transcription
factor [41]. We hypothesize that a conserved function exists since cabbage belongs to the
same cruciferous family as Arabidopsis to some extent. BcGA20ox2 prefers to regulate carex
stem development, while the different gibberellin synthase oxidase genes are expressed
in separate patterns during the bolting and flowering process. It is hypothesized that
BcGA20ox2 may promote active GAs synthesis to accelerate the rapid growth of the stems
of cabbage and bolting. EXPAs and XTHs performed cell wall expansion by decreasing
the viscosity of the polysaccharides between cell walls and cleaving xyloglucan chains to
regulate cell wall relaxation, respectively [54]. Alabadi [55] proposed that GAs regulate
cell expansion by integrating light signals. Related studies have also shown that GAs can
promote cell wall relaxation and elongation by stimulating the expression of EXPAs and
XTHs [56]. The data from this experiment showed that the relative expression of BcEXPA10
and BcXTH4 responded prominently to photoperiod. Therefore, the photoperiod may
further affect the expression of cell expansion genes by regulating endogenous GA3 content,
leading to stem elongation and stem thickness.

52



Horticulturae 2023, 9, 1349

To verify the above inference, we subjected cabbage to exogenous GA3 and PAC
treatments. The results confirmed that GA3 significantly affected the elongation and
development of inflorescence stems. Exogenous GA3 promoted stem elongation and
thickness, while PAC significantly inhibited stem growth. It was also confirmed in lettuce,
showing a pronounced stem elongation after 12 days of exogenous spray treatment with 25
mg/L GA3 [57]. Wang also demonstrated that exogenous GA3 could increase the height of
dwarfed plants [58]. Therefore, we speculate that the photoperiod affects the bolting and
flowering of cabbage with the regulation of endogenous GA3, which may be a key target
for intervention in stem development. This was also shown in a recent study of gibberellin
involvement in the photoperiodic regulation of chrysanthemum flowering [59].

5. Conclusions

In summary, the photoperiodic regulation of the bolting and flowering of cabbage
showed that the longer the light duration, the shorter the bolting and flowering time.
Cabbage stems developed preferably under 16 h (light)/8 h (dark) photoperiodic conditions.
Meanwhile, endogenous GA3 responded positively to the bolting process. Exogenous GA3
induced a more prominent development of stems in the cabbage under LD conditions.
Our results provide a scientific basis for the rational use of light facilities to regulate the
breeding process and the mechanism of stem development in cabbage.
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Abstract: Piquin pepper fruits, a semi-domesticated wild pepper species highly valued in Mexico,
currently face the threat of unsustainable harvesting practices that endanger the species. For this
reason, it is necessary to establish sustainable agricultural practices for the cultivation of these peppers.
Solar radiation, a critical determinant in crop production, plays a crucial role in plant development,
influencing a spectrum of physiological and morphological processes, including the synthesis of
phytochemicals. Our study evaluated the effect of light manipulation through colored shading nets
on the phytochemical profile, antioxidant capacity, and fruit quality of semi-domesticated piquin
peppers at two maturation stages: immature and mature (green and red fruits). Our hypothesis
posits that these shading treatments may induce changes in these fruits’ phytochemical composition
and antioxidant properties, as well as quality. Our results indicate that the shading treatments
and maturity stage have significant on capsaicinoid and carotenoid levels, with the highest levels
observed in mature fruits. Notably, red fruits grown under black shading treatments resulted in the
highest capsaicinoid levels. Carotenoid levels were higher in the black shading treatment during
the first cycle, while in the second cycle, the blue shading treatment showed elevated carotenoid
levels, suggesting that high irradiance conditions could reduce carotenoid contents. Although no
significant differences were observed among the treatments in green fruits, in red fruits, both black
and blue treatments exhibited the highest total phenolic compounds in both production cycles.
Furthermore, the antioxidant capacity revealed that red fruits exhibited higher antioxidant levels
than green fruits. Color analysis showed that red fruits had higher chroma and hue angle values,
indicating their brighter and more intense red color than green fruits. The morphological changes
in fruit width, length, and weight can be attributed to shading treatments and maturation stages.
These results indicate the potential of piquin peppers to act as rich sources of bioactive compounds,
emphasizing the benefits of shading as an effective strategy to improve the quality and quantity
of phytochemical compounds in piquin peppers. Our findings provide substantial insights into
the intricate relationship between maturation, shading treatments, and phytochemical composition,
offering a path to improve the nutritional value and quality of piquin peppers.

Keywords: capsaicinoids; carotenoids; light quality; plant secondary metabolites; phenolic com-
pounds; pungency; shading nets; solar radiation; wild peppers

1. Introduction

Piquin pepper (Capsicum annuum L. var. glabriusculum), also known as chiltepín, is a
semi-domesticated pepper widely distributed on the American continent. In northern Mex-
ico, piquin peppers are considered to be of high commercial value [1] and are appreciated
for their flavor, aromatic profile, and high pungency [2]. Currently, most piquin peppers
are collected from wild specimens, which has drastically reduced the populations of wild
pepper plants. [3] The Mexican states reported to have the highest production of piquin
peppers include Nuevo León, Tamaulipas, and Coahuila in northern Mexico (Figure 1) [4].
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Figure 1. Main growing regions of piquin pepper (Capsicum annuum L. var. glabriusculum) in Mexico,
and location of the experimental site: CAETEC experimental station of Tecnologico de Monterrey in
Pedro Escobedo, Querétaro, Mexico (20.535169 N, −100.211472 W).

Piquin peppers have a phytochemical profile associated with health benefits, including
analgesic, anti-inflammatory, and anti-cancer properties, among others [5]. The bioactive
compounds related to these health benefits include carotenoids, flavonoids, and phenolic
compounds. These phytochemicals are biosynthesized by distinct cellular and physiological
mechanisms that occur during regular fruit development and maturation. The level of
accumulation is regulated by internal signals (including plant hormones) and external
factors [6].

The accumulation of phytochemicals in peppers involves complex cellular and physi-
ological mechanisms. Capsaicinoids, responsible for the pungency of peppers, are biosyn-
thesized within the placental epidermis cells, where they are secreted to the outer cell
wall, and then accumulate within specialized structures known as “blisters” [7]. Capsaici-
noid biosynthesis involves enzymes such as capsaicin synthase and fatty acid synthase,
stemming from the phenylpropanoid pathway. The regulation of capsaicinoid production
can be mediated by hormonal signals like jasmonic acid and may also be influenced by
environmental factors such as temperature and light exposure [8,9].

On the other hand, carotenoids, which contribute to the color and nutritional value
of peppers, play a pivotal role as pigments and antioxidants. They are synthesized in the
plastids (chromoplasts) of fruit cells using isopentenyl pyrophosphate (IPP) as a precursor,
which is generated from the methylerythritol-4-phosphate (MET) pathway. Enzymes such
as phytoene synthase and phytoene desaturase are involved in carotenoid biosynthesis
and accumulation [10]. At the cellular level, carotenoids are crucial for capturing and
transferring light energy in photosynthesis. The accumulation of carotenoids can be affected
by environmental factors, including light exposure and temperature fluctuations [11].

Finally, phenolic compounds, known for their antioxidant properties, play a significant
role in safeguarding plants against oxidative stress and their defense mechanisms. These
compounds are produced in various plant tissues through the phenylpropanoid pathway,
relying on key enzymes such as phenylalanine ammonia-lyase (PAL) and chalcone syn-
thase [12]. At the cellular level, phenolic compounds protect cells from damage caused
by free radicals and have various other functions. The accumulation of phytochemicals
can increase in response to environmental factors such as light exposure and temperature
variations [13].
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Light intensity is one of the environmental factors that affect the phytochemical profile
of peppers [13,14]. In recent years, pepper cultivation has been carried out primarily under
shaded conditions to enhance horticultural productivity and fruit quality [15]. Nowadays,
most pepper production occurs under protected horticultural conditions, where light condi-
tions are manipulated with photo-selective shading nets or plastic covers [16,17]. Shading
nets may be needed in regions with intense solar radiation and high temperatures [18],
where excessive irradiance can result in photodamage and adverse effects on plant growth
and development [19]. Shading induces changes in the physiology and biochemistry of
plants [20], leading to changes in secondary metabolites [21].

Previous studies on piquin peppers have indicated that the use of black shading nets
(the most used in horticulture) has a direct effect on productivity, fruit quality, and vegeta-
tive growth, and that these effects are dependent on shade levels [17]. Colored shading nets
selectively filter sunlight and modify the spectral composition of light, promoting specific
wavelengths [22]. We hypothesize that colored shading nets may induce changes in the
phytochemical profile of peppers, thus leading to variations in the antioxidant activity and
potential health benefits of piquin peppers.

The objective of this study was to determine how shading nets of different colors can
influence the phytochemical profile of peppers, in particular capsaicinoids, carotenoids,
and phenolic compounds in piquin pepper fruits, as well as their antioxidant activity. The
effects of shading on color and fruit quality were also determined.

2. Materials and Methods

2.1. Plant Material and Experimental Site

This study was carried out at the CAETEC experimental station of Tecnológico de
Monterrey in Pedro Escobedo, Qro, Mexico (20.535169 N, −100.211472 W) during the
2021 and 2022 production cycles (Figure 1). This location has a tropical and subtropical
steppe climate (BSk) according to the Köppen climate classification system [23]. The
experimental site has a vertisol soil type according to the FAO/UNESCO soil classification
system [24]. Analysis of soil particles indicates that the study was conducted in a clay loam
soil containing 38.2% sand, 30.02% silt, and 31.78% clay (Fertilab, 2018. Laboratorio de
Nutrición Vegetal Celaya, Guanajuato).

The piquin pepper plants (Capsicum annuum L. var. glabriusculum) used in this study
were obtained from eight selection cycles of a wild ecotype originally from San Fernando,
Tamaulipas, Mexico. Before the study, the experimental plants had been selected based on
their productivity and phenological attributes.

The seeds of piquin peppers have naturally low germination rates, which makes it
necessary to apply pre-germination treatments (Figure 2). These treatments consisted
of seed imbibition in a solution with 5000 ppm of gibberellic acid (Cyto-Gibb® CbM,
Tlalnepantla de Baz, Mexico) for 24 h, with constant stirring at room temperature. After
the treatments, the seeds were planted in trays containing peat moss as container media
and placed in moist conditions in a greenhouse. The planting dates were 15 November
2020 and 1 December 2021 for the 2021 and 2022 cycles, respectively. Seedlings were
transplanted approximately 125 d after sowing to the experimental site when they reached
an average size of 10–15 cm. The seedlings were planted at 90 cm intervals under the
shading treatments. Plants were irrigated using a nutrient solution to provide the necessary
elements for plant growth. Irrigation was carried out three times a day for five minutes
every day. The nutrient solution used for irrigation consisted of 15 mM·L−1 nitrates,
1 mM·L−1 ammonium, 1.5 mM·L−1 phosphates, 8 mM·L−1 potassium, 4 mM·L−1 calcium,
2 mM·L−1 magnesium, and 3 mM·L−1 sulfur. The electrical conductivity of the solution
was 1.5 dS·m−1, and the pH was set at 6.0.

Air temperatures were recorded during the production cycles in each treatment using
a data logger (RC-51H waterproof USB temperature humidity data logger, Elitech, San Jose,
CA, USA). The data loggers were programmed to record temperature data once every
30 min.
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Light transmission at the canopy level was quantified for each color shade treatment
in terms of photosynthetically active radiation (PAR, μmol m−2 s−1) using the LI-190R
quantum sensor (LI-COR, Lincoln, NE, USA). These measurements were conducted at two
time points at 12:00 and 14:00 h.

Figure 2. (a) Methodology flowchart: assessing the effects of shading treatment on phytochemical
profile, antioxidant capacity, and fruit quality of piquin pepper fruits (Capsicum annuum L. var.
glabriusculum) at two maturation stages. (b) Pictures of experimental setup and piquin pepper plants
with fruits.

2.2. Experimental Design

The study was conducted using a factorial experimental design. The treatments were
applied by growing the plants under black, blue, and gray shading nets. The nets used
were high-density polyethylene (HDPE) with 35% light interception (Eurosol 54, EURAM,
Santiago, Chile). An additional unshaded treatment was used as the control. The nets
were placed at 3 m above the ground, covering all sides of the structure. The experimental
units consisted of four randomly selected plants per treatment. A 200 g fruit sample was
obtained from the plants. The sample fruits were collected at two different maturation
stages: immature (green) and mature (red); homogeneity in size and color was ensured
within the samples. Fruit collection was conducted during the months of June for green
fruits, approximately 35–40 days after flowering (DAF), and in August for mature (red)
fruits, approximately 70–75 DAF in both cycles. All analytical measurements were tested
in triplicate.
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2.3. Sample Preparation

After harvest, the peppers were placed in labeled polyethylene bags and stored in
a cooler with ice to keep the fruits fresh. Once in the laboratory, the fruits were placed
initially in a −20 ◦C freezer, and then in an ultra-freezer at −80 ◦C until further analysis.

Prior to phytochemical extractions, the moisture content of the piquin pepper fruits
was determined at both maturation stages using a convection oven (Binder ED, Tuttlingen,
Germany). A total of 20 fruits from each category were individually weighed on an
analytical balance (Mettler Toledo, ME54E, Columbus, OH, USA) to record initial weights.
All fruits were placed in the oven at 70 ◦C until constant weight, demonstrated by minimal
mass fluctuations over time. The fruits were subsequently allowed to cool in a desiccator.
After cooling, the fruits were weighed. The moisture content was calculated for each group
using the following formula: Moisture Content (%) = [(Initial Weight − Final Weight)
× Initial Weight−1] × 100. This method ensures an accurate determination of moisture
content, which was used to report all phytochemical results on a dry weight basis (DWB).

Before the extraction procedures, all fruits were washed with water and soap and
rinsed with distilled water. The analysis of capsaicinoids and the total phenolic compounds
were determined using fresh fruits. For carotenoid analysis, fruits were dried in a convec-
tion oven at 65 ◦C for 24 h. After drying, the seeds were removed and the placenta and
pericarp were pulverized with an electric mill (Krups GX4100®®, Mexico City, Mexico). The
extraction procedures for the different phytochemicals varied depending on the compound
of interest.

2.4. HPLC Analysis for Capsaicinoid Content

The extraction procedure used to determine capsaicinoids used 2 g of fresh fruits that
included pericarp, placenta, and seeds. Samples were homogenized using diatomaceous
earth (1:1 w/w) and ground using a porcelain mortar. The extraction solvent was 6 mL of
100% methanol. The resulting mixture was sonicated (Ultrasonic Cleaner 8890, Cole-Parmer,
Niles, IL, USA) for 15 min and then centrifuged (Centrifuge Multifuge X1R, Thermo Fisher,
Walthman, MA, USA) at 22,830 times gravity (× g) at 4 ◦C for 5 min. The supernatant was
filtered using Whatman N◦ 2 paper.

Capsaicinoid analyses were carried out via HPLC using the method described by
Wahyuni et al. (2011) [25], with minor modifications. The HPLC system was an Agilent
Technologies 1200 series with a UV–Vis detector. Extracts were filtered through a 0.2 μm
PTFE membrane filter into a 1.5 mL amber vial. For each HPLC determination, 10 μL
samples were injected in triplicate. Compounds were separated using an analytical column
(ZORBAX Eclipse XDB-C18, 4.6 × 150 mm, 5 Micron, Agilent, Santa Clara CA, USA). The
mobile phases consisted of formic acid and ultrapure water (1:103, v/v eluent A), and
formic acid and acetonitrile (1:103, v/v, eluent B). The gradient applied started at 25% B
for 5 min and increased linearly to 75% B for 10 min, and preequilibrated for 2 min to the
initial conditions before the next injection. The column temperature was set at 40 ◦C, and
the flow rate was 1 mL·min−1. Capsaicinoids were detected at a 280 nm wavelength and
quantified using external standards for capsaicin (CAP) and dihydrocapsaicin (DHC) from
Sigma (St. Louis, MO, USA) at different concentrations.

2.5. HPLC Analysis for Carotenoid Content

The extraction process for carotenoid determinations used 0.5 g of peppers (dry
weight basis or DW) that included the pericarp and placenta. Then, 10 mL of chloroform
and methanol (1:1, v/v) was added as the extraction solvent. The resulting mixture was
sonicated for 30 min, followed by centrifugation at 7000× g for 15 min. The entire process
was carried out twice under dark conditions and at room temperature to ensure maximum
carotenoid extraction. The supernatant was filtered using Whatman N◦ 2 paper. The
solvent of the extracts was evaporated using a SpeedVac concentrator (Thermo Scientific,
San Jose, CA, USA) and reconcentrated by adding 2 mL of the same solvent.
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The analyses of carotenoids were performed via HPLC using the methods described
by Mínguez-Mosquera and Hornero-Méndez (1993) [26] and Blanco Ríos et al. (2013) [27],
with minor modifications. The HPLC system used was the Agilent Technologies 1200 series
equipped with a UV–Vis detector. Extracts were filtered through a 0.2 μm PTFE membrane
filter into a 1.5 mL amber vial. For each determination, 20 μL of sample was injected in
triplicate for HPLC analysis. Compounds were separated using an analytical column (ZOR-
BAX Eclipse XDB-C18, 4.6 × 150 mm, 5 Micron, Agilent, Santa Clara, CA, USA). The mobile
phases consisted of acetone (eluent A) and ultrapure water (eluent B). The gradient applied
started at 25% B for 5 min, increased linearly to 75% B for 10 min, and preequilibrated for
2 min to the initial conditions before the next injection. The temperature in the column
was maintained at 25 ◦C, and the flow rate was set at 1.7 mL·min−1. Carotenoid levels
were detected at a wavelength of 450 nm and quantified using an external standard for
β-carotene from Sigma (St. Louis, MO, USA) at different concentrations.

2.6. Total Phenolic Compounds

The total phenolic compounds were determined spectrophotometrically using the
Folin–Ciocalteu method [28]. Compounds were extracted by adding 10 mL of a solution of
methanol and water (70:30 v/v) to 5 g of ground fresh fruits. This mixture was sonicated
for 30 min and centrifuged at 7000× g for 15 min. This process was performed twice to
maximize the compound extraction. All extracts were stored at −20 ◦C until further analysis.

The Folin–Ciocalteu assay was performed in a 96-microwell plate. In each microwell,
20 μL of sample was added, followed by 50 μL of 0.5 N of the Folin–Ciocalteu reagent
and 150 μL of water. After five minutes of incubation at room temperature, the reaction
was neutralized with 50 μL of sodium carbonate (Na2CO3 20%, p·v−1). Subsequently,
the mixture was incubated for 2 h at room temperature under dark conditions. After
this incubation time, the absorbances were read at 765 nm using a microplate absorbance
spectrophotometer (xMarkTM, Bio-Rad, Hercules, CA, USA).

The spectrophotometric readings were compared against a Gallic acid standard. The
calibration curve was obtained using dilutions of Gallic acid with concentrations ranging
from 0 to 1000 μM. All samples were measured in triplicate and the final concentration was
expressed as milligrams of gallic acid equivalents (GAE) on a dry weight basis.

2.7. Antioxidant Capacity

A comprehensive analysis of the antioxidant capacity of piquin pepper fruits was
determined using in vitro assays comparing the antioxidant effects of the fruits at two
different maturation levels using the ABTS and DPPH methods [29]. These methods
yield complementary information about the antioxidant properties of the samples, and
their combined results allow for a more complete determination of the overall antioxidant
capacity. The same extracts obtained for the phenolic compound analysis were employed
to assess antioxidant activity.

2.7.1. ABTS Method

The ABTS method measures the Trolox equivalent antioxidant capacity (TEAC), which
compares the antioxidant capacity to cleave the radical cation of ABTS and Trolox [30]. The
ABTS stock solution was obtained by reacting 7 mMol·L−1 and 2.45 mMol·L−1 of potassium
persulfate after incubation in the dark for 16 h. The stock solution was subsequently diluted
in ethanol to an absorbance of 0.8 ± 0.1 at 734 nm. Trolox standard solutions were prepared
in methanol from 0 to 700 μmol·L−1 and assayed under the same conditions. In each
well of a 96-microplate plate, 200 μL of reagent and 20 μL of the sample extracts were
added and incubated for 6 min with constant agitation. Each sample was assessed in
triplicate. The measurements were taken at 734 nm using xMark™ Microplate Absorbance
Spectrophotometer (xMarkTM, Bio-Rad, Hercules, CA, USA). The calibration curve for
the ABTS method was estimated using Trolox standard solutions from 0 to 700 μmol·L−1.
These solutions were prepared in methanol and assayed under the same conditions. Based
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on these solutions, the calibration curve was estimated as The TEAC was reported as
y = 0.0015x + 0.0426, R2 = 0.9941. Trolox equivalents (mM TE·g−1 DW). These units
quantify the antioxidant capacity of the sample based on its ability to neutralize the ABTS
radicals relative to Trolox.

2.7.2. DPPH Method

The DPPH method is based on the radical unpaired electron yield of an antioxidant
substance, in which DPPH is demoted from a blue–purple color to light yellow [31]. For this
assay, a stock solution of 125 μM of DPPH (1,1-diphenyl-2-picrylhydrazyl) was prepared.
For the assay, 20 μL of sample extracts and 200 μL of DPPH were added to a well in a
96-microwell plate and mixed; analysis was carried out in triplicate. The plaque was stored
in the dark for 90 min at room temperature. After incubation, DPPH stock solution was
added as a control to the plaque. Absorbance readings were taken at 520 nm using an
xMark™ Microplate Absorbance Spectrophotometer (xMarkTM, Bio-Rad, Hercules, CA,
USA). Scavenging was expressed in the mg of dry sample needed to decolorate 50% of the
reagent and as Trolox equivalents (mM TE·g−1 DW). The calibration curve for the DPPH
method was estimated in a similar way to the ABTS method. The standard curve equation
obtained for the ABTS method was y = 0.0015x + 0.0622, R2 = 0.9966).

2.8. Fruit Quality
2.8.1. Analysis of Color

The colorimetric determinations of piquin pepper fruits were carried out using a
Konica Minolta spectrophotometer (CM-5, Ramsey, NJ, USA). Ten fruits per treatment were
placed in a glass petri dish, and the measurements were taken using the spectrophotometer
in triplicate. Color results were reported using the CIE L*a*b* (CIELAB) color space
parameters, as these parameters allow an accurate description of the color of fruits [32].
In the CIELAB parameters, L* represents the lightness value, ranging from 0 (black) to
100 (white), a* represents the chromaticity value between green (−) and red (+), and b*
represents the chromaticity value between blue (−) and yellow (+) [33].

2.8.2. Morphological Analysis

The morphological analyses of peppers were conducted on samples of ten individual
fruits per treatment. Individual fruit sizes (width and height) were determined using a
digital vernier. Additionally, the weight of ten fruits was determined using an analytical
balance (Mettler Toledo, ME54E, Columbus, OH, USA).

2.9. Statistical Analysis

The results were analyzed using a one-way analysis of variance (ANOVA) to deter-
mine the significant differences between treatments. Significance levels were set at p < 0.05
throughout the study. When significant differences were detected, the means were sepa-
rated using Tukey’s Honestly Significant Difference (HSD) test at a significance level of
p < 0.05. The statistical analyses were performed using Minitab Statistical Software (version
21.4). All results are presented as the mean ± standard deviation (SD) of three replicates.

3. Results and Discussion

3.1. Temperature

The effect of the shading treatments on air temperature (Figure 3) indicated that the
highest temperatures were registered in the unshaded treatments in comparison to the
rest of the treatments. The largest differences in mean temperature occurred in the middle
of the day but were less than 4 ◦C across treatments. Shading treatments can effectively
reduce the air temperature and elevate air humidity. Shading nets represent an impactful
approach to creating an optimal environment for crop cultivation, leading to improved
quality and increased crop productivity in regions with high levels of solar radiation [34].

62



Horticulturae 2023, 9, 1240

Figure 3. Mean hourly air temperature (◦C) for each treatment during the production cycles of piquin
peppers (Capsicum annuum L. var. glabriusculum) in Querétaro, México.

3.2. Photosynthetically Active Radiation (PAR)

All colored shading nets exhibited a reduction in light transmittance compared to the
control (Figure 4). The black shading treatment reduced transmittance by an average of
31%, while the blue and gray nets showed reductions of 27% and 25%, respectively. The
differences in variability in the modulation of light transmission may have implications
for photosynthesis and plant development. The microclimatic impact of colored shading
nets on the reduction in photosynthetically active radiation (PAR) has the potential to
significantly impact the key physiological processes determining fruit yield and quality
in crops, including photosynthesis and carbon allocation [35]. The variations in PAR
availability observed among the different nets stem from the color of threads, which alters
the proportion of diffuse light compared to the total light transmitted under nets [36].

Figure 4. Mean solar radiation as photosynthetically active radiation (PAR, μmol·m−2·s−1) measured
in experimental treatments at two different times of the day. Effect of the black, blue, and grey
shading treatments on light transmission compared to the control (unshaded treatment). Error bars
represent standard error of replicates. Values with the same letters are statistically similar. Tukey’s
mean comparison test (a = 0.05).
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3.3. Capsaicinoid Content of Piquin Peppers

The effect of the different shading nets on the contents of capsaicinoids in piquin
peppers showed significant differences, and the results varied depending on the shading
treatments and the maturation stage of the peppers. Capsaicinoid levels increased in red
fruits of both production cycles (Figure 5). An increase in capsaicinoids during maturation
has been reported in other peppers, where capsaicinoids start to accumulate in the early
stages of fruit development, followed by an increase during fruit maturation [37]. The
results of the second production cycle showed a similar increase in capsaicinoids, but the
final contents were higher in all treatments compared to the first cycle.

Figure 5. Mean capsaicinoid contents: capsaicinoids (CAPs), dihydrocapsaicin (DHC), and total
capsaicinoid content (TCC) (mg·g−1 DW basis) of green and red fruits of piquin peppers grown
under colored shading net treatments in Queretaro, Mexico, across two production cycles (2021–2022).
(a) Green fruits, first production cycle (2021). (b) Red fruits, first production cycle (2021). (c) Green
fruits, second production cycle (2022). (d) Red fruits, second production cycle (2022). Error bars
represent standard error of replicates. Values with the same letters are statistically similar. Tukey’s
mean comparison test (a = 0.05).

The immature fruits grown under the blue shade treatment had the highest capsaici-
noid contents in both production cycles. However, as the fruits matured, the black shading
treatment presented the highest capsaicinoid contents, measured as capsaicin (CAP), di-
hydrocapsaicin (DHC), and the total contents of capsaicinoids (TCC). These results were
significantly higher than the control and the other shading treatments. These results are
consistent in both cycles and indicate that the black shading treatment increased the capsai-
cinoid content of piquin peppers in the red maturation stage. Black shading nets reduce the
light intensity reaching the plant canopy, creating a shaded environment, which, in turn,
may influence the expression of genes involved in capsaicinoid biosynthesis [9,14].

As mentioned, the capsaicinoid levels were higher in mature fruits than in green
fruits, confirming previous reports in which the capsaicinoid contents of piquin peppers
increased as the fruit matured. Nonetheless, the observed differential effect of the colored
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shading treatments on capsaicinoid levels [17] could be related to the modulation of
gene expression associated with capsaicinoid biosynthesis, where light plays a role in the
expression of the capsaicin synthase gene (CS). The promoter regions of the CS gene contain
light-responsive motifs, indicating that light can influence its expression [9]. In a similar
study on C. annuum ‘Star Flame’ and ‘Fire flame,’ the interaction of reduced light intensity
using different colored shading nets at different harvest times significantly impacted
capsaicinoid contents [38]. The reduced light intensity and modified light qualities caused
by colored shading nets might influence the gene expression responsible for capsaicin
production [39,40]. Nonetheless, the higher capsaicinoid contents associated with green
nets could also be related to higher temperatures [41].

Overall, light intensity and changes in its spectrum seem to be critical environmental
factors that influence capsaicinoid accumulation in pepper plants. The duration of light
exposure may also impact the synthesis of capsaicinoids, leading to variations in the
pungency levels of the different pepper cultivars.

3.4. Carotenoid Content of Piquin Peppers

The analysis of carotenoid content, reported as β-carotene equivalents, showed signifi-
cant differences between shading treatments for green and red fruits in both production
cycles (Figure 6). In the first production cycle, the black shading treatment resulted in
the highest carotenoid content for green and red fruits, while the gray treatment had the
lowest carotenoid content for red fruits. In the second production cycle, the blue shading
treatment caused the highest carotenoid content for red fruits.

Figure 6. Mean carotenoid contents (β-carotene) (CAR, mg·g−1 DW basis) of green and red fruits
of piquin peppers grown under colored shading net treatments in Queretaro, Mexico, across two
production cycles (2021–2022). (a) Green fruits, first production cycle (2021). (b) Red fruits, first
production cycle (2021). (c) Green fruits, second production cycle (2022). (d) Red fruits, second
production cycle (2022). Error bars represent standard error of replicates. Values with the same letters
are statistically similar. Tukey’s mean comparison test (a = 0.05).
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The maturation process of peppers brings about increased carotenoids in Capsicum
fruits. In this process, chloroplasts differentiate into chromoplasts in the epicarp of the
fruit, which leads to an accumulation of carotenoids. Increased carotenoids contribute
to a change in the coloration of peppers, in which more than thirty types of carotenoids
are involved [42–44]. In piquin peppers, this process starts at the initial stages of fruit
development, where fruits exhibit a green color, indicating their immature stage. As they
progress to the breaker stage, their color transitions to purple or orange, and finally, at full
maturity, piquin peppers acquire a vibrant red color [1,45].

In our results, the shaded treatments affected the carotenoid content of piquin peppers.
The black and blue shading treatments led to higher carotenoid contents than the unshaded
control. Our findings coincide with previous studies on other Capsicum fruits that showed
a significant increase in the carotenoid content in the shaded treatments compared to the
unshaded conditions [46,47].

When bell pepper plants were grown in shaded conditions, there was a reduction in the
exposure of plants to light. Reduced light intensity can increase carotenoid levels in sweet
peppers grown under black nets, particularly β-carotene and lycopene [48]. In another
cultivar of sweet pepper, unshaded treatments produced over 50% lower carotenoid levels
than those grown under white or colored nets [49]. Nonetheless, the optimal shading
treatment for increasing carotenoid contents may vary based on the specific cultivar and
prevailing environmental conditions during production [50].

The reduced carotenoid contents in the unshaded nets (control treatment) could be
related to the rapid destruction of carotenoids by high-intensity illumination [51]. Thus,
the use of shade nets reduces light-intensity stress and protects the leaves from thylakoid
damage caused by high irradiance [52]. Increased carotenoids enhance the nutritional
value of peppers and enrich the vibrant colors, with a positive impact on fruit quality.

3.5. Total Phenolic Compounds of Piquin Peppers

The general effects of the different shading net treatments on the total phenolic com-
pounds (TPC) of piquin peppers indicate that the shading treatments did not significantly
affect the phenolic contents of the immature (green) fruits (Figure 7). In mature fruits,
there was an increase in TPC compared to immature fruits in both production cycles. For
mature fruits in the first production cycle, the control and black treatments showed slightly
higher phenolic contents than the other treatments. In the second production cycle, the grey
treatment showed a slightly higher phenolic content than the control and black treatments.
Higher TPC in mature fruits has been previously described during the maturation process
of habanero peppers and other Capsicum cultivars [53,54].

Our results indicate that the different shading net treatments affected the production
of TPC as the piquin peppers reached maturity, but did not have a significant effect on
immature fruits. Nonetheless, the specific effects of the colored shading treatments on the
TPC of mature fruits are not clear, as the results varied from the 2021 to the 2022 cycle. In
other shading studies using cultivars of sweet peppers, the unshaded, white, and pearl
shade treatments increased the phenolic compounds and antioxidant activity, whereas
black shade nets caused a reduction in phenolic compounds [15,50]. The higher phenolic
compounds in the unshaded environments could be attributed to higher irradiance, which
triggers a stress response in the plant, leading to the production of higher levels of phenolic
compounds as a protective mechanism. Phenolic compounds can act as antioxidants and
protect the plant from oxidative damage caused by increased irradiance. UV radiation
is a stress factor that stimulates the biosynthesis of flavonoids and phenolic compounds,
resulting in higher contents as a response to UV radiation [55].
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Figure 7. Mean total phenolic compounds (TPC, mg GAE·g−1 DW basis) of green and red fruits
of piquin peppers grown under colored shading net treatments in Queretaro, Mexico, across two
production cycles (2021–2022). (a) Green fruits, first production cycle (2021). (b) Red fruits, first
production cycle (2021). (c) Green fruits, second production cycle (2022). (d) Red fruits, second
production cycle (2022). Error bars represent standard error of replicates. Means with the same letters
are statistically similar. Tukey’s mean comparison test (a = 0.05).

3.6. Antioxidant Capacity

The antioxidant capacity of immature (green) and mature (red) peppers determined
using the ABTS method showed that the blue treatment caused the highest antioxidant
capacity at both maturation stages, followed by the gray and black shades (Figure 8).
The control treatment had the lowest antioxidant capacity in both maturation stages.
Comparable results were obtained in the second production cycle, in which the blue and
gray treatments also exhibited a higher antioxidant capacity than the control fruits in both
maturation stages. The black shade treatment also increased the antioxidant capacity in
immature fruits in both production cycles. However, the differences in antioxidant capacity
were not statistically significant in the mature fruits of the second production cycle, and
the black shading treatment showed a reduction in antioxidant capacity compared to the
control group.

The determination of antioxidant capacity by DPPH showed a similar trend, with
the blue shade net treatment having the highest antioxidant capacity in most cases; the
control treatment had the lowest antioxidant capacity. However, some differences between
the results from the ABTS and DPPH could be identified, with some treatments showing
different antioxidant capacity levels depending on the method. These methods served
as complementary assays to explore a wide range of antioxidant compounds; ABTS can
estimate both hydrophilic and lipophilic radicals [56], while DPPH is particularly sensitive
to lipophilic radicals [57]. Antioxidants in peppers predominantly arise from a combination
of hydrophilic compounds, mainly phenolic compounds, and lipophilic compounds such
as carotenoids [43,58].
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During maturation, the red fruits generally had a higher antioxidant capacity than the
green fruits, as expected. The antioxidant capacity and ascorbic acid content significantly
increased in different pepper cultivars during the growth and maturation of the fruits; the
highest levels were found in the last stage of maturity [53,54]. This difference was more
pronounced in the DPPH results, where the differences between green and red fruits were
higher than in the ABTS results.

Our results indicate that the shading treatments had an enhancing effect on the
antioxidant capacity of the piquin peppers, particularly the blue shade treatment. The
specific effects varied depending on the shade color and fruit maturation stage. The results
confirmed the potential health benefits of consuming piquin peppers, particularly when
they are fully ripe. Previous results regarding piquin peppers have reported that differences
in antioxidant capacity are a result of more than 32 compounds identified, mainly phenolic
compounds that contribute to the free radical scavenging of fruits [59]. The antioxidant
capacity of Capsicum fruits is directly related to the total phenolic compounds [60].

Figure 8. Mean antioxidant activity of green and red piquin peppers grown under colored shading
net treatments in Queretaro, Mexico, across two production cycles (2021–2022) using DPPH and
ABTS methods. (a) Green fruits, first production cycle (2021). (b) Red fruits, first production cycle
(2021). (c) Green fruits, second production cycle (2022). (d) Red fruits, second production cycle (2022).
Error bars represent standard error of replicates. Means with the same letters are statistically similar.
Tukey’s mean comparison test (a = 0.05).

3.7. Fruit Quality
3.7.1. Effects on Pepper Color

The color of piquin peppers was significantly affected by the shading treatments in
both production cycles (Tables 1 and 2). In the first cycle, the control fruits had a lighter
color (the highest L* value) for both immature and red peppers in relation to the other
treatments. In immature peppers, the black treatment had the highest a* and b* values,
indicating a more intense green color. The blue treatment had the highest a* and b* values
for mature peppers, indicating a more intense red color. Color values in fruits may be used
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as predictors of pigment concentrations, and the reduced a* values observed in unshaded
treatments can be related to a reduction in carotenoids [50].

Table 1. Mean colorimetric values of green and red piquin peppers grown under colored shading net
treatments in Queretaro, Mexico, during the first production cycle (2021).

Treatment
Green Fruits Red Fruits

L* a* b* L* a* b*

Control 30.88 ± 2.32 a −8.67 ± 5.09 a 31.20 ± 2.28 a 28.51 ± 0.88 a 43.69 ± 4.92 a 38.24 ± 1.72 b
Black 30.26 ± 2.69 a −15.45 ± 21.48 a 28.04 ± 3.07 b 27.64 ± 2.42 a 43.39 ± 1.40 a 38.60 ± 3.07 b
Blue 29.33 ± 1.57 a −9.98 ± 0.38 a 28.46 ± 1.83 b 28.83 ± 1.60 a 45.00 ± 1.07 a 40.50 ± 2.12 ab
Gray 30.16 ± 1.58 a −10.24 ± 0.31 a 31.73 ± 1.85 a 28.88 ± 1.58 a 44.55 ± 1.07 a 42.06 ± 2.92 a

L*: indicates lightness, a*: is the red/green coordinate, and b*: is the yellow/blue coordinate. ± Standard
deviation (n = 4). Means with the same letters are statistically similar. Tukey’s mean comparison test (a = 0.05).

Table 2. Mean colorimetric values of green and red piquin peppers grown under colored shading net
treatments in Queretaro, Mexico., during the second production cycle (2022).

Treatment
Green Fruits Red Fruits

L* a* b* L* a* b*

Control 28.64 ± 1.78 a −7.43 ± 1.60 a 40.47 ± 2.15 a 36.77 ± 2.29 a 35.02 ± 2.23 a 20.84 ± 1.97 a
Black 24.81 ± 1.59 b −9.03 ± 0.94 b 35.57 ± 2.70 bc 38.06 ± 0.60 a 34.00 ± 1.40 a 19.22 ± 1.63 a
Blue 23.73 ± 2.20 b −10.29 ± 0.78 c 36.90 ± 1.61 b 35.30 ± 8.86 a 21.49 ± 19.67 b 22.36 ± 7.29 a
Gray 24.69 ± 2.56 b −9.82 ± 0.38 bc 34.61 ± 2.28 c 38.19 ± 1.16 a 34.17 ± 0.77 a 20.25 ± 1.10 a

L*: indicates lightness, a*: is the red/green coordinate, and b*: is the yellow/blue coordinate. ± Standard
deviation (n = 4). Means with the same letters are statistically similar. Tukey’s mean comparison test (a = 0.05).

In the second production cycle, the control fruits also had the highest L* value for
both maturation stages, indicating a lighter color than in the other treatments. The black
treatment had a more intense red color (highest a* value) for mature peppers, while for
green peppers, the blue treatment caused a more intense yellowish-green color (highest
b* value). Consistent findings have been observed in bell peppers, where the L* value
was highest in unshaded treatments, while the a* value was the lowest in the unshaded
treatments and reached the highest values under black and red shading nets [50]. The
intense red color may be related to the higher concentration of carotenoids and antho-
cyanins, which are responsible for the red coloration of mature fruits [38]. Our results
suggest that the differential effects of the colored shade treatments on pepper color could
be related to an effect on the pigment biosynthesis (particularly carotenoids), but it is not
clear whether the treatments affected chlorophyll degradation, a process that occurs during
fruit maturation [61].

Nonetheless, our results indicate that the different shading treatments affected the
color of piquin peppers, with some treatments resulting in more intense and vibrant colors
than others. These findings could be useful for understanding the factors that influence
the color of piquin peppers and to develop commercial strategies to improve color and
fruit quality.

3.7.2. Size and Weight

In general, the immature (green) fruits were longer and narrower than the mature fruits
(Tables 3 and 4). During fruit maturation, peppers undergo a highly intense metabolism,
the emission of volatile compounds associated with fruit respiration, and changes in their
cellular structure, leading to water loss, thus becoming denser [53,62]. This can result in
a reduction in overall size, even as the fruit reaches its full flavor and nutrient potential.
Additionally, size reduction may also be influenced by genetic factors [62], environmental
conditions [48], and cultural practices [63].
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Table 3. Mean morphological analysis, width, length, and weight of green and red piquin peppers
grown under colored shading net treatments in Queretaro, Mexico, during the first production
cycle (2021).

Treatment
Green Fruits Red Fruits

Fruit Width Fruit Length Weight Fruit Width Fruit Length Weight

Control 8.73 ± 0.32 ab 10.22 ± 0.40 ab 2683.83 ± 344.82 a 8.84 ± 0.33 a 9.98 ± 0.40 a 2553.73 ± 180.66 a
Black 8.91 ± 0.24 a 10.81 ± 0.49 a 2883.33 ± 336.51 a 8.33 ± 0.42 bc 9.57 ± 0.58 a 2242.59 ± 423.48 a
Blue 8.23 ± 0.35 c 10.42 ± 0.80 ab 2711.35 ± 319.59 a 8.62 ± 0.33 ab 10.01 ± 0.57 a 2348.14 ± 428.44 a
Gray 8.39 ± 0.26 bc 10.01 ± 0.38 b 2802.46 ± 306.35 a 8.14 ± 0.41 c 9.99 ± 0.57 a 2731.55 ± 411.68 a

Width and length, average value (mm) ± Standard deviation (n = 10). Weight, average value (mg) ± Standard
deviation (n = 10). Means with the same letters are statistically similar. Tukey’s mean comparison test (a = 0.05).

Table 4. Mean morphological analysis, width, length, and weight of green and red piquin peppers
grown under colored shading net treatments in Queretaro, Mexico, during the second production
cycle (2022).

Treatment
Green Fruits Red Fruits

Fruit Width Fruit Length Weight Fruit Width Fruit Length Weight

Control 8.56 ± 0.28 a 10.32 ± 0.43 a 2977.50 ± 283.44 a 7.93 ± 0.19 b 9.54 ± 0.20 b 2924.50 ± 162.81 b
Black 8.47 ± 0.27 a 10.02 ± 0.34 a 2852.78 ± 187.14 ab 8.54 ± 0.17 a 9.84 ± 0.41 ab 3046.45 ± 232.93 b
Blue 8.02 ± 0.33 b 8.91 ± 0.31 b 2484.24 ± 107.96 b 8.40 ± 0.15 a 10.21 ± 0.33 a 3375.51 ± 46.85 a
Gray 8.24 ± 0.38 ab 9.26 ± 0.33 b 2586.40 ± 154.60 ab 8.37 ± 0.26 a 10.27 ± 0.50 a 2555.88 ± 99.13 c

Width and length, average value (mm) ± Standard deviation (n = 10). Weight, average value (mg) ± Standard
deviation (n = 10). Means with the same letters are statistically similar. Tukey’s mean comparison test (a = 0.05).

The colored shade treatments had a significant effect on the morphology of piquin
peppers. While the control and black shade treatments produced the widest fruits in both
production cycles, the blue shade treatment caused the thinnest fruits. In terms of fruit
length, the black and the blue shade treatment caused the longest fruits in the first and
second cycles, respectively. Our results seem to concur with previous studies on piquin
peppers that indicate that intermediate black shading (50% shade) increases yield in terms
of fruit size and the number of fruits [17].

Previous studies have reported that the use of shading nets can increase the size of
Capsicum fruits [64], although the specific conditions and types of nets used were different.
In sweet peppers, the use of red and pearl shade nets favored fruit growth, which resulted
in an increased fruit yield, producing fruits with a thicker pericarp [16]. As for fruit
weight, the blue shade treatment had the heaviest fruits in the second production cycle
after maturation.

4. Conclusions

Our results highlight the effects of the different color shading treatments on the capsai-
cinoids, carotenoids, and phenolic compounds of piquin pepper fruits at two maturation
stages. The maturation process naturally increased the compound levels and antioxidant
capacity, as mature red fruits exhibited the highest levels of phytochemicals and showed a
greater antioxidant capacity than immature green fruits. Black shading was determined to
boost capsaicinoid content, while black and blue shading led to an increase in carotenoid
levels. The use of black and gray shading resulted in elevated phenolic compound levels.
Notably, no significant variations in antioxidant capacity were observed in the different
treatments. Morphological attributes such as fruit size and weight were affected by both
colored shading and fruit maturity. These findings emphasize the potential health benefits
of mature red piquin peppers, suggesting their utility in the development of functional
foods, nutraceuticals, and pharmaceuticals. Shading can be considered a promising tech-
nique to enhance the phytochemical contents of piquin pepper fruits. Our results suggest

70



Horticulturae 2023, 9, 1240

promising avenues for future research and applications. In the agricultural context, we
recommend the further exploration of innovative light management techniques to increase
the phytochemical content of piquin or other peppers. Given the limited existing agricul-
tural practices in this area, our work opens the door to a wide range of possibilities for
researchers and farmers engaged in the cultivation of piquin peppers.
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Abstract: Differences in individual plant growth are affected by the spatial variation of light intensity,
reducing the homogeneity of microgreen crops. Identifying the tradeoffs between light uniformity
and crop quality is challenging due to the confounding effect of nonuniform illuminance with
other noise factors. This study presents the results of hydroponic pea (Pisum sativum, L.) growth
experiments aimed at quantifying the effect of photon irradiance variations. By adjusting the power of
LED luminaires, we established one uniformly illuminated zone and two non-uniformly illuminated
zones. Germinated seeds with 6 cm-long radicles were transplanted to cultivation trays with known
light intensity in predetermined positions. Plants were cut 12 days after the start of light treatment and
measured for fresh weight and shoot height. Our findings revealed no significant difference between
the crop yield on trays having the same average PPFD but different light uniformity. However,
correlation analysis of individual measurement data showed that local PPFD differences explained
31% of the fresh weight variation, and the rest was attributed to noise in the germination and
growth processes. We also discuss the implications of our findings for the design and optimization
of vertical farms.

Keywords: vertical farm; plant factory; PPFD; photon irradiance; LED

1. Introduction

Growing young edible vegetables, collectively known as microgreens, have gained
popularity recently and have become one of the fastest-growing segments of indoor vertical
farming [1]. Microgreens are young seedlings of leafy vegetables and herbs that are favored
in new culinary trends due to their unusual appearance, bright color, intense flavor, crisp
texture, and unique nutrient profile [2]. A huge number of species can be consumed as
microgreens [3]. By value, Brassicaceae microgreens dominate the global market, led by
broccoli at 15%, followed by arugula at 9% [1]. Edible plants originally cultivated for seeds
and not for shoots, like peas, beans, cereals, and sunflowers, are also popular microgreens
and are cultivated in large quantities.

Microgreens containing high levels of carotenoids, chlorophylls, and organic acids
are associated with several health benefits, including anti-diabetic and anticholinergic
activity, and are recommended as a functional food for a daily diet [4]. Microgreens are
harvested at an immature growth stage, shortly after the full development of cotyledons
and at the emergence of the first true leaves [5]. Depending on the species, the time between
seeding and harvest is between 1 and 2 weeks [6]. The short cultivation cycle, high seeding
density, low shoot height, and high market value make microgreens an attractive crop for
vertical farming.

Indoor vertical farms use LED lighting as their sole source of light, giving growers
complete control over the environmental factors affecting plant growth. This allows for
year-round production in any location, close to consumers [7]. However, the profitability
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of microgreen production is hindered by two major factors: the market value of the fresh
produce and the cost of operating the vertical farm. Since both factors are heavily influenced
by lighting, optimizing lighting conditions for the plants becomes a critical challenge in
vertical farming. To maximize space utilization, horizontal cultivation layers are densely
packed with plants, and LED lights are mounted near the plant canopy [8]. The short
separation distance between luminaires and the canopy can reduce photon irradiance
uniformity, leading to spatial variation in plant growth. The plants in the middle of
cultivation trays tend to grow taller and accumulate more biomass, while those on the
edges are smaller and lighter. Although this center and edge effect is often attributed to
uneven light distribution [9], other microenvironmental factors, such as airflow or genetic
differences between individual seeds, can sometimes mask the effects of nonuniform
light distribution.

The lighting conditions play a significant role in the growth of microgreens and are
typically evaluated based on the horizontal photosynthetic photon flux density (PPFD)
at the canopy level [10]. The light intensity has been found to impact both the yield and
quality of microgreens [11]. At the early stages of plant development, photosynthesis by
the cotyledon is a crucial process [12,13], which in turn influences the rate of subsequent
seedling development [14,15].

In the present practice, one PPFD value is provided to describe lighting conditions in a
vertical farm, though horticultural lighting guidelines recommend measuring PPFD values
at several representative points of the working area and reporting both mean and standard
deviations [16]. The spatial variations across the illuminated plane are characterized by
the photon irradiance uniformity (Uo), defined as the quotient of the minimum reading
and the average of data points. Another uniformity metric is diversity, (Ud), defined as the
minimum to maximum ratio [10,17].

The measurement of PPFD is limited to the photosynthetically active radiation (PAR),
which spans from 400 nm to 700 nm. However, studies have shown that relying solely on
this range to evaluate photosynthetic activity has its limitations. Far-red photons interact
with shorter-wavelength radiation, resulting in a synergistic effect that contributes to
photosynthesis [18]. Consequently, pushing the upper limit of the PAR range to 750 nm
has been recommended [19].

The intensity and the spectrum of light both determine the growth rate and the phyto-
chemical content of microgreens [3]. In horticulture, most commercial lighting equipment
comprises monochromatic blue, red, and far-red LED chips. The red and blue (R/B) or red
and far-red (R/FR) photon irradiance ratios characterize the spectral distribution of incident
radiation [20]. Plants grown under extremely low or high R/B ratios exhibit physiologi-
cal disorders, and a balance between the photon irradiance ratios of various wavebands
should be set to ensure proper conditions for plant development [21]. Many studies have
investigated the optimal R/B or R/FR ratios for indoor crop production [22–26].

The various environmental factors that affect plant growth, such as lighting param-
eters, temperature, humidity, and carbon dioxide concentration of air, as well as the
composition of the nutrient solution, all interact with one another. To achieve optimal
crop yield and quality, it is crucial to control and optimize all these parameters. However,
measuring the light response curve of plant growth in a multidimensional parameter space
requires significant experimental efforts.

High-speed automated procedures have been developed for 3D characterization of
the lighting environment [27–30] as well as for quick phenotyping and monitoring of plant
growth [9,15,30,31]. With the aid of a high-throughput experimental unit, one can efficiently
screen a vast array of parameter settings and extract the transfer function linking growth
traits to environmental parameters. However, transitioning the experimental light response
functions into commercial production poses a challenge due to the presence of numerous
unknown noise factors.

Our approach was to carry out the lighting experiments under the conditions of
commercial production. We created a gradient in the lighting conditions by controlling
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the luminaires of the vertical farm. The objectives of the present study were to quantify
the effect of spatial photon irradiance variations on the growth traits of pea microgreens
and retrieve the transfer function between the fresh weight of individual seedlings and the
local PPFD values to be used for the optimization of commercial microgreen production.

2. Materials and Methods

Plant growth tests were carried out in a climate-controlled container farm of the
Hungarian University of Agriculture designed to be a scalable cultivation unit of a larger
plant factory. Fans positioned in the middle and at the end of each shelf maintained constant
airflow over the canopy to minimize spatial differences in temperature, humidity, and CO2
concentration. Air parameters were checked by an ALMEMO 2590 measuring instrument
(Ahlborn Mess- und Regelungstechnik GmbH, Holzkirchen, Germany). Leaf surface
temperature was recorded by an infrared thermometer (AHG Wahtsmuth & Krogmann
mbH, Hamburg, Germany). The average temperature and relative humidity during the
tests were kept within the 20 ± 2 ◦C and 75 ± 5% range, respectively. In our vertical farm,
we did not apply CO2 injection. The CO2 concentration varied between 400 ppm and
600 ppm throughout the experiments. The lowest value was measured during the light
period when the photosynthesis consumed carbon dioxide, and the highest concentration
was detected at the end of the dark period. The carbon dioxide level increased temporarily
up to 1200 ppm in the presence of a human operator, but the concentration difference
between different points of the vertical farm was less than 10%. The experiments comprised
two steps, starting with germination in the dark, followed by seedling development under
three different light treatments. Pea (Pisum sativum L., cv. Kleine Rheinländerin) seeds
were obtained from Royal Sluis (Enkhuizen, Holland). Seeds were soaked in distilled water
for 24 h and then placed on perforated stainless-steel sheets with round holes of 5 mm
diameter. The plantation distance between adjacent seeds was 4 cm. Metal sheets with
the seeds were placed into a germination box, ensuring saturated moisture at the 20 ◦C
ambient temperature.

After 7 days, germinated seeds with longer than 6 cm radicles were transplanted to
plastic cultivation trays with 5 mm-diameter holes arranged in a 12 × 7 array with a 4 cm
grid size. The top view of the plant arrangement, along with the definition of the directions,
is shown in Figure 1. The x-axis is parallel to the line of LED luminaires, whereas the y-axis
is perpendicular to the LED pairs. The LED luminaires were positioned above the first and
twelfth rows. In the analysis, the row numbers on the y-axis and column numbers on the
x-axis were used for the identification of seedlings’ positions. The picture of the seedlings
transplanted to the cultivation tray is shown in Figure 2a, and the seedlings prior to harvest
are shown in Figure 2b.

The radicle was immersed into a nutrient solution mixed from a three-component
commercial formula (Dutch Formula Grow, Advanced Hydroponics of Holand, 1-Grow:
2 mL/L, 2-Bloom: 2 mL/L, 3-Micro: 1 mL/L). During the entire experiment, the electrical
conductivity and the pH of the nutrient solutions were in the range of 1.50 ± 0.05 mS/cm
and 6.9 ± 0.1, respectively, measured by a universal measuring instrument (Combi 5000,
STEP Systems GmbH, Nürnberg, Germany).

The schematic diagram of the experimental set-up is shown in Figure 3. Plant growth
was carried out simultaneously at three different positions of the vertical farm in three
cultivation containers coded as A, B1, and B2. The dimensions of the containers were
60 cm × 40 cm × 7.5 cm. The plants on A, B1, and B2 were exposed to three different
lighting conditions determined by the position of the trays relative to the LEDs as well as
the power of the luminaires. Two layers of the vertical farm were used in the experiments.
In levels A and B, the separation distances between the LED luminaires and the planes of
the cultivation trays were 45 cm and 21 cm, respectively. In each level, three pairs of 120 cm
long variable-spectrum LED luminaires equipped with secondary optics ensuring an 80◦
beam angle (Hortiled Multi 4DIM, Hortilux, Den Haag, The Netherlands) were mounted
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to the edges of the shelves, covering the 3.6 m length of the shelving unit. The photon
intensity distribution diagram of the 80◦ beam angle luminaires is shown in Figure S1.

Figure 1. Schematics of the plant arrangement on a cultivation tray. Seedlings were arranged in
12 rows and 7 columns. The mesh size of the 12 × 7 grid was 4 cm in both the x and y directions.
The dotted line shows the axis of symmetry of the irradiance created by the pair of LED luminaires
shown as purple rectangles. The dotted box shows positions in row 3 from which the related row
average was calculated in data analysis.

Figure 2. Individual plants on the cultivation tray at the (a) transplantation; and (b) harvest.

Figure 3. Top, front, and side view of the experimental vertical farm. The distance between the LED
luminaires and the cultivation trays on levels A and B were 45 cm and 21 cm, respectively. The PPFD
distribution was tailored by adjusting the power of LED luminaires (LED-B1, LED-B2, LED-A) and
the position of trays B1, B2, and A. The color saturation of the stripes representing the LEDs indicates
the relative luminaire power: LED-A = 59.5% > LED-B1 = 41.7% >> LED-B2 = 5%.

77



Horticulturae 2023, 9, 1187

Our objective was to establish a highly uniform PPFD distribution across tray A and
a non-uniform distribution on tray B1, having the same average PPFD as tray A. The
light distribution across the plane of B2 was designed to cover a broad intensity range,
from the high values on the left corners going down to the extremely low values on the
right side. To achieve this goal, the power of the luminaires coded as LED-A, LED-B1,
and LED-B2 in Figure 3 was set at 59.5%, 41.7%, and 5% of the nominal value. The on
and off times as well as the power of each color channel of the luminaires were set by a
DALI (Digitally Addressable Lighting Interface) controller (DLC-02 DALI Digital Lighting
Controller, Mean-Well, Taiwan). Only the light intensity was tailored at the three locations
of the test; the relative spectral distribution of irradiance, i.e., the power ratio of the color
channels, was held constant. The spectral irradiance values were measured with 5 nm
resolution at every position of the cultivation trays using a handheld spectroradiometer
(Mavospec Base, GOSSEN Foto- und Lichtmesstechnik GmbH, Nürnberg, Germany).

The plant growth was carried out at a constant 20 ◦C temperature. The photoperiod
was 16 h per day in each light treatment. Shoots were cut 12 days after transplantation and
measured for length and fresh weight. A picture of seedlings prior to harvest is shown in
Figure 2b. The weight of the individual seedlings was measured by a precision balance
(Kern EMB 200-3, Kern & Sohn GmbH, Balingen, Germany).

Statistical analysis of measurement data was carried out using normality, Kruskall–
Wallis, and Levene’s tests from the statistical module of the SciPy [32] open-source Python
package. Significance levels were set at p < 0.05 throughout the data analysis.

3. Results

The objective of the experiment was to compare the growth traits of pea seedlings cul-
tivated under three different light-intensity distributions while keeping the light spectrum
constant across all cultivation trays. Table 1 summarizes the main statistical parameters
and uniformity measures (Uo, Ud) determined for A, B1, and B2. The columns of Table 1
contain both the lighting-related information (PPFD, photon irradiances in the B, G, R, and
FR wavebands, as well as the R/B ratio) and the shoot fresh weight (FW). The D’Agostino-
Pearson normality test [33] was carried out for all measured datasets. The null hypothesis
was that the sample came from a normal distribution. The p-value of the normality test is
also listed for each distribution in Table 1. The p < 0.05 values indicate cases where the nor-
mality assumption can be rejected with 95% confidence. By checking the rows of p-values in
Table 1, it is obvious that most of the data are from non-normal distributions. The ANOVA
method generally used in data analysis requires samples with normal distributions as
input; therefore, non-parametric hypothesis tests were used for the comparison of data.
The Kruskal–Wallis test is a non-parametric version of ANOVA, testing the medians rather
than the means of the samples. In our analysis, we assumed that conclusions drawn on
medians were valid for the mean values as well. In Section 3.1, we provide the quantitative
measures of the lighting environments for the three cultivation trays. In Section 3.2, the
individual shoot weight data are presented and compared with light measurements.

3.1. Characterization of the Lighting Environment

The four color channels of the LED luminaires covered the four adjacent wavebands
generally used for the characterization of LED-based horticultural lighting [20]: blue
(B): 400–499 nm, green (G): 500–599 nm, red (R): 600–699 nm, and far-red (FR): 700–800
nm. A representative example of the measured irradiance spectra is depicted in Figure 4,
exhibiting four peaks corresponding to the four types of LEDs built into the luminaires:
blue peak emission at 450 nm, deep red at 660 nm, far-red at 730 nm, and a broad peak
extending over the green waveband corresponding to the phosphor emission of the white
LEDs. In this particular spectrum, the R/B and R/FR ratios were 2.5 and 3.6, respectively.
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Table 1. Photon irradiance parameters were measured for the trays A, B1, and B2. The unit of PPFD,
B, G, R and FR is μmol m−2 s−1. FW: shoot fresh weight in grams. R/B denotes the ratio of red and
blue photon irradiances. Uo is the overall uniformity defined as the quotient of the minimum and
the average of the distribution. The p-value of the normality test is denoted by p.

Tray Parameter PPFD B G R FR R/B FW

A

Minimum 234.90 59.12 22.55 152.98 45.92 2.42 0.55

Average 248.91 63.68 23.75 161.47 49.34 2.54 2.35

Maximum 269.37 69.06 25.32 175.30 51.90 2.65 4.55

Uo 0.94 0.93 0.95 0.95 0.93 0.96 0.23

Ud 0.87 0.86 0.89 0.87 0.88 0.91 0.12

p 0.009 0.002 0.076 0.013 0.138 0.715 0.12

B1

Minimum 98.62 25.98 11.01 61.63 17.28 2.22 0.23

Average 232.48 59.41 22.05 151.02 41.27 2.51 2.31

Maximum 390.93 101.33 34.22 257.55 69.00 2.78 5.67

Uo 0.42 0.44 0.50 0.41 0.42 0.89 0.10

Ud 0.24 0.25 0.31 0.23 0.26 0.85 0.04

p 0.000 0.000 0.000 0.000 0.000 0.001 0.04

B2

Minimum 33.23 8.83 3.70 20.70 6.26 2.01 0.22

Average 91.14 24.48 9.38 57.29 17.31 2.34 1.70

Maximum 278.72 71.61 25.65 181.46 54.90 2.61 4.33

Uo 0.36 0.36 0.39 0.36 0.36 0.86 0.13

Ud 0.12 0.12 0.14 0.11 0.11 0.77 0.05

p 0.000 0.000 0.000 0.000 0.000 0.175 0.05

Figure 4. Representative spectral distribution of irradiance measured on tray B1, position row 1,
column 1. In this spectrum, the R/B and R/FR ratios were 2.5 and 3.6, respectively. In the experiment,
there was only a minor change in the relative intensity of the peaks in the B, G, R, and FR wavebands;
only the absolute irradiance changed across the illuminated plane.

The power ratios of the color channels were held constant throughout the experiment;
therefore, the quality of light, i.e., the shape of the spectrum, was expected to be the
same at any point of the illuminated work plane. The quantitative measure of light,
however, varied according to the power of LED luminaires and the position of the light
intensity measurement.

The minimum, average, and maximum values measured on trays A, B1, and B2
are listed in Table 1 for the photosynthetic photon flux density (PPFD) as well as the
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photon irradiances in the B, G, R, and FR wavebands. The R/B photon irradiance ratio
quantifying the spectral property of light was calculated for each tray, and the related
statistical parameters, including the overall uniformity (Uo), are also listed in Table 1.
According to expectations, the difference between the average PPFDs of A and B1 was
small, only 7% in absolute value. The range of data points, however, was much broader in
the case of B1 compared with A. This difference between the two settings is reflected by
the uniformity parameters: Uo = 0.94 in A, indicating a highly uniform PPFD distribution,
whereas Uo = 0.42 represents the low uniformity case. The difference between the maximum
and minimum B2 PPFD values was even broader than in the case of B1, but the average
value was 91 μmol m−2 s−1, 40% lower than the average of B1. Similar trends can be seen
in the B, G, R, and FR wavebands, indicating the stability of the irradiance spectrum across
the cultivation trays.

The R/B ratio is a frequently used measure of the quality of light in horticulture. There
was only a minor difference between the means of A and B1. B2 had a slightly lower mean
R/B value, indicating a less than 10% shift in the spectral peak ratios at low irradiance,
but this difference is negligible considering the broad light response sensitivity range of
plants [34].

The two-dimensional photosynthetic photon irradiance distributions are visualized in
Figure 5a–c. The color scale of the contour plots is the same in all the subfigures, ranging
from 0 to 400 μmol m−2 s−1. The colored patterns in the contour plots exhibit a reflectional
symmetry relative to the axis of symmetry in the middle of the illuminated area. On tray
B2 in Figure 5a the highest intensities were measured in the upper and bottom left corners,
resulting from the edge effect between the high-power LED B-2 and low-power LED B-3
luminaire pairs, as shown in the side view of Figure 1. The low-intensity region is in the
center, extending towards the right-hand side. In Figure 5c, there are only two adjacent
colors, indicating highly uniform PPFD distribution across tray A, with a minor increase
from low to high row numbers. In Figure 5b, warm colors on the top and bottom edges
indicate high PPFD regions, whereas cool colors in the middle represent low PPFD values.
The line symmetry of the irradiance in B1 is reflected by the contour lines running parallel
to the x-axis along the shelves.

The histograms in Figure 6a–c provide a more quantitative description of the PPFD
distributions on trays B2, B1, and A. In Figure 6a, the histogram is skewed towards the
left in accordance with the high proportion of low irradiance values on tray B2. The PPFD
values on B1 in Figure 6b are evenly distributed between the minimum and maximum
values. The histogram of A is characterized by a high, narrow peak in Figure 6c. Neither
of the PPFD histograms can be described with a normal distribution, as indicated by the
p-values in Table 1.

The boxplot in Figure 7a compares the averages and the spread of the PPFD distribu-
tions of B2, B1, and A. The horizontal red lines in the boxes show the medians; the crosses
stand for the mean values.

Beyond the graphical representation of the distributions in Figure 7, non-parametric
hypothesis tests were used to check the equality of the medians (Kruskal–Wallis test)
and variances (Levene’s test) [35]. The p-values of the pairwise comparisons are shown
in Table 2. The p < 0.05 values indicate statistically significant differences between the
tested parameters. The p-value of the Kruskal–Wallis test was 0.786; consequently, the null
hypothesis that the median PPFD values of A and B1 are equal cannot be rejected. The
median PPFD of B2 proved to be significantly lower than that of B1 and A. The p-values of
Levene’s test were all zero, indicating significantly different PPFD variances on trays B2,
B1, and A.
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Table 2. The p-values of the pairwise non-parametric hypothesis tests for the medians (Kruskal-Wallis
test) and variances (Levene’s test). The boldface numbers indicate p-value < 0.05 corresponding to
statistically significant differences between the medians or variances.

Kruskal–Wallis Test (Medians) Levene’s Test (Variances)

Parameter Tray A B1 B2 A B1 B2

PPFD

A 1.000 - - 1.000 - -

B1 0.107 1.000 - 0.000 1.000 -

B2 0.000 0.000 1.000 0.000 0.000 1.000

R/B

A 1.000 - - 1.000 - -

B1 0.335 1.000 - 0.000 1.000 -

B2 0.000 0.000 1.000 0.000 0.050 1.000

FW

A 1.000 - - 1.000 - -

B1 0.786 1.000 - 0.101 1.000 -

B2 0.000 0.000 1.000 0.015 0.000 1.000

Figure 5. Horizontal PPFD distributions measured on trays (a) B2, mean = 91 μmol m−2 s−1; (b) B1;
mean = 232 μmol m−2 s−1 and (c) A, mean = 249 μmol m−2 s−1. The color scale ranges from 0 to
400 μmol m−2 s−1 in (a–c). Fresh weight distribution of individual seedlings on trays: (d) B2, (e) B1,
and (c) A. The color scale ranges from 0 to 6 g in (d–f).
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Figure 6. Histogram of PPFD distributions: (a) B2; (b) B1; (c) A; R/B ratio: (d) B2; (e) B1; (f) A and:
fresh weight (g) B2; (h) B1; (i) A.

Figure 7. Comparison of spatial distributions on trays B2, B1, and A: (a) PPFD; (b) R/B ratio; (c) Shoot
fresh weight. Pairwise comparisons in Table 2 indicate that the medians of B2 are significantly lower
than those of B1 and A, whereas the differences between B1 and A are not statistically different.

Continuing the analysis with the R/B ratios in Figure 7b, the medians of B1 and A are
not statistically different according to p = 0.335 of the Kruskal–Wallis test. The median R/B
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ratio of B2, however, is significantly different from the group of B1 and A. The variance of
B2 is significantly higher than the variance of A. The comparison of B2 and B1 variances
resulted in p = 0.050, indicating a borderline case.

All these data indicate that the lighting conditions in the three environments were
in line with our objectives. The mean values of A and B1 were statistically not different,
but the range of data values was 8.5 times broader in the case of B1 relative to A. The
mean value of the B2 was 37% of the A average. The relative spectral distribution of the
irradiance was constant in all three cultivation trays.

3.2. Fresh Weight Analysis

The statistical parameters determined for the shoot fresh weight measurements are
summarized in the rightmost column of Table 1. There was a minor, 1.7% difference
between the mean values of A (2.35 g) and B1 (2.31 g), whereas the average fresh weight
of B2 was only 1.7 g. Comparing the minima, maxima, and the Uo and Ud values, all
distributions exhibit high spread and a low level of uniformity.

Noise dominates the fresh weight contour plots in Figure 5d–f, which vaguely reflect
the symmetry of the spatial PPFD distributions in Figure 5a–c. The fresh weight histograms
of B1 and A in Figure 6h,i are close to each other both in position and spread in sharp
contrast with the broad PPFD distribution in Figure 6b and narrow PPFD distribution
in Figure 6c. Comparing the boxplots in Figure 7a,c one can conclude that the range
or uniformity of PPFD distributions had little effect on the fresh weight distributions.
Inferential statistics confirmed that neither the medians nor the variances of the shoot fresh
weights on B1 and A are statistically different. In Table 2, p = 0.786 and p = 0.101 for the
Kruskal–Wallis and Levene’s tests, respectively. B2, however, can be regarded as an outlier
from the group of A and B1 both in terms of median and variance values.

In Figure 8, the fresh shoot weights of individual plants are plotted against the local
PPFD values. The three different markers—triangles, squares, and circles—represent data
points measured on trays A, B1, and B2, respectively. Although there is a large variation
in the fresh weight, the dotted trendline indicates a linear relationship between the light
intensity and biomass accumulated in the individual plants. The correlation is statistically
significant, with an F-test value of 111.0 and a significance of p = 0.000. From the value of
the coefficient of determination, R2 =0.31, one can conclude that 31% of the variation in the
fresh weight can be attributed to the PPFD changes; the rest is due to other factors.

Figure 8. Correlation between individual fresh weight and PPFD data in the pea growth experiment.
Markers differentiate data points related to the cultivation trays: (�) B2; (≤) B1; and (�) A. The
dotted line represents the linear fit to all data points. Estimated parameters: slope = 0.005 ± 0.001,
intercept = 1.145 ± 0.21. R2 = 0.31. 31% of the variations can be attributed to the local PPFD changes.
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The slope and the intercept of the least squares regression line were 0.0051 (±0.00096)
and 1.14 (±0.21). The values in brackets indicate the 95% confidence interval about the
estimated parameter means.

Looking up the parameters of trays A and B1 in Table 1 and comparing Figure 7a
with Figure 7c, one can conclude that the uniformity of the PPFD distribution had no
measurable effect on the mean fresh weight (i.e., crop yield) in our experiment. As long as
the PPFD uniformities corresponded to the extremely high and low cases with Uo values
of 0.94 (A) and 0.42 (B1), the mean fresh weights of 2.35 g (A), and 2.31 (B1) did not differ
significantly. The coefficient of determination, R2 = 0.31, indicated that the fresh weight
variance is driven by the different behaviors of individual seeds, and only 31% of the fresh
weight variance can be attributed to photon irradiance changes. On the other hand, the
growth test was carried out in the linear regime of the light response curve, far below the
light saturation point of pea seedlings [36]. Seedlings exposed to higher than the mean
PPFD value grew faster, while plants below the PPFD mean developed slower compared
with the average; therefore, the effect of photon irradiances on the mean is expected to
cancel out. The range of the fresh weight values increased: the minimum was 0.55 in A and
0.23 in B1, whereas the maximum fresh weight values were 4.55 in A and 5.67 in B1.

This assumption is supported by the analysis of measurement data grouped by rows.
The linear array of LED luminaire pairs created a symmetrical light intensity distribution
with an axis of symmetry running in the center line of the trays, as indicated in Figure 1.
On trays A and B1, seedlings in a row were exposed to the same microenvironmental
conditions independently of the column number. By averaging measurement data in one
row, we can reduce variations due to the differences between individual seeds. The dotted
line box in Figure 1 shows an example of creating the group of rows #3.

In Figure 9a, the row averages of PPFD distributions are plotted as a function of the
row numbers. The triangles representing A data indicate a minor upward trend from
row 1 up to 12 in accordance with Figure 5c. Similarly, squares representing B1 values
show high row averages on the lower and upper parts of the trays, and the minimum
values can be found at the position of the axis of symmetry (c.f. Figure 5b). Row averages
in Figure 9b reveal trends in B1 and A fresh weight data, which were hidden for visual
inspection in Figure 5e,f. Triangles representing row averages of A are randomly scattered
about the grand mean of 2.35 g in Figure 9b. The trend shown by the dotted green line is
not statistically significant. The fresh weight row averages of B1, represented by the red
squares, however, can be approximated by a second-order polynomial. The polynomial
regression shows a statistically significant trend with R2 = 0.91. Tray B2 was left out of
the grouped average calculations since positions on one row were not equivalent from the
photon irradiance perspective, as is obvious in Figure 5a.

Figure 9. Row average of measurement data as defined in Figure 1. Dotted lines represent polynomial
fit to the data points: (a) average PPFD by row number on trays: (≤) B1: R2 = 0.998; (�) A: R2 = 0.51.
(b) Average shoot weight by row number on trays. ( ) B1: R2 = 0.92; and (�) A: R2 = 0.006.
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The correlation between the row averages of shoot fresh weight and PPFD values is
shown in Figure 10. Data points A and B1 are scattered about a straight line, indicating
a linear relationship between the fresh weight and PPFD. The slope = 0.0056 ± 0.0014
and intercept = 0.97 ± 0.36 fall within the confidence intervals of the linear relationship
determined for individual data. The R2 = 0.75 indicates a significantly reduced variance in
fresh weight relative to the regression of individual data.

Figure 10. The correlation between the row average fresh weight and the row average PPFD in the pea
growth experiment was measured on cultivation trays B1 ( ) and A (�). Individual measurement
points were grouped by rows. The dotted line represents the linear fit to all plotted data points.
Estimated parameters: slope = 0.0056 ± 0.0014, intercept = 0.97 ± 0.36. R2 = 0.75.

4. Discussion

The objective of this study was to analyze the differences in seedling growth traits
cultivated under uniform (A) and non-uniform (B1, B2) lighting conditions. Although there
is no standardized threshold for PPFD uniformity in horticultural lighting, in commercial
cultivation facilities, the criteria Uo > 0.8 or Ud > 0.7 are applied [17]. From this perspective,
the Uo = 0.94, and Ud = 0.87 of environment A can be regarded as highly uniform, whereas
the Uo = 0.42 and Ud = 0.24 for B1 is a low uniformity case. The overall uniformity and
diversity for B2 were even lower compared with B1.

We observed that the mean PPFD determined the average weight of individual plants,
and PPFD uniformity had no statistically significant effect on the crop yield. This finding
has important implications for the lighting design of vertical farms. Reducing the separation
distance between the LED luminaires and the crop canopy is an opportunity to improve
the space utilization and energy efficiency of vertical farms [8]. The close-canopy approach
increases the photon capture efficiency or utilization factor of the horticultural lighting,
defined as the quotient of useful photon flux incident on the crop and the total photon flux
emitted by the lighting equipment [37]. Maintaining high PPFD uniformity at reduced
mounting heights of the luminaires is not a trivial task. It requires additional investment in
sophisticated lighting equipment to enable high photon capture efficiency at high photon
irradiance uniformity. Our results demonstrated that at moderate photon irradiances, far
away from the light saturation point, the PPFD uniformity criteria can be relaxed assuming
the crop is sold in bulk by mass.

The reduction of the separation distance between the plant canopy and the LED
luminaires raises two questions:

1. How does the photon irradiance at the top canopy level change as the seedlings grow
close to the luminaire?

2. Has the upper leaves’ temperature increased due to thermal radiation from the luminaires?

It is beyond the scope of this work to provide a detailed analysis of the three-dimensional
evolution of environmental conditions during plant growth. Nevertheless, we carried
out two additional control tests to determine the scale of changes with the increasing
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height of the seedlings. First, we measured the PPFD distributions across horizontal planes
corresponding to 6 cm and 12 cm plant heights in trays A and B1. Data presented in
Figures S3 and S4 indicate that photon irradiance values increase underneath the lumi-
naires and decrease in between the space of the luminaire pairs as the height of seedlings
rises, pointing out the limitations of our experiments. In our analysis, we used only the
horizontal photon irradiance at the seed level, which reflects the lighting conditions dur-
ing the early stages of plant growth. As plants grow taller, the light intensity at the top
of the canopy will be different from that at the lower levels. Additionally, plants create
shade, influencing the growth of neighboring plants. The light interception changes both
horizontally and vertically within the canopy. To provide a more accurate description of
the lighting environment and predict crop yield, we recommend using three-dimensional
canopy models [27–29].

To test the heating effect of the luminaires, we measured the surface temperature at
the uppermost leaf of a seedling at 17 cm above the tray (B1) surface and at the lowest
leaf of the same seedling at 3 cm height. The distance between the upper leaf and the
cover glass of the luminaire was 4 cm. The average surface temperature was 20.8 ◦C at
the upper leaf and 20.2 ◦C at the bottom leaf. The sample size was 16 in both cases. The
temperature difference is significant at p = 0.003, but nevertheless, the absolute value of
the difference shown in Figure S5 is in the range of leaf surface temperature variations at
various positions of the vertical farm (Figure S6).

We plan further experiments to reveal the physiological response of the plant leaves
to the local environmental conditions at various horizontal locations and heights of
the canopy.

An important assumption of this study was that the quality of light is constant in all
cultivation trays. Although the R/B ratio of B2 was statistically different from the groups A
and B1, the difference was minor compared with the spectral sensitivity of plant growth
traits measured by various research groups for different species [22,24,34]. The statistically
significant differences in R/B ratios may be attributed to a slight shift in the emission
spectrum of the luminaires at low power or to the increased portion of wall reflections in
the low end of the R/B distribution, especially on the extreme dark zone of tray B2, as
indicated by the dark blue colors in Figure 5a. Adjusting the power of the red and blue
channels of the luminaires above B2 (cf. LED-B3 luminaire pair in Figure 3) might have
eliminated the difference in the R/B means between B2 and the groups of B1 and A. We
did not make any further attempt to fine-tune the photon irradiance distributions because
the 7% difference in the mean R/B ratios of B2 and A was expected to have a negligible
effect on plant growth compared with the 64% difference in PPFD averages.

Individual shoot fresh weight data exhibited high variability both in uniformly and
non-uniformly illuminated environments. Despite the large variations, a statistically
significant relationship was found between the local PPFD values and the shoot fresh
weight. The low value of the coefficient of determination of the linear regression (R2 =0.31)
in Figure 8 is in line with the observations of other researchers measuring the growth of
cotyledons and initial true leaves of individual lettuce seedlings [15]. A large amount of the
variability in seedling growth rate is possibly due to the genetic differences of the seeds.

The opportunity to aggregate individual observations into groups has several practical
implications. Instead of weighing individual seedlings one by one, it is possible to make
measurements in rows, reducing measurement time. The procedure described can be
extended to other species and implemented in commercial vertical farms, enabling the light
response of any crops to be retrieved under the conditions of commercial production.

This paper highlights the advantages of establishing a light intensity gradient within
the crop canopy to obtain accurate light response functions. Additionally, we measured the
shoot height and root weight of B2 seedlings, which showed a correlation with the shoot
fresh weight data (Figure S2). Given the higher margin of error associated with the shoot
height and root weight measurements, analyzing other growth traits is unlikely to yield
further insights.
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5. Conclusions

Understanding the variance causes is the prerequisite for the optimization of vertical
farm settings. Our experiments have effectively quantified the impact of horizontal PPFD
variation on microgreen crop yield in a vertical farm. We utilized high-spatial-resolution
measurements to uncover the correlation between the shoot fresh weight of pea seedlings
and light intensity. Our experiment presents a methodology to separate and quantify light
intensity-related variations from other microenvironmental and genetic factors, enabling
data-driven decisions in the lighting design process. This methodology can be applied to
determine a crop’s light response under production conditions on vertical farms.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/horticulturae9111187/s1, Figure S1: Photon intensity dis-
tribution of the luminaire with 80◦ beam angle used in the experiments; Figure S2: Individual shoot
height (a) and root weight (b) as a function of local PPFD for tray B2; Figure S3: PPFD distribution at
the canopy level on tray A; Figure S4: PPFD distribution at the canopy level on tray B1; Figure S5:
Leaf surface temperature on the top and bottom of a seedling with a height of 17 cm on tray B1;
Figure S6: Variation of leaf surface temperature on various trays of the vertical farm.
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Abstract: In tropical regions, high light levels can lead to increased photooxidative damage in plants.
Thus, reducing solar radiation could have a substantial impact on crop performance. This study
aimed to evaluate the physiological responses and metabolic profile of two tomato varieties grown in
microenvironments modified with cover meshes under a high light level and a warm climate. The
experiment was achieved under high solar irradiance and an unfavorably high temperature. The
varieties “Moneymaker” (MM) and “Campeche 40” (C40) were grown from 45 to 130 days after
sowing at four solar irradiance levels: 100% (T1), 80% (T2), 75% (T3), and 50% (T4). In both varieties,
the plants grown under the lowest irradiances (T3 and T4) were the tallest, with larger leaf areas,
and accumulated more aerial and root biomass. Under moderate shading (T2), plants took better
advantage of the light and had the highest photochemical quenching coefficient (qP) (C40 = 0.60
and MM = 0.48) and the highest electron transport rate (ETR). However, T3 and T4 plants had the
highest net assimilation rate (23.6 and 23.9 μmol m−2 s−1 in C40, and 22.7 and 22.6 μmol m−2 s−1 in
MM, respectively) and the highest A/Ci coefficients. Although both tomato varieties accumulate
similar metabolites, MM leaves accumulate more glucose and C40 leaves accumulate more proline
and valine. Furthermore, MM leaves accumulate more glycine and GABA under high radiation, and
C40 leaves accumulate more proline and valine than leaves under 50% shade (T4). We conclude that
using meshes in areas with high irradiance could be an alternative to reduce abiotic stress factors
in plants.

Keywords: temperature; tomato quality; nutrients; phenolic compounds; carotenoids; minerals

1. Introduction

Tomato (Solanum lycopersicum L.) is the world’s second most economically important
vegetable [1]. These plants are typically cultivated in warm, tropical, and subtropical
climates, under both open field and protected agriculture conditions. However, high solar
radiation and temperature can affect production in tropical regions since the optimum crop
temperature is 25/15 ◦C (day/night) [2]. Indeed, Boote et al. [3] consider tomato to be a
species sensitive to high temperatures.

Xu et al. [4] reported that increased maximum temperatures negatively affect re-
productive development and crop physiology. In some cases, it has been observed that
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temperatures above 34 ◦C and high environmental humidity reduced flower pollen and
ovule development and increased flower malformation [5]. One of the problems in tropical
regions is that their environmental characteristics can cause morpho-anatomical, physi-
ological, and biochemical changes in tomatoes; for example, between 35 and 40 ◦C, the
Rubisco enzyme undergoes reversible inhibition, but at higher temperatures, the inhibition
is irreversible [6]. In addition to photosynthesis, water relations and hormonal balance
can also be affected [7], negatively impacting both fresh and dry mass of fruits due to
changes in primary or secondary metabolism [8]. A study in tomato plants showed that
photosynthesis and growth parameters were enhanced when solar radiation increased [9],
and the temperature was close to optimal for tomato. However, in a tropical region with
unfavorably high temperatures, both solar radiation and temperature can influence the
growth of tomato plants [10].

Thus, projections of rising global temperatures pose a challenge to agricultural produc-
tion worldwide [11], especially in tropical areas where the excess electromagnetic radiation
from the sun will increase air temperature above the thermal optimum for crops [12],
especially tomato. In this sense, employing crop cover meshes could modify the microen-
vironment by reducing the radiation reaching the plants and generating a near-optimum
microenvironment [13]. The meshes most commonly used in agriculture are black, as they
provide shade equally throughout the entire band of the electromagnetic spectrum; their
main objective is to reduce irradiance without modifying the quality of light [14]. While
numerous types of plastic mesh are currently used to promote optimal crop growth and de-
velopment [13], more information needs to be available regarding the effects of meshes on
plant physiology, growth, and, in particular, leaf composition. For example, a metabolomic
study was conducted to distinguish between mature green and red ripe tomato fruits,
enabling the authors to create a list of amino acids and secondary components that define
each of the tomato ripening stages [15]. In this sense, detecting the presence and measuring
the concentration of specific metabolites are essential to understanding the functioning of a
biological system. A previous study demonstrated that nuclear magnetic resonance (NMR)
could be utilized for metabolomics since it yields substantial qualitative and quantitative
information about plant metabolites [16]. Additional advantages of 1H-NMR metabolomics
include its non-destructive nature, the possibility of detecting signals from diverse polarity
metabolites, and simple spectra processing [17]. The interpretation of spectroscopic data is
now easier since they can be compared with available databases [18].

Therefore, this research aimed to evaluate the physiological responses and metabolic
profile of two tomato varieties grown in microenvironments modified with cover meshes
in a tropical region with a warm climate.

2. Materials and Methods

2.1. Experimental Site and Plant Material

The experiment was carried out in the experimental area of the Instituto Tecnológico
de Conkal in Yucatán, Mexico (21.07◦ NL; 89.52◦ WL and 8 m.a.s.l.). Two tomato varieties
were planted: (1) “Moneymaker” (MM), which is a commercial temperate-climate variety
with indeterminate growth, produces ball-type fruits, and is considered a world reference
in studies of the species [19]; and (2) “Campeche 40 “ (C40), which is a landrace variety of
the state of Campeche in Mexico, where the climate is warm–subhumid, has indeterminate
growth, and produces kidney-type fruits [20].

2.2. Crop Establishment and Management

Seed sowing was performed in 200-cavity polystyrene trays, with Canadian moss (Sun-
shine, Springfield, OH, USA) used as substrate. Fertilization began 15 days after sowing
(das) with the appearance of the first pair of leaflets; the fertilizer 19-19-19 (N:P:K) + 1% M.E.
(Poly-Feed, Haifa, Mexico) was applied in the irrigation water three times a week at a
concentration of 1 g L−1.
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At 45 das, the plants were transplanted into 40 × 50 cm black polyethylene bags; the
substrate used was a mixture of soil and vermicompost at a 70:30 (v/v) ratio, previously
disinfected by the vaporization method. The population density was 3.5 plants m−2.
Agronomic management was performed according to Guzmán et al. [21]. Conventional
tutoring was performed throughout the crop, and the leaves below the first fruit cluster and
the shoots in axillary buds were pruned every 15 days. Steiner’s [22] solution (electrical
conductivity of 3.5 dS m−1 and a pH of 5.5 to 6) was applied for fertilization at the time
of transplanting.

2.3. Treatments and Characterization of Microenvironments

The experiment consisted of eight treatments: two varieties (MM and C40) and four
solar irradiance intensities: T1 = open field, 100% irradiance; T2 = white anti-aphid mesh
tunnel, 80% irradiance; T3 = gray anti-aphid mesh tunnel, 75% irradiance; T4 = tunnel with
white anti-aphid mesh plus black shade mesh, 50% irradiance.

In each treatment, the microenvironment was characterized by a weather station
(Onset HOBO U30, Bourne, MA, USA). Sensors were placed inside the tunnel at canopy
height, and the station was programmed to record data every 30 s and average them every
10 min. The meteorological variables evaluated included solar radiation (R), photosynthetic
photon flux density (PPFD), air temperature (AT), and relative humidity (RH). Diurnal
curves (6 am to 7 pm) were constructed using the data.

2.4. Morphological Variables and Biomass Distribution

Destructive sampling was carried out at 130 das during the fruit-filling stage. In each
sampling, four plants were used for each treatment and were evaluated for height, the total
number of leaves, and leaf area. An area integrator (LICOR LI-3100, Lincoln, NE, USA)
was used to measure the leaf area. The plants were separated by organs and dried in a
forced air oven at 70 ◦C until constant weight mass (~72 h).

2.5. Leaf Photochemistry and Gas Exchange

The quantum efficiency of photosystem II (PSII) was evaluated with a pulse-amplitude-
modulated fluorometer (PAM Walz, Effeltrich, Germany). The following variables were
measured as proposed by Samaniego-Gámez et al. [23]: maximum photochemical quantum
yield of PSII (Fv/Fm) and potential activity of PSII (Fv/F0) (where Fv is variable fluores-
cence (Fm-F0), F0 is initial fluorescence, and Fm is maximum fluorescence), photochemical
quenching coefficient (qP) and non-photochemical quenching coefficient (NPQ), electron
transport rate (ETR), and effective quantum yield of PSII (ΦPSII). The saturating light was an
8000 μmol m−2 s−1 pulse of actinic light. Nine light pulses (from 0 to 1500 μmol m−2 s−1)
were used for the ETR and ΦPSII curves. Measurements on the third fully developed leaf
from the apex were taken at noon on 120 das.

Gas exchange variables were measured at 115 das (at the reproductive stage of the
third cluster). An infrared gas analyzer (LICOR LI-6400, Lincoln, NE, USA) was used to
evaluate the net CO2 assimilation rate (AN), stomatal conductance (gs), intercellular carbon
(Ci), transpiration (E), and water-use efficiency (WUE). Five plants per treatment and three
leaves per plant were evaluated; the leaves were from the upper part of the canopy and
were fully expanded. Measurements were made from 6 am to 6 pm to record physiological
responses during the diurnal course [24].

2.6. Metabolic Profile by NMR

From each plant, 6 g of leaves was collected and dried for 12 h at room temperature
(25 ◦C) and then at 50 ◦C for 24 h in a convection oven. The dried leaves were ground, and
48 mg was stored in amber glass jars until extraction of the metabolites [25]. For extraction,
the samples were transferred to a 2 mL Eppendorf tube, to which 750 μL of phosphate
buffer in deuterated water with 0.05% trimethylsilylpropanoic acid sodium salt (D2O/TSP)
and 750 μL of deuterated methanol (MeOD) were added. Extraction was carried out by
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sonication for 20 min, and, subsequently, the samples were centrifuged at 13,000 rpm for
10 min, after which 800 μL of the supernatant was taken and transferred to a 5 mm NMR
tube for recording.

The 1H-RMN spectra were recorded on a Varian 600 MHz AR Premium Compact
spectrometer (Agilent, Santa Clara, CA, USA). Each 1H-RMN spectrum was recorded at
25 ◦C with 128 scans (nt) under the following parameters: acquisition time (at) of 3.2 s,
pulse width (pw) of 30 ◦C, and a relaxation time (d1) of 1.5 s, requiring about 10 min to
record each sample. A presaturation sequence (PRESAT) was used to suppress the residual
water signal. The raw spectra obtained from the 1H-NMR were processed with MNOVA
software and spectral intensities were normalized with a value of 100 with respect to the
TSP signal. A manual TSP reference was performed by placing it at δ 0.0 ppm, and it was
apodized with a Gaussian basis function (LB = 0.3 Hz). Spectra were reduced to 0.04 ppm
integrated regions (bins) from δ −0.5 to 10. The residual water signal (δ 4.75–4.90 region)
and methanol signal (δ 3.29–3.32 region) were excluded from the matrix. The data matrix
obtained from the 1H-NMR analysis of the metabolic profile of both varieties contained the
intensities of 247 bins (integrated regions) for each of the 48 samples.

Metabolite identification was performed using a representative 1H-RMN spectrum
(600 MHz) (nt = 1024), from which the chemical shifts of metabolites characteristic of the
species were obtained using 1H-NMR spectra libraries. Assignment of the metabolites
corresponding to the selected signals with respect to the VIP (variable importance in projec-
tion) statistics and the loading plot was performed by comparison of the chemical shifts and
coupling patterns of the detected signals with those reported in previous studies [25,26],
the Chenomx NMR Mixture Analysis database, “https://www.chenomx.com/ (accessed
on 15 January 2023)”, and the Human Metabolome Database (HMDB), “https://hmdb.ca/
(accessed on 15 January 2023)”.

2.7. Experimental Design and Statistical Analysis

A completely randomized split-plot experimental design was used; the main plots
were the irradiance levels (T1, T2, T3, and T4) and the secondary plots were the varieties
(MM and C40). Each plot had 20 replicates. An analysis of variance (ANOVA) was
applied, and means were compared using Tukey’s test (p < 0.05). The results were analyzed
using InfoSat Ver 2013 and Sigmaplot Ver 2004 statistical software. Principal component
analysis (PCA) was performed using the matrix of spectral intensities with Pareto scaling
in MetaboAnalyst software “https://www.metaboanalyst.ca/MetaboAnalyst/home.xhtml
(accessed on 15 January 2023)”. Subsequently, a partial least squares discriminant analysis
(PLS-DA) was performed to obtain the model’s most important and influential variables.
The model’s quality was determined by the R2 value (variation percentage of the set
explained by the Y-predicted components) and Q2 (variation percentage of the set predicted
by the model according to cross-validation). Important variables in the PLS-DA model
were detected using the VIP plot.

3. Results and Discussion

3.1. Characterization of the Microenvironments

In both solar radiation (R) and photosynthetic photon flux density (PPFD), the open
field treatment (T1) had the highest values throughout the day; at 3 pm, the maximum
values were reached (1032 W m−2 and 1844 μmol m−2 s−1, respectively) (Figure 1A,B),
while the maximum values of R and PPFD in the mesh treatments were 764 W m−2 and
1304 μmol m−2 s−1 for T2 (80%), 635 W m−2 and 1118 μmol m−2 s−1 for T3 (75%), and
529 W m−2 and 854 μmol m−2 s−1 for T4 (50%). The percentages in each treatment indicate
the proportion of incident solar radiation on the plants.
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Figure 1. (A) Solar radiation (R), (B) photosynthetic photon flux density (PPFD), (C) air temperature
(AT), and (D) relative humidity (RH) of four environments generated by meshes that allowed light to
pass through at 80% (T2), 75% (T3), and 50% (T4), and a control (100% = T1). Measurements were
made on a clear sunny day 120 das.

Furthermore, the maximum air temperature (AT) recorded at 3 pm (41.8 ◦C) in T1 was
16.7 ◦C higher than the optimum temperature (25 ◦C) reported for tomato cultivation [27];
it was at this time of day when the maximum heat point was reached in T1, with the
meshes used in T2, T3, and T4 barely decreasing AT by 1.2, 2.6, and 1.5 ◦C, respectively
(Figure 1C). According to Peet [28], daytime temperatures above 35 ◦C drastically reduce
fruit production and seed formation; in this experiment, all treatments were above the
optimum temperature for the crop. However, this is an inherent condition in tropical areas.
The average night temperature for all treatments was 27.3 ◦C.

Relative humidity (RH) was maximal at the beginning of the day (above 90%) and
minimal at 3 pm in all treatments (T1 = 36%, T2 = 35%, T3 = 41%, and T4 = 37%), and then
it began to increase slightly towards dusk (Figure 1D).

According to the characterization of the microenvironments, despite having excellent
PPFD conditions, the large amount of R that affects the site causes stressful situations in
the functioning of the plants due to the excessive increase in AT and very low RH.

3.2. Morphological Variables and Biomass Distribution

According to the analysis of variance, all morphometric variables (height, number
of leaves, and leaf area) were statistically affected by the shading treatments. Under the
highest irradiances, the plants were shorter; in T1, the height was 86.5 cm and 74.3 cm in
C40 and MM, respectively, while in T2, it was 93 cm (C40) and 90.6 cm (MM). The plants of
T3 (135 and 158 cm in C40 and MM, respectively) and T4 (154.8 and 161.3 cm in C40 and
MM, respectively) were the tallest (Table 1). A similar trend was observed in the leaf area,
with C40 and MM presenting reduced leaf area in the treatments with more light. However,
in the number of leaves, significant differences were only observed in T1-MM compared
to T3 or T4. This result indicates that the higher the irradiance, the shorter the plants, the
lower the leaf area, and the lower the biomass.
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Table 1. Plant height, number of leaves, and plant leaf area of two tomato varieties (C40 and
MM) grown at four different solar irradiance levels (T1: 100%, T2: 80%, T3: 75%, and T4: 50%).
Measurements were made 130 das.

Treatments Variety Plant Height (cm) Number of Leaves Leaf Area (cm2)

T1 C40 86.5 ± 1.66 b 13.2 ± 1.65 ab 882.8 ± 97.75 cd

MM 74.3 ± 3.26 b 6.5 ± 0.87 b 358.1 ± 29.75 d

T2 C40 93.0 ± 2.64 b 12.7 ± 1.31 ab 716.5 ± 127.97 cd

MM 90.6 ± 2.59 b 14.3 ± 1.49 a 879.6 ± 43.90 cd

T3 C40 135.0 ± 3.94 a 19.8 ± 0.75 a 2075.4 ± 202.61 ab

MM 158.0 ± 7.40 a 18.0 ± 1.58 a 1459.3 ± 61.18 bc

T4 C40 154.8 ± 1.80 a 19.8 ± 0.75 a 3100.8 ± 264.90 a

MM 161.3 ± 8.96 a 14 ± 2.48 a 1481.7 ± 209.40 bc

LSD 27.15 7.09 1051.4
Data are means ± standard error; n = 9. Different letters in the same column indicate significant statistical
differences (Tukey, p ≤ 0.05). LSD = least significant difference.

We also observed that the treatments with lower light intensity promoted plant growth,
possibly in search of the resource [29]. By comparison, treatments with more light decreased
leaf size, which is a typical response in plants growing in environments with high radiation
and temperature, as they reduce their boundary layer to avoid water loss [30]. In this
regard, Ayala-Tafoya et al. [29] observed that using mesh to reduce total radiation (30 and
50%) increased leaf size and, consequently, leaf area with photosynthetically more efficient
tomato leaves. In some cases, leaves exposed to low light intensities may have a higher
photosynthetic efficiency than leaves with higher exposure; this is because they make the
most of the resource to be able to maintain themselves, while exposed leaves may present a
photosynthetic acclimation that limits their maximum light saturation rate [31].

According to the analysis of variance, biomass accumulation was statistically dif-
ferent in all organs depending on the treatment. In the lower irradiance treatments
(T3 and T4), the C40 and MM plants accumulated greater biomass in the roots (T3:
5.52 and 5.21 g plant−1, T4: 6.34 and 5.33 g plant−1, respectively), stems (T3: 10.96 and
10.23 g plant−1, T4: 13.33 and 12.16 g plant−1, respectively) and leaves (T3: 14.52 and
15.24 g plant−1, T4: 18.64 and 14.81 g plant−1, respectively) compared to the T1 and T2
plants (Figure 2). On the other hand, only flower biomass was found to be significantly dif-
ferent due to the effect of the variety, with C40 in T4 (1.63 g plant−1) exhibiting significantly
increased flower biomass compared to the plants in T1 (0.42 and 0.21 g in C40 and MM,
respectively) and T2 (0.39 and 0.28 g plant−1 in C40 and MM, respectively). As shown in
Figure 2, the highest fruit dry mass accumulation was observed in T4 (C40, 8.85 g plant−1

and MM, 8.17 g plant−1). In this sense, Garruña-Hernández et al. [24] noted that in tropical
climates the biomass distribution of some vegetables is an indicator of the effect generated
by temperature and irradiance on the accumulation of photoassimilates in each plant
organ. When heat stress is constant, it can induce morpho-anatomical, physiological, and
biochemical changes [11]; it is likely that the MM variety, being of temperate origin, had
lower biomass values than C40, which is of tropical origin. Some studies found that high
irradiance and temperature affect the development of tomato plants, causing burning
and abscission of leaves, branches, and stems, premature leaf senescence, attenuated root
growth, floral abortions, and fruit drop. Several studies reported that the latter is due to
these environmental conditions inducing flower malformation caused by deficient fertiliza-
tion processes that damage reproductive structures, resulting in deficient fruit setting and
reduced yields [7,12].
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Figure 2. Biomass per organ of the C40 and MM tomato varieties grown at four different solar
irradiance levels (T1: 100%, T2: 80%, T3: 75%, and T4: 50%). Data are means; n = 9. Different letters
in the same organ indicate significant statistical differences (Tukey, p ≤ 0.05).

3.3. Leaf Photochemistry

According to the analysis of variance, there were no statistical differences (p ≤ 0.05) in
the maximum quantum yield of photosystem II (Fv/Fm = chlorophyll fluorescence) among
treatments. However, there were significant differences in qP, such that it decreased in
extreme environments (T1 and T4 with 100 and 50% irradiance, respectively). In contrast,
the highest qP values were observed in T2 (C40 = 0.60 and MM = 0.48), indicating that
there is not necessarily a linear trend between the amount of light reaching the plant
and the amount of energy allocated to photochemical processes in tomato (Figure 3A).
Furthermore, in the non-photochemical quenching coefficient (NPQ), the C40 variety in T2
(with PPFD of 1300 μmol m−2 s−1) had the lowest values (0.1) (Figure 3B). This observation
was reflected in the electron transport rate, where the plants of the two varieties grown with
80% solar irradiance (T2) statistically outperformed the rest of the treatments, followed by
the plants that received 75% irradiance (T3) (Figure 3C,D, respectively). The excess and lack
of light (T1 = 100 and T4 = 50% solar irradiance) affected leaf photochemistry in this case.
Alternatively, a moderate decrease in irradiance decreased the amount of energy going to
non-photochemical processes and caused more energy to be channeled to photochemical
processes, which favored the electron transport rate of photosystem II in tomato plants
regardless of the variety. In this case, the amount of radiation received at the site is likely
excessive, and the rate of D1 protein regeneration of tomato plants is not adequate for the
site’s environmental conditions, to the extent of saturating the photosystems [32]. In places
with high radiation levels, utilizing meshes could be an alternative to reduce the quantity
of light or modify its quality. However, an increase in leaf photochemistry does not always
result in greater carbon assimilation or increased biomass, as other factors could limit these
processes [31].
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Figure 3. (A) Photochemical quenching coefficient (qP), (B) non-photochemical quenching coefficient
(NPQ) and electron transport rate of PSII of tomato varieties C40, (C), and MM (D), grown at
four different solar radiation levels (100%, 80%, 75%, and 50%). Data are means ± standard error;
n = 9. Different letters in the same column and * between PPDF levels indicate significant statistical
differences (Tukey, p ≤ 0.05).

3.4. Gas Exchange

At noon, all treatments reached the highest net CO2 assimilation rate (NA), which
decreased as the sun set. However, the treatments with the lowest irradiance (with 75%
and 50% solar radiation) produced the highest NA values throughout the day, reaching
up to 23.6 and 23.9 μmol m−2 s−1 in C40 and 22.7 and 22.6 μmol m−2 s−1 in MM, re-
spectively (Figure 4A,B). This result suggests that a higher incidence of PPFD will not
necessarily be reflected in a higher carbon assimilation rate. In this sense, there is likely
some biochemical limitation in the photosynthetic mechanism caused by excess light or
high temperature [12]. There are species that, when faced with excess light energy, suffer
damage to their photosystems and do not recover adequately [33]. The damage can in-
crease when the growth temperature rises above the optimum for the crop [34], as was the
case in this experiment. In this case, PPFD values between 800 and 1200 μmol m−2 s−1

were sufficient to reach the highest NA values without inflicting photodamage. The latter
coincides with the results obtained in the light saturation curves (A/PPFD), where it was
observed that, except for MM in T4 (50% irradiance), the treatments had photosynthetic
acclimation above 1200 μmol m−2 s−1 of PPFD (Figure 4C,D). The response of MM in the
50% irradiance treatment is likely due to the ability of that genotype to increase carbon
assimilation in response to light increases. However, in the CO2 saturation curves (A/Ci),
photosynthetic acclimation was not observed in any treatment. Instead, the trend was simi-
lar to that observed in the diurnal courses, with the highest photosynthetic values detected
in the treatments with the lowest irradiance (Figure 4E,F). Only in the MM genotype at
50% irradiance did we observe a clear difference from 200 μmol−1 mol−1 of CO2, where it
obtained its compensation point, to 1500 μmol−1 mol−1 of atmospheric CO2.
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Figure 4. Photosynthesis throughout the day, A/PPFD, and A/Ci response curves of tomato varieties
C40 (A, C, and E, respectively) and MM (B, D, and F, respectively), grown at four different solar
irradiance levels (100%, 80%, 75%, and 50%). Data are means ± standard error; n = 9. * = significant
statistical differences (ANOVA, p ≤ 0.05).

3.5. Principal Component Analysis

In the principal component analysis (PCA) score plot of the leaf extracts (PC1 vs. PC2,
72.5% explained variance), the four solar irradiance treatments and the two tomato varieties
were clustered in the central part of the plot, suggesting that all samples have a similar
metabolic profile and that the differences among treatments consist primarily of variations
in the abundance of the metabolites present (Figures 5 and S1).

PLS-DA was used to analyze the differences between tomato varieties. Thus, a clear
separation between the two varieties was observed (Figure 6A) in the VIP, and loading plots
were analyzed to identify the signals responsible for this separation and the differences
between the varieties. It was found that the signals with the most significant influence on
the separation of the samples are those with chemical shifts in the range of δ 2–4. Amino
acid and carbohydrate resonances commonly occur in this spectral region, so it can be
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inferred that these compounds mark a difference between the two varieties, particularly
the signals at δ 3.25, 2.09, and 2.01.

Figure 5. PCA score plot (PC1 vs. PC2) of leaf metabolic profiles of two tomato varieties (C40 and
MM) grown at four different solar irradiance levels (T1 = 100%, T2 = 80%, T3 = 75%, and T4 = 50%).

 
Figure 6. (A) Partial least squares discriminant analysis (PLS-DA, PC1 vs. PC2) and (B) main VIPs
with the most significant influence on PC1 variation of two tomato varieties (C40 and MM).

Of the 15 VIPs with the most significant influence on principal component 1, different
abundances were identified among the metabolites with the values of δ 3.25, 2.61, 2.09, and
2.01; these metabolites corresponded to proline (δ 4.12, 3.41, 3.32, 2.34, 2.09, 2.01), glucose
(δ 3.25, 3.40, 3.46, 3.52, 3.728, 3.82, 3.89, 4.63, 5.22), and aspartate (δ 7.92, 4.41, 2.72, 2.51,
2.03) (Table S1) [35]; therefore, the commercial variety MM presented a higher abundance
of these metabolites in its metabolic profile compared to the wild variety (C40), with amino
acids being the predominant metabolites. The separation of the tomato varieties was due
to a high concentration of amino acids, such as proline, glycine, and aspartate, and sugars
such as glucose. In general, the main difference between the C40 and MM varieties was
due to the abundance of metabolites, mainly amino acids.
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The maximum and minimum solar radiation treatments (T1 = 100 and T4 = 50%) were
analyzed to identify differences due to the environment. The PLS-DA-generated model
produced an R2 of 0.61547 and 0.56906 and a predictive capacity (Q2) of 0.4592 and 0.43004
for C40 and MM, respectively (Figure 7A,B). These results indicate that there is a noticeable
effect on the abundance of metabolites present in tomato leaves. Therefore, considering the
15 VIPs with the greatest influence on principal component 1, in the commercial tomato
variety (MM), metabolites with chemical shifts of 3.25 (glucose) were identified, while in
the wild variety (C40) only chemical shifts corresponding to amino acids (proline δ 1.09
and valine δ 1.01) were identified. The metabolites identified are part of the projection
that best discriminates between the treatment conditions (100% and 50% solar irradiance)
(Figure 7C,D). At higher light availability, an increase in the intensity of the signals was
observed, while in less light, the abundance of metabolites was lower. In MM, the values
with the most significant influence were amino acids such as glycine and γ-amino butyric
acid (GABA), which correspond to a chemical shift of 3.57 and 1.89, respectively. On the
other hand, in C40, other metabolites were identified, with a chemical shift of 1.09 and 1.01
corresponding to proline and valine, respectively (Table S1).

Figure 7. (A) Partial least squares discriminant analysis (PLS-DA, PC1 vs. PC2) and (B) main
VIPs with the most significant influence on PC1 variation of treatments with minimum (50%) and
maximum (100%) solar irradiance on tomato varieties C40 ((A) and (C), respectively) and MM ((B)
and (D), respectively).

In general, the separation of metabolic profiles in tomato plants was observed when the
incidence of solar radiation was reduced to 50%. Likewise, there was a greater abundance
of metabolites in the commercial tomato variety (MM). In this sense, it is known that
abiotic factors induce the production of secondary metabolites in plants [7], and if these
factors cause abiotic stress, they can generate the accumulation of proline, GABA, and
a variety of carbohydrates [36]. In this regard, Hüther et al. [37] note that an increase
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in metabolites in tomato plants may be related to light utilization by the photosynthetic
electron transport chain. However, in this experiment, the highest ETR and qP were
observed in T2 (80% irradiance). That is, even though at higher irradiance, there were more
metabolites; the same trend was not observed in the utilization of the light by photosystem
II since the plants in the treatment with the most irradiance (T1 = 100%) were the least
efficient in using light energy, possibly generating a level of abiotic stress due to excess
irradiance. In this regard, Baracaldo et al. [38] state that stress due to light intensity reduces
biomass accumulation in tomato plants, with a detrimental effect on photosynthesis, which
coincides with the results of this research where the plants in the treatments with the
highest light intensity had the lowest photosynthetic rate and consequently the lowest
values of total biomass. In this sense, Carrari et al. [39] indicate that light-related stress can
decrease fruit size and modify sugar content.

The metabolic profile of MM had a higher abundance of α-glucose, which is gener-
ally associated with plant resistance against infections caused by biotic agents such as
Meloidogyne incognita [26]. Amino acids play an essential role in plants, whether to over-
come stress or disease. Previously, Chaves-Barrantes and Gutiérrez-Soto [40] applied
abiotic stress by temperature and observed an increase in the accumulation of soluble sug-
ars, sugar alcohols (mannitol, sorbitol, and glycerol), proline, glycine, betaine, and ternary
sulfur compounds. Some authors [41–43] noted that the amount of proline in plants rises
in response to abiotic stress (drought, high temperature, luminosity, ultraviolet radiation,
salinity, and heavy metals in the soil). Regarding the abundance of proline in tomato
plants, Schwacke et al. [44] observed an evident increase in response to abiotic stresses
such as water stress. Furthermore, Hare et al. [45] observed that proline in plants could
play vital roles in different tissues or conditions, while glycine protects the plant against
pests [46]. Another important osmolyte is GABA, a non-protein amino acid synthesized
from glutamic acid, through a reaction catalyzed by glutamate decarboxylase, for which
studies by Wahid et al. [7] indicate that it confers heat tolerance to plants.

Furthermore, although tomato plants can grow in a wide range of climatic conditions,
their vegetative and reproductive growth can be seriously affected in conditions of high
temperature and irradiance [12].

4. Conclusions

The use of meshes modified the microenvironment. In the most critical hours of the
day, solar radiation decreased by 26% to 49% and photosynthetic photon flux density by
29 to 54%, which caused the temperature to fall by 1.2 to 2.6 ◦C. The treatments with
the least light availability (T3 and T4) had the plants with the most remarkable growth
in height and leaf area and the most significant accumulation of total biomass. In the
photochemical parameters, although in the maximum quantum yield of photosystem II
(Fv/Fm), there were no statistical differences among treatments, and the plants grown
at 80% irradiance (T2) allocated more light energy to the electron transport chain (ETR)
and the photochemical quenching of photosystem II (qP). However, plants exposed to the
least irradiance (T3 and T4) displayed the highest photosynthetic rates in the diurnal gas
exchange and A/Ci response curves. On the other hand, changes in the abundance of leaf
metabolites were observed in the tomato varieties (MM and C40), with the MM variety
having a higher abundance of metabolites than the C40 variety. The abiotic irradiance
factor directly influenced the leaf metabolome of the two tomato varieties by modifying the
abundance of metabolites such as sugars and amino acids. The MM leaves contained more
sugars and amino acids at higher irradiance, which reflected their metabolic change under
abiotic stress conditions. This study confirmed the potential of using shading meshes to
limit irradiance in tropical climates to maintain tomato leaf photosynthetic activity, plant
growth, and biomass accumulation.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae9060636/s1, Figure S1: Overlay of 1H-NMR spectra of
Solanum lycopersicum leaf extracts from 1 h; Table S1: Metabolites identified from Solanum lycopersicum
leaf extracts using 1H-NMR (D2O/MeOH [1:1], 600 MHz).
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Abstract: Plant anthocyanin is a secondary metabolite widely distributed in the roots, stems, leaves,
flowers and fruits of plants, and its synthesis is significantly affected by light intensity. To reveal the
physiological response mechanism of anthocyanin synthesis in blueberry leaves at different light
intensities, four light intensities (100% (CK), 75%, 50% and 25%) were set for the ‘O’Neal’ southern
highbush blueberry as the experimental material in our study. The relationship between endogenous
hormone contents, key enzyme activities, and variations in the anthocyanin content in blueberry
leaves under various light intensities during the white fruit stage (S1), purple fruit stage (S2) and blue
fruit stage (S3) of fruit development were studied. The results showed that the anthocyanin content of
blueberry leaves increased first and then decreased, and decreased first and then increased with the
increase in light intensity and development stage, respectively. The appropriate light intensity could
significantly promote the synthesis of anthocyanin, and the anthocyanin content in leaves treated
with 75% light intensity was 1.09~4.08 times that of other light intensity treatments. The content
or activities of gibberellin (GA3), indoleacetic acid (IAA), jasmonic acid (JA), abscisic acid (ABA),
ethylene (ETH), phenylalanine ammonia lyase (PAL), chalcone isomerase (CHI), dihydroflavonol
reductase (DFR) and UDP-glucose: flavonoid 3-glucosyltransferase (UFGT) were significantly or
extremely significantly correlated with the content of anthocyanin in leaves. This indicated that light
intensity significantly promoted anthocyanin synthesis in blueberry leaves by affecting endogenous
hormone contents and key enzyme activities in the anthocyanin synthesis pathway. This study lays a
foundation for further research on the molecular mechanism of light intensity regulating anthocyanin
synthesis in blueberry leaves.

Keywords: light intensity; blueberry; anthocyanin; endogenous hormones; key enzyme activities

1. Introduction

Blueberry (Ericaceae, Vaccinium) leaves are rich in various nutrients such as antho-
cyanins, flavonoids and polyphenols, and they can be used as a sustainable and low-cost
plant material to extract anthocyanins. Thus far, over 600 anthocyanins have been identi-
fied in nature [1], and anthocyanins in leaves mainly exist in vacuoles of leaf epidermal
cells [2,3] or glandular hairs [4], which can be used as antioxidants to protect plants from
damage caused by UV radiation [5], freezing and drought stress [6]. Light is one of the key
environmental factors affecting anthocyanin synthesis in many plants, among which light
intensity is the most significant [7,8].

Phytohormones have been shown to play an important role in regulating plant re-
sponses to environmental stress [9], and can participate in the regulation of anthocyanin
synthesis [10]. For example, Luo et al. [11] found that genes related to IAA, ABA, ETH,
JA and GA in rapeseed seedlings responded to high light stress. Aux (Auxin), ABA, JA
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and GA (gibberellic acid) regulate the function and expression of transcriptions factors
of the MYB-bHLH-WD40 complex and flavonoid biosynthesis pathway genes involved
in the anthocyanin branch [12]. MeJA (methyl jasmonate) and SA (salicylic acid) were
both found to stimulate anthocyanin production in the callus cultures of Daucus carota [13].
Accumulation of anthocyanin was suppressed by shading in grape berry skins [14]. In
Arabidopsis thaliana, strong light can regulate anthocyanin content by stimulating JA
content [15].

The biosynthetic pathway of anthocyanins is mainly divided into three stages. Firstly,
4-coumaroyl-CoA is synthesized by the precursor phenylalanine via PAL, C4H (cinnamate-
4-hydroxylase) and 4CL (4-Coumarate: CoA ligase) [16]. Secondly, 4-coumaroyl-CoA and
malonyl CoA are catalyzed by CHS (Chalcone synthase) to synthesize tetrahydroxychal-
cone, which is isomerized by CHI to form the colorless compound trihydroxyflavanone,
which is then further catalyzed by F3H (flavanone-3-hydroxylase) to synthesize flavanones
and dihydroflavonols [17]. Finally, flavanones and dihydroflavonols are catalyzed by
DFR to reduce the 4-position of C ring to produce different colorless anthocyanins. These
colorless anthocyanins are catalyzed by ANS (anthocyanidin synthase) to produce col-
ored anthocyanins, and UFGT catalyzes the combination of colored anthocyanins with
glycosides to transform those into colored anthocyanins [18]. Studies have found that light
intensity regulates plant anthocyanin synthesis by inducing the expression of associated
genes and enzyme activities in metabolic pathways [19]. Increasing light intensity pro-
moted the expression levels of MYB, CHS and F3H genes of anthocyanin in coleus, thus
inducing anthocyanin synthesis and increasing anthocyanin content [20]. Zhu et al. [21]
clarified that under low light stress, the activities of CHI, CHS and F3H involved in the
anthocyanin biosynthesis pathway of purple cabbage decreased, resulting in a decrease in
anthocyanin content.

The molecular mechanism of anthocyanin biosynthesis induced by light intensity
has been reported in blueberry [8,22]. However, it is not clear how the light intensity
affects the physiological mechanism of anthocyanin content by affecting the endogenous
hormone contents and the key enzyme activities in the anthocyanin synthesis pathway.
Therefore, this study analyzed the changes in anthocyanin content in blueberry leaves
under different light intensities at stage S1, S2 and S3, and its correlation with the content
of endogenous hormones (GA3, JA, IAA, ABA and ETH) and the activities of key enzymes
(PAL, CHI, DFR and UFGT). We sought to explore the correlation between anthocyanin
content, endogenous hormone contents and key activities under different light intensities,
and to analyze the synergistic regulation of anthocyanin biosynthesis by light intensity,
hormones and key enzymes from the physiological level, to provide a scientific basis for
the control of light intensity in blueberry production.

2. Materials and Methods

2.1. Overview of the Experimental Site

The experimental site is located in the Experimental Nursery of the College of Forestry,
South Campus of Guizhou University, Huaxi District, Guiyang, with an altitude of 1159 m,
104◦34′ east longitude, and 26◦34′ north latitude. It is a subtropical humid and moderate
climate. The maximum temperature is 39.5 ◦C, the minimum temperature is −9.5 ◦C and
the average annual temperature is 15.8 ◦C. The yearly effective accumulated temperature
above 10 ◦C is 4637.5 ◦C, the annual precipitation is 1229 mm, the annual average relative
humidity is 79% and the total integrated solar radiation is 3567 MJ/m2.

2.2. Experimental Materials

Four-year-old southern highbush blueberry variety ‘O’Neal’ with the same maturity
and growth was used as the experimental material, and the test seedlings were transplanted
into plastic flower pots (inner diameter 26.5 cm, bottom diameter 17.5 cm, height 19.7 cm).
One seedling per pot was cultured with pine forest humus as the substrate. The nutrient
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content of the substrate is high, with a pH of about 4.8, which can satisfy the normal growth
of blueberries, and weeding and irrigation were carried out regularly.

2.3. Experimental Design

As shown in Table 1, the four light intensities were 100% (CK group, natural light), 75%
(light shading), 50% (moderate shading) and 25% (severe shading) full light intensity, which
were controlled by an illuminance meter (Shenzhen Jumaoyuan Technology Co., Ltd.,
Shenzhen, China) and black sunshade nets of different densities with 2, 3, 4, 6 and 8 nee-
dles. Three replicates were set for each treatment, with 10 plants in each group. The light
intensity was measured at three random locations under the sunshade nets. The trial began
after the blueberries had bloomed (1 April 2020).

Table 1. Actual light intensity corresponding to relative light intensity.

Light Intensity S1/μmol·m−2s−1 S2/μmol·m−2s−1 S3/μmol·m−2s−1

25% 372 ± 34.06 Ad 369 ± 29.44 Ad 379 ± 28.29 Ad
50% 750 ± 31.18 Ac 699 ± 24.83 Ac 778 ± 30.02 Ac
75% 1123 ± 40.99 Ab 1094 ± 48.50 Ab 1143 ± 36.37 Ab
CK 1498 ± 39.26 Aa 1456 ± 44.46 Aa 1587 ± 37.53 Aa

Note: The above table shows the light intensity at 10 a.m. as measured with a photometer. S1: white fruit stage,
S2: purple fruit stage, S3: blue fruit stage. In the table, different uppercase letters indicate significant differences
in the same light intensity during different stages, and different lowercase letters indicate significant differences
in different light intensity treatments at the same stage (p < 0.05); values represent mean ± standard error.

2.4. Sample Collection

After one month of treatment, according to the test scheme, blueberry plants with
consistent growth were selected for sample collection. The healthy leaves with the same
size were randomly sampled in the group at three fruit development stages of 28 days
(white fruit stage, S1), 35 days (purple fruit stage, S2) and 42 days (blue fruit stage, S3) after
full bloom. We sampled 10 g from each biological replicate in each stage, and a total of
3 biological replicates were used for experimental research. The samples were placed in a
screw-tip-bottom centrifuge tube wrapped with tin foil paper, stored in liquid nitrogen and
returned to the laboratory for storage in an ultra-low temperature refrigerator at −80 ◦C.

2.5. Method of Index Determination
2.5.1. Methods for Determination of Endogenous Hormone Contents and Enzyme Activities

The contents of endogenous hormones and the activities of key enzymes in the antho-
cyanin synthesis pathway were determined by double antibody sandwich enzyme-linked
immunosorbent assay (ELISA) [23]. The collected blueberry leaves were tested using an
ELISA kit produced by Guizhou Wela Technology Limited Liability Company. Sample treat-
ment: The tissue was rinsed with pre-cooled PBS (0.01 M, pH = 7.4), and the weighed 0.1 g
leaf and the corresponding volume of PBS (according to the weight to volume ratio of 1:9)
were added to the homogenizer for grinding. To further lyse the tissue cells, the homogenate
was broken by ultrasound. Finally, the homogenate was centrifuged at 10,000 rpm for 5 min,
and the supernatant was taken for detection. The content of gibberellin 3 (GA3), jasmonic
acid (JA), indoleacetic acid (IAA), abscisic acid (ABA) and ethylene (ETH), and the activi-
ties of phenylalanine ammonia lyase (PAL), chalcone isomerase (CHI), dihydroflavonol
reductase (DFR) and UDP-glucose: flavonoid 3-glucosyltransferase (UFGT) were detected.

2.5.2. Method for Determination of Anthocyanin Content

The anthocyanin content of blueberry leaves was determined using a Solarbio biochem-
ical kit. (1) We weighed and ground 0.1g of blueberry leaf samples with a low-temperature
grinding machine. In order to further lyse tissue cells, appropriate ultrasonic fragmentation
was performed. We added 1 mL of the extract, and it was transferred to the EP tube after
being fully homogenized. The extract was diluted to 1 mL, covered and extracted at 60 ◦C
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for 40 min, during which time it was high-speed shocked 8 times. We then centrifuged at
12,000 rpm, held at 4 ◦C for 15 min and took the supernatant for testing. (2) The microplate
reader was preheated for 30 min, recalibrated and the wavelength was adjusted. (3) We
added 40 μL of samples to the determination tubes (1.5 mL EP tube) 1 and 2, and then we
added 160 μL of reagent 1 and reagent 2, respectively. (4) After mixing, we centrifuged
at 10,000 rpm for 15 min, placed 150 μL of supernatant in 96-well plates and detected its
absorbance. The absorbance values of tube 1 at 530 nm and 700 nm were recorded as A1
and A1′, respectively, and the absorbance values of tube 2 at 530 nm and 700 nm were
recorded as A2 and A2′, respectively.

The anthocyanin content was calculated according to Formulas (1) and (2).

ΔA = (A1 − A1′) − (A2 − A2′) (1)

Anthocyanin content (μmol/gFW):

[ΔA ÷ (ε × d) × 103 × F] × V ÷ W = 0.31 × ΔA ÷ W (2)

where ε: molar extinction coefficient, 2.69 × 104 mL/mmol/cm; d: 96-hole plate optical
path length, 0.6 cm; 103: 1 mmol = 103 μmol; F: dilution multiple, 5; V: total volume of
extract, 1 mL; W: fresh weight of sample, g.

2.6. Data Analysis

Excel 2019 and Origin 2022 were used for sorting, calculating, mapping data and
correlation analysis. One-way ANOVA and Tukey’s test were performed using SPSS 19.0.
Statistical differences were marked by sequential letter labeling.

3. Results

3.1. Effects of Light Intensity on Endogenous Hormone Contents in Blueberry Leaves

As shown in Figure 1, the content of five endogenous hormones in blueberry leaves
was significantly affected by light intensity and development stage. Except for IAA at S3,
the content of GA3 and IAA in other treatments decreased gradually with the increase in
light intensity and leaf development, while the content of JA, ABA and ETH increased
gradually with the increase in light intensity and leaf development.

The effects of light intensity and development stage on the content of GA3 and IAA
in blueberry leaves are shown in Figure 1a,b. Under the same light intensity treatment,
the contents of GA3 and IAA at S1 were significantly higher than those at S2 and S3. The
contents of GA3 and IAA at 25% light intensity treatment were significantly higher than
those under other light intensity treatments during the same development stage, while
the content of IAA at S3 was the opposite. Under 25% light intensity treatment, the GA3
content in leaves of S1 was 13.94%, 11.30% and 6.68% higher than that of CK, 75% and 50%
light intensity treatments at the same stage, while S2 was 3.04%, 3.27% and 1.76% higher,
and S3 was 17.07%, 8.62% and 2.29% higher, respectively. From S1 to S3, the content of
IAA in leaves treated with 25% light intensity was 1.04~1.07 times, 1.03~1.48 times and
0.54~0.91 times that of other light intensity treatments during the same stage, respectively.

The effects of light intensity and developmental stage on the content of JA, ABA and
ETH in blueberry leaves are shown in Figure 1c–e. Under the same light intensity, the
contents of JA, ABA and ETH in leaves at S3 were significantly higher than those at S1
and S2. From S1 to S3, the contents of JA, ABA and ETH in leaves treated with 25% light
intensity were significantly lower than those treated with other light intensities at the same
stage. Compared with CK, the JA content of leaves during S1 decreased by 6.78%~52.85%,
with an average decrease of 28.00%; the decrease rate at S2 was 4.70%~28.12%, with the
average decrease rate was 14.83%; and the decrease at S3 was 2.62%~15.15%, with an
average decrease of 7.56%. The ABA content under CK treatment at S3 was as high as
127.10 ng/g, which was 1.06~1.2 times that of other light intensity treatments at the same
stage, and 1.78 and 1.16 times that of the same light intensity treatment at S1 and S2,
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respectively. The content of ETH in leaves was less, but it also had a similar change rule
with the content of JA and ABA. Among them, the content of ETH under CK treatment
at S3 was the highest, which was 46.71 μg/g, that is, 1.02~1.18 times that of other light
intensity treatments during the same stage. The results showed that full light and late
development were more conducive to the synthesis of JA, ABA and ETH content in leaves,
but the increase rate of these hormone contents gradually decreased with the continuous
development of leaves.

Figure 1. Effects of light intensity on endogenous hormone (GA3 (a), IAA (b), JA (c), ABA (d)
and ETH (e)) contents in blueberry leaves. Note: In the figure, different uppercase letters indicate
significant differences at the same light intensity during different stages, and different lowercase
letters indicate significant differences under different light intensity treatments during the same stage
(p < 0.05). Error bars represent SD.
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3.2. Effects of Light Intensity on Key Enzyme Activities in the Anthocyanin Synthesis Pathway of
Blueberry Leaves

The effects of different light intensities and development stages on the activities of
key enzymes in the anthocyanin synthesis pathway in blueberry leaves are shown in
Figure 2. The activities of PAL, CHI, DFR and UFGT in leaves were significantly affected
by light intensity and development stage. These four enzyme activities gradually increased
with the increase in light intensity and leaf development, but the extent of the increase
gradually decreased.

Figure 2. Effects of light intensity on key enzyme activities (PAL (a), CHI (b), DFR (c) and UFGT (d))
in the anthocyanin synthesis pathway of blueberry leaves. Note: In the figure, different uppercase
letters indicate significant differences at the same light intensity during different stages, and different
lowercase letters indicate significant differences under different light intensity treatments during the
same stage (p < 0.05). Error bars represent SD.

Under the same light intensity, the activities of four enzymes in leaves at S3 were
significantly higher than those of S1 and S2, and the four enzyme activities of CK treatment
at each stage were significantly higher than those of shading treatment at the same stage.
Compared with the other three key enzymes, the PAL enzyme activity in blueberry leaves
was the lowest, which was 1.22 U/g under 25% light intensity at S1, and 8.20 U/g under
CK treatment at S3. Compared with CK, the CHI activity of leaves at S1 decreased by
12.22%~72.03%, with an average decrease of 39.60%. At S2, it decreased by 16.28%~27.83%,
with an average decrease of 21.32%, and at S3, it decreased by 6.01%~17.03%, with an
average decrease of 10.31%. The activities of DFR and UFGT in leaves under different light
intensities also had the same variation pattern at different developmental stages. It can be
seen that the four enzyme activities in the anthocyanin synthesis pathway of blueberry
leaves are positively correlated with light intensity and development stage.

3.3. Effect of Light Intensity on Anthocyanin Content in Blueberry Leaves

As shown in Figure 3, light intensity and development stage had significant effects
on the anthocyanin content in blueberry leaves, and the anthocyanin content at S3 was
significantly higher than that at S1 and S2 under the same light intensity treatment. At
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the same development stage, the anthocyanin content in leaves increased first and then
decreased with the increase in light intensity, and reached the peak at 75% light intensity.
Under the same light intensity treatment, the anthocyanin content in leaves treated with
25% light intensity gradually increased with leaf development, while the anthocyanin
content in leaves treated with the other three light intensities decreased first and then
increased with leaf development, and the decrease was smaller than the increase. The
anthocyanin content of leaves treated with CK and 75% light intensity at S1 and S3 was
significantly higher than that of the other two treatments, while the anthocyanin content of
leaves treated with 75% light intensity at S2 was significantly higher than that of the other
three treatments. The anthocyanin content of leaves under 75% light intensity at S3 was as
high as 1.122 μmol/gFW, which was 1.19 times, 1.76 times and 2.45 times those of CK, 50%
and 25% light intensity treatments at the same stage, and 1.42 times and 1.47 times those of
75% light intensity treatment at S1 and S2, respectively. This indicated that too low or too
high light intensity was not conducive to the synthesis of anthocyanin in blueberry leaves,
and 75% light intensity was more conducive to the synthesis of anthocyanin in leaves.

Figure 3. Effect of light intensity on anthocyanin content in blueberry leaves. Note: In the figure,
different uppercase letters indicate significant differences at the same light intensity during different
stages, and different lowercase letters indicate significant differences under different light intensity
treatments during the same stage (p < 0.05). Error bars represent SD.

3.4. Correlation Analysis

The correlation analysis of anthocyanin content with light intensity, endogenous
hormones (GA3, JA, IAA, ABA, ETH) and the activities of key enzymes in the anthocyanin
synthesis pathway (PAL, CHI, DFR, UFGT) in blueberry leaves at different developmental
stages under different light intensity conditions is shown in Figure 4. From S1 to S2, the
content of GA3 and IAA in leaves had an extremely significant negative correlation with
light intensity, but at S3, the former had an extremely significant negative correlation and
the latter had an extremely significant positive correlation. The anthocyanin content, other
three hormones and four enzyme activities at the three stages were extremely significantly
or significantly positively correlated with light intensity. This was consistent with the
trend of changes in anthocyanin content, endogenous hormone contents and key enzyme
activities in the anthocyanin synthesis pathway with light intensity, as mentioned above.
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Figure 4. Correlation analysis of anthocyanin content in blueberry leaves with light intensity, endoge-
nous hormones and enzyme activities. Note: LI: light intensity, AC: anthocyanin content; (a): white
fruit stage (S1), (b): purple fruit stage (S2), (c): blue fruit stage (S3); * p ≤ 0.05, significant correlation;
** p ≤ 0.01, extremely significant correlation.

From S1 to S3, the anthocyanin content in leaves treated with different light intensities
showed an extremely significant negative correlation with GA3 content, and an extremely
significant negative correlation with IAA content at first, then a negative correlation and
then a positive correlation. The anthocyanin content of leaves treated with different light
intensities had an extremely significant or significant positive correlation with the other
three hormone contents and four enzyme activities at S1 and S2, and had a significant
positive correlation with the content of JA, ABA and ETH, and the activities of PAL
and UFGT at S2. At the same time, from S1 to S3, the correlation coefficients between
the contents of five hormones, the activities of four enzymes and anthocyanin content
decreased first and then increased, which was similar to the trend of anthocyanin content
changing with light intensity.

In addition, light intensity, anthocyanin content, five hormone contents and four
enzyme activities were significantly correlated with any two factors at S1. There was no
significant correlation between anthocyanin content and the IAA content, CHI activity and
DFR activity, and between IAA content and the GA3 content and DFR activity, at S2; there
was no significant correlation between anthocyanin content and the IAA content at S3;
and there was significant correlation between any other two factors. From S1 to S3, the
content of JA, ABA and ETH and the activities of PAL, CHI, DFR and UFGT in leaves had
a significant or extremely significant negative correlation with GA3 content, and showed
an extremely significant negative correlation with IAA content at first, though that then
turned to a negative correlation, and then to a significant positive correlation. However, the
IAA content was first significantly positively correlated with GA3 content, then positively
correlated, and then significantly negatively correlated. The results showed that the light
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intensity’s regulation of anthocyanin synthesis in blueberry leaves was closely related to
five endogenous hormones and four key enzyme activities in the anthocyanin synthesis
pathway, and there was also a certain relationship between hormones and enzyme activities.

It follows that the anthocyanin content, endogenous hormone contents and key en-
zyme activities in the anthocyanin synthesis pathway in blueberry leaves are significantly
correlated with light intensity and development stage. However, the correlations of some
factors at different development stages and at different light intensities are quite different.

4. Discussion

4.1. Light Intensity Promotes Anthocyanin Synthesis by Regulating the Content of
Endogenous Hormones

Hormones affect all aspects of plant development and growth physiology, including
the biosynthesis of anthocyanin [24], and the prerequisite for inducing anthocyanin syn-
thesis in vegetative tissues is light [2]. In the leaves of oilseed peony, light, moderate and
severe shadings decreased the ABA concentration by 8.8%, 14.4% and 22.7% but increased
the IAA concentration by 38.1%, 45.5% and 49.0% and the GA3 concentration by 6.3%, 7.6%
and 11.7%, respectively [25]. The GA3 content in Carpinus betulus L. seedlings increased
with the decrease in light intensity, and the IAA content decreased with the decrease in
light intensity [26]. In the two studies cited, the IAA contents showed different trends
with light intensity, but they were consistent with the IAA content trend at S1, S2 and
S3 in this study. At the same time, they were consistent with the results in this study in
that the IAA content in blueberry leaves and light intensity showed a highly significant
negative correlation at S1 and S2, and a highly significant positive correlation at S3. It has
been reported that high light intensity triggers the biosynthesis of ABA, which, in turn,
promotes the expression of anthocyanin biosynthetic genes and enhances anthocyanin
biosynthesis [27]. Exogenous ethylene treatment markedly improved the expression levels
of the anthocyanin-biosynthesis-related genes (PsPAL, PsDRF, PsANS, PsUFGT, etc.) in
plum, thus accelerating anthocyanin accumulation [28]. JA promoted anthocyanin biosyn-
thesis in leaves of rapeseed seedlings [11] and apple [29]. Exogenous ABA treatment
enhanced anthocyanin accumulation in grape berry skins [14]. Plant growth regulators
ABA and ethephon promoted anthocyanin synthesis in chicory (Cichorium intybus L.), while
GA3 inhibited its anthocyanin synthesis [30]. In summary, the literature indicates that
light intensity can promote the synthesis of anthocyanins by regulating the biosynthesis
of hormones.

During the whole process of blueberry fruit development, the anthocyanin content
was highly significantly positively correlated with the ABA and ETH content, and highly
significantly negatively correlated with the IAA content [31]. The GA4 content was strongly
negatively correlated with the anthocyanin content in sweet cherry [32]. There was a
strong positive correlation between the ABA content and anthocyanin content in Lycium
fruit [33] and purple-leaved cultivars of tea [34]. The IAA content was positively correlated
with the anthocyanin content during bicolor leaf development [35]. In our study, the
anthocyanin content was significantly or extremely significantly positively correlated with
the ETH and ABA contents, and extremely significantly negatively correlated with the
GA3 content, which supported the above views. However, from S1 to S3, the IAA content
and anthocyanin content were extremely significantly negatively correlated, negatively
correlated and positively correlated, respectively. The differences in findings between
studies may have been caused by differences in plant species, sampling organs and leaf
growth and development. Nonetheless, the contents of JA and ETH were strongly positively
correlated with the anthocyanin content in our study, which was confirmed in Saxifraga
longifolia leaves [36] and plum fruits [28]. This indicates that the synergistic effect of
different hormones promotes the biosynthesis of anthocyanin.
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4.2. Light Intensity Regulates Anthocyanin Synthesis by Inducing the Expression of
Enzyme Activities

The activities of four enzymes (PAL, CHI, DFR, UFGT) in this study showed an
upward trend with the increase in light intensity and leaf development, and the enzyme
activities at three development stages were significantly positively correlated with light
intensity. It has been reported that light intensity can induce the expression of CHS, CHI,
F3’5’H and DFR genes in the peel of sand pear [37] and grape [38], thus significantly
inducing anthocyanin accumulation. That supports the proposal that the expression of
enzyme genes in the anthocyanin synthesis pathway can regulate the level of enzyme
activities to a certain extent, which regulates the content of anthocyanin, a proposal that
is consistent with the results of this study. In Perilla frutescens var. crispa, the PAL activity
under low light intensity was lower than that under normal light intensity [39]. DFR activity
in ‘Fuji’ apple peel increased with the increase in light intensity, and anthocyanin synthesis
was regulated by DFR activity [40]. The lack of anthocyanin accumulation in Matthiola
line white flowers [41] and ivy [42] is due to a lack of DFR activity, while the lack of
anthocyanin in white grapes [43] is due to a lack of UFGT activity. The results indicate that
light intensity can affect anthocyanin synthesis by regulating the activity of key enzymes in
the anthocyanin biosynthesis pathway through the signal transduction pathway.

The anthocyanin content in eggplant was significantly positively correlated with the
expression levels of SmCHI and SmDFR [44], while the DFR activity was significantly
correlated with anthocyanin accumulation in apple [45]. Meanwhile, the PAL activity
was strongly positively correlated with anthocyanin biosynthesis in eggplant peel and
fruit [46], which was consistent with the results of this study. At the same time, there was
no significant relationship between CHI and DFR activities and the anthocyanin content at
S2 in this study, which may be related to the decrease in anthocyanin biosynthesis and the
increase in anthocyanin degradation at S2. Combined with the study of enzyme activities
under different light intensity conditions, the comparative analysis of its variation law
confirmed that the light intensity will affect the biosynthesis of anthocyanin by inducing
key enzyme activities.

4.3. Regulation of Light Intensity in Anthocyanin Biosynthesis

Generally speaking, inducing the synthesis of anthocyanin requires high light inten-
sity, and the anthocyanin content in plant leaves is related to light levels [2]. Manetas [47]
pointed out that anthocyanins are ubiquitous in green leaves, but their content is not well
covered by the color of chlorophyll, meaning it is not easy to detect. Later, the absorption
value of anthocyanin was instead detected in green leaves, which confirmed the presence
of anthocyanin in green leaves [48]. The blueberry leaf samples collected in this study
were all green leaves with low anthocyanin content, but they were significantly affected
by light intensity and leaf development. Research has found that the concentration of
anthocyanin in grapes gradually decreases with a decrease in light transmittance [49].
Meanwhile, strong light (100% light transmittance) inhibited anthocyanin synthesis in
Petunia corollas [50]. Elsewhere, the anthocyanin content in leaves of four subtropical dom-
inant tree species gradually decreased with their growth and development, and shading
(30% light transmittance) inhibited the accumulation of anthocyanin in leaves [51]. These
results are consistent with the results of this study, indicating that anthocyanin synthesis
of blueberry leaves is closely related to light intensity and leaf development. In addition,
the anthocyanin content in the leaves of the three stages reached its highest under 75%
light intensity treatment, indicating that excessive light intensity may reduce anthocyanin
biosynthesis or increase anthocyanin degradation, leading to a decrease in anthocyanin
content in the leaves.

5. Conclusions

Light is a fundamental requirement for plant growth and development, but excessive
light intensity can cause irreversible damage to chloroplasts and cell metabolism. Correla-
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tion analysis showed that light intensity, endogenous hormones and key enzyme activities
had significant effects on anthocyanin content in blueberry leaves. Among them, the con-
tent of GA3 was negatively correlated with the content of anthocyanin in all three stages.
This study showed that light intensity affected anthocyanin synthesis by regulating the
content of endogenous hormones in blueberry leaves and the activities of key enzymes in
the anthocyanin synthesis pathway, and 75% light intensity was the most conducive to an-
thocyanin biosynthesis in blueberry leaves. Blueberry leaves are byproducts with potential
economic value, and these findings help us understand the potential mechanisms by which
light intensity regulates anthocyanin synthesis and accumulation in blueberry leaves.
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Abstract: This research was conducted to study the effects of LED red and blue spectra irradiance
levels and nutrient solution (electrical conductivity) and their interaction on the plant growth, yield,
and phytochemical contents of lemon basil (Ocimum citriodorum Vis.) in a controlled environment.
The controlled environment was equipped with red and blue spectra at a 4:1 ratio with irradiance
levels of 80 and 160 μmol m−2 s−1 and irrigated with four different nutrient solution ECs at 1.0, 1.8,
2.6, and 3.4 mS cm−1, cultivated on a vertical structure. The temperature and relative humidity of
the controlled environment and the pH of the nutrient solution were maintained at 26 and 18 ◦C
day and night, 65 ± 5%, and pH 6, respectively. It was observed that plant height, canopy diameter,
and the number of leaves of lemon basil had significantly increased under the irradiance levels of
160 μmol m−2 s−1 in combination with a nutrient solution EC of 2.6 mS cm−1. In addition, there was
an interaction observed between the LED irradiance levels and the nutrient solution EC on the fresh
weight of the stem and the dry weight of all the plant parts (leaves, stem, and roots). Lemon basil
cultivated at 160 μmol m−2 s−1 and irrigated with 2.6 mS cm−1 was significantly higher in fresh stem
weight and dry leaf, stem, and root weight at 17.36, 1.79, 1.82, and 0.22 g, respectively. The ascorbic
acid of lemon basil was significantly higher under a treatment of 160 μmol m−2 s−1 irradiance
level and an EC of 2.6 mS cm−1, and no interaction was observed. At the same time, there was an
interaction observed between the LED irradiance level and the nutrient solution EC on the total
phenolic content (TPC), total flavonoid content (TFC), and caftaric acid concentration of lemon basil.
Lemon basil cultivated at 160 μmol m−2 s−1 and irrigated with 2.6 mS cm−1 was significantly higher
in TPC, TFC, and caftaric acid concentration, with 1440.62 mg gallic acid equivalent to 100 g−1 DW,
1148.79 mg quercetin equivalent to 100 g−1 DW, and 2812.50 mg 100 g−1 DW, respectively. This result
indicates that the irradiance levels of red and blue LED spectra at 160 μmol m−2 s−1 and irrigated
with a nutrient solution EC of 2.6 mS cm−1 enhances the growth, yield production, and phenolic
content of lemon basil in a controlled environment facility.

Keywords: light-emitting diodes; electrical conductivity; caftaric acid; rosmarinic acid; controlled
environment

1. Introduction

Lemon basil (Ocimum citriodorum Vis.) is an ornamental, culinary, and medicinal
herb that is planted widely and has flourished under a variety of planting conditions [1].
The species belong to the family Lamiaceae and contains an abundant source of phenolic
compounds. Phenolic compounds, such as rosmarinic, chicoric, caffeic, and caftaric acids,
have been reported to be obtained (in vast concentrations) from various basil cultivars [2–
4], which have been documented to be a rich source of antioxidants [2]. The leaves have
been used, either fresh or dried, as spices. Meanwhile, the essential oil extracted from
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basil can be used as an aromatic additive in food, pharmaceuticals, and cosmetics [4].
Usually, basil is cultivated in open fields, and the United States is known to be the largest
producer and importer of basil in the world [5]. However, the yield and quality in terms
of phytochemical contents are hard to control, and it varies with season, cultivar, and
cultivation location [6–8].

Indoor vertical farming, known as “plant factory”, is a highly controlled environ-
mental system for plant production that uses multiple-layer culture shelves with artificial
lighting [9,10]. Light is one of the most important environmental factors that affect plant
development and regulate plant behavior, depending on the light quality, quantity, direc-
tion, and duration [11–14]. Light quantity is known as the irradiance level of light. The
irradiance levels of red and blue LEDs significantly affect lemon basil growth and develop-
ment. Red light seems to be more effective in improving photosynthesis compared to blue
or green light [12]. In contrast, blue light has been shown to lead to an increase in ascorbic
acid, phenolic contents, and chlorophyll in various species [15]. Darko et al. [16] stated that
a combination of red and blue light is more efficient than monochromatic light. In indoor-
grown basil and lettuce, a range of optimal intensities is used, ranging from 50–150 [17].
In addition, lettuce can be grown under light intensities ranging from 40–200, leading to
increases in ascorbic acid, phenolic, carotenoid, tocopherol, flavonoids, glucosinolate, and
anthocyanin content and reduced postharvest decay [18–22].

In addition, irrigation systems are one of the most important parts of controlled
environment systems that use hydroponic systems. The nutrient solution (electrical con-
ductivity) supplied to the plants plays a crucial role as it significantly affects plant growth
performance, such as stem height and dry weight, and can also influence plant appearance,
nutritional values, and the shelf life of plants [23,24]. Supplementing with a high level
of electrical conductivity in the nutrient solution has been said to stimulate ion toxicity,
osmotic stress, and nutrient disparity, while insufficient electrical conductivity, in gen-
eral, leads to nutrient scarcity [25]. According to Vendrame et al. [26] and Poorter and
Nagel [27], nutrient uptake is generally affected by irradiance levels (photosynthetic photon-
flux density). A previous study by Lu et al. [28] showed that the growth parameters and
anthocyanin concentration of red and blue perilla were higher under high light intensity
(PPFD) and EC. However, the rosmarinic acid concentration was higher under the lowest
EC with high light intensity. Samarakoon et al. [29] stated that plants supplemented with
nutrient solution at an electrical conductivity of 2.0 to 3.0 mS cm−1 provide the optimum
rate for better plant growth performance. However, farmers tended to over or undersup-
ply the nutrient solution, which impacted plant growth performance, yield production,
and quality.

The red and blue spectra irradiance levels of LEDs significantly affected lemon basil
growth and development. However, there is scarce information on the interaction between
the irradiance levels of LEDs with red and blue spectra and the EC of the nutrient solution
in regulating herb production and the accumulation of phytochemical contents. Therefore,
the current study was implemented to ascertain the changes in growth, yield production,
and quality in terms of the phytochemical contents of lemon basil plants in response to
different combinations of irradiance levels of LEDs of red and blue spectra and the EC of
the nutrient solution. The study envisages the possibility of providing valuable insights
into the regulation of the irradiance levels of LEDs with red and blue spectra and the EC of
the nutrient solution in attempts to improve the growth performance, yield production,
and phytochemical contents of lemon basil grown under vertical structures in a hydroponic
system in a controlled environment facility.

2. Materials and Methods

2.1. Plant Materials and Treatments

The research was conducted in a controlled environment growth room at the Faculty
of Agriculture, Universiti Putra Malaysia. Seeds of lemon basil (Ocimum citriodorum Vis.)
were germinated and raised in peat moss. On day 14, the seedlings were transplanted
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into a pot (3.5 × 5.0 × 5.7 cm) and placed on the vertical structure in a growth room. The
seedlings were grown in a closed-circulating water culture under two different irradiance
levels of LEDs (brand Philips) and supplied by Elite Scientific Instruments Sdn. Bhd.
(80 and 160 μmol m−2 s−1) with red and blue spectra in a ratio of 4:1. The essential nutrient
solution in each tank was set at different electrical conductivity (EC) values: 1.0, 1.8, 2.6,
and 3.4 mS cm−1, which were regularly checked using an EC meter (DIST 4 EC Meter
by Hanna Instruments) (Table 1) (FERTITRADE, Petaling Jaya, Malaysia). The growth
chamber’s relative humidity and day/night temperature during the study were 65 ± 5%
and 26/18 ◦C, respectively. The photoperiod was set up for 14 h (06.00 a.m. to 08.00 p.m.).
The pH value of the nutrient solution was amended to 6.0 and maintained throughout
the experiment.

Table 1. Mineral composition of nutrient solution.

Electrical Conductivity (EC) Nutrient Concentrations (mg L−1)

1.0
N = 92.80, P = 26.80, K = 95.60, Ca = 40.00, Mg = 12.00,
S = 32.00, Fe = 1.20, Mn = 0.248, B = 0.176, Cu = 0.008,
Zn = 0.044, Mo = 0.019

1.8
N = 232.00, P = 67.00, K = 239.00, Ca = 100.00, Mg = 30.00,
S = 80.00, Fe = 3.00, Mn = 0.62, B = 0.44, Cu = 0.02, Zn = 0.11,
Mo = 0.048

2.6
N = 278.00, P = 80.40, K = 286.80, Ca = 120.00, Mg = 36.00,
S = 96.00, Fe = 3.60, Mn = 0.744, B = 0.528, Cu = 0.024,
Zn = 0.132, Mo = 0.058

3.4
N = 324.80, P = 93.80, K = 334.60, Ca = 140.00, Mg = 42.00,
S = 112.00, Fe = 4.20, Mn = 0.868, B = 0.616, Cu = 0.028,
Zn = 0.154, Mo = 0.067

Note: N-nitrogen, P-phosphorus, K-potassium, Ca-calcium, Mg-magnesium, S-sulfur, Mn-manganese, Fe-iron,
Cu-copper, B-boron, Zn-zinc, and Mo-molybdenum.

2.2. Plant Growth Measurement

Data on lemon basil height, canopy diameter, and the number of leaves were collected
at three-day intervals for 30 days after transplanting (DAT). Lemon basil height was
evaluated using a ruler from the sponge surface to the shoot tip. Each plant was viewed
from all sides for the plant canopy to determine the side where the canopy was broadest.
The distance between the two opposite sites was recorded as the canopy width (cm) and
was measured with a ruler, and the number of leaves was counted manually.

2.3. Yield Parameters

Three plants from each experimental unit were harvested and separated into three
different parts: leaf, stem, and root, and the fresh weight was taken. The leaf area of
detached leaves was measured (before dry mass measurement) using a leaf area meter
(LI-300 LI-COR, USA) and expressed as cm2 plant−1. Leaf, stem, and root were oven-dried
at 65 ◦C for three days, and the dry mass of leaves, stem, and roots was recorded.

2.4. Phytochemical Contents
2.4.1. Ascorbic Acid

Approximately 0.2 g of a fresh lemon basil leaf was weighed and put in mortar. Then,
2 mL of 10% (v/v) trichloroacetic acid was added and homogenized under dull light and on
ice for cold conditions using a pestle. The prepared sample was then centrifuged for 10 min
at 4 ◦C at 5000 rpm. Subsequently, 0.3 mL of supernatant was added with 0.2 mL of 10%
(v/v) Folin-Ciocalteu reagent and 1.7 mL distilled water. The absorbance was measured at
760 nm using a UV-Vis spectrophotometer. A standard curve was arranged using several
concentrations of ascorbic acid from 0 to 60 μg ml−1 [30]. The determination of ascorbic
acid was carried out in triplicate.
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2.4.2. Sample Extraction for Total Phenolic Content and Total Flavonoid Content

About 0.5 g of dried lemon basil leaves was extracted in 10 mL of 80% (v/v) methanol
by shaking for 4 h at room temperature. Then the samples were centrifuged for 30 min
at 13,200 rpm. The methanolic extract was stored at −20 ◦C for further analysis of total
phenolic contents and total flavonoid contents [31].

2.4.3. Total Phenolic Content

Total phenolic contents of lemon basil were established using a modified Folin–
Ciocalteu colorimetric assay [32]. A combination of 1 mL of methanolic extract,
0.525 mL Folin–Ciocalteu reagent, 0.945 mL of distilled water, and 2.625 mL of 2.1% (w/v)
aqueous sodium carbonate were prepared and incubated for 20 min in the dark at room
temperature. The absorbance of the samples was measured using a UV-Vis spectropho-
tometer at 735 nm against a blank solution containing 0.21 mL of 80% (v/v) methanol,
1.89 mL of distilled water, and 0.525 mL of 2.1% (w/v) aqueous sodium carbonate. Total
phenolic content was computed by comparing the sample absorbance to a calibration curve
of gallic acid. The value of total phenolic content was expressed as gallic acid equiva-
lents (GAE) mg 100 g−1 dry weight. The equation of calibration curve was expressed as
y = 1.8185x + 0.1359 (R2 = 0.9958).

2.4.4. Total Flavonoid Content

For total flavonoid content analysis, about 1 mL of methanolic extract was added to
0.3 mL of 5% (w/v) sodium nitrite and incubated at room temperature for 5 min. Afterward,
0.3 mL of 10% (w/v) aluminum chloride and 2 mL of 1 N sodium hydroxide were added,
and the total volume was made up to 5 mL with distilled water. The samples were measured
using a UV-Vis spectrophotometer at an absorbance of 510 nm. The calibration curve was
prepared using quercetin, and the total flavonoid contents were then calculated using
this calibration curve. Then the total flavonoid content was expressed as mg quercetin
equivalents 100 g−1 dry weight [33]. The equation of calibration curve was expressed as
y = 0.0783x + 0.0676 (R2 = 0.9845).

2.5. Individual Phenolic Compounds

Methanolic lemon basil extracts were sieved using a 0.22 μm Whatman nylon filter
and then analyzed for rosmarinic, chicoric, caftaric, and gentisic acids using a prescribed
method by Flanigan and Niemeyer [34] on a Waters dual-pump high-performance liquid
chromatography (HPLC) using a Waters C-18 Symmetry column (Milford, MA). The detec-
tion wavelength was 330 nm. Eluent A was 3% (v/v) methanol and 1% (v/v) formic acid in
waters, and eluent B was 0.1% (v/v) formic acid in acetonitrile. The linear gradient was
used with a mobile phase flow rate of 0.1 mL/minute: hold at 95% A, 0–2 min; 95–75%
A, 2–12 min; hold at 75% A, 12–17 min; 75–10% A, 17–18 min; hold at 10% A, 18–23 min;
10–95% A, 23–24 min; equilibrate at 95% A, 24–34 min. The phenolic compound was iden-
tified in the aqueous methanolic lemon basil extracts by comparison of chromatographic
retention times against analytical standards. The phenolic compound was quantified
by comparing integrated peak areas to standard calibration curves: chicoric and caftaric
acids = 0.26–50.0 mg/L, rosmarinic acid = 0.11–75.0 mg/L, and gentisic acid= 0.87–65.0 mg/L.

2.6. Experimental Design and Statistical Analysis

The treatments were arranged as a randomized complete block design (RCBD) with
four replications with 2 factorials (irradiance levels of the LEDs and the EC of the nutrient
solution). All data collected were analyzed using a statistical analysis system [35]. Analysis
of variance (ANOVA) was conducted, and significant differences among the treatments
were determined using Duncan multiple range test (DMRT) at p ≤ 0.05.
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3. Results

3.1. Growth Parameters
3.1.1. Plant Height

The performance of the lemon basil cultivated under different red and blue spectra
irradiance levels of LEDs and different electrical conductivities of the nutrient solution
are shown in Figure 1, which indicates that the growth pattern is well-fitted to the growth
function of y = A/(1 + be−cx). Plants grown under all treatments had no significant
differences in plant height at Day 3 until Day 18 after transplantation.

Figure 1. Plant height of lemon basil for a growing duration of 30 days under different LEDs and
nutrient solution ECs.

Meanwhile, on Day 21, the plant height of the lemon basil was affected by the red
and blue spectra irradiance levels of the LEDs and the EC of the nutrient solution, but no
interaction effect was observed between both. The interaction effects between the irradiance
levels and EC of nutrient solution were observed on Days 24 and 27 after transplant.
The plants raised on irradiance levels of 160 μmol m−2 s−1 and irrigated at an EC of
1.8 mS cm−1 and 2.6 mS cm−1 were higher in height compared to other treatments.

3.1.2. Canopy Diameter

The interactions on the effects of the red and blue spectra irradiance levels of the
LEDs and the nutrient solution electrical conductivity on the expansion of the canopy were
recorded. The interactions were revealed by the changes in canopy diameter of the plants
at all measurement dates. The canopy diameter of lemon basil grown under irradiance
levels of 160 μmol m−2 s−1 and irrigated with an EC of 2.6 mS cm−1 and 160 μmol m−2 s−1:
1.8 mS cm−1 were prominently wider than that of the plants grown under other treatments
(Figure 2).
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Figure 2. Canopy diameter of lemon basil for 30 days growing duration under different LEDs and
nutrient solution ECs.

3.1.3. Number of Leaves

The leaves number of the lemon basil expanded exponentially resulting from the
function y = Aebx days after transplanting (Figure 3). The number of lemon basil leaves
cultivated on red and blue spectra irradiance levels of 160 μmol m−2 s−1 and irrigated with
an EC of 3.4 mS cm−1, 160 μmol m−2 s−1:2.6 mS cm−1 and 160 μmol m−2 s−1:1.8 mS cm−1

were higher compared to other treatments due to higher rates in the rise of leaf production.
The number of lemon basil leaves cultivated on irradiance levels of 160 μmol m−2 s−1 and
irrigated with an EC of 2.6 and 3.4 mS cm−1 were both were recorded at 180, while 1.8 mS
cm−1 was recorded at 160, with the other treatments in the range of 70 to 118.

3.2. Yield Parameters
3.2.1. Fresh Weight

Table 2 shows the fresh weight of the three plant parts: leaves, stem, and roots
of the lemon basil, as affected by LED irradiance levels and nutrient solution electrical
conductivity (EC). The fresh weight of the leaves, stem, and roots increased with increasing
irradiance levels and nutrient solution EC. Interaction effects were observed between
the irradiance levels and the EC of the nutrient solution on the fresh stem weight of the
lemon basil (Figure 4). However, there were significant differences for both treatments
on the leaves and roots. Plants cultivated at an irradiance level of 160 μmol m−2 s−1

produced a higher fresh weight for the leaves and roots. Plants supplemented with an EC
of 2.6 mS cm−1 also produced a higher fresh weight for both parts when compared with
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other ECs. Plants grown under 160 μmol m−2 s−1 produced 60% and 55% higher leaf and
root fresh weights than those from 80 μmol m−2 s−1.

Figure 3. Number of lemon basil leaves after 30 days growing duration under different LEDs and
nutrient solution ECs.

Table 2. Effects of LED irradiance levels and nutrient solution EC on the fresh weight (g) of three
different parts (leaves, stem, and roots) of lemon basil.

Factor Leaves Stem Roots

Irradiance levels of LEDs (μmol m−2 s−1)
80 15.90 b 6.19 b 4.82 b

160 25.44 a 12.45 a 7.47 a

EC of nutrient solution (mS cm−1)
1.0 16.75 c 7.04 c 4.60 c

1.8 21.14 b 10.21 b 5.862 b

2.6 23.77 a 11.84 a 8.72 a

3.4 21.02 b 8.21 c 5.40 b

Irradiance levels of LEDs *** *** ***
EC of nutrient solution *** *** ***
Irradiance levels of LEDs × EC of nutrient solution ns *** ns

*** Significant at p < 0.001 probability level, ns = not significant. Means in each column with different letters within
each factor indicate significant differences at p ≤ 0.05 level according to DMRT.

There is an interaction effect observed on the application of various LEDs and nutrient
solution ECs on fresh stem weight (Figure 4). The application of various nutrient solution
ECs at 80 μmol m−2 s−1 did not produce a significant difference in the stem weight of the
lemon basil. However, the fresh weight of the stem increased when the EC of the nutrient
solution increased at 160 μmol m−2 s−1. The highest fresh stem weight was observed
at irradiance levels of 160 μmol m−2 s−1 in combination with a nutrient solution EC of
2.6 mS cm−1. The application of a higher nutrient solution EC of 3.4 mS cm−1 decreased
the fresh weight of the lemon basil stem.
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Figure 4. Interaction effect of LED irradiance levels and nutrient solution EC on fresh stem weight of
lemon basil.

3.2.2. Dry Weight

The consequences of LED irradiance levels and the nutrient solution EC on the dry
weight of lemon basil (leaves, stem, and roots) are shown in Table 3. The interaction effects
observed between the irradiance levels and the nutrient solution EC on the dry weight
of the three different parts of lemon basil are shown in Figure 5. An increase in nutrient
solution EC caused an increase in the dry weight of the leaves, stem, and roots at both LED
irradiance levels. However, further increases in nutrient solution EC up to 3.4 mS cm−1 at
160 μmol m−2 s−1 reduced the dry weight of all parts of the plants.

Table 3. Effects of LED irradiance levels and nutrient solution EC on the dry weight (g) of three
different parts (leaves, stem, and roots) of lemon basil.

Factor Leaves Stem Roots

Irradiance levels of LEDs (μmol m−2 s−1)
80 0.85 b 0.64 b 0.32 b

160 1.64 a 1.29 a 0.60 a

EC of nutrient solution (mS cm−1)
1.0 1.10 b 0.69 d 0.45
1.8 1.41 a 1.89 c 0.48
2.6 1.26 a,b 1.22 a 0.48
3.4 1.21 b 1.05 b 0.43

Irradiance levels of LEDs *** *** ***
EC of nutrient solution *** *** ns
Irradiance levels of LEDs × EC of nutrient solution *** *** ***

*** Significant at p < 0.001 probability level, ns = not significant. Means in each column with different letters within
each factor indicate significant differences at p ≤ 0.05 level according to DMRT.
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Figure 5. Interaction effect of LED irradiance levels and nutrient solution EC on the dry weight of
the leaves (a), stems (b), and roots (c) of lemon basil.
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The highest dry weight of the leaves was observed at 160 μmol m−2 s−1 in combination
with 1.8 and 2.6 mS cm−1 with 1.97 and 1.79 g (Figure 5a), respectively; the dry weight
of the stems at 160 μmol m−2 s−1 with 2.6 mS cm−1 was 1.82 g (Figure 5b), and the dry
weight of the roots at 160 μmol m−2 s−1 in combination with 1.0, 1.8, and 2.6 mS cm−1

produced 0.65, 0.66, and 0.63 g (Figure 5c), respectively. In contrast, the lowest dry weight
of all parts was observed at LED irradiance levels of 80 μmol m−2 s−1 and in combination
with all EC levels except for 3.4 mS cm−1.

3.2.3. Leaf Area

Table 4 illustrates the effects of red and blue spectra irradiance levels of LEDs and the
nutrient solution ECs on leaf area in lemon basil. No interaction was observed between
the irradiance levels and nutrient solution EC, but there were significant differences in
both of the main effects. The leaf area of lemon basil grown under an irradiance level of
160 μmol m−2 s−1 was significantly (p < 0.001) the highest with 1020.62 cm2/plant, which
is 65% higher than 80 μmol m−2 s−1. In addition, the lemon basil irrigated with a nutrient
solution EC of 1.8 mS cm−1 also produced a greater leaf area (p < 0.001) compared with
other EC levels with 943.23 cm2/plant.

Table 4. Effects of LED irradiance levels and nutrient solution EC on leaf area (cm2/plant) in
lemon basil.

Factor Leaf Area

Irradiance levels of LEDs (μmol m−2 s−1)
80 617.14 b

160 1020.62 a

EC of nutrient solution (mS cm−1)
1.0 772.84 b

1.8 943.23 a

2.6 831.26 b

3.4 848.19 b

Irradiance levels of LEDs ***
EC of nutrient solution ***
Irradiance levels of LEDs × EC of nutrient solution ns

*** Significant at p < 0.001 probability level, ns = not significant. Means in each column with different letters within
each factor indicate significant differences at p ≤ 0.05 level according to DMRT.

3.3. Phytochemical Contents
3.3.1. Ascorbic Acid

Table 5 shows the ascorbic acid contents of the lemon basil grown under varying LED
red and blue spectra irradiance levels and nutrient solution ECs. Significant interactions
were not observed between the irradiance levels and the nutrient solution EC on the
ascorbic acid contents in lemon basil. However, the ascorbic acid contents in the lemon
basil grown under LED red and blue spectra irradiance levels at 160 μmol m−2 s−1 were
significantly higher than those obtained at 80 μmol m−2 s−1. In addition, the lemon basil
fertilized with an EC of 2.6 mS cm−1 was also higher in ascorbic acid contents than with
other ECs. The lowest contents were observed at 1.0 (67.43 mg 100−1 g FW).

3.3.2. Total Phenolic Content

Table 5 shows the lemon basil’s TPC as affected by LED red and blue spectra irradi-
ance levels and nutrient solution EC. The interaction between the irradiance levels and
the solution EC significantly influenced TPC (Figure 6). Increasing nutrient solution EC
increased the TPC at both irradiance levels of 80 and 160 μmol m−2 s−1. Plants grown
at irradiance levels of 160 μmol m−2 s−1 in combination with a nutrient solution EC of
2.6 mS cm−1 significantly increased in TPC compared to other levels with 1440.62 mg
GAE 100 g−1 DW (Figure 6), and the lowest was observed at an irradiance level of
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80 μmol m−2 s−1 and in combination with an EC level of 1.0 mS cm−1 at 491.56 mg
GAE 100 g−1 DW. However, there was no difference with 160 μmol m−2 s−1:3.4 mS cm−1.

Table 5. Effects of LED irradiance levels and nutrient solution EC on ascorbic acid, total phenolic,
and total flavonoid contents in lemon basil.

Factor Ascorbic Acid (mg 100 g−1 FW)
Total Phenolic Content (mg GAE

100 g−1 DW)
Total Flavonoid Content (mg QE

100 g−1 DW)

Irradiance levels of LEDs (μmol
m−2 s−1)
80 72.82 b 620.30 b 907.87 b

160 77.59 a 1346.28 a 982.72 a

EC of nutrient solution (mS cm−1)
1.0 67.43 c 866.27 b 907.34 b,c

1.8 68.54 c 995.49 a 966.63 a,b

2.6 88.37 a 1039.30 a 1022.52 a

3.4 76.48 b 1032.10 a 884.98 b,c

Irradiance levels of LEDs *** *** **
EC of nutrient solution *** *** ***
Irradiance levels of LEDs × EC of
nutrient solution ns * ***

*** significant at p < 0.001 probability level, ** significant at p < 0.01 probability level, * significant at p < 0.05
probability level, ns = not significant. Means in each column with different letters within each factor indicate
significant differences at p ≤ 0.05 level according to DMRT.

Figure 6. Interaction effect of LED irradiance levels and nutrient solution EC on total phenolic content
of lemon basil.
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3.3.3. Total Flavonoid Content

The total flavonoid content (TFC) of lemon basil was significantly affected by the LED
red and blue spectra irradiance levels and the nutrient solution EC, and there is interaction
between both (Table 5 and Figure 7). TFC decreased with increasing nutrient solution EC
at 80 μmol m−2 s−1. While at 160 μmol m−2 s−1, increasing the nutrient solution EC up to
2.6 mS cm−1 increased TFC. A further increase to 3.4 mS cm−1 degraded the flavonoid
content. The highest TFC was observed at 160 μmol m−2 s−1 irradiance supplemented
with an EC of 2.6 mS cm−1 with 1148.79 mg quercetin equivalent 100 g−1 DW.

Figure 7. Interaction effect of LED irradiance levels and nutrient solution EC on total flavonoid
content of lemon basil.

3.4. Individual Phenolic Compound

Table 6 shows the effects of the LEDs and EC on the concentrations of the prominent
individual phenolic compounds (caftaric, rosmarinic, chicoric, and gentisic acid) of lemon
basil. The interaction effects between the LED irradiance levels and nutrient solution EC
on caftaric acid (Figure 8) and rosmarinic acid (Figure 9) were significantly different. In
contrast, no interaction or significant differences were observed in either of the main effects
on lemon basil’s chicoric and gentisic acid concentrations.
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Table 6. Effects of LED irradiance levels and nutrient solution EC on the concentration of the
individual phenolic compounds of lemon basil.

Factor
Caftaric Acid

(mg 100 g−1 DW)
Rosmarinic Acid
(mg 100 g−1 DW)

Chicoric Acid
(mg 100 g−1 DW)

Gentisic Acid
(mg 100 g−1 DW)

Irradiance levels of
LEDs (μmol m−2 s−1)
80 2341.30 36.44 b 23.27 2.96
160 2205.70 45.41 a 23.31 3.14

EC of nutrient solution
(mS cm−1)
1.0 2167.90 b 32.03 b 23.40 2.35
1.8 2157.70 b 35.83 b 23.30 2.60
2.6 2677.10 a 45.28 a 23.36 4.08
3.4 2091.20 b 50.58 a 23.09 3.17

Irradiance levels of
LEDs ns ** ns ns

EC of nutrient solution ** *** ns ns
Irradiance levels of
LEDs × EC of nutrient
solution

*** ** ns ns

*** significant at p < 0.001 probability level, ** significant at p < 0.01 probability level, ns = not significant. Means
in each column with different letters within each factor indicate significant differences at p≤ 0.05 level according
to DMRT.

Figure 8. Interaction effect of LED irradiance levels and nutrient solution EC on caftaric acid in
lemon basil.
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Figure 9. Interaction effect of LED irradiance levels and nutrient solution EC on rosmarinic acid in
lemon basil.

The caftaric acid concentration increased with increasing nutrient solution EC at
80 μmol m−2 s−1, whereas it fluctuated at 160 μmol m−2 s−1 with rising nutrient solu-
tion EC. The highest caftaric acid concentration was observed at an irradiance level of
160 μmol m−2 s−1 in combination with 2.6 mS cm−1 EC when compared to other combina-
tions but had no differences with 80 μmol m−2 s−1:2.6 mS cm−1, 80 μmol m−2 s−1:1.8 mS
cm−1, and 160 μmol m−2 s−1:1.0 mS cm−1. In contrast, the lowest caftaric acid was recorded
at an LED irradiance level of s at 160 μmol m−2 s−1 supplied with a nutrient solution EC of
3.4 mS cm−1, but this had no differences at 80 μmol m−2 s−1:1.0 mS cm−1.

For rosmarinic acid, significant differences were not examined at 80 μmol m−2 s−1

with increasing nutrient solution EC, whereas rosmarinic acid concentration was elevated
with increasing nutrient solution EC at 160 μmol m−2 s−1. The highest concentration was
observed at 160 μmol m−2 s−1 in combination with a nutrient solution EC of 3.4 mS cm−1,
though the lowest was at 80 μmol m−2 s−1:1.0 mS cm−1.

4. Discussion

4.1. Plant Growth Performance

The present study reveals that the growth parameters of lemon basil
(Ocimum citriodorum Vis.) were strongly influenced by LED red and blue spectra irra-
diance levels and nutrient solution EC. The growth parameters, such as plant height,
canopy diameter, and the number of leaves, showed significant effects between the differ-
ent treatments regarding the levels of LED irradiance and the EC of the nutrient solution.
Plants cultivated at an irradiance level of 160 μmol m−2 s−1 and supplemented with an
EC of 2.6 mS cm−1 produced optimum growth performance compared to other treatments.
A previous study by Morano et al. [36] stated that a nutrient solution EC of 2.8 mS cm−1
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in the shortest crop cycle increased basil yield (whole plants and leaves), while an EC of
2.2 mS cm−1 exhibited the worst performance.

4.2. Yield Production

Leafy herbs, such as basil, are very popular crops among farmers because they are
easy to grow, have a high yield index, are suitable for hydroponic and closed farming, and
simultaneously have a high margin for profitability [37]. Considering our results, LED
irradiance levels and nutrient solution EC significantly affected the yield production of
both the fresh and dry products (Tables 2 and 3). Increases in yield for the fresh and dry
weight were optimized by the appliance of LED irradiance levels of 160 μmol m−2 s−1

in combination with an EC of 2.6 mS cm−1. However, the fresh and dry weights were
severely inhibited at irradiance levels of 80 μmol m−2 s−1 supplemented at all nutrient
solution ECs. Nemali and van Iersel [38] found similar results, reporting on the interaction
effect of fertilizer concentration and photosynthetic photon flux (PPF) on the dry weight
of petunia and wax begonia plants. The dry mass of the fertilized plants was higher for
those plants grown at higher irradiance levels (268 μmol m−2 s−1) when compared to those
grown at low irradiance levels (113 μmol m−2 s−1). In addition to the irradiance level
treatments employed, the optimal range of nutrient concentration for dry mass varied
from 0.65 to 2.0 mS cm−1 (wax begonia) and 1.18 to >2.77 mS cm−1 (petunia). In addition,
no interaction was observed between the LED irradiance levels and EC on the leaf area
of lemon basil. However, there were significant effects observed for both parameters on
leaf area in lemon basil. Lemon basil cultivated under 160 μmol m−2 s−1 and irrigated at
1.8 mS cm−1 produced a higher leaf area.

4.3. Phytochemical Contents

The interaction between the LED red and blue spectra irradiance levels and nutrient
solution EC did not significantly influence the ascorbic acid contents of lemon basil. How-
ever, the main effects of the LED irradiance levels and nutrient solution EC were significant.
According to Fraszczak et al. [39], the amount of ascorbic acid can vary according to light
conditions. The current study is in concurrence with this statement. It was observed that
the ascorbic acid contents of lemon basil were significantly higher when grown at higher
irradiance levels of 160 μmol m−2 s−1 than at lower irradiance levels of 80 μmol m−2 s−1.
The study by Ohashi-Kaneko et al. [40] and Fraszczak et al. [39] also revealed that plants cul-
tivated under red and blue light saw significant increases in the content of ascorbic acid. In
addition, Lee et al. [41] discovered that plant tissues would accumulate more ascorbic acid
content when irradiated with high light intensity. The high light intensity would strengthen
the plants so as to acquire greater photosynthesis, which would relocate more assimilation
products for growth and metabolism. According to Ding et al. [42], the ascorbic acid of
pak choi plants showed an increasing trend of up to 2.4 mS cm−1 but did not significantly
increase over this nutrient concentration level. This divergence between different vegetable
crops may be due to the differences in growth habitats and growing conditions.

The effect of LED irradiance levels on TPC and TFC varied depending on the nutrient
solution EC (Figures 6 and 7). Increasing nutrient solution EC increased TPC and TFC at
both irradiance levels of 80 and 160 μmol m−2 s−1. Higher TPC and TFC were observed
at irradiance levels of 160 μmol m−2 s−1 in combination with s nutrient solution EC of
2.6 mS cm−1. It was revealed that LED red and blue spectra irradiance levels and nutrient
solution EC influenced the accumulations of phenolic and flavonoid contents in lemon
basil. The previous study by Son et al. [43] showed that blue LEDs could significantly
increase the accumulation of phenolic compounds in plants. The phenolic compound
content was similar between the control and white LEDs treatments in red curled lettuce,
but the white LEDs accelerated the accumulation of phenolic compounds in green curled
lettuce. Few studies have concluded that red light can stimulate an increase in phenolics in
plants [39,44,45]. Although the mechanism is still unknown, one assumption is that red
light increases the cytokinin level and thus stimulates the synthesis of phenolics [46]. A
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previous study by Kiferle et al. [47] stated that a lower amount of fertilizer had a significant
effect on the accumulation of rosmarinic acid. In contrast, our results showed that basil
fertilized at a higher nutrient solution EC accumulated significantly more rosmarinic acid
compared to other ECs (Table 6).

5. Conclusions

An LED irradiance level of 160 μmol m−2 s−1 in combination with a nutrient solution
EC of 2.6 mS cm−1 produced higher plant growth performance in terms of plant height,
canopy diameter, the number of leaves, higher fresh and dry yield production, and higher
phytochemical contents, such as total phenolic and total flavonoid content, along with
caftaric acid concentration. The present study’s findings have improved the comprehension
of the effects of LED red and blue spectra irradiance levels and nutrient solution EC and
its interaction on lemon basil plants that are cultivated on a vertical structure by using the
hydroponic system in a controlled environment facility.
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Abstract: Capsicum is one of the most economically important genera in the Solanaceae family.
Capsicum fruits (peppers) are rich in phytochemicals with high nutritional value and significant
health-promoting characteristics. The phytochemical profile of peppers consists of capsaicinoids,
carotenoids, and phenolics, primarily. Currently, most of the pepper production is carried out under
protected horticulture conditions. The objective of this article was to provide a comprehensive review
on how light characteristics and manipulation by different horticultural technologies can affect the
biosynthesis and accumulation of phytochemicals in Capsicum fruits. The use of shade nets or plastic
covers to reduce light intensity does not seem to yield consistent responses on the phytochemical
profile, as the final profile results from the interaction of several factors. Other factors involved in
the accumulation of phytochemicals include temperature, water availability and plant nutrition.
Exposure of plants to supplemental light with specific wavelengths (using LEDs) seems to result
in a more precise stimulation of specific metabolites. In this article, we examine the effects of light
irradiance and spectrum on the specific phytochemicals of Capsicum fruits.

Keywords: capsaicinoids; carotenoids; irradiance; phenolic compounds; plant secondary metabolites;
spectrum light; solar radiation

1. Introduction

Capsicum is one of the most economically important genera in the Solanaceae family.
This genus encompasses five domesticated species with more than 50,000 cultivars [1]. The
fruits of Capsicum (peppers) are associated with significant health-promoting properties
attributable to their nutritional composition and metabolite contents. These properties in-
clude analgesic, anti-obesity, cardioprotective, pharmacological, neurological, and dietetic,
among others [2]. The specific phytochemicals associated with these properties include
carotenoids (provitamin A), phenolic compounds, and capsaicinoids, primarily [3].

The phytochemical and secondary metabolite profiles of peppers are also a good source
of nutrients and bioactive compounds [4,5]. Secondary metabolites are a large group of
organic compounds with low molecular weight and specific physiological functions. These
metabolites serve as chemical adaptations to stress conditions, or as defensive, protective,
or offensive chemical agents against micro-organisms, insects, and herbivores [6].

The chemical composition of peppers is closely related to genotype, the process
of fruit ripening [3,7], and environmental conditions [8,9]. The environmental factors
that affect the biosynthesis, metabolism, and accumulation of phytochemicals in peppers
include light, temperature, soil-water availability, and plant nutrition [10]. Thus, changes in
environmental conditions can affect the biosynthesis of bioactive compounds in peppers [8].
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Peppers vary in color, shape, and chemical composition [7]. Color properties vary
by genotype and cultivar. Color changes occur during fruit maturation when the plastids
transition from chloroplast to chromoplast in the fruits’ pericarp [3].

Currently, the production of peppers is carried out predominantly under protected
horticulture conditions [11]. In particular, the manipulation of natural light by photo-
selective netting or plastics, and supplemental lighting (artificial light) can be used to
reduce heat and light stress and improve the yield and quality of horticultural crops [12].
These horticultural practices modify the light intensity and spectrum intercepted by the
plants and may also affect the production levels of total phenols, ascorbic acid, and an-
tioxidants due to the influence of modified light conditions on the metabolic pathways
that lead to the formation of the phytochemicals [13]. Controlled growing conditions in
glasshouses impacted the carotenoid contents in sweet peppers [14]. Thus, light intensity
(irradiance) and spectrum are environmental factors that affect the phytochemical contents
of peppers [15].

Even though the pathways for the biosynthesis of the secondary metabolites of peppers
have been described, limited information is currently available on the interaction between
the effects of light on the synthesis and accumulation of bioactive compounds in Capsicum
species. The objective of this review article is to examine how changes in light characteristics
affect the biosynthesis and accumulation of metabolites of Capsicum fruits, and, in turn,
alter the phytochemical profile of peppers.

2. Light Interactions with Capsicum Plants

The growth and productivity of pepper crops are affected by environmental fac-
tors [16]. Among these factors, light is the principal source of energy that drives physiolog-
ical processes, which include: photosynthesis, photomorphogenesis, fruit development,
and maturation [17,18]. Plants interact with light through specific pigments that acquire
light energy, and photoreceptors which are proteins that elicit different responses based
on light conditions [19]. The most important plant photoreceptors reported for pepper
plants include phytochromes, cryptochromes, phototropins, and UV-B-Resistance 8 (UVR8)
photoreceptors (Figure 1) [20]. These photoreceptors have peak absorbance wavelengths
for the induction of the responses.

Currently, most of the horticultural production of peppers is carried out under pro-
tected agriculture conditions [21] primarily by the implementation of photo-selective
shading nets [22], plastics [23], and, in some cases, artificial lighting [9,24] which includes
ultraviolet radiation (UV), fluorescent lamps, and light-emitting diodes (LEDs) [25]. The ac-
tive manipulation of light can improve plant productivity and the quality of peppers [26,27].

The biosynthesis of phytochemicals changes depending on light intensity and spectral
quality. Plants accumulate phenolic compounds and other antioxidants such as carotenoids,
flavonoids, and anthocyanins to protect against damaging high irradiance and UV ra-
diation. Thus, spectral and irradiance manipulation could promote morphological and
physiological responses and influence the biosynthesis, accumulation, and retention of
phytochemicals [28,29]. UV radiation and excessive irradiance produced by different light
sources may cause stress conditions and activate the defense response, changing a variety
of bioactive compounds [25].

Shade nets and plastic covers reduce the light intensity (irradiance) and alter the light
spectra that reach the crops. Reduced light intensity affects the physiological responses
by decreasing photosynthetic rate and promoting an increase in leaf area [12], while
scattering improves the penetration of spectrally modified light into the inner canopy
of the crop [28,30]. Currently, the use of black shade nets is the predominant practice
in the horticultural production of peppers. Black nets reduce light intensity and have a
limited effect on light quality [31,32]. By contrast, colored shading nets selectively filter
the solar radiation and promote specific wavelengths [33]. Colored shading nets could
promote plants’ physiological and morphological responses [34]. Colored shading nets can
selectively change the red to far-red ratios that are detected by the phytochromes, enhance
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the radiation available to activate the blue/ultraviolet-A photoreceptors, alter the blue light
involved in phototropic responses mediated by phototropins, or enhance radiation at other
wavelengths that influence plant response [35].

Figure 1. Plant photoreceptors (phytochrome, phototropins, cryptochromes, and UV-B-Resistance 8
(UVR8)) with the corresponding absorbance peaks (wavelengths of the electromagnetic spectrum) for
each light-sensing photoreceptor protein. The light-responding groups of phytochemicals in plants
in the specific wavelength ranges are provided on the right.

The traditional supplemental light sources used for greenhouse and in vitro applica-
tions include fluorescent, metal halide, high-pressure sodium, and incandescent lamps.
These light sources have certain limitations as they produce an impractical mixture of
wavelengths for plant growth [36], and their electricity consumption is high [37]. LEDs
are considered improved light sources for greenhouse production as they can emit specific
wavelengths aimed at increasing crop yield, higher quality yield, manipulation of harvest
dates, and enhanced nutritional value in cultured plants [38]. Currently, these technologies
are preferred for in vitro propagation and indoor plant growth, which are effective for the
stimulation of plant phytochemicals during fruit development and postharvest [39].

3. Effects of Light Characteristics on the Phytochemicals of Capsicum Fruits

The most abundant secondary metabolites in Capsicum fruits include capsaicinoids,
carotenoids, phenolic compounds, flavonoids, and a wide range of volatile compounds.
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The accumulation of phytochemicals in peppers is light-dependent, and the high variability
of these compounds determines the diversity of aroma and flavor of peppers [40].

3.1. Capsaicinoids

Capsaicinoids are secondary metabolites biosynthesized exclusively by the fruits
of Capsicum plants [41]. These metabolites are the bioactive compounds responsible for
the pungent taste of peppers [42]. Capsaicinoids may occur in peppers in a wide range
of contents from ‘Bell peppers’, where they are practically non-existent, to other high-
pungency cultivars such as ‘Naga peppers’ [43]. Capsaicinoids are considered natural
defense mechanisms against herbivores ranging from insects to rodents [1]. Capsaicinoids
also mediate interactions with birds, who act as seed dispersers for wild peppers [44].

In recent years, capsaicinoid research has been influential in the development of
innovative applications in the food and pharmaceutical industries [41] due to their value
as antioxidants (free radical scavengers) [45], anti-arthritic [46], gastroprotective [47,48],
anti-cancer [49], and analgesic agents [50], among others.

The most abundant capsaicinoids in peppers are capsaicin and dihydrocapsaicin [51,52].
Together, these compounds encompass more than 90% of the total capsaicinoid content of
peppers [53]. Nonetheless, at least nine other capsaicinoids including nordihydrocapsaicin,
homodihydrocapsaicin, and homocapsaicin have also been identified [43]. Capsaicinoid
levels are influenced by the ontogenetic development of the peppers. The accumulation of
capsaicinoids starts at the early stages of fruit development, followed by a high peak and a
rapid decline [54].

3.1.1. Biosynthesis of Capsaicinoids

Capsaicinoid biosynthesis is derived from the phenylpropanoid pathway
(Figure 2) [54–56] and occurs after the enzymatic condensation of a molecule of vanil-
lylamine derived from phenylalanine, valine, or leucine to a branched-chain amino acid.
The enzymes whose alleles determine pungency levels in peppers are CaMYB31, pAMT,
CS/AT3/Pun1, and CaKR1 [57]. Capsaicin synthase (CS) is the last enzyme (encoded by
the Pun1 gen) responsible for the condensation between vanillylamine and a fatty acid-
CoA while the aromatic vanillylamine moiety is paired with many acyl groups, mostly
medium-length (from 9 to 11 carbon atoms), giving the immediate reaction of capsaicin
biosynthesis [58,59]. Capsaicinoids differ in their chemical structures, specifically in the
side chain with a variable number of double bonds placed in different positions; the type
of capsaicinoid depends on the products obtained from the different fatty acids in the
dehydration synthesis reaction [55].

Differences in capsaicinoid contents can be attributed to changes in the gene expression
of the phenylpropanoid pathway. This biosynthetic pathway depends on the genotype
and is affected by environmental conditions that include light, temperature, soil-water
availability, and mineral nutrition [36,41]. Light intensity directly affects the biosynthesis
and accumulation of capsaicinoids in peppers. Light exposure has a positive influence
on the expression of the capsaicin synthase gene (CS) that has light-responsive motifs in
its promoter region KAS (keto-acyl ACP synthase) and AMT (aminotransferase), with a
negative effect through the induction of peroxidases that can degrade capsaicin. Currently,
it is not well understood how this balance is controlled and adjusted [54]. The expression of
the CaMYB31, KAS, and pAMT is affected in peppers of the C. annuum genus mainly by light
but also by temperature, mechanical stress, and plant hormones [60]. The promoter of the
Pun1 gene has light-responsive motifs and consensus elements that promote capsaicinoid
biosynthesis [61].
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Figure 2. (A) Capsaicinoid biosynthetic pathway in peppers (Capsicum spp.) via phenylpropanoid
and L-valine Degradation I. The yellow arrow indicates the light signal that regulates transcription
factors at the molecular level. (B) Chemical structure of the most abundant capsaicinoids (pungent)
and capsinoids (non-pungent) molecules of Capsicum fruits. Capsaicinoids and capsinoids differ in
the R group (fatty acids) present.

3.1.2. Effects of Light on Capsaicinoids

In a study on bell pepper production, the optimum light intensity reported to obtain
maximum fruit yield was estimated in the range of 1365 to 1470 μmol·m−2·s−1 [62]. Hor-
ticultural practices that modify irradiance may result in the enhancement or reduction
of capsaicinoid contents (Table 1), depending on the species and the light modification
mechanisms (e.g., color and degree of shading, or quality of light emitted by artificial
illumination) [63].

Capsaicinoid accumulation is affected by the interaction of light intensity with tem-
perature and relative humidity. In high-pungency peppers (C. chinense Jacq.), reduced
light intensity and temperature caused lower capsaicinoid production of 4.82 and 3.49 mg
plant−1 when plants were grown under 50% and 70% shade, respectively [63]. Reduced
capsaicinoid accumulation also occurred at high irradiance levels and high temperatures.
In addition, environments with reduced light intensity (713–783 μmol·m−2·s−1) and higher
relative humidity increased capsaicinoid production [64]. Thus, the authors suggest an
optimum light intensity of 700 to 950 μmol·m−2·s−1 for capsaicinoid production in these
cultivars [63].

Total capsaicinoid contents were significantly affected by the interaction of reduced
light intensity using different color shades and harvest time in C. annuum ‘Star flame’ and
‘Fire flame’ [65]. The capsaicinoid contents of peppers grown under colored shading net
treatments (white, red, and green) were higher than the unshaded treatment. Of those, the
green shade treatment had a considerably higher capsaicinoid content at the first harvest
time. This effect could be related to a higher average temperature (22–28 ◦C) during the
cycle. However, other studies showed that higher average temperature and increased solar
radiation were associated with lower capsaicinoid contents [41].
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Exposure of pepper plants (C. chinense Jacq.) to reduced light intensities using shade
nets increased the contents of secondary metabolites, including capsaicinoids and other
phenolic compounds [63]. Reduced light intensities increased the contents of the phenylala-
nine ammonia-lyase (PAL) enzyme, which plays a vital role in capsaicinoid biosynthesis.
Thus, an increase in the contents of PAL may also cause an increase in capsaicinoids in
peppers [66]. Currently, there is not a full understanding of how capsaicinoid accumulation
relates to the relevant biochemical reactions with precursors and environmental factors [58].

As for supplemental light, pepper fruits accumulated more capsaicinoids in plants
grown in a closed environment under continuous fluorescent illumination
(150–350 μmol·m−2·s−1) and constant temperature (28 ◦C) than pepper fruits grown under
greenhouse conditions during the summer season [67].

Table 1. Effect of light condition treatments on the capsaicinoid content in Capsicum species.

Capsicum spp. Light Treatment
Effects on Capsaicinoids

Compared to Control
Biosynthetic Effect

C. chinense Jacq. Seven hot
hybrid peppers

Light intensities (1200, 1313,
713, 1112, 774, and

783 μmol·m−2 ·s−1) in
different locations with

shading net with 50% shade

Reduced light intensity
(713–783 μmol·m−2·s−1) and

higher relative humidity
increased capsaicinoid
production in cultivars

Not reported [64]

C. chinense Jacq. ‘Bhut Jolokia’
‘Akanee Pirote’

‘Habanero’

Shading nets with 50%, and
70% shade, and unshaded

as control

‘Bhut Jolokia’ showed the
highest capsaicinoid yield

under 70% shading, ‘Akanee
Pirote’ under 50% shading,

and habanero peppers
showed the lowest

capsaicinoid content under
shading treatments

Levels of phenylalanine
ammonia-lyase (PAL)

increased under low light
intensities [63]

C. annuum
‘Star flame’
‘Fire flame’

Colored shading nets: white,
red, and green with 40%

shade, and unshaded
as control

Capsaicinoid content
increased in color-shading
treatments, specifically in

green treatment in
both cultivars

A high average temperature of
22–28 ◦C may have promoted
capsaicinoid biosynthesis [65]

C. annuum
‘Super hot’

Greenhouse conditions with
LED lighting treatments: blue,
red, and a mixture of blue and
red light, and 12 h of sunlight

as control

Blue LEDs significantly
increased

nordihydrocapsaicin,
capsaicin, dihydrocapsaicin,

homocapsaicin, and
homodihydrocapsaicin

contents by 57, 43, 56, 28, and
54%, respectively

Capsaicin and
dihydrocapsaicin

accumulation helped in
oxidative stress defense.

Valine and phenylalanine
increased in blue LED lights

contributing to a higher
content of capsaicinoids [68]

C. annuum ‘Cheonyang’

LED lighting treatments:
red, blue, and red plus blue,

and fluorescent lamps
as control

Blue LEDs increased
capsaicinoid contents, red
LEDs reduce two times the

capsaicinoid content
compared to fluorescent light

Not reported [36]

C. annuum
‘Shishito pepper’

Continuous fluorescent
illumination (150–350

μmol·m−2·s−1) at constant
temperature (28 ◦C), and
greenhouse conditions

as control

Fewer seeds and higher
concentration of capsaicin in

fruits under continuous
fluorescent illumination

There is a negative correlation
between seed formation and
capsaicin biosynthesis [67]
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Table 1. Cont.

Capsicum spp. Light Treatment
Effects on Capsaicinoids

Compared to Control
Biosynthetic Effect

C. annuum
Serrano ‘Tampiqueño 74′
Sweet pepper ‘California

wonder’

Artificial light in postharvest
(50 μmol·m−2·s−2) and dark

conditions as control

Light factors increased
capsaicin content in

‘Tampiqueño 74′

CaMYB31-expression analysis
from placental tissue of

pungent and non-pungent
fruits showed a positive

correlation with the structural
genes Ca4H, Comt, KAS,

pAMT, and AT3 expression,
and with the content of

capsaicin and
dihydrocapsaicin during fruit

development [60]

Differences in light spectral quality can also affect the accumulation of capsaicinoids
in peppers. Peppers produced under blue spectrum light-emitting diodes (LEDs) increased
capsaicinoid contents in comparison to plants exposed to fluorescent lights [36]. In a similar
study under greenhouse conditions, supplemental blue light LEDs placed at the top and
between plant rows also increased capsaicinoid levels in peppers. This was attributed to
the blue wavelength, which is near the UV spectra, and causes the same oxidative stress
response during the biosynthesis of capsaicin. Blue light also plays a role in chloroplast
development, chlorophyll formation, and stomatal opening [68]. In postharvest, Serrano
pepper fruits (‘Tampiqueño 74′) treated with light or dark conditions with varying exposure
times, the expression of the structural genes KAS, pAMT, and the transcription factor gene
CaMYB31 was higher under the light stimulus than fruits stored in the dark [60].

3.2. Carotenoids

Carotenoids are a numerous family of more than 850 naturally occurring lipophilic
isoprenoid compounds widely distributed in nature [69]. All photosynthetic organisms,
including plants, algae, and cyanobacteria, and some non-photosynthetic micro-organisms,
including fungi and bacteria, synthesize carotenoids [70]. In plants, the principal function of
carotenoids is the protection of cells and organelles against oxidative damage. Carotenoids
prevent the accumulation of harmful oxygen species by interacting with singlet oxygen
molecules and scavenging peroxy radicals [71]. Carotenoids are also involved in the pho-
tosynthetic process and play a role in photo-protection, photo-morphogenesis, and plant
development. Carotenoids also promote the biosynthesis of other essential compounds
and play a role in the attraction of insects for pollination and seed dispersal [4,71,72].

Carotenoids have several important essential functions in human nutrition and health.
This group of compounds can prevent and protect from cardiovascular diseases, inhibit
carcinogenic cells, macular degeneration, and cataracts [73]. Carotenoids are consid-
ered the most effective antioxidant compounds found in peppers, besides phenolic and
flavonoid compounds, which act synergistically as efficient free radical scavengers [74,75].
Carotenoids deactivate free radicals and quench reactive oxygen species due to the presence
of conjugated double bonds [42,76]. In addition, plant carotenoids are endogenous iso-
prenoid precursors of vitamin A, β-carotene, α-carotene, γ-carotene, and β-cryptoxanthin
which can be converted into retinol, the assimilable form of vitamin A in the human
body [77].

Capsicum fruits are rich sources of carotenoids. The wide range of colors in peppers is
related to the stage of maturation and the differential accumulation of carotenoids [78,79].
Specifically, oxygenated carotenoids are responsible for the yellow, orange, and red colors
of pepper fruits [80].
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3.2.1. Biosynthesis of Carotenoids

Carotenoids are derived from the universal five-carbon precursor isopentenyl py-
rophosphate (IPP, C5) [7]. In Capsicum, the plastidial isoprenoid biosynthesis pathway starts
with the mevalonic acid which is entered into several reactions to produce the C5 building
block precursors—isopentenyl diphosphate and dimethylallyl pyrophosphate. In plants,
carotenoids are synthesized in the plastid using IPP generated from the methylerythritol-4-
phosphate (MEP) pathway (Figure 3) [4,81]. The MEP pathway receives substrates, G3P
and pyruvate, from primary metabolism and delivers IPP to the prenyl lipid pathway.
Phytoene, the first carotenoid in the pathway, is synthesized from eight IPP units in the
prenyl lipid pathway [72]. The carotenoid biosynthesis pathway is split into the α and β

branches. The addition of a hydroxyl group to the end rings characterizes the transition
from carotene to xanthophyll. The end-products found in red Capsicum fruits are the
red pigments capsorubin and capsanthin with κ end groups, the latter being the most
abundant [7].

Figure 3. Carotenoid biosynthetic pathway in peppers (Capsicum spp.). Yellow arrows indicate the
specific reaction steps at which light signal regulates the transcription factors at the molecular level.
Chemical structures of the most abundant carotenoids present in Capsicum fruits. The circles indicate
the color to which each carotenoid is associated in plant tissue.

In Capsicum fruits, carotenoid accumulation has been associated with the esterification
of xanthophylls to allow for more efficient storage and increased stability, with the expres-
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sion of a putative carotenoid acyl transferase, and an increased fibril content within the
plastid [7].

3.2.2. Effects of Light on Carotenoids

Light signaling regulates the biosynthesis and accumulation of carotenoids through
molecular mechanisms by which photoreceptors detect light signals in different plant
organs [82]. Light regulates Psy (Figure 2) to modulate carotenoid biosynthesis during
photomorphogenesis or de-etiolation, which is the process that occurs by the transition
from the etioplast to the chloroplast [69]. Phytoene (15-cis-phytoene) has two sequential
desaturations by PDS to produce 9,15-cis-phytofluene and 9,15,9′-cis-ζ-carotene, which can
isomerize to ζ-carotene by light [71]. In peppers under protected cultivation, carotenoid con-
tent and Psy expression decreased compared to fruits grown under direct white light [83].
The expression of the Psy gene has also been reported in other plants including tomato
exposed to blue LEDs [84]. The similarities between these two crops include the tran-
sition of tissues from chloroplast to chromoplasts during ripening and the high content
of carotenoids in these chromoplast-containing fruits, resulting in the characteristic red
color [84].

The biosynthesis and final contents of carotenoids are related to the fruit maturation
process. Carotenoid accumulation is associated with a reduction in chlorophyll content. In
immature fruits, chlorophylls are abundant and contribute to the characteristic green color.
As the pepper fruits mature and the chloroplasts differentiate into chromoplasts, the chloro-
phyll contents of the epicarp lower significantly, and the biosynthesis of carotenoids occurs.
During this process, carotenoids start to accumulate and contribute to fruit color [42,76].
The final carotenoid concentration is diverse, and the carotenoid profile is related to fruit
color at harvest [74]. Color changes in response to more than thirty types of carotenoids [42].
In mature peppers, the most diverse carotenoid profile consisted of β-carotene, violaxanthin,
antheraxanthin, zeaxanthin, and the intense red ketocarotenoids (capsanthin, capsorubin,
and capsanthin-5,6-epoxide) [74].

In addition to the maturation process, other factors that affect carotenoid contents in
peppers include genotype differences [85,86], environmental conditions during agricultural
production [87,88], postharvest handling [9], processing [89], and storage (Table 2) [76].

Light is an important environmental factor involved in carotenoid biosynthesis. The
quality and intensity of the light intercepted by the crop have a direct effect on the produc-
tion and accumulation of carotenoids in peppers [15].

In sweet pepper cultivars, enhanced accumulation of carotenoids was obtained by a
reduction in light intensity on the crop using shade nets. The five identified carotenoids
were capsanthin, lutein, β-cryptoxanthin, β-carotene, and phytoene. Of these, capsanthin
was the major carotenoid compound [8]. Similarly, reduced light stress in a shaded green-
house also promoted carotenoid accumulation in three orange-fruited pepper cultivars. For
these cultivars, the primary carotenoids present at the highest concentrations were lutein,
zeaxanthin, and violaxanthin [90]. The increase in carotenoid contents caused by shaded
conditions was also observable in postharvest studies. The use of black nets increased
the carotenoid contents of β-carotene and lycopene in two different red and yellow sweet
pepper cultivars [27].

The use of shading nets (black or colored) affects the accumulation of carotenoids in
peppers. Plants cultivated in unshaded conditions (open field) produced peppers with the
lowest levels of carotenoids in comparison to plants covered by black or colored shading
nets [91]. Unshaded plants yielded fruits with less than 50% of the carotenoid contents in
comparison to those grown under white nets. As for colored nets, peppers grown under
yellow and red nets contained the lowest amounts of carotenoids (except for the unshaded
control plants). However, ‘Kapia’-type red sweet peppers grown under white shading nets
resulted in significantly higher carotenoid contents in comparison to the green and yellow
shades [92].
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In postharvest studies of peppers, the exposure of green ‘Takanotsume’ peppers to
different light wavelengths affected the carotenoid profile (including β-carotene, free-
capsanthin, and total carotenoids). Peppers treated with red LEDs (660 nm) presented the
highest increase in carotenoid contents, followed by those exposed to blue LEDs (470 nm).
This response was associated with a reduction of chlorophyll in the fruits [9].

Accumulation of carotenoids can be induced by UV radiation (wavelengths from
100 to 400 nm). Of these, UV-A ranges from 315 to 400 nm, UV-B from 280 to 315 nm,
and UV-C from 100 to 280 nm [93]. UV-C wavelengths do not reach the Earth’s surface
but can be applied in horticulture by artificial illumination to enhance the biosynthesis of
metabolites. UV-C radiation has shown increased carotenoid levels when applied at low
intensities. Nonetheless, high intensities can negatively affect photosynthesis and damage
plant tissues [92].

The application of UV radiation to red sweet peppers during postharvest increased the
levels of carotenoids after 14 days at 7 ◦C. Carotenoids increased exponentially by exposure
to UV-C and UV-B in comparison to the non-UV treatment [94]. The UVR8 protein may
be the principal UV-B receptor, and its action spectrum also includes the UV-C region.
Thus, the application of low levels of single UV-C can also stimulate carotenoids and other
phytochemicals. Exposure to red and blue (RB) LEDs light and RB with far-red wavelengths
in red and yellow sweet pepper fruits increased the carotenoid content when compared
to natural light exposure. The major carotenoids found in red fruits were capsanthin and
capsorubin, whereas in yellow fruits, they were violaxanthin and lutenin [95]. In peppers
that accumulate plastids after the breaker, the far-red wavelengths can act as a signal for
the initiation of plastid accumulation [84]. Storage of habanero fruits in closed packages
at low temperatures under blue and UV-C treatments affected carotenoid biosynthesis.
During the first five days, the contents of chlorophylls and total carotenoids were reduced
in comparison to the untreated peppers. This response could be attributed to the synthesis
of photosynthetic pigments in chloroplasts to protect the photosystems [96].

Table 2. Effect of light-condition treatments on the carotenoid content in Capsicum species.

Capsicum spp. Light Treatment
Effects on Carotenoids
Compared to Control

Biosynthetic Effect

C. annuum
Sweet pepper

Colored shading net: white
with 40% shade and

controlled-temperature plastic
tunnel environment

Controlled temperature
plastic tunnel enhanced the
accumulation of carotenoid

components

Capsanthin biosynthesis was not
affected by treatments in most of the

cultivars; peppers showed a
homogeneous behavior in

β-cryptoxanthin biosynthesis, which
was not significantly affected in most

cultivars in any of the treatments.
Shading effect influences a change in

the active form of phytochrome,
facilitating the degradation of

phytochrome interacting factor
(PIF1a) and activating PSY1
expression and carotenoid

biosynthesis [8]

C. annuum
Sweet pepper
‘Cameleon’

Plastic tunnel plus colored
shading nets: red, black, pearl,

and blue shading nets with
40% shade, and open field

as control

Black nets increased the
carotenoid contents of

β-carotene and lycopene
Not reported [11]
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Table 2. Cont.

Capsicum spp. Light Treatment
Effects on Carotenoids
Compared to Control

Biosynthetic Effect

C. annuum
Sweet pepper

‘Karpex’

Colored shading nets: red,
yellow, red, green, and white

with 40% shade and unshaded
as control

The unshaded control
produced more than 50% less
carotenoid than that under the
white net. Peppers under the
yellow and red nets produced

the lowest content of
carotenoids

Exposure to high temperature and
radiation can lead to inhibition of

carotenoid biosynthesis [91]

C. annuum
Sweet pepper

‘Kapia’

Colored shading nets: white,
green, yellow, red, and

unshaded as control

White shade net resulted in
significantly higher carotenoid
content compared to the green

and the yellow nets

Not reported [92]

C. annuum
‘Fogo’

‘NuMex’
‘Sunset’

‘Orange Grande’

Shaded greenhouse with
40–50% shade, greenhouse
conditions, and open field

as control

Carotenoid concentrations
decreased in fruits grown

under increased light levels
and increased in treatments

with lower light intensity level

Not reported [90]

C. annuum
Red and yellow sweet

pepper

LED lighting treatments:
natural light with red and

blue LED, red and blue LED
with far-red light, and natural

light as control

In both colored fruits,
carotenoid content was higher

in LED treatments

Far-red light can act as a signal for
starting plastid accumulation.

Carotenoids changed by adding
far-red light to the red and blue

lighting [95]

C. annuum
Red sweet pepper

‘Angus’

UV lighting: UV-C, UV-B,
UV-B+C, and no UV treatment

as control

UV treatments induced
carotenoid accumulation; after

14 days at 7 ◦C, UV-B and
UV-C increased by 59% the

total carotenoid content, and
UVB + C by 94%

The active form of UVR8, a UV
photoreceptor specific for UV-C and
UV-B wavelengths, directly interacts

with COP1 and regulates the
expression of the HY5 gene, which

promotes the production of
carotenoids [94]

C. chinense
Habanero pepper

Irradiation treatments: blue
lamps (0, 1.5, and 3 min), and
UV-C light (0, 0.5, and 1 min)

at 4–5 ◦C

Both lights stimulated
bioactive compounds.

Carotenoid content increased
only in the first days of

storage

Blue and UV-C light may stimulate
the synthesis of chlorophylls and total

carotenoids [96]

C. annuum
Sweet peppers

LED lighting treatments in
postharvest: yellow light at a

wavelength of 590 nm and
dark conditions as control

LED light slightly accelerated
the ripening of fruits and
increased the content of
β-carotene, α-tocopherol,

γ-tocopherol, chlorophyll, and
lutein. Fruits showed higher

antioxidant potential

Not reported [97]

3.3. Phenolic Compounds

Phenolic compounds constitute another essential group of secondary metabolites
in Capsicum fruits. This group of compounds is usually reported as total phenolic com-
pounds (TPC) and include phenols, phenolic acids, flavonoids, anthocyanins, lignans and
lignins, stilbenes, and tannins. In peppers, the highest levels of TPC are found in the
pericarp of fruits [95,96]. Peppers are rich in polyphenols, such as p-coumaric, ferulic,
p-hydroxybenzoic, caffeic acid, sinapic acid, and quercetin-3-glucoside (Figure 4) [8].
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Figure 4. Phenolic compounds pathway in peppers (Capsicum spp.). Chemical structure of the most
abundant phenolic compounds in Capsicum fruits (from their precursors).

Phenolic compounds result from the adaptation of plants to biotic and abiotic con-
ditions that include infection, wounds, water, cold, and light intensity stress, among
others [80,98,99]. Phenolics assist and interact as defense mechanisms with biotic and
abiotic factors [52,100]. Phenolics quench the reactive oxygen species (ROS) produced
during stress and protect the photosynthetic cells, and are related to the capacity of plants
to absorb UV-B radiation [80,101].

Phenolic compounds are considered health-promoting metabolites [102]. Flavonoids
are associated with the prevention of cancer, cardiovascular and autoimmune diseases, and
are involved in the delay of the aging process [2]. These effects can be attributed to their
direct role as free radical scavengers; modulators of detoxification enzymes, oxidation, and
reduction processes; and strengtheners of the immune system, regulating gene expression,
cell signaling, and hormone metabolism [103,104].

Phenolic compounds are phytochemicals with one aromatic ring attached to a hy-
droxyl group at a minimum. Phenolic compounds are divided into different classes by
their chemical structure and the number of carbon atoms in their molecule [105]. The
classification of phenolic compounds depends on the number of phenol units as simple
phenols or polyphenols. Phenols contain one phenol unit, and polyphenols consist of two
or more phenolic groups, up to polymeric structures [98]. Polyphenols rarely appear as
free compounds and can be found in plants in the form of esters or glycosides with other
natural compounds such as flavonoids, alcohols, and sterols [2,106].
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3.3.1. Biosynthesis of Phenolic Compounds

Phenolic compounds are products of the secondary metabolism, in particular the shiki-
mate pathway. Even though the precursors, phenylalanine or tyrosine, are the same, this
pathway has different branches that lead to different compounds, which makes the biosyn-
thetic pathway very complex [107,108]. Multiple genes are involved in the regulation of
the different transcription factors involved in this pathway. Nonetheless, in Capsicum, only
a few of the genes are known. The synthesis of flavonoids and other phenolic compounds
can be regulated through a series of internal and external factors, including light [103]. The
biosynthesis of phenolics is closely related to PAR irradiation and spectral quality; therefore,
the manipulation of light conditions can cause changes in the content of metabolites and,
consequently, alter photoprotection mechanisms [109].

The biosynthesis of flavonoids follows the phenylpropanoid pathway, which is im-
pacted by environmental conditions. Nutrient deficiency, UV radiation, or an increase in
stress levels caused by pathogens can influence the biosynthesis of flavonoids in many
types of peppers [101].

In sweet pepper cultivars, the interaction between cultivar and growing conditions
under protected cultivation affected the accumulation of phenolic compounds and antioxi-
dant activity. Light intensity modified by white shade nets increased the accumulation of
phenolic compounds and antioxidant activity in most of the studied cultivars. Similarly,
the cultivation of peppers in plastic tunnels also favored the production of phenolics in
other cultivars [8]. Similar results under white and red nets were reported, where higher
R/FR ratios in spectral quality and reduced PAR increased the accumulation of phenols,
quercetin, and other flavonoids in peppers [22].

3.3.2. Effects of Light on Phenolic Compounds

Light intensity and spectral quality during cultivation enhance the content of TPC in
peppers [22,88] during cultivation, postharvest, and storage (Table 3) [96].

In postharvest studies, the spectral characteristics of light affect the accumulation
and retention of bioactive compounds and physicochemical parameters in green peppers
at harvest and during postharvest storage [22]. The antioxidant activity in peppers also
increases during postharvest storage; this activity is associated with the metabolic pathways
involved during the ripening and the production of lipophilic antioxidants [110]. Peppers
produced under black or yellow nets showed a reduction of TPC. A further reduction
was observed in fruits under black nets after postharvest storage. By contrast, peppers
produced under pearl and red nets had a higher concentration of total phenols at harvest
and remained high after postharvest storage. Total phenols, flavonoids, and even the
antioxidant capacity in bell peppers were among the highest in unshaded conditions [89].

Exposure of pepper fruits during postharvest to red and blue LED also changed the
TPC. Blue LED resulted in a significant increase in phenolic compounds in fruits when
compared to the red LED and the control (fruits incubated in darkness). This effect was
spectrum-specific as the red LED did not cause a significantly different response of the
TPC [78]. Similar studies revealed an increase in total phenolic compounds in yellow and
green sweet peppers exposed to red LED light and red peppers exposed to blue LED light
during postharvest by increasing phenylalanine ammonia-lyase activity [24]. As described
before, a wide variety of enzyme-catalyzed reactions are involved in the biosynthesis of
phenols and flavonoids. However, only some of the genes involved in the Capsicum genus
are known [98]. Therefore, detailed studies at the genomic and transcriptional levels are
needed to elucidate the mechanism of light effects on phenolic compound production
in peppers.
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Table 3. Effect of light-condition treatments on the phenolic compounds content in Capsicum species.

Capsicum spp. Light Treatment
Effects on Phenolic

Compounds
Compared to Control

Biosynthetic Effect

C. annuum
Sweet peppers

c.v. ‘California Wonder’

Polytrench greenhouse,
shaded greenhouse

(Polytrench + red shade net),
and open field as control

The total contents of phenols
and flavonoids were reduced

by 35.2 and 14.6%,
respectively, in the

greenhouse treatment.

Not reported [106]

C. annuum
Green sweet peppers

Colored shading nets: pearl,
red, and yellow with 40%

shade, and black net with 25%
shade as control

Fruits produced under the
pearl nets showed higher
ascorbic acid content, and

antioxidant scavenging
activity after

postharvest storage

Red–far-red photon ratio
under the pearl net could

have improved the ascorbic
acid content and the

antioxidant scavenging
activity in green peppers [22]

C. annuum
Sweet peppers

Colored shading nets: black,
red, silver, white with 30% to

46% shade, and unshaded
as control

Total phenols and flavonoids
were among the highest in the

unshaded treatment and
under the white net, and the

lowest content under the
black net

Not reported [87]

C. annuum
Sweet peppers, eleven

cultivars

Colored shading net: white
with 40% shade and

controlled temperature
plastic tunnel

White shade nets increased
the accumulation of phenolic
compounds and antioxidant

activity in most of the
studied cultivars

Not reported [8]

C. annuum
c.v. ‘Takanotsume’

LED lighting treatments: red
(660 nm) and blue (470 nm)

light at an intensity of
50 μmol·m−2·s−1

The total phenolic, vitamin C
content, and antioxidant

capacity were higher in the
blue LED-treated fruits

The blue LED was more
effective in increasing the

expression of the phytoene
synthase (Psy) gene [78]

C. annuum
Red sweet peppers

HPS and LED lighting in a
glass greenhouse

LEDs at 622 nm enhanced
phenolic compounds. HPS

lighting supplemented with
different LEDs was

not efficient.

Not reported [111]

C. annuum
Purple bell pepper

LED lighting treatments:
white-red, and blue light

High blue-light fractions
increased anthocyanin levels;
white-red light is not efficient

in the accumulation
of anthocyanins

Increasing anthocyanin levels,
via enhancing anthocyanin

biosynthesis, was supported
by kinetic modeling and

higher expression levels of the
anthocyanin biosynthetic

genes CaMYB, CaCHS, CaDFR,
CaANS and CaUFGT [85]

C. annuum
Yellow, green, and red

sweet peppers

LED lighting treatments: red,
blue, and white light, and

darkness as control

Red LED light for 8 h per day
during storage at 7 ◦C was

beneficial to retain bioactive
compounds such as phenols

and flavonoids

PAL activity in the yellow and
green peppers exposed to red
LED light increased and was

correlated with the number of
bioactive compounds [24]

Exposure of bell peppers to UV-C radiation in postharvest studies reduced the in-
cidence and severity of the chilling injury and reduced the accumulation of phenolic
compounds [112]. The response to UV-C radiation is highly dose-dependent as exposure
to UV-C may significantly affect the enzymes involved in the biosynthesis of phytochem-
icals [113]. Moderate doses induce physiological responses, whereas high doses may
reduce the enzymatic role, which causes a reduction in the production of bioactive phenolic
compounds and other antioxidants [114].
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4. Summary

Light is an elicitor of bioactive compounds in peppers and affects the biosynthesis
and accumulation of phytochemicals. Current horticultural technologies that modify light
intensity and spectrum aimed at improving pepper yields can also cause changes in the
accumulation of bioactive compounds. The use of shade nets or plastic covers to reduce
light intensity does not seem to yield consistent responses on the phytochemical profile,
as the final profile results from the interaction of several factors. Exposure of plants to
supplemental light with specific wavelengths seems to result in a more precise stimulation
of specific metabolites. The molecular mechanisms underlying the specific effects of light
on the phytochemical profile of peppers are still unclear. Further research is needed for a
better understanding of the biochemical and molecular mechanisms of phytochemicals to
reveal the complete effects of light on the phytochemical profile of peppers.
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Abstract: The metabolism of a building can be connected to a rooftop greenhouse, exchanging energy,
water and CO2 flows, therefore reducing emissions and recycling cultivation inputs. However,
integrating a rooftop greenhouse onto a building requires the application of stringent safety codes
(e.g., fire, seismic codes), to strengthen and secure the structure with safety elements such as thick
steel pillars or fireproof covering materials. These elements can shade the vegetation or reduce solar
radiation entering the rooftop greenhouse. Nevertheless, application of additional LED light can
help to overcome this constraint. The present study evaluated supplemental LED light application in
an integrated rooftop greenhouse (i-RTG) at the ICTA-UAB research institute, located in Barcelona
(Spain), for tomato cultivation (Solanum lycopersicum cv. Siranzo). The experiment explored the effects
of three LED lighting treatments and a control cultivated under natural light only (CK). Applied
treatments, added to natural sunlight, were: red and blue (RB), red and blue + far-red (FR) for the
whole day, and red and blue + far-red at the end-of-day (EOD), each for 16 h d−1 (8 a.m.–12 a.m.)
with an intensity of 170 μmol m−2 s−1. The results indicate that LED light increased the overall
yield by 17% compared with CK plants. In particular, CK tomatoes were 9.3% lighter and 7.2%
fewer as compared with tomatoes grown under LED treatments. Fruit ripening was also affected,
with an increase of 35% red proximal fruit in LED-treated plants. In conclusion, LED light seems to
positively affect the development and growth of tomatoes in building integrated agriculture in the
Mediterranean area.

Keywords: light emitting diode; rooftop greenhouse; building-integrated agriculture; Solanum lycopersicum;
chilling injury

1. Introduction

Recent historical events, such as the COVID-19 pandemic and new geo-political
arrangements, have demonstrated the need for more resilient food systems capable of
ensuring food self-sufficiency, especially in response to sudden changes [1]. This need
for resilience of the food supply chain particularly relates to the urban context, where
half of the world’s population is currently living [2]. Urban agriculture (UA) (e.g., home
gardening, vertical farming, rooftop agriculture) has been identified as a viable solution
to promote local production, ensure food security, reduce food waste and create more
sustainable food systems [3].

In its most advanced form, UA is applied in or on urban structures as a building-
integrated agriculture (BIA) system [4]. Rooftop farming is an example of BIA, applicable
both in unprotected (open-air farms) and protected conditions (rooftop greenhouses) [5].
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The latter case represents a sustainable method of building and cultivation integration,
linking the metabolisms of the two systems and symbiotic exchange of CO2, heat, and water,
favoring the optimization of cultivation inputs, energy saving, and emission reduction [6].
In particular, an integrated rooftop greenhouse (i-RTG) was shown to be able to recycle
about 342 kWh m−2 yr−1 from the main building, which, compared with a traditional fossil-
fuel-heated greenhouse, can result in a CO2 retention of about 114 kg CO2 (eq) m−2 yr−1,
corresponding to about 20 EUR m−2 yr−1 in economic savings [7]. However, despite
the potential environmental and economic benefits, production in an urban i-RTG may
present some limitations due to the shading of surrounding buildings, as well as the bulky
structural items, and the loss of transmissivity of fireproof covering materials (e.g., polycar-
bonate). In fact, given the integration in a city context, the structure must comply with the
municipality’s structural and fire safety codes, with consequent constraints affecting the
greenhouse light environment [8,9].

Supplementary LED light is receiving wide application in various greenhouse pro-
duction contexts characterized by reduced solar radiation, such as the cultivation of high-
density crops, at high latitudes or during darker seasons [10–12]. In the Mediterranean
region, supplementary lighting is still limited in use and applied mainly between October
and March [13]. However, a more extensive application might be of interest also for the
Southern European sector, especially considering the low transmissivity of the chosen
plastic roofing materials (60% of PAR reduction) or the need to whitewash greenhouses to
protect plants from excessive heat during the summer period [13]. These factors, together
with increasing competition from Nordic countries, make it necessary for a technological
upgrade in the Mediterranean greenhouse sector [14]. Although research has already begun
to investigate the effects of supplementary LED light, even in Southern Europe [15–17],
nothing has yet been demonstrated regarding its application in a low-solar-irradiance BIA
context, whether in warm or cold climates. The present research aims to identify the poten-
tial benefits and limitations of supplementary LED lighting in the context of agriculture
applied to buildings, with a specific focus on the Mediterranean.

2. Materials and Methods

2.1. Plants Growing Conditions

The experiment was performed in the i-RTG at the Institute of Environmental Science
and Technology (ICTA-UAB) of the Universitat Autònoma de Barcelona (Catalunya, Spain)
(41◦49′78′′ N, 2◦10′89′′ E) (Figure 1a). The i-RTG structure consisted of reinforced steel
pillars and polycarbonate cladding to satisfy the Spanish Technical Code of Edification and
fire safety laws [9].

Tomato plants (Solanum lycopersicum L. cv. ‘Siranzo’, Rijk Zwaan®) were cultivated in
the south-east oriented corner of the building using a high-wire hydroponic system. Perlite
bags (40 L) were used to support plants. Plant distance within rows was 30 cm, while
the distance between rows was 80 cm, for a planting density of 3.1 plants m−2. In total,
9 rows (5 m in length each) of plants were cultivated, out of which 5 rows were used as
buffers to avoid light treatment pollution among blocks (Figure 1b). The plants were sown
in peat in late January and transplanted into perlite bags in mid-March. The experiment
was terminated at the end of July.

Plants were fertigated with a closed-loop drip irrigation system using the rainwater
collected in an underground tank and transported to the top floor by a pump. Irriga-
tion shifts and fertilizer amounts were adjusted during the experiment according to the
phenological stage and climatic conditions, maintaining an average pH of 7 and an EC
of 1.7 dS m−1. Nutrient solution (Table 1), drainage, and rainwater were checked daily
to maintain stable nutrition, pH and EC. Temperature (25 ± 4 ◦C), relative humidity
(61 ± 14%), and outdoor (294 ± 344 W m−2) and indoor (110 ± 136 W m−2) radiation
were constantly monitored using computer-monitored sensors. Passive ventilation was
automatically adjusted according to environmental conditions by opening top and lateral
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windows. The residual heat coming from the lower floors of the building was used to
warm-up the greenhouse during cool days.

Figure 1. Location, experimental area, and shading elements of the i-RTG at ICTA-UAB (a). Experi-
mental design and heatmap of internal shadings of experiment area (b).

Table 1. Composition of nutrient solutions during spring and summer period.

Spring Summer

Composition kg L−1 kg L−1

KH2PO4 0.017 0.014
KNO3 0.015 0.005
K2SO4 0.035 0.035

Ca(NO3)2 0.049 0.049
CaCl2 0.014 0.014

Mg(NO3)2 0.011 0.015
Hortrilon 0.001 0.001

Sequestrene 0.001 0.001

2.2. Light Treatment and Experimental Design

Each light treatment was provided by a couple of LED inter-lighting lamps (Philips
GreenPower LED, Philips®, Amsterdam, The Netherlands) located at 50 cm and 80 cm of
height, and at 30 cm of distance from the stem. A control using natural light only (CK), plus
three different supplemental LED lighting regimes, were evaluated. Lighting treatments
consisted of:

(1) Red (660 nm) and blue (465 nm) light with R:B ratio of 3, a total photosynthetic photon
flux density (PPFD) of 170 μmol m−2 s−1 (85 μmol m−2 s−1 per each lamp, measured
at 30 cm from the plant) and a photoperiod of 16 h d−1 (8 a.m.–12 a.m.) (namely RB);
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(2) RB treatment with an addition of 40 μmol m−2 s−1 of far-red light (730 nm) during
the whole photoperiod (namely FR);

(3) RB treatment with an addition of 40 μmol m−2 s−1 of far-red, added only for 30 min
right after the end of photoperiod (end-of-day) (namely EOD).

Lighting treatments started in mid-April until the end of the trial. A Latin square
design was used to reduce systematic error determined by the shading of air conducts and
structural elements on plants (Figure 1b). The experiment was divided into 4 replicates
(n = 4) containing 3 plants per treatment (12 plants per treatment). Lines of buffer plants
were used to screen the radiation coming from parallel rows, and 1 or 2 buffer plants were
used between two adjacent treatments to avoid light interactions on the row (Figure 1b).

2.3. Plant Vegetative, Physiological and Biochemical Measurements

Stem and collar diameter were measured every two weeks from the beginning of
lighting treatment until the end of May, at 1 cm under the fruit truss and 1 cm from the
perlite bag, respectively. Internodes length was measured weekly as the distance between
two consecutive fruit trusses. Apical growth and the number of clusters were measured
every week until plant topping occurred in the last week of June. Final fresh weight of the
entire plant biomass (e.g., leaves and stems) was measured with a digital scale at the end of
the experiment.

Leaf area was evaluated on the last week of May using Easy Leaf Area software
(Department of Plant Sciences, University of California, Davis, CA, USA) [18] on the first
leaf above the third fruit truss of each plant. The same leaves were measured as fresh and
after drying at 60 ◦C per 4 days. Weight measurements were used to evaluate leaf dry
matter content (LDMC), as the ratio between leaf dry mass and leaf fresh mass (mg g−1),
and specific leaf area (SLA), as the ratio between leaf area and leaf dry mass (m2 kg−1) [19].

Chlorophyll content of leaves was evaluated in the first week of June, considering
three points of the first leaf right under the third fruit truss of each plant. A Chlorophyll
Content Meter CCM-200 (Opti-Sciences®, Hudson, NY, USA) was used to non-destructively
estimate the content based on the ratio of light transmittance at 653 nm and at 931 nm [20].

Analysis of micro- and macro-elements (B, Mn, Fe, Cu, Zn, Na, Mg, K, P, S, and Ca)
of plant biomass was carried out through a digestion process with HNO3 and analyzed
using ICP-OES optical spectrometry (Optima 4300DV, Perkin-Elmer, Waltham, MA, USA)
as reported in Arcas-Pilz et al. [21]. The analysis was conducted on leaf samples collected
weekly, and plant stems collected at the end of the experiment. Leaves and stems were
analyzed separately.

2.4. Fruit Development and Yield

Fruit development was monitored on the proximal fruit of the first produced cluster,
representative of spring development (Follow-up 1), and the fourth cluster, representative
of summer development (Follow-up 2), by measuring the equatorial and polar diameter.
Evaluations were taken two times per week during the first three weeks and once a week
during the last three weeks, starting from 12 days after anthesis until stabilization of fruit
growth (around the turning phase). A digital Vernier caliper was used to measure the polar
and equatorial dimensions (cm), estimating the volume of the fruit as the volume of an
ellipsoid of rotation V = (4/3) πab2, where a is one half of the polar radius and b is one half
of the equatorial radius [22]. Ripening was evaluated on the same fruit two weeks before
harvesting using a DA-Meter (SINTELEIA®, Bologna, Italy), which non-destructively
evaluated the chlorophyll degradation and correlated it with a ripening index.

From the beginning of June until the end of the trial, fruits were harvested once per
week (in total 6 clusters per plant). Fresh weight of the total clusters of each treatment
was measured with a digital scale. The number of fruits per cluster was counted for each
plant. At harvesting, fruits were divided, counted, and weighed as consumable and non-
consumable, in which consumable was considered a mature red or dark orange tomato,
and not consumable was considered a fruit backward in growth and ripening, mostly green
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and with small dimensions (<3 cm). This definition was not established on the basis of
commercial parameters but rather on the assessment of the edibility of tomatoes to be used
for local and direct consumption by the office workers. The average fresh weight of an
individual fruit per treatment was estimated by dividing the total fresh weight by the total
number of fruits. The total fresh mass of fruit produced by the plant was estimated by
multiplying the number of fruits of each plant by the average fresh weight of an individual
fruit for each treatment.

2.5. Fruit Quality and Biochemical Analysis
2.5.1. Fruit Qualitative Evaluation

Fruit qualitative evaluations were performed two times on mature tomatoes (spring
development, Follow-up 1, and summer development, Follow-up 2), and one time on
immature tomatoes at the turning stage (summer development, Follow-up 2). Mature
tomatoes were selected considering a DA-Meter range index between 1.30 and 1.50, whereas
immature tomatoes were selected considering a range index between 0.20 and 0.40.

Fruit hardness was evaluated using a fruit hardness tester (Turoni®, Forlì, Italy) on
four opposite sides of the equatorial diameter of the fruit. The instrument non-destructively
measured the elasticity of fruit exocarp, expressing it as an index ranging from 0 to 100.
Soluble solid content and acidity were measured on fruit juice using a pocket Brix and
acidity meter (PAL-BX|ACID3, Atago®, Tokyo, Japan). Fruit dry matter content (FDMC)
was measured as the ratio between fruit fresh weight and dried fruit.

2.5.2. Lycopene and β-Carotene Content

Lycopene and β-carotene content were evaluated on tomato samples frozen at −20 ◦C,
using the methodology described by Anthon and Barrett [23], with slight modifications.
Briefly, an extraction solution was prepared by mixing hexane, acetone, and ethanol in a
v:v proportion of 2:1:1 and 0.5 g L−1 of butylated hydroxytoluene (BHT). Thereafter, 0.5 g
of frozen sample including exocarp and mesocarp, trying to avoid the green parts (e.g.,
petiole), were pestled and mixed with 10 mL of extraction solution. The material was left in
darkness for 30 min and then centrifuged at 5000 rpm for 5 min. Finally, 1 mL of supernatant
was read at 503 nm for lycopene and 444 nm for β-carotene with a spectrophotometer
(8453 UV-Visible Spectrophotometer, HP®, Palo Alto, CA, USA).

The lycopene content was calculated using the following formula:

lycopene (mg/kg) = (X/Y) × A503 × 3.12, (1)

where X is the amount of hexane (mL), Y the weight of the fruit tissue (g), A503 is the
absorbance at 503 nm, and 3.12 is the extinction coefficient. β-Carotene was calculated with
the following equation:

β-carotene = (9.38 × A444 − 6.70 × A503) × 0.55 × 537 × V/W, (2)

where A444 is the absorbance at 444 nm, A503 is the absorbance at 503 nm, 0.55 is the
ratio of the final hexane layer volume to the volume of mixed solvents added for hex-
ane:acetone:ethanol (2:1:1), V is the volume of mixed solvents added, W is the fresh weight
of the sample, and 537 (g mole−1) is the molecular weight of β-carotene.

2.5.3. Total Polyphenols and Total Antioxidant Capacity

Total polyphenols and total antioxidant capacity were evaluated on tomato samples
frozen at −20 ◦C. The extraction was performed by placing 4 g of samples in tubes and
adding 8 mL of extraction mixture (60% methanol, 30% H2O, 10% acetone). The process
was carried out by centrifugation at 5000 rpm for 10 min at 4 ◦C. Supernatant was collected
and used for antioxidant and total phenol analysis.

Total antioxidant capacity was analyzed using the FRAP (Ferric Reducing Antioxidant
Power) method, developed following the method of Benzie and Strain [24], with slight
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modifications. Briefly, a reaction mixture containing acetate buffer (pH 3.6), 300 mM of
2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ) solution (in 40 mM HCl) and 20 mM FeCl3 was
prepared in a v:v:v proportion of 10:1:1 and incubated at 37 ◦C for 2 h in darkness. Then,
1.2 mL of reaction mixture was added to 20 μL of supernatant and incubated for 1 h
at room temperature in darkness. Calibration standards were prepared by dissolving
28 mg of FeSO4 in 10 mL of H2O (10 mM) and subsequently diluting 1 mL of the solution
with 1 mL of H2O (5 mM). Six Eppendorf tubes containing 40 μL of H2O were prepared
and 20 μL of 5 mM solution were added to the first Eppendorf (2.5 mM). The operation
was repeated moving 20 μL of solution, from one tube to another 6 times, in order to
halve the concentration at each dilution. A blank with 40 μL of H2O was also prepared.
Samples and standards were read at 593 nm with a spectrophotometer (8453 UV-Visible
Spectrophotometer, HP®, Palo Alto, CA, USA).

Total polyphenols were determined using the methodology described by Water-
house [25], with slight modifications. Briefly, 50 μL of sample extract were added to
800 μL of extraction mixture (H2O and Folin–Ciocalteu reagent in a v:v proportion of
15:1). Calibration standards were prepared by dissolving 80 mg of gallic acid in 10 mL of
H2O (8 mg mL−1) and subsequently diluting 0.5 mL of the solution with 4.5 mL of H2O
(800 μg mL−1). Six Eppendorf tubes containing 50 μL of H2O were prepared and 50 μL of
800 μg mL−1 solution were added to the first (400 μg mL−1). The operation was repeated
moving 50 μL of solution from one tube to another for 6 times, in order to halve the concen-
tration at each dilution. A blank with 50 μL of H2O was also prepared. After an incubation
of 5 min, samples and standards were added with 150 μL of 20% Na2CO3, incubated for 1 h
at room temperature and then read at 765 nm with a spectrophotometer (8453 UV-Visible
Spectrophotometer, HP®, Palo Alto, CA, USA).

2.6. Chilling Injury Analysis

In mid-June, both mature (DA-Meter Index 1.30–1.50) and immature tomatoes (DA-
Meter Index 0.20–0.40) were harvested and stored for one week at 4 ◦C. After cold storage,
fruits were moved into a dark room at 20 ◦C, 60% RH and 600–660 ppm of CO2 for 2 weeks.
Measurements took place right after 4 ◦C chilling (T1) and 10 days after 20 ◦C storage (T2).

Non-destructive analyses, including fresh weight loss, hardness, and ripening, were
performed on the same tomatoes at T1 and T2 as described above. Fruit fresh weight was
also evaluated before chilling. Destructive analyses, including soluble solids, lycopene
content, β-carotene content, antioxidant activity, and total phenol content, were performed
at the end (T2) of chilling injury evaluation as described above.

Chilling injury index was visually attributed at T2 according to Vega-Garcìa et al. [26]
and Affandi et al. [27]. In particular, the criteria to evaluate the symptoms of chilling dam-
age consisted of: uneven ripening and color development (U), pitting (P), and decay (D). A
five-point scale was used to attribute the severity of the symptoms based on the percentage of
affected fruit surface: 0 = no injury, 1 ≤ 10%, 2 = 11% to 25%, 3 = 26% to 40%, and 4 ≥ 40%.

2.7. Energy Cost Assessment

The energy cost assessment was calculated based on the actual consumption of a lamp
with standard RB treatment (0.044 kW) applied for 16 h per day (0.704 kWh d−1). Costs
were estimated per plant per day, assuming that treatments were carried out with double
lamps and that each pair of lamps covered about four plants. The price of electricity was
acquired from EUROSTAT [28] dataset considering household electricity prices for Italy
(0.176 € kWh−1) and Spain (0.188 € kWh−1) in 2021, the two main producers of tomato in
the Mediterranean area.

2.8. Statistical Analysis

Statistical analysis was performed by applying one-way ANOVA and Tukey’s test to
compare means. Data were analyzed by using SPSS software. The Marascuilo procedure
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was used to compare multiple proportions in case of maturation degree and chilling injury
index evaluation. Statistics considered a 5% significance level (p ≤ 0.05).

3. Results

The influence of LED light on plants vegetative parameters was not significant. In par-
ticular, stem and collar diameter measurements showed no significant differences between
light treatments and unlighted control at each time point (data not shown). Concurrently,
an absence of differences was observed in the average internode length, although the third
internode of CK plants showed a significant increase in length compared with RB treatment,
featuring mean lengths of 31 ± 2 and 27 ± 4 cm, respectively. This difference disappeared
in the following internodes. However, the average elongation of the plant apex showed
a significantly greater length in the unilluminated control than in the RB treatment, with
mean lengths of 29 ± 3 and 25 ± 3 cm, respectively. The final fresh weight of the entire
plant, leaves and stems, did not show any difference (data not shown). In the same way, leaf
area, LDMC, SLA, and chlorophyll content did not present statistically significant changes
among treatments. Lighting regimes did not affect leaves’ micro- and macro-elements
content (Table 2). At the same time, stems presented significantly different accumulations
of Fe, Cu, Mg, K, and P elements depending on light treatment. In particular, Cu and P
were shown to have a greater accumulation in CK plants than in LED-treated plants, as
reported in Table 2.

Table 2. Mineral element contents (mg L−1) in leaves and stems of tomato plants grown under different
lighting treatments (different letters indicate significant differences at p ≤ 0.05, SE = Standard Error).

B Mn Fe Cu Zn Na Mg K P S Ca
Leaves

CK 1.0 a 0.5 a 3.0 a 0.2 a 0.5 a 51.2 a 62.3 a 465.5 a 49.6 a 213.7 a 595.4 a

RB 0.9 a 0.4 a 3.7 a 0.3 a 0.5 a 42.2 a 64.3 a 391.1 a 38.5 a 195.5 a 573.8 a

FR 0.9 a 0.4 a 2.7 a 0.2 a 0.5 a 47.1 a 66.5 a 413.5 a 41.9 a 189.2 a 559.5 a

EOD 1.0 a 0.5 a 3.6 a 0.2 a 0.4 a 51.9 a 66.3 a 426.1 a 42.6 a 199.5 a 590.9 a

SE 0.1 0.0 0.6 0.1 0.0 6.1 4.6 32.1 4.9 15.3 40.1
Stem

CK 0.5 a 0.1 a 0.4 b 0.2 a 0.5 a 53.4 a 36.2 b 498.8 ab 62.3 a 30.2 a 139.7 a

RB 0.5 a 0.2 a 0.7 a 0.1 b 0.5 a 46.3 a 43.5 a 536.1 a 52.8 ab 34.4 a 154.2 a

FR 0.5 a 0.1 a 0.4 b 0.1 b 0.4 a 55.3 a 37.7 ab 421.8 b 45.7 b 28.6 a 117.6 a

EOD 0.5 a 0.1 a 0.4 b 0.1 b 0.3 a 48.3 a 32.0 b 442.6 ab 47.0 b 26.9 a 112.9 a

SE 0 0.1 0.1 0.0 0.1 9.0 2.5 40.3 5.3 3.5 19.9

The increase in volume of proximal fruits showed different trends depending on
the season. In particular, fruits of Follow-up 1, representative of the spring season, were
not affected by the lighting regimes (data not shown). In contrast, fruits of Follow-up 2,
representative of the summer period, showed clear differences in growth, particularly
comparing CK and RB treatments (Figure 2). Evaluation of ripening degree showed the
same seasonal difference, demonstrating no difference for representative spring season
fruit. In contrast, summer fruit seemed to present a faster ripening when exposed to LED
light treatments, showing 35% more red fruit compared with CK plants (Figure 3).

Control tomatoes were approximately 9.3% lighter than tomatoes grown under light
treatments (approximately 93.8 g for CK and 103.5 g in LED-treated plants). Fruit number
was also lower (−7.2%) in control plants than in LED-treated plants (38.4 fruits plant−1

in CK and 41.4 fruits plant−1 in LED-treated plants). The statistical evaluation shows a
significantly higher yield of LED-treated plants (RB, FR, and EOD) as compared with those
grown with natural light only (CK). In particular, plants grown without supplemental
LED light showed around 17% lower yield as compared with those grown with LED light
(3.6 kg plant−1 in CK and 4.4 in LED-treated plants). Regarding yields for consumable and
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non-consumable tomatoes of each treatment, plants treated with LED lights produced a
lower number of consumable red tomatoes (−9.3%) than control plants, although these
fruits were larger in size (+10.5%). On the contrary, non-consumable green tomatoes of
LED treatments were higher in number (+8.8%) than those in control, still presenting a
larger average size (+13.7%).

Figure 2. Volume development of representative fruit of summer period (Follow-up 2) depending on
days after anthesis (DAA) (different letters indicate significant differences at p ≤ 0.05).

Figure 3. Comparison of multiple proportions (a) and respective significance (p ≤ 0.05) (b) for five
tomato maturation classes (c) depending on lighting treatment applied to fruits of Follow-up 2.
(different letters indicate significant differences at p ≤ 0.05).
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Qualitative and biochemical parameters showed different trends depending on the
period in which the fruits developed (e.g., spring or summer) and the ripening stage at
harvest (e.g., mature or immature) (Figure 4). In particular, observing representative fruits
from the spring period, no significant differences were observed concerning the evaluation
of qualitative parameters. However, a significantly lower content of antioxidants and
phenols was observed in control fruits’ phenol content and antioxidant capacity compared
with those grown with LED light treatments (Figure 4). In the case of summer fruits
harvested at the mature stage, qualitative analyses showed lower acidity in fruits from
the EOD treatment than the RB treatment (a reduction by 44.4% in EOD compared with
RB), but no difference at the biochemical level. Finally, the evaluation of immature fruits,
carried out only for the summer period, showed significantly higher hardness in fruits
obtained from the RB treatment as compared with those produced by CK plants (11.5% less
in CK compared with RB), and significantly higher soluble solid content in the RB than CK
and EOD (13.7% less in CK and EOD compared with RB). For the biochemical analysis, the
immature fruits from the summer period had a statistically significantly lower β-carotene
content than RB and CK treatments (Figure 4). FDMC of selected fruits did not show any
significant difference among treatments (data not shown).

Figure 4. Qualitative and biochemical evaluation of mature and immature tomatoes representative
of spring (Follow-up 1) and summer (Follow-up 2) periods (different letters indicate significant
differences at p ≤ 0.05, SE = Standard Error).

Cold storage showed different results on tomatoes depending on the ripeness degree.
In particular, immature tomatoes showed no significant differences over time, except for
polyphenol content. Indeed, polyphenols were found to be statistically lower in EOD and
FR treatments compared with RB at T2, whereas no differences were observed among
LED treatments and control (31.8 ± 8 mg GA 100 g−1 in CK, 39.2 ± 6 in RB, 26.1 ± 4 in
FR and 19.9 ± 7 in EOD). Immature fruits also showed more irregular ripening with the
application of additional LED treatments, whereas no uneven ripening was observed in CK
fruit (Figure 5a). No significant statistical changes were observed in the case of pitting or
decay evaluation for immature tomatoes (data not shown). On the other hand, ripe fruits
showed significantly higher weight loss in CK compared with FR and EOD treatments
immediately after 4 ◦C chilling (T1) (1.6 ± 0.1% in CK, 1.1 ± 0.4 in RB, 0.7 ± 0.3 in FR,
and 0.6 ± 0.4 in EOD). However, differences among treatments disappeared after 10 days
(T2). Differences in mature tomatoes were also observed in the case of β-carotene content,
where RB treatment showed a significantly higher concentration than EOD treatment at T2
(4.9 ± 0.7 mg kg−1 in CK, 5.9 ± 0.9 in RB, 4.6 ± 0.7 in FR, and 4.1 ± 0.9 in EOD). Regarding
chilling injury assessment, ripe tomatoes treated with RB light showed a significantly higher
number of fruits in the intermediate class of decay compared with the other treatments
10 days after chilling (T2) (Figure 5b). However, although not significant, CK presented
80% more fruits in the highest decay class compared with fruits treated with RB light. No
significant changes were observed in the case of pitting and uneven ripening evaluation
for ripened tomatoes (data not shown).
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Figure 5. Comparison of multiple proportions and respective significance (p ≤ 0.05) of five chilling
injury classes (0–4) depending on lighting treatment. Reported chilling injury refers to uneven
ripening of immature fruit (a) and decay of mature fruit (b). (different letters indicate significant
differences at p ≤ 0.05).

Evaluation of energy consumption per plant showed an average value of about
0.022 kW, which multiplied by 16 h of treatment results in a daily consumption of about
0.352 kWh per plant. Considering this consumption and the household electricity costs re-
ported above [28], the daily cost to obtain a yield increase of 17% during the spring–summer
period is about 0.06 EUR plant−1 d−1 for Italy and 0.07 EUR plant−1 d−1 for Spain, resulting
in an increased cost by 1.27 EUR kg−1 in Italy and 1.35 EUR kg−1 in Spain.

4. Discussion

The amount of light radiation intercepted by plants depends on both the leaf area index
(LAI, total leaf area per unit ground area) and a light extinction coefficient (k) influenced
by morphological factors [29]. The capacity to modify plant architecture and consequently
increase light interception is fundamental for improving photosynthetic rate. Specific
wavelengths are known to influence and modify some vegetative and morphological traits
of tomato plants. In particular, far-red radiation has been shown to have effects on the
elongation of tomato internodes, leaf morphology, and inclination [12,30,31], being related
to the so-called shade avoidance syndrome [32]. This phenomenon is determined by a low
R:FR perception by plant phytochromes, triggering different responses that also involve
leaf development, apical dominance, internode extension, chloroplast development, and
assimilate partitioning, among others [33]. In natural conditions, without the artificial
addition of far-red light, this phenomenon can be triggered by the far-red reflected by the
leaves of the surrounding canopy as a signal of competition [34]. Furthermore, a natural
low R:FR ratio can also occur at the end of the day [35], when the sun is low and longer
wavelengths can travel further in the atmosphere.

In this report, the effects of different LED supplemental lighting spectral conditions,
with or without far-red, have been evaluated on greenhouse tomato growth. Most vegeta-
tive and physiological traits were not affected by lighting regimes, contrary to what was
reported by other researches, where some parameters, such as plant height or leaf area,
were increased by far-red addition as compared with red and blue treatment alone [36].
The average apical elongation was the only parameter showing statistically significant
differences, resulting in CK values higher than RB, but not than FR and EOD, as a possible
consequence of the elongation effect given by far-red presence. On the other hand, the
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absence of a statistical difference among FR and EOD compared with RB may be attributed
to the presence of the blue wavelength beside far-red light, known to have a possible dwarf-
ing effect on plants, therefore lowering LED-treated plants’ height [37]. Concerning mineral
element evaluation, previous studies suggested that light treatments might impact their
accumulation in some plant organs [38,39]. In particular, Samuolienė et al. [40] observed a
higher accumulation of elements in tomato leaves grown with supplemental green LED
light. In the present research, however, no differences were observed in leaves, although
the different lighting treatments seem to have played different effects on the accumulation
of specific elements in plant stems (Table 2).

Supplemental LED light can increase the photosynthetic rate of tomato plants and
consequently influence fruit size and weight [41]. However, the effect of light on fruit
growth can be affected by its position on the cluster, given the greater sink strength that a
proximal fruit can have compared with a distal fruit. The sink strength of proximal fruit is
related to higher cell division due to competitive assimilating processes triggered in the
first phase of fruit development after pollination [42]. In the following stages, the fruit
accumulates most of its dry matter and undergoes a process of cell enlargement until it
reaches the final stage of ripening, where it stops accumulating carbohydrates [43]. In high-
wire systems, where tomato plants are periodically lowered, fruits in the cell division stage
are at the top of the plant, away from the LED lamps, whereas during the cell enlargement
stage, fruits are at the bottom of the plant near the lamps. It might be possible to think that
the lamps can only affect the second development stage, being in direct contact with the
fruits. However, when comparing the volume growth over time of representative tomato
fruits from spring (Follow-up 1) and summer (Follow-up 2) phases, different conclusions
may be drawn. Whereas earlier in the season no significant differences were observed
between treatments, later, RB treatment showed a significantly greater dimension of fruits
than CK, already after the second measurement (T2) (Figure 2). Whereas the light treatment
for spring fruits was started after anthesis, on already formed fruit, in summer fruits, the
treatment was already in progress since the early flowering. From these observations, it can
be deduced that, despite being distant from the lamps, summer fruits have been affected
by LED light, accumulating a major quantity of assimilates since the cell division stage.
A similar response was also reported by Paponov et al. [11], although differences were
mainly observed in fruits at the intermediate position in the cluster.

The presence of far-red might influence the enhancement of tomatoes fresh weight [31,44].
However, as formerly observed in other studies performed in the Mediterranean area [17],
the presence of additional far-red did not seem to have specifically affected plant yield.
However, a general increase in average fruit weight and fruit number was observed in all
LED treatments compared with the control. Total yield had a percentage increase (17%)
very similar to those observed in other studies comparing the use of supplemental LED
light with natural light alone [15,16,41,45,46]. By dividing the number of consumable fruits
from non-consumable fruits, it was observed that plants under LED treatment produced
fewer but larger red tomatoes, and more and bigger green tomatoes than the control.
This observation seems to confirm the previous results by Paponov et al. [11] on the
ability of LED light to increase the number of cells and thus the sink strength in the early
developmental stage of fruit at a different height on the truss. During the ripening stage,
although fewer in number than the control, proximal fruits of LED-treated plants were
found to have an earlier ripening (Figure 3) as already observed by some authors [15,47].
The higher ripening rate in proximal fruits of LED-treated plants could be attributed to a
greater competition and consequent accumulation of some biochemical compounds such
as phytoene or melatonin, responsible for ripening processes [47,48].

Additional LED light is known to positively affect several quality attributes of toma-
toes, although some inconsistencies among published research have been shown, probably
determined by different environmental conditions and genotypes [39,49]. On ripe fruits, a
significant increase in antioxidant capacity and phenol content in the LED-treated fruits
was observed in spring, but no significant differences between lighting treatments was

165



Horticulturae 2022, 8, 771

detected in the summer (Figure 4). The effect of LED light on qualitative attributes may also
change according to the fruit ripening stage, as observed in immature tomatoes in relation
to sugar content and fruit hardness. Accordingly, Fanwoua et al. [44] already observed that
the effects of LED light on pericarp sugar concentrations could change based on fruit age,
as a consequence of different fruit water content that would affect the sugar dilution.

To the best of our knowledge, limited research has investigated the effects of supple-
mental LED light applied at the cultivation stage on chilling injury and the post-harvest
quality of tomatoes. In particular, Affandi et al. [27] observed that high levels of supple-
mental far-red light might improve cold tolerance in both mature green and red tomatoes,
reducing pitting, decay, and weight loss. In our research, a significant effect on cold toler-
ance was not observed. However, far-red light, applied both throughout the day and at the
end-of-the-day, would seem to confirm an ability to delay weight loss, especially during
the chilling phase (T1). In contrast to a former report by Affandi et al. [27], mature green
tomatoes treated with far-red light did not seem to have a faster turning to red compared
with RB treatment, whereas the best performance was observed in the CK case.

Based on the results of our research, the application of additional LED light seems
not economically feasible. In fact, considering the productive capacity of our experiment,
the energy cost per kg is 1.27 EUR kg−1 in Italy and 1.35 EUR kg−1 in Spain, whereas
selling prices reported by EUROSTAT [28] in 2021 are 1.15 EUR kg−1 and 0.74 EUR kg−1

for Italy and Spain, respectively. Other authors have already observed scarce economic
feasibility, estimating energy consumption of about 28.8 kWh to increase tomato yield
by 1 kg [50]. However, these observations need to be put into context. In particular, the
country’s socio-economic condition, geo-political situation, access to renewable energy,
as well as the cultivation latitude, and greenhouse light accessibility and transmissivity,
may all influence the feasibility of supplementary LED lighting application to increase
tomato yield. Besides that, greenhouse design, management of cultivation period, and
lighting strategy are other important aspects to adapt to maximize the economic benefit.
For instance, it has been observed that in a Northern European context, a year-round
production with high technology investment (e.g., supplemental lighting, heat pump) can
provide the most elevated economic return [51]. This contextual approach could also be
applied in the Mediterranean area, modifying some parameters according to the different
climatic and socio-economic conditions. To give an example, our study looked only at the
spring–summer time span, although the application during the cold-season could have
resulted in more cost-effective results. Furthermore, our research referred to household
on-grid electricity costs, applied to an urban BIA context intended for direct consumption
by building users. Integration of alternative energy sources such as solar panels may
drastically reduce the electricity cost, leading to a net profit increase both at domestic and
commercial levels. Integrating the research with different lighting strategies (e.g., pulsed
light, cold-season lighting, photoperiod reduction) should be considered better to estimate
the economic benefits for the Mediterranean area.

5. Conclusions

The application of supplementary LED light for tomato cultivation in a BIA context,
subjected to a higher reduction of the solar radiation entering the greenhouse, has been
shown to increase yields by 17% regardless of the type of treatment used (with or without
far-red, during the whole day or at the end-of-the-day). Additional light also showed
an ability to increase the dimension and number of tomatoes, and speed up the ripening
process, particularly in the case of proximal fruits. From an economic point of view, the
application of supplementary light would seem to have low feasibility if applied during the
spring–summer period. However, applying different and contextualized lighting strategies
could lower energy costs. Therefore, future research should focus on more economically
valuable methods of managing supplementary lighting, for example, the use during the
winter period, different photoperiods and intensities, or techniques that can provide energy
savings, such as pulsed light.
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