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Abstract: Microgreens are edible seedlings of vegetables and �owers species which are currently

considered among the �ve most pro�table crops globally. Light-emitting diodes (LEDs) have shown

great potential for plant growth, development, and synthesis of health-promoting phytochemicals

with a more �exible and feasible spectral manipulation for microgreen production in indoor farms.

However, research on LED lighting spectral manipulation speci�c to microgreen production, has

shown high variability in how these edible seedlings behave regarding their light environmental

conditions. Hence, developing species-speci�c LED light recipes for enhancement of growth and

valuable functional compounds is fundamental to improve their production system. In this study,

various irradiance levels and wavelengths of light spectrum produced by LEDs were investigated for

their effect on growth, yield, and nutritional quality in four vegetables (chicory, green mizuna, china

rose radish, and alfalfa) and two �owers (french marigold and celosia) of microgreens species. Micro-

greens were grown in a controlled environment using sole-source light with different photosynthetic

photon �ux density (110, 220, 340 � mol m � 2 s� 1) and two different spectra (RB: 65% red, 35% blue;

RGB: 47% red, 19% green, 34% blue). At harvest, the lowest level of photosynthetically active photon

�ux (110 � mol m � 2 s� 1) reduced growth and decreased the phenolic contents in almost all species.

The inclusion of green wavelengths under the highest intensity showed positive effects on phenolic

accumulation. Total carotenoid content and antioxidant capacity were in general enhanced by the

middle intensity, regardless of spectral combination. Thus, this study indicates that the inclusion

of green light at an irradiance level of 340 � mol m � 2 s� 1 in the RB light environment promotes the

growth (dry weight biomass) and the accumulation of bioactive phytochemicals in the majority of

the microgreen species tested.

Keywords: light emitting diodes; light spectrum manipulation; phytochemical content; secondary

metabolites; light intensity; RB; RGB

1. Introduction

Microgreens are a class of specialty crop, which includes edible seedlings of vegetables,
ornamental species, and herbs that are harvested after the cotyledons have fully developed,
either before or directly after the �rst true leaves have appeared [ 1,2]. Starting twenty years
ago as fashionable, high-value ingredients for high-end restaurants, today microgreens
have gained increasing popularity among consumers due to their sensorial characteristics,
high nutrients, and health-promoting phytochemical concentrations even superior to their
corresponding mature plants [ 2,3]. Moreover, the cultivation of microgreens is extremely
versatile. They can be grown in a variety of environments (i.e., greenhouse, indoor, outdoor)
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employing soil media in trays or soilless substrates such as hydroponic, using organic and
inorganic fertilizers, and natural or arti�cial light sources or a combination of them [ 4].

These specialty crops are also ideally suited for urban agriculture production systems
to achieve a sustainable food supply [5–8] and are now widely promoted for such applica-
tions, since they have a short production cycle, high yields per unit area, and small growing
space requirements, while also possessing high nutritional values [ 3,9].

As concerns the cultivation techniques, microgreens offer wide opportunities in choos-
ing the scale of production, ranging from household level (micro-scale) where microgreens
can be grown by individuals for domestic consumption to more commercialized agricul-
ture (large scale) adopting hydroponic growing systems using different soilless growing
media [10,11]. Microgreens are very suited for indoor production using arti�cial lighting
and with the development of the urban farming production facilities and the rise of vertical
farming systems, there is an increasing interest among commercial growers to produce
microgreens using soilless media in hydroponic systems [ 12–17]. In particular, the use
of vertical farming operations by the introduction of multilayer production that allows
the crop to grown in vertical racks (shelving units) under sole-source (SS) light-emitting
diodes (LEDs) as arti�cial lighting system, is becoming nowadays a promising technologi-
cal advancement to obtain high density growth and manipulate morphological traits and
phytochemical composition of crops [ 18–21].

Light is a crucial environmental factor that provides energy source for carbon �xation
in photosynthesis and regulates through its signaling many other physiological processes
related to plant growth and morphology [ 22,23]. In indoor farming, plants are grown
within controlled environmental conditions and the radiation for photosynthesis and light
signaling is totally supported by external sources of light. In this condition, both the
quality and quantity of incident light have drastic impacts on the morpho-physiology
of microgreens, and the biosynthesis and accumulation of secondary metabolites [ 24,25].
Compared to traditional light sources (i.e., high-pressure sodium, �uorescent, and metal
halide lamps) used in controlled environments, the recent light-emitting diode (LED)
technology shows several advantages, including energy ef�ciency, low maintenance cost,
longevity, as well as the possibility to control spectral composition and select high light
intensity while maintaining low heat emission [ 26].

Light at different irradiance levels may have different effects on plant growth, yield,
and nutritional quality of microgreens, thus an optimal management of light intensity
is required. In fact, low irradiance levels can suppress the growth and diminish the
nutritional value of microgreens, whereas excessive radiation can have detrimental effects
on photosystems, electron transport and ATP synthase complexes, and enzymes of the
Calvin–Benson cycle [27,28]. Typically, the photosynthetic photon �ux density (PPFD) that
is supplied to microgreens for optimal yield, appearance, and nutritional quality in indoor
production lies between 300 to 400 mmol m � 2 s� 1 [29,30].

Regarding the spectral composition (i.e., light quality), the combination of blue and
red LED lights is widely used for horticultural crop production in controlled environments,
including microgreens [ 29,31,32]. In fact, blue and red wavelengths are the main LEDs
involved in stimulating the plant growth and have the greatest impact on photosynthesis
due to the absorption peaks of chlorophyll molecules [ 33] by promoting the opening of
stomata, electron transport, Rubisco activity [ 34], antioxidant accumulation, and pigment
production [ 3,35]. Previous studies indicated that morphological responses of various
microgreen species vary with different red:blue ratios and these effects were species-speci�c.
Several microgreen species showed an inhibition response on growth traits and crop yields
(i.e., hypocotyl length, cotyledon area, biomass accumulation) under increasing blue light
percentage [30,36–39] while others exhibited an enhancement when the red light portion
increased [39].

Light quality is not only involved in plant photomorphogenesis, but it also has been re-
ported to have pronounced effects on secondary metabolism via the photosensory network
driven by photoreceptor pathways allowing the production of phytochemically-enriched
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horticultural crops [ 40–42]. Similar to that observed for plant growth traits, the enhanced ac-
cumulation of certain phytochemicals in several microgreen species also appears dependent
on species, and the speci�c spectral bandwidths used. For example, higher percentages
of blue light positively affected the accumulation of phenolics, anthocyanins [ 43], and
macro and micronutrients [ 44] in Brassicaceae microgreens. However, Bantis [39] reported
a higher phenolic content and antioxidant capacity displayed by ferric reducing antioxidant
power (FRAP) in �ve of seven microgreens (garlic chives, red amaranth, borage, green basil,
and pea shoots) tested under increased red-light portion. Accumulation of carotenoids
and the lipophilic antioxidant capacity of microgreens were favored by blue-red light
environment compared to a red or blue LED as sole light source [ 45]. When the blue light
percentage increased, the total carotenoid content in beet microgreens was enhanced [46,47]
but not in parsley and mustard microgreens [ 46].

Despite many previous studies on red-blue LED lighting effects on microgreens,
limited information is available about the interactions between green and red-blue light
combinations. In general, green light is known to deeply penetrate the plant canopy
compared to blue and red affecting the growth and synthesis of bioactive compounds via
cryptochrome-dependent/independent processes [ 48]. When green light is supplemental
for red and blue LED combination in controlled environmental agriculture, the effects
on plant physiology are reported to be dependent on its proportions. Green light at
high proportion (from 25 to 44%) in the red-blue light environment, has been reported to
reverse blue- or red-light-induced responses (i.e., stem growth rate inhibition, chloroplast
gene expression, stomatal opening, phytochemical accumulation) [49], and negatively
in�uence the quality of microgreen products [ 49–52]. On the other hand, no changes in
microgreen growth and appearance quality were found by substituting partially green
wavelengths at low proportion (<9%) in a red-blue light environment [ 53]. However, when
green percentage was increased (to 22%), lettuce and kale showed an enhancement of
leaf expansion and biomass [54]. Similarly, Orlando et al. [ 55] and Bian et al. [56] showed
that the combination of red and blue LED with suitable levels of green LED light (with a
green percentage of 12 and 20%, respectively) was more effective than the combined use
of RB light alone in enhancing the synthesis of bioactive compounds in Crocus sativusand
lettuce plants.

Although previous reports have indicated that light intensity and light quality from
sole-source LEDs in�uenced the growth of microgreens, the optimal “light recipe” appears
to vary with lighting intensity and quality, as well as plant species. Based on previous
research, this study adopted three different light intensities (from 110 to 340� mol m � 2 s� 1)
and two light combinations with higher red-blue ratios, with or without green LED light,
to investigate the effects of these different light environments on growth, biomass accumu-
lation and nutritional quality of six different microgreen species.

2. Materials and Methods
2.1. Plant Materials and Growing Conditions

The species used China Rose Radish (Raphanus sativusL.), Green Mizuna (Brassica rapa
L. CV Nipposinica), Chicory ( Cichorium intybusL.), and Alfalfa ( Medicago sativaL.), were
purchased from Blumen (Milano, Italy). In addition, �ower species such as French Marigold
(Tagetes tenuifoliaCAV.) and Celosia (Celosia plumosa argenteaL.) were used, and they were
kindly provided by Domina Seeds (San Felice sul Panaro, Modena, Italy) (Figure 1).

The microgreen seeds were sown in plastic containers of size 5 cm � 4 cm � 4 cm
(63 cm2). Depending on size and weight of the seeds we used 1 to 2 g of seeds per vessel.
The substrate used was sterile cotton wool (Sterilcompress PIC, Como, Italy). After sowing,
to synchronize the germination the seeds were placed at 4 � C for 48 h. All trays were
transferred to polyethylene (PE) tanks (30 � 60 � 6.5 cm) each containing 3 L of half-
strength Hoagland's nutrient solution (macroelements expressed in mM: N 7.5, P 0.5, K
3.0, Ca 2.5, Mg 1.0; microelements expressed in� M: Fe 25.0, B 23.1, Mn 4.6, Zn 0.39, Cu
0.16, Mo 0.06; initial pH: 5.56; initial electric conductivity: 1.12 mS cm � 1), prepared with
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distilled water (three tanks per species). The microgreen seedlings were grown in a �oating
hydroponic system in a grow chamber, under LED-light conditions for 7 days, at 23 � C,
16:8 h of photoperiod, RH 65–75%, and air recirculated through a fan placed on the ceiling.
The position of the trays in each tank were changed daily to avoid their proximity to the
edges of the tanks. Two different LED lamps were tested: (i) red � = 600–700 (65%) and
blue � = 400–499 nm (35%) (RB); and (ii) red� = 600–700 nm (47%), green� = 500–600 nm
(19%), and blue � = 400–499 nm (34%) (RGB). For B, G, and R percentage is de�ned as the
photon �ux emitted in their waveband, divided by the total photon �ux emitted between
400 and 700 nm. The relative spectral distributions of RB and RGB LED lighting treatments
are reported in Figure S1 (Supplementary Materials in back matter). Different irradiance
levels, expressed as photosynthetic photon �ux densities (PPFD) were set in each lighting
compartment (110, 220 and 340� mol m � 2 s� 1): essentially, the LED tubes were �xed at
both ends to adjustable chains allowing to customize the different heights above the crop
canopy and reach the previously established irradiance levels. PPFD was measured at
the plant canopy at �ve points (center and four edges) using a light sensor reader (Field
ScoutSpectrum Technologies, Inc., Pain�eld, IL, USA).

Figure 1. Microgreen species used in this study.

2.2. Plant Growth Parameters

Ten random plants for each replicate and treatment were harvested at the base of
hypocotyls at the “end of seedling stage” (9 days after sowing, DAS). Shoot length and
fresh and % dry weight were recorded. The samples for dry weight determination were
dried in a forced-air oven at 80 � C for 72 h. The resulting samples were weighed and frozen
in liquid nitrogen and then stored at � 80 � C for subsequent biochemical analysis.
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2.3. Plant Extraction

Pure methanol solution was used for the extraction. The extraction protocol reported
by Maggini et al. [ 57] was used with minor modi�cations. The frozen fresh tissue samples
(0.03 g) were soaked with 1.5 mL extraction solvent in 3-mL tubes. The tubes were sonicated
30 min in an ice bath two times and stored overnight at � 20 � C. After separation of the
supernatant, the extraction was repeated on the pellet with 1.5 mL of fresh extraction
solvent. The two supernatant aliquots were pooled and used for the subsequent analyses
within a few days. All the parameters were expressed on a fresh weight (FW) basis.

2.4. Total Phenol Content

The determination of total phenols was carried out using the Folin–Ciocalteu phenol
reagent reported by [ 58]. For the former assay, 100� L methanol extract, 2.0 mL distilled wa-
ter and 300 � L Folin–Ciocalteu phenol reagent were mixed in plastic test tubes. After four
minutes, 7.5% sodium carbonate (1.6 mL) was added into the tubes and the solutions were
kept 2 h at room temperature. The concentration of total phenols was determined by mea-
suring the absorbance of the solutions at 765 nm, using standard gallic acid (0–500 mg L� 1)
for calibration, and expressing the results as mg gallic acid g � 1 FW.

2.5. FRAP Antioxidant Capacity

The total antioxidant capacity was determined in the microgreen methanol solution
by using the ferric reducing ability of plasma (FRAP) assay, as adapted by [ 59]. The FRAP
reagent was freshly prepared immediately before the analyses and contained 2 mM ferric
chloride and 1 mM TPTZ (2,4,6-tris(2-pyridyl)-s-triazine). The following solutions were
mixed in a spectrophotometric cuvette: 0.25 M acetate buffer pH 3.6 (2.0 mL); FRAP reagent
(900� L); pure methanol extract (100 � L). A calibration curve was prepared with standard
solutions containing ferrous ion (Fe(II); 0–1000 � M), obtained from ferrous ammonium
sulfate. The absorbance was read at 593 nm and the results were expressed as� mol
Fe (II) g� 1 FW.

2.6. Chlorophyll and Carotenoid Content

The microgreen methanol extracts were reported above. Absorbance readings were
measured at 665.2 and 652.4 nm for chlorophylls and 470 nm for total carotenoids. Pigment
levels were calculated by Lichtenthaler's formula [ 60] and expressed on a fresh weight
basis of microgreen tissue.

2.7. Chroma Index

Just before harvesting, microgreen canopy color was measured for each plastic tray
using an 8–10 mm-aperture Minolta CR-10 PLUS Chroma Meter (Minolta Camera Co. Ltd.,
Osaka, Japan) calibrated with a Minolta standard included and registered in the instrument.
Measurements were obtained in the Commission internationale de l'eclairage CIELAB
color space parameters: L* (lightness, ranging from 0 = black to 100 = white), a* [chroma
component ranging from green ( � 60) to red (+60)], b* [chroma component ranging from
blue (� 60) to yellow (+60)]. From the recorded parameters a* and b* the chroma (C*),
which denotes the overall color intensity (chromaticity), was calculated using the following
formula (a 2 + b2)1/2 [35].

2.8. Statistical Analysis

Statistical analysis was performed using PRISM 9 software (GraphPad Software, San
Diego, CA, USA). All the parameters were subjected to analysis of variance (ANOVA) and
t-test. Differences among means were determined with Tukey's multiple comparison test at
p <0.05. In order to compare the responses of different microgreen species under different
irradiance levels (110, 220, 340� mol m � 2 s� 1) and spectral combinations (RB and RGB) and
the possible interaction between these factors, data were analyzed by two-way ANOVA.
Where the interaction between the two factors light spectra and light intensity (A � B)
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was signi�cant, data were subjected to one-way ANOVA, comparing all treatments with
each other. On the contrary, where A � B interaction was not signi�cant, the effect of light
spectra (A) and light intensity (B) was evaluated separately using one-way ANOVA and
t-test, respectively. Data are means of at least 10 independent biological samples obtained
from two independent experiments.

3. Results
3.1. Effects of LED Light Environments on Growth Parameters

Examination of the effect of light quality and intensity on microgreen height was
performed with a two-way ANOVA (Table 1). There was a signi�cant interaction between
the effects of light spectra and intensity ( p < 0.0001). Simple main effects analysis showed
that the height of all tested microgreens was signi�cantly in�uenced by both light quality
(p < 0.0001) and light quantity ( p < 0.0001). In detail: China Rose Radish and Alfalfa
plants showed the highest height at a light intensity of 110 � mol m � 2 s� 1 under both light
spectra treatments (Table1). The highest height in Green Mizuna, Chicory, and Celosia
was reported for the plants that were grown under c110 � mol m � 2 s� 1 in an RBG light
environment compared to an RB light treatment. The heights of French Marigold seedlings
were also signi�cantly and positively in�uenced when the seedlings were grown at light
intensities of 110 and 340� mol m � 2 s� 1 under RB, and with light intensities of 110 and
220� mol m � 2 s� 1 under RGB. In all species the greatest height was measured under the
110� mol m � 2 s� 1 light intensity in the RGB light environment (Table 1).

A two-way ANOVA revealed that there was not a statistically signi�cant interaction
between the effects of light quality and intensity on fresh weight (FW) in four of the six
tested microgreen species (p > 0.05) (Table1). Simple main effects analysis showed that FW
was not signi�cantly in�uenced by spectral changes ( p > 0.05). Simple main effects analysis
showed that light intensity did have a statistically signi�cant effect on FW in three of the six
microgreen species (p < 0.0001). In detail, China Rose Radish, Green Mizuna, and Celosia
did not show any signi�cant difference in terms of FW among different light intensities
and between the light spectra used (Table 1, Supplementary Table S1). The FW of Chicory
showed the highest values when the seedlings were grown with light intensities of 110 and
340� mol m � 2 s� 1 under RB, and with light intensities of 340 � mol m � 2 s� 1 under RGB.
The Alfalfa FW increased under 340 � mol m � 2 s� 1 in both LED lamps used, whereas an
increased FW at light intensity of 340 � mol m � 2 s� 1 under RGB was observed in French
Marigold (Table 1, Supplementary Table S1).

A two-way ANOVA revealed that there was not a statistically signi�cant interaction
between the effects of light quality and intensity on dry weight (DW) in �ve of the six
tested microgreen species (p > 0.05) (Table1). Simple main effects analysis showed that
DW was not signi�cantly in�uenced by spectral changes ( p > 0.05). However, simple main
effects showed that DW was signi�cantly affected by light intensity ( p < 0.01) suggesting
a systematic increase of DW as a function of PPFD. Speci�cally, the dry weights (DW) in
China Rose Radish, Green Mizuna, Chicory, and French Marigold were higher in both
LED environments applied under both 220 and 340 � mol m � 2 s� 1 (Table 1, Supplementary
Table S1). Alfalfa and Celosia plants showed a higher biomass accumulation under 340-RB
(Table 1, Supplementary Table S1). In our study, DW of all six species was generally
enhanced as the light intensity increased. On the other hand, FW of three of six species was
less in�uenced by the effect of light intensity.

Overall, the growth parameters' data revealed that microgreen growth responses to
light intensity and light quality may be in�uenced by the different species.
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Table 1. Plant growth parameters from six microgreen species affected by different light environments. Values are mean � SE (n =10 plants). Data were subjected to
two-way analysis of variance with light spectra (RB and RGB) and light intensity (110, 220, 340 � mol m � 2 s� 1) as variables and differences were analyzed by Tukey's
post-hoc. Different letters within each row denote signi�cant differences at p < 0.05. Height (H); microgreens fresh weight (FW); microgreens dry weight (DW).
Levels of signi�cance of the parameters assessed for each microgreen species considered where: ns, *, **, ***, ****, are not signi�cant, signi�cance atp < 0.05, 0.01,
0.001, and 0.0001 respectively. When there was not signi�cant A � B interaction, the effect of light spectra (A) and light intensity (B) was evaluated separately using
one-way ANOVA and t-test, respectively (Supplementary Table S1). Different letters on the rows within each light spectrum (RB and RGB) indicate signi�cant
differences among light intensity (Tukey's test, p < 0.05).

H (cm)
PPFD (� mol m � 2 s� 1)

RB RBG Signi�cance

110 220 340 110 220 340
Light Spectra

(A)
Light Intensity (B)

Interaction
(A � B)

China Rose Radish 5.22� 0.05a 3.77� 0.04c 3.89� 0.03c 5.15� 0.03a 4.43� 0.06b 4.42� 0.05b **** **** ****
Green Mizuna 1.99 � 0.04b 1.48� 0.02d 1.28� 0.02e 2.47� 0.03a 1.54� 0.03d 1.79� 0.02c **** **** ****

Chicory 1.01 � 0.02c 0.78� 0.01d 1.35� 0.02b 1.86� 0.04a 1.31� 0.01b 1.24� 0.01b **** **** ****
Alfalfa 2.19 � 0.05a 1.63� 0.02d 1.67� 0.02d 2.24� 0.04a 2.02� 0.01b 1.87� 0.02c **** **** ****

French Marigold 2.04 � 0.02a 1.55� 0.01c 2.06� 0.03a 2.12� 0.02a 2.03� 0.03a 1.93� 0.02b **** **** ****
Celosia 1.91� 0.01b 1.44� 0.01e 1.71� 0.02c 2.04� 0.03a 1.73� 0.01c 1.60� 0.02d **** **** ****

FW (g)
PPFD (� mol m � 2 s� 1)

RB RBG
110 220 340 110 220 340

China Rose Radish 15.00� 1.10 11.00� 0.57 13.50� 0.50 10.53� 1.05 12.03� 1.05 14.43� 1.41 ns ns *
Green Mizuna 4.56 � 0.52a 3.87� 0.23b 3.63� 0.24a 4.63� 0.26b 3.90� 0.17b 4.70� 0.31a ns ns ns

Chicory 3.00 � 0.05a 1.90� 0.20b 3.13� 0.32a 2.67� 0.18b 2.57� 0.07b 3.33� 0.12a ns *** ns
Alfalfa 5.07 � 0.34ab 4.00� 0.20b 6.10� 0.06a 3.20� 0.25b 5.27� 0.21ab 5.73� 0.43a ns **** ***

French Marigold 2.40 � 0.46 3.10� 0.15 3.27� 0.88 1.83� 0.26b 2.83� 0.35ab 4.20� 0.67a ns * ns
Celosia * 1.10� 0.12 0.80� 0.06 0.87� 0.18 1.07� 0.03 0.83� 0.12 1.43� 0.30 ns ns ns

DW (g)
PPFD (� mol m � 2 s� 1)

RB RBG
110 220 340 110 220 340

China Rose Radish 1.12� 0.01c 1.17� 0.06b 1.43� 0.05a 0.85� 0.07c 1.23� 0.001b 1.45� 0.12a ns **** ns
Green Mizuna 0.32 � 0.06b 0.47� 0.04a 0.51� 0.05a 0.37� 0.02b 0.47� 0.01ab 0.58� 0.08a ns ** ns

Chicory 0.18 � 0.01c 0.23� 0.003b 0.31� 0.02a 0.17� 0.02c 0.25� 0.01b 0.35� 0.04a ns **** ns
Alfalfa 0.41 � 0.01b 0.44� 0.007b 0.66� 0.02a 0.26� 0.01c 0.53� 0.02ab 0.59� 0.03a * **** ****

French Marigold 0.18 � 0.03b 0.31� 0.01a 0.35� 0.08a 0.11� 0.02c 0.27� 0.02b 0.41� 0.05a ns *** ns
Celosia 0.07� 0.01 0.08� 0.01 0.09� 0.01 0.06� 0.01b 0.07� 0.006b 0.13� 0.02a ns ** ns
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3.2. Effects of LED Light Environments on Nutraceutical Properties

Examination of the effect of light quality and intensity on total phenol content was
performed with a two-way ANOVA (Figure 2). There was a signi�cant interaction between
the effects of light spectra and intensity ( p < 0.05) in four of the six tested microgreen species.
Simple main effects analysis showed that total phenols in �ve of the six tested microgreens
were signi�cantly in�uenced by light quantity ( p < 0.001), but the phytochemical content
was not affected by light spectra ( p > 0.05) in �ve of the six tested microgreen species.
Speci�cally, photosynthetic photon �ux densities from 110 to 340 � mol m � 2 s� 1 had no
apparent effect on the total phenols in China Rose Radish grown under both LED light
environments (Figure 2, Supplementary Table S1). The highest total phenols were detected
under RGB light environments at a light intensity of 340 � mol m � 2 s� 1 in �ve of the six
microgreen species tested (Green Mizuna, Chicory, French Marigold, Alfalfa, and Celosia).
The lowest phenol contents obtained in �ve of the six species were found under 110 and/or
220� mol m � 2 s� 1.

A two-way ANOVA revealed that there was a statistically signi�cant interaction
between the effects of light quality and intensity on the antioxidant capacity measured by
the FRAP method in four of the six tested microgreen species (p > 0.05) (Figure3). Simple
main effects analysis showed that antioxidant capacity was signi�cantly in�uenced by
both spectral changes (p < 0.05, in four of the six microgreen species) and light intensity
(p < 0.05, in all species tested). In detail, China Rose Radish and Green Mizuna plants
grown under 110-RBG LED environment showed signi�cantly higher FRAP activity but no
signi�cant differences were observed when these two species were grown under RB light
environments (Figure 3, Supplementary Table S1). Chicory, Alfalfa, French Marigold, and
Celosia had higher antioxidant capacity especially under 220-RB. Additionally, Alfalfa and
French Marigold also showed a higher antioxidant activity when the plants were grown
under 110 and 340-RBG, respectively (Figure3, Supplementary Table S1).

A two-way ANOVA showed that there was not a statistically signi�cant interaction
between the effects of light quality and intensity on total chlorophyll content ( p > 0.05)
(Figure 4). Simple main effects analysis showed that this content was not signi�cantly
in�uenced by spectral changes ( p > 0.05). However, in two of the six microgreen tested
species, simple main effects showed that total chlorophyll was signi�cantly affected by light
intensity ( p < 0.05). Speci�cally, in China Rose Radish, Green Mizuna, Chicory, and Celosia
plants the chlorophyll content, did not change under different LED light treatments and
between different light intensities (Figure 4, Supplementary Table S1). Alfalfa and French
Marigold increased the chlorophyll amount when grown under 220-RB and 340-RBG LED
light treatments, respectively (Figure 4, Supplementary Table S1).

Statistically signi�cant interactions between the effects of light quality and intensity
on total carotenoid content were observed in two of the six microgreen species ( p > 0.05)
(Figure 5). Simple main effects analysis showed that this content was signi�cantly in�u-
enced by both spectral changes (p < 0.05) in three of the six microgreen tested species,
and irradiance levels (p < 0.05) in �ve of the six microgreen species. In detail, the highest
carotenoid content in China Rose Radish was measured under 110-RBG LED light environ-
ments. No signi�cant differences in carotenoid content were found in Green Mizuna in both
light environments. In Alfalfa, French Marigold, and Celosia the carotenoid content showed
signi�cantly higher values when the plants were grown at a light intensity of 110 and
220 m� 2 s� 1 under both light spectra (Figure 5, Supplementary Table S1). The carotenoid
levels in Chicory plants increased under 220-RB (Figure 5, Supplementary Table S1).

There was not a statistically signi�cant interaction between the effects of light quality
and intensity on chroma value ( p > 0.05) (Figure 6) in �ve of the six microgreen species
tested. Simple main effects analysis showed that chroma was not signi�cantly affected by
spectral changes (p > 0.05). However, in three of the six tested microgreen species, simple
main effects showed that this value was signi�cantly affected by light intensity ( p < 0.05).
In detail, China Rose Radish had a higher chroma value under RB light environments at a
light intensity of 340 � mol m � 2 s� 1 (Figure 6, Supplementary Table S1). No signi�cant dif-
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ferences in color intensity were found in Chicory plants grown in all the light environments
evaluated. Green Mizuna, Alfalfa, and Celosia showed a higher color intensity when grown
at a light intensity of 220 and 340 m � 2 s� 1 (Figure 6, Supplementary Table S1). Moreover,
French Marigold plants grown under 220-RGB showed a signi�cant increase in chroma
value (Figure 6, Supplementary Table S1).

Figure 2. Total phenol content from six microgreen species affected by different light environments.
Data are shown as means with at least �ve independent biological replicates and error bars indicate
standard error (SE). Data were subjected to two-way analysis of variance and differences were
analyzed by Tukey's post-hoc. Different letters denote signi�cant differences at p < 0.05. Levels of
signi�cance of the parameters assessed for each microgreen species considered where: ns, *, **, ***,
****, are not signi�cant, signi�cance at p < 0.05, 0.01, 0.001, and 0.0001 respectively. When there was
not signi�cant A � B interaction, the effect of light spectra (A) and light intensity (B) was evaluated
separately using one-way ANOVA and t-test, respectively (Supplementary Table S1). Different letters
on the histograms within each light spectrum (RB and RGB) indicate signi�cant differences among
light intensity (Tukey's test, p < 0.05).
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Figure 3. Reducing capacity of extracts from six microgreen species affected by different light
environments determined by FRAP test. Data are shown as means with at least �ve independent
biological replicates and error bars indicate standard error (SE). Data were subjected to two-way
analysis of variance and differences were analyzed by Tukey's post-hoc. Different letters denote
signi�cant differences at p < 0.05. Levels of signi�cance of the parameters assessed for each microgreen
species considered where: ns, *, **, ***, ****, are not signi�cant, signi�cance at p < 0.05, 0.01, 0.001,
and 0.0001 respectively. When there was not signi�cant A � B interaction, the effect of light spectra
(A) and light intensity (B) was evaluated separately using one-way ANOVA and t-test, respectively
(Supplementary Table S1). Different letters on the histograms within each light spectrum (RB and
RGB) indicate signi�cant differences among light intensity (Tukey's test, p < 0.05).
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Figure 4. Total chlorophyll content from six microgreen species affected by different light environ-
ments. Data are shown as means with at least �ve independent biological replicates and error bars
indicate standard error (SE). Data were subjected to two-way analysis of variance and differences
were analyzed by Tukey's post-hoc. Different letters denote signi�cant differences at p < 0.05. Levels
of signi�cance of the parameters assessed for each microgreen species considered where: ns, *, ***,
are not signi�cant, signi�cance at p < 0.05, and 0.001 respectively. When there was not signi�cant
A � B interaction, the effect of light spectra (A) and light intensity (B) was evaluated separately
using one-way ANOVA and t-test, respectively (Supplementary Table S1). Different letters on the
histograms within each light spectrum (RB and RGB) indicate signi�cant differences among light
intensity (Tukey's test, p < 0.05).
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Figure 5. Total carotenoids content from the six microgreen species affected by different light
environments. Data are shown as means with at least �ve independent biological replicates and error
bars indicate standard error (SE). Data were subjected to two-way analysis of variance and differences
were analyzed by Tukey's post-hoc. Different letters denote signi�cant differences at p < 0.05. Levels
of signi�cance of the parameters assessed for each microgreen species considered where: ns, *, **, ***,
****, are not signi�cant, signi�cance at p < 0.05, 0.01, 0.001, and 0.0001 respectively. When there was
not signi�cant A � B interaction, the effect of light spectra (A) and light intensity (B) was evaluated
separately using one-way ANOVA and t-test, respectively (Supplementary Table S1). Different letters
on the histograms within each light spectrum (RB and RGB) indicate signi�cant differences among
light intensity (Tukey's test, p < 0.05).
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Figure 6. Chroma index from the six microgreen species affected by different light environments.
Data are shown as means with at least �ve independent biological replicates and error bars indicate
standard error (SE). Data were subjected to two-way analysis of variance and differences were
analyzed by Tukey's post-hoc. Different letters denote signi�cant differences at p < 0.05. Levels of
signi�cance of the parameters assessed for each microgreen species considered where: ns, *, **, ***
are not signi�cant, signi�cance at p < 0.05, 0.01, 0.001, and 0.0001 respectively. When there was not
signi�cant A � B interaction, the effect of light spectra (A) and light intensity (B) was evaluated
separately using one-way ANOVA and t-test, respectively (Supplementary Table S1). Different letters
on the histograms within each light spectrum (RB and RGB) indicate signi�cant differences among
light intensities (Tukey's test, p < 0.05).

4. Discussion

The use of SS-LEDs as arti�cial lighting systems in the indoor environment has fun-
damental regulatory effects on morphogenesis, development, and nutritional quality of
microgreen species and these effects are likely to be species speci�c [24,25,39]. Thus, the
selection of the appropriate light intensity and wavelengths represent an environmental
regulation tool to optimize the morphology and phytochemical composition of crops and
produce high quality products based on market preferences [ 18,19]. Indeed, the growth
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traits and the phytochemical characteristics of six microgreens species were evaluated using
three different irradiance levels and two spectral compositions.

4.1. Microgreen Growth and Yield Is Affected by Irradiance Level

The amount of light a plant receives during germination can greatly affect its growth
and morphology. Generally, the increase in photosynthetic photon �ux density is as-
sociated with an inhibition of elongation leading to a more compact growth in mature
vegetative plant tissues [61,62]. In the current study, four of the six microgreen species
tested showed a reduced hypocotyl elongation (i.e., height) under higher irradiance levels
(340� mol m � 2 s� 1 treatment) regardless of which spectral combination was applied (RG
and RGB). However, the elongation length of Chicory and French Marigold microgreens
represents an exception to this behavior. In these species an increase and no change in the
length with increasing light intensity using the RB spectrum combination were observed
and probably this behavior may likely be species speci�c. It is widely accepted that the
plant hormone gibberellins have a prominent role in photomorphogenesis, serving as an
intermediate between light condition and hypocotyl elongation response [ 63]. The endoge-
nous content of GAs was signi�cantly reduced by increasing the light intensity, leading to
inhibition of hypocotyl elongation in Brassica seedlings [ 63]. Similar inhibition responses
on this growth trait have been reported for kohlrabi, mizuna, and mustard microgreens
grown under high light intensity [ 21,28]. Moreover, combining green light with RB lights,
especially at light intensity of 220 and 340 � mol m � 2 s� 1 caused an increase in plant height
in most of the tested species compared with plants grown under the RB light combination.
Blue light in combination with red light has been previously reported to inhibit hypocotyl
growth of many horticultural species, including microgreens [ 50,64]. However, the in-
clusion of green wavelengths in an RB lighting background has been shown to reverse
the blue wavelength-induced inhibition of stem growth [ 50,54]. Evidence indicated that
the mechanism responsible for this blue response is mediated by green light absorbed
by cryptochrome which interrupts the signaling status of the cryptochrome blue light
receptors [49,51] and it is also dependent on its green light percentage [ 50].

Plant growth is de�ned as an irreversible increase in the size of the plant driven by
the photosynthetic process which leads to biomass accumulation. Thus, as expected in
this study, as light intensity was increased, the majority of the tested microgreen species
progressively accumulated higher biomass (DW), whereas, under the lowest light intensity
the applied plants produced little dry weight. Unlike dry biomass, no signi�cant differences
among different light intensities and spectral combination were observed for FW in three of
the six microgreen species, indicating a lower water content in the seedlings grown under
high light intensity. Moreover, these �ndings implied that plant biomass accumulation
(DW) is predominantly related to plant photosynthetic capacity rather than plant extension
growth (i.e., plant height). Our �ndings are consistent with other studies of different
microgreen species grown using a sole-source of LEDs under both low and high light
intensities that shows a higher DW accumulation under increasing light intensity [ 21,29,64].
The carbon balance of crop plants is negatively affected by a decrease in light intensity.
When the light intensity decreases, the photosynthetic process declines and therefore also
the carbohydrate production, leading to an increase in carbohydrate demand while its
production decreases [65]. Taken together, light intensity represents the main factor which
drive the rates of the growth process leading to the rapid increase in biomass accumulation
when the photosynthetic photon �ux density is enhanced [ 66,67].

4.2. Microgreen Nutritional Quality Is Affected by Spectral Composition and Irradiance Levels

The metabolism of microgreens is affected by light quality and intensity, with the most
recent studies demonstrating the ef�ciency of light-emitting diodes (LEDs) for modulating
select groups of secondary metabolites and antioxidants and enriching the nutritional and
functional properties of these seedling vegetables [24,35,53,68]
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Previous studies indicated that monochromatic red light generally stimulates plant
growth leading to an increase in biomass, leaf area, and plant height [ 69–71]. However,
when this wavelength was applied alone it also caused negative effects on growth (abnor-
mal leaf shape), phenolics, and antioxidant levels [ 72]. Although blue light does not have
a direct effect on biomass accumulation, the mixture of red and blue has been reported
to be more bene�cial for many crops since blue wavelengths are known to be effective in
promoting photosynthetic function and bioactive compounds' accumulation [ 27,70,73,74].
In most cases, an increased proportion of blue light in RB LED arrays promoted the ac-
cumulation of phenolics, anthocyanins, and antioxidant capacity in several microgreen
species [72,75,76]. The blue wavelength-induced phytochemical accumulation effect is
supported by the increased activity of key enzymes in the synthesis of polyphenols such
as phenylalanine ammonia-lyase (PAL), chalcone synthase (CHS), and dihydro�avonol
4-reductase (DFR) [69,77]

The two different spectral wavelengths used in this study contain a similar blue
light portion (35 and 34% for RB and RGB light environment, respectively) and both light
qualities showed very similar results in terms of microgreen development and yield, for
the given species and light intensity used. The major effects of using different combined
spectral bandwidths were found on microgreen phytochemical content and these responses
varied across the species tested. The highest light intensity in combination with green
light in the RB light environment signi�cantly increased total phenol content in Chicory,
French Marigold, Alfalfa, and Celosia, whereas RB LED treatment was found to be less
effective in modulating phenol accumulation in these species. Green light is known to
deeply penetrate the plant canopy unlike red or blue light, leading to an increase of
carbon �xation and plant yield through the photosynthetic process [ 48,78,79] and the
synthesis of endogenous substances through cryptochrome-dependent and cryptochrome-
independent processes [27]. When green light is supplemental for RB LED combination,
the effects on plant physiology are reported to be dependent on its proportions. At higher
proportion (ranging from 22–44%), the inclusion of green wavelengths tends to reverse the
blue wavelength-induced phytochemical accumulation in a range of plant species such as
Arabidopsis, basil, and lettuce [ 49,52]. Instead, when green wavelengths were applied in
a percentage ranging from 11 to 22% in RB lighting background was more effective than
the combined use of RB light in enhancing the synthesis of bioactive compounds [ 55,56].
Considering that the blue light percentage basically did not change between the two LED
light treatments applied in this study, the positive effect on total phenolics accumulation
observed in the RGB light environment might be attributed to the inclusion of green
wavelengths. A recent transcriptome analysis revealed that green light has a positive
function in alleviating the detrimental effects of drought stress through the accumulation of
ABA, triggering the expression of ABA biosynthesis-related genes and the upregulation of
genes involved in the phenolic metabolic process [ 80]. Thus, in this study a stress response
pathway through the accumulation of phenolic content may be driven by the inclusion of
green light at the highest light intensity used.

Carotenoids are known to play a crucial role in the protection of the photosynthetic
mechanism against photooxidative processes caused by excessive light energy by acting as
scavengers of reactive oxygen species and their antioxidant properties are effective also in
animal models and in humans [ 81–84]. In this study, among the two light spectral combi-
nations (RB and RGB) and the three light intensities applied (110, 220,340� mol m � 2 s� 1),
the total carotenoid content was in general enhanced by the lower and the middle light
intensities and a similar trend was observed also for the antioxidant capacity measured
with the FRAP method. Similar results of lower carotenoids accumulation under increasing
light intensity have been found in mustard microgreens as the light intensity increased
from 275 to 463� mol m � 2 s� 1 [20,25,85]. However, with the role of carotenoids in plant
photoprotection under higher photosynthetic photon �ux density, its content would be
expected to increase under higher photosynthetic photon �ux density as evidence from
other scienti�c works has shown [ 84,86,87]. A plausible hypothesis for these contradictory
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results related to carotenoid concentrations under various light intensities is suggested
by Lefsrud et al . [88]. High light intensities may lead to the photodegradation of pig-
ment molecules, such as carotenoids, and in combination with the dilution effect due to
increases in water content and/or dry matter may show a decrease in carotenoid and
antioxidant capacity.

5. Conclusions

There is widespread agreement that microgreen growth responses to light intensity
and light quality vary among different microgreen species. In this study we investigated
how different light spectra (RB and RGB) and intensity (110, 220, 340 � mol m � 2 s� 1) in
combination affect the phytochemical contents and growth traits in six microgreen species.

The results reported here demonstrate the ability to manipulate the growth, develop-
ment, and phytochemical concentrations within microgreen genotypes through changes in
light intensity and quality. Broadly, �ve trends were apparent in the results for the majority
of the microgreen species evaluated:

(i) low and middle light intensity levels had a positive effect on antioxidant capacity and
total carotenoid content;

(ii) high levels of photosynthetically active photon �ux (340 � mol m � 2 s� 1) increased dry
biomass accumulation and enhanced the phenolic contents;

(iii) the inclusion of green light in RB light background at light intensity of 220 and
340� mol m � 2 s� 1 caused an increase in plant height compared with plants grown
under the RB light combination

(iv) the highest light intensity in combination with green light in the RB light environment
was found more effective in increasing phenolic accumulation;

(v) Light intensity and quality had signi�cant interactive effects on elongation, total
phenols, and antioxidant capacity.

Overall, these results suggest that the primary and secondary metabolism might
modulate synergistically the responses, such as plant growth and phytochemical contents,
in relation to light intensity and quality. In conclusion to achieve high yield with enriched
phytonutrient concentrations the most suitable light environment condition for the majority
of tested microgreens species was found to be the inclusion of 19% green light in RB light
environments at an irradiance level of 340 � mol m � 2 s� 1.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae8030217/s1 , Figure S1: Relative spectral distributions
of RB (A) and RGB (B) LED lighting treatments used in a closed-type microgreen production system;
Table S1: Growth traits and phytochemical contents parameters, in which the interaction (A � B)
between the two factors, irradiance levels (110, 220, 340� mol m � 2 s� 1) and spectral combinations
(RB and RGB) (A � B) was not signi�cant. When there was not signi�cant A � B interaction, the effect
of light intensity (A) and light spectra (B) was evaluated separately using one-way ANOVA and t-test,
respectively. Different letters on the rows within each light spectrum (RB and RGB) indicate signi�cant
differences among light intensity (Tukey's test, p < 0.05). Pairwise comparisons between light spectra
(RB and RGB) among different light intensity were performed using a two-tailed unpaired Student's
t tests, assuming equal variances (*p < 0.05; **p < 0.01);
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