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Abstract: Plant factories and high-tech greenhouses offer the opportunity to modulate plant growth,
morphology and qualitative content through the management of artificial light (intensity, photoperiod
and spectrum). In this study, three Light Emitting Diode (LED) lighting systems, with blue (B, 460 nm),
red (R, 650 nm) and mixed red + green-yellow + blue (RGB) light were used to grow parsley
microgreens to understand how light quality could change the phenotype and the profile of secondary
metabolites. Plants showed altered morphological characteristics and higher amounts of secondary
metabolites under RGB LEDs treatment. The results demonstrated that microgreens under red light
showed the highest fresh yield, petiole length, coumaric acid content but also the highest nitrate
content. Plants under RGB light showed the highest dry matter percentage and highest content of
total and single polyphenols content, while blue light showed the highest ascorbic acid and ABTS
antioxidant activity. Moreover, microgreens under red light showed more compact leaves with less
intercellular spaces, while under blue and RGB light, the leaves displayed ticker spongy mesophyll
with higher percentage of intercellular spaces. Therefore, the specific spectral band was able to
modify not only the metabolic profile, but also it could modulate the differentiation of mesophyll
cells. Light quality as a preharvest factor helps to shape the final parsley microgreens product as a
whole, not only in terms of yield and quality, but also from a morpho-anatomical point of view.

Keywords: monochromatic light; Petroselinum crispum; growth chamber; light-emitting diodes;
controlled environment; HPLC; ion chromatography; light microscopy

1. Introduction

Public interest in healthy eating habits has increased over the years, along with
consumers’ awareness of the nutritional and nutraceutical properties of plants, and of the
capacity of plant-rich diets to improve health, delay aging and increase expectation of
life [1,2]. This is certainly due to the development of policies addressing food and nutrition
in recent decades, and to the related information and communication campaigns to promote
a healthy lifestyle. The International Conference on Nutrition in 1992 and the World Food
Summit in 1996 stressed, for the first time, the important concept that accessing a safe and
healthy variety of food is a fundamental human right. However, it was only in 2001 that the
first action plan for food and nutrition policy was proposed, whose ambition was for people
across the society to adopt healthier patterns of living before 2015 [3]. Recently, the Italian
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Ministry of Health published the new edition of the “Guidelines for healthy eating, Revision
2018” of the Council for Agricultural Research and Economics (CREA); it highlighted the
impact of the food choices on environmental, economic and social sustainability, and
explained how directing food choices towards plant foods over animal foods may save
money, help the environment and boost people’s health [4]. Accordingly, the “Farm to
Fork Strategy” [5], which is at the heart of the European Green Deal, has the main aim
to create a favourable food environment that encourages healthy and sustainable diets to
improve consumers’ health and quality of life, and reduce health-related costs for society.
Therefore, fostering healthy eating habits is one of the main goals of modern societies [6].
In light of this, nutrient-dense foods such as microgreens (i.e., tender immature vegetable
greens harvested just after the cotyledon leaves have developed with one set of true leaves)
are attaining popularity for the high content of nutraceutical plant secondary metabolites
present in their first true leaves compared to their mature leaf counterparts [7-9]. It has been
demonstrated that when microgreens are introduced in plant rich diets, their antioxidant
metabolites can help to protect cells from oxidative damage by direct scavenging of ROS,
thus delaying and/or inhibiting oxidative damage and preventing chronic degenerative
diseases, such as diabetes, cardiovascular disease, gastrointestinal and kidney disorders,
and even cancer [7,9,10].

Indeed, the plant metabolic profile is mostly genetically determined; however, the
secondary metabolites pattern in microgreens may be modulated by developmental and
environmental factors, but also by crop practices and cultivation conditions [11,12]. In par-
ticular, light is a pivotal environmental factor able to modify the concentration of secondary
metabolites, influencing the colour, taste and nutraceutical quality of microgreens [13,14].
Light not only provides plants with energy to power the light-dependent reaction of pho-
tosynthesis and produce ATP and NADPH, which are needed for the reductive pentose
phosphate pathway (Calvin cycle), but it represents a fundamental source of information
on the surrounding environment able to reprogram growth, tissue differentiation and
metabolism [15,16]. In fact, plants constantly adapt to changing light environments to max-
imise energy conversion through photosynthesis while limiting photodamage by means of
chlorophylls and carotenoids. In addition, plants have a series of photoreceptors able to
finely detect changes in the spectral composition over a broad light spectrum spanning from
UV-B to far-red wavelength (280-750 nm), and trigger dynamic adaptative responses [17].

Nowadays, in growth chambers, high-tech greenhouses and plant factories, light quan-
tity (intensity and photoperiod) and quality (spectral composition) may be modulated in
order to manipulate plant development and yield [18]. In particular, by using light-emitting
diodes (LEDs), the spectral composition of artificial lighting can be adapted in order to pro-
mote the synthesis of health-promoting phytochemicals and increase the functional quality
of microgreens [19,20]. Recently, the effects of selected spectral narrow-band LEDs lighting
(red, blue, blue-red) on the phytochemical profile and antioxidant properties of several
microgreens species have been investigated [21-27]. However, morphological alterations
together with metabolic profile changes in response to LEDs are poorly characterized in
microgreens. Therefore, in our study, we used optical LEDs bandwidth that were red (R),
blue (B) and blue, red and green-yellow (control, RGB) to evaluate their modulating effect
on morphological and metabolic traits of parsley microgreens.

2. Materials and Methods
2.1. Climate Chamber and Experimental Design

A climate chamber experiment was carried out at the Department of Agricultural
Sciences, University of Naples Federico II, Portici (NA), Italy, in order to grow parsley
microgreens under diverse light spectrum. Smooth-leaf parsley Petroselinum crispum cv.
Comune seeds (Semiorto Sementi, Sarno (SA), Italy) were sown (5 seeds cm~?2) in plastic
trays (204 cm?), adopting a peat-based substrate (pH 5.48 and EC 0.282 mS cm~!; Special
Mixture, Floragard Vertriebs-GmbH, Oldenburg, Germany). The germination occurred
in darkness in the climate chamber (KBP-6395F, Termaks, Bergen, Norway) at 24 °C and
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100% relative humidity (RH) for nine days. Then, Light-Emitting Diode LED panels (K5
Series XL.750, Kind LED, Santa Rosa, CA, USA) were turned on, and the climate chamber
was set up at 24/18 °C £ 2 and 70/80% =+ 5 day/night, respectively. The intensity of the
panels was set at 300 + 15 pumol m 2 s~ ! at canopy level with a photoperiod of 12/12 h.
Parsley microgreens were grown under three different light spectra (treatments) described
as follows: Control (RGB): 45% R, 10% G, 45% B, Blue: 0% R, 10% G, 90% B and Red:
90% R, 10% G, 0% B. Where R represents the customizable channel red of the panels
(600-700 nm) peaking at 650 nm, G represents the channel green-yellow (500-600 nm),
and B represents the blue channel (400-500 nm) peaking at 460 nm. The photosynthetic
photon flux density (PPFD) percentage contributions of R, G, and B were determined
from bandwidth integration. The light spectrum of the three treatments are illustrated in
Kyriacou et al. [11] study. The PPFD and spectral composition were regulated by twelve
individual spectral scans per treatment using a spectral radiometer (MSC15, Gigahertz-
Optik, Turkenfeld, Germany). Manual fertigation was carried out on a daily basis, using
a quarter-strength modified Hoagland solution with the following elements added to
the osmotic water: 2.0 mM NO3-N, 0.25 mM S, 0.20 mM P, 0.62 mM K, 0.75 mM Ca,
0.17 mM Mg, 0.25 mM NH4-N, 20 uM Fe, 9 uM Mn, 0.3 uM Cu, 1.6 pM Zn, 20 pM B,
and 0.3 uM Mo, resulting a 0.4 + 0.05 dS m~! electrical conductivity (EC) and a pH of
6.0 & 0.2. All the treatments were replicated three times and randomly distributed along the
shelf of the growth chamber. In order to procure homogenous light, RH and temperature
distribution, the trays were rotated on a daily basis.

2.2. Parsley Microgreens Harvest, Yield, Sampling and Macro-Mineral Analysis

Twenty-one days after sowing, parsley microgreens were harvested at the first true-
leaf phonological stage. Via sterilized scissors, all the microgreens were harvested just
above the substrate level, and then weighed to assess the fresh weight that was converted
in kg m~2. Aliquots of harvested fresh material were stored at —80 °C for the biochemical
analysis, whereas the remaining part was placed in a forced-air oven at 70 °C for three days
in order to determine the dry weight and subsequently calculate the dry matter content
(DM) percentage, and eventually to be used for macro-mineral analysis.

Dry microgreens tissues were ground in a Wiley Mill (841 um screen) and then pro-
cessed for macro-mineral analysis via ion chromatography (ICS-3000, Dionex, Sunnyvale,
CA, USA) and electrical conductivity detection [28]. In brief, 250 mg of dried sample
ground at 0.5 mm in a Wiley Mill (IKA, MF 10.1, Staufen, Germany) were suspended in
50 mL of ultrapure water (Milli-Q, Merck Millipore, Darmstadt, Germany) and stirred in
a shaking water bath (ShakeTemp SW22, Julabo, Seelbach, Germany) at 80 °C for 10 min.
The mixture was centrifuged at 6000 rpm for 10 min (R-10M, Remi Elektrotechnik Limited,
Mumbai, India), then filtered through a 0.45 um syringe filter (Phenomenex, Torrance,
CA, USA). Chromatographic separation of K, Ca, Mg and Na was achieved in isocratic
mode (20 mM methanesulphonic acid) on an IonPac CS12A analytical column (4 x 250 mm,
Dionex) equipped with an IonPac CG12A precolumn (4 x 250 mm, Dionex) and a self-
regenerating suppressor CERS500 (4 mm, Dionex Sunnyvale, CA, USA). Nitrate, P, and S
were detected in gradient mode (1 mM-50 mM KOH) on an IonPac ATC-HC anion trap
(9 x 75 mm, Dionex), and an AS11-HC analytical column (4 x 250 mm, Dionex) equipped
with an AG11-HC precolumn (4 x 50 mm, Dionex) and a self-regenerating suppressor
AERS500 (4 mm, Dionex). Ions were expressed as g kg~ ! dry weight (DW) and nitrate was
expressed as mg kg~! fresh weight (FW) on the basis of each sample’s original DW.

2.3. Morpho-Metric Measurements and Anatomical Determination of Microgreens

At harvest, 5 microgreens per treatment were cut at the base and fixed in FA.A.
(38% formaldehyde, glacial acetic acid, 50% ethanol solution, 5/5/90 by volume). After
a one-week fixation, microgreens were dissected under a light microscope and portions
of hypocotyl, petiole and first true-leaf (in the median part) and subjected to dehydration
in an alcohol series up to embedding in the acrylic resin JB4 (Polysciences, Hirschberg,
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Germany). Cross sections (5 um-thick) of the three organs were obtained through a rotative
microtome and sections were stained with Toluidine blue. Details of the procedures are
reported in De Micco et al. [29].

All sections were analysed through light microscopy (BX51, Olympus, Hamburg,
Germany) and microphotographs were captured (EP50; Olympus). In the case of leaves,
anatomical traits were quantified with the software Olympus CellSens 2.3 as follows:
thickness of epidermis, palisade and spongy tissues (in five regions of the lamina); spongy
parenchyma density (as percentage of tissue occupied by intercellular spaces over a given
surface, in three regions of the parenchyma); stomata frequency on the lower epidermis (as
number of stomata per mm of epidermis along three epidermal transects).

2.4. Assessment of Chlorophylls, Total Ascorbic Acid and Antioxidant Activities

Chlorophylls a and b and total chlorophylls content were assessed based on the pro-
tocol detailed by Lichtenthaler and Wellburn [30]. In brief, 0.5 g of fresh material was
extracted with 90% acetone (10 mL) and the centrifuged. The supernatant absorbance was
measured at 662 nm for chlorophyll a and 645 nm for chlorophyll b through spectropho-
tometry (Hach DR 4000; Hach Co, Loveland, CO, USA). Total chlorophylls content was
calculated as the sum of chlorophyll a and b and expressed in mg g~ ! fresh weight (fw).

Based on the method described by Kampfenkel et al. [31], 0.4 g of fresh material
was extracted for the determination of total ascorbic acid. The absorbance was measured
at 525 nm through an UV-Vis spectrophotometer (Hach DR 4000; Hach Co, Loveland,
CO, USA).

As for the hydrophilic antioxidant activity [32], it was quantified with the N,N-
dimethyl-p-phenylenediamine (DMPD) method through UV-Vis spectrophotometry, by
extracting 0.2 g of lyophilized microgreens material in distilled water. The absorbance was
measured at 505 nm. The hydrophilic antioxidant activity was expressed in mmol ascorbic
ac. eq. 100 g~ DW.

Determination of the antioxidant activity in lipophilic extracts employed the 2,20-
azinobis 3-ethylbenzothiazoline-6-sulfonic acid ABTS method [33]. Quantification relied on
UV-Vis spectrophotometry, with the absorbance of lipophilic extracts measured at 734 nm.
The ABTS antioxidant activity was expressed in mmol Trolox equivalent (6-hydroxy-2,5,7,8-
tetramethylchro man-2-carboxylic acid) 100 g~! DW.

2.5. Carotenoids Pigments and Polyphenols Quantification

Carotenoids pigments (Lutein and (3-carotene) were quantified in a reverse Phase-
HPLC separation through a Shimadzu HPLC LC 10 (Shimadzu, Osaka, Japan). Following
the method described in detail by Kyriacou et al. [24]. An aliquot of 0.1 g of lyophilized
microgreens material was necessary for the extraction in 6 mL ethanol containing 0.1%
butylated hydroxytoluene.

As for polyphenols [24], 0.1 g of lyophilized microgreens material was necessary
for the extraction in 5 mL methanol/water (60:40, v/v). Polyphenols were separated
and quantified in an UHPLC system (UHPLC, Thermo Fisher Scientific, Waltham, MA,
USA); the mass spectrometry analysis was facilitated by a Q Exactive Orbitrap LC-MS/MS
(Thermo Fisher Scientific, Waltham, MA, USA).

2.6. Statistics

Analysis of variance (one-way ANOVA) of the experimental data was executed using
the SPSS 20 software package. To separate treatment means within the single measured
parameters, Tukey’s HSD test was applied at p = 0.05. The loading plot and score plot of
all the analyzed parameters were determined by principal component analysis (PCA) by
using Minitab® 18 statistical software (Minitab LLC, State College, PA, USA) [34].
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3. Results
3.1. Morpho-Metric Data of Parsley Microgreens

Parsley microgreens’ response to the different light treatments was evident; par-
ticularly, it was asserted by plant height, yield and DM % data presented in Figure 1.
Interestingly, parsley microgreens under blue light were unquestionably shorter and more
compact as demonstrated by hypocotyl length, where only a staggering 2.9 cm was regis-
tered for parsley microgreens under blue light, which is significantly 2.1-fold lower than
that registered under red light and 1.4-fold lower than RGB light (Table 1). Cotyledon
and petiole lengths were significantly higher under red light (Table 1), whereas leaf length
and width were significantly higher under RGB light (Table 1). In line with canopy height
and hypocotyl and petiole length, red light engendered a significant 16.9% higher yield
compared to the other two light treatments (1.34 and 1.37 kg FW m~2 for blue and RGB,
respectively; Figure 1). As for parsley microgreens DM%, a clear accumulation was seen
under RGB light with a significantly higher DM of 7.37% compared to blue (5.75%) and red
(5.57%) light (Figure 1).

Yield (kg FW m?)
o = -
9]} (=] a1

=
IS ) ® S
1 1 1 }

Dry matter (%)

N
L

0 |

Blue Red RGB

Figure 1. Fresh yield and dry matter percentage of parsley microgreens with reference to the different
light treatments (red, blue and RGB). Different letters indicate significant differences according to
Tukey’s HSD test (p = 0.05). All data are expressed as mean + standard error, n = 3. RGB: red,
green-yellow, blue.
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Table 1. Morpho-metric measurements of parsley microgreens with reference to the different light
treatments (red, blue and RGB).

Light Leaf Length Leaf Width Petiole Length Hypocotyl Length Cotyledon Length Cotyledon Width
Treatments (cm) (cm) (cm) (cm) (cm) (cm)
Blue 0.84 £0.01b 0.88+0.11b 232+£0.10b 290+0.18c¢ 1.35+0.06 b 0.63 £ 0.02
Red 0.81 £0.02b 0.80 £0.03b 344 +021a 6.10+0.16 a 1.55+0.04a 0.65 & 0.02
RGB 128 £0.12a 137 £0.07 a 2.61+£023b 428 +024Db 1.36 £ 0.02b 0.64 £ 0.01
Significance ** ** * ok * ns
Nonsignificant (ns). *, **, *** indicate significance at p < 0.05, 0.01 and 0.001, respectively. Different letters within
each column indicate significant differences according to Tukey’s HSD test (p = 0.05). All data are expressed as
mean =+ standard error, n = 3. RGB: red, green-yellow, blue.
3.2. Anatomical Data of Parsley Microgreens
Microscopy observations did not evidence any qualitative difference in tissue organi-
zation in all analysed organs. The quantification of leaf anatomical traits evidenced that
upper epidermis thickness was significantly higher under blue light than under red light,
but it did not significantly differ from that under RGB treatment (Table 2). The spongy
parenchyma tissue under RGB light was significantly thicker than under R light, while B
treatment induced intermediate values (Table 2). The occurrence of thicker spongy tissue
was due to an increased amount of intercellular spaces (lower tissue density), which was
significantly higher in microgreens grown under RGB light compared to R light, which in
turn sowed higher values than in R treatment. Lower epidermis thickness, palisade tissue
thickness and stomata frequency were unaffected by light treatments, although a tendency
towards a higher stomata number was found under RGB light (Table 2).
Table 2. Anatomical measurements of parsley microgreens with reference to the different light
treatments (red, blue and RGB).
Lich Upper Epidermis Lower Epidermis Palisade Mesophyll Spongy Mesophyll Intercellular Stomatal
T ig t ¢ Thickness Thickness Thickness Thickness Spaces Frequency
reatments (um) (um) (um) (um) (%) (n/mm)
Blue 2531+0.10a 17.36 £0.21 29.50 + 2.04 55.07 £ 1.96 ab 2219 +£0.34b 4.96 + 0.85
Red 23.15£0.37b 17.34 £ 0.40 2334 +£1.84 4948 £0.20b 17.70 £ 0.60 c 4.63 £ 0.85
RGB 24.05 + 0.45 ab 16.46 = 1.03 28.45 +£1.99 58.83 £ 226a 2570+ 120 a 6.02 £0.72
Significance * ns ns * ok ns

Nonsignificant (ns). *, *** indicate significance at p < 0.05 and 0.001, respectively. Different letters within each
column indicate significant differences according to Tukey’s HSD test (p = 0.05). All data are expressed as
mean =+ standard error, n = 3. RGB: red, green-yellow, blue.

3.3. Nitrate and Macro-Minerals of Parsley Microgreens

As stated in Table 3, nitrate accumulation in microgreens fresh material ranged from
2684 mg kg~! FW under blue light to 3571 mg kg~! FW under red light, with RGB light
engendering significantly lower values than that under red light (-12.7%). Phosphorus
potassium and calcium concentrations in parsley microgreens under blue light were signifi-
cantly the highest among all light treatments, opposite to sulfur sodium that were higher
under RGB and red light, respectively (Table 3).
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Table 3. Nitrate and macro-minerals of parsley microgreens with reference to the different light
treatments (red, blue and RGB).

Light Nitrate P K Ca Mg S Na
Treatments (mgkg 1 FW)  (gkg~! DW) (g kg~ DW) (gkg~! DW) (g kg~ DW) (gkg~! DW) (g kg~ DW)
Blue 2684 £ 40 ¢ 6.49 £0.16 a 6123 £0.39a 853 +0.27a 5.60 £ 0.33 225+ 0.09b 525+0.51b
Red 3571+ 152 a 574 £0.05b 58.72 £0.71 ab 6.45+0.34b 5.69 +0.32 221+011b 849+0.22a
RGB 3116 £12b 538 +0.14b 53.01 £1.37b 6.45+0.16b 5.03 £0.10 320+0.17a 6.73 £0.19b
Significance %% *3% % *% ns *3% *3%%
Nonsignificant (ns). **, *** indicate significance at p < 0.01 and 0.001, respectively. Different letters within each
column indicate significant differences according to Tukey’s HSD test (p = 0.05). All data are expressed as
mean =+ standard error, n = 3. RGB: red, green-yellow, blue.
3.4. Total Chlorophylls, Carotenoids and Total Ascorbic Acids of Parsley Microgreens
Photosynthetic pigments were clearly influenced by light treatments, as seen in Table 4.
Chlorophyll a, b and total chlorophylls were significantly higher under blue and red light.
With total chlorophylls being on average 23.5% less under RGB light. As for carotenoids,
lutein was significantly the highest under RGB, while 3-carotene was not significantly
different among blue and RGB, whilst it was lowest under red light. Moreover, total
ascorbic acid was more accentuated under blue light, to a lesser extent under RGB and
finally under red light.
Table 4. Antioxidant activities, total ascorbic acid and photosynthetic pigments of parsley microgreens
with reference to the different light treatments (red, blue and RGB).
Total Total .
Light ABTS HAA Ascorbic Acid Chlorophylla  Chlorophyll b Chlorophylls Lutein B-Carotene
Treatments ( 1 Trol ( 1 A bic ac. (mg 100 g1
100 ;*1 DW) r:;n 200 ZS?rDvaVE;C oW (mgg ' FW)  (mgg'FW)  (mgg'FW)  (mgkg'DW) (mgkg™ DW)
Blue 61.99 £2.46a 10.79 £ 0.48 ab 3727+024a  1315+025a  459+02la  17.74+046a  3513+053b  3624+119a
Red 50.72 + 0.81b 10.17 £0.58 b 1290+£070c  13.87+£040a  536+029a  1923+054a  7563+£447b  1582+9.04b
RGB 49.61 + 1.18b 13.88 £ 1.23 a 2026 +0.63b  11.00+043b  3.15+£023b  1415+0.63b  153.0+209a 4127 +134a

Significance

*, ** *** indicate significance at p < 0.05, 0.01 and 0.001, respectively. Different letters within each column indicate
significant differences according to Tukey’s HSD test (p = 0.05). All data are expressed as mean + standard error,
n = 3. HAA: hydrophilic antioxidant activity. RGB: red, green-yellow, blue.

3.5. Polyphenols and Antioxidant Activities of Parsley Microgreens

As mentioned in Table 5, light treatments engendered a significant difference in the
polyphenols of parsley microgreens, with the highest significant value of total polyphe-
nols under RGB (10,347 mg kg~! DW) followed by blue and lastly by red light treat-
ment. Nonetheless, RGB light significantly induced more apigenin-7-O-glucoside, apigenin-
malonyl-apiosyl-glucoside, chlorogenic acid, chrysoeriol, kaempferol-7-O-glucoside, luteolin-
7-O-glucoside and quercetin-3-O-galactoside. In general, apigenin-7-apiosyl-glucoside was
the most abundant in parsley microgreens followed by apigenin-malonyl-apiosyl-glucoside
and apigenin-7-O-glucoside, both making around 99.0% of all polyphenols, and followed
by chlorogenic acid, chrysoeriol and coumaric acid. Moreover, the hydrophilic antioxidant
activity was in harmony with total polyphenols findings. It was the highest under RGB
light and the lowest under red light (Table 4). As for the ABTS antioxidant activity, it was
the highest under blue light, with no significant difference among the rest of the treatments
(Table 4).
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Table 5. Total polyphenols of parsley microgreens with reference to the different light treatments

(red, blue and RGB).
Light Treatments
Polyphenols (mg kg—1 DW) Significance
Blue Red RGB

Apigenin 460+023a 3.95+0.06 b 2124+0.05c¢ il
Apigenin-7-apiosyl-glucoside 5068 + 45.4 5056 + 26.3 5095 + 47.0 ns
Apigenin-7-O-glucoside 65.8+1.73b 49.1+1.08¢ 1181+ 285a o
Apigenin-malonyl-apiosyl-glucoside 4408 £ 63.3 b 3380 £ 212 ¢ 5014 £ 469 a ok
Caffeic acid 3.92 £0.01 3.94 £ 0.06 3.82 £ 0.03 ns
Chlorogenic acid 1155+ 0.27b 7.83+£0.52¢ 13.89 £ 0.06 a o
Chrysoeriol 2530 +3.81b 743 +£048 ¢ 4780 +3.26 a o
Coumaric acid 28.6 £0.12b 423 +1.09a 31.3+£0.15b o
Ferulic acid 3.47 +£0.00 c 422 +0.05a 3.59 £0.00 b ok
Kaempferol-7-O-glucoside 2.61+0.04a 0.39 £ 0.08 b 2.66 + 0.06 a ok
Luteolin-7-O-glucoside 5.08 £0.14b 2.88 £0.22c 729+0.18a o
Quercetin-3-O-galactoside 5.66 £ 0.06 b 0.64 +=0.03c 720+ 0.36a ok
Total polyphenols 9632 £113b 8559 £ 208 ¢ 10347 £ 26.1a ok

Nonsignificant (ns). *** indicates significance at p < 0.001. Different letters within each column indicate significant
differences according to Tukey’s HSD test (p = 0.05). All data are expressed as mean = standard error, n = 3. RGB:
red, green-yellow, blue.

3.6. Principal Component Analysis (PCA) of Morpho-Metric and Qualitative Attributes of
Parsley Microgreens

A principal component analysis was performed on all parsley microgreens data with
reference to the different LEDs treatments, and the loading plot and scores are reported in
Figure 2. The variables in the first two principal components (PCs) were highly correlated,
with eigen values greater than 1, and explained for 100.0% of the total variance, with PC1
and PC2 accounting for 65.9% and 34.1%, respectively. PC1 was positively correlated to
intercellular spaces, luteolin-7-Oglucoside, thickness of spongy mesophyll, total and single
polyphenols, 3-Carotene, ascorbic acid, dry matter and S. PC1 was negatively correlated
to Chl b and Chl a, total Chls, caffeic acid, Mg, thickness of abaxial epidermis, fresh yield,
ferulic and coumaric acid and petiole length. Moreover, PC2 was positively correlated to Ca,
ABTS antioxidant activity, P, ascorbic acid, thickness of adaxial epidermis, K and apigenin;
while it was negatively correlated to dry weight, nitrate, hypocotyl length and lutein. The
three LEDs light treatments were well separated and univocally clustered in respect to
PC1 and PC2. In fact, RGB was in the positive side of PC1 in the lower right quadrant
clustered with dry matter and polyphenols, blue treatment was in the positive side of PC2
in the upper right quadrant close to the y-axis and clustered to ABTS antioxidant activity
and ascorbic acid, while red treatment was in the negative side of PC1 in the lower left
quadrant, correlated to fresh yield, coumaric and ferulic acids and petiole length (Figure 2).
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Figure 2. Principal component loading plot and scorses of PCA of morpho-metric analysis, pigments
and secondary metabolites of parsley microgreens with reference to the different light treatments
(red, blue and RGB: red, green-yellow, blue), LAA = ABTS antioxidant activity.

4. Discussion

In our study, we found that blue light was able to inhibit hypocotyl growth in parsley.
Cosgrove and Green [35] proved that in cucumber and sunflower seedlings, blue light
inhibited hypocotyl growth by decreasing the yielding properties of the cell walls, thus
causing a decrease in turgor and consequently in growth rate. More recently, Ma et al. [36]
found that the Arabidopsis blue light photoreceptor cryptochrome 1 (CRY1) when activated
was able to physically interact with the phytochrome-interacting factor 4 (PIF4) and inhibit
PIF4 transcription activity and repress hypocotyl elongation. However, this effect is totally
different from that reported by Kong et al. [37] in which blue light enhanced hypocotyl
length, stem extension and petiole length in rocket, cabbage and kale microgreens, while
it had no effect on mustard. Cotyledon and petiole lengths were significantly higher
under red light. Kozuka et al. [38] demonstrated that petiole and leaf blade undergo
the positive growth-promotional effects of the photo-assimilated (e.g., sucrose) whose
concentration is highly dependent on the light conditions. However, the enzyme involved
in the synthesis of this disaccharide is inhibited by red light and activated by a treatment
with combined red/blue light (50/50) [39]. Therefore, most of the responses normally
present with red or blue monochromatic lights appear reversed in our study. Probably the
presence of a 10% green-yellow component in red and blue LEDs is capable of reversing
the mechanisms controlled by these light wavelengths, determining phenotypes different
from those normally expected, as also reported by Orlando et al. [20]. Indeed, parsley
microgreens treated with red light showed the highest yield, indirectly demonstrating
that this plant had the highest photosynthetic light use efficiency and consequently the
highest soluble sugars content potentially available for plant growth. RGB light determined
the highest leaf length, width, and DM percentage, accordingly with Kim et al. [40] and
Orlando et al. [20] who reported that the inclusion of green light in the red/blue light
environment promoted dry weight biomass. Green light has the advantage of penetrating
into the plant canopy better than red or blue light [41], where the transmitted green light
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could be used to boost photosynthesis [42] and enhance plant growth [43]. This positive
effect is present where green light percentage remains lower than that of blue light; if not, a
green-light-dependent reversal of blue-light-stimulated stomatal opening can occur, that
decreases plant growth [40,44].

Growth parameters including upper epidermis thickness and spongy mesophyll
thickness were the lowest in parsley microgreens grown under red light, while blue light
induced higher upper epidermis thickness as previously found in in vitro-cultured plants
of Alternanthera brasiliana Kuntze by Macedo et al. [45]. Moreover, the specific spectral band
also influenced the differentiation of mesophyll cells. In fact, under red light, the leaves
were more compact with less intercellular spaces, while under blue and RGB light they
displayed ticker spongy mesophyll with higher percentage of intercellular spaces. These
results are in line with those found in sweet pepper (Capsicum annuum L.) seedlings under
RGB light treatment by Li et al. [46].

The highest nitrate content was present in parsley microgreens under red light, while
the lowest was found under blue light, as also found by Fan et al. [47] in pakchoi plants (Bras-
sica campestris L. var. Suzhouqing); nonetheless nitrate content under red and RGB light is in
harmony with data previously mentioned on parsley microgreens by El-Nakhel et al. [48]
and coworkers. In pakchoi plants, the gene expression level and related enzyme activities
of genes involved in nitrate reductive assimilation pathway, e.g., nitrate reductase (NR),
nitrite reductase (NiR) and glutamine synthetase (GS), were at the highest levels under blue
light, thus reducing the nitrate content [47]. On the contrary, Kyriacou et al. [24] reported
that nitrate accumulation was higher under monochromatic light (red or blue) because
of the dependency of nitrite reductase activity on reduced ferredoxin produced during
electron transport to PSI, most efficiently promoted by blue-red light. However, nitrate
can be also reduced in roots, using as reducing power that of NADPH produced in the
root cytosolic oxidative pentose phosphate pathway OPPP, transferred to ferredoxin by the
ferredoxin-NADP-reductase.

P, K, and Ca were significantly higher under blue light. These results were also found
in Chinese chive (Allium tuberosum) and garlic (Allium sativum L.) for P and K [39,49]
and Gynostemma (Gynostemma pentaphyllum) for Ca [50]. Systematic research on the
mechanisms and modes of nutrient absorption and utilization in crop plants under diverse
light conditions has recently been focused.

Both red lights, by activating phytochromes, and blue lights, activating cryptochromes
(CRY1 and CRY2), can induce the accumulation of common downstream signalling compo-
nents such as constitutive photomorphogenic 1 (COP1), phytochrome interacting factors
(PIFs) and long hypocotyl 5 (HY5) [51-53]. PIF4/5 and HY5 transcription factors, in par-
ticular, may be involved in the nutrient use-related genes expression or in the regulation
of root morphogenesis, thus modifying the architecture and distribution of roots in the
soil, enhancing the probability of nutrients uptake and modulating its utilization and use
efficiency [54].

Blue light treatment induced in parsley microgreens the highest ascorbic acid content
and antioxidant activity (ABTS). Accordingly, Zhang et al. [55] found that blue LED light
irradiation upregulated ascorbic acid metabolism (in particular, ascorbic acid biosynthetic
and regeneration genes and glutathione-producing genes) in citrus; even if Zha et al. [56]
found that the accumulation of ascorbic acid in lettuce promoted by blue light was more due
to the upregulation of ascorbic acid regeneration activity than that of the biosynthetic one.
Additionally, Kang et al. [57] found that blue light irradiation could increase ascorbic acid
content and reduce reactive oxygen species accumulation in Chinese cabbage seedlings.

Chlorophylls were increased under both red and blue LED lights, probably indicating a
need to increase the chlorophyll absorbing efficiency when the light spectrum was restricted
to almost monochromatic light. In artichoke seedlings, comparable to parsley microgreens
for vegetative growth, it was found that chlorophyll content did not vary significantly
under natural, red and blue light, while only after long exposure did red light induce a
chlorophyll increase [58].
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Lutein content strongly increased under RGB LED treatment, as also found in tomatoes
grown under LED lighting with an emission spectrum that partially matched the range
of 400 to 700 nm [59]. RGB LED light also significantly increased the total polyphenols
content and most of the single detected polyphenols, as also found by Gam et al. [60] in
Anoectochilus roxburghii, an Orchidaceae edible plant used as medicinal plant in Asia. The
polyphenols that were mainly increased by the RGB treatments compared to red and blue
ones included apigenin-7-O-glucoside, apigenin-malonyl-apiosyl-glucoside, chrysoeriol,
all of which are compounds with strong antioxidant properties. In a study in which the
antioxidant and anti-inflammatory activities of apigenin-7-O-glucoside, one of the major
ethanol extract components from chamomile, were analyzed and compared with those of
Trolox, Wang et al. [61] showed that this polyphenol could prevent free radical-induced
oxidative damage of DNA, proteins and erythrocytes. Moreover, apigenin-7-O-glucoside,
similarly to Trolox, was able to inhibit HyO;-induced ROS production in RAW264.7 murine
tumors cell lines (RAW309 and WR19M), whereas it was more efficient than Trolox in
detoxifying ROS-induced damage in erythrocytes and preventing inflammasome assembly,
which is a signal for NLRP3 inflammasome activation in RAW?246.7 cells [61]. Apigenin-
malonyl-apiosyl-glucoside has been reported as a major flavone derivative from pepper
leaves [62]. Chrysoeriol is synthesized from apigenin via luteolin, and, similarly to apigenin
derivatives, has antimicrobial and anti-oxidant potential [62]. Coumaric acid in particular,
as well as ferulic acid, even if to a lower extent, were increased by red light treatment, as
also found in wheat sprouts by Cuong et al. [63], which suggested a red-light dependent
upregulation of the expression of genes involved in phenylpropanoid biosynthesis.

5. Conclusions

LEDs with adjustable spectral bandwidths used in controlled environment are the
adequate tool to manage and project the final microgreens produce characterized by precise
morphological and qualitative traits. Full spectral bandwidths (RGB) permitted to obtain
parsley microgreens with higher dry matter, lutein and polyphenols. While blue treatment
helped producing compact and shorter parsley microgreens rich in total ascorbic acid, P,
Ca and p-carotene, whereas if higher microgreens yield and hypocotyl length are the aim,
then red light treatment should be opted for parsley. Although genetic factors always deter-
mine most of the morpho-metric and qualitative attributes of microgreens characteristics,
preharvest factors modulation such as light quality applied in growing modules definitely
leaves a margin for targeted manipulation that leads to a qualitative and yield shift, based
on morphological and anatomical adaptations.
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