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Abstract: The increasing demand for high-quality edible flowers, such as Viola spp., has prompted
the need for innovative cultivation techniques. This study investigated the effects of supple-
mental LED light treatments (C-LED: 0 pmol m~2 s~ !, L-LED: +75 umol m~2 s~1, and H-LED:
s~1) and Non-Thermal Plasma (NTP) air treatment (control, low-NTP, and high-NTP)
on the growth, production, and post-harvest quality of horned pansy (Viola cornuta L.). The results

+150 pmol m—2

indicated that flower yield was significantly affected by both light and NTP treatments. Plants under
H-LED light produced 65% more flowers per plant and 64% higher yield compared to the LED
control treatment. The high-NTP treatment also resulted in improved flower count and yield, with
a 15.6% increase in flower fresh weight. The study assessed flower quality through shelf-life and
visual appeal, showing that flowers under high-NTP treatment exhibited higher visual quality scores.
The carotenoid content and total antioxidant capacity remained stable across treatments. However,
the supplemental LED light increased the Total Flavonoid Glycosides and Total Phenolic Content by
14.8% each compared to natural light (0 pmol m~2 s~1). The findings suggest that integrating LED
lighting and NTP air treatments can enhance the growth and quality of V. cornuta, offering valuable
insights for optimizing cultivation practices in the floriculture industry.

Keywords: supplemental light; visual quality; post-harvest

1. Introduction

Edible flowers are used globally in culinary traditions for their aesthetic appeal,
various flavors, and potential health benefits. In different cultures, flowers are reported as
food, serving as an integral part of traditional cuisine and alternative medicine, alongside
their ornamental use [1]. Historically, flowers such as roses, Antirrhinum majus (snapdragon)
and Centaurea cyanus (cornflower) have been celebrated not only for their ornamental
qualities but also for their culinary applications [2,3].

In recent years, a renewed interest in edible flowers has been driven by a global
shift towards health-conscious eating and a desire for nutritious, visually appealing food
options [4,5]. This trend is supported by increasing consumer awareness of the health
benefits of plant-based diets and the desire for innovative food products [6,7]. Edible flow-
ers typically contain 70-95% water [8]. The dry matter is rich in key components such
as carbohydrates, proteins, and lipids, along with vitamins, minerals, and low molecular
weight phytochemicals (phenolic compounds, carotenoids, and tocols) [9]. Many species
within the Violaceae family are traditionally used for their therapeutic properties, including
anti-inflammatory and diuretic effects [10]. The medicinal potential of these flowers is
further supported by studies demonstrating their antioxidant properties [11], especially
when consumed fresh [12]. Gonzélez-Barrio et al. [13] found that the main carotenoids in
pansy flowers (Viola wittrockiana) were lutein (51.1 ug g~ of flower dry weight), zeaxanthin
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(38.2 ug g~ ! of flower dry weight), and B-carotene (41.5 pg g~ ! of flower dry weight). This
compound represented 35% of total carotenoids in pansy flower. Moreover, in children
with intermittent asthma the adjuvant uses of violet syrup with short-acting (3-agonist can
enhance the cough suppression [14]. Despite their advantages, edible flowers remain a
highly perishable product with a short shelf-life. Additionally, harvested flowers have short
durability, and their seasonality of production requires preservation technologies. For this
reason, in the last few years, new technologies have been applied to extend the shelf-life
and maintain the quality of edible flowers [12]. The increasing application of edible flowers
in various food commodities necessitates new technological approaches to enhance their
distribution and marketing efficiency as fresh products. Extending post-harvest storage
while preserving the quality of edible flowers will benefit both their industrial develop-
ment and consumers’ health. Several post-harvest technologies are employed to extend
the shelf-life of edible flowers while maintaining their quality. Traditional methods such as
low-temperature storage, edible coatings, and some non-thermal methods (e.g., ultraviolet
radiation) have been employed, but these can involve high costs or affect nutritional qual-
ity [12-15]. Moreover, these technologies address only post-harvest concerns, but factors
contributing to post-harvest losses also include pre-harvest conditions such as shelf-life
deterioration inherent in the produce before harvesting, inappropriate cultural practices,
genetic composition, harvesting methods, quality of irrigation water, microbial invasion, and
remnants of insect pests [16]. Addressing these factors comprehensively will further enhance
the quality and longevity of edible flowers, supporting their growing market demand.

To reduce the risk of external impurities such as bacteria and chemical compounds from
agricultural production [17] and the environment in edible flowers [18], recent advances
in agricultural technologies, such as Non-Thermal Plasma (NTP) treatments could offer
new avenues for enhancing flower cultivation practices [19,20]. Given that edible flowers
are commonly sold as “fresh-cut” products, without any washing or cooking, to preserve
aesthetic value, it is crucial to ensure their safety and quality [21]. Implementing these
innovative cultivation and post-harvest technologies can help maintain the aesthetic appeal,
nutritional value, and safety of edible flowers, thereby preventing health risks and meeting
the increasing consumer demand for high-quality, safe, and nutritious food products [12].

While specific legislation for edible flowers is generally lacking, it is advisable for
producers to adhere to the organic agriculture regulations of their respective countries [22].
Additionally, it is important to highlight that European regulations (EC No. 405/2017 and
600/2010) set maximum pesticide residue limits for edible flowers, though they do not
specify limits for individual species. Given this lack of specific legislation for edible flowers,
it is crucial to explore alternative technologies that can enhance plant growth and reduce
pollutants and pathogens in protected cultivation environments. Non-Thermal Plasma has
emerged as a promising technology for improving plant growth and quality [23]. NTP
treatments have been shown to enhance seed germination, increase plant resilience, and
improve flower quality by generating reactive species that influence plant physiological
processes [24-26]. In agriculture the use of Non-Thermal Plasma is often applied as plasma-
activated water (PAW). Plasma-activated water (PAW) has demonstrated significant efficacy
in reducing pesticide residues, such as metribuzin (74.3%) and metobromuron (38.2%),
without adversely affecting quality parameters like color, flavonoid content, or antioxidant
activities in chrysanthemums, though with a slight reduction in aroma compounds [27]. As
reported by Sivachandiran and Khacef [28], the use of PAW increases both seed germination
and plant biomass in tomatoes, peppers, and radishes. A study conducted by Nicoletto
etal. [29] showed an increase in the yield (+12%) of lettuce cultivated in NTP-treated nutrient
solution, compared to that of the control. Despite the fact that numerous studies are available
on the application of Non-Thermal Plasma in nutrient solutions for the cultivation of
horticultural crops, as well as post-harvest applications [26-31], there is a lack of research on
the use of ionized air during cultivation. Addressing this gap can significantly contribute to
improving edible flower cultivation practices and the overall marketability of these products.
Non-Thermal Plasma treatments have been explored for nutrient solution disinfection in
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Begonia cucullata (white and red varieties), aiming to enhance nutritional and nutraceutical
properties, though no significant effects on flower yield or quality were observed [32]. At
the same time, the application of supplemental LED lighting in protected agriculture offers
promising prospects for enhancing the production and quality of edible flowers, especially
during winter production. Indeed, light is a crucial environmental factor that regulates
plant growth, serving as the primary driver of photosynthetic CO, assimilation, but also its
development. During winter, the aesthetic quality of certain potted foliage plants declines
due to low light intensity, which hinders the complete biosynthesis of pigments [33]. LED
lighting has been shown to enhance plant growth, improve flower quality, and increase the
production of beneficial phytochemicals in various crops [33,34]. Some studies have explored
the impact of artificial indoor LED lighting on enhancing productivity and the accumulation
of bioactive compounds. In particular, spectral wavelengths such as blue, far-red, and
red lights are typically effective in promoting flowering in long-day (LD) plants, whereas
far-red supplemental light at the end of the day in short-day (SD) plants promotes growth
extension [33]. Moreover, Trivellini et al. [33] also affirmed that the potential benefits of LED
lighting in the floriculture industry extend beyond enhancing the aesthetic and economic
value of products, offering a sustainable solution for reducing the use of agrochemicals,
including plant growth regulators and pesticides. Despite these technological advancements,
there is a significant gap in the literature regarding the application of NTP and LED lighting
specifically for the cultivation of edible flowers, including V. cornuta. The aim of this study
was to investigate the effects of innovative cultivation techniques on V. cornuta, specifically
focusing on the application of Non-Thermal Plasma air treatment and supplemental LED
lighting at different intensities.

The flowers of garden pansy (Viola spp.) are among the most popular choices for
gourmet dish decoration, prized for their vibrant color combinations, velvety texture, and
subtly sweet flavor [35,36]. This species was chosen because it is one of the most produced
species present on the market [37] and for its low thermal requirements which allow its
winter cultivation inside a closed greenhouse; this is mandatory if you intend to carry out
an air treatment. The impact of these factors on V. cornuta plant growth, flower yield, and
shelf-life was thoroughly evaluated to optimize the production of edible flowers.

2. Materials and Methods
2.1. Plant Material, Treatments, and Growing Conditions

The experiment was conducted in a tunnel greenhouse at the experimental farm “Lucio
Toniolo”, University of Padova, north-eastern Italy (45 21’ N; 11 58 E; 6 m a.s.1.). The Viola
cornuta “Penny Yellow Red Wing” variety, common name horned violet or horned pansy,
characterized by its purple and yellow flowers, was chosen. Blooming plants grown in 4-cell
plastic trays were transplanted on February 1st into 18 cm pots (3 L, volume) filled with Flower
Special substrate (Geotec, Rovigo, Italy). The plants were randomly placed on raised benches
within three closed cultivation greenhouses (197 cm width x 438 cm length x 208 cm height).
The distance from the floor to the bench was 0.82 m, and the distance from the bench to the
lights was 0.70 m. In each greenhouse, plants were divided into three lighting treatment
groups: (1) a control group (C-LED) exposed to natural sunlight, and two groups with
additional LED lighting at (2) +75 umol m~2 s~! of PPFD (L-LED) and (3) +150 pumol m 2 s~ !
of PPFD (H-LED). The supplemental lighting treatments followed a 16 h photoperiod from
6:00 a.m. to 10:00 p.m. Each supplemental light treatment had two replicates. Lighting was
provided by LED greenhouse dimming lamps (C-LED, Imola, Italy), with a spectrum of 46.1%
red, 16.4% blue, 35.7% green and 1.8% far-red. The irradiances at canopy level were checked
three times during the trial using a quantum meter (HD9021, Delta Ohm, Selvazzano Dentro,
Italy), and the irradiance adjusted accordingly. The actual mean values, measured at plant
canopy, were as follows: 75.1 + 13.3 and 150.3 4- 28.3 uMol m~2 s~ ! for L-LED and H-LED,
respectively. The C-LED, being in the same growing environment as the illuminated ones,
received a minimum irradiance (1.66 4 1.10 pumol m~2 s~ 1); this level of irradiance is sufficient
to induce a photoperiodic effect [38,39] but is very low in terms of irradiance.
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The three greenhouses were equipped with NTP technology to treat the air. The
Non-Thermal Plasma (NTP) was generated via a Dielectric Barrier Discharge “Jonix Cube”
device Jonix, San Pietro Viminario, Italy) set to three different intensities across the three
small greenhouses: control with no NTP generator (C-NTP), activated only for greenhouse
air movement (0.03 ppm O3z), low-NTP (L-NTP) intensity obtained with one operating
generator (40 m® h~1—0.05 ppm O3), high-NTP intensity (H-NTP) obtained with two oper-
ating generators (80 m®> h~1—0.08 ppm O3). Generators operated for 5 min on and 5 min
off throughout the day and the air quality monitoring was performed using the YesAir
8-channel indoor air quality monitor.

Treatments started two weeks after transplant (on 14th February) at which time all
open flowers were removed. The plants were irrigated as needed and fertigated weekly
with 200 mL of a nutrient solution (2 g L™!, Ferty 3 15N-4.4P-12.5K-2 Mg* TE; Planta
Diingemittel GmbH, Regenstauf, Germany).

Climate parameters were monitored via a HOBO Micro Station Data Logger (H21)
positioned in the cultivation area and recorded on a 30 min basis. During the treatment pe-
riod, the daily-averaged air temperature ranged from 15.7 to 29.9 °C, and relative humidity
ranged from 50% to 90%. The minimum, mean, and maximum daily averages of PAR were
1.2,62.5, and 653.7 pmol m 2 s~ 1, respectively.

2.2. Plant Growth Measurement and Sampling

Plant growth was evaluated via weekly measurements considering the height of the
plant, width, and orthogonal width. The arithmetic means of these three parameters
determined the plant growth index.

The leaf chlorophyll (namely SPAD units) was measured using a SPAD-502 (Konica
Minolta, Chiyoda, Japan) by averaging 2 measures on 8 plants per replicate. Mature flowers
were harvested twice a week (16 harvests in total), starting from February 21, a week after
the beginning of the treatments. Flower size was determined in a subsample of 10 flowers
by measuring its length and width using a ruler. Flower fresh weight (Ffw) and flower dry
weight (Fdw) were determined at each harvest on a subsample for each treatment and replicate
(105 °C until constant weight). The dried samples were used to quantify dry matter content.

2.3. Shelf-Life of Harvested Edible Flowers

Starting from the first harvest, and at intervals of two weeks, a shelf-life test was
initiated. For each treatment and replicate, 10 flowers (approximately 1.1 g) were put into a
transparent plastic box with a lid (Virkit 250 cc, 125 mm x 95 mm x 50 mm, polypropylene,
Virinnova, Pederobba, Italy) and stored at 4 °C in a refrigerator with the light on to simulate
supermarket display conditions. The flower fresh weight and the visual quality were
assessed every 3 or 4 days for two weeks; the latter was based on a 1-9 scale, where
9 represents fresh flowers without defects, 1 represents flowers with withered and strongly
wrapped petals, and 5 is the limit of acceptability for consumption (Figure 1).

9 7 5 3

Figure 1. Visual quality scale of Viola cornuta “Penny Red Wing” flowers. A score of 9 represents fresh
flowers without defects and with flat petals. A score of 7 indicates petals with slight signs of loss of
freshness. A score of 5 denotes flowers with moderately curled petals, making the product no longer
marketable. A score of 3 indicates fully curled petals and complete loss of freshness.
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2.4. Determination of Pigment Concentrations and Antioxidant Activity

The production quality was assessed on a subsample of freshly harvested flowers the
same days the shelf-life tests were started. The samples were freeze-dried and stored in a
—20 °C refrigerator until analysis.

The analytical measurements of chlorophyll 4, b, and carotenoids contents were per-
formed following the method proposed by Wellburn and Lichtenthaler [40]. The method-
ology involves the extraction of chlorophyll from plant tissues with methanol (96%, for
HPLC). An amount of 0.10 g of freeze-dried sample and 20 mL of methanol were placed in a
50 mL tube and stored at 4 °C for 12 h. Then, the samples were filtered through filter paper
(589 Schleicher diameter). The chlorophyll absorbance reading was taken at a wavelength
of 665, 652, and 470 nm, using the spectrophotometer model UV-1800 (Shimadzu, Tokyo,
Japan). The chlorophyll 4, b, and carotenoid contents, expressed in g mL~! fresh weight,
were calculated using the following formulas:

Chlorophyll a (ChlA) = 16.72 Aggs — 9.16 Ags3

CthI'Ophyll b (ChlB) =34.09 A653 —15.28 A665
Carotenoids = (1000 Ag7g — 1.63 ChlA — 104.96 ChlB)/221

where Aggg, Agsz and Ayyg are the absorbances read, respectively, at 665, 653, and 470 nm.

The results were related to the volume of methanol used for extraction, the weight of
the sample and the dilution ratio and expressed as mg chlorophyll ab (ChlA + ChlB) or
carotenoids per 100 g fresh weight (mg 100 g~ fw).

To determine the total anthocyanins content (TAC) and the Total Flavonoid Glyco-
sides Content (TFGC), the methodology of Hrazdina et al. [41], modified by Benvenuti
et al. [42] was used with some modification. Briefly, 0.10 g of freeze-dried samples were
macerated in 20 mL methanol 80% (v/v) containing 1% HCI for 12 h in the dark. Samples
were then filtered through filter paper (589 Schleicher diameter). The absorbance was
then measured using a spectrophotometer (model UV-1800, Shimadzu, Tokyo, Japan) at
wavelengths of 535 nm and 360 nm. For TFGC, the extract was diluted 1:5 before reading.
The concentrations of TAC and TFGC were calculated using the following formula:

 AX MW x DF x V x 103

c ex1lxm

1)

where C is the total concentration of anthocyanins or flavonoid glycosides (mg 100 g~!
fw), A is the absorbance, MW is the molecular weight of the reference compound used to
determine pigment concentration, DF is the dilution factor, V is the solvent volume (mL),
10 is the conversion factor from grams to milligrams, ¢ is the molar extinction coefficient
of the compound, ! is the cell path length (1 cm), and m is the weight of the sample.

Total anthocyanin contents were expressed as cyanidin 3-glucoside equivalents, with a
molecular weight of 449.2 g mol ~! and a molar extinction coefficient of 26,900 L cm~! mol 1.
For TFGC, the concentrations were expressed as quercetin 3-glucoside equivalents, with a
molecular weight of 464.4 g mol ~! and a molar extinction coefficient of 20,000 L cm~! mol 1.
Therefore, TACs were reported as mg C3G eq 100 g~! fw, and TEGC as mg Q eq 100 g~ fw.

The determinations of total antioxidant capacity and total polyphenol content were per-
formed using methods described by Kang et al. [43], based on those of Ke and Saltveit [44],
Singleton and Rossi [45], and Benzie and Strain [46], with appropriate modifications to
adapt the protocols to the material being analyzed.

The total antioxidant capacity was determined using the FRAP (Ferric-Reducing
Ability of Plasma) assay. The FRAP reagent (a 1 mM solution of 2,4,6-tripyridyl-S-triazine
[TPTZ], 2 mM ferric chloride, and 250 mM sodium acetate at pH 3.6) was prepared daily
from stock solutions of 300 mM acetate buffer, 12 mM TPTZ (in 48 mM hydrochloric acid),
and 24 mM ferric chloride in a 10:1:1 ratio. To 200 uL of extract obtained for TAC/TFGC
determination, 3800 uL of the FRAP reagent was added and homogenized using a vortex
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mixer. After 4 min at 20 °C, the absorbance was measured with a spectrophotometer
(UV-1800, Shimadzu, Tokyo, Japan) at a wavelength of 593 nm. The absorbance readings
were compared to a calibration curve constructed with ferrous sulphate solutions ranging
from 0 to 1000 ug mL~! of ferrous ions. The antioxidant activity was expressed as mg of
Fe?* equivalents per 100 g of dry weight (mg FeE 100 g~ ! dw).

For the determination of total polyphenols, 100 uL of extract was mixed with 1100 pL
of Folin—Ciocalteu reagent and 800 pL of 7.5% anhydrous sodium carbonate. The mixture
was agitated for 15 s and then allowed to stand for 30 min at room temperature before
measuring the absorbance with a spectrophotometer at a wavelength of 765 nm. The
absorbance was compared to that of standard gallic acid solutions (ranging from 0 to
600 g mL~1!) that underwent the same procedure as the samples. The Total Phenolic
Content was expressed as mg of gallic acid equivalents per 100 g of dry weight sample (mg
GaE 100 g1 dw).

2.5. Experimental Design and Statistics

The experimental design used in this study was a split-plot design with repeated
measures. Three greenhouses (blocks) were assigned different NTP air treatments, each
representing a unique intensity of air. Within each greenhouse, three supplemental LED
light treatments were applied to plants with two replications for each light treatment.
Measurements were repeated over different dates on the same plants.

A linear mixed model was performed using a statistical software (9.4. SAS Insti-
tute, Cary, NC, USA) to investigate the effect of air treatment with Non-Thermal Plasma
(control, low, and high) and supplemental LED light (control, low, and high) on morpho-
physiological parameters.

Yijkim =+ i+ pj + (p X Oij + T + €ijram

where Y, represents the dependent variable (plant height, plant width, growth index,
SPAD index, flower production, flower length, flower width, fresh weight, dry matter, and
visual score); y is the overall mean of each dependent variable. ; represents the fixed effect
of the ith NTP air treatment [i = control (C-NTP), low-NTP (L-NTP), high-NTP (H-NTP)];
b; represents the fixed effect of the jth supplemental LED light treatment [j = control (C-
LED), +75 pmol m~? s~ ! (L-LED), +150 umol m~2 s~ (H-LED)]; (p x c);j represents the
interaction between the ith air treatment and the jth supplemental LED light treatment.
Ty is the random intercept for the kth repeated measure; €ijkim 18 the error term. Data are
presented as least squares means and standard error. Multiple comparisons of least squares
means were performed using the Tukey HSD post hoc test. The threshold for significance
was set at p < 0.05.

3. Results
3.1. Greenhouse Microclimate Conditions

The temperature inside the three greenhouses did not show any difference. Figure 2A
shows the average daily temperatures of the external environment (ARPAV data) compared
to those recorded inside the greenhouses. The external average temperature gradually
increased over time, with minimum values close to 5 °C and maximum values of 16.1 °C,
at the end of the trial. Inside the greenhouses, however, the average temperature never
dropped below 15 °C, while the maximum temperatures reached 30 °C. These values are
high for viola cultivation, but we could not open the greenhouse windows because of
the NTP air treatment. Regarding light intensity, both external and internal values are
shown in Figure 2B. For the internal global radiation, as the sensors placed inside the
greenhouses (in a place not reached by the LED light) measured pumol m~2 s~!, we were
able to calculate the Daily Light Integral (DLI). Thus, Figure 2B shows only the DLI provided
by natural light. It should be noted that, due to the supplementary lighting applied, an
additional 0.09 mol m~2 d~! was provided to the control treatment, 4.33 mol m~2 d~! to
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the low irradiance treatment (L-LED: 75 umol m~2 s~ 1), and 8.66 mol m 2 d~! to the high
irradiance treatment (H-LED: 150 umol m~2 s~1), based on the actual values measured
with the quantum meter.
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Figure 2. Daily average temperature trends inside and outside the greenhouse (A) and Daily Light
Integral (DLI) radiation trends, provided by natural light only, measured in the greenhouse by sensors
(mol m~2 d~1) and Global Radiation (GR) (MJ m~2 d~2) (B). Note that supplemental DLI from LED
treatments is not shown here but described in the text.

3.2. Growth Parameters and Production

The experimental data collected for leaf nutritional status, represented in this work
by the SPAD index, are reported in Figure 3. Throughout the study period, plants under
L-LED and H-LED light often maintained higher SPAD values compared to those under
LED light control, indicating significant increased chlorophyll content with higher light
intensity (Figure 3A). Plants under H-NTP treatment exhibited higher SPAD values at the
first three sampling dates compared to the control and L-NTP treatments, suggesting an
enhancement in chlorophyll content with higher NTP air treatment levels (Figure 3B).

80 80
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60 - a a a b a a 604 g a ab a a a a
x ab ab a a a a x a b @ a a a
S b b 2 .2 3 b 5.
c set-8 L ST e £ a J Eaier-Ey. ST S i
n 50 ;__ P, :____§~~-=»? - n 50 R Lot Bt g4 if
< L I & ) < g o X L
o i o =3
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301 =--C-LED 30| --=--C-NTP
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--4--H-LED H-NTP
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Figure 3. SPAD index (an indicator of chlorophyll content) of Viola cornuta leaves observed over days
after transplanting (DAT) under different levels of supplemental LED light: C-LED (no additional
light), L-LED (+75 pmol m—2s71), and H-LED (+150 umol m~2 s~1) (A); and under different Non-
Thermal Plasma (NTP) air treatments: C-NTP (no NTP treatment), L-NTP (low-NTP), and H-NTP
(high-NTP) (B). Different letters indicate significant differences (p < 0.05) among treatments according
to Tukey’s HSD test.

The plant growth index, calculated as the arithmetic means of plant height, width,
and orthogonal width, is shown in Figure 4. Plants under no supplemental LED light
(C-LED) often exhibited higher growth index values compared to those under H-LED light.
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However, at the end of the experiment, the plant growth index did not show any significant
difference (Figure 4A).
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Figure 4. Plant growth index of Viola cornuta observed over days after transplanting (DAT) under
different levels of supplemental LED light: C-LED (no additional light), L-LED (+75 pmol m~2s71),
and H-LED (+150 pmol m~2 s—1) (A); and under different Non-Thermal Plasma (NTP) air treatments:
C-NTP (no NTP treatment), L-NTP (low-NTP), and H-NTP (high-NTP) (B). Different letters indicate
significant differences (p < 0.05) among treatments according to Tukey’s HSD test.

Regarding the NTP treatments, NTP control and H-NTP-treated plants showed a
higher growth index for most of the experimental period compared to those in the L-NTP.
However, at 56 and 63 DAT, the H-NTP-treated plants showed a significantly higher growth
index (22.3) compared to both NTP control and L-NTP (e.g., +9.8% at 63 DAT) (Figure 4B).

Plant biomass parameters at the end of the experiment are reported in Table 1. Plants
under LED control and L-LED light conditions had similar canopy widths (30.4 and 31.1 cm,
respectively), whereas those under H-LED light had reduced canopy width but increased
shoot fresh weight (102.2 g) and shoot DM% (15.9%). The plants treated with H-NTP had
similar plant height and canopy width and shoot fresh weight (FW) compared to the NTP
control group, but did not show significant differences in shoot dry matter percentage
(DM%). Low-NTP treatment resulted in reduced plant height and canopy width compared
to the other treatments.

Table 1. Plant height, plant width, shoot fresh weight, and shoot dry matter of Viola cornuta under
different levels of supplemental LED light: C-LED (no additional light), L-LED (+75 pmol m2s71),
and H-LED (+150 pumol m~2 s~1); and under different Non-Thermal Plasma (NTP) air treatments:
C-NTP (no NTP treatment), L-NTP (low-NTP), and H-NTP (high-NTP).

Plant Height (cm) Plant Width (cm) Shoot FW (g) Shoot% DM
NTP air
C-NTP 184+ 0412a 31.6 £0.654 a 994 +2414a 14.0 £ 0.537 a
L-NTP 16.7 £0.412Db 26.7 + 0.654 b 85.12 +2.441Db 14.6 +£0.537 a
H-NTP 18.6 +0412a 31.0£0.654 a 1043 + 2414 a 149 £ 0.537 a
Supplemental LED light
C-LED 18.1 £ 0.693 a 30.4 £+ 0.654 a 87.8+2441b 132 £0.543Db
L-LED 182+ 0.693 a 31.1 £0.661 a 98.90 £2414a 14.4 + 0.531 ab
H-LED 174+ 0.693 a 27.7 £ 0.661b 1022 +2414a 159+ 0.531 a

p-values

NTP air %% *%% %% ns
Supplemental LED light ns ok ok **
NTP air x supplemental LED light =~ *** ok ns ns

Different letters indicate significant differences (p < 0.05) among treatments according to Tukey’s HSD test.
ns = not significant. **: significant at p < 0.01. ***: significant at p < 0.001.
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The interaction between NTP air and supplemental LED light treatments was signifi-
cant for plant height and canopy width but not for shoot fresh weight and shoot DM%.

The flower yield was significantly and positively affected by the L-LED and H-LED
supplemental light treatments compared to the LED control group (Figure 5A). The H-LED
supplemental light treatment showed the most pronounced effect, with yield constantly
higher than the LED control (Figure 5A). Both L-NTP and H-NTP treatments led to higher
yield compared to the NTP control, with H-NTP showing slightly higher biomass levels
towards the end of the experiment. However, the differences between L-NTP and H-NTP

were less pronounced, indicating no significant difference between these two treatments at
most time points (Figure 5B).
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Figure 5. Viola cornuta flower yield observed over days after transplanting (DAT) under different
levels of supplemental LED light: C-LED (no additional light), L-LED (+75 pmol m~2 s~!), and
H-LED (+150 pmol m~2 s~ 1) (A); and under different Non-Thermal Plasma (NTP) air treatments:
C-NTP (no NTP treatment), L-NTP (low-NTP), and H-NTP (high-NTP) (B). Different letters indicate
significant differences (p < 0.05) among treatments according to Tukey’s HSD test.

Plants under different supplemental LED light treatments showed significant differ-
ences in total flower yield and the number of flowers. The high-LED light treatment led to
the highest values, with 38.5 g of flowers per plant and 334 flowers per plant, compared to
LED control treatment which only produced 23.5 g and 202 flowers per plant (Figure 6).
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Figure 6. Viola cornuta total flower yield (g plant~!) and number of flowers per plant under different
levels of supplemental LED light: C-LED (no additional light), L-LED (+75 umol m—2s71), and
H-LED (+150 umol m~2 s~ 1) (A); and under different Non-Thermal Plasma (NTP) air treatments:
C-NTP (no NTP treatment), L-NTP (low-NTP), and H-NTP (high-NTP) (B). Different letters indicate
significant differences (p < 0.05) among treatments according to Tukey’s HSD test.
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Regarding NTP air, the H-NTP treatment resulted in the highest flower yield and
flower count compared to the control, while L-NTP achieved the lowest. Specifically, while
control plants produced 30.8 g of flowers per plant and 267 flowers per plant, H-NTP
increased plant yield by 15.6% g and flower count by 10.8%, and L-NTP reduced yield by
11.2 and count by 9.4%. The interactions between supplemental LED light and NTP air
treatment did not show significant results.

3.3. Morphometric Parameters of the Flowers

The flower size index did not show significant differences due to either NTP air
or supplemental LED light treatments (Table 2). However, significant differences were
observed in flower fresh weight among NTP air treatments. Plants treated with H-NTP
produced flowers with the highest fresh weight (128.4 mg), followed by NTP control plants
(124.2 mg), and L-NTP-treated plants (118.8 mg). Supplemental LED light treatments did
not significantly affect the flower fresh weight. Regarding flower dry matter, L-NTP-treated
plants had the highest values (16.4%), while control and H-NTP-treated plants had similar
and lower values (15.7% and 15.6%, respectively). Supplemental LED light treatments did
not significantly affect the flower dry matter.

Table 2. Flower size index (length width~!), flower fresh weight, and dry matter under different
levels of supplemental LED light: C-LED (no additional light), L-LED (+75 umol m~2 s 1), and
H-LED (+150 pmol m~2 s~1); and under different Non-Thermal Plasma (NTP) air treatments: C-NTP
(no NTP treatment), L-NTP (low-NTP), and H-NTP (high-NTP).

Flower Size Index Flower FW (mg) Flower% DM
NTP air
C-NTP 133 £0.013 a 1242 £3.118b 15.7 £0.193b
L-NTP 1.30 £ 0.013 a 118.8 £3.124 ¢ 16.4 +£0.193 a
H-NTP 1.31+0.013a 128.4 £3.124a 15.6 £0.193 b
Supplemental LED light
C-LED 1.31 £0.018 a 117.0 £ 4.138 a 15.6 £ 0.254 a
L-LED 1.31£0.018a 127.4 £5.714a 159 £ 0.346 a
H-LED 1.31+0.018a 127.0 £5.714a 16.1 +0.346 a

p-values

NTP air ns ok o
Supplemental LED light ns ns ns
NTP air x supplemental LED light ns ** ns

Different letters indicate significant differences (p < 0.05) among treatments according to Tukey’s HSD test.
ns = not significant. **: significant at p < 0.01. ***: significant at p < 0.001.

3.4. Shelf-Life of Harvested Edible Flowers

The shelf-life test was performed every two weeks, and the flower fresh weight and
visual quality of flowers assessed for 14 days after harvest (DAH). Flower fresh weight
decreased over time during storage, as expected. After 14 days it decreased, on average, by
a maximum of 22.3% in the first cycle to a minimum of 11.2% in the fifth cycle. In all cycles,
the lighting treatment did not show any significant effect, while NTP treatment showed
an occasional effect of cycle light significant effect of the third cycle (higher fresh weight
of L-NTP-treated flowers compared to control flowers after 7 DAH) and the sixth cycle
(higher fresh weight of H-NTP-treated flowers compared to control flowers after 10 DAH).
In contrast, more consistent effects were observed in the fifth cycle (Figure 7), where since
7 DAH, L-NTP-treated flowers showed a lower fresh weight reduction compared to those
of the control treatment. The first shelf-life cycle with the flowers collected at the first
harvest, which occurred 7 days after the beginning of the experiment, showed little effect of
light treatment: at 14 DAH, 0 supplemental LED light had higher visual score than L-LED
light treatment (Figure 8). Regarding Non-thermal plasma air treatment, H-NTP treatment
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increased the visual appeal (7 Visual Quality) compared to control and L-NTP at 4 DAH,
and lower at 11 DAH.
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Figure 7. Fresh weight of flowers during the fifth shelf-life cycle observed over days after harvest-
ing (DAH) under different levels of supplemental LED light: C-LED (no additional light), L-LED
(+75 umol m~2 s~ 1), and H-LED (+150 umol m~2 s~1); and under different Non-Thermal Plasma
(NTP) air treatments: C-NTP (no NTP treatment), L-NTP (low-NTP), and H-NTP (high-NTP). Differ-
ent letters indicate significant differences (p < 0.05) among treatments according to Tukey’s HSD test.

During the second cycle, at 7 DAH, flowers treated with +150 pmol m~2 s~! during
cultivation showed higher visual quality scores, while those under 0 and L-LED light
treatments showed lower scores. However, at the end of the test (14 DAH), flowers did
not show significant differences. The impact of different NTP air treatments during the
cultivation cycle is reported in Figure 8 where control and L-NTP-treated flowers showed
the lowest visual quality scores from 7 DAH till the end of the trial, whereas flowers treated
with H-NTP exhibited the highest scores.

The third shelf-life cycle showed that flowers under the L-LED and H-LED supplemen-
tal light treatments experienced a similar decline in visual quality which differed to that
of control treatment since 7 DAH, in which flowers under the 0 supplemental LED light
showed a higher visual quality compared to those under L-LED and H-LED supplemental
light. Flowers under NTP air treatment showed the same trend of the second cycle until
7 DAH; however, at the end of the experiment no difference among treatment was observed
(Figure 8F).

At the fourth cycle (Figure 8G,H), no difference due to LED light treatments was
observed, while at 7 and 11 DAH, the visual quality score was higher under H-NTP air
treatment compared to the NTP control.

During the fifth shelf-life cycles (Figure 8I), the visual quality of flowers, as affected
by LED light treatments, showed a clear and lower visual quality for flowers treated with
L-LED and H-LED supplemental light compared to LED control from 4 DAH until the end
of the storage. Regarding the NTP air treatment, the flowers under NTP control air during
the cultivation cycle had a lower visual quality at 11 DAH compared to those with L-NTP
and H-NTP air treatments. At the end of storage, H-NTP differed from L-NTP treatment,
showing the lowest visual score.
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Figure 8. Visual quality of flowers during the first (A,B), second (C,D), third (EF), fourth (G H),
and fifth (IL) shelf-life cycle observed over days after harvesting (DAH) under different levels
of supplemental LED light: C-LED (no additional light), L-LED (+75 umol m~2s~1), and H-LED
(+150 pmol m—2 s~1); and under different Non-Thermal Plasma (NTP) air treatments: C-NTP (no
NTP treatment), L-NTP (low-NTP), and H-NTP (high-NTP). Different letters indicate significant
differences (p < 0.05) among treatments according to Tukey’s HSD test.
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3.5. Pigments and Antioxidant Activity Measures

The carotenoid content in flowers did not show significant differences between
treatments and, on average, was 28.2 mg g~ ! fw. The TAC and the total antioxidant
capacity were not affected by NTP air treatment or by light treatment and averaged
103.9 C3G eq mg 100 g~ fw and 54.3 mg FeE 100 g~ ! fw, respectively.

Concerning TFGC in flowers, values showed significant differences among the supple-
mental light treatments (Figure 9). Plants treated with L-LED supplemental light produced
the highest values (914.4 mg Q eq 100 g~ ! fw), followed by those treated with H-LED sup-
plemental light (890.6 mg Q eq 100 g~! fw), both significantly higher than the LED control
(786.0 mg Q eq 100 g~ ! fw). Non-Thermal Plasma air treatments did not show significant
differences. Regarding TPC, flowers treated with L-LED and H-LED supplemental light
produced the highest values (2958 and 2872 mg GAE kg~ fw, respectively) compared to
the LED control plants (2539 mg GAE kg~! fw). In contrast, NTP air treatments did not
show significant differences, even at different harvest times (Table S1).
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Figure 9. Total Flavonoid Glycosides Content (TFGC) expressed in mg Q eq100 g~ ! fresh weight and
Total Phenolic Content (TPC) in mg GAE kg~ fresh weight of Viola cornuta flowers under different
levels of supplemental LED light: C-LED (no additional light), L-LED (+75 umol m~2 s 1), and
H-LED (+150 umol m~2 s~1); and under different Non-Thermal Plasma (NTP) air treatments: C-NTP
(no NTP treatment), L-NTP (low-NTP), and H-NTP (high-NTP). Different letters indicate significant
differences (p < 0.05) among treatments according to Tukey’s HSD test.

However, at different harvest times, a significant difference in the content of TAC
and TFGC were observed in flowers treated with NTP air (Table 52). During the second
and third time points, flowers under L-NTP air treatments showed lower TAC compared
to NTP control and H-NTP air treatment. For TFGC, significant differences were ob-
served at the second and third time points, with higher values in flowers under H-NTP
(908.4 mg Q eq100 g~ ! fw) during the second time point.

4. Discussion

The pursuit of healthier lifestyles and changing eating habits has enhanced the edible
flowers market. The vibrant color, unique flavor, and bioactive compounds of edible
flowers have prompted efforts to optimize agronomic practices, improving yield, quality
attributes, and nutraceutical properties. In this study, we evaluated the performance
of V. cornuta under supplemental LED lighting and NTP air treatment to enhance crop
yield and quality attributes. Indeed, winter temperature and light are crucial factors in
ensuring optimal flower production. In greenhouse cultivation, supplemental lighting is
commonly used to enhance both the yield and quality of flowers [47,48]. In this study, plants
exposed to higher LED light intensities (+75 and +150 pumol m 2 s~ !) exhibited elevated
SPAD index values compared to those under control conditions (+1.66 pmol m~2s71).
This suggests that increased light intensity positively influences chlorophyll synthesis,
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enhancing photosynthetic activity and overall plant growth. In fact, it is known that
SPAD index is a good indicator of the nitrogen nutritional status of plants [49,50]. Fu
et al. [51] reported that extremely strong light inhibits the chloroplast formation and
consequently decreases chlorophyll content in plant leaves. In contrast, under weak
light, the larger chloroplasts result in increased chlorophyll content in plant leaves. This
demonstrates that supplemental lighting effectively increases light intensity under low
ambient light conditions. Similarly, Modarelli et al. [52] noted that higher light intensities
(up to 259 pmol m~2 s~ 1) reduced chlorophyll content and vegetation indexes efficiency in
red lettuce. However, as Shomali et al. [53] point out, photoinhibition is a complex process
where the plant’s photoprotective mechanisms play a crucial role in mitigating potential
damage. This suggests that while increased light intensity can enhance photosynthesis, it
may also lead to photo-oxidative stress if the plant’s acclimation processes are insufficient.
It has to be mentioned that the control group received the minimum supplemental light
that guaranteed the same photoperiod of the LED treatments therefore the effects of the
light treatments were due to the increased irradiance (and of the DLI) and, at least in part,
also due to a change in the overall light quality caused by the LED treatments.

In this study, the NTP air treatment influenced the chlorophyll content only at the
beginning of the cultivation cycle. To the author’s knowledge, the literature poorly reported
the use of Non-Thermal Plasma air treatment during the cultivation of edible flowers.
Cannazzaro et al. [26] recorded a higher SPAD index in gerbera plants under NTP-treated
high-nutrient solution in peat and compost (on average 52 SPAD units).

Supplemental LED light at +150 pmol m~2 s~! increased the number of harvested edi-
ble flowers. Similarly, Llewellyn et al. [54] found a linear and positive relationship between
supplemental light and numbers of flowers produced by gerbera, with the highest light
intensity treatment (179 umol m~2s71) producing 10.3 and 7.0 more total and marketable
flowers per plant than the lowest light intensity treatment (40.7 pmol m~2 s~!). Their
study also demonstrated that providing 100 pumol m~2 s~! of supplemental light under a
12 h photoperiod could increase flower production by approximately 30% during darker
months. Similarly, in our study, applying 150 pmol m~2 s~! supplemental light under
a 16 h photoperiod led to a 64.1% increase in flower yield, underscoring the potential of
supplemental lighting to significantly enhance production. Supplemental LED light did
not influence flower size index, fresh weight, or dry matter content. In contrast, Llewellyn
et al. [54] found flowers under 133 umol m~2 s~ ! had larger diameter than the other tested
treatments which ranged from 40.7 to 179 umol m~2 s~!. Similarly, Jang et al. [55] reported
that V. cornuta '‘Penny Red Wing’ had larger flowers under purple LED lighting, suggesting
that light wavelength, rather than intensity alone, affects flower size. Despite using higher
light intensities in our study, flower size was not significantly affected, possibly due to
interactions between light quality, species-specific responses, and environmental factors
like temperature and nutrients. Warner and Erwin [56] suggested that flower size could
indicate heat tolerance in Viola x wittrockiana cultivars, with temperature likely playing a
more significant role than light intensity.

Supplemental LED lighting is known to have a positive effect on many plant growth
parameters of several plant species, including pansy. Consistent with the findings, refer-
ence [57] found enhanced flower numbers on pansy plants under supplemental red /orange
LED lighting for five hours per day. Similarly, Marchioni et al. [58] recorded an increase in
flower number per m? of V. cornuta ‘Penny’ under supplementary lighting.

Health consciousness is a key factor driving the edible flower market, as it influences
consumer attitudes through a healthy and caring lifestyle [59]. Moreover, external quality
attributes, such as appearance, color, shape, and beauty also play a significant role in
attracting consumer preferences [4].

Edible flowers have a short shelf-life, facing issues such as petal abscission, discol-
oration, wilting, dehydration, and browning [12]. This has led to the development of
techniques for extending the shelf-life of products with “fresh-like” characteristics. Non-
thermal processing approaches have shown promising results in the case of edible flowers
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such as low temperature storage, irradiation, controlled atmosphere storage (CAS), ultra-
sound processing, and modified atmosphere packaging (MAP) [60]. Demasi et al. [61]
evaluated the potential of V. cornuta to be sold as fresh-cut flowers, demonstrating a longer
shelf-life and better preservation of phytochemical characteristics during storage at 4 °C.
Marchioni et al. [58] conducted an experiment on the post-harvest shelf-life of V. cornuta
flowers (04 days at 4 °C). The additional lighting (using polyethylene boxes, 12/12 h
light/dark cycle) appears to prevent depigmentation and maintains nutraceutical com-
pounds, although this may lead to a reduction in sugar content. The use of Non-Thermal
Plasma air treatment has not been documented in the literature, either during the cultiva-
tion of edible flowers or during storage to extend their shelf-life. The findings of this study
in the shelf-life tests suggest that NTP treatment during cultivation has a positive effect
even on the shelf-life of V. cornuta as a significant increase in flower visual score was noted
in all cycles and, sometimes, already after 4 DAH. Burchi et al. [62] tested NTP devices to
treat irrigation water, recirculated irrigation water, and the entire greenhouse environment
(i.e., air). The aim of the tests was to reduce potentially harmful macrobiotic organisms
for crops, and the effects on overall plant health were evaluated by monitoring pathogen
presence. A shelf-life test also indicated that supplemental lighting could have a negative
impact on flower quality during extended storage. A clear response was particularly evi-
dent at the fifth cycle; it is possible that during the latest part of the trial the ambient light
was already sufficient for optimal plant growth and that the supplemental light caused
light stress to the plant.

Carotenoids are pigments that accumulate in flowers, contributing to their vibrant
colors and playing a crucial role in attracting pollinators [21]. The carotenoid content
in flower petals varies widely depending on the plant species [63]. Moreover, pigments
such as carotenoids and anthocyanins are important for assessing the visual quality of
flowers [58]. In this study, the average carotenoid content was 28.2 mg g~ ! fw, which did
not align with the findings of Fernandes et al. [22] who reported total carotenoid content
in pansies ranging from 21.6 to 109.2 mg {3-carotene per 100 g of dry weight. For instance,
Gonzélez-Barrio et al. [13] reported an average of 146 ug g~ ! dw of total carotenoids in
Viola wittrockiana. While these findings are consistent with those from other researchers,
there is considerable variability in both quantity and composition depending on the species.
Notably, Nekouyar et al. [64] reported averages of 4.97 ug g~ ! fw in sweet violets (Viola
odorata) and 4.05 ug g~ fw in Viola tricolor.

To our knowledge, no studies have specifically addressed the effects of NTP air
treatment on the cultivation of edible flowers. Thus, our results contribute valuable insights
into how such treatments may influence pigmentation in these flowers.

In addition to carotenoids, the Total Flavonoid Glycosides Content (TFGC) exhib-
ited significant differences among supplemental light treatments. Flowers exposed to
L-LED and H-LED of supplemental light (+75 and +150 pmol m~2 s~!) demonstrated
the highest TFG levels (902.5 mg Q eq 100 g~ ! fw), significantly surpassing the control
(786.0 mg Q eq 100 g ! fw). This observation aligns with the findings of Jaakola and Ho-
htola [65], which indicate that increased light intensity enhances flavonoid biosynthesis
across various species. Flavonoids play essential roles in plant defense and offer health
benefits to consumers, underscoring the importance of optimizing light conditions for horti-
cultural crops [66]. Moreover, significantly higher levels of flavonoids were found in freshly
harvested Viola flowers (115 mg Q eq g~! dw) compared to those stored for extended
periods [67]. Various preservation methods have been explored, including modified atmo-
sphere packaging, high hydrostatic pressure, edible coatings, and drying technologies [68].
However, no studies have specifically investigated the potential of NTP air treatment
during cultivation for enhancing both plant growth and post-harvest preservation. Non-
Thermal Plasma air treatment could represent a novel solution for extending the shelf-life
of edible flowers.

Finally, our results indicated a lower Total Phenolic Content (TPC) (ranging from 16.5
to 18.4 mg GAE g~ ! dw) compared to the 44.9 + 1.43 mg GAE g~ ! dry weight reported
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by Gonzalez-Barrio et al. [13], for extracts obtained via maceration. Similarly, Fernandes
etal. [61] found a higher average Total Reducing Capability (5.43 mg GAE g~! dw) in fresh
Viola flowers compared to those that had crystallized during storage. These variations
emphasize how differences in extraction methods, flower varieties, and storage conditions
can significantly influence phenolic content and antioxidant capacity.

5. Conclusions

This study demonstrated that supplemental LED lighting and Non-Thermal Plasma
(NTP) air treatments significantly enhance the growth and flower production of Viola
cornuta under controlled greenhouse conditions.

These findings suggest that implementing innovative technologies such as LED light-
ing can optimize production, particularly during winter seasons with reduced light avail-
ability, while Non-Thermal Plasma air treatments can help manage air quality by reducing
humidity when temperatures are lower, and ventilation is limited. Moreover, this approach
could facilitate the introduction of a new fresh product in the GDO market, providing
consumers with high-quality edible flowers that offer numerous health benefits. By miti-
gating environmental challenges, growers can achieve consistent yields and high-quality
flowers throughout the year, contributing to sustainable agricultural practices in floricul-
ture and enhancing the viability and economic potential of flower cultivation in varying
climatic conditions.
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