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Impact of Light on Horticultural Crops

Filippos Bantis 1,* and Athanasios Koukounaras 2

1 Department of Agriculture, University of Patras, 30200 Messolonghi, Greece
2 Department of Horticulture, Aristotle University, 54124 Thessaloniki, Greece
* Correspondence: fbantis@upatras.gr

Light is an essential factor for the growth and quality of horticultural plants and its
effects depend upon parameters such as duration, intensity and quality. It is an energy
source for photosynthesis as well as a signal triggering plant photomorphogenesis and
physiological, biochemical and molecular responses. However, solar light strongly differs
between winter and summer conditions, with excess light in open field cultivations impos-
ing severe stress on plants, especially during summer months, while supplementary light
sources are implemented in greenhouse crop production to complement natural light when
it is insufficient. On the other hand, artificial lighting is used as the sole lighting source in
plant factories (PFALs) and nurseries (e.g., healing chambers for grafted seedlings). Tech-
nological innovation such as the emergence and growth of light-emitting diodes (LEDs),
heating and cooling systems, disinfection materials, and renewable energy sources enabled
and facilitated horticultural crop production in closed production systems. In order to
enhance sustainability and profitability, light must be studied and efficiently applied within
horticultural crop production. The abovementioned novel technologies showcase the criti-
cal role of light interacting with plants from the level of seed germination to growth rate,
product quality and post-harvest storage. Moreover, from an investor’s and producer’s
point of view, these technologies offer the possibility to reduce electrical consumption, to
balance the carbon footprint of fresh products, and ultimately to reduce production costs.

This Special Issue collects recent research findings dealing with a wide range of topics
related to light effects on horticultural crops. All contributions are original research articles
dealing with a wide range of subjects. These subjects include seed treatment with light and
laser to enhance caper germination [1], light quantity and quality effects on the production
of grafted and ungrafted vegetable seedlings [2–5], application of light in a greenhouse
or a PFAL system to enhance the yield and nutritional value of lettuce varieties [6–8] and
watercress [9], light colour impact on Chrysanthemum cuttings’ rooting and growth [10],
as well as a study of the potential of LEDs in combination with adaptive lighting control
protocols and greenhouse-integrated photovoltaics to enable year-round crop cultivation
in the Nordics [11].

Caper (Capparis spinosa L.) seeds show considerable difficulties in their germination,
with light offering the potential to withdraw the dormancy in certain seeds. Foschi et al. [1]
analysed the germination response of caper seeds after exposure to light and He-Ne laser.
According to their results, the authors concluded that light (they tested white, red, blue,
and red + blue wavelengths, and darkness) during the germination process did not provoke
a response to caper seeds. Therefore, to save energy, darkness is the logical way for caper
germination. On the other hand, irradiation of pre-soaked caper seeds with a He-Ne
laser increased their germination percentage but only after application of a gibberellic
acid solution.

In the northern hemisphere, solar light reaching inside a greenhouse can be insufficient
during the winter months and may result in inferior vegetable seedling quality. Supplemen-
tal lighting is a means to encounter this constrain, and light quality can have a significant
effect. Yan et al. [2] tested LEDs with different spectral emissions (including white, blue
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and UV-A) as supplemental lighting options for the production of cucumber (Cucumis
sativus L. cv. Tianjiao No. 5) seedlings. According to their findings, solar light enhanced the
plant height and the hypocotyl length but decreased the leaf area and thickness compared
to the supplemental LED combinations. Moreover, the shoot and root fresh weight, and
the seedling quality index were enhanced by the white, blue, and UV-A lights, while
the white/blue/UV-A combinations led to increased cellulose content and stem firmness.
Overall, the white/blue/UV-A combinations led to the development of compact cucumber
seedlings with superior mechanical properties, and preferable growth performance. There-
fore, this light recipe could be applied to achieve the desired morphological and quality
characteristics of cucumber seedlings.

Throughout the world, watermelon (Citrullus lanatus L.) is propagated in high percent-
ages through grafting, and seedlings are then subjected to a healing stage where conditions
such as light are controlled. Bantis et al. [3] examined the impact of different light qualities
(applied at the healing stage) for the field cultivation of grafted watermelon (cv. Celine F1
scion grafted onto Cucurbita maxima × C. moschata cv. TZ-148 rootstock) transplants. In
their contributions, the authors reported that a treatment emitting 88/12% red/blue (12B)
light and 12B including 5% far-red (12B + FR) improved the vegetative growth. The latter
light treatment also accelerated flowering even compared to 12B which only lacked 5%
far-red radiation, an important wavelength related to flowering. Following, these light
treatments along with monochromatic red also accelerated the fruit production, which
was eventually similar under all light treatments when the rest caught up after a few
days. Monochromatic blue had a similar response to the control (fluorescence lamps: FL),
showing decreased vegetative growth and slower flowering and fruit production. Fruit
morphological and biochemical properties were also not affected by the different light
qualities during healing. Overall, red, blue, and far-red wavelengths during the healing
of grafted watermelon seedlings improved the growth and accelerated the flowering and
fruit production of watermelon crops.

Another important crop which is widely established with the use of grafted seedlings
is tomato (Solanum lycopersicum L.). In their contribution, Melissas et al. [4] studied the
effect of light quality during the healing of grafted tomato (cv. Kabrera F1 scion grafted
onto cv. Emperador F1 rootstock) seedlings, on seedling adaptation to transplant shock.
Monochromatic blue light reaffirmed its inhibitory effect on plant growth by showing
poor results both before and after the seedlings were transplanted in pots. Similar but less
pronounced effects were reported for monochromatic red light. The control (FL) treatment
also decelerated the seedling’s growth due to inferior spectral distribution compared to light
recipes containing proper red–blue amounts and wavelengths. On the other hand, light
treatments including large amounts of red and 11–24% blue (i.e., 88/12% red–blue, 76/24%
red–blue, and white with 71/18/11% red–green–blue) enhanced the seedling quality before
and after transplanting in pots. This is also supported by the greater antioxidant activity
and overall adaptation to transplant shock. Finally, the white treatment is preferable to
achieve better light conditions for the human eye.

In another contribution involving grafted tomato (Lycopersicon esculentum Mill.) trans-
plants, Zheng et al. [5] compared different photon flux densities during the healing of
grafted seedlings, as well as broad-spectrum light qualities for the production of scions (Cv.
Dongfeng No. 1) and rootstock (cv. Zhezhan No. 1), and during the post-grafting stage.
The authors examined the growth and energy-use efficiency under the abovementioned
treatments. During the experiment, the LEDs showed a 110% greater electrical energy
saving compared to FL lights. The addition of red light to white LEDs enhances the dry
matter accumulation and improves plant compactness and leaf thickness. However, red
light should be added with caution since excessive amounts may lead to negative responses
on seedling quality and could possibly increase the operation costs. Nevertheless, a higher
photon flux density during healing improved the seedling growth and quality without
increasing the energy consumption. Overall, a red/blue ratio of 1.2 and red/far-red ratio
of 16, and a photon flux density of 150 μmol m−2 s−1 were suggested for the produc-
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tion of grafted tomato transplants, taking into account both the seedling quality and the
energy consumption.

Ultraviolet (UV) radiation is known to affect the yield and quality of red lettuce (Lactuca
sativa L.). In their contribution, Lycoskoufis et al. [6] aimed to enhance red lettuce (var.
Redino Lollo rosso) yield and quality through a UV management system in a greenhouse.
Specifically, the authors created a new cultivation system by combining polyethene film,
which blocks UV radiation in a greenhouse (UV-block), and supplemental UV light, and
compared with a UV-open greenhouse. It was reported that the latter showed decreased red
lettuce growth (i.e., head weight) and quality (i.e., total phenols, flavonoids, and antioxidant
capacity) compared to UV-block greenhouse including supplemental UV light.

Even in the Mediterranean region, climatic conditions and especially light quantity
during winter are suboptimal for the efficient production of leafy vegetables. Nowadays,
PFALs offer the option to cultivate such products all year round while maintaining crop
yield and quality regardless of outside conditions. Voutsinos et al. [7] evaluated the com-
mercial benefits arising from the cultivation of butterhead lettuce (Lactuca sativa L. cv. Glory)
using only artificial lighting indoors compared to a glasshouse in the Mediterranean region
during wintertime. High light intensity (310 μmol m−2 s−1) in the vertical facility resulted
in greater photosynthetic capacity, biomass accumulation, and quality characteristics. Only
in the vertical farming system, nitrate content was within the limits set for the human
consumption of 100 g of fresh lettuce regardless of light intensity.

In another study involving “Elizium” romaine lettuce (Lactuca sativa L. var. longifolia),
Matysiak et al. [8] analysed the impact of the light quality of the crops using two different
nutrient solutions in a controlled environment. The authors reported that a RGB 70/18/12%
combination enhanced the leaf biomass and inhibited the accumulation of potassium and
magnesium, while showing low nitrogen balance index and high flavonol index. A 25%
increase of mineral concentration in the nutrient solution (EC 2.0 mS m−2 s−1) negatively
affected the food quality displayed by the nitrogen balance index, flavonol index, nitrate
content, and tipburn.

PFALs can also be the production centre of less pronounced and less studied leafy
vegetables such as watercress (Nasturtium officinale L.). In their contribution, Lam et al. [9]
determined the optimal photoperiod and light intensity for the production of watercress
with a view to increase its plant growth and glucosinolate content in a deep flow system.
It is suggested that the 20 h photoperiod and 160 μmol m−2 s−1 light intensity promotes
the plant growth and glucosinolate content of watercress. The decrease in light intensity
and increase in the photoperiod led to a gradual decrease in net photosynthesis and
stomatal conductance.

Cuttings of ornamental plant are among the plant materials that can be cultivated in a
closed system with controlled conditions. In the case of chrysanthemums (Chrysanthemum
grandiflorum Ramat./Kitam) cv. “Nova Lime”, Schroeter-Zakrzewska and Pradita [10]
investigated the rooting in cuttings and the subsequent plant growth as affected by light
colour. White and monochromatic blue lights promoted rooting compared to white+blue
and red+blue treatments. Blue also enhanced the plant height, while red+blue promoted
the leaf number. Overall, the authors concluded that chrysanthemum showing good quality
can be cultivated under low light intensity, leading to reduced energy costs.

A valuable aspect characterizing controlled environment agriculture is the potential to
grow plants all year round. This is particularly important for regions facing harsh climate
conditions for large part of the year such as the Nordics (Sweden, Denmark, Norway,
Finland, and Iceland). Velasco [11] analysed the meteorological satellite data of these
regions to evaluate the potential of technological advancements to be used for efficient
year-round plant production. For that purpose, LEDs, greenhouse-integrated photovoltaics,
and adaptive lighting control were jointly studied. It is reported that such a concept is
indeed a feasible option even in the climatic conditions of the Nordics. In that region,
natural temperatures and daily light integral are only sufficient in the summer months.
Greenhouses can be used to extend the growth period further in the spring and autumn
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months, while transmittance levels of natural light affect the supplementary lighting used
for the plants. Among the options tested, LEDs in combination with adaptive lighting
control have the potential to save the most energy. In addition, greenhouses with integrated
photovoltaics offer the possibility to use the abundant summer sunshine and decrease some
electricity during the darker period of the year. Closed production systems provide a stable
environment for plant production during the winter months.

This Special Issue provides a fraction of the recent research findings related to light
effects on horticultural crops with respect to their yield, nutritional value, physiological
responses, and overall production and development. Additional research efforts could be
made towards the sustainability of the closed production systems, taking into account run-
ning costs for heating and cooling along with lighting. Moreover, large-scale experiments
are necessary to evaluate the usefulness of such systems for the year-round production of
vegetables compared to the conventional methods applied throughout the world. Finally,
several underutilized leafy and fruit crops could be tested under different light configura-
tions with a view to increase their overall production and quality. Furthermore, biodiversity
is still an important aspect of plant production, and studying the underlying mechanisms
of light on several genotypes is a long-lasting effort.

Funding: This research received no external funding.

Acknowledgments: We gratefully acknowledge all the authors that participated in this Special Issues.
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8. Matysiak, B.; Kaniszewski, S.; Dyśko, J.; Kowalczyk, W.; Kowalski, A.; Grzegorzewska, M. The Impact of LED Light Spectrum
on the Growth, Morphological Traits, and Nutritional Status of ‘Elizium’ Romaine Lettuce Grown in an Indoor Controlled
Environment. Agriculture 2021, 11, 1133. [CrossRef]

9. Lam, V.P.; Choi, J.; Park, J. Enhancing Growth and Glucosinolate Accumulation in Watercress (Nasturtium officinale L.) by
Regulating Light Intensity and Photoperiod in Plant Factories. Agriculture 2021, 11, 723. [CrossRef]

10. Schroeter-Zakrzewska, A.; Pradita, F.A. Effect of Colour of Light on Rooting Cuttings and Subsequent Growth of Chrysanthemum
(Chrysanthemum × grandiflorum Ramat./Kitam.). Agriculture 2021, 11, 671. [CrossRef]

11. Hernandez Velasco, M. Enabling Year-round Cultivation in the Nordics-Agrivoltaics and Adaptive LED Lighting Control of Daily
Light Integral. Agriculture 2021, 11, 1255. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

4



Citation: Lycoskoufis, I.; Kavga, A.;

Koubouris, G.; Karamousantas, D.

Ultraviolet Radiation Management in

Greenhouse to Improve Red Lettuce

Quality and Yield. Agriculture 2022,

12, 1620. https://doi.org/10.3390/

agriculture12101620

Academic Editors: Athanasios

Koukounaras and Filippos Bantis

Received: 18 August 2022

Accepted: 4 October 2022

Published: 6 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agriculture

Article

Ultraviolet Radiation Management in Greenhouse to Improve
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GR-24100 Kalamta, Greece

2 Department of Agriculture, University of Patras, GR-26504 Patras, Greece
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Abstract: The intensity of ultraviolet (UV) radiation affects the yield and quality of red lettuce. The
current study aimed to develop a UV management system in a greenhouse to achieve high yield and
quality in red lettuce production. The study consisted of two experiments. In the first experiment,
the effects of the different UV transparencies of the plastic materials covering the greenhouse on
plant growth and the concentration of antioxidants in red lettuce were studied. For this purpose,
two greenhouses were covered with polyethene of different transparencies to UV radiation. One
greenhouse was covered with a common type of polyethene transparent in a large spectrum of UV
radiation (UV-open), while the second greenhouse was covered with polyethene untransparent to
ultraviolet radiation (UV-block). The plants were grown in a deep flotation hydroponic system. At the
end of the cultivation, plant growth measurements, leaf colour measurements, and the determination
of antioxidant components’ concentration were carried out. Red lettuce plants harvested 42 days
after planting had an average head weight 42% greater in the UV-block greenhouse compared to
plants grown in the UV-open greenhouse. However, the red leaf colour of plants in the UV-block
greenhouse lagged significantly compared to that in the UV-open greenhouse. Moreover, the total
phenolic content, the total flavonoid content, and the antioxidant capacity of the lettuce leaves in the
UV-block greenhouse were significantly lower compared to the corresponding values of the plants in
the UV-open greenhouse. During the second experiment, a new cultivation system of red lettuce,
which combined a UV-block polyethene film as a greenhouse cover and a pre-harvested supplemental
UV light, was tested. For this purpose, various doses of supplemental UV lighting were tested in
the UV-block greenhouse for ten days prior to harvest. From these tests, it emerged that applying
supplemental UV lighting with a dose of 425 kJ m−2 d−1 for ten days before harvest produces red
lettuces of the same quality as those produced in a UV-open greenhouse. This technique of growing
red lettuce increases its yield by 30% without a negative effect on the quality of the product.

Keywords: greenhouse cover; leaf colour; UV radiation; antioxidant capacity; supplemental light

1. Introduction

Growing plants in a greenhouse provides a more favourable environment compared
to an open field due to the control and management of different environmental conditions,
such as radiation, temperature, humidity, carbon dioxide, and more precise availability of
water and nutrients. Consequently, crops have an increased vegetative development, are of
higher quality (colour, firmness, taste, etc.), and have earlier harvests.

Lettuce can be grown both in the open field and in a greenhouse. However, in recent
decades, greenhouse lettuce cultivation has become more popular as it extends seasonal
availability and improves quality by producing cleaner lettuce and an earlier yield.

Nevertheless, the different materials covering a greenhouse affect the amount and
spectral quality of light that passes inside the greenhouse and reaches the plant growth
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area. Greenhouse plastic cover materials are sensitive to UV radiation, and their exposure
to UV radiation for a long period reduces their durability and transparency in the light.
Protective agents are added to plastic covers to protect them from senescence. These
agents expand the use life of the plastic covers; however, they reduce their transparency
in UV radiation [1]. Consequently, in the commonly used greenhouse plastic covers,
transparency in UV radiation is much lower than transparency in photosynthetically active
radiation (PAR).

Preventing the entry of ultraviolet radiation into the greenhouse is achieved by choos-
ing covers that are not transparent to this radiation. These covers are defined as UV-block,
while the covers that allow UV radiation to enter the greenhouse are characterized as
UV-transparent or UV-open. Most plastic greenhouse covers, as well as glass, do not
transmit UV-B radiation (280–315 nm). The glass transmits only a part of UV-A radiation
(315–400 nm). In the Mediterranean region, plastic materials, and mostly the polyethene
variant types, have prevailed as greenhouse-covering materials. Photoselective sheets,
which block UV radiation, have also been used as greenhouse covers to control diseases
and pests in greenhouses. The absence of ultraviolet radiation prevents the sporulation
of several phytopathogenic fungi, such as Botrytis and Alternaria, and reduces the pop-
ulations of pests that need ultraviolet radiation for their orientation [2,3]. Moreover, in
recent decades, types of polyethene covers with low to zero UV transmittance (UV-block
polyethene) have been developed to control pest populations [4] and greenhouse crop
diseases [5].

On the other hand, UV-block polyethene films can have a detrimental effect on the
accumulation of antioxidant compounds in lettuce [6]. Ultraviolet radiation and the high
density of photosynthetically active radiation increase the concentration of flavonoids in
lettuce [7]. In addition, lettuce grown in an open field contains higher concentrations
of flavonols than lettuce grown in a polycarbonate greenhouse [8] due to the different
radiation densities and different wavelengths entering the greenhouse. Polycarbonate
sheets absorb a small percentage of photosynthetically active radiation but most of the
ultraviolet radiation. Moreover, exposure of red lettuce cultivars to high levels of ultraviolet
radiation during cultivation causes reddening of the leaves and increases the concentration
of total phenols and main flavonoids (quercetin and cyanidin), as well as phenolic acids [9].
Consequently, the antioxidant content of the plants is responsible for the intensity of the
colouring of various fruits, leaves, and flowers, so ultraviolet radiation is required to
initiate the violet colour in some ornamental and vegetable crops, such as eggplant and
red-pigmented lettuce [10].

On the other hand, blocking the entry of ultraviolet solar radiation into the greenhouse
favours the faster growth of red lettuce plants [11]. A greater explanation for the growth
inhibition of red lettuce under ambient levels of UV radiation may be the high metabolic
cost of photoprotection, such that the plants divert energy produced by photosynthesis to
synthesize phenolic compounds [12]. In a similar experiment, eggplant plants grown in
greenhouses with UV-block polyethene achieved higher height, larger leaf size, and higher
yields compared to plants grown in a greenhouse with UV-transparent polyethene [10].

In order to achieve high yield and antioxidant content in red lettuce, Tsormpat-
sidis et al. [12] proposed initial cultivation in a UV-block greenhouse and transfer to a
UV-transparent greenhouse a few days before harvest. However, transferring soil-grown
red lettuce plants shortly before harvest is impossible, while transferring soilless-grown
plants is difficult and requires a lot of labour or an expensive automated installation.

Therefore, there is a need to develop a technique that will allow the use of UV-block
polyethene sheets with simultaneous ultraviolet radiation availability to plants at their
critical growth stages (in which ultraviolet radiation is necessary). Ultraviolet radiation
is not currently used in horticulture, but its effects on plant development and secondary
metabolism could be implemented (especially UV-A in small amounts) for the production
of high-quality compact plants [13]. However, little research has been completed on the
effect of pre-harvest supplemental lighting containing the UV-A spectrum on red lettuce in
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a greenhouse production system [14]. The present study aimed to investigate the use of
UV-block greenhouse covers with the possibility of artificially adding UV radiation before
the harvest of red lettuce to achieve high nutritional quality.

2. Materials and Methods

Two experiments were performed in two greenhouses located at the experimental field
of the Agriculture Department of the University of Peloponnese, Kalamata, 5 m above sea
level (latitude 37◦03′40′′ N, longitude 22◦03′41′′ E). Each greenhouse had an area of 108 m2

(6 × 9 m), with a height of 1.7 and 3 m in the gutter and ridge, respectively. During hot days,
both greenhouses were ventilated and cooled by fan-pad system [15]. The two greenhouses
were covered with polyethene films of different UV transmittance. One greenhouse was
covered by a common polyethene film (TUV3965), which allowed a large part (26%) of
UV-A radiation to pass through, while the second greenhouse was covered with a UV-
block polyethene film (TUV3957) that allowed only 4.5% of outside UV-A radiation to
transmit through it. Figure 1 shows the spectral transmission in UV radiation of each
polyethene film used in the current study accordingly to film supplier (plastikakritis S.A.).
This transmittance difference to UV radiation of the used polyethene films was confirmed
by measurements with portable instruments (HD2102.1 and LP 471 UV-A probe, Delta-
OHM, ITALY). According to the polyethene film supplier’s laboratory, the transparency of
UV-open and UV-block film at PAR was 86.5% and 85%, respectively.

 

Figure 1. Spectral transmission in UV-A radiation of the UV-open and UV-block polyethene.

2.1. Plant Material and Growing Conditions of 1st Experiment

In the first experiment, the effect of different levels of ultraviolet radiation on the
growth and quality characteristics (leaf colour, antioxidant accumulation) of red lettuce
was studied. Thus, the experiment consisted of two treatments; the first treatment included
the red lettuce plants grown in the UV-open greenhouse and the second treatment included
the plants grown in the UV-block greenhouse.

Red lettuce plants (Redino Lollo rosso from Geoponiki S.A.) were grown in a deep
floating hydroponic system. Tanks (105 cm × 52 cm × 40 cm) were used, which were
sealed by a black–white polyethene sheet. Each tank was filled with 60 L of nutrient
solution suitable for lettuce. EC and pH values of the nutrient solution in the solution
tanks were adjusted to 2.1 dS m−1 and 5.6, respectively. The composition of the lettuce
nutrient solution was as follows: 8.47 mM K+, 3.81 mM Ca2+, 1.27 mM Mg2+, 0.85 mM
NH4

+, 16.10 mM NO3
−, 1.00 mM H2PO4

−, 1.19 mM SO4
2−, 35 μM Fe, 20 μM Mn, 4 μM

Zn, 5 μM B, 0.50 μM Cu, and 0.50 μM Mo.
Moreover, an air pump was placed in each tank to oxygenate the nutrient solution. A

polystyrene plate (100 cm × 50 cm × 2 cm) with ten planting sites was placed on the surface of
the nutrient solution in each tank, in which ten lettuce plants were transplanted, respectively.
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The transplantation of lettuce seedlings took place on 17 March 2020, in the stage of
3–4 leaves, and 7 tanks with growing plants were placed in each greenhouse. Two plants
from each greenhouse and tank (14 plants from each greenhouse) were randomly sampled
42 days after transplanting for growth measurements (plant weight, number of leaves per
plant), leaf colour determination, antioxidants analysis, and nutritional analyses.

On the same date, three lettuce planting tanks were moved from the UV-block green-
house to the UV-open greenhouse to determine whether a change in UV intensity could
trigger the production of antioxidants and plant colouration. Seven days later, ten plants
were randomly sampled from the three removed tanks in the UV-open greenhouse and
from the tanks that were in the UV-open greenhouse from the beginning of the experiment.

2.1.1. Leaf Colour Determination

To determine the leaf colour of red lettuce, two intermediate leaves of each sample
plant (14 plants from each greenhouse) were used, and the measurement was made 1–2 cm
from the margins of the leaf circumference. Colour was measured using a compact col-
orimeter Minolta CR-400 (Minolta, Osaka, Japan). The hue angle [tan−1(b/a)] and chroma
index [(a2 + b2)1/2] were determined from parameters L, a, and b. The hue angle was
represented on a 360◦ polar chart, where 0◦ and 360◦ represent red colour, while 90◦, 180◦,
and 270◦ represent yellow, green, and blue, respectively [16].

2.1.2. Extraction of Phytochemicals for Measurements of Total Phenolics (TP), Total
Flavonoids (TF), and Total Antioxidant Capacity (TAC)

Leaf tissues, which were used for antioxidants analysis, were frozen immediately and
stored in a freezer (−25 ◦C) until analysis. The extraction of phenolic compounds was
carried out according to [17] with some modifications. A sample of approximately 1 g of
frozen tissue was homogenized in an Ultra-Turrax (T25, IKA Labortechnik, Germany) with
10 mL of cold 80% (v/v) methanol. The crude extract was placed in a supersonic bath (Elma,
Transsonic 420) at 4 ◦C for 20 min, centrifuged at 4000 rpm for 6 min, and the supernatant
was collected. The extraction was repeated twice, and the extracts were collected. After
centrifugation, the supernatant was assessed for total phenols (TP), total flavonoids (TF),
and total antioxidant capacity (TAC) determination, as described below.

Total phenols content was determined by the Folin–Ciocalteu assay method according
to [18]. To 3.95 mL distilled water, 50 μL of extract was added and agitated thoroughly.
After that, 250 μL of Folin–Ciocalteu reagent and 750 μL of 20% w/v Na2CO3 were added
and thoroughly mixed. The intensity of blue colour developed was recorded on a spec-
trophotometer (Heλios γ, Unicam, UK) after 2 h at 760 nm. The results were expressed as
milligrams of gallic acid equivalents per gram of fresh weight.

Total flavonoid content was determined using aluminium chloride (AlCl3) according
to [17]. To 2 mL distilled water 500 μL of extract (1:1 diluted) was added and 150 μL 5% w/v
NaNO2. After 5 min 150 μL of 10% w/v AlCl3 was added. After a further 6 min in the
reaction mixture, 1 mL of 1 N NaOH was added. Finally, the reaction mixture was diluted
to 1.2 mL with water, and the absorbance was measured at 510 nm on a spectrophotometer
(Heλios γ, Unicam, UK). The results were expressed as mg of catechin equivalents per
gram of fresh weight.

The antioxidant capacity of lettuce leaves was evaluated in the supernatant produced
by the extraction of phenolic compounds using the DPPH assay based on the method
described by [19]. For the DPPH assay, 2 mL of 0.1 mM DPPH freshly prepared solution
was added to 0.1 mL of the methanolic extract, and the absorbance was measured at 517 nm
after a 60 min period in the dark. The scavenging capacity of the extracts was expressed in
μmol Trolox equivalents per g fresh weight (μmol TE g−1).

2.1.3. Nutrient Status

Leaf samples were oven-dried at 70 ◦C to constant weight and were grounded for
mineral analysis after ashing at 500 ◦C and extraction with 1N HCl solution. The concen-
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trations of K+, Ca2+, and Mg2+ were determined by atomic absorption spectrophotometry
(Varian, SpectrAA-200, Australia). Total nitrogen was determined by means of Kjeldahl
digestion using a Gerhard Vapodest 30 apparatus [20].

2.2. Plant Material and Growing Conditions of 2nd Experiment

Red lettuce seedlings (Redino Lollo rosso from Geoponiki S.A.), in the stage of 2–3 true
leaves, were transplanted on 25 August 2020 in a deep floating hydroponic system, similar
to the 1st experiment. In the UV-block greenhouse, 14 growth plant tanks were installed,
and each tank had 10 lettuce plants. Four similar plant tanks were installed in the UV-open
greenhouse. On the red lettuce plants grown in the UV-block greenhouse, supplemental UV
lighting treatments started 26 days after the transplanting and lasted 10 days. Red lettuce
plants were sampled randomly before and after supplemental UV lighting to determine
the head weight of the plants.

Ultraviolet lamps (Philips, UVA, TLK40W/10R) were used to apply supplemental
lighting. These lamps emit in the 350 to 400 nm waveband, with peak at 370 nm and
18.5% efficiency in UV-A radiation. Thus, each lamp emitted 7.4 W of UV-A radiation
according to the manufacturer. The UV emission intensity of the lamps was confirmed by
measurements with portable instruments (HD2102.1 and LP 471 UV-A probe, Delta-OHM,
ITALY). Figure 2 shows the spectral power distribution of the lamps used.

 
Figure 2. Spectral power distribution of UV-A lamps used in the second experiment in the UV-
block greenhouse.

During supplemental lighting with UV radiation, care must be taken so that the
applied dose does not exceed 30 W m−2 because there is a risk of causing burns to the
lettuce leaves. The plants in the UV-block greenhouse were divided into seven different
groups (two plant growth tanks per group). Each group received a different treatment with
supplemental ultraviolet radiation. With different combinations of operating times and
bulb density, each group of plants received 0 kJ m−2 d−1, 210 kJ m−2 d−1, 265 kJ m−2 d−1,
320 kJ m−2 d−1, 425 kJ m−2 d−1, 530 kJ m−2 d−1, or 640 kJ m−2 d−1 of UV-A radiation daily.
In Table 1, details are given about calculation of the doses of UV supplemental lighting in
kJ m−2 d−1 and mmol m−2 d−1, number of used lamps per m2, and the duration of the
lighting in each treatment.

9



Agriculture 2022, 12, 1620

Table 1. Calculation of the dose of UV supplemental lighting in kJ m−2 d−1 and mol m−2 d−1 from
lamps’ UV emission, number of lamps per m2, and the duration of the lighting in each treatment.

Lamp
Wattage

W

Lamp
UV

Emission
W

Number of
Lamps Per

m2

Intensity of UV
Supplemental

Lighting
W m−2

Photon Flux
of UV

Supplemental
Lighting

μmol m−2 s−1

Duration of
Supplemental

Lighting
h

Dose of UV
Supplemental

Lighting
kJ m−2 d−1

Dose of UV
Supplemental

Lighting
mmol m−2

d−1

40 7.4 1 7.4 33.6 8 210 960
40 7.4 1 7.4 33.6 10 265 1210
40 7.4 2 14.8 67.3 6 320 1450
40 7.4 2 14.8 67.3 8 425 1940
40 7.4 2 14.8 67.3 10 530 2420
40 7.4 4 29.6 134.5 6 640 2900

After 10 days of supplemental UV lighting, the irradiated plants were compared to
the non-irradiated (0 kJ m−2 d−1) control plants. At the end of the supplemental ultraviolet
lighting treatments, five plants per treatment were randomly sampled for growth, colour,
and antioxidant content measurements. These parameters were determined as in the
first experiment.

2.3. Statistical Analyses

The data were subjected to single-factor analyses of variance using the STATISTICA
software version 7.0 (StatSoft Inc., Tulsa, OK, USA), and, when a significant F-test was
obtained, means were separated using LSD test (p < 0.05).

3. Results

3.1. Results of the First Experiment

Head weight in red lettuce plants harvested 42 days after planting was 42% greater
in the UV-block greenhouse compared to plants grown in the UV-open greenhouse. On
the other hand, plant root weight was not affected by the different levels of UV radiation
inside the two greenhouses. Thus, the total plant weight in the UV-block greenhouse was
34.7% higher than that of plants in the UV-open greenhouse (Table 2). The difference in red
lettuce growth between the two greenhouses decreased as the harvest time extended to
49 days after transplanting. The head of red lettuces grown in the UV-block greenhouse
weighed 36% more than that of the lettuces in the UV-open greenhouse. When red lettuce
plants were transferred from the UV-block greenhouse to the UV-open greenhouse and
grown there for seven days, their growth rate decreased in comparison to red lettuce plants,
which continued to grow in the UV-block greenhouse. However, the head weight of these
lettuces was significantly higher (23%) compared to that of lettuces grown for the entire
growing season in the UV-open greenhouse.

Table 2. Effects of greenhouse cover transparency in UV-A radiation on growth parameters of red
lettuce (Redino Lollo rosso) 42 and 49 days after transplanting.

Greenhouse
-Treatments

Head Weight
g

Root Weight
g

Total Plant
Weight

g

42 days after
transplanting

UV-open 265.3 a 64.7 a 330.0 a
UV-block 378.3 b 66.1 a 444.4 b

49 days after
transplanting

UV-open 333.9 a
UV-block 454.5 c

UV-block to UV-open 411.6 b
Means within the same column followed by the same letter do not differ significantly based on LSD test at
α = 0.05.
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Table 3 shows the results related to the effects of polyethene films on the colour
parameters of red lettuce. The different intensities of UV radiation in the two greenhouses
significantly affected the colouration of red lettuce leaves. The lettuces grown in the UV-
open greenhouse had a more intense colouring than those in the UV-block greenhouse.
Angle h◦ is the main colour parameter representing colour development in red lettuce
leaves. Leaves that developed a more intense violet colour had lower values in the h angle
parameter than greenish leaves.

Table 3. Effects of greenhouse cover transparency in UV-A radiation on colour parameters (L, a,
b, Chroma, and hue angle) of red lettuce (Redino Lollo rosso) as measured by colorimeter Minolta
CR-400, 42 days after transplanting.

Colour Parameters

Greenhouse
-Treatments

L a b Chroma Hue Angle

UV-open 34.60 a −2.38 a 19.39 a 19.76 a 93.57 a
UV-block 44.05 b −13.14 b 27.76 b 30.84 b 113.86 b

Means within the same column followed by the same letter do not differ significantly based on LSD test at
α = 0.05.

When red lettuce plants were transferred from the UV-block greenhouse to the UV-
open greenhouse and grown there for seven days, their leaves changed from green to violet.
However, their colour was less intensive than the colour of plants that were grown for the
entire season in the UV-open greenhouse (data not shown).

The analysis of phytochemicals showed that higher antioxidant content, both total
phenolics and flavonoids, was found in the lettuces grown in the UV-open greenhouse
in comparison to that in the lettuces grown in the UV-block greenhouse (Table 4). The
total phenolic content decreased by 42%, and the total flavonoid content decreased by
47% in the UV-block greenhouse in comparison to the UV-open greenhouse. In addition,
the total antioxidant capacity (TAC) of the red lettuce leaves in the UV-open greenhouse
significantly increased compared to that of the lettuce leaves in the UV-block greenhouse
(Table 4). When red lettuce plants were transferred from the UV-block greenhouse to
the UV-open greenhouse and grown there for seven days, the antioxidant content and
antioxidant capacity in their leaves raised significantly in comparison to the plants which
remained in the UV-block greenhouse until the end of the first experiment. However, the
antioxidant content and antioxidant capacity in the leaves of these plants were significantly
less in comparison to that of plants that were grown for the entire growing season in the
UV-open greenhouse.

Table 4. Effects of greenhouse cover transparency in UV-A radiation on total phenols (TP), total
flavonoids (TF), and antioxidant capacity (DPPH) of red lettuce (Redino Lollo rosso) 42 and 49 days
after transplanting.

Greenhouse
Treatments

TP
(mg g−1 FW)

TF
(mg g−1 FW)

DPPH
(μmol TE g−1)

42 days after
transplanting

UV-open 6.39 a 2.51 a 38.15 a
UV-block 3.50 b 1.33 b 17.86 b

49 days after
transplanting

UV-open 6.81 a 2.46 a 42.92 a
UV-block 3.27 c 1.22 c 16.20 c

UV-block to UV-open 4.25 b 1.71 b 28.78 b
Means within the same column followed by the same letter do not differ significantly based on LSD test at
α = 0.05.

As shown in Table 5, no statistically significant differences were found in the con-
centration of the primary nutrients in the leaves of the red lettuce plants cultivated in the
UV-open greenhouse or the UV-block greenhouse.
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Table 5. Concentrations (mmol g−1 dry weight) of total N, K, Ca, and Mg leaves of red lettuce
(Redino Lollo rosso) as influenced by the greenhouse cover 42 days after transplanting.

Macrontrients (mmol g−1 D.W.)

Greenhouse Treatments N K Ca Mg

UV-open 3.74 a 1.73 a 0.19 a 0.10 a
UV-block 3.65 a 1.49 a 0.20 a 0.10 a

Means within the same column followed by the same letter do not differ significantly based on LSD test at
α = 0.05.

3.2. Results of 2nd Experiment

Table 6 shows the effect of different levels of UV radiation created by the two different
plastic greenhouse covers on the head weight and leaf number per red lettuce plant 25 days
after transplanting. The lettuces grown in the UV-block greenhouse gained a 34% increase
in head weight compared to those grown in the UV-open greenhouse. Additionally, lettuces
grown in the UV-block greenhouse produced 10% more leaves than plants grown in the
UV-open greenhouse.

Table 6. The effect of greenhouse cover transparency in UV-A radiation on head weight and leaf num-
ber per plant in red lettuce (Redino Lollo rosso), 25 days after transplanting, in the second experiment.

Greenhouse Head Weight g Leaf Number per Plant

UV-open 162.2 a 19.2 a
UV-block 217.6 b 21.2 b

Means within the same column followed by the same letter do not differ significantly based on LSD test at
α = 0.05.

Red lettuces growth was affected negatively by the high doses of supplemental UV
radiation (425 to 640 kJ m−2 d−1) on the harvested day. However, their head weight was
significantly higher in comparison to that of lettuces grown in the UV-open greenhouse.
Supplemental UV light up to 320 kJ m−2 d−1 did not affect the head weight in comparison
to that of untreated plants.

When supplemental UV light was applied to the red lettuces cultivated in the UV-block
greenhouse, leaf colour measurements (h◦ angle) showed that a higher applied dose of
supplemental UV light (640 kJ m−2 d−1) caused more intense colouration in plant leaves
compared to plants cultivated in the UV-open greenhouse (Table 7). This dose resulted in
the leaves of the plants grown in the UV-block greenhouse having the same total phenolic
and total flavonoid concentrations and higher antioxidant capacity compared to the red
lettuce plants grown in the UV-open greenhouse. Doses of supplemental UV light from
210 to 265 kJ m−2 d−1 had no influence on the colour and the antioxidant content of red
lettuces in comparison to lettuces grown without supplemental UV lighting (Table 7).
The dose of 320 kJ m−2 d−1 caused milder colouration, lower total phenolics, and total
flavonoid content, as well as lower antioxidant capacity, compared to plants grown in the
UV-open greenhouse. Supplemental UV light doses of 425 and 530 kJ m−2 d−1 caused
similar colouration, total phenolic, and total flavonoid concentrations, as well as the same
antioxidant capacity compared to those of plants in the UV-open greenhouse.
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Table 7. Effects of 10-day pre-harvest supplemental UV lighting on red lettuce (Redino Lollo rosso)
head weight, leaf colour (hue angle), total phenols (TP), total flavonoids (TF), and antioxidant
capacity (DPPH).

Supplemental UV
Dose/Treatments

Head Weight (g) Hue Angle
TP

(mg g−1 FW)
TF

(mg g−1 FW)
DPPH

(μmol TE g−1)

0 kJ m−2 d−1 366 a 116.6 a 3.69 a 1.27 a 24.60 a
210 kJ m−2 d−1 351 a 113.6 a 3.88 a 1.37 a 25.00 a
265 kJ m−2 d−1 380 a 111.6 a 3.97 a 1.49 a 26.40 a
320 kJ m−2 d−1 319 ab 113.4 a 4.71 b 1.84 b 28.80 b
425 kJ m−2 d−1 298 b 104.9 b 5.80 c 2.28 c 37.25 c
530 kJ m−2 d−1 299 b 103.6 b 6.03 cd 2.36 c 39.50 cd
640 kJ m−2 d−1 279 b 94.8 c 6.39 d 2.57 c 43.75 d

UV-open 230 c 102.9 b 6.11 cd 2.33 c 40.50 cd

Means within the same column followed by the same letter do not differ significantly based on LSD test at
α = 0.05.

4. Discussion

In the present study, red lettuces were grown in two greenhouses with different
transparency in UV-A radiation, and both greenhouses were not transparent to UV-B
radiation. Recent research suggests that different UV transparencies of greenhouse cover
do not affect the yield of red lettuce [21]. However, our results (Tables 2 and 6) agree with
earlier research that found a significant increase in the yield of red lettuce in the absence
of UV radiation or low UV intensity [9,11]. The effects of UV-A on biomass production
depend on further environmental factors, as well as on the species or even the genotype, as
different responses to UV-A are observed within particular studies [22]. In the UV-block
greenhouse, the red lettuce plants developed more leaves (Table 6) and gained more weight
(Tables 2 and 6) compared to the plants in the UV-open greenhouse. However, their root
size was not affected (Table 2). UV intensity probably affects the distribution of assimilates
only in the upper part of the red lettuce plant, and root size can supply water and nutrients
to plants with a larger head. Differential partitioning of biomass between shoots and
roots in response to UV-A has been reported in various species [22]. For instance, in all
four cultivars of Cucumis sativus studied, UV-A decreased the amount of shoot biomass,
although there was no effect on root biomass [23].

Previous research demonstrated the detrimental effect of the greenhouse covered
with UV-block polyethene film in the antioxidant production of red lettuce [6] and the
potential of using UV-transparent covers to increase the beneficial flavonoid content of red
leaf lettuce when the crop is grown in greenhouses [9]. Similar conclusions emerge from
the results of our first experiment. The cultivation of red lettuce plants in the UV-block
greenhouse significantly reduced the content of total flavonoids and total phenolics, causing
a corresponding significant reduction in antioxidant capacity (Table 4). On the other hand,
growing red lettuce plants in a greenhouse with a transparent cover in UV-A radiation
allowed them to synthesize flavonoids and phenolics and thus acquire their natural violet
colour. The plants that presented high concentrations of the above secondary compounds
(Table 4) also developed more intense violet colouration (Table 3). The violet colour of
red lettuce origins mainly from the composition of phenolic substances, flavonoids, and
anthocyanins. It has been suggested that when lettuce is grown under a high level of
ultraviolet radiation, it will contain more phenolic compounds, which are produced by the
plant as protective agents [11].

In the current study, from leaf analysis of red lettuces grown in UV-open or UV-block
greenhouse, no differences in concentrations of four macronutrients were found (Table 5).
On the other hand, Lee et al. [24], in an indoor experiment, found higher levels of calcium
and magnesium in the leaves of red lettuces that received supplemental UV lighting. This
finding indicates that the effect of UV radiation intensity on red lettuce nutrition may
be cultivar-dependent, or different effects may be caused by different conditions in the
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greenhouse and growth chamber. However, little research has been conducted on the effect
of UV intensity on the nutritional status of red lettuce, and further research is needed. The
authors of [25] reported that the intensity of UV radiation causes a different response in
stomatal conductance among the various plant species. In order to draw safe conclusions
about the effect of UV intensity, simultaneous transpiration measurements, plant tissue
analyses, and nutrient solution analyses are required.

Red lettuce yield is high in UV-block greenhouses, which is interesting for farmers, but
its antioxidant capacity is low. Plant secondary metabolites that are affected by UV light
are essential due to their health-promoting properties, and this is important for consumers.
Tsormpatsidis et al. [12] supported that growing plants continuously under a UV-blocking
film and then transferring them to a UV transparent film six days before the final harvest
showed that high yields and high phytochemical content could be achieved complemen-
tarily. In the current study, the transfer of red lettuce plants from UV-block to UV-open
greenhouse seven days pre-harvest caused a significant increase in their antioxidant con-
tent (total phenols, total flavonoids). However, this increase was not enough to reach the
quality of the red lettuces grown in the UV-open greenhouse for the whole period (Table 4).
Probably, more time in a UV-open greenhouse was required than a period of seven days.
Ordidge et al. [26] showed that in the red lettuce Lollo Rosso, total phenolics, anthocyanin,
luteolin, and quercetin levels were all raised by changing from a UV-blocking film to a film
of low UV transparency and to a film of high UV transparency. Nevertheless, this finding
confirms that a pre-harvest supplemental UV lighting treatment of red lettuces grown in
a UV-block greenhouse can produce red lettuces with high yield and high quality. Light
manipulation is a key environmental control method to increase the functional phytochem-
ical concentrations of plants under controlled environments such as greenhouses and plant
factories [27].

The second experiment of the present study sought to answer the question: what
is the appropriate pre-harvest dose of additional supplemental UV light to produce red
lettuces in a UV-block greenhouse with equal antioxidant content to those produced in a
UV-open greenhouse?

According to our results in Table 7, the high intensity of supplemental UV radiation
significantly decreased the red lettuces’ head weight. However, in an experiment with
supplemental UV treatments in a UV-open greenhouse, Lee et al. [24] reported that UV-A
treatments did not affect the fresh or dry shoot biomass of lettuce varieties. However,
plant physiological processes are variably affected by light, and the responses are species-
and cultivar-dependent [28]. This indicates that plant response to supplemental UV-A
may be cultivar-dependent or affected by pre-treatment acclimatization to UV radiation.
In the present study, red lettuces before the starting of supplemental UV lighting were
grown in a UV-block greenhouse, while in the study of [24], they were grown in a UV-
transparent greenhouse.

The results of the second experiment indicated that supplemental UV-A lighting
stimulated the accumulation of total flavonoids and total phenols. Red lettuce plants
which received 210 and 265 kJ m−2 d−1 of supplemental UV lighting had no differences in
yield, colour, total phenols content, total flavonoids content, and antioxidation capacity in
comparison to plants grown without supplemental UV light in the UV-block greenhouse.
Our findings are in agreement with that of [29], who used 11 μmol m−2 s−1 of supplemental
UV light with a photoperiod duration of 20 h per day, that is, approximately equal to
172 kJ m−2 d−1, to improve the quality of red lettuce in a plant growth chamber. They
reported that no treatment differences were found for total phenolics, anthocyanins content,
and antioxidant capacity. Obviously, a higher dose of UV radiation is required to express
the photomorphogenetic effect.

The higher dose of supplemental UV lighting (640 kJ m−2 d−1) induced more intense
leaf colouration and a higher accumulation of antioxidants in the leaves of red lettuces in
comparison to lettuces grown in the UV-open greenhouse. This indicates that this dose
can produce the desired effect in a shorter time than 10 days. Lee et al. [24] improved
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the quality (antioxidant content) of red lettuces grown in a UV-open greenhouse using
700 kJ m−2 d−1 of supplemental UV-A radiation for 5–6 days pre-harvest.

The doses of 425 and 530 kJ m−2 d−1 of supplemental UV lighting for 10 days prior
to the harvest produced red lettuces of similar quality to that in the UV-open greenhouse.
Moreover, the yield in these treatments was 30% higher in comparison to that of red
lettuces grown in the UV-open greenhouse. Gómez and Jiménez [29] supported that end-
of-production radiation is a cost-effective, pre-harvest practice that can allow growers
to manipulate product quality and thus increase the market value of lettuce without
negatively affecting plant growth. From this research, we concluded that adding UV
light 10 days prior to harvest is effective for the production of functional phytochemical-
rich lettuce. Consequently, we can suggest the cultivation of the red lettuces in a UV-
block greenhouse and adding 425 kJ m−2 d−1 of supplemental UV-A lighting 10 days
prior to harvest. LED lights have great potential to provide supplemental light more
efficiently than traditional lights, and their spectrum can be adjusted based on plant growth
requirements [30]. Additionally, LEDs allow potential control of both irradiance and spectra
and, when used in fully enclosed environments, photoperiod [13], so the results of the
current study can be applied to both greenhouse and plant factory cultivations. Real-time
electricity prices and crop value should be considered in the economic evaluation of the
effectiveness of supplemental UV lighting.

In the present study, the addition of supplementary UV lighting was carried out during
the light period, that is, during the working hours of the staff in the greenhouse. Although
the above-recommended UV dose is not higher than the usual outside UV intensity, care
must be taken for the safety of greenhouse staff with supplemental UV lighting. Night-
time supplemental lighting in red lettuce was more effective than daytime supplemental
lighting, as it resulted in better crop quality [31]. In addition, the application of short-
duration supplemental blue LED light may become more effective in the pigmentation of
red lettuce if applied during night breaks [32]. So, in future research, it is worth studying
whether adding the same doses of supplemental UV lighting during the night produces
the same results.

5. Conclusions

We designed and created a new cultivation system for red lettuce based on the com-
bination of UV-block polyethene film as a greenhouse cover and supplemental UV light.
Overall, the second experiment showed that pre-harvest supplemental UV light treatments
in a UV-block greenhouse could increase red lettuce growth and quality compared to
that in a UV-open greenhouse. Regarding phytonutrient content, our results showed that
supplemental UV-A light could increase beneficial antioxidants such as flavonoids and
phenolic compounds in lettuce. More research is needed to further understand the effects
of pre-harvest supplemental UV lighting and its intensity on plant growth and quality.
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Abstract: Caper seeds present difficulties in their germination, which has been studied by several
research teams. It is known that light can release dormancy in some seeds, but its effect on caper seed
germination has not yet been deeply studied. The main aim of this study was to analyze the response
of caper seeds germination to light exposure. The study analyzed the germination response of seeds
to lighting with different wavelengths (white, red, blue, red + blue and darkness) and to the He-Ne
laser light, using both dry seeds and seeds that had been previously soaked in water. Overall, it could
be stated that caper seeds are insensitive to light during the germination process. Thus, germination
could be carried out in lightness or darkness, so germination in nurseries could be carried out in the
darkness, leading to substantial energy savings. Caper seed irradiation with a He-Ne laser during
short exposure times improved the germination percentage for the seeds previously soaked in water,
germinating all viable seeds. However, applying a solution of gibberellic acid was always required in
all the cases studied.

Keywords: Capparis spinosa L.; darkness; gibberellic acid; light-emitting diodes (LEDs); light
wavelength; soaking

1. Introduction

The caper (Capparis spinosa L.) is a deciduous creeping shrub native to Asia, which
spreads throughout the Mediterranean basin, where it grows in dry lands. It is currently
cultivated in Spain, Italy, France, Greece, and North Africa, as well as in South America [1,2].
It is mainly cultivated for the floral buds, called capers; however, their fruits and, to a
lesser extent, their vegetative shoots are also consumed pickled or salted. As Shahrajabian
et al. [3] have stated, different parts of the plant are rich sources of antioxidants and
bioactive compounds beneficial to health. Furthermore, the flowers have a high ornamental
value; thus, caper plants are included in gardening, particularly in xeriscape [4,5].

In a recent review article, Sottile et al. [1] stated that, as a crop, caper should not be
considered a difficult crop to propagate. Pascual et al. [6] reported acceptable percentages
of success in the rooting of cuttings, and Foschi et al. [7–9] obtained high germination
percentages of dry seeds using gibberellic acid and without the need for any treatment
in fresh seeds. These germination tests were carried out in a growth chamber under a
photoperiod of 12 h.

Light is one of the main environmental signals for plants [10], being an important
factor in breaking seed dormancy [11]. To respond to environmental signals, plants have
developed several families of photoreceptors, which are photosensitive pigments capable of
being activated by photons of specific wavelengths and, in turn, activatingsignal translation
pathways, providing the ability to respond to light stimuli [12]. These photoreceptors include
the following: (i) Phytochromes, which are red (600–700 nm) and far red (700–800 nm) light
photoreceptors; (ii) Cryptochromes, which are photoreceptors for blue (400–500 nm) and
ultraviolet A (320–400 nm) light; (iii) Phototropins, another group of blue and UV-A light
photoreceptors [10,13].

Agriculture 2022, 12, 1612. https://doi.org/10.3390/agriculture12101612 https://www.mdpi.com/journal/agriculture
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Butler et al. [14] obtained a photo-reversible pigment from etiolated shoots of maize
and named it phytochrome. Later, in studies carried out on Arabidopsis thaliana (L.) Heynh.,
Sharrock and Quail [15] identified sequences that showed that small families of genes
encode phytochromes. Specifically, these authors hypothesized that the minimum number
of phytochrome genes present in higher plants could be determined in studies in A. thaliana.
They stated that phytochromes in this plant were encoded by a small gene family consisting
of at least three genes and probably four or five. Subsequent studies have shown that
A. thaliana contains five different phytochromes (phyA, phyB, phyC, phyD and phyE) [10]
that are encoded by five genes (PHYA, PHYB, PHYC, PHYD and PHYE). Cryptochromes
were first identified in A. thaliana [16]. Different organisms have different numbers of
cryptochromes; plants have at least two types of cryptochromes, and this number can range
up to six, as in soybean (Glycine max L.) [16].

According to sensitivity to white light, seeds have been classified into three cate-
gories [17]: (i) positive photoblastic (the seeds that germinate only under white light); (ii)
negative photoblastic (the seeds that germinate only in the dark); (iii) light insensitive (the
seeds that germinate both under white light and in darkness). A Photoblastic Index (PI;
Equation (1)) has been utilized to evaluate the photoblastic responses [18]:

PI = (GD − GL)/(GD + GL) (1)

GD is the germination (%) in darkness, and GL is the germination (%) under light.
This index ranges from 1 (negative photoblastism) to −1 (positive photoblastism); PI = 0
indicates that germination is not dependent on light.

Another index expressing a light requirement is the Relative Light Germination (RLG;
Equation (2) [19]):

RLG = (GL)/(GD + GL) (2)

GD is the germination (%) in darkness, and GL is the germination (%) under light.
The RLG values vary from 0 (only seeds exposed to darkness germinate) to 1 (only seeds
exposed to light germinate), with values close to 0.5 in seeds germinating both in light and
darkness.

Takaki [20] proposed to replace the term photoblastism with forms of phytochrome
that control germination, proposing a classification based on three mechanisms, depending
on the level of fluence (total energy received by a seed in a period of time, J m−2 [21]) to
saturate the responses [20,22]:

Low Fluency Responses (LFRs), which represent the classic reversible red/far red responses,
in which Pfr (the active form of phytochrome, which absorbs light of 735 nm) production
promotes plant responses and removal of Pfr reverses the response. These seeds have
phyB controlling the germination process through LFR. The saturation of the response fre-
quently occurs at low levels of Pfr/Ptotal (10−2−0.87 Pfr/Ptotal) and intermediate fluences
(1–1000 μmol m−2 s−1).
High Irradiance Responses (HIRs), which represent responses produced by prolonged
high irradiation, which do not show reciprocity or reversibility. These seeds have phyA
controlling germination through HIR, and the maximum reaction generally occurs at
wavelengths that maintain low Pfr levels for long periods of time, such as occurs in far-red-
rich environments.
Very low fluence responses (VLFRs), which represent the saturation of responses by very
low fluences, with reciprocity but no reversibility because the photo-equilibrium main-
tained by far-red light (or even safe dim green light used in experiments) produces enough
Pfr to saturate these responses, which occur at low levels of Pfr (10−6−10−3 Pfr/Ptotal).
These seeds have phyA controlling the germination process through VLFR.

LED (Light Emitting Diode) lights are an alternative to incandescent lamps and cold
white fluorescent tubes for growing plants. They have several advantages due to their small
size, long lifespan, low emission temperature, high efficiency in energy conversion, and the
possibility of selecting specific wavelengths [23,24]. In the last two decades, several studies
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have shown that LEDs of different wavelengths can modify the germination, growth, and
development of seedlings in many species [11,25–30]. In this type of light, which is mainly
monochromatic, it is essential to know the optimal light spectrum and the intensity required
by the different species at each phenological stage to optimize yield and quality [28].

The irradiation of seeds with laser light (Light Amplification by Stimulated Emission
of Radiation) can also be an alternative to improve the germination or growth and develop-
ment of seedlings of various species based on the bio-stimulant effect of laser light [31–33].
Laser irradiation effects depend on many laser parameters, such as wavelength, irradiation
duration, power, dose, and method (constant/pulse) [31]. However, seed properties are
also important, particularly their genetic traits and physiological properties (health status,
seed quality), and even their orientation during irradiation [31,32].

Among the different lasers used in agriculture, the helium-neon laser (He-Ne) is the
most used [31], considering that its wavelength of 632.4 nm corresponds to the red light
which is responsible for phytochrome activation [32]. The improvement and acceleration of
germination have been related to an induction of the enzymatic activities, a change of ther-
modynamic parameters, and an acceleration of physiological and biochemical metabolism
of seeds, increasing, in some cases, the levels of gemination-promoting growth hormones.
such as gibberellic acid (GA3). and decreasing inhibitors, such as abscisic acid [34–39].

Light and gibberellins can release dormancy in some seeds [40], specifically in those
that present coat dormancy, promoting their germination [41]. Caper seeds have a non-
deep physiological dormancy, specifically a coat-imposed dormancy due to a mechanical
characteristic, which can be released by adding GA3 to the germination substrate [7]. As far
as is known, the effect of light on caper seed germination has not yet been deeply studied.
The main aim of this study was to analyze the response of caper seeds germination to light
exposure. Particularly, the study analyzes the germination response of seeds to lighting
with different wavelengths (white, red, blue, red + blue and darkness) and to the He-Ne
laser light.

2. Materials and Methods

2.1. Plant Material

Caper (Capparis spinosa L.) seeds were extracted from ripe fruits produced by adult
plants grown in Llíria, Valencia, Spain (39◦38′54.2′ ′ N, 0◦37′3.5′ ′ W). The fruit collection
was carried out over the first fortnight of September 2019, 2020, and 2021, each constituting
a different lot.

After the extraction, mature seeds were selected using the flotation method [42] with
tap water. The seeds were disinfected by soaking them in a 25% sodium hypochlorite
solution and then rinsing with tap water. They were dried for 15 days at room temperature
in the shade and kept in hermetically sealed glass containers at 7 ± 0.5 ◦C in a domestic
refrigerator (Beko, Beko Electronics España, Barcelona, Spain). At the beginning of each
germination test, the three seed lots were within the recommended storage period to not
affect their viability [7,43].

2.2. Viability and Germination Tests

The seed lots’ viability was determined by the tetrazolium test, as Foschi et al. [7]
reported (four replicates of fifty seeds each), according to the International Rules for Seed
Testing [44].

Germination tests were carried out with the Between Paper method, placing 100 seeds
per Petri dish of 9 cm diameter [45]. In all cases, four replicates were performed per
treatment. Ultrapure water (Wasserlab G.R type II analytical grade water system; from now
on referred to as water) or a solution of 500 mg L−1 of GA3 (Semefil L, Nufarm L.) were
used to wet the substrate. The Petri dishes were then placed under controlled conditions in
a growth chamber (model Zimbueze, Seville, Spain) at 30 ± 1/20 ± 1 ◦C, 85 ± 1% relative
humidity for a photoperiod of 12 h (cold white fluorescent tubes Philips TL-D 36W/54),
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providing a photosynthetic photon flux density (PPFD) of 81.1 ± 1.7 μmol m−2 s−1, unless
stated otherwise.

The germination test lasted 120 days, and germinated seeds were counted and re-
moved periodically. Seeds were considered germinated when the radicle protruded from
the testa and the micropylar endosperm, reaching a length of approximately 2 mm. Results
of germination tests were fitted to the logistic function [46,47], defined as a particular case
of Richards’ function ([48] Equation (3)):

G = A/1 + e(β − kt) (3)

G is the cumulative germination (%), A represents the final germination percentage, t
is the germination time (d), and β and k are function parameters used to determine the time
required to reach 50% of G (Gt50 = β/k; d) and the mean relative cumulative germination
rate (k/2; d−1).

2.3. Experiment 1

This experiment evaluated the effect of light and darkness on the germination of the
two caper seed lots (corresponding to seeds produced in 2019 and 2020). The experiment
started in March 2021. The seeds were placed in the germination chamber with a pho-
toperiod of 12 h of white light or continuous darkness. Light exposure was provided by
cool white fluorescent tubes, as previously stated, and seeds that germinated in the dark
were placed in closed opaque boxes. The Photoblastic Index (PI) and the Relative Light
Germination (RLG) were determined using Equations (1) and (2).

Eight combinations of the three sources of variation were tested: 2 seed lots, light-
darkness and 2 wetting solutions.

2.4. Experiment 2

The second experiment evaluated the effect of lighting with different wavelengths
on caper seed germination. It started in July 2021. In light of the results obtained in the
first experiment, tests were performed under white, red, blue, and red + blue lights. Color
lighting was achieved with LED lights (AMZLAB GmbH), consisting of 80 LEDs (52 red,
wavelength range 600–700 nm, and 28 blue, wavelength range 400–500 nm) placed 25 cm
above the Petri dishes. The maximum power, when using the full spectrum of lights, was
30 W. Four types of light were tested: white was provided by fluorescent tubes (Philips
TL-D 36W/54) with a power of 36 W, a distribution of the color spectrum ranging from
wavelengths of 300 to 800 nm and with photosynthetically active radiation of 81.1 μmol
m−2 s−1; red (52 red LEDs; 102.5 μmol m−2 s−1), blue (28 blue LEDs; 80.1 μmol m−2 s−1)
and red + blue (52 red LEDs + 28 blue LEDs; 125.4 μmol m−2 s−1). Darkness was applied
as in Experiment 1, placing the seeds in closed opaque boxes.

Table 1 shows the percentages and wavelengths for the color spectra of the lamps,
measured with a Thorlabs spectrometer, model CCS200/M. The rates of each type of
wavelength in each light were calculated using the ImageJ program [49], measuring the
areas between the desired ranges of the wavelengths of the color spectrum.

Table 1. Relative percentage distribution of the different wavelengths for white light (cold white
fluorescent lamp) and blue, red, and red + blue LED lights.

Wavelength White Light Blue LED Red LED
Red + Blue

LED

Violet 300–400 nm 1.51% 0.00% 0.00% 0.00%
Blue 400–500 nm 30.33% 97.48% 2.98% 30.25%

Green 500–600 nm 43.32% 1.05% 7.88% 5.27%
Red 600–700 nm 22.27% 1.47% 80.55% 58.41%

Far Red 700–800 nm 2.56% 0.00% 8.58% 6.06%
R/FR 8.69 0.00 9.39 9.63

22



Agriculture 2022, 12, 1612

This experiment analyzed 20 combinations of the three sources of variation: 2 seed
lots, 5 types of lighting and 2 wetting solutions.

2.5. Experiment 3

The third experiment evaluated the influence of He-Ne laser irradiation, with different
exposure times, on germination of caper seeds. Seeds from the lot harvested in 2021 were
used in this experiment, which started in December 2021.

The seeds were irradiated with a He-Ne laser (JDS Uniphase model 1145), with an
output emission power of 22.5 mW and wavelength of 632.8 nm, belonging to the red band
of the spectrum. It had a circular beam of 0.7 mm in diameter.

To define the exposure times (and therefore energies) to be analyzed in this experiment,
a preliminary study was carried out to analyze the effect on seed viability of the following
exposure times: 0, 1, 5, 15, 30, 60, 120 and 180 s, for which 40 seeds were irradiated during
each of the times. These assayed exposure times expanded the range Juan [50] tested
with the same laser. Neither of the analyzed exposure times decreased (p ≤ 0.05) the seed
viability (data not shown), thus, maximum and minimum thresholds were included in the
experiment, as well as three intermediate levels: 0, 1, 15, 60 and 180 s, corresponding to 0,
22.5, 337.5, 1350, 4050 mJ applied energy levels, respectively. Intact seeds were irradiated
one by one. After irradiation, the germination test was performed as previously indicated.

A total of 10 combinations of two sources of variation were tested: 5 exposure times
and 2 wetting solutions.

2.6. Experiment 4

The fourth experiment evaluated the effect on germination of soaking the seeds in
water before irradiation with the He-Ne laser with two timings of exposure, 1 and 15 s,
which led to the best results in Experiment 3. As in the previous experiment, seeds of the
2021 lot were used and the experiment started in February 2022.

Caper seeds were soaked in water for four days before laser irradiation by a He-Ne
laser for 0, 1 and 15 s. The germination test was performed as previously indicated. The
germination substrate was only wetted with the GA3 solution, as this experiment was not
analyzing the effect of the wetting solution, since it haf already been stated that the GA3
solution was required to get an acceptable germination percentage that allowed adjusting
the logistic model.

This experiment tested six combinations of two sources of variation: 3 exposure times
and soaked/dry seeds.

2.7. Data Analysis

All the tests verified that the tolerance required by the ISTA standards [45] was met,
either between the replicates or between the germination tests. The statistical analysis
program Statgraphics [51] was used to perform multi-way analyses of variance (ANOVA;
p ≤ 0.05) and verify the normality of the data. Mean separations were performed where
appropriate, using Fisher’s smallest significance difference (LSD test) at p ≤ 0.05.

3. Results and Discussion

3.1. Experiment 1

The viability of the two seed lots was very high (82.5 + 2.5% and 90.0 + 3.1% in the
seeds produced in 2019 and 2020, respectively), and, as a consequence, among other factors
of careful harvesting, cleaning, and drying of the seeds, and according to that reported by
Foschi et al. [9], there were no differences (p < 0.01) between both values.

Germination percentages obtained when water was used to wet the germination
substrate were very low (specifically 9.5% in light and 6.8% in darkness, on average, for
the two lots). These values were significantly lower (p < 0.05) than those obtained with the
addition of GA3 (81.5% in light and 81.2% in darkness, on average for the two lots). The low
germination percentages obtained with water did not allow adjusting the logistic model;
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thus, the statistical analysis (Table 2) was only carried out for the seeds wetted with the GA3
solution. The high germination values obtained with the GA3 addition in the two lots are
worth noting, accounting for 92% and 97% of the viable seeds. The 16 curves were adjusted
to the germination logistic model with a determination coefficient higher than 99.6%, which
allowed using the variable A (instead of G), as well as the other variables derived from
the logistic function, as occurred in previous studies of caper seed germination carried
out by Pascual et al. [52] and Foschi et al. [8] It applied to all the experiments reported
in this manuscript. Figure 1 shows the logistic model adjusted to the average curves of
accumulated germination of caper seeds from this experiment.

Table 2. Effect of the seed lot and the exposure to light–darkness on the germination parameters:
final germination percentage (A, %), time required to reach 50% of final germination (Gt50, d), and
average germination rate (k/2; d−1); average values from Experiment 1. A 500 mg L−1 GA3 solution
was used to wet the substrate.

A Gt50 k/2

Seed lot (L)
2019 79.87 24.33 0.098
2020 82.88 25.24 0.088

Exposure to (E)
Light 81.50 23.91 0.094

Darkness 81.25 25.68 0.092

Analysis of Variance

Factors (degrees of freedom) % Sum of squares

L (1) 16.30 NS 5.41 NS 10.18 NS
E (1) 0.12 NS 20.32 NS 0.61 NS

L × E (1) 2.49 NS 3.37 NS 5.14 NS
Residual (12) 81.09 70.90 84.08

Standard deviation (+) 3.88 1.92 0.02
NS: Not significant differences (p ≤ 0.05) according to the LSD test. (+) The standard deviation has been calculated
as the square root of the residual mean square.
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Figure 1. Logistic model adjusted to the curves of accumulated germination of caper seeds from
Experiment 1. Average values of the combination of the seed lot (2019 and 2020) and the exposure to
light-darkness of the seeds. A 500 mg L−1 GA3 solution was used to wet the substrate.

Neither the seed lot and the seeds’ exposure to light–darkness, nor their interaction,
influenced (p < 0.05) any of the determined germination parameters. These results coincided
with those obtained by Germanà and Chiancone [53], in the sense that no significant
difference was obtained when incubating mechanically scarified caper seeds in lightness
and darkness. The non-statistical significance between the mean values of A obtained in
light (81.5%) and darkness (81.2%) indicated that the caper seeds germinated equally in light
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and darkness, which was corroborated by the values of the photoblastism (PI = −0.002)
and Relative Light Germination (RLG = 0.5) indices. PI and RLG were calculated only for
seeds germinated in substrate wetted with GA3 solution and not with water to exclude
calculations of both indices based on a small number of seeds, as Milberg et al. [19] did.

As Takaki [20] reported, light insensitive seeds present phyA, corresponding to the
so-called very low fluence responses (VLFR [21]). They saturate the responses by very
low fluences because the photoequilibrium maintained by far-red light or extremely low
light fluences in most regions of the visible spectrum produces enough Pfr to saturate this
response [20,22].

The second experiment was set up with the aim of assessing d the response of seeds
exposed to light with different wavelengths, particularly blue light, of which the cryp-
tochromes are photoreceptors [10,13].

3.2. Experiment 2

With the low germination percentages obtained with the seeds in water (on average,
3%, data not shown), it was not possible to fit the logistic model, so these data were not in-
cluded in the subsequent statistical analysis. The germination percentage obtained with the
GA3 addition did significantly (p ≤ 0.01) fit the logistic function, obtaining determination
coefficients greater than 98.6%.

The seed lot did not affect any germination parameters (p ≤ 0.05; Table 3); thus, in
Figure 2, to facilitate its interpretation, average values for both lots are presented. As seen in
Table 3 and Figure 2, the light wavelength did not influence (p ≤ 0.05) the germination of the
seeds, not differing from permanent darkness. In all cases, these germination percentages
were high, comparable to those obtained in the first experiment; the difference between
the germination values obtained in this and the previous experiment (both for white light
and darkness) did not exceed the tolerance level established by ISTA Rules [45]. Neither
the Gt50 nor the k/2 was affected by the different wavelengths. The interaction between
the seed lot and the exposure to different wavelengths did not affect (p ≤ 0.05) any of the
germination parameters.

Table 3. Effect of the seed lot and the exposure to white, red, blue or red + blue lights and to darkness
on the germination parameters: final germination percentage (A, %), time required to reach 50% of
final germination (Gt50; d), and average germination rate (k/2; d−1); average values from Experiment
2. A 500 mg L−1 GA3 solution was used to wet the substrate.

A Gt50 k/2

Seed Lot (L)
2019 78.0 28.1 0.077
2020 77.7 26.1 0.080

Exposure to Lighting (EL)
White 80.3 29.6 0.073
Red 76.3 27.7 0.083
Blue 75.7 28.5 0.085

Red + Blue 76.8 26.2 0.081
Darkness 80.1 23.4 0.073

Analysis of variance

Factors (degrees of freedom) % Sum of squares

L (1) 0.1 NS 5.2 NS 0.7 NS
EL (4) 12.3 NS 23.2 NS 13.0 NS

L × EL (4) 2.5 NS 4.5 NS 9.5 NS
Residual (30) 85.2 67.1 76.7

Standard deviation (+) 5.9 4.2 0.01
NS: Not significant differences (p ≤ 0.05) according to the LSD test. (+) The standard deviation has been calculated
as the square root of the residual mean square.
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Figure 2. Logistic model adjusted to the curves of accumulated germination of caper seeds from
Experiment 2. Average values for the seed exposure to white, red, blue or red + blue lights and to
darkness. A 500 mg L−1 GA3 solution was used to wet the substrate.

No significant differences were obtained between the A values obtained in white light
(80.3%) and in darkness (80.1%), indicating that the caper seeds germinated equally in
white light and darkness, which was corroborated by the values of the Photoblastic Index
(PI = −0.001) and Relative Light Germination (RLG = 0.5). These results confirmed those
obtained in the previous experiment, that caper seeds are insensitive to white light; thus,
nurseries could save the energy needed to illuminate the seeds during germination.

Caper seeds were also insensitive to blue light, even though all plants had cryp-
tochromes [16], photoreceptors of blue light (400–500 nm; [13]). They were also insensitive
to red light, even though phytochromes are photoreceptors of red light (600–700 nm).

Neither Marín [54], nor Moreno et al. [55], obtained significant differences (p ≤ 0.05)
when applying white, red, and blue light in the Serrano variety of pepper (Capssicumm
annuum L.) nor orchids Encyclia, respectively. Paniagua et al. [27] and Cho et al. [26]
analyzed the effect of LED lights of different wavelengths on broccoli (Brassica oleracea
Plenck var. italica), with none of them obtaining any statistical difference (p ≤ 0.05) in the
final germination percentage. Aguado and Álvarez [25] obtained no differences in the
germination and emergence of lettuce (Lactuca sativa L.), basil (Ocimum basilicum L.), and
tomato (Solanum lycopersicum L.) seedlings exposed to LED lights with spectra differing on
the proportions of red and blue lights.

However, Enache and Livadariu [29], with the use of red LED lights in Artemisia
dracunculus L.. obtained a 10% greater germination percentage than with white light, which
was, in turn, higher than those obtained under blue and green LEDs. However, the authors
did not statistically compare these results.

3.3. Experiment 3

The viability of the 2021 lot was 85 + 4%, according to what was obtained for the 2019
and 2020 lots. The germination obtained in the seeds wetted with water was very low, on
average 6.5% (6.2% in irradiated and 8% in unirradiated seeds). The low germination data
did not adjust to the logistic model; thus, they were not included in the analysis of variance,
as in Experiments 1 and 2.

Germination data for seeds wetted with the GA3 solution was fitted (p ≤ 0.01) to the
logistic function, presenting coefficients of determination for the 20 curves greater than
98.7%. Figure 3 shows the cumulative germination curves fitted to the logistic model ob-
tained for the average values of each irradiation duration, the final germination percentages
ranging between 69% and 82%. The tested laser irradiation durations (0, 1, 15, 60 and
180 s) did not significantly affect (p ≤ 0.05) A or k/2, but an increase in Gt50 was observed
in seeds irradiated for 180 s in relation to the control seeds (7 days delay; Table 4) and to
those irradiated for 1 and 15 s (up to 10 days delay).
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Figure 3. Logistic model adjusted to the curves of accumulated germination of caper seeds
from Experiment 3. Average values of the He-Ne laser irradiation during 0, 1, 15, 60 and 180 s.
A 500 mg L−1 GA3 solution was used to wet the substrate.

Table 4. Effect of the He-Ne laser irradiation during 0, 1, 15, 60 and 180 s on the germina-
tion parameters: final germination percentage (A, %), time required to reach 50% of final ger-
mination (Gt50; d), and average germination rate (k/2; d−1); average values from Experiment 3.
A 500 mg L−1 GA3 solution was used to wet the substrate.

A Gt50 k/2

Time (T)
0 s 72.81 23.05 bc 0.069
1 s 78.69 20.43 c 0.071
15 s 81.96 22.37 c 0.089
60 s 69.86 27.41 ab 0.088

180 s 69.10 30.68 a 0.061

Analysis of variance

Factors (degrees of freedom) % Sum of squares

T (4) 35.58 NS 66.05 ** 26.31 NS
Residual (15) 64.42 33.95 73.69

Standard deviation (+) 7.82 3.08 0.021
Different letters in the same column within each factor indicate significant differences (p ≤ 0.05) according to the
LSD test. **: significance level p ≤ 0.01; NS: Not significant. (+) The standard deviation has been calculated as the
square root of the residual mean square.

The results coincided with those that Juan, [50], obtained with the same type of laser
used, in the sense that laser irradiation did not improve the germination of caper seeds.
Similar results were obtained by Álvarez et al. [56] in tomato seeds irradiated with a He-Ne
laser, which did not improve the germination percentages.

On the other hand, other studies on many species found that irradiation with laser
light improved germination parameters, including wheat (Triticum aestivum L. [36]), lupine
(Lupinus albus L.) and bean (Vicia faba L.) [38], radish (Raphanus sativus L. [57]), soybean
(Glycine max L. [58]), safflower (Carthamus tinctorius L. [59]), sunflower (Helianthus annuus
L. [37]) and Chinese woad (Isatis indigotica L. [34]). The laser light can affect the thermody-
namic parameters of the seeds by increasing their internal energy, affecting the enzymatic
activity (mainly of amylases, proteases and glucosidases), which may positively influence
the germination [36]. Another He-Ne laser effect is the acceleration of seed metabolism
through increased levels of germination-promoting hormones, such as GA3, and decreased
inhibitors, such as abscisic acid, as stated by Soliman and Harith [39] in Acacia farnesiana L.
and by Swathy et al. [33] in eggplant (Solanum melongena L.).

The success of bio-stimulation caused by monochromatic laser light depends on the
wavelength, irradiation duration, power, dose and method (constant or pulse), but also on
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the seed physiological properties and even the seed position during the laser irradiation [31].
Krawiec et al. [32] related the greatest response of seeds irradiated with a laser beam to the
fact that these seeds had been previously soaked in water; thus, it was decided to analyze the
effect of soaking the seeds in water before their irradiation, as presented in Experiment 4.

3.4. Experiment 4

Germination data were fitted (p ≤ 0.01) to the logistic function, presenting coefficients
of determination for the 24 curves greater than 98.1%. Figure 4 shows the germination
curves adjusted to the logistic model in which germination was higher in seeds irradiated
when they had been previously soaked in water compared to dry seeds and control. These
differences (p ≤ 0.05) are shown in Table 5, where it can also be seen that germination
was affected (p ≤ 0.01) by the irradiation duration. Soaking the seeds in water before
irradiation represented 48% of the variation in the data, while the irradiation duration
represented 26% of the variability. Figure 5 presents the significant interaction (p ≤ 0.01)
between the irradiation duration and the seed soaking before the irradiation. Germination
percentages were comparable to those obtained in Experiment 3 with the same seed lot; the
difference between the germination values obtained in this and the previous experiment for
non-irradiated seeds, did not exceed the tolerance level established by ISTA Rules [45]. It
can be seen that soaking the seeds before laser irradiation significantly increased (p ≤ 0.05)
the germination percentage, germinating all viable seeds. Neither Gt50 nor k/2 was affected
by the analyzed (p ≤ 0.05) factors.
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Figure 4. Logistic model adjusted to the curves of accumulated germination of caper seeds from
Experiment 4. Average values corresponding to the combination of the exposure time of the seeds
to the He-Ne laser irradiation (0, 1 or 15 s) after being soaked in water or not. A 500 mg L−1 GA3

solution was used to wet the substrate.
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Table 5. Effect of He-Ne laser irradiation during 0, 1 and 15 s applied to dry and soaking the seeds in
water, for 4 days, on the germination parameters: final germination percentage (A, %), time required
to reach 50% of final germination (Gt50; d), and average germination rate (k/2; d−1); average values
from Experiment 4. A 500 mg L−1 GA3 solution was used to wet the substrate.

A Gt50 k/2

Time (T)
0 s 66.0 b 23.8 0.055
1 s 77.6 a 22.9 0.051
15 s 74.6 a 21.8 0.054

Soaking (S)
Soaked seeds 79.4 a 21.6 0.058

Dry seeds 65.9 b 24.1 0.049

Analysis of variance

Factors (degrees of freedom) % Sum of squares

T (2) 25.6 ** 3.4 NS 1.9 NS
S (1) 48.2 ** 8.2 NS 11.3 NS

T × S (2) 13.8 ** 3.8 NS 1.3 NS
Residual (18) 12.4 84.6 85.5

Standard deviation (+) 4.0 4.6 0.014
Different letters in the same column within each factor indicate significant differences (p ≤ 0.05) according to the
LSD test. **: significance level p ≤ 0.01, NS: Not significant. (+) The standard deviation has been calculated as the
square root of the residual mean square.
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Figure 5. Analysis of the significant interactions of the analysis of variance in Table 5 between
irradiation time and seed soaking prior to irradiation on the final germination. Average values of
four replicates. Different letters indicate significant differences according to the LSD test. Error bars
represent the LSD (p ≤ 0.05).

As already mentioned in Experiment 3, the laser light can affect the thermodynamic
parameters of the seeds [36]. It can also increase seed metabolism through increased lev-
els of germination-promoting hormones (GA3) and decreased inhibitors (abscisic acid),
positively affecting germination [33]. In this experiment, irradiating the seeds once the
germination metabolism had started, due to the prior seed soaking, improved the effec-
tiveness of the laser irradiation in relation to that obtained in Experiment 3, resulting in
significant differences (p ≤ 0.05). This was in accordance with that reported by Perveen
et al. [37,59] for sunflower and safflower, respectively, who obtained good germination
results irradiating seeds that had been previously soaked in water with a He-Ne laser.

Future research will focus on studying the photoreceptors (phytochromes, cryp-
tochromes and phototropins) present in caper seeds, as well as on analyzing the enzymatic
activities and the levels of germination promoting and inhibiting hormones in seed irradi-
ated with laser light.
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4. Conclusions

Caper seeds are insensitive to exposure to white, red, blue, and red + blue lights
during the germination process, not showing differences between the germination response
in lightness in relation to darkness. Thus, germination can be carried out in lightness or
darkness, and, therefore, germination in nurseries could be carried out in darkness, leading
to important energy savings. Caper seed irradiation with a He-Ne laser during short
exposure times improved the germination percentage when the seeds had been previously
soaked in water, germinating all viable seeds. However, applying a solution of gibberellic
acid was always required in all the cases studied.
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58. Klimek-Kopyra, A.; Dłużniewska, J.; Ślizowska, A.; Dobrowolski, J.W. Impact of coherent laser irradiation on germination and
mycoflora of soybean seeds—Innovative and prospective seed quality management. Agriculture 2020, 10, 314. [CrossRef]

59. Perveen, R.; Wang, X.; Jamil, Y.; Ali, Q.; Ali, S.; Zakaria, M.Q.; Afzaal, M.; Kasana, R.A.; Saleem, M.H.; Fiaz, S. Quantitative
determination of the effects of He–Ne laser irradiation on seed thermodynamics, germination attributes and metabolites of
safflower (Carthamus tinctorius L.) in relation with the activities of germination enzymes. Agronomy 2021, 11, 1411. [CrossRef]

32



Citation: Yan, Z.; Wang, C.; Wang, L.;

Li, X.; Wang, G.; Yang, Y. The

Combinations of White, Blue, and

UV-A Light Provided by

Supplementary Light-Emitting

Diodes Promoted the Quality of

Greenhouse-Grown Cucumber

Seedlings. Agriculture 2022, 12, 1593.

https://doi.org/10.3390/

agriculture12101593

Academic Editors: Athanasios

Koukounaras and Filippos Bantis

Received: 12 September 2022

Accepted: 29 September 2022

Published: 2 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agriculture

Article

The Combinations of White, Blue, and UV-A Light Provided by
Supplementary Light-Emitting Diodes Promoted the Quality of
Greenhouse-Grown Cucumber Seedlings

Zhengnan Yan 1,†, Chunling Wang 2,†, Long Wang 1, Xin Li 1, Guanjie Wang 3 and Yanjie Yang 1,*

1 College of Horticulture, Qingdao Agricultural University, Qingdao 266109, China
2 College of Water Resources and Architecture Engineering, Tarim University, Aral 843300, China
3 Shandong Qicai Manor Vegetable Food Base Co., Ltd., Shouguang 262700, China
* Correspondence: 200401170@qau.edu.cn
† These authors contributed equally to this work.

Abstract: Insufficient solar light in winter inside the greenhouse may lead to a lower quality of
vegetable seedlings, and supplemental light is an effective technique to solve this problem. This study
evaluated the impacts of supplementary white (W)-light-emitting diodes (LEDs), ultraviolet A LEDs
(UV-A), white and blue LEDs (WB), the combinations of white and UV-A LEDs (W-UVA), and white,
blue, and UV-A LEDs (WB-UVA) on the leaf morphology, photosynthetic traits, biomass accumulation,
root architecture, and hormone content of cucumber (Cucumis sativus L. cv. Tianjiao No. 5) seedlings
grown in the greenhouse. The results indicated that supplementary LED lighting led to a decreased
plant height, shorter hypocotyl length, bigger leaf area, and thicker leaf compared with those grown
with solar light only, regardless of light quality. The shoot fresh weight, root fresh weight, and
seedling quality index of cucumber seedlings grown under the combinations of white, blue, and UVA
radiations increased by 30.8%, 3.2-fold, and 1.8-fold, respectively, compared with those grown with
natural light only. However, no significant differences were exhibited in the biomass accumulation of
greenhouse-grown cucumber seedlings between the control and the UVA treatment. The cellulose
content and stem firmness of greenhouse-grown cucumber seedlings grown under the combinations
of white, blue, and UVA radiations increased by 49.9% and 13.1%, respectively, compared with
those grown under white light only. Additionally, the cytokinin content of cucumber seedlings
was promoted by over 36.7% by applying supplementary light. In summary, the combinations of
white, blue, and UVA radiations led to compact morphological characteristics, superior mechanical
properties, and preferable growth performance, which could be applied as an available lighting
strategy to obtain the desired morphological and quality properties of vegetable seedlings.

Keywords: cytokinin content; supplementary light; net photosynthetic rate; ultraviolet; stem firmness

1. Introduction

Cucumbers (Cucumis sativus L.) are widely cultivated worldwide as an important
vegetable variety with a world production of 91.2 million tons in 2021 [1]. Prior studies
have indicated that the quality of vegetable seedlings influenced the subsequent growth
and yield of mature plants at harvest [2,3], and the annual demand of cucumber seedlings in
China is 47 billion plants [4]. Therefore, producers focus on various environmental factors
that affect the yield and quality of cucumber seedlings during the production process. In
addition, the growing conditions in the protected horticulture (e.g., greenhouse or plant
factory with artificial lighting) are superior compared with the open field as a result of the
fact that growers could adjust the environmental elements based on the crop needs, which
was beneficial for cultivation of high-quality vegetable seedlings.

Light is one of the most important variables for plant growth and development, and
there are three dimensions of light to be noticed: light quality, light intensity, and pho-
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toperiod [5]. Previous studies have indicated that lower light intensity was not conducive
to plant growth and development. For instance, Pennisi et al. [6] found that lower light
intensity reduced the leaf functionality of lettuce, which resulted in reduced nutritional
content, and lower antioxidant capacity, phenolics, and flavonoids concentrations. Similar
results were also observed in sweet basil [7], broccoli microgreens [8], and dwarf tomato [9].
Recently, more researchers paid attention to the daily light integral (DLI) and observed that
increasing the DLI within limits could improve the growth status of plants and promote
the accumulation of nutrients in plants [10–12]. Additionally, increasing the DLI in seasons
with insufficient light could increase the stem firmness of cucumber seedlings, which was
beneficial for mechanized transplanting [13].

Light quality also has significant impacts on the formation and composition of plant
organic matter [14,15]. For instance, red light is efficient in driving plant photosynthesis
compared with other wavelengths [16]; blue light promoted the synthesis of chlorophyll
in cucumber, wheat, and spinach [17,18]. Many researchers have reported that red plus
blue LEDs are the most important parts of spectral regions for plant growth [19]. Therefore,
red plus blue lights provided by light-emitting diodes (LEDs) were commonly applied
or investigated by researchers in leafy vegetables [20,21], vegetable seedlings [22,23], and
herbs [24,25] grown in the greenhouse or plant factory with artificial lighting. However,
white LEDs exhibited similar or preferable influences on plant growth and energy use
efficiency compared with red plus blue LEDs [26,27], and white LEDs created a “friendly”
light environment to human eyes [9,28]. Thus, white LEDs or white LEDs combined
with other wavelengths were investigated in lettuce [28], spinach [29], and grafted tomato
transplants [30]. Generally, the hypocotyl of vegetable seedlings would elongate under
low light conditions, and the reduction in blue light had a similar response in plants [31].
However, the circumstances of increased tomato plant compactness and reduced stem
elongation occurred with the increase in blue light [18,32]. The suitable combinations of
supplementary white and blue lights were investigated by Yan et al. [13] in greenhouse-
grown cucumber seedlings and the results indicated that the plant height and hypocotyl
length of cucumber seedlings decreased with the increased blue fraction of supplementary
light; however, the stem diameter and leaf area of cucumber seedlings increased first and
then decreased with the increased blue fraction, and similar trends were observed in the
biomass accumulation of cucumber seedlings.

The impacts of ultraviolet (UV) radiation on the plant morphology and physiological
characteristics of plants were investigated by researchers in recent years. The majority of
the UV radiation part is UV-A radiation (315–400 nm), which accounts for 98–99% of the
ultraviolet radiation reaching the Earth’s surface [33,34]. The UV-A radiation affected the
growth, photosynthesis, and specific substance contents of plants [34]. Zhang et al. [35] in-
dicated that UV-A functions had similar effects in maintaining leaf photosynthetic function
as compared with blue light. In addition, previous reports have shown that supplement-
ing certain amounts of UV-A to visible radiation (400–700 nm) promoted plant biomass
accumulation compared with those grown without supplements [36].

Our previous study investigated the proper proportion created by white and blue
LEDs for growth of greenhouse-grown cucumber seedlings [37]; nevertheless, hardly any
studies have reported the influences of supplementary white or white plus blue LEDs
combined with UV-A on the leaf morphology, pigment content, photosynthetic traits,
biomass accumulation, root architecture, and hormone contents of cucumber seedlings
grown in the greenhouse. The results could provide guidelines for the regulation of
supplemental light strategies for greenhouse-grown cucumber seedlings produced in
winter, early spring, or seasons with insufficient sunlight.

2. Materials and Methods

2.1. Plant Materials

Cucumber seedlings (Cucumis sativus L. cv. Tianjiao No. 5) were grown in 72-cell
plug trays containing a mixture of 60% vermiculite, 20% peat, and 20% perlite. One seed
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was used per cell, plug trays were placed in a Venlo-type greenhouse with a floor area
of 2736 m2 in Qingdao Agricultural University, Qingdao, Shandong Province, China, at
a temperature of (24 ± 1) ◦C/(16 ± 1) ◦C during the day/night period, and the relative
humidity was maintained at 60–70%, for 22 days. Hoagland’s nutrient solution was used
for cucumber seedlings during the experimental period, and the management of seedlings
was reported by our previous study [13].

2.2. Treatment Design

The average daily light intensity of sunlight inside the Venlo-type greenhouse was
128 μmol m−2 s−1 during the experimental period (19 November–11 December 2021), with
an average DLI of 5.0 mol m−2 d−1. Considering the suitable DLI and supplementary
duration [13] for growth of cucumber seedlings, they were grown under supplemental DLI
at 6.5 mol m−2 d−1 with a light intensity and photoperiod at 180 μmol m−2 s−1 and 10 h
d−1, respectively, created by white LEDs (W) (Weifang Hengxin Electric Appliance Co.,
Ltd., Weifang, China), ultraviolet A LEDs (UV-A) (Xiamen Lumigro Technology Co., Ltd.,
Xiamen, China), the combinations of white and blue LEDs (WB) (Weifang Hengxin Electric
Appliance Co., Ltd., Weifang, China), the combinations of white and UV-A LEDs (W-UVA),
and the combinations of white, blue, and UV-A LEDs (WB-UVA), respectively. The ratio
of combinations of blue and white LEDs and the spectral distribution of the LEDs were
applied based on our previous study [37] and the supplemental light intensity of UV-A
light was 15 μmol m−2 s−1. Additionally, cucumber seedlings grown with natural light
only was set as the control (DLI at 5.0 mol m−2 d−1). The experiment was arranged in a
randomized complete block design with three replications, and 72 seedlings were applied
in each replication in this experiment.

2.3. Growth Measurements
2.3.1. Plant Morphology and Growth Traits

The plant height, hypocotyl length, and stem diameter of cucumber seedlings were
measured using a ruler and digital caliper (Shanghai Tool Factory Co., Ltd., Shanghai,
China). Fresh and dry weights, and the root architecture of cucumber seedlings were
measured based on Yan et al. [13]. Seedling quality index and specific leaf area were
calculated according to Han et al. [38] and Dou et al. [7].

2.3.2. Determinations of Photosynthetic Performance

Photosynthetic performances of cucumber seedlings were determined by a portable
photosynthetic measuring system (LI-6400XT, Li-Cor Inc., Lincoln, NE, USA) with a leaf
chamber (6400-02B), according to Yan et al. [13]. The apparent mesophyll conductance
(gm) and stomatal limitation value (Ls) were calculated according to Wang et al. [20]. A
chlorophyll meter (SPAD-502 Plus, Konica Minolta Inc., Tokyo, Japan) was applied to
determine the relative chlorophyll contents of cucumber seedlings.

2.3.3. Measurement of Root Activity, Stem Firmness, and Cellulose Content of
Cucumber Seedling

The triphenyl tetrazolium chloride (TTC) method and the Updegraff method were
applied to determine the root activity and cellulose content of cucumber seedlings, accord-
ing to Li [39] and Updegraff [40], respectively. The stem firmness of cucumber stems was
determined according to Yan et al. [13].

2.3.4. Measurement of Hormone Content of Cucumber Seedlings

The fully expanded cucumber leaf was flash-frozen and ground in liquid nitrogen and
then transferred to a freezer with −80 ◦C for storage. The cytokinin contents of cucumber
seedlings were quantified by a competitive Enzyme-linked immunosorbent assay (ELISA)
technique, according to Aguilar et al. [41].
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2.3.5. Supplementary Light Use Efficiency

Supplementary light use efficiency was estimated based on the increase in fresh weight,
according to Wei et al. [42] and Wang et al. [12].

2.4. Statistical Analysis

Statistical analysis was conducted using the SPSS 18.0 software (IBM, Inc., Chicago,
IL, USA). The least significant difference (LSD) test was performed across all treatments at
p < 0.05. The data were exhibited as the mean ± standard deviation (SD) values. The heat
map was performed using the TBtools (https://github.com/CJ-Chen/TBtools, accessed on
25 September 2022) based on Chen et al. [43]. We calculated the Euclidean distance among
samples and the complete clustering method was applied according to Gao et al. [8].

3. Results

3.1. Impacts of Supplementary Light on Morphological Performances of Greenhouse-Grown
Cucumber Seedlings

Morphological characteristics of greenhouse-grown cucumber seedlings were signifi-
cantly impacted by supplementary light (Table 1). In general, cucumber seedlings grown
with natural light only exhibited a higher plant height, longer hypocotyl, and smaller
leaf area compared with those grown with supplementary light; however, no significant
differences were found in stem diameter, leaf width, and leaf area of cucumber seedlings
grown between the control and the UV-A treatments. Cucumber seedlings grown with
combinations of supplementary white, blue, and UV-A light exhibited the shortest plant
height and smallest specific leaf area, which decreased by 39.8% and 47.7%, respectively,
compared with those grown with natural light only. The stem diameter and leaf area of
greenhouse-grown cucumber seedlings grown in the WB-UVA treatment increased by
33.3% and 44.6% compared with those grown under the control treatment, respectively.

3.2. Impacts of Supplementary Light on Photosynthetic Performances of Cucumber Seedlings
Cultivated in the Greenhouse

The SPAD value, net photosynthetic rate, substomatal CO2 concentration, transpiration
rate, and apparent mesophyll conductance of cucumber seedlings cultivated with sunlight
only were significantly lower than those cultivated with supplementary light (Table 2).
However, no significant differences were found in these parameters of cucumber seedlings
grown between WB and WB-UVA treatments. The SPAD value, net photosynthetic rate,
and transpiration rate of cucumber seedlings grown in the WB-UVA treatment increased
by 39.1%, about 1.2- and 2.7-fold compared with those cultivated without supplementary
light, respectively.

3.3. Impacts of Supplementary Light on Growth Characteristics and Root Architecture on
Greenhouse-Grown Cucumber Seedlings

Fresh and dry weights of greenhouse-grown cucumber seedlings were significantly
influenced by supplementary light (Table 3). Fresh and dry weights of cucumber seedlings
were significantly increased by using white LEDs alone or the combinations of white
and other LEDs. No significant differences were observed in these above parameters in
cucumber seedlings grown between supplemented UVA light and the control. The shoot
fresh weight, root fresh weight, and seedling quality index of cucumber seedlings grown in
the WB-UVA treatment increased by 30.8%, about 3.2- and 1.8-fold, compared with those
grown with natural light only, respectively.

36



Agriculture 2022, 12, 1593

T
a

b
le

1
.

M
or

p
ho

lo
gi

ca
lp

er
fo

rm
an

ce
s

of
gr

ee
nh

ou
se

-g
ro

w
n

cu
cu

m
be

r
se

ed
lin

gs
cu

lt
iv

at
ed

u
nd

er
su

p
p

le
m

en
ta

ry
lig

ht
p

ro
vi

d
ed

by
w

hi
te

(W
),

U
V

-A
lig

ht
-e

m
it

ti
ng

d
io

d
es

(L
E

D
s)

,a
nd

va
ri

ou
s

co
m

bi
na

ti
on

s
of

W
,b

lu
e

(B
),

an
d

U
V

-A
L

E
D

s;
cu

cu
m

be
r

se
ed

lin
gs

gr
ow

n
w

it
ho

u
t

su
pp

le
m

en
ta

ry
lig

ht
w

er
e

us
ed

as
co

nt
ro

l.

T
re

a
tm

e
n

ts
P

la
n

t
H

e
ig

h
t

(c
m

)
H

y
p

o
co

ty
l

L
e

n
g

th
(c

m
)

S
te

m
D

ia
m

e
te

r
(m

m
)

L
e

a
f

L
e

n
g

th
(c

m
)

L
e

a
f

W
id

th
(c

m
)

L
e

a
f

A
re

a
(c

m
2
)

S
p

e
ci

fi
c

L
e

a
f

A
re

a
(c

m
2

m
g
−1

)

C
on

tr
ol

18
.6
±

2.
2

a
13

.8
±

1.
4

a
3.

6
±

0.
4

b
6.

6
±

0.
6

c
6.

7
±

0.
6

c
30

.7
±

3.
1

c
0.

50
1
±

0.
03

5
a

W
14

.0
±

1.
0

bc
8.

5
±

0.
4

c
4.

7
±

0.
3

a
7.

4
±

0.
3

b
7.

9
±

0.
4

b
38

.8
±

2.
1

b
0.

30
5
±

0.
01

3
c

U
VA

15
.8
±

0.
3

b
12

.1
±

0.
6

b
3.

7
±

0.
2

b
7.

3
±

0.
1

b
6.

7
±

0.
3

c
33

.5
±

2.
2

c
0.

41
5
±

0.
03

1
b

W
B

12
.7
±

1.
0

cd
8.

6
±

0.
6

c
4.

8
±

0.
4

a
7.

7
±

0.
2

ab
8.

4
±

0.
3

a
42

.9
±

3.
6

ab
0.

27
1
±

0.
02

1
cd

W
-U

VA
13

.5
±

1.
3

c
8.

5
±

0.
7

c
4.

9
±

0.
2

a
7.

3
±

0.
4

b
8.

0
±

0.
4

ab
39

.4
±

2.
8

b
0.

27
8
±

0.
01

2
cd

W
B-

U
VA

11
.2
±

0.
4

d
7.

1
±

0.
5

d
4.

8
±

0.
4

a
8.

0
±

0.
1

a
8.

4
±

0.
2

ab
44

.4
±

2.
4

a
0.

26
2
±

0.
01

3
d

N
ot

e:
D

iff
er

en
tl

et
te

rs
w

it
hi

n
ea

ch
pa

ra
m

et
er

w
er

e
si

gn
ifi

ca
nt

ly
di

ff
er

en
tt

es
te

d
by

th
e

le
as

ts
ig

ni
fic

an
td

iff
er

en
ce

(L
SD

)t
es

ta
tp

<
0.

05
.

T
a

b
le

2
.

P
ho

to
sy

nt
he

ti
c

ch
ar

ac
te

ri
st

ic
s

of
cu

cu
m

be
r

se
ed

lin
gs

cu
lt

iv
at

ed
in

th
e

gr
ee

nh
ou

se
u

nd
er

su
p

p
le

m
en

ta
ry

lig
ht

p
ro

vi
d

ed
by

w
hi

te
(W

),
U

V
-A

lig
ht

-e
m

it
ti

ng
d

io
d

es
(L

ED
s)

,a
nd

va
ri

ou
s

co
m

bi
na

ti
on

s
of

W
,b

lu
e

(B
),

an
d

U
V

-A
LE

D
s;

cu
cu

m
be

r
se

ed
lin

gs
cu

lt
iv

at
ed

w
it

ho
ut

su
pp

le
m

en
ta

ry
lig

ht
w

er
e

us
ed

as
co

nt
ro

l.

T
re

a
tm

e
n

ts
S

P
A

D
V

a
lu

e
N

e
t

P
h

o
to

sy
n

th
e

ti
c

R
a

te
(μ

m
o

l
m

−2
s−

1
)

S
to

m
a

ta
l

C
o

n
d

u
ct

a
n

ce
(m

o
l

m
−2

s−
1
)

S
u

b
st

o
m

a
ta

l
C

O
2

C
o

n
ce

n
tr

a
ti

o
n

(μ
m

o
l

m
o

l−
1
)

T
ra

n
sp

ir
a

ti
o

n
R

a
te

(m
m

o
l

m
−2

s−
1
)

A
p

p
a

re
n

t
M

e
so

p
h

y
ll

C
o

n
d

u
ct

a
n

ce
(m

o
l

m
−2

s−
1
)

S
to

m
a

ta
l

L
im

it
a

ti
o

n
V

a
lu

e

C
on

tr
ol

36
.3
±

2.
1

d
5.

2
±

0.
2

d
0.

06
±

0.
01

d
24

3
±

24
b

0.
78

±
0.

09
d

0.
02

5
±

0.
00

4
d

0.
40

±
0.

06
a

W
46

.3
±

1.
8

b
9.

6
±

0.
6

b
0.

19
±

0.
02

b
29

5
±

8
a

2.
16

±
0.

04
b

0.
03

1
±

0.
00

2
c

0.
24

±
0.

02
c

U
VA

39
.1
±

3.
5

c
6.

8
±

0.
3

c
0.

10
±

0.
01

c
28

1
±

25
a

1.
17

±
0.

15
c

0.
02

6
±

0.
00

2
d

0.
31

±
0.

03
b

W
B

50
.5
±

1.
7

a
10

.8
±

0.
4

a
0.

24
±

0.
03

a
30

0
±

8
a

2.
65

±
0.

22
a

0.
03

6
±

0.
00

1
b

0.
24

±
0.

02
c

W
-U

VA
47

.9
±

1.
4

ab
10

.1
±

0.
6

b
0.

19
±

0.
03

b
29

3
±

14
a

2.
13

±
0.

32
b

0.
03

3
±

0.
00

2
bc

0.
24

±
0.

03
c

W
B-

U
VA

50
.5
±

1.
5

a
11

.2
±

0.
8

a
0.

22
±

0.
02

ab
29

5
±

12
a

2.
39

±
0.

21
ab

0.
03

9
±

0.
00

4
a

0.
23

±
0.

02
c

N
ot

e:
D

iff
er

en
tl

et
te

rs
w

it
hi

n
ea

ch
pa

ra
m

et
er

w
er

e
si

gn
ifi

ca
nt

ly
di

ff
er

en
tt

es
te

d
by

th
e

le
as

ts
ig

ni
fic

an
td

iff
er

en
ce

(L
SD

)t
es

ta
tp

<
0.

05
.

T
a

b
le

3
.

Fr
es

h
an

d
dr

y
w

ei
gh

ts
of

gr
ee

nh
ou

se
-g

ro
w

n
cu

cu
m

be
r

se
ed

lin
gs

cu
lti

va
te

d
un

de
r

su
pp

le
m

en
ta

ry
lig

ht
pr

ov
id

ed
by

w
hi

te
(W

),
U

V
-A

lig
ht

-e
m

itt
in

g
di

od
es

(L
ED

s)
,a

nd
va

ri
ou

s
co

m
bi

na
ti

on
s

of
W

,b
lu

e
(B

),
an

d
U

V
-A

LE
D

s;
cu

cu
m

be
r

se
ed

lin
gs

gr
ow

n
w

it
h

na
tu

ra
ll

ig
ht

on
ly

w
er

e
us

ed
as

co
nt

ro
l.

T
re

a
tm

e
n

ts
S

h
o

o
t

F
re

sh
W

e
ig

h
t

(g
P

e
r

P
la

n
t)

R
o

o
t

F
re

sh
W

e
ig

h
t

(g
P

e
r

P
la

n
t)

S
h

o
o

t
D

ry
W

e
ig

h
t

(g
P

e
r

P
la

n
t)

R
o

o
t

D
ry

W
e

ig
h

t
(g

P
e

r
P

la
n

t)

S
e

e
d

li
n

g
Q

u
a

li
ty

In
d

e
x

C
on

tr
ol

2.
92

±
0.

13
d

0.
45

±
0.

03
d

0.
19

8
±

0.
03

0
c

0.
01

6
±

0.
00

2
d

0.
02

5
±

0.
00

3
c

W
3.

49
±

0.
44

bc
1.

17
±

0.
09

c
0.

28
3
±

0.
02

0
b

0.
04

0
±

0.
00

5
bc

0.
05

5
±

0.
00

6
b

U
VA

3.
05

±
0.

27
cd

0.
44

±
0.

01
d

0.
21

6
±

0.
02

6
c

0.
01

5
±

0.
00

1
d

0.
02

2
±

0.
00

2
c

W
B

4.
09

±
0.

19
a

1.
42

±
0.

18
b

0.
31

6
±

0.
01

4
ab

0.
04

5
±

0.
00

6
b

0.
06

5
±

0.
00

9
ab

W
-U

VA
4.

13
±

0.
10

a
1.

09
±

0.
09

c
0.

33
9
±

0.
03

8
a

0.
03

7
±

0.
00

4
c

0.
05

7
±

0.
00

5
b

W
B-

U
VA

3.
82

±
0.

45
ab

1.
90

±
0.

18
a

0.
34

8
±

0.
04

6
a

0.
05

9
±

0.
00

9
a

0.
06

9
±

0.
00

8
a

N
ot

e:
D

iff
er

en
tl

et
te

rs
w

it
hi

n
ea

ch
pa

ra
m

et
er

w
er

e
si

gn
ifi

ca
nt

ly
di

ff
er

en
tt

es
te

d
by

th
e

le
as

ts
ig

ni
fic

an
td

iff
er

en
ce

(L
SD

)t
es

ta
tp

<
0.

05
.

37



Agriculture 2022, 12, 1593

The root architecture of greenhouse-grown cucumber seedlings was remarkably in-
fluenced by supplementary light (Figure 1). The root length, root area, and root volume
of cucumber seedlings grown with supplementary WB-UVA light increased by 184.9%,
219.0%, and 266.7% compared with those grown with natural light only, respectively. Sim-
ilarly, no significant differences were found in these parameters in cucumber seedlings
grown between the control and UVA treatment. The root activity of cucumber seedings
exposed to WB and WB-UVA treatments was significantly higher compared with other
treatments, which increased by 3.8 and 3.6 times compared with the control.

 

 

Figure 1. Effects of supplementary light provided by white (W), UV-A light-emitting diodes (LEDs),
and various combinations of W, blue (B), and UV-A LEDs on root morphology (A), root length (B),
root surface area (C), root volume (D), and root activity (E) of greenhouse-grown cucumber seedlings
cultivated for 22 days after sowing; cucumber seedlings grown without supplementary light were
used as control. Different letters within each parameter were significantly different tested by the least
significant difference (LSD) test at p < 0.05.

3.4. Influences of Supplementary Light on Stem Firmness and Cellulose Content of
Greenhouse-Grown Cucumber Seedlings

The stem firmness and cellulose content of greenhouse-grown cucumber seedlings
cultivated with supplementary light were higher than those cultivated with sunlight only
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(Figure 2). The stem firmness and cellulose content of cucumber seedlings grown under
the combination of white, blue, and UVA light were 1.9- and 2.7-times higher compared
with cucumber seedlings grown with supplementary white LEDs, respectively. In addition,
UVA light also led to higher stem firmness and cellulose contents of greenhouse-grown
cucumber seedlings.

 

Figure 2. Effects of supplementary light provided by white (W), UV-A light-emitting diodes (LEDs),
and various combinations of W, blue (B), and UV-A LEDs on stem firmness (A) and cellulose content
(B) of greenhouse-grown cucumber seedlings cultivated for 22 days after sowing; cucumber seedlings
grown without supplementary light were used as control. Different letters within each parameter
were significantly different tested by the least significant difference (LSD) test at p < 0.05.

3.5. Hormone Content of Cucumber Seedlings Cultivated in the Greenhouse as Affected by
Supplementary Light

The hormone contents of cucumber seedlings grown in the greenhouse reacted dif-
ferently by different supplementary light treatments (Figure 3). The cytokinin content of
cucumber seedlings cultivated with supplemental light increased remarkably compared
with those grown with natural light only. Clearly, UVA light was effective in promoting
the cytokinin content of cucumber seedlings. Moreover, the cytokinin content of cucumber
seedlings grown with WB-UVA increased by 1-fold compared with those grown under the
control treatment.

Figure 3. Impacts of supplementary light provided by white (W), UV-A light-emitting diodes (LEDs),
and various combinations of W, blue (B), and UV-A LEDs on cytokinin content of greenhouse-
grown cucumber seedlings cultivated for 22 days after sowing; cucumber seedlings grown without
supplementary light were used as control. Different letters within each parameter were significantly
different tested by the least significant difference (LSD) test at p < 0.05.
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3.6. Supplementary Light Use Efficiency of Greenhouse-Grown Cucumber Seedlings

The supplementary light use efficiency of greenhouse-grown cucumber seedlings was
significantly affected by supplementary LEDs (Figure 4). Supplementary white and UVA
LEDs led to the lowest and highest supplementary light use efficiency in greenhouse-grown
cucumber seedling production, respectively. In addition, the supplementary light use
efficiency of cucumber seedlings cultivated under supplementary white LEDs increased by
over 70% compared with those grown under the WB or WB-UVA treatments. No significant
differences were found in supplementary light use efficiency in cucumber seedlings grown
under the WB, W-UVA, and WB-UVA treatments.

 

Figure 4. Supplementary light use efficiency of greenhouse-grown cucumber seedlings cultivated
under supplementary white (W), UV-A light-emitting diodes (LEDs), and various combinations of W,
blue (B), and UV-A LEDs at 22 days after sowing; cucumber seedlings grown without supplementary
light were used as control. Different letters within each parameter were significantly different tested
by the least significant difference (LSD) test at p < 0.05.

3.7. Heat Map Analysis

A heat map was applied to analyze the response among the tested parameters and
exhibited a broad view of the influences of the supplementary lights on greenhouse-grown
cucumber seedlings (Figure 5). The WB and the WB-UVA clusters were the closest to each
other, the W and the W-UVA clusters were the closest to each other, and the control and
the UVA clusters were the closest to each other. In addition, the control and WB-UVA
treatment showed opposite responses in most of the measured parameters. Plant height
and hypocotyl length were negatively related to the combinations of W-UVA, WB-UVA,
and WB. However, the leaf area, root activity, root fresh weight, dry weight, and other
indexes were positively related to the combinations of different lights. From the heat
map, we could determine that different light combinations had different impacts on the
growth indicators of cucumber seedlings. WB-UVA was characterized by a higher leaf area,
shoot dry weight, gm, and biomass accumulation of the cucumber seedings. WB-UVA
had a better performance than UVA, W, and W-UVA in the morphological characteristics,
photosynthetic properties, growth characteristics, and root architecture of greenhouse-
grown cucumber seedlings.
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Figure 5. Cluster heat map analysis of greenhouse-grown cucumber seedlings for 22 days after
sowing as influenced by white (W), UV-A light-emitting diodes (LEDs), and various combinations of
W, blue (B), and UV-A LEDs. Blue and pure red indicated an increase and a decrease in the response
parameters, respectively.

4. Discussion

Appling supplementary light in the greenhouse had become an indispensable method
to improve the growth conditions and quality of plants grown in seasons or latitudes with
insufficient solar light, and different light qualities had distinctly different biological effects
on plants [42,44]. In this study, supplementary lighting led to a decreased plant height,
shorter hypocotyl length, and bigger leaf area compared with those grown with solar light
only. Moreover, the changes in morphology of plants were also related to the spectral
composition of supplementary lights. The stem diameter and leaf area of greenhouse-
grown cucumber seedlings cultivated in the WB-UVA treatment increased by 33.3% and
44.6% compared with those grown with natural light only, respectively. In addition, UVA
radiation led to lower plant height, shorter hypocotyl length, and thicker leaves of cucumber
seedlings compared with those cultivated with natural light only (Table 1). The results were
similar with the previous studies reporting that UV radiation would lead to plants with
larger internode diameters and shorter internodes [45,46]. In addition, Zhang et al. [35]
observed that UVA radiation resulted in a bigger leaf area and smaller specific leaf area of
tomato plants. Moreover, blue light significantly promoted the leaf expansion of plants [23];
when blue and UV lights were applied in the meantime, the elongation of the main stem of
cucumber seedlings could be inhibited through activating cryptochromes [47], and the stem
diameter and leaf area of plants could be promoted significantly. Similarly, Azad et al. [21]
observed that the plant height of leaf lettuce decreased with the increase in blue light
fraction, and a higher blue light fraction resulted in a compact leaf arrangement with green
color and small petioles of lettuce, which was regulated by cryptochromes [31].
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Different types of light sources, such as energy and signal sources, significantly af-
fected plant photomorphogenesis [48]. It could be found that photosynthetic traits of
the greenhouse-grown cucumber seedlings were changed remarkably when exposed to
different combinations of supplementary light (Table 2). The results indicated that UVA
radiation affected the plant chlorophyll contents significantly, and some studies had shown
that UVA radiation could promote the increase in total chlorophyll content in lettuce, barley
seedlings, and broccoli sprouts under greenhouse cultivation conditions [49–51]. Moreover,
chlorophyll contents of plants directly influenced the photosynthesis process, and they
were affected by the light quality [52]. In this study, the SPAD value, net photosynthetic
rate, and transpiration rate of cucumber seedlings cultivated with supplementary light
increased substantially compared with those cultivated with sunlight only, and supple-
mentary lights with more blue light fraction led to a higher net photosynthetic rate and
transpiration rate, indicating that increasing the DLI and blue light increased the photosyn-
thetic characteristics of plants. Similar results were also found in lettuce [21] and grafted
watermelon seedlings [53]. In addition, it could be observed that UVA radiation affected
the photosynthetic process of cucumber seedlings between the control and UVA treatments,
but not observed in W vs. W-UVA, and WB vs. WB-UVA, which may be related with
the supplementary light intensity or background light. Gao et al. [54] indicated that UVA
radiation improved the actual photochemical efficiency of photosystem II, thus increasing
the growth of Chinese kale. Simultaneously, the enhancement of photosynthetic activity
by UVA radiation was caused by the re-absorption of UVA-induced blue-green fluores-
cence [50]. However, Kang et al. [36] found that the net photosynthesis rate of tomato
seedlings was unaffected by UVA radiation when supplemented with red plus blue lights.
This difference may be caused by the supplementary light intensity, the background light
quality, or the plant species.

The light spectral composition affected the biomass accumulation of plants, and
different vegetable varieties responded differently to the light spectrum [55]. Supplemental
LED lighting improved the quality of vegetable seedlings by increasing the DLI in the
greenhouse, where a 1% increase in DLI may lead to a 1% increase in the yields of fruit
vegetable, which may be due to the increased Cytochrome b6f complex and Rubisco
contents in plants [56,57]. Our study indicated that supplementing with UVA radiation
alone unaffected the biomass accumulation of cucumber seedlings, but the combination
of UVA with white light, or white plus blue lights significantly increased the biomass
accumulation of greenhouse-grown cucumber seedlings. Additionally, the seedling quality
index of greenhouse-grown cucumber seedlings cultivated in the WB-UVA treatment was
significantly higher compared with other treatments, except for the cucumber seedlings
grown with supplementary white and blue LEDs, indicating that UVA light was beneficial
to the growth of cucumber seedlings when it was used in conjunction with other LEDs.
Root architecture is also a vital trait in evaluating seedling quality, as well-rooted vegetable
seedlings are more appropriate to support transport conditions [44]. Little research has been
conducted on the root architecture of greenhouse-grown cucumber seedlings cultivated
under various supplementary lights. Yan et al. [13] found that the root growth of cucumber
seedlings was increased by supplementary white LEDs, and similar trends were also
found in the root length, root surface area, root volume, and root activity of cucumber
seedlings. Moreover, our results showed that no remarkable differences were observed in
the aforementioned parameters of greenhouse-grown cucumber seedlings grown between
the control and UVA treatment, which may be caused by the supplementary DLI.

The stem firmness and cellulose content of plants indicated the mechanical prop-
erties of plants [58]. Vegetable seedlings with a higher cellulose content characterized
the good lodging resistance of their stems, which was convenient for vegetable grafting
and transplanting. It can be seen in this study that the stem firmness and cellulose con-
tent of greenhouse-grown cucumber seedlings cultivated with supplementary light were
higher than those cultivated without supplementary light. This change could improve
the mechanical properties of greenhouse-grown cucumber seedlings and was conducive
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for transplanting. Similar results could be found in the research of Yan et al. [13]. In
addition, the stem firmness and cellulose content of cucumber seedlings were improved by
supplementary blue light.

The hormone contents in the plant reflected the degree of the physiological process of
the plant. Cytokinins are a major class of phytohormones, which play a vital role in the
retardants of leaf senescence, flower bud differentiation, and root growth [59,60]. From the
results of this study, it could be found that different light qualities had remarkable impacts
on the hormone content of cucumber seedlings, and the cytokinin content of greenhouse-
grown cucumber seedlings cultivated with supplementary light increased compared with
those grown with sunlight only. Chory et al. [61] suggested that adding higher contents of
cytokinin to dark-grown seedlings led to de-etiolation, suggesting that etiolation depended
on low levels of cytokinin. In general, blue and UVA radiations promoted the synthesis
of cytokinin of cucumber seedling. Similarly, Marchetti et al. [62] indicated that cytokinin
reactivation was delayed in the absence of blue light.

Supplementary light use efficiency should be considered due to the increased electricity
consumption [63], which could be applied to estimate the effectiveness of supplementary
light sources for cultivating crops in the protected horticulture. Our results indicated that
cucumber seedlings grown in the UVA light led to the highest supplementary light use
efficiency as a result of the small amount of light used in the treatment. However, the
increased lighting use efficiency should also be considered with the growth performances
of plants [12,28]. From the perspective of energy saving, no remarkable differences were
found in supplementary light use efficiency in greenhouse-grown cucumber seedlings
cultivated in the WB, W-UVA, and WB-VUA treatments, which were significantly higher as
compared with those grown in the W treatment.

From the results of the heat map, the effects of different combinations of supplementary
LEDs on cucumber seedlings varied greatly, and the appropriate combinations of supple-
mentary LEDs could promote the growth of plants. It showed that UVA could not promote
the growth of cucumber seedlings when it was used alone (the control vs. the UVA). How-
ever, when it was combined with white light or white and blue lights, the growth status of
cucumber seedlings had been significantly improved as compared with those grown with
natural light only, including morphological characteristics, biomass, and photosynthetic
characteristics. This result is consistent with previous studies, which believed that UVA
can be used in conjunction with blue light to promote plant growth [36,64,65]. Moreover,
the promotion effects were more obvious when cucumber seedlings were grown under the
combinations of blue, white, and UVA lights, especially on the growth characteristics and
photosynthetic properties.

5. Conclusions

Supplementary lighting remarkably affected the leaf morphology, growth, and physio-
logical traits of greenhouse-grown cucumber seedlings. In addition, different light spectra
had significant and diverse influences on the growth of cucumber seedlings. Combinations
of white, blue, and UVA radiations led to compact morphological characteristics, superior
mechanical properties, and preferable growth performance, which could be used as an
effective tool to obtain the desired morphological and quality properties of targeted plants.
It also promoted photosynthetic processes and hormone synthesis of greenhouse-grown
cucumber seedlings, which was suitable as supplementary lighting sources in the seasons
with insufficient light.
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Abstract: Watermelon is widely propagated through grafting, after which seedlings are subjected
to healing under controlled conditions including artificial lighting. Light wavelengths, such as
blue, red, and far-red, impose considerable effects on seedlings, which possibly carry on to the
mature plants. The aim of the present study is to examine whether different light wavelengths
during healing of grafted watermelon seedlings impose variable effects during field cultivation. After
grafting, seedlings were healed in an environmentally controlled healing chamber under fluorescent
(FL) lamps and light-emitting diodes, providing 100% red (R), 100% blue (B), 88/12% R/B (12B),
and 12B including 5% far-red (12B + FR). After acclimatization, seedlings were transplanted in the
field. Vegetative growth until floral initiation was enhanced by 12B and 12B + FR, as shown by
stem diameter and leaf number measurements. Flowering was mainly accelerated by 12B + FR and
considerably decelerated by FL and B. The same pattern was followed by fruit yield, which was
similar for all treatments at the end of the experiment. Nevertheless, fruit quality was not affected
by any of the light treatments. It is concluded that a light recipe, including red, blue and far-red,
wavelengths during healing of grafted seedlings enhances the overall growth, and flowering and
yield earliness of watermelon crops.

Keywords: Citrullus lanatus; nursery; healing chamber; transplantation; photomorphogenesis; flow-
ering; crop production; antioxidants

1. Introduction

Watermelon (Citrullus lanatus L.) is one of the most cultivated species among the
Cucurbitaceae family worldwide. It is also one of the most exported horticultural species,
mainly due to early harvests in some regions of southwest Greece. On average, watermelon
yield in Greece reached more than 45 ton/ha during 2016–2020 and its export value has
risen to over 52 million euros. In 2020, the area harvested was 8770 ha reaching productivity
of 49.1 t/ha. The importance of the crop is highlighted by the export profit in that period,
which constituted 12% of the total watermelon exported in Europe (FAOSTAT, 2022).
In 2020, the total export value in Greece was over 60 million euros.

Watermelon is susceptible to soilborne pathogens, and, thus, it is grafted mostly onto
gourds (Lagernaria siceraria Standl.) or onto interspecific hybrids (C. maxima Duch. × C. moschata
Duch.) [1]. Healing is the most delicate stage of grafted watermelon seedlings production.
During healing, seedlings must be grown in an environmentally controlled space, ideally a
growth (healing) chamber, where temperature, relative humidity, and light are fully adjusted.

Light is a key factor in plant growth and development. Light acts through its char-
acteristics, such as photoperiod (duration of emission), quantity (intensity), and quality
(wavelength). Photosynthetically active radiation (PAR, 400–700 nm) is the part of visible
light which is utilized by the plants for photosynthesis. Blue (425–490 nm) and red light
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(620–700 nm) in particular are crucial for plant growth and development, increased yield,
and fruit quality [2]. Far-red light (700–780 nm) is also important in the plant’s life as it
affects biological functions besides photosynthesis, such as seed germination, phototropism,
and flowering [3]. In a recent publication involving hydroponically grown lettuce, Zhen
and Bugbee (2020) [4] reported that far-red photons are equally effective for photosynthesis
when acting synergistically with PAR photons.

Furthermore, climate change is an inevitable process that is expected to alter the
prevailing environmental conditions. According to the 6th IPCC report (2021) [5], heat
waves and drought periods will increase in frequency, thus increasing the risk for open-
field vegetable crops to suffer from heat stress while also increasing their need for water.
Increased heat is expected to deteriorate the abiotic stress of vegetable crops leading to
the introduction of additional agrochemicals to cope with pests and pathogens, while the
yields will mostly decline, thus raising the cost of production. Moreover, the increased
water requirements will also lead to a production cost raise. To this end, the application of
cultivation methods that reduce the growing cycle (i.e., production time) even for a few
days is crucial in economic terms. This includes the earlier coverage of market demand,
leading to higher income for all participants in the supply chain, from growers to retailers.

There is complete lack of literature regarding the effect of different light-emitting diode
(LED) light spectra on the flowering, yield, and quality of watermelon crops. Previous
studies of our group [6,7] highlighted the importance of red and blue wavelengths for the
production of vigorous, high-quality grafted watermelon seedlings, which points to why
we used such wavelengths in our research. Moreover, cucumber transplants illuminated
with various wavelengths exhibited an after-effect during flowering and harvest [8]. Our
research hypothesis was that light quality influences vegetative growth during the first
few weeks after transplantation, and possibly affects flowering since the first flower buds
differentiate during the nursery growth. Therefore, our objective was to examine whether
different light wavelengths during the healing of grafted watermelon seedlings impose
variable effects during field cultivation. To this end, our efforts focused on evaluating the
plant development, the flowering, the yield, and fruit quality with the aim of increasing the
fruit earliness.

2. Materials and Methods

2.1. Plant Material and Grating

The grafted seedlings were produced in the facilities of Agris S.A. in Kleidi, Imathia,
Greece. Watermelon hybrid scions (Citrullus lanatus L., Celine F1) and interspecific squash
hybrid rootstocks (Cucurbita maxima × C. moschata, TZ-148) were cultivated according to
standard commercial practices. For a detailed description of this stage of cultivation, please
refer to Bantis et al. [6]. When the scion and rootstock seedlings achieved appropriate
growth, they were grafted with the splice grafting technique, re-planted in 72-cell plug
trays, and immediately transferred in a healing chamber.

2.2. Healing, Light Conditions, and Acclimatization

The healing chamber is basically a growth room where conditions are fully controlled.
Specifically, the temperature was set at 25 ◦C, and relative humidity was initially set at
98%, gradually decreasing down to 89%, while fans ensured air circulation. The plug
trays were placed on shelves irradiated with five different light wavelengths including FL
(Fluora 58 W, Osram, GmbH, Munich, Germany) and LED light sources. The LEDs emitted
were: (a) monochromatic red (R) with peak wavelength at 661 nm, (b) monochromatic blue
(B) with peak wavelength at 450 nm, (c) an 88/12% red/blue combination (12B) which
proved optimum for the healing of grafted watermelon seedlings in a recent publication
of our group [7], and (d) 12B with additional 5% far-red (12B + FR) radiation with peak
wavelength at 725 nm. All light treatments emitted 85 ± 5 μmol m−2 s−1 with a photoperiod
of 18 h. Information about the light treatments, such as waveband percentages and the
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phytochrome photostationary state, were obtained with a spectroradiometer (HD 30.1,
DeltaOhm Srl, Padova, Italy) and are provided in Table 1.

Table 1. Wavelength distribution and photobiological parameters of the tested light treatments tested.
PPS: phytochrome photostationary state. PPS was calculated according to Sager et al. [9].

Waveband
Light Treatment

FL R B 12B 12B + FR

UV %; 380–399 nm 0 0 0 0 0
Blue %; 400–499 nm 35 0 100 12 12

Green %; 500–599 nm 24 0 0 0 0
Red %; 600–699 nm 37 100 0 88 83

Far-red %; 700–780 nm 4 0 0 0 5
PPS 0.82 0.89 0.51 0.89 0.88

Following the successful healing stage which lasted six days, the grafted seedlings
were moved in a greenhouse for a two-week period of acclimatization where the minimum
temperature was set at 21.5 ◦C. At this stage, the seedlings were considered commercial
product and were ready for transplantation in the field.

2.3. Field Cultivation

Field cultivation was conducted in the experimental farm of the Laboratory of Veg-
etable Crops, in Aristotle University of Thessaloniki, Greece (N 40.536; E 22.995), in 2021.
Following a typical analysis, the soil was characterized as sandy clay loam (SCL), moderate
to heavy type. Organic matter constituted 2.3%, the pH was 7.8, and the electrical conduc-
tivity was 0.80 mS/cm. Prior to transplantation, the farm soil was plowed and crumbled,
while fertilization, irrigation, and control of weeds and pathogens were in accordance
with local practices. Specifically, basal dressing was conducted using a fertilizer (500 kg
per hectare) including 20-5-20 (nitrogen–phosphorus–potassium) + 3 units of magnesium.
During the cultivation period, plants were also fertigated twice using potassium nitrate
(13.5–0–46). Irrigation was conducted depending on temperature and precipitation. Typi-
cally, the plants were irrigated every two days since precipitation was very low and the
temperature was high at all times. Weeds were regularly hoed for about a month until the
vines expanded and made it difficult to walk through the plants without damaging them.
Finally, a few proactive crop dustings were conducted for aphids and soilborne pathogens
(i.e., fusarium).

Sixteen plants from every light treatment were transplanted on 2 June 2021 over four
rows considered as replicate, with a row distance of 3 m. The distance between plants
within a row was 1 m. The experimental design was a randomized complete block (RCBD)
with four replicates (rows). Within each row, plants were arranged in groups of four
consecutive plants per light treatment and each light treatment was represented once in
each row.

2.4. Determinations

Vegetative growth was evaluated for the first two weeks after transplanting until
flowering initiation. Every week leaf number was measured, while stem diameter was
determined with a digital caliber.

Flowering initiated 19 days after transplanting (DAT), but only male flowers were
detected at that time. When the first female flowers bloomed, they were numbered and
labeled every two days (until DAT 36) in order to identify the treatment and flowering date
of the produced fruits. Specifically, female flowers were recorded on DAT 24, 26, 28, 30,
32, 34, and 36. Total, average, and gradual sum of female flowers were calculated for each
measuring date.

Watermelon requires about 40 days between flowering and fruit maturity depending
on the environmental conditions. At the end of the experiment, fruits were harvested
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separately for each of the recorded flowering dates. For example, fruits labeled on DAT 30
were harvested after 40 days, i.e., on DAT 70. The same procedure was applied for each
flowering date recorded. The few flowers that bloomed on DAT 24 did not leaf to produced
fruits. Total yield and fruit number were calculated for each harvest date.

Three fruits per light treatment were evaluated regarding their biochemical content.
A refractometer (PAL-α, Atago, Tokyo, Japan) was used for the determination of total
soluble solids (◦Brix). The Singleton and Rossi [10] method was used for the measurement
of total phenolics. Antioxidant capacity was measured with the ferric reducing antioxidant
power (FRAP) method according to Benzie and Strain [11]. Lycopene and total carotenoid
contents were measured according to Luterotti et al. [12].

2.5. Statistical Analysis

Data were statistically analyzed with analysis of variance (ANOVA) using the IBM
SPSS software (SPSS 23.0, IBM Corp., Armonk, NY, USA). Mean comparisons were con-
ducted with the Scott–Knott method [13], using the statistical software StatsDirect v.2.8.0.
(StatsDirect, Ltd., Birkenhead, UK) at significance level a = 0.05. The unique characteristic
of this method is that it does not present overlapping in its grouping results.

3. Results and Discussion

Upon seedling transplantation in the field, vegetative growth was evaluated until
initiation of flowering. From DAT 0, stems were significantly narrower under the influence
of FL and B, an effect which carried on up to DAT 14 (Figure 1A). This is in accordance with a
previous study of our group which showed that monochromatic B limited the stem diameter
of acclimatized watermelon seedlings compared to red-containing LEDs [14], while FL
also induced narrow stem development of the final product (unpublished observation).
Stem diameter has been proposed and has widely been used as an indicator of seedling
quality in vegetable species, such as tomato, pepper, eggplant [15], cucumber [16], and
watermelon [17].

At the beginning of the experiment, all seedlings had an identical number of leaves
(four). However, by DAT 14 12B and 12B + FR enhanced the leaf formation compared to FL,
B, and R (Figure 1B). Four tomato genotypes exhibited greater leaf number under an 88/12%
red/blue treatment, which is similar to our 12B, and it was concluded that the addition
of blue light increases plant development and biomass production [18]. Furthermore,
supplemental blue LED lighting with high-pressure sodium lamps increased fresh and dry
weight and the leaf area of cucumber transplants and enhanced their development [19].
In three artichoke cultivars, blue light negatively affected the leaf number compared to
red [20], while no effect was found in cucumber seedlings [21]. Tomato transplants treated
with red or red–blue and red–white combinations and pepper transplants treated with
high ratios of red light developed fewer leaves before the first cluster [22]. In a study
with lettuce irradiated by different light sources at the seedling stage, the authors reported
greater mature yield and quality when the seedlings were treated with a red/blue ratio of
2.2 compared to 1.2 or fluorescent lamps [23].

Regarding floral evaluation, male flowers started to bloom on DAT 19. On DAT 24,
the first female flowers started to bloom mainly with 12B and 12B + FR and secondarily
with R. With FL and B, the first female flowers bloomed on DAT 26. In the following days,
flower number sharply increased up to a maximum which was on a different day for each
light treatment. Specifically, with 12B and 12B + FR, flowering peaked on DAT 32, while
with R, FL, and B flowering peaked on DAT 34 (Figure 2A). On every DAT, sum female
flower number was significantly smaller with FL and B compared to the red-containing
LEDs, with 12B + FR (mainly) and 12B (secondarily) showing the greatest values on almost
every DAT (Figure 2B).
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Figure 1. (A) Stem diameter and (B) leaf number of watermelon plants until 14 days after trans-
planting in the field. The seedlings were treated for six days in a healing chamber with five light
treatments. Mean values (n = 8; ±SE) within a row followed by different letters are significantly
different (α < 0.05).

Plants possess a suite of protein photoreceptors found in the model plant Arabidopsis,
which are triggered by red and far-red (phytochromes), blue (cryptochromes, phototropins,
and zeitlupe group), and ultraviolet (UVR8) wavelengths [24,25]. Photoreceptors are in-
volved in flowering through a FLOWERING LOCUS T gene, whose expression is regulated
by light quality [26,27]. Far-red in particular has been found to drive the expression of
the FvFT1 gene and trigger flowering in strawberry [28]. In petunia, flowering was also
promoted by far-red light under two PPFDs (98 and 288 μmol m−2 s−1) [3], an effect also
reported in other long-day plants [29]. In a study with cucumber, red + blue light gen-
erated higher biomass, growth rate, and average internode distance in comparison with
red + blue + yellow light, while the latter light treatment led to increased sucrose content,
which promoted the production of female flowers [30]. In our case, 12B + FR emits red–blue
light including 5% far-red, a spectrum which obviously triggered floral development earlier
than FL and the monochromatic R and B wavelengths. Strikingly, only 5% far-red of 12B
+ FR induced flowering to a greater extent compared to 12B, pointing to the considerable
effect of red/far-red ratio.
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Figure 2. (A) Average female flower number on each date and (B) sum of female flower number of
watermelon plants from the 24th to the 36th day after transplanting in the field. The seedlings were
treated for six days in a healing chamber with five light treatments. Mean values (n = 8; ±SE) within
a row followed by different letters are significantly different (α < 0.05).

As far as fruit production is concerned, flowers that bloomed on DAT 24 did not
lead to fruits in any light treatment. The first fruits were produced with R, B, 12B, and
12B + FR from flowers that bloomed on DAT 26. From DAT 28 onward, sum yield and fruit
number were significantly greater with R, 12B, and 12B + FR compared to FL and B. By
DAT 34, total yield and fruit number were similar for every light treatment even though
there was a tendency for reduced values with B and FL (Figure 3A,B). In general, fruit
production followed the pattern of flowering, indicating that fruit set was similar in plants
of all light treatments.

In other cucurbits, an Italian landrace of Cucumis melo L. called ‘Carosello leccese’,
grown under red + blue + far red, and red + blue LEDs, resulted in higher growth rate in
comparison to plants grown under natural light spectra. Moreover, the higher number of
fruits harvested and the higher water content of the fruits resulted in a 27% higher yield
in total for the plants grown under LEDs [31]. Another study showed that the yield of
cucumber plants grown under LEDs was higher than those grown under high-pressure
sodium lamps and those grown under the combination of the two [32]. Brazaitytė et al. [8]
reported that cucumber transplants treated with various light wavelengths did not exhibit
after-effects on yield, but the beginning of flowering and harvest were significantly affected.
Tomato and pepper transplants showed greater rates of first cluster formation and first
yield when treated with blue–red combinations [22].
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Figure 3. (A) Sum of watermelon fruit yield and (B) sum of fruit number derived from flowers
bloomed from the 26th to the 36th day after transplanting in the field. The seedlings were treated
for six days in a healing chamber with five light treatments. Mean values (n = 4; ±SE) within a row
followed by different letters are significantly different (α < 0.05).

At the end of the experiment, fruits were evaluated regarding their morphologi-
cal and biochemical attributes. Specifically, the fruit length, width, and rind thickness
were similar under all light treatments (Table 2). The rind/mesocarp thickness was also
similar in all cases (data not shown). The same observation was made for biochemical
compounds, such as total soluble solids, total phenolics, total carotenoids, lycopene, and
antioxidant compounds (FRAP), which were not significantly affected by the different light
treatments (Table 2).

Table 2. Morphological and biochemical parameters of ripe watermelon fruits after field cultivation.
The seedlings were treated for six days in a healing chamber with five light treatments. Mean values
(n = 3; ±SE) within a row followed by different letters are significantly different (a < 0.05).

Parameters
Light Treatments

FL R B 12B 12B + FR

Length (cm) 23.50 ± 1.26 a 34.83 ± 2.42 a 30.17 ± 2.17 a 34.67 ± 0.93 a 30.00 ± 2.02 a
Width (cm) 21.67 ± 0.33 a 20.00 ± 0.29 a 20.50 ± 0.29 a 19.67 ± 0.67 a 20.67 ± 0.73 a

Rind thick. (cm) 0.80 ± 0.10 a 0.73 ± 0.13 a 0.93 ± 0.07 a 0.87 ± 0.09 a 0.77 ± 0.07 a
TSS (◦Brix) 11.53 ± 0.13 a 11.87 ± 0.22 a 11.50 ± 0.35 a 11.27 ± 0.27 a 11.20 ± 0.42 a

TPC (mg/g) 0.20 ± 0.01 a 0.21 ± 0.01 a 0.20 ± 0.01 a 0.23 ± 0.01 a 0.20 ± 0.01 a
TCC (μg/g) 24.45 ± 3.54 a 24.51 ± 0.91 a 24.20 ± 1.10 a 25.77 ± 2.51 a 26.88 ± 1.14 a
LC (μg/g) 19.11 ± 4.74 a 17.89 ± 1.87 a 18.88 ± 1.47 a 20.60 ± 3.00 a 21.26 ± 0.92 a

FRAP (μg/g) 87.34 ± 1.39 a 81.46 ± 1.66 a 76.19 ± 1.94 a 87.88 ± 3.25 a 79.39 ± 2.35 a
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Typically, watermelon fruits can be harvested about 40 days after flowering. Summer
2021 was exceptionally stressful for outfield crops in Greece, with very high temperatures
for successive weeks. Even though there were not significant differences among our
treatments, fruits exhibited considerable quality in terms of sweetness (total soluble solids
above 11 ◦Brix) and antioxidant capacity. Javanmardi and Emami [22] reported greater total
soluble solids in tomato fruits treated with blue light at the seedling stage [22], but this was
not evident in our case. In another study of our group [14], watermelon transplants treated
with varying spectral compositions of red and blue light, and then cultivated on the field
in 2018, maintained fruit quality and high quality of important nutritive characteristics.
Compared to 2018, our 2021 watermelons produced about 30% greater total phenolics
(0.12–0.15 mg/g in 2018 versus 0.20–0.23 mg/g in 2021) and about 50% greater antioxidant
capacity displayed by FRAP (35–40 μg/g in 2018 versus 76–87 μg/g in 2021), pointing
to the harsh climatic conditions which acted positively towards watermelon fruit quality.
In the same study in 2018, proper morphology, root development, photosynthesis, and high
fruit quality were noted on grafted watermelon plants that were treated with blue + far-red
LED light during the healing stage [14].

4. Conclusions

The varying light qualities obviously affected the seedlings during the critical stage
of tissue healing leading to certain responses. In general, 12B and 12B + FR enhanced the
vegetative growth, which was evaluated until flowering initiation. Flower buds differenti-
ated during the nursery growth when the seedlings were irradiated in the healing chamber.
The same light treatments induced earlier flowering compared to the rest of the treatments.
A slight addition of only 5% far-red in 12B + FR enhanced flowering compared to 12B,
pointing to the significant effect of this particular wavelength for flowering. Subsequently,
yield and number of fruits of 12B and 12B + FR, along with R, peaked earlier compared
to B and FL. Total yield and fruit number were similar for all treatments. Overall, B had a
similar response to FL throughout the experimental period with inferior vegetative growth
as well as later flowering and fruit production. After 70 days from transplantation and
84 days from the seedlings’ exposure to the different light qualities, no differences were
detected in fruit morphological and biochemical properties. It is concluded that a light
recipe including red, blue and far-red wavelengths during the healing of grafted seedlings
enhances the overall growth, flowering, and yield earliness of watermelon crops. Combined
with results from nursery experiments which are presented in other publications, these
findings highlight the effectiveness of 12B and 12B + FR wavelengths during healing to
produce high-quality grafted watermelon seedlings with greater potential for vegetative
growth and rapid flower blooming and fruiting in the field.
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Abstract: Tomato, which is mainly established with grafted seedlings, is one of the most popular
vegetables worldwide with a high nutritional value,. Market demand for grafted seedlings is high
in specific seasons; thus, commercial nurseries face a problem of limited space availability during
the healing stage. Light quality is an essential parameter during healing that can adjust seedling
development towards desirable traits and lead to time and space saving during seedling production.
Moreover, transplant shock constitutes another challenge that could limit crop yield. The objective
of this study was to evaluate the overall quality of grafted tomato seedlings and their potential
adjustment to transplant shock as affected by different light spectra during healing in a chamber.
Evaluations were conducted immediately after exiting the healing chamber and after transplantation
into pots. Light wavelengths were used from fluorescent lamps (FL) or light-emitting diodes with red
(R), blue (B), red–blue combinations with 12 and 24% blue (12B and 24B), and white (W) emitting 11%
blue. W enhanced the dry shoot biomass and the root architecture before and after transplantation.
24B led to an increased stem diameter, root development, and phenolic and antioxidant accumulation
at both phases of the experiment. 12B enhanced the leaf area before transplantation and root
development after transplantation. FL, R and B induced inferior seedling growth compared to the
red–blue-containing LEDs, with B performing poorly in almost all tested parameters. Overall, red,
including 11–24% blue, provides the optimum light conditions during the healing stage for the
production of high-quality grafted tomato seedlings, with advanced capabilities of abiotic stress
adaptation to transplant shock.

Keywords: Solanum lycopersicon L.; scion; rootstock; light-emitting diodes; light quality; nursery;
growth chamber; photomorphogenesis; root system architecture; antioxidant activity

1. Introduction

Tomato (Solanum lycopersicum L.) is a very popular vegetable worldwide, mostly
known for its unique taste and high nutritional value. It constitutes a great source of
health-promoting compounds such as minerals and antioxidants such as vitamin C, E,
carotenoids, flavonoids and anthocyanins [1]. It is one of the most widely cultivated crops
reaching 4.8 million ha globally, almost 500,000 of which were in the E.U., for the period
2010–2019 [2]. Tomato cultivation is mainly established with transplants due to their higher
uniformity in size, and well-developed root systems and shoots, leading to constant and
high-quality productions with reduced losses compared to seed planting [3].

Transplants might be grafted or nongrafted, although, in the last few decades, grafted
transplants have become preferable in the market due to their increased capabilities
such as tolerance to soilborne diseases, salinized cultivated lands, drought, heavy metals
presence, etc. [3]. Grafting is the union of two intraspecific or interspecific plants or even
intrafamilial plant parts, aiming for a successful connection between their vascular bundles
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to form one composite organism that functions as a single plant with combined genetic
characteristics [4]. The grafting procedure includes four distinguishable stages: (a) the
selection of the appropriate combination of a rootstock–scion, (b) the grafting union and
connection of the rootstock–scion, (c) healing of the newly grafted plant and (d) hardening
of the newly grafted plant [3]. Among the procedure steps, the healing stage of the grafted
union is a very crucial process and, thus, requires experienced personnel and specific
conditions of relative humidity (>90%), temperature (22–30 ◦C) and even lighting that
favour tissue regeneration and a successful connection between the vascular bundles of
the rootstock and scion [5,6]. The stage of healing can be accomplished in environmentally
controlled spaces, including growth chambers, where the above-mentioned factors can
be adjusted entirely. In addition, market demand for grafted seedlings is high in specific
seasons; thus, commercial nurseries face a problem of limited space availability during the
healing stage. Therefore, potential time saving through new techniques such as altering the
light quality could be essential for saving space and reducing operational costs.

Light is an essential factor in the healing process as numerous cell divisions on the
grafting union require a large amount of energy derived through respiration from the con-
sumption of carbohydrates, which are produced in the photosynthesis process controlled
by light [7]. Plants receive light radiation and efficiently absorb between wavelengths of
300–750 nm through photoreceptors, and they exhibit various responses depending on
their genotype as well as the light intensity, quality, direction and duration [8]. Artifi-
cial lighting in horticulture is usually accomplished using fluorescent (FL) lamps, which
are used in greenhouses and growth chambers especially due to their high performance
and low cost while also having a balanced emission spectrum suitable for plant growing.
In the last century, the expanding technology of light-emitting diodes (LEDs) has replaced
conventional lamps in almost every artificial lighting application [9]. For example, LEDs are
utilized during the healing of grafted watermelon seedlings, which account for over 90%
of the total produced watermelon seedlings in some countries (e.g., Japan, Korea, Greece),
and grafted tomato seedlings, which account for more than 25% of the total produced
tomato seedlings in some countries (Japan, Taiwan, Korea 40%, USA 70%) [3,10]. Relatively
narrow-band spectra for matching plants’ photoreceptors, production of high light irradia-
tions with low radiant heat and long-life cycles [11] are the major features of LEDs, along
with their low energy consumption and small size [12]. According to McCree’s study [13],
a light environment including high portions of red (600–700 nm) and blue (400–500 nm)
wavelengths is ideal for photosynthesis since they are the most photosynthetically efficient
parts of the radiation spectra. A recent study involving LEDs for grafted tomato seedlings’
production revealed that white comprised of a red/blue (R/B) ratio of 1.2 and a red/far-red
(R/FR) ratio of 16 enhanced the transplant quality [14]. In another study with light quality
during the healing and acclimatization of grafted tomato seedlings, blue light led to inferior
growth compared to red and FL [15].

By the end of a successful grafting process, and the production and distribution of
high-quality grafted seedlings, transplantation constitutes another challenge that could
limit the crop yield. The transplantation process often diminishes root development of
the newly planted seedlings through the destruction of the effective root area and root
hairs, resulting in reduced water and nutrient uptake capacity, a phenomenon known as
transplant shock [16]. This abiotic stress to plant metabolism is exacerbated when combined
with unfavourable soil conditions [17].

The objective of this study was to evaluate the overall quality of grafted tomato
seedlings by determining their important physiological and morphological characteristics
after their exposure to different light spectra during healing in a chamber. Furthermore,
the study aimed to assess the potential after-effect response of the seedlings after their
transplantation as affected by different light wavelengths during healing.
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2. Materials and Methods

2.1. Plant Material and Growing Conditions

The experiment consisted of two separate phases. The first phase was executed in
the facilities of a nursery company (Agris S.A. Kleidi, Imathia, Greece), and the second
phase was performed at the greenhouse of the Laboratory of Floriculture of the Aristotle
University of Thessaloniki, Greece. All measurements were conducted at the Laboratory of
Vegetable Crops of the Aristotle University of Thessaloniki, Greece.

Two tomato (Solanum lycopersicum L.) hybrids, “Kabrera F1” and “Emperador F1”,
were used as scion and rootstock material, respectively. Kabrera F1 hybrid is a popularly
grown tomato in Greece, which is usually grafted onto other Solanaceae plants (e.g., tomato
and eggplant). Emperador F1 hybrid is a tomato rootstock that provides the scion with
tolerance to low temperatures and nematodes. Kabrera × Emperador is a popular grafting
combination for grafted tomato seedlings grown in greenhouses in Greece. Tomato seeds of
both hybrids were sown in 128-cell plug trays (G.K. Rizakos S.A., Lamia, Greece) containing
a 3:1 mixture of peat and vermiculite as substrate.

A schematic representation of the growth of grafted tomato seedlings along with the
sampling times in the first and second phases is depicted in Figure 1. After sowing, trays
were placed in a germination chamber of favourable conditions of 97% relative humidity
and 24 ◦C temperature in darkness until germination (48–72 h). Upon seedlings’ emergence,
trays were placed in a Venlo-type greenhouse for 18 days until grafting. Scion seedlings
were grown at 18 ◦C day temperature, while rootstock seedlings were grown at 21.5 ◦C,
all at 60–75% relative humidity. The night temperature was common at 19 ◦C, and 18 h
artificial lighting (100 ± 10 μmol m−2 s−1) was supplemented to both hybrids provided
by high-pressure sodium lamps (MASTER GreenPower E40, Philips Lighting, Eindhoven,
The Netherlands).

Figure 1. Schematic depiction of the growth of grafted tomato seedlings along with the sampling
times in the first and second phases of our experiment.

2.2. Grafting and Healing Process

Eighteen days later, at the stage of two true leaves, scion was grafted on rootstock
hybrids through splice grafting, and the plug trays containing the newly grafted seedlings
were immediately placed in a healing chamber for six days. Precise environmental con-
ditions of high relative humidity at 90–95% and temperature of 22.5 ◦C were performed
while the air was recirculating.

2.3. Light Treatments in the Healing Chamber (First Phase)

Inside the healing chamber, sole artificial lighting was provided by 5 LEDs or fluores-
cent lamps mounted on vertically structured shelves (L:2.00 m × W:1.66 m × H:0.76 m).
Plug trays were placed on every shelf where one lamp was installed at 30 cm above the
plant top. The photoperiod was 18 h, and photosynthetic photon flux density (PPFD) at
plant top was 85 μmol m−2 s−1, while the LEDs’ spectra consisted of narrow-band red
(R; peak wavelength at 661 nm), narrow-band blue (B; peak wavelength at 451 nm), two
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combinations of RB (12B and 24B) emitting 12% and 24% of blue, respectively, and white (W)
emitting 11% of blue. The latter treatment is desirable due to the high colour rendering in-
dex (CRI > 50), which facilitates the activities inside the healing chamber. Light treatments’
properties and spectral distributions were obtained with a HD 30.1 spectroradiometer
(DeltaOhm Srl, Padova, Italy) and are presented in Table 1.

Table 1. Spectral distribution expressed as percentages of total photons reaching the seedling canopy.
PPS: phytochrome photostationary state; FL: fluorescent lamps; W: white; B: blue; 24B: 24% blue; 12B:
12% blue; R: red.

Waveband
Light Treatment

FL W B 24B 12B R

Blue%; 400–499 nm 35 11 100 24 12 0
Green%; 500–599 nm 24 18 0 0 0 0
Red%; 600–699 nm 37 70 0 76 88 100

Far-red%; 700–780 nm 4 1 0 0 0 0
PPS 0.82 0.89 0.51 0.89 0.89 0.89

2.4. Acclimatization Process

After the healing process, grafted seedlings were placed into a Venlo-type greenhouse
for seven days with a mean temperature of 18 ◦C and relative humidity of 50–55% and
75–80% at day and night, respectively, for acclimatization. Supplemental artificial lighting
was provided by HPS lamps for 18 h daily with a PPFD of 100 ± 10 μmol m−2 s−1 at the
plant top.

2.5. Transplantation (Second Phase)

Seven days later, 25 grafted seedlings per light treatment (150 in total) were trans-
planted in larger pots (L:7.00 cm × W:7.00 cm × H:6.00 cm) containing a mixture of peat
and perlite (2:1) and were placed in a greenhouse. Upon transplantation, seedlings were
irrigated with 100 mL of Hoagland’s solution [18] until runoff, followed by 20 mL every
two days for a total of 14 days.

2.6. Sampling and Measurements

In the first phase of the experiment and upon exiting the healing chamber, ten grafted
seedlings per light treatment were sampled randomly, while their quality parameters
were evaluated. In the second phase of the experiment, at seven and fourteen days after
transplantation, six randomized grafted seedlings per light treatment were sampled and
assessed for their qualitative characteristics. These characteristics were suggested by Lee
et al. [3] for the definition of grafted tomato seedling quality. Specifically, leaf area was
measured using an AM350 area meter (ADC BioScientific Ltd., Hoddesdon, UK), while
shoot length (i.e., the length between the apical bud and root collar) and stem diameter
below the cotyledons were determined using a digital calliper. In addition, fresh and dry
(after three days in an oven at 72 ◦C) shoot and root weights were measured. Shoot/root
(S/R) ratio, shoot dry weight/shoot length (DW/L) ratio, root dry weight/surface area
(R/SA) ratio and percentage of root dry weight (%DWR) were also calculated. Chlorophyll
fluorescence was determined after 20 min dark adaptation on the first fully developed leaf
with a pocket PEA Chlorophyll Fluorimeter (Hansatech Instruments Ltd., Norfolk, UK),
and relative chlorophyll content was determined using a CCM-200 plus chlorophyll meter
(Opti-Sciences, Hudson, NH, USA). Root growth parameters, including root diameter, root
surface area and root length, were obtained through root scanning using a root scanner (EP-
SON Perfection V700, Nagano, Japan) after their flushing with clean water, and the results
were acquired through an image analysis software (WinRHIZO Pro, Regent Instruments
Inc., Quebec City, QC, Canada). Moreover, grafted seedlings’ leaf lamellae were cooled
with liquid nitrogen before their pulverization in a porcelain mortar and eventually stored
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at −30 ◦C for a week. Following this, 2.5 g was extracted into 25 mL 80% aqueous methanol,
and total phenolic compounds, as well as total antioxidant capacity, were determined.

2.6.1. Total Phenolic Compounds

Phenolic compounds’ concentration in the leaf lamellae extracts was determined
according to the Folin–Ciocalteu method [19], where 2.5 mL of Folin–Ciocalteu and 2 mL
of 7.5% sodium carbonate solution were added in 0.5 mL of methanolic plant extract and
mixed under continuous stirring. The mixture was incubated at 50 ◦C for 5 min and cooled
at room temperature for 3 min, and its absorbance was measured at 760 nm. The results
were expressed as g of gallic acid (GAE)/g fresh weight.

2.6.2. Total Antioxidant Capacity (FRAP)

The same methanolic plant extract (from leaf lamellae) was used for the conductance of
this method. The ferric reducing antioxidant power (FRAP) assay was produced according
to [20], where 250 mL of CH3COONa buffer solution, 100 mL of TPTZ solution and 100 mL
of FeCl2 solution were mixed using a stirrer. Afterwards, 3 mL of this reagent was added
to 0.1 mL methanolic plant extract and incubated at 37 ◦C for 4 min. The absorbance was
measured at 593 nm, and the results were expressed as μg of plant extract’s FRAP assay.

2.7. Statistical Analysis

Data were statistically analysed using IBM SPSS software (SPSS 23.0, IBM Corp.,
Armonk, NY, USA). After analysis of variance (ANOVA), post hoc test for comparisons be-
tween all the treatments was conducted using the LSD method (unprotected) at significance
level α = 0.05. Moreover, t-test was conducted for the comparison between FL and each
LED treatment at significance level α = 0.05. The experiment was performed two times,
reaching similar conclusions. Herein, the results from the first repetition are presented.

3. Results

3.1. Exit from the Healing Chamber (First Phase)

Shoot length was significantly affected by the different light treatments, as seedlings
exposed to W exhibited the highest values compared to the rest of the light treatments,
while seedlings under FL were the shortest among all light treatments. Moreover, values
in 24B were significantly higher than B and FL. Comparisons using the t-test showed
that every LED treatment had significantly greater values compared to FL (Figure 2A).
Stem diameter was also affected; seedlings under red–blue combinations (24B and 12B)
developed the thickest stems, which were significantly greater compared to W and B
LEDs. 24B was the only treatment with significantly greater stem diameter compared to FL
(Figure 2B). Furthermore, red–blue combinations (24B and 12B) enhanced the seedlings’
leaf area compared to R, B and FL (Figure 2C). In contradiction to the above, FL induced the
development of a greater DW/L ratio compared to the rest of the light treatments, while
B showed significantly lower values compared to 24B and 12B. According to the t-test,
all LEDs had significantly lower DW/L compared to FL (Figure 2D). Shoot dry weight was
greater under W and 24B compared to FL and B, while the latter also showed significantly
lower values compared to 12B and R. Moreover, individual t-test comparisons showed
significant differences between FL and W, 24B, 12B and R (Figure 2E). 24B also promoted
root dry weight development compared to FL, B, 12B and R, while the latter showed lower
values than W as well (Figure 2F).
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Figure 2. (A) Shoot length, (B) stem diameter, (C) leaf area, (D) dry weight/length (DW/L) ratio,
(E) shoot dry weight and (F) root dry weight of 10 grafted tomato seedlings per light treatment after
their exposure to six light treatments during healing. Bars (±SE) followed by different letters are
significantly different (p ≤ 0.05) according to the LSD method. Bars (±SE) followed by asterisks
indicate significant differences between the LED treatments and the control (FL) at p ≤ 0.05 according
to t-test. FL: fluorescent lamps; W: white; B: blue; 24B: 24% blue; 12B: 12% blue; R: red.

3.2. Transplantation (Second Phase)

Seven days after transplantation, 24B enhanced stem diameter compared to FL and
R, while 12B led to enhanced values compared to R (Figure 3A). Leaves were significantly
expanded under W compared to B, 24B and R (Figure 3B). Shoot dry weight was enhanced
under FL and W compared to B, while the latter light treatment also significantly inhibited
the root dry weight production compared to FL, W, 24B and 12B (Figure 3C,D). Regarding
root architecture analysis, W increased the root length compared to FL, B and R, while the
root surface area was also enhanced under W compared to B. Moreover, W and 24B were
also greater compared to FL according to the t-test (Figure 3E,F). The maximum quantum
yield of the primary photochemistry (Fv/Fm) was significantly greater under B compared
to 12B (Table 2). However, the total phenolic compounds and FRAP were not significantly
affected by the different light treatments (Table 2). R/SA was significantly greater in FL
and 24B compared to W, while %DWR at day 7 was not affected by the light treatments
(Table 2).
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Figure 3. (A) Stem diameter, (B) leaf area, (C) shoot dry weight, (D) root dry weight, (E) root length
and (F) root surface area of 6 grafted tomato seedlings per light treatment during healing, 14 days
after acclimatization process plus seven days after transplantation. Bars (±SE) followed by different
letters are significantly different (p ≤ 0.05) according to the LSD method. Bars (±SE) followed by
asterisks indicate significant differences between the LED treatments and the control (FL) at p ≤ 0.05
according to t-test. FL: fluorescent lamps; W: white; B: blue; 24B: 24% blue; 12B: 12% blue; R: red.

Fourteen days after transplantation, the stem diameter was significantly promoted
under R compared to the rest of the light treatments, except for FL, while B showed lower
values compared to FL according to the t-test (Figure 4A). 12B enhanced leaf area devel-
opment compared to FL and R (Figure 4B). Shoot dry weight was enhanced by W than
B, while the t-test also showed greater values for W compared to FL (Figure 4C). Root
dry weight was greater under 24B compared to FL, while the t-test also showed greater
values for W, 24B and R compared to FL (Figure 4D). Roots were significantly longer in
W and 24B compared to B (Figure 4E), while no significant differences were observed
in the root surface area, except for the t-test, which showed greater values in 12B com-
pared to FL (Figure 4F). Fv/Fm was not significantly different among the light treatments,
but B and 24B had significantly lower values compared to FL according to the t-test (Table 2).
The total phenolic compounds were greater under 24B and FL than B (Table 2), while the
FRAP was enhanced under 24B compared to R and FL (Table 2). At 14 days, R/SA was
not significantly affected, while the %DWR was significantly greater under B compared to
FL (Table 2).
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Table 2. Effect of light treatment on physiological parameters, biochemical compounds and calculated
qualitative parameters of grafted tomato seedlings 7 and 14 days after transplantation. Fv/Fm:
maximum quantum yield of primary photochemistry; TPC in mg/kg: total phenolic content; FRAP
in μg/g; ferric reducing antioxidant power; R/SA in g/cm2: root dry weight/surface area; %DWR:
percentage of root dry weight; FL: fluorescent lamps; W: white; B: blue; 24B: 24% blue; 12B: 12% blue;
R: red. Mean values followed by different letters are significantly different at p ≤ 0.05 according
to the LSD method. Asterisks indicate significant differences between the LED treatments and the
control (FL) at p ≤ 0.05 according to t-test.

Parameter Light Treatment

FL W B 24B 12B R p-Value

Fv/Fm d7 0.84 ± 0.00 ab 0.84 ± 0.00 ab 0.84 ± 0.00 a 0.84 ± 0.00 ab 0.83 ± 0.00 b 0.84 ± 0.00 ab 0.136
Fv/Fm d14 0.81 ± 0.00 a 0.80 ± 0.01 a 0.80 ± 0.00 a,* 0.80 ± 0.00 a,* 0.81 ± 0.00 a 0.81 ± 0.00 a 0.509

TPC d7 0.33 ± 0.03 a 0.29 ± 0.03 a 0.30 ± 0.01 a 0.34 ± 0.01 a 0.29 ± 0.01 a 0.32 ± 0.02 a 0.435
TPC d14 0.30 ± 0.01 a 0.28 ± 0.01 ab 0.25 ± 0.00 b,* 0.29 ± 0.03 a 0.26 ± 0.01 ab 0.28 ± 0.00 ab 0.060
FRAP d7 155.6 ± 7.1 a 168.1 ± 6.0 a 162.3 ± 17.7 a 165.6 ± 1.8 a 166.9 ± 3.6 a 168.1 ± 5.5 a 0.866

FRAP d14 146.5 ± 5.1 c 166.4 ± 8.7 abc 165.5 ± 8.3 abc 179.1 ± 6.8 a,* 171.4 ± 7.5 ab 152.4 ± 2.4 bc 0.048
R/SA d7 0.74 ± 0.02 a 0.61 ± 0.01 b,* 0.68 ± 0.07 ab 0.71 ± 0.02 a 0.70 ± 0.01 ab 0.69 ± 0.02 ab 0.085

R/SA d14 0.57 ± 0.01 a 0.63 ± 0.03 a 0.64 ± 0.03 a 0.73 ± 0.09 a 0.56 ± 0.11 a 0.62 ± 0.03 a 0.430
%DWR d7 13.8 ± 1.4 a 13.6 ± 0.9 a 13.7 ± 4.2 a 17.8 ± 0.8 a 16.5 ± 0.2 a 14.0 ± 0.8 a 0.459

%DWR d14 9.4 ± 0.1 b 10.3 ± 0.5 ab 13.0 ± 2.2 a,* 12.3 ± 1.0 ab 11.1 ± 1.2 ab 10.6 ± 0.5 ab 0.115
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Figure 4. (A) Stem diameter, (B) leaf area, (C) shoot dry weight, (D) root dry weight, (E) root length
and (F) root surface area of 6 grafted tomato seedlings per light treatment during healing, 14 days
after acclimatization process plus 14 days after transplantation. Bars (±SE) followed by different
letters are significantly different (p ≤ 0.05) according to the LSD method. Bars (±SE) followed by
asterisks indicate significant differences between the LED treatments and the control (FL) at p ≤ 0.05
according to t-test. FL: fluorescent lamps; W: white; B: blue; 24B: 24% blue; 12B: 12% blue; R: red.
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4. Discussion

The seedling production industry and market require the production of high-quality
grafted seedlings. Seedlings of optimum morphological and physiological characteristics
exhibit faster plant development and uniformity along with better transplantation success,
thus leading to high, standard yields of excellent quality and marketable profit [3]. Subse-
quently, it is crucial to ensure the development of appropriate methods, including specific
conditions during the healing process, along with selecting suitable light spectra for the
proper development of high-quality grafted seedlings with the minimum possible cost
and the lowest environmental impact. The introduction of LEDs in seedlings’ production
during the healing stage constitutes a highly efficient, nonchemical, sustainable solution
for plant development regulation and quality enhancement [21].

LED is a significantly more expensive technology per photosynthetic photon compared
to traditional light sources; thus, economic viability is based on decreased electric costs due
to enhanced fixture efficiency. Among the important benefits of LED technology, the highly
focused radiation can lead to the light reaching the plants with considerable efficiency and
subsequently leading to reduced electricity costs [22].

4.1. Exit from the Healing Chamber (First Phase)

Significant differences were recorded among light treatments in the majority of the
evaluated parameters. It is obvious that treatments with an increased red light portion
enhanced stem elongation through phytochromes, as reported by Li et al. [23]. In addition,
blue light is known to decelerate stem elongation [24]. These findings agree with Javan-
mardi and Emami [25], who reported tomato and pepper seedlings’ shoot elongation under
LED light spectra compared to narrow-band blue and red and their combinations, as well
as with Głowacka’s [26] findings of an inhibiting effect of blue light on tomato transplant
growth. Phytochromes (the red and far-red photoreceptors) and cryptochromes (the blue
photoreceptors) are responsible for the so-called shade-avoidance responses, including
stem elongation. A reduction in the R/FR ratio alters the level of phytochrome B leading to
the activation of Phytochrome Interacting Factors (PIFs), and subsequently increasing the
auxins’ level [27].

Stem diameter was significantly enhanced under combinations of red and blue wave-
lengths (mainly 12B and 24B) compared to B, as reported by Hernandez et al. [28] in their
study with grafted tomato seedlings exposed to different light wavelengths in a plant
factory. Similar results were recorded on leaf area under 12B and 24B, which showed a
beneficial effect compared to B and R spectra, in agreement with Ouzounis et al.’s [29]
reports about the additive effect of red and blue light in leaf expansion. Both stem diameter
and leaf area have been characterized as valuable quality indices for the determination of
grafted watermelon seedling quality after the healing stage [30].

DW/L has been suggested as an efficient indicator of grafted tomato seedlings’ qual-
ity [3], as also stated for grafted watermelon [30]. In our case, FL exhibited considerable
DW/L, but both incorporated parameters, shoot dry weight and shoot length, were inferior
compared to other light treatments. We concluded that seedlings treated with FL indeed
reached a high quality but showed a much slower growth rate. Among the LEDs, B showed
inferior DW/L, reaffirming the low quality displayed by other quality parameters such as
stem diameter, leaf area and root dry weight.

Indeed, seedlings treated with B exhibited inferior shoot and root biomass formation
compared to red–blue treatments and especially 24B. In green tissues, blue wavelengths are
mainly absorbed by carotenoids and anthocyanins, which are not efficient energy transduc-
ers of the photosynthetic apparatus [31]. On the contrary, red light drives photosynthesis
in a more efficient manner, while blue mediates photomorphogenic processes [8].

4.2. Transplantation (Second Phase)

Seven days after transplantation, stem diameter was greater under a combination of
red–blue (24B) compared to monochromatic red light, as also reported by Li et al. [23], who
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studied tomato seedlings’ responses under six different light treatments for 30 days in an
artificial climate chamber. Conversely, R significantly improved stem diameter 14 days
after transplantation. It is possible that the long-term effects of light wavelengths could be
contrasting compared to the effects during or immediately after plant exposure.

The leaf area of transplanted tomato seedlings was significantly enhanced by W after
7 days and 12B after 14 days from transplantation. Both light treatments emit a significant
portion of red light (83–88%) supplemented with 11–12% blue, leading to the conclusion
that red–blue wavelengths are beneficial for the growth and development of plant tissues,
at least during the first stages of plant growth. These results are in agreement with a
study involving cucumber supporting the beneficial effect of red and blue combinations
on seedlings’ development compared to monochromatic red light [32]. This conclusion
is associated with chlorophyll pigments, which mainly absorb blue and red wavelengths;
thus, red–blue combinations comprise a highly efficient, complete light source. Conversely,
Wu et al. [33] reported that a sole red LED light imposed a beneficial effect on leaf area
expansion compared to a white LED light.

The B wavelength decelerated the shoot and root biomass production both at 7 and
14 days after transplantation, except for the root dry weight at 14 days. Regarding the
analysis of the root architecture after transplantation, the image is similar to the previously
reported results. As a general rule, B induced the development of the least expanded root
system as displayed by the shorter total root length and the lowest root surface values (the
latter only at seven days after transplantation). Conversely, LEDs containing red and blue
wavelengths enhanced the root system development. These observations highlight the long-
term effect of sole blue light spectra on the inhibition of cell expansion and division [34].
Similarly, a study with cucumber showed that the dry shoot mass was enhanced under red
light supplemented with blue [35].

All plants were healthy at both time intervals after transplantation, as shown by
the high Fv/Fm values (0.80–0.84). Björkman and Demmig [36] stated that values of
0.78–0.86 are indicative of healthy plants with efficient photosynthetic activity.

Plants produce and accumulate secondary metabolites such as phenolic compounds as
a response to several biotic and abiotic stressful situations. In some cases, light quality can
impose significant stress on plant tissues, thus leading to the increased biosynthesis of such
compounds [37]. Phenolics are antioxidant compounds associated with the scavenging
of reactive oxygen species. It is assumed that an increased antioxidant capacity may be
related to sturdier and better acclimated plants, which may show enhanced vegetative
growth in the long run. In our study, transplanted tomato seedlings showed increased
phenolic compounds and antioxidant capacity under 24B, indicating the necessity of both
red and blue wavelengths in specific portions for enhanced plant development and quality.
Similarly to our results, a 70% red/30% blue treatment led to the increased phenolic content
of lamb’s lettuce compared with monochromatic red and blue [38], while spinach did
not show significant differences in total phenolics and antioxidants when grown under
broad-spectra light treatments [39].

Overall, individual comparisons showed that FL performed similar to B leading to
the production of seedlings with poor capacity to intercept light (i.e., leaf area), and thus
lower overground and underground biomass production. This effect was continued after
transplantation in the greenhouse when both light treatments, and especially B, showed
inferior root development. Conversely, LED treatments emitting relatively high amounts
of red light favoured the production of seedlings with greater potential to overcome the
transplanting shock and develop into plants with a vast root system. This study revealed
potential research gaps that require further research and attention. For example, the experi-
mental procedure can also be applied for different scion–rootstock hybrid combinations, or
even for different species with the ability to be grafted. Moreover, light quality is known
to affect the flowering of plants; thus, field or greenhouse cultivation would enhance our
understanding of the potential after-effect of light quality on flowering and even crop yield
and quality.
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5. Conclusions

B performed poorly in almost all tested parameters in both experiment phases, reaf-
firming the wavelength’s inhibitory effect on plant growth when used alone. R also induced
inferior seedling growth compared to red–blue-containing LEDs, but not as much as B,
indicating the increased importance of the red wavelength for plant growth compared to
blue. Seedling growth was also decelerated under FL compared to red–blue-containing
LEDs proving once more the superiority of the latter light source for the production of
high-quality seedlings due to better spectral distribution. Overall, LED treatments emitting
at least a portion of red and blue wavelengths (i.e., W, 12B and 24B) enhanced several
developmental characteristics of grafted tomato seedlings after healing and up to 14 days
from transplantation. It is concluded that red, including 11–24% blue provides the opti-
mum light conditions during the healing stage for the production of high-quality grafted
tomato seedlings, including higher antioxidant activity and abiotic stress adaptation to
transplant shock. The addition of a small portion of green light in the latter wavelength is
optional but beneficial for the visualization of white light, which facilitates scouting in the
healing chamber.
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Abstract: High efficacy LED lamps combined with adaptive lighting control and greenhouse inte-
grated photovoltaics (PV) could enable the concept of year-round cultivation. This concept can be
especially useful for increasing the production in the Nordic countries of crops like herbaceous peren-
nials, forest seedlings, and other potted plants not native of the region, which are grown more than
one season in this harsh climate. Meteorological satellite data of this region was analyzed in a para-
metric study to evaluate the potential of these technologies. The generated maps showed monthly
average temperatures fluctuating from −20 ◦C to 20 ◦C throughout the year. The natural photoperiod
and light intensity also changed drastically, resulting in monthly average daily light integral (DLI)
levels ranging from 45–50 mol·m−2·d−1 in summer and contrasting with 0–5 mol·m−2·d−1 during
winter. To compensate, growth room cultivation that is independent of outdoor conditions could
be used in winter. Depending on the efficacy of the lamps, the electricity required for sole-source
lighting at an intensity of 300 μmol·m−2·s−1 for 16 h would be between 1.4 and 2.4 kWh·m−2·d−1.
Greenhouses with supplementary lighting could help start the cultivation earlier in spring and extend
it further into autumn. The energy required for lighting highly depends on several factors such as the
natural light transmittance, the light threshold settings, and the lighting control protocol, resulting in
electric demands between 0.6 and 2.4 kWh·m−2·d−1. Integrating PV on the roof or wall structures of
the greenhouse could offset some of this electricity, with specific energy yields ranging from 400 to
1120 kWh·kW−1·yr−1 depending on the region and system design.

Keywords: daily light integral (DLI) maps; LED grow lights; greenhouse integrated PV; adaptive
lighting control; year-round cultivation; agrivoltaics

1. Introduction

The climate in the Nordics (Denmark, Sweden, Finland, Norway, and Iceland) as
well as in the Baltic countries (Estonia, Latvia, and Lithuania) is characterized by strong
seasonal variations with short, moderately warm, and moist summers contrasted by long,
very cold winters. These extreme variations considerably restrict the vegetation period,
which is the time of the year when the ambient temperature stays above a certain threshold,
usually of +5 ◦C, and allows for outdoor plant cultivation [1]. For the Nordic and Baltic
countries, depending on the location, the start of the vegetation period can be delayed to
halfway through spring and last just until early autumn.

Controlled environment agriculture consists in using structures that allow manipulat-
ing the indoor climate conditions and provide shelter to the crops [2]. Greenhouse cultiva-
tion allows optimizing the use of space and resources, giving protection and maintaining
optimal conditions during the growth of the plants. In Northern Europe, greenhouses
enable growers to cultivate their crops for longer periods and grow products locally that
would have normally been imported [3]. However, this usually comes with high energy
demands for heating to achieve a better indoor environment [4–6].

Besides the cold temperatures of the winter months, the low amounts of sunlight
during this period further restrict plant cultivation in northern latitudes. While artificial
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lighting can be used as a remedy, using high-intensity discharge (HID) lamps to provide
all the light that the plants need can result in prohibitive electricity costs and for most
species, it is rarely done in practice [7,8]. Instead, the strategies adopted by growers
consist of extending the day length by providing photoperiodic lighting or increasing the
photosynthesis by delivering supplementary light additional to sunlight [9–11].

Plants use to light both as an energy source to drive photosynthesis as well as an
information source with signals that trigger different processes [12–14]. Photosynthesis
is mainly driven by photons of wavelengths between 400 nm and 700 nm. This spectral
range is known as photosynthetically active radiation (PAR) [15,16]. Although the light
quality, which is determined by the spectral distribution, has a strong influence on the
plant’s morphology [17–20]; it is the PAR quantity that mainly affects growth and biomass
production [21–25]. The total amount of radiation reaching the canopy is determined by the
light intensity at the surface and the duration of exposure. When the photosynthetic photon
flux density (PPFD, μmol·m−2·s−1) is integrated over the course of a day (photoperiod,
h·d−1), the resulting daily light integral (DLI, mol·m−2·d−1) represents the accumulated
PAR photons delivered on the given area during that day [26].

The DLI has proven to be a very useful and reliable tool for greenhouse cultivation,
allowing growers to assess their light requirements with a simple quantity, similar to a
“rain gauge” that accumulates all the PAR photons received in an area each day [27,28]. For
northern latitudes where the natural light varies considerably throughout the year, the DLI
can help determine the need for supplementary lighting and the strategy to use, either to
reach an intensity threshold or to extend the photoperiod [29–32].

Improvements in light-emitting diodes (LED) have made them a feasible option
for greenhouse lighting [33–35] that is economically viable [7,36] and can be adjusted
to provide additional benefits for plant growth [37,38]. These new technologies have
opened the possibility for new lighting strategies such as adaptive control. This consists
in regulating in real-time the intensity and even the spectral output of the lamps based
on the outdoor conditions to supplement only the necessary light [39–42]. This type of
flexibility was not previously possible with HID lamps since they have a fixed spectral
output, are usually not dimmable, and could be damaged if they are switched and cycled
too often [43].

Modern artificial lights with higher efficiencies and lower heat production have also
enabled the development of year-round cultivation concepts in areas where the outdoor
conditions would not allow it [44–47]. LED lighting can now be used as sole-source lighting
for indoor cultivation in single or multi-layered growth rooms also called vertical farms or
plant factories [48–54]. While one of the main drawbacks of using artificial lights for plant
growth is the high electricity consumption [55], renewable energy technologies such as
solar photovoltaics (PV) could provide an alternative to offset some of this energy demand
and produce the electricity at the place where it is needed.

Although PV essentially competes with plants for sunlight, recent years have shown
an increased interest in finding ways to combine agricultural production and PV energy
generation in the form of agrivoltaics [56,57]. Besides mounting PV on agricultural open
fields [58,59], integrating PV directly onto the structure of greenhouses was presented
as a realistic option about a decade ago [60–62] and since then this idea has been widely
implemented in several countries [63]. This solution requires an optimization to balance
the PV energy output and the crop yield [64–66] as well as the economic aspects [67,68],
but studies have shown that it is possible to find an adequate PV roof coverage depending
on the location that still allows sufficient light into the greenhouse for the plants [59,69,70].

The main goal of this work is to make a broad assessment through a parametric
analysis of the potential for a year-round cultivation concept in Northern Europe using:

• sole-source LED lighting for indoor cultivation during the winter months;
• adaptive LED lighting control of DLI to supplement the light changes and extend the

greenhouse growing season through spring and autumn;
• an outdoor cultivation phase in the summer months;
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• greenhouses or other buildings with integrated PV to produce electricity.

2. Materials and Methods

2.1. Data Sources

To analyze these different cultivation concepts, calculations were done based on
meteorological and geographical data publicly available from the European Commission
Joint Research Centre in Ispra, Italy; through their online service Photovoltaic Geographical
Information System-PVGIS version 5.1 [71,72]. The weather and solar radiation data source
used in this study consist of a reanalysis made by the European Centre for Medium-range
Weather Forecast (ECMWF-ERA-5) which includes hourly values extended between 2005
and 2016 at a spatial resolution of 0.25◦ for latitude and longitude forming roughly a 30 km
global grid [73,74]. Despite having higher uncertainties, the ECMWF-ERA-5 dataset is the
default source for the Nordic countries in PVGIS because it provides data for these regions
where geostationary satellites normally have no cover.

The values were retrieved using the non-interactive service of PVGIS, using a grid cell
of 0.1◦ × 0.1◦ in both latitude and longitude for the Nordic countries (except for Iceland)
and the Baltics. The coordinates for this region went from 54.5◦ N to 70.0◦ N in latitude
and from 4.5◦ E to 31.5◦ E in longitude: forming cells of approximately 11 km in latitude
by 6 km in longitude in the south part of the region. Due to the Earth’s curvature, as the
latitude increases, the distance along the longitude is reduced to 4 km per cell. When
the coordinates of the requested points did not match the data points available, PVGIS’
algorithm resolved this by interpolation [75]. In total, 33,051 coordinate pairs were retrieved
without counting the points over the ocean. For comparability, the cells of the geographical
grid were selected with the same angular distance (0.1◦ × 0.1◦) as those reported in similar
maps for the United States [28].

A different grid was queried for Iceland since it is separated from the rest of the
countries and is relatively small in comparison. The data retrieved went from 63◦ N to
67.5◦ N in latitude and from 13◦ W to 25◦ W in longitude using a cell size of 0.05◦ × 0.05◦
in both latitude and longitude. Since the values were very similar to those at the same
latitudes, it was decided to present the corresponding figures for Iceland in Appendix A.

The values extracted were hourly averages of a representative day for each month.
This means that for every hour of the day, the average was calculated from all the days in
that month and from all years when data was available. This resulted in 24 values for each
month at each point in the geographic grid (one per hour of the representative day of the
month; 288 values in total for the year). The variables for which data were extracted were:

• Global irradiance on the horizontal plane (Gh, W·m−2);
• Direct irradiance component on the horizontal plane (Gb, W·m−2);
• Diffuse irradiance component on the horizontal plane (Gd, W·m−2);
• Ambient temperature calculated at 2 m above the ground (Ta, ◦C).

2.2. Ambient Temperature

The role of temperature in the development of plants is so important, that it allows
methods like the Growing Degree Days to accurately estimate different growth stages using
only the accumulation of heat units [76–78]. In northern climates, temperature determines
the vegetation period, contributes to the cold acclimation of plants during autumn, and
is one of the main cues for de-acclimation in spring together with the photoperiod [79].
Based on the monthly average ambient temperature presented in Figure 1 for the Nordic
and Baltic countries (for Iceland see Appendix A, Figure A1), it was estimated that outdoor
plant cultivation would be limited to the periods from [1]:

• April to October in southern latitudes (at 55◦ N, about 210 days);
• May to September in the central regions (at 63◦ N, about 180 days);
• June to August in Iceland and the northernmost regions (at 70◦ N, about 100 days).
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Figure 1. Monthly average daily ambient temperature (Ta, ◦C) maps for the Nordic and Baltic
countries. Values from the ECMWF-ERA-5 dataset with a coverage period of 2005–2016 retrieved
from PVGIS as a 0.1◦ × 0.1◦ grid both in latitude and longitude, extending from 54.5◦ N to 70◦ N in
latitude and 4.5◦ E to 31.5◦ E in longitude.
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2.3. Outdoor Light Conditions

To develop a useful year-round cultivation concept, the following properties of light
relevant to plant growth were analyzed: the duration of the photoperiod, the spectral
composition (PAR), the intensity (PPFD), and the daily availability (DLI) [12]. Other
characteristics such as light uniformity, ray direction, and intermittency might become
more relevant in the future as the use of sole-source artificial lighting spreads [80].

2.3.1. Natural Daylength and Photoperiod

The seasonal differences in the duration of a day occur because of the orbital and
translational movements of the Earth. These variations become more evident as the latitude
increases and they are independent of changes in the global climate because they depend
only on the latitude and time of the year. Plants have evolved to detect these differences in
the natural photoperiod and use them as signals to adjust their development phases to the
seasons and the local weather conditions [81].

Successful cultivation practices require considering the local photoperiod at the cul-
tivation site together with the conditions at the provenance of the seeds used. Modern
greenhouses and growth rooms allow to adapt and regulate the light duration by either
extending the photoperiod [82,83], providing night interruption cycles [84,85], or creating
short days with reduced hours of light by restricting the light [86–91].

Although most photosynthesis happens while the sun is above the horizon, plants’
photoreceptors are very sensitive and able to detect considerably small amounts of radiation
(PPFD < 1 μmol·m−2·s−1). This allows them to also use the faint light before sunrise
and after sunset as cues for the daily photoperiod [92]. The twilight is this illumination
in the atmosphere when the sun disk is below the horizon, with civil twilight defined
when the sun is 6◦ below the horizon and nautical twilight until 12◦ below [93]. Using
the geometric relationships from Earth’s movements [94,95], Figure 2 shows the natural
daylength together with the civil and nautical twilights for different latitudes throughout
the year.

Figure 2. Natural daylength and photoperiod (h·d−1) throughout the year in four northern latitudes
(55◦, 60◦, 65◦, and 70◦). The solid yellow region represents the daytime or period when the sun is
above the horizon. The two increasing levels of transparency correspond to the civil twilight (0◦ to 6◦

below the horizon) and the nautical twilight (6◦ to 12◦ below the horizon) respectively.
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2.3.2. Estimating PPFD from Global Irradiance

All PPFD quantities presented in this work were calculated using the traditional
definition of the PAR range (400–700 nm) [16]. However, research in recent years has
shown that far-red photons (up to 750 nm) also contribute and influence photosynthetic
activity. This suggests that updating the PAR concept towards an extended range (ePAR;
400–750 nm) might be needed as this understanding improves [96,97].

The amount of photosynthetic radiation at a place is not among the most commonly
used meteorological parameters and is therefore not usually contained in standard satellite
datasets. In addition, despite being relatively low-priced and easily available, quantum
sensors are not normally installed in weather stations. Instead, sensors for measuring solar
shortwave radiation (SWi) such as pyranometers that have a broad spectral response (nor-
mally between 280–3000 nm) are included. To use the measurements of these instruments
for plant growth, numerous studies have been made in different locations to understand
the relationship between PAR and SWi as well as the dependence on the atmospheric
conditions and seasonal changes [98–107].

To estimate the outdoors PPFDsun from commonly reported Gh, the proportion of
PAR in the SWi is needed (PAR(400–700 nm)/SWi,(280–3000 nm), unitless). Then, the amount
of energy of the photons within the PAR range (EPAR, J·μmol−1) has to be measured or
calculated based on the photons’ wavelengths. These two amounts can be then substituted
in Equation (1) to obtain the PPFD [107]:

PPFDsun = Gh

(
PAR
SWi

)(
1

EPAR

)
(1)

A recent study on PAR proportion showed that if a constant of PAR/SWi = 0.45 and
an EPAR = 0.223 J·μmol−1 were assumed (corresponding to the mean of the different sky
conditions observed), the calculated PPFDsun deviated less than 5% from the measured
value [107]. These constants can be conveniently combined with a conversion factor (0.0036
J·mol·Wh−1·μmol−1) to modify Equation (1) into a summation over 24 h to obtain the DLI
(see Equation (2)) [28]. Since the average Gh values are normally reported in hourly steps,
it is common to assume a constant irradiance throughout each interval.

DLIsun =
24

∑
t =1

Gh,t·0.0072646
(

mol·Wh−1
)

(2)

Equation (2) implies that 45% of the solar spectrum is within the PAR region and
there is 0.0072646 mol of PAR photons for every Wh of SWi. Figure 3 was calculated
using the Gh data extracted from PVGIS and applying Equation (2) (see Figure A2 for
Iceland). The hourly radiometric data (W·m−2) was accumulated into daily quantum
units (mol·m−2·d−1). This generated monthly average DLI maps with data bins of 5
mol·m−2·d−1 and a range between 0–50 mol·m−2·d−1, similar to those existing for the
United States [28].

In reality, both the ratio PAR/SWi and the EPAR are not constant and depend heavily
on the solar spectrum. This is in turn affected by the atmospheric conditions and the
distance that light has to travel. When the sun is low in the sky e.g., at sunset or during
winter, the path traveled by sunlight is longer and more photons in the PAR region are
absorbed compared to those with longer wavelengths [107]. Air pollution and aerosols can
also significantly scatter and attenuate the PAR irradiance [104,108]. Conversely, cloudy
days with an overcast sky present a higher fraction of PAR because water vapor mainly
absorbs longer wavelengths of near-infrared radiation (NIR, 760–4000 nm) [106,109].

Diffuse radiation is the light that gets scattered in the atmosphere before reaching the
ground [71,94]. Figure 4 provides the monthly average diffuse fraction of global horizontal
radiation (Gd/Gh) calculated from the extracted data (see Figure A3 for Iceland). Due to
the influence of the atmospheric conditions on the solar spectrum, knowing the proportion
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of diffuse radiation in a place can be important as an indicator of the cloudiness [107] and
help estimate the overall light transmittance into the greenhouse [110].

Figure 3. Monthly average photosynthetic daily light integral (DLIsun, mol·m−2·d−1) maps for the
Nordic and Baltic countries. Values from the ECMWF-ERA-5 dataset with a coverage period of
2005–2016 retrieved from PVGIS as a 0.1◦ × 0.1◦ grid both in latitude and longitude, extending from
54.5◦ N to 70◦ N in latitude and 4.5◦ E to 31.5◦ E in longitude.
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Figure 4. Monthly average diffuse fraction of global horizontal irradiance (Gd/Gh) for the Nordic
and Baltic countries. Values from the ECMWF-ERA-5 dataset with a coverage period of 2005–2016
retrieved from PVGIS as a 0.1◦ × 0.1◦ grid both in latitude and longitude, extending from 54.5◦ N to
70◦ N in latitude and 4.5◦ E to 31.5◦ E in longitude.

2.4. Indoor Light Conditions

During the indoor cultivation phases, either in a growth room or a greenhouse, at
least part of the light would come from artificial sources. It is therefore important to define
the characteristics of the lamps and the lighting control protocols planned.
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2.4.1. Sole-Source Lighting

The daily output of the lamps (DLIlamps, mol·m−2·d−1) can be calculated by adding
the photosynthetic light intensity at the cultivation surface (PPFDlamps, μmol·m−2·s−1) for
each timestep during the photoperiod (h·d−1). Equation (3) assumes hourly timesteps and
adjusts the units with a conversion factor:

DLIlamps =
h

∑
t =1

PPFDlamps,t·0.0036
(

mol·s·μmol−1·h−1
)

(3)

In a closed growth room where the light intensity is constant all day, the DLIlamps can
be simply calculated by multiplying the PPFDlamps at the cultivation area by the duration
of the photoperiod (h·d−1) and adjusting the units (see Equation (4)):

DLIlamps = PPFDlamps·photoperiod·0.0036
(

mol·s·μmol−1·h−1
)

(4)

The efficiency of a growth lamp is measured as the ratio of the luminous power output
to the electrical power input (Wlight/Wel). However, for cultivation purposes, it is more
useful to compare the efficacy which is a measure of photon output rate (measured in
μmol·s−1) against the electrical power input (Wel). If only the PAR photons are considered,
then the parameter is called photosynthetic photon efficacy (PPE, μmol·J−1) [7,54].

When the lamp efficacy measurements are done using a flat-plane integration method
and assuming no other energy losses [7]; the PPE (μmol·J−1) can be used to calculate
the daily electrical energy consumption (Eel, lamps, kWh·m−2·d−1) per cultivation surface.
Equation (5) accounts also for the conversion from quantum to energy units:

Eel, lamps =
DLIlamps

PPE·3.6
(

mol·J·μmol−1·kWh−1
) (5)

Equations (4) and (5) can then be combined into Equation (6) to calculate Eel, lamps
directly from the PPFDlamps, the photoperiod, and the lamp efficacy. This can be useful to
directly compare and select the best lamp for a specific growth light protocol.

Eel, lamps =
PPFDlamps·photoperiod

PPE·1000
(

W·kW−1
) (6)

2.4.2. Greenhouse Light Transmission

The amount of outdoor light that is transmitted into a greenhouse depends in great
measure on the covering material properties together with the angle of incidence at which
the irradiance arrives [110]. When the light reaches the surface, it is either reflected, ab-
sorbed, or transmitted through the material [111,112]. The highest transmittance of PAR
occurs when the incoming light is at 90◦ from the roof surface; this is called the perpen-
dicular PAR transmittance (τp, PAR, %) [112]. However, since the position of the sun in the
sky varies with time and latitude, so does the proportion of light reaching inside. A better
indicator of the natural light available is the global or hemispherical PAR transmittance
(τh, PAR, %) which considers the total transmission inside the greenhouse [111,112].

Due to the broad number of locations in this study, it was decided to use the assump-
tion of a uniformly bright sky [113]. This implies that all sunlight reaching the greenhouse
surface is diffuse and has the same spectrum. Thus, τh,PAR is a constant value regardless
of season or roof orientation. The light inside the greenhouse (PPFDgreenhouse) was then
calculated as a percentage of the outdoor PPFDsun using Equation (7) [112]:

PPFDgreenhouse = τh, PAR·PPFDsun (7)
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To compensate for the shortcomings of this simplification, the calculations were done
for different values of τh,PAR (40%, 55% or 70%) selected to be within the range of those
reported in different studies of various greenhouse materials and at various locations,
obtained through simulations or from measurements [65,110,111,114–118].

2.4.3. Greenhouse Lighting Control Protocols

Two previously established lighting control protocols were compared in this study:
an on-off control vs. an adaptive control [42]. In both cases, dimmable LED fixtures
were assumed to be used to maintain a predefined minimum light level (PPFDthreshold)
throughout the entire photoperiod. In the two protocols, when the natural light transmitted
inside the greenhouse reached or surpassed the threshold (PPFDgreenhouse ≥ PPFDthreshold),
the lamps would turn off and emit no light (PPFDlamps = 0).

With the on-off control protocol (Equation (8)), if the threshold was not reached with
natural light (PPFDgreenhouse < PPFDthreshold), the lamps would then produce exactly the
amount of light at the setting level (PPFDlamps = PPFDthreshold). This would be equivalent
to having lamps set exactly at the PPFDthreshold and just switching them on and off. In
contrast, the adaptive control protocol (Equation (9)) considers the dimmability of the LED
fixtures. The output of the lamps is assumed to be continuously adjusting and regulated
to provide only the necessary output to reach the desired threshold while considering the
incoming sunlight (PPFDlamps = PPFDthreshold − PPFDgreenhouse).

PPFD on−off =

{
0, PPFDgreenhouse ≥ PPFDthreshold

PPFDthreshold, PPFDgreenhouse < PPFDthreshold
(8)

PPFD adaptive =

{
0, PPFDgreenhouse ≥ PPFDthreshold

PPFDthreshold − PPFDgreenhouse, PPFDgreenhouse < PPFDthreshold
(9)

2.5. Year-Round Cultivation Concept

In the proposed year-round concept, indoor cultivation in northern Europe would
need to be done for at least 6 months and up to 9 months depending on the location. After
evaluating Figures 1–3, it was decided to consider an extreme scenario with about 3 months
outdoor cultivation complemented by 9 months of indoor cultivation as follows:

• late-May to late-August: transfer outside for outdoor cultivation;
• late-August to October: greenhouse cultivation with supplementary lighting;
• November to January: indoor growth room cultivation with sole-source lighting;
• February to late May: greenhouse cultivation with supplementary lighting.

2.5.1. Outdoor Cultivation

The outdoor cultivation phase was assumed to last 92 days, from 21 May to 20 August.
This is of course a generalization for the whole region during a fictitious average year. A
detailed plan should be done when introducing a similar concept to a particular location
adjusting to the actual climatic conditions.

2.5.2. Indoor Cultivation in Growth Room with Sole-Source Lighting

The indoor growth room cultivation phase under sole-source lighting was assumed to
be of 92 days, from 1 November to 31 January using a photoperiod of 16 h·d−1 at a constant
PPFDlamps of 300 μmol·m−2·s−1. These conditions are similar to those that have already
been tested in different studies in the region [18,25,82,90,119,120]. Using Equation (4), the
resulting DLIlamps is 17.3 mol·m−2·d−1 which is considered enough for most cut flowers,
greenhouse vegetables, and forest seedlings [8,9,28,31]. The lamps were assumed to be
adjustable LED fixtures with efficacies equal to either:

• PPE = 2.0 μmol·J−1, considering a standard LED luminaire;
• PPE = 2.75 μmol·J−1, for a state-of-the-art standard, LED luminaire;
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• PPE = 3.5 μmol·J−1, to account for upcoming developments.

2.5.3. Greenhouse Cultivation with Supplementary Lighting

The assumed greenhouse cultivation period consisted of 181 days, from 1 February
to 20 May and from 20 August to 31 October. The objective was to maintain at least the
set PPFDthreshold (100, 200, or 300 μmol·m−2·s−1) inside the greenhouse during a 16 h·d−1

photoperiod (04:00–20:00) to reach the minimum equivalent DLIthreshold value.
The hourly average natural light levels inside the greenhouse (PPFDgreenhouse) were

calculated using Equation (7) for the different values of τh, PAR (40%, 55%, or 70%). Then,
the two lighting control protocols were compared using Equations (8) and (9) to calculate
the hourly supplementary light provided by the lamps (PPFDlamps). The average daily
supplementary lighting requirement (DLIlamps) was determined by adding the hourly
PPFDlamps values using Equation (3) and dividing it by the number of cultivation days.

The same three PPE values as in the sole-source lighting phase were assumed. The
energy consumption corresponding to the DLIlamps was estimated using Equation (5) for
the different PPFDthreshold settings and added for the complete season at each location in
the geographic grid. Table 1 shows a summary of the parameters used for the calculations
during the greenhouse cultivation period.

Table 1. Values used in the parametric study for the greenhouse cultivation period.

Lighting Control PPFDthreshold DLIthreshold
1 τh, PAR PPE

On-off control 100 μmol·m−2·s−1 5.8 mol·m−2·d−1 40% 2.0 μmol·J−1

Adaptive control 200 μmol·m−2·s−1 11.5 mol·m−2·d−1 55% 2.75 μmol·J−1

300 μmol·m−2·s−1 17.3 mol·m−2·d−1 70% 3.5 μmol·J−1

1 Equivalent DLIthreshold when maintaining the PPFDthreshold for 16 h·d−1 photoperiod.

2.6. Photovoltaics on Greenhouses

The nominal peak power of a PV installation (PPV, STC, W) is a quantity used in
industry to describe the output measured at standard test conditions (STC). The STC are
defined for the device temperature (TPV = 25 ◦C), input irradiance (GSTC = 1000 W·m−2),
and light spectrum (Air mass 1.5) [121]. The efficiency at STC (ηSTC, %) relates the PPV, STC
to the input irradiance (GSTC) over the PV area (APV, m2) as shown in Equation (10).

Commercially available PV modules have efficiencies ranging from 12–22% depending
on their material [122]. Different PV technologies have differences in their spectral respon-
sivity and thermal behaviors. In practice, however, it is usually assumed that systems with
equal PPV,STC will have a similar yearly energy output [123]. When the ηSTC is known,
Equation (10) can be used to calculate the surface needed for a specific PPV,nom.

ηSTC,% =
PPV, STC

GSTC·APV
·100 (10)

The ratio between the APV and the available area on the ground or roof (Aground

or Aroof, m2) is called the PV coverage ratio (PVR) (Equation (11)). Selecting the ideal
PVR value is an optimization task that should balance the electricity output goals with the
light requirements of the species to cultivate, also considering the irradiance available at
the location and the transmittance of the greenhouse [59,64,65,70].

PVR,% =
APV

Aroof
·100 (11)

Once the target PVR is decided either by calculations or measurements, Equation (12)
can be used to estimate the maximum recommended PPV,STC that should be installed as a
function of the efficiency of the PV modules and the roof area of the greenhouse.

PPV,STC ≤ (PVR·Aroof)(GSTC·ηSTC) (12)
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Neither a specific PPV,STC or PVR were defined for this study; instead, relative energy
output values were estimated which can then be used later to choose the system size.

PV System Parameters

The energy output of a PV system depends on many aspects besides the installed peak
power and the irradiance at the location. Among the main factors influencing the yield are
the temperature, the tilt and orientation of the surface (also known as slope and azimuth
angle), and the material of the solar cells [123]. Considering these parameters [71], PVGIS
was used to estimate the monthly energy output of different PV system configurations in
multiple locations. The same geographic grid and data source (ECMWF-ERA-5) were used
as previously described.

The PV modules were assumed to be mounted either on the roof with a slope of 25◦
or the wall (slope of 90◦) of a wide-span greenhouse with a double-pitched roof, typical of
northern Europe [116,124]. A symmetrical yearly irradiance around the North-South line
was assumed; implying that an inclined surface with an azimuth towards the East receives
the same amount of sunshine as one with the same angle mirrored towards the West. Four
different orientations were compared using the direction perpendicular to the roof ridge as
reference. The corresponding azimuth angle was measured clockwise using the navigation
convention with North = 0◦ [93]. For some of the orientations, the planned PPV,STC was
divided between two surfaces in opposing directions (see Table 2).

Table 2. Orientation and nominal peak power of PV systems analyzed.

Roof-mounted
systems

slope: 25◦

orientation N—S NW—SE NW—SE W—E
azimuth 0◦ 180◦ 330◦ 150◦ 300◦ 120◦ 270◦ 90◦
PPV,STC 6 kW 6 kW 6 kW 3 kW 3 kW

PPV,STC
1 1 kW 5 kW 2 kWp 4 kW

Wall-mounted
systems

slope: 90◦

orientation N—S NW—SE NW—SE W—E
azimuth 0◦ 180◦ 330◦ 150◦ 300◦ 120◦ 270◦ 90◦
PPV,STC 6 kW 6 kW 6 kW 3 kW 3 kW

1 Additional energy yield estimation dividing the PPV,STC between the two roofs.

The following system parameters were used in common for all systems and locations;
a detailed explanation of the parameters can be found in the user manual of PVGIS [70]:

• PPV,STC: 6 kW;
• PV technology: crystalline silicon (c-Si);
• mounting position: fixed and building-integrated;
• horizon: yes;
• estimated system losses: 14% (PVGIS default).

A system size of 6 kW was chosen for all the configurations because this amount
allows to easily divide the planned PPV,STC among the two sides of the roof using whole
number ratios (6:0, 5:1, 4:2, 3:3) that can be later scaled to larger systems. Finally, the yearly
energy output (EPV, kWh·yr−1) extracted from PVGIS was divided by the PPV,STC to obtain
the PV specific energy yield (Erel,PV, kWh·kW−1·yr−1) for all locations.

80



Agriculture 2021, 11, 1255

2.7. Data Analysis

The analysis of the different parameters was performed using the statistical software R
version 4.1.1 [125] with the tidyverse package collection for the various calculations [126,127]
including the division in bins and interpolations for the contour plots. The vector data for
the maps were plotted using ggplot2 [128,129] and sf packages [130,131]. The geographical
data of the different regions were retrieved from the public dataset Natural Earth [132]
using the R package rnaturalearth [133].

3. Results

3.1. Outdoor Ambient Conditions

The environmental data extracted confirmed the strong seasonal variations in the north
European region. The monthly average daily ambient temperature (Figures 1 and A1 for
Iceland) ranged during the winter between −20 ◦C and −15 ◦C in the northern and
mountainous areas. For most of the regions, the temperature remained below 0 ◦C for
several months. Only in Denmark and the southernmost part of Sweden, the monthly
average temperature stays above freezing for the complete year. In contrast, the summer
months exhibited average temperatures close to 20 ◦C for the Baltic countries, Denmark,
and half of Sweden and Finland. Norway and Iceland had lower summer temperatures
averaging closer to 15 ◦C. The coldest temperatures were registered during January and
February while the warmest period was in July and August. Since these are averaged
values, the actual temperatures are expected to reach beyond these levels, accounting for
differences of more than 60 ◦C between summer and winter.

The available light also varied drastically between the seasons and along the different
latitudes analyzed; changing the duration of the photoperiod (Figure 2) as well as the
daily amount of light suitable for photosynthesis (Figures 3 and A2). The daylength in
the south (latitude 55◦ N) changed from 6.5 h in the winter to almost 18 h in summer. In
the northernmost latitudes, the day length shifted between days of constant sunshine in
summer to periods in the winter when the sun remained below the horizon.

The DLI levels (Figures 3 and A2) also exhibited a large variation, reaching a maximum
range of 45–50 mol·m−2·d−1 during summer; contrasting to the minimum range in winter
between 0–5 mol·m−2·d−1. Figures 4 and A3 show how the proportion of scattered
light (Gd/Gh) increases after the summer months, being more than 40% from August
to March in most locations. Although the climate is a very complex system with many
factors intertwined, the regions with lower ratios of diffuse light (which is related to the
cloudiness) match well to the regions with higher DLI and warmer summers.

3.2. Sole-Source Lighting Requirements

The DLI maps and the photoperiod lengths (Figures 2, 3 and A2) can be used as a
reference for the light levels required during indoor cultivation. The chosen photoperiod
of 16 h·d−1 roughly corresponds to the daylengths during early spring (March–April) or
early autumn (late August–September) depending on the latitude. Setting the intensity
of the lamps to PPFDlamps = 300 μmol·m−2·s−1 during the entire photoperiod creates a
DLIlamps of 17.3 mol·m−2·d−1 which also matches well the outdoor DLIsun levels during
those seasons.

Having these settings and the resulting DLIlamps, Figure 5 combines Equations (3)–(6)
to calculate the daily electric energy consumption for the cultivation area based on the
efficacy of the lamps. A standard LED fixture with a PPE = 2 μmol·J−1 would require daily
2.4 kWh·m−2 while a state-of-the-art luminaire with PPE = 2.75 μmol·J−1 could reduce the
energy consumption by 27% to 1.75 kWh·m−2·d−1. Expected technological improvements
in LEDs (PPE ≈ 3.5 μmol·J−1) could bring the savings further down for consumption of
1.4 kWh·m−2·d−1 under the same settings. During the assumed 92 days of indoor cultivation
with sole-source lighting, the growth room would require 221 kWh·m−2, 161 kWh·m−2, or
129 kWh·m−2 of electricity for lighting considering these respective lamp efficacies.
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Figure 5. Daily PAR output of sole-source lighting (DLIlamps, mol·m−2·d−1) and the corresponding
electric energy consumption per cultivation area (Eel, lamps, kWh·m−2·d−1) based on the photoperiod
(h·d−1) and PPFD (μmol·m−2·s−1) settings; as well as the efficacy of the lamps (PPE, μmol·J−1) used,
expressed also in the equivalent units typically found commercially (mol·kWh−1) for convenience.
The red dashed lines indicate the growth-room settings selected in this study while the contiguous
red line is the resulting DLIlamps. The three dashed lines of different colors in represent the lamp
efficacies by matching their corresponding energy consumptions on the right.

3.3. Greenhouse Supplementary Lighting Requirements

The parametric analysis of the greenhouse supplementary lighting showed a large
variation across the different settings. When comparing only the control protocols for
all locations while maintaining the other variables equal, the average supplementary
light delivered was always lower for the adaptive control (Figures 6 and A4 for Iceland;
panels a vs. b). The differences ranged between 0.3 and 1.5 mol·m−2·d−1 for the lowest
PPFDthreshold of 100 μmol·m−2·s−1, from 1.1 to 3.6 mol·m−2·d−1 at 200 μmol·m−2·s−1, and
for 300 μmol·m−2·s−1 the difference range went from 2.4 to 5.7 mol·m−2·d−1.
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Figure 6. Average daily supplementary lighting requirements (DLIlamps, mol·m−2·d−1) maps of the Nordic and Baltic
counTable 181 days: from 1 February to 20 May and from 20 August to 31 October. A photoperiod of 16 h·d−1 was assessed
considering three minimum light settings (PPFDthreshold: 100, 200 or 300 μmol·m−2·s−1) and three possible greenhouse
hemispherical transmittances (τh, PAR: 40%, 55% or 70%). The two panels compare the different control protocols: (a) On-off
control vs. (b) Adaptive control. Values presented as a 0.1◦ × 0.1◦ grid both in latitude and longitude, ex-tending from
54.5◦ N to 70◦ N in latitude and 4.5◦ E to 31.5◦ E in longitude.

At the lowest PPFDthreshold of 100 μmol·m−2·s−1, regardless of the control protocol,
the light transmitted into the greenhouse was often enough to reach the threshold resulting
in a lower need for supplementary light. Only when the transmittance was below 55%
combined with the on-off control protocol did the supplementary lighting requirements
increase to 4.5 mol·m−2·d−1 in some places (see Figure 6, upper left corner). The trans-
mission levels caused larger differences when using the on-off protocol (observed when
comparing by rows in Figures 6 and A4). The reason is that with the on-off protocol the
lamps are assumed to be turned on at full power when the threshold is not reached; with
lower transmittance and higher thresholds settings, this happens more often.

As the PPFDthreshold increased, these combined effects were more evident. In the
“worst-case scenario”, with the lowest transmittance and the highest PPFDthreshold, the
differences between control protocols were higher (Figures 6 and A4, upper right corner
in each panel). In this setting, the available natural light inside the greenhouse did not
reach the minimum threshold during most of the day. While the adaptive control was
able to make use of the low available light and provide only the difference to reach the
threshold; with the on-off protocol, the lamps were active at full power throughout the
entire photoperiod (DLIthreshold = DLIlamps).
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The electrical energy needed for lighting was calculated considering the three different
lamp efficacies. Figures 7 and A5 show the estimated yearly consumption during the
181 days of greenhouse cultivation using the highest PPFDthreshold of 300 μmol·m−2·s−1.

Figure 7. Yearly lighting energy consumption (Eel, lamps, kWh·m−2·yr−1) maps of the Nordic and Baltic countries for the
chosen greenhouse cultivation period of 181 days: from 1 February to 20 May and from 20 August to 31 October. The
electric energy demand of the lamps was calculated for a photoperiod of 16 h·d−1 with a PPFDthreshold of 300 μmol·m−2·s−1,
considering three different photosynthetic photon efficacies (PPE: 2, 2.75 or 3.5 μmol·J−1) and three possible greenhouse
hemispherical transmittances (τh, PAR: 40%, 55% or 70%). The two panels compare different lighting control protocols:
(a) On-off control vs. (b) Adaptive control. Values presented as a 0.1◦ × 0.1◦ grid both in latitude and longitude, extending
from 54.5◦ N to 70◦ N in latitude and 4.5◦ E to 31.5◦ E in longitude.

The variations in the Eel, lamps follow similar trends as the supplementary light require-
ments regarding greenhouse transmittance and lighting control protocols. However, the
differences were more pronounced between the PPFDthreshold levels due to the interaction
effects with the PPE of the lamps, where lower efficacy values resulted in higher energy
consumptions (comparing by column in Figures 7 and A5).

The energy consumption approaches infinity as the PPE decreases (Figure 5). This
means that at some point the DLIthreshold can become too high and it is not possible for
lamps with very low efficacy to supply it. When the PPFDthreshold was set to
100 μmol·m−2·s−1, the maximum Eel, lamps range was 110–120 kWh·m−2·yr−1; doubling
the value raised the highest range to 280–300 kWh·m−2·yr−1 (data not shown). Finally,
the PPFDthreshold of 300 μmol·m−2·s−1 (Figure 7 and A5) resulted in a maximum range of
425–450 kWh·m−2·yr−1.
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3.4. PV Systems Specific Energy Yield

The specific energy yield of the roof-mounted PV systems varied between the different
regions and system designs, ranging from around 400 to 1120 kWh·kW−1·yr−1. This almost
threefold increase is clearly shown in Figure 8 (data for Iceland not shown); where the
output decreases noticeably as the latitude increases. The output also gradually decreases
as the azimuth turns away from the optimal south-facing orientation (Figure 8a) towards an
east-west layout (Figure 8f). Shifting some of the installed power from the south-east-facing
roof onto the north-west roof side reduced the relative output (Figure 8, panel b vs. c and
panel d vs. e). The coastal regions, particularly along the Baltic Sea presented higher PV
outputs compared to areas inland at the same latitude.

Figure 8. Yearly PV specific energy yield (Erel, PV, kWh·kW−1·yr−1) maps of the Nordic and Baltic countries for roof-
mounted PV systems at a 25◦ slope with an installed peak power (PPV,STC) of 6 kW. The values were estimated using PVGIS
version 5.1 assuming the solar cell technology was c-Si and the estimated system losses were 14%. The irradiance values
used were from the ECMWF-ERA-5 dataset with a coverage period of 2005–2016 retrieved as a 0.1◦ × 0.1◦ grid both in
latitude and longitude, extending from 54.5◦ N to 70◦ N in latitude and 4.5◦ E to 31.5◦ E in longitude. Depending on the
orientation of the building and the distribution of the PV modules among the two roof directions, the studied system
designs were: (a) 6 kW at azimuth 180◦; (b) 6 kW at azimuth 150◦; (c) 5 kW at azimuth 150◦ combined with 1 kW at azimuth
330◦; (d) 6 kW with azimuth 120◦; (e) 4 kW at azimuth 120◦ combined with 2 kW at azimuth 300◦; (f) 3 kW at azimuth 90◦

combined with 3 kW at azimuth 270◦.

The yearly specific yields of wall-mounted PV systems also presented a wide variation
from around 400 to 925 kWh·kW−1·yr−1 for the same installed power (Figure 9). However,
with vertically mounted PV modules, the effect of the latitude became less important when
the azimuth rotated away from 180◦ facing south. Systems distributed at a combined
azimuth of 90◦ and 270◦ towards the east-west (Figure 9z), had a much lower variation
along the latitude with all the locations presenting specific system yields in the range of
400–600 kWh·kW−1·yr−1. Interestingly, PV modules on the south and south-east facade
(azimuths 180◦ and 150◦; in Figure 9w,x), presented similar specific energy yield as the
combined roof-mounted systems with azimuths 120◦ and 300◦ (Figure 8e) and azimuths
90◦ and 270◦ (Figure 8f) respectively.
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Figure 9. Yearly PV specific energy yield (Erel,PV, kWh·kW−1·yr−1) maps of the Nordic and Baltic
countries for wall-mounted PV systems at a 90◦ slope with an installed peak power (PPV,STC) of 6 kW.
The values were estimated using PVGIS version 5.1 assuming the solar cell technology was c-Si and
the estimated system losses were 14%. The irradiance values used were from the ECMWF-ERA-5
dataset with a coverage period of 2005–2016 retrieved as a 0.1◦ × 0.1◦ grid both in latitude and
longitude, extending from 54.5◦ N to 70◦ N in latitude and 4.5◦ E to 31.5◦ E in longitude. Depending
on the orientation of the building and the distribution of the PV modules, the studied system designs
were: (w) 6 kW at azimuth 180◦; (x) 6 kW at azimuth 150◦; (y) 6 kW with azimuth 120◦; (z) 3 kW at
azimuth 90◦ combined with 3 kW at azimuth 270◦.

3.5. Year-Round Concept Implementation for One Location

Perhaps the best way to describe the year-round cultivation concept is to calculate the
values for one location. Table 3 shows the average monthly values for the environmental
variables extracted for the city of Borlänge, Sweden (lat. 60.5◦ N, lon. 15.4◦ E); showing the
different cultivation phases as well. The day length can be found in Figure 2.

Table 3. Summary of monthly values for the year-round cultivation concept in Borlänge, Sweden.

Monthly Average Values Jan Feb Mar Apr May Jun Jul Aug Oct Nov Dec

Ambient temperature-Ta (◦C) −4.8 −4.4 −0.9 4.7 10.0 14.1 16.7 15.1 11.3 5.5 1.4
Daily global horizontal irradiation—Hh
(kWh·m−2·d−1) 0.3 0.9 2.3 3.9 4.8 5.3 4.8 3.7 2.4 1.1 0.4

Daily Light Integral-DLIsun (mol·m−2·d−1) 2.2 6.6 17.1 28.3 34.8 38.8 35.2 26.9 17.5 8.1 2.5
Diffuse to global horizontal irradiance ratio (Gd/Gh) 67% 59% 44% 41% 41% 40% 41% 43% 46% 51% 64%

Indoor cultivation with sole-source LED lighting 1

Greenhouse cultivation with supp. LED lighting

Outdoor cultivation with natural light
1 Arrows and shaded regions indicate the months when each cultivation type could be used.

Using the following parameters for indoor cultivation at PPFDlamps = 300 μmol·m−2·s−1

during a photoperiod of 16 h·d−1 would result in a DLIlamps of 17.3 mol·m 2·d 1. These
settings agree well with the average DLIsun values for March and October in this location
(Table 3). Depending on the efficacy of the lamps (using Figure 5b), 92 days of indoor
cultivation would require 221 kWh·m−2, 161 kWh·m−2, or 129 kWh·m−2.

Table 4 presents the estimated daily supplementary lighting requirements and cor-
responding electric energy consumption for lighting during the greenhouse cultivation
phase (181 days), according to the different parameter values for the two control protocols.
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Table 4. Parametric comparison of the estimated daily supplementary lighting and corresponding electric energy consump-
tion for a 181 days greenhouse cultivation from February to May and from August to October in Borlänge, Sweden.

Greenhouse parameters On−off lighting control protocol
Minimum PAR level (PPFDthreshold) 100 μmol·m−2·s−1 200 μmol·m−2·s−1 300 μmol·m−2·s−1

Transmittance (τh, PAR) 40% 55% 70% 40% 55% 70% 40% 55% 70%

Daily supplementary lighting requirements
(DLIlamps, mol·m−2·d−1) 2.9 2.5 2.3 8.4 7.3 6.3 15.6 12.9 12.0

Lamps’ photosynthetic photon efficacy (PPE) Yearly 1 lighting energy consumption (Eel, lamps, kWh·m−2·yr−1)

PPE = 2 μmol·J−1 73 63 58 210 183 159 393 325 302
PPE = 2.75 μmol·J−1 53 46 43 153 133 116 286 236 219
PPE = 3.5 μmol·J−1 42 36 33 120 104 91 225 185 172

Greenhouse parameters Adaptive lighting control protocol
Minimum PAR light level (PPFDthreshold) 100 μmol·m−2·s−1 200 μmol·m−2·s−1 300 μmol·m−2·s−1

Transmittance (τh, PAR) 40% 55% 70% 40% 55% 70% 40% 55% 70%

Daily supplementary lighting requirements
(DLIlamps, mol·m−2·d−1) 2.2 2.0 1.8 5.8 5.0 4.5 10.5 9.0 8.1

Lamps’ photosynthetic photon efficacy (PPE) Yearly 1 lighting energy consumption (Eel, lamps, kWh·m−2·yr−1)

PPE = 2 μmol·J−1 54 49 46 146 126 114 264 227 204
PPE = 2.75 μmol·J−1 39 36 34 106 91 83 192 165 148
PPE = 3.5 μmol·J−1 31 28 27 83 72 65 151 130 116

1 Calculation made for 180 greenhouse cultivation days from 1 February to 20 May and from 20 August to 31 October.

Assuming a moderate greenhouse transmittance of 55% and using an on-off control
protocol, the lamps would provide on average 12.9 mol·m−2·d−1 of supplementary light-
ing. Depending on the efficacy, the corresponding energy consumption for the whole
greenhouse cultivation period of 181 days would be 325 kWh·m−2yr−1 for standard LED
lamps, 236 kWh·m−2yr−1 if state-of-the-art standard LED luminaires are used and future
developments could potentially reduce it to 185 kWh·m−2yr−1 (see Table 4, orange shades).

For comparison, the adaptive control protocol (Table 4, purple shades) would provide
instead 9.0 mol·m−2·d−1 of supplementary lighting. Which, depending on the efficacy of
the lamps, would translate into 227 kWh·m−2yr−1, 165 kWh·m−2yr−1 or 130 kWh·m−2yr−1

for the same period. Finally, selecting state-of-the-art standard LED luminaires for both
indoor and greenhouse cultivation as well as adaptive control would require per year
an estimate of 326 kWh·m−2yr−1 (161 kWh·m−2 for 92 days of indoor cultivation and
165 kWh·m−2 for 181 days of greenhouse cultivation).

Knowing the energy requirements makes it possible to estimate the needed PPVSTC
and as well as how many m2 of cultivation with supplementary lighting can be compen-
sated with the installed PV. The yearly specific energy yields for the different greenhouse
integrated PV systems at this location are shown in Table 5. The different system types
correspond to those presented in Table 2 and Figures 8 and 9.

Table 5. Yearly specific energy yields for the different greenhouse integrated PV systems in Borlänge, Sweden.

Roof-Mounted (25◦) Wall-Mounted (90◦)

Greenhouse Integrated PV Systems a b c d e f w x y z

Yearly PV specific energy yield (Erel,PV, kWh·kW−1·yr−1) 904 888 823 825 743 708 745 732 648 484

In a commercial greenhouse (assuming a roof area, Aroof = 2000 m2) cultivating of a
shade-intolerant species that would be negatively affected if PVR,% ≥ 15%; the maximum
PPV,STC installed could be 54 kW with PV modules of 18% efficiency (using Equation (12)).
If all PV modules are installed on a south-facing roof (Table 5, system a), the expected
yearly electrical yield would be 48,816 kWh·yr−1. Considering an example of a forest
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nursery producing Scots pine (Pinus sylvestris L.) seedlings on a year-round basis using
an LED growth room during germination and early growth [18,25,86,134], the electricity
generated by the PV of the greenhouse would be enough to compensate for the lighting of
roughly 300 m2 of indoor cultivation for 92 days during the winter months.

4. Discussion

Although in optimal conditions, many species could grow better and produce higher
quality plants when growing outdoors due to the higher light levels, better air movement,
lower relative humidity, and less overheating [28,31]; damages to the crops due to climate
phenomena such as droughts and floods as well as biological menaces such as pests and
diseases considerably affect and reduce productivity. For species that can be cultivated
entirely in greenhouses, this option presents a more sustainable and resource-efficient form
of cultivation [6,10].

In the Nordic countries, the outdoor vegetation period is very short and limited to
only a few months, restricting the outdoor cultivation of crops like herbaceous perennials,
forest seedlings, and other potted plants that are grown for more than one season. During
the summer, there are long days with abundant sunlight, the DLIsun levels peak in June,
and the warmest temperatures come in July and August (Figures 1–3). In contrast, during
the winter the available PAR light is almost negligible, and the temperatures can go well
below the freezing point during several weeks in most parts of the region.

The year-round cultivation concept presented here aims to work with the harsh
northern climate and adapt to the natural conditions instead of trying to go against them.
When the outside environment is not suitable anymore for cultivation, the plants can be
transported inside modern greenhouses with transparent covers which present the best
option to provide additional heating and supplementary lighting to the plants [10,110].

The amount of natural light reaching inside a greenhouse depends heavily on mul-
tiple factors including the building design [114,124], roof shape and inclination [110,115],
location and orientation [135], the position of the supporting structures as well as hang-
ing objects inside like pots or lamps [111,136], and the covering material of the green-
house [116,117,137,138]. Weathering and aging of the glazing as well as other local factors
like condensation, dust, snow accumulation, and buildings nearby can obstruct the light
that enters a greenhouse [112].

From all these factors, the covering material is probably one of the most important
for light transmission and therefore has been broadly studied [110]. Distinct wavelengths
behave differently depending on the material composition and the angle of incidence,
affecting the spectral distribution at the cultivation area [137,139]. Determining the natural
light inside a greenhouse involves complex calculations once the main specifications such
as location, structure design, and covering material have been decided [4,64,113,140]; or
requires extensive simultaneous measurements of the outdoors and indoors illumination
levels [110,111,116,117]. Instead, the parametric study here described aimed to provide a
broad perspective and a range of plausible hemispherical PAR transmittance values within
reasonable limits ranging from 40% to 70%.

Compared to other environmental variables, the amount of PAR inside modern
greenhouses is usually less accurately regulated and depends heavily on outdoor condi-
tions [9,112]. Different greenhouse lighting control protocols have been proposed in the
past including strategies for extending the day length [9,10,141], ensuring a consistent
DLI [39], and using adaptive control to reach a minimum PPFD threshold [40,42]. Usu-
ally, the implementation of these concepts has been restricted to the technical limitations
of the available HID lamps. However, as LED grow lights become commonly adopted,
more advanced and dynamic control protocols can benefit from the LEDs flexible spectra,
dimmability, rapid response, and tolerance to numerous switching cycles [142].

Two supplementary lighting control protocols were compared in this study: on-off
and adaptive control. Regardless of parameter combinations and locations, the adaptive
LED lighting control had the best outcomes with the lowest supplementary lighting require-
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ments. The adaptive control allowed to reach and maintain the PPFDthreshold throughout
the entire photoperiod while considering the natural light inside the greenhouse. This
resulted in lower energy consumption for lighting. The potential energy savings that
followed could justify doing a lamp retrofit in relatively new greenhouses that are in good
conditions but still use HID lamps [7,51,54].

Although greenhouses can extend the cultivation period during spring and autumn in
the Nordics, at some moment in the year, there is very low radiation gain from the sun and
too high heat loss through the glazing. In the summer, the opposite happens as it becomes
difficult to naturally dissipate the excess heat from the abundant sunlight [4,116].

Closed plant production systems with sole-source lighting are designed to maximize
the yield using multi-level cultivation and have the advantage of a standardized and
controlled environment independent from outdoor conditions. Nevertheless, they also
have the evident disadvantage of excluding sunlight which is a valuable and free resource.
This results in the high energy consumption for lighting and climate control [55,112]. It has
been estimated that between 70% and 80% of the electricity consumption in indoor growth
rooms is due to lighting while the rest is mainly cooling and dehumidification [53,142].

Increasing the planting density assures a better use of the space and selecting efficient
lamps prevents unnecessary energy consumption. The efficacy of growth lights has de-
veloped significantly in the past years, especially for LEDs. In 2014 the best-in-class HID
and LED lamps had similar efficacies of around 1.70 μmol·J−1 [7,143]. While HID lamps
were improved to 2.1 μmol·J−1 by 2018 [7,144,145]; LED fixtures in 2020 reached efficacies
between 2.5 and 2.8 μmol·J−1 and are expected to reach even higher values between 3.4
and 4.1 μmol·J−1 during this decade [54]. Irrespectively of how advanced the lighting
technologies are, there will always exist a certain investment and energy cost for artificial
lighting compared to sunlight [51]. Under some circumstances and for certain species, the
advantages of a fully controlled growth space and the possibility of year-round cultivation
might outweigh some of those costs [52,53,55].

To partly offset the energy used for supplementary lighting during the darker months,
some of the solar energy abundant during the summer can be transformed into electricity
integrating PV on the roof of the greenhouses. Agrivoltaics can reduce the competition for
space between energy and plants production but if not planned carefully it can increase
competition for sunlight [57]. Hence, proper optimization for the particular location and
targeted plant species is required, depending on if the main goal is to maximize crop yield
or increase the electrical output [58,59].

Using Equation (10), it was possible to calculate that 1 kW of PV with 18% efficiency
takes up approximately 5.6 m2 and if it is mounted on a south-facing roof of a green-
house or growth chamber (Table 5, system a), each m2 of PV will have a yearly output of
162.5 kWh·m−2·yr−1. This corresponds more or less with the amount of electricity for light-
ing needed per m2 in a location in mid-Sweden, either for indoor cultivation for 92 days
or greenhouse cultivation for 181 days. Nevertheless, concluding that 1 m2 of PV would
compensate the lighting for 1 m2 of cultivation would not be correct. The scenarios pre-
sented in this study assumed only 92 days of indoor cultivation with sole-source lighting,
however, one of the main purposes of a growth room is to save space by using multi-layer
cultivation on a year-round basis. This means that the growth area and cultivation time
indoors would be by several factors larger for the available roof area directly on the growth
room [52,55].

An adequate PVR requires considering the shading effect that the integrated PV
will have inside the greenhouse and its impact on the light levels for the crop. Plant
species with a low (5–10 mol·m−2·d−1) and moderate light needs (10–20 mol·m−2·d−1)
are more tolerant to shading compared to plants with high (20–30 mol·m−2·d−1) or very
high (DLI > 30 mol·m−2·d−1) requirements [28–32]. Greenhouses in southern Europe
with a PVR,% between 10% and 15% showed a very small decrease in the crop yields,
even when cultivating shade-intolerant plants like tomatoes [66,69]. Roof coverage ratios
between 20–25% showed minimal negative effects on the yield of low and moderate light-
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demanding species [59,70]. However, at higher coverage ratios (PVR,% ≥ 60%) even species
requiring moderate light were affected [70].

Naturally, parametric studies like the one here presented come with clear limitations
due to the great number of variables assumed. For the implementation of greenhouses
with integrated PV in the Nordics, additional studies with detailed simulations for specific
locations are necessary to determine the ideal PV coverage ratios for different species when
cultivated in the region and how the greenhouse environment can influence the PV energy
yield. Practical implementation of the concept will increase the understanding and validate
the results while providing valuable data for the improvement of the concept.

Finally, the electrical equipment used inside the growth rooms and greenhouses will
have an important effect on the ambient temperature in the cultivation area. The lamps’
efficiency, as well as the amount of time they are used, can impact the amount of heating
and cooling load necessary. Although not included in the scope of this study, these types
of calculations are necessary for the year-round cultivation concept using LED lamps and
some examples regarding the thermal energy requirements for controlled-environment
cultivation exist already in the literature [4,55,146–148].

5. Conclusions

New technological developments such as LED grow lights, adaptive lighting control
protocols, as well as greenhouse integrated PV, have the potential of making the concept
of year-round cultivation a feasible option, even in the harsh conditions of the Nordic
countries. After analyzing satellite meteorological data for the region, it can be concluded
that:

• Ambient temperature and natural DLI levels are suitable for outdoor cultivation
during at least three months in the summer for most of the region.

• Greenhouses can be used to start the cultivation earlier in spring and extend the
vegetation period until later in autumn.

• Transmittance levels of natural light inside the greenhouse can significantly influence
the supplementary lighting needed for the plants.

• Among the options compared, LED lamps with adaptive lighting control have the
highest energy-saving potential. They can benefit from the available sunlight inside
the greenhouse, avoiding unnecessary energy waste and supplementing only enough
light to reach the DLI target for the cultivated species.

• During the winter months, indoor cultivation in closed growth chambers offers a
standardized and controlled environment independent from outdoor conditions.

• Light intensity and duration of the photoperiod together with the efficacy of the lamps
determine the amount of electricity needed for lighting in the growth room.

• Greenhouses with integrated PV provide an alternative for using the abundant sun-
shine in the summer and offsetting some of the electricity used for lighting during the
darker months.

• To avoid negative effects on the plants caused by excessive shading from the solar
panels, careful planning is required based on the design, location, and orientation of
the greenhouse.

• Additional studies that consider the investment and running costs for heating and
cooling of the growth rooms and greenhouses with regard to the lighting control
protocols and LED lamps are necessary. Only when both electrical and thermal energy
requirements are evaluated together can the feasibility of the year-round cultivation
concept be truly evaluated.
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Appendix A

The figures presented in this appendix are similar to those in the main text but for
the region covering Iceland. The data was retrieved from the same source, from 63◦ N to
67.5◦ N in latitude and from 13◦ E to 25◦ E in longitude using a cell size of 0.05◦ × 0.05◦ in
both latitude and longitude.

Figure A1. Monthly average daily ambient temperature maps for Iceland. Values from the ECMWF-
ERA-5 dataset with a coverage period of 2005–2016 retrieved from PVGIS as a 0.05◦ × 0.05◦ grid
both in latitude and longitude, extending from 63◦ N to 67.5◦ N in latitude and 13◦ W to 25◦ W in
longitude.
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Figure A2. Monthly average photosynthetic daily light integral (DLIsun, mol·m−2·d−1) maps for
Iceland. Values from the ECMWF-ERA-5 dataset with a coverage period of 2005–2016 retrieved from
PVGIS as a 0.05◦ × 0.05◦ grid both in latitude and longitude, extending from 63◦ N to 67.5◦ N in
latitude and 13◦ W to 25◦ W in longitude.

Figure A3. Monthly average diffuse fraction of global horizontal irradiance (Gd/Gh) for Iceland.
Values from the ECMWF-ERA-5 dataset with a coverage period of 2005–2016 retrieved from PVGIS
as a 0.05◦ × 0.05◦ grid both in latitude and longitude, extending from 63◦ N to 67.5◦ N in latitude
and 13◦ W to 25◦ W in longitude.
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Figure A4. Average daily supplementary lighting requirements (DLIlamps, mol·m−2·d−1) maps of
Iceland for the chosen greenhouse cultivation period of 181 days: from 1 February to 20 May and from
20 August to 31 October. A photoperiod of 16 h·d−1 was assessed considering three minimum light
settings (PPFDthreshold: 100, 200 or 300 μmol·m−2·s−1) and three possible greenhouse hemispherical
transmittances (τh, PAR: 40%, 55% or 70%). The two panels compare different control protocols:
(a) On-off control vs. (b) Adaptive control. Values presented as a 0.05◦ × 0.05◦ grid both in latitude
and longitude, extending from 63◦ N to 67.5◦ N in latitude and 13◦ W to 25◦ W in longitude.

Figure A5. Yearly lighting energy consumption (Eel, lamps, kWh·m−2·yr−1) maps of Iceland for the
chosen greenhouse cultivation period of 181 days: from 1 February to 20 May and from 20 August to
31 October. The electric energy demand of the lamps was calculated for a photoperiod of 16 h·d−1 with
a PPFDthreshold of 300 μmol·m−2·s−1, considering three different photosynthetic photon efficacies
(PPE: 2, 2.75 or 3.5 μmol·J−1) and three possible greenhouse hemispherical transmittances (τh, PAR:
40%, 55% or 70%). The two panels compare different lighting control protocols: (a) On-off control;
(b) Adaptive control. Values presented as a 0.05◦ × 0.05◦ grid both in latitude and longitude,
extending from 63◦ N to 67.5◦ N in latitude and 13◦ W to 25◦ W in longitude.
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Abstract: The study examined the influence of light quality on the growth and nutritional status of
romaine lettuce grown in deep water culture with a floating raft system using two different nutrient
solutions. Four spectra of LED light were used with different ratios of R, G, and B lights (80:10:10,
70:10:20, 60:10:30, and 70:18:12). Two nutrient solutions with a low (A) and moderately high (B)
nutrient content were used. Regardless of the nutrient solution, the RGB 70:18:12 light promoted the
production of leaf biomass as well as inhibited the accumulation of K and Mg in the leaves. Moreover,
those plants were characterized by a low Nitrogen Balance Index (NBI) and a high flavonol index. In
the last week of cultivation, there was a strong decrease in K, P, and nitrates in the nutrient solution,
and an increase in Ca. In the final stage of growth, symptoms of withering of the tips of young leaves
(tipburn) were observed on the plants. The most damage was observed on the plants growing under
70:10:20, 70:18:12, and with the higher concentration of minerals in the solution (B).

Keywords: hydroponics; Lactuca sativa var. longifolia; nitrogen balance index; tipburn; flavonol index

1. Introduction

The multi-level production of plants in plant factories is one of the strategies for
adapting agriculture to the advancing climate change. The decreasing production potential
of soils, and the shortage of raw materials for plant production as well as the growing
demand for food in cities are caused by intensifying urbanization processes [1,2]. This
technology is particularly suitable for the cultivation of small-sized plants with a short
production cycle, such as leafy vegetables and herbs, and valuable medicinal plants [1,3,4].
The consumption of energy, water, carbon dioxide, and land area for producing a unit
mass of lettuce in a plant factory is much lower than in greenhouse cultivation, because of
the possibility of cultivating plants on many levels, using closed fertigation systems, and
recovery of water lost due to transpiration [5]. The most important factors limiting the
development of technologies of plant production in plant factories are the high costs of
investment and energy for artificial lighting. The multi-level production of plants requires
the use of light sources with high energy conversion to the light used by plants in the
photosynthesis process and generating little heat [6]. A major advantage of LEDs lamps is
their electrical efficiency and photosynthetic efficacy. The small size and low heat energy
emission mean that LED lighting can be installed near plants. The spectrum of LEDs can
be adjusted based on plant growth requirements.
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Studies conducted on lettuce (Lactuca sativa L.) as a model plant in facilities without
sunlight have shown that changes in the light spectrum significantly affect the growth and
development of the plants, as both the morphology and physiological processes depend
on the quality of light [7,8]. The greatest influence is exerted by red light (600–700 nm) in
combination with blue light (400–500 nm) because it affects the process of photosynthe-
sis [8–14] and the morphological features of leaves that facilitate the absorption of light
quanta by plants [15]. A high proportion of red light stimulates the production of biomass
of green-leaf lettuce, with its optimal percentage in the total spectrum being in a fairly
wide range from 50% to 80% [8,13,16–19]. With the increase in the proportion of blue light,
lettuce plants grow more slowly [8], but the amounts of bioactive compounds in them,
e.g., flavonoids, increase [10–12,19,20]. In the case of red-leaf lettuce, blue light is more
effective in stimulating growth than red light [21,22]. Positive effects on the production
of lettuce leaf biomass have also been obtained with green light (500–600 nm) [23] The
addition of green light has been shown to efficiently drive photosynthesis, however, this
effect depends on the light intensity [24]. At low PPFD, green light compared to red and
blue, has the lowest photosynthetic efficiency, because of its low absorptance; on the other
hand, at high PPFD quantum yield of CO2 assimilation under green light is the highest [25].
Supplementation of the spectrum with green light at moderate PPFD decreased the in-
tensity of photosynthesis but did not limit the growth of lettuce [8]. Butterhead lettuce
(Lactuca sativa var. capitata) is the basic leafy vegetable produced in plant factories. The few
studies relating to the production of plants in plant factories have concerned the romaine
lettuce Lactuca sativa var. longifolia [26,27]. Despite its high taste quality and nutritional
value [28], this variety, especially the ‘mini’ type is cultivated on a small scale in controlled
atmosphere environments due to problems with obtaining high-quality plants and the lack
of information on the requirements in relation to environmental conditions.

It has been demonstrated that with an increase in the photosynthetic photon flux
density (PPFD) in the range from 150 to 300 μmol m−2 s−1, the growth rate, fresh and dry
leaf weight, and the number of leaves of butterhead lettuce increased, but the negative
effect was a greater number of leaves with tipburn symptoms, which was associated with a
reduced calcium content [29]. The tipburn problem affects mainly head-forming lettuces,
such as romaine lettuce and crisphead lettuce [30]. Increased light intensity (PPFD from
100 to 400 mol μm−2 s−1) promoted the production of biomass while reducing the nitrate
content in lettuce leaves [31], even when high levels of PPFD were used only at the end of
the production period [4]. The few studies concerned with the production of plants in plant
factories have shown a significant correlation between the light spectrum and the nutritional
status of lettuce plants with respect to macro- and micronutrients, including nitrates [12].
For microgreens, an increasing percentage of blue light in the LED illumination spectrum
had a positive effect on the accumulation of mostly macro- and micronutrients [32]. In turn,
Kyriacou et al. [33] showed that nitrate accumulation in microgreens was higher under
monochromatic red and blue compared to red-blue lights, moreover monochromatic lights
tended to increase K and Na and decrease Ca and Mg concentrations.

Cultivation in plant factories is aimed at maximizing the efficiency of the production
process, and in the case of leafy vegetables, at achieving rapid weight gain of the above-
ground part. In the hydroponic cultivation of lettuce, the composition and concentration of
the nutrient solution supplied to the plants play a very important role. In order to obtain
good quality and high yield lettuce, the appropriate composition and concentration of
the fertigation medium are required. In greenhouse studies with a hydroponic flooding
system, the optimal EC of the nutrient solution in the cultivation of butterhead and loose-
leaf lettuce has been found to be 2 mS cm−1. Increasing the nutrient concentration to an
EC of 3 mS cm−1 did not increase the yield of lettuce, while a further increase to an EC of
4 mS cm−1 resulted in a significant reduction in the yield [34,35]. Moreover, it was found
that the EC of 4 mS cm−1 increased the nitrate content above the permissible limit set by
the European Commission [36]. Too rapid lettuce growth can lead to an unbalanced uptake
of minerals from the nutrient solution and to the occurrence of deficiencies (e.g., calcium)
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or an excess of minerals (nitrates, potassium), which can lead to a reduction in plant quality
and significant economic losses.

The aim of the study was to assess the influence of the LED light spectrum and the
composition of the mineral nutrient solution on the production of biomass, morpholog-
ical features, and nutritional status of ‘Elizium’ romaine lettuce in an indoor controlled
environment. Changes in the content of basic nutrients in the hydroponic medium during
plant growth were analyzed.

2. Materials and Methods

2.1. Plant Material and Growth Conditions

The study was conducted on romaine lettuce Lactuca sativa var. longifolium ‘Elizium’
type ‘mini’. Seedlings of the lettuce were produced on trays, in cubes of mineral wool
(0.02 × 0.02 m) in a phytotron (model FD 730 DD INOX, BIOSELL, Warsaw, Poland)
in a laboratory building where constant temperature (22 ◦C) and humidity (65%) were
maintained throughout the day, with PPFD at the plant level of 75 μmol m−2 s−1 and a
16 h photoperiod. Twenty-one-day-old seedlings were used in the study. The experiment
was performed in an outdoor free-standing container (Weldon, Brzezówka, Poland) with
dimensions 6.0 × 2.6 × 3.2 m adapted to a phytotron by BIOSELL (Warsaw, Poland)
fitted with two two-shelf racks. On each of the four shelves (3.3 × 0.6 m), there were
placed 6 styrofoam containers (0.4 × 0.6 × 0.2 m) for growing lettuce in a hydroponic
system. The lettuce seedlings were mounted on floating polystyrene rafts with openings
for the plants and placed on the mineral nutrient solution contained in the containers
(5 plants per container, 20 plants per m2). Each container contained 20 L of the solution;
the solution was constantly aerated (2.3 L min−1). The temperature in the phytotron was
set at 20/18 ◦C day/night, and the relative air humidity at 65%. The experiment was set
up on 25 January 2021 and lasted 30 days.

2.2. Experimental Combinations—Light

Each shelf was fitted with panels with LEDs emitting different lights: red (R)—Hyper
Red 660 nm (Osram Osconique P 30–30), blue (B)—Deep Blue 440 nm (Osram Osconique
P 30–30), and white (W)—6500 K (Samsung CRI 80). The study used 4 spectra of LED
light with the following spectral composition: RGB 80:10:10, RGB 70:10:20, RGB 60:10:30,
and RGB 70:18:12. The light spectra used in the study are shown in Table 1 and Figure 1.
Photometric measurements were made with a GL Spectrolux VIS spectrometer (GL Optic,
Puszczykowo, Poland, https://gloptic.com accessed on 23 January 2021). The intensity of
photosynthetically active light (PPFD) at the plant height was 160 μmol m−2 s−1 for a 16-h
photoperiod. The total daily amount of light (DLI) was 9.2 mol m−2.

Table 1. Spectral photon flux PPF (μmol s−1) for the 4 LED light spectra in vertical cultivation of romaine lettuce (fraction of
integral photon flux ranging from 340 to 780 nm in ultraviolet, blue, green, red, and far-red).

Light
Spectrum

R:G:B
(Red:Green:Blue)

UV-A
340–399 nm

Blue
400–499 nm

Green
500–599 nm

Red
600–699 nm

Far-Red
700–780 nm

R:B
Ratio

Total
nm

80:10:10 0 45.2 45.0 349.5 1.3 7.7 441.0
70:10:20 0 89.6 42.0 306.6 1.0 3.4 439.2
60:10:30 0 127.4 46.5 267.2 1.1 2.1 442.2
70:18:12 0 52.0 80.3 304.1 1.8 5.8 438.2
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Figure 1. Spectral photon flux distribution for the 4 LED light treatments in vertical cultivation of
romaine lettuce; fraction of integral photon flux ranging from 340 to 780 nm in red R 600–699 nm,
green G 500–599 nm, and blue B 400–499 nm (Y-axis—relative values from 0 to 100%).

2.3. Experimental Combinations—Composition of Nutrient Solution

Two nutrient solutions with a different nutrient content (A and B) were used in the
study. The concentrations (mg dm−3) of macroelements in solution A (EC 1.6 mS cm−1,
pH 6.0) were: N-NO3—130, N-NH4—11, P—40, K—180, Ca—200, Mg—35; in solution B
(EC 2.0 mS cm−1, pH 6.0): N-NO3—170, N-NH4—10, P—50, K—210, Ca—210, Mg—45.
The concentrations (mg dm−3) of microelements in solutions A and B were the same:
Fe—2.0, Mn—0.76, Zn—0.16, B—0.32, Cu—0.16, Mo—0.04.

During the cultivation of lettuce, the electrical conductivity EC, pH, and nutrient
content in the nutrient solution were measured. The pH was determined with the potentio-
metric method and EC using the conductivity method. Mineral components in the nutrient
solution, as N-NO3, were analyzed by the potentiometric method; P, K, Ca, Mg, and SO4 by
the spectrophotometric method using a sequential emission spectrometer with inductively
coupled plasma (ICP Perkin-Elmer model Optima 2000 DV, Boston, MA, USA). Plant
samples (leaves) from each treatment were placed for 48 h in a forced-air dryer at 70 ◦C.
They were analyzed after grinding and wet mineralization in a strong HNO3 and HClO4
acid mixture. The concentrations of macronutrients (P, K, Ca, Mg) and micronutrients (Fe,
Mn, Cu, Zn, B) were determined in three replications using an ICP spectrometer. Selected
elements were determined at their characteristic wavelengths [37]. The N content in plant
samples was analyzed using the Kjeldahl method using Vapodest Kjeldahl apparatus,
Gerhardt GmbH & Co., KG, Königswinter, Bonn, Germany [38]. All the nutrients were
determined in three replications.

2.4. Growth and Morphological Characteristics of Plants

Lettuce plants were assessed after 30 days of cultivation. Leaf fresh weight, plant
height and diameter, number of leaves (including leaves with tipburn), and head circum-
ference (curled inner leaves) were determined.

2.5. Chlorophyll, Flavonol, and Nitrogen Balance Indices

An optical sensor was used for the assessment of chlorophyll and flavonol com-
pounds, measuring the UV absorbance of the leaf epidermis by the double excitation of
chlorophyll fluorescence (Dualex Scientific+ Instrument, Force-A, Orsay, Paris, France,
https://www.force-a.com, accessed on 23 January 2021). The nitrogen balance index (NBI)
was automatically calculated as a ratio of the chlorophyll index (ChI) to the flavonol index
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(FLAV), i.e., NBI = ChI/FLAV. The device used in this study allows for non-destructive
measurements of chlorophyll, flavonol content, and nitrogen balance in leaves, which
makes it particularly suitable for photophysiological research. For each lighting combina-
tion, 30 young, fully expanded leaves were used for the determination of the flavonol and
chlorophyll indices.

2.6. Experimental Design and Statistical Analysis

The experiment used a two-factorial design of light spectrum × nutrient solution.
Plants were subjected to illumination with four light spectra (R:G:B—80:10:10, 70:10:20,
60:10:30, 70:18:12) and two nutrient solutions (A and B). There were three container repli-
cates for each of the eight treatments and thus 24 containers in total. In the study, eight
experimental treatment groups were analyzed, with five samples (plants) in each treatment
group. Two-way ANOVAs were used to test the effects of the light spectrum and nutrient
solution on the growth traits of romaine lettuce. The treatment means were compared
using Tukey’s HSD. Statistical analysis was performed using the STATISTICA software,
version 13.1 (StatSoft Inc., Tulsa, OK, USA).

3. Results

3.1. Growth and Morphological Characteristics of Plants

The quality of light significantly influenced the growth and development of ‘Elizium’
romaine lettuce grown in the hydroponic system without sunlight (Figure 2). However,
the effects of light quality on the growth and morphological features of lettuce plants were
not dependent on the type of nutrient solution used, and the interactions between the
main factors tested (light spectrum × solution composition) were not significant (Table 2).
A high proportion of red light R (600–699 nm), an increased proportion of green light G
(500–599 nm), and a low proportion of blue light B (400–499 nm) in the spectrum of the
light emitted by the LEDs (RGB 70:18:12) were favorable to biomass production, whereas
the use of light with a reduced proportion of red light and a high proportion of blue light
(RGB 60:10:30) was the least favorable for the growth of lettuce leaf biomass. Irrespective
of the type of nutrient medium used, the lettuce plants grown under RGB 70:18:12 had
the highest fresh weight of leaves (148 g), the highest number of leaves (24.4 cm), and the
largest head circumference (29 cm), with these values being respectively 15%, 8%, and 7%
higher than under RGB 60:10:30. By comparison, the plants growing under RGB 80:10:10
and RGB 70:10:20 had the largest diameter (20.2 and 19.7 cm, respectively), and those
growing under RGB 70:10:20 were the tallest (20.2 cm). The plants growing under RGB
60:10:30 and RGB 70:18:12 had the lowest height and diameter.

The results of our study showed that a high ratio of red to blue light with a fairly high
proportion of green light (RGB 70:18:12) stimulated the production of biomass in ‘Elizium’
romaine lettuce, and at the same time provided the most eye-friendly conditions, which is
important when staying in sealed rooms with such lighting for longer periods of time [13].
Similarly, Mickens et al. [27] showed that the light emitted by LEDs with a spectrum similar
to natural light, including the red, green, blue, and far-red bands (RGB 60:24:16 + FR),
more strongly stimulated biomass production and the diameter of ‘Outredgeous’ romaine
lettuce than the combination of only red light and blue light (RB 60:40). That study also
showed that the requirements of lettuce plants at different stages of growth were different.
In the initial period, white light combined with green light stimulated biomass production
the most, while in the final stage—white light with red light. Monochromatic red light
created unfavorable conditions for the growth of Lactuca sativa ‘Grizzly’ [39], and too much
blue light resulted in the slower growth of lettuce plants [8,40]. It was been shown that
the temporal shift of red light in relation to blue by 4 to 7 h gave a better effect than the
simultaneous use of both types of LED light, which may, however, result from an extended
photoperiod [26].
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Figure 2. Fresh weight of leaves, plant height, plant diameter, number of leaves per plant, number of
tipburn leaves per plant, and head circumference of ‘Elizium’ romaine lettuce grown in a hydroponic
system in different nutrient solutions (S and M) under four different light spectra (R:G:B—80:10:10,
70:10:20, 60:10:30, and 70:18:12) in an indoor controlled environment. Bars represent means ± SE.
Means followed by the same letter are not significantly different (p < 0.05) according to Tukey’s
HSD test.

Table 2. Significance of two-way ANOVA results (p-values) for the effects of light spectrum and
nutrient solution on the measurements of biomass, morphological traits, chlorophyll, flavonol, and
nitrogen balance indices (NBI) of ‘Elizium’ romaine lettuce.

Growth and
Morphological Trait

Light Spectrum Nutrient Solution
Light Spectrum ×
Nutrient Solution

Fresh weight of leaves 0.0005 0.9529 0.2375
Plant height 0.0119 0.0001 0.3899

Plant diameter 0.0001 0.1018 0.3182
Head circumference 0.0035 0.3910 0.3258

Number of leaves per plant 0.0009 0.9673 0.0734
Percentage tipburn 0.0001 0.0016 0.7371
Chlorophyll index 0.0001 0.0019 0.0651

Flavonol index 0.0001 0.0001 0.0720
NBI 0.0001 0.0001 0.5550

Significant p-values are shown in bold.
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Our study showed that the quality of light influenced the development of physiologi-
cal disorders manifested by the withering of the tips of young leaves (tipburn) of ‘Elizium’
romaine lettuce. The highest numbers of damaged leaves were observed in the plants
growing under RGB 70:10:20 and RGB 70:18:12—respectively 5.3 and 5.0, which constituted
21% and 20% of all the leaves. The lowest numbers of damaged leaves were recorded
in the plants growing under RGB 80:10:10 and RGB 60:10:30—respectively 9% and 12%.
These results suggest that the faster the biomass production is, the more often tipburn
symptoms occur on young romaine lettuce leaves. It is known that climatic factors such as
high temperature and high light intensity, leading to the rapid growth of lettuce shoots, are
conducive to the occurrence of tipburn [41–43] and that this is a genetically determined
trait [30,42,44–46].

The type of nutrient solution influenced to only a small extent the growth and morpho-
logical features of ‘Elizium’ romaine lettuce, although the plants growing in solution B were
5% taller than those growing in solution A (on average for the tested light quality variants).
Much stronger was the influence of nutrient solution on the occurrence of damage to the
tips of young leaves (tipburn). In the case of plants growing in solution B, the percentage of
leaves with tipburn symptoms was as high as 19%, whereas in solution A this percentage
was 12%.

3.2. Changes in the Composition of Nutrient Solution

Weekly analyses of the composition of the hydroponic medium showed significant
changes in pH, EC, and the concentrations of macronutrients during the 30-day growth
period of ‘Elizium’ romaine lettuce (Figure 3). During the first 3 weeks of cultivation,
the pH of the nutrient solution gradually decreased from 6.6 to 6.0, but in the last week,
there was an increase in the pH value to 6.8 (on average for the two solutions). The
EC value changed only slightly during the first three weeks and decreased in the last
week of cultivation, reaching 1.5 and 1.7 mS cm−1 for solutions A and B, respectively.
Changes in individual macronutrients were similar for the two solutions used. As the
plants grew, decreases in the concentrations of nitrates, phosphorus, and potassium, as well
as increasing concentrations of Ca and sulphates in the nutrient solution were recorded,
and these changes were especially significant in the last week. On average, for the two
solutions (A and B), the concentrations of nitrates in them were lower by 6% after 3 weeks
and by 20% after 4 weeks of growth in relation to their concentrations at the beginning of
cultivation. The content of phosphorus in the medium after 3 weeks of cultivation was
lower by 21%, and after 4 weeks by 41%. The greatest decreases were related to potassium;
after 3 weeks of plant growth, the content of this component in the medium was lower
by 20%, and after 4 weeks by as much as 64% in relation to the potassium content in
the medium immediately after the start of cultivation. Ca and sulphate contents after
3 and 4 weeks of cultivation were higher than in the initial phase of plant growth.

The amount of water used in growing lettuce in an indoor controlled environment in
a hydroponic system is very small. Pennisi et al. [47] showed that in the deep-water culture
system for the production of Lactuca sativa cultivars ‘Rebelina’, ‘Gautier’, and ‘Eyragues’
with a biomass weight not exceeding 50 g, only 0.46–0.56 L of water was used per plant.
They also showed that lighting conditions affected the efficiency of water use by lettuce
plants. The higher the ratio of red to blue light, the higher was the water consumption.
In our study, the average consumption of the nutrient solution during the 30 days of
cultivation was 6.4 L per container, which gives the value of 1.29 L for the production of
one ‘Elizium’ romaine lettuce with a leaf biomass of about 148 g and was not dependent
on lighting conditions. The percentage of red light in the entire spectrum in all the lighting
combinations used was quite high (60–80%).
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Figure 3. pH, electrical conductivity (EC), nitrate nitrogen (N-NO3), phosphorus, potassium, calcium,
magnesium, and sulfates contents in two different nutrient solutions (A and B) at weekly intervals
from 25 January to 22 February 2021, for ‘Elizium’ romaine lettuce grown in a hydroponic system.
Each data point is the average (±SE) for the four different light spectra (R:G:B).

3.3. Mineral Composition of Plants

Although the nutrient solutions contained small (A) or moderate (B) amounts of
minerals, the concentrations of macro- and microelements in the lettuce plants were within
the optimal range for most of the components and quite high for nitrates and potassium [48],
which corresponded to a strong decrease in the concentrations of nitrates and K in the
nutrient medium (Table 3, Figure 3). The mineral composition of the ‘Elizium’ romaine
lettuce plants depended both on the lighting conditions in which the plants were grown,
as well as on the nutrient solution used, with the influence of the nutrient solution being
much stronger than that of the light quality (Table 3). The lettuce plants grown under
RGB 70:18:12 had the lowest K (7.7%) and Mg (0.34%) contents, while under the other
light spectra these amounts ranged from 8.1–8.4% for K, and reached the value of 0.41%
(on average) for Mg. The amounts of other macronutrients (nitrates, N, P, and Ca) and
micronutrients, except for B, did not depend on the quality of the light. The B content was
the lowest (57 mg kg−1 d.w.) at RGB 70:18:12. The lettuce plants grown in the hydroponic
solution B contained more nitrates by 18%, total N by 4%, P by 5%, and Mg by 8%, but by
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9% less K than in solution A. The Ca content in the plants was the same regardless of the
solution used (1.2% on average). In the case of microelements, the type of solution did not
affect the amounts of Fe and Mn, but the plants grown in solution B contained slightly less
Cu and B, and more Zn.

Table 3. Concentrations of nitrate nitrogen (mg kg−1 f.w.), macronutrients (N, P, K, Ca, and Mg, in %) and micronutrients
(Fe, Mn, Cu, Zn and B, in mg kg−1 d.w.) in the leaves of ‘Elizium’ romaine lettuce grown in a hydroponic system with
different nutrient solutions (A and B) under illumination with four different light spectra (R:G:B—80:10:10, 70:10:20, 60:10:30,
and 70:18:12) in an indoor controlled environment.

Treatment N-NO3 N P K Ca Mg Fe Mn Cu Zn B

mg kg−1 f.w. % mg kg−1 d.w.

Light spectrum
R:G:B

80:10:10 3538 a 4.40 a 0.66 a 8.38 b 1.20 a 0.41 b 124 a 149 a 6.3 a 51 a 72 c
70:10:20 3909 a 4.34 a 0.66 a 8.37 b 1.24 a 0.41 b 135 a 126 a 6.0 a 45 a 63 b
60:10:30 3538 a 4.36 a 0.65 a 8.10 ab 1.18 a 0.42 b 135 a 131 a 5.8 a 48 a 58 ab
70:18:12 3128 a 4.24 a 0.64 a 7.77 a 1.18 a 0.34 a 146 a 126 a 5.6 a 43 a 57 a

Nutrient solution

A 3218 a 4.22 a 0.64 a 8.52 b 1.20 a 0.38 a 141 a 134 a 6.5 b 43 a 69 b
B 3899 b 4.40 b 0.67 b 7.79 a 1.20 a 0.41 b 130 a 133 a 5.4 a 50 b 55 a

Light spectrum ×
nutrient solution n.s. n.s. n.s. n.s n.s. n.s. n.s. n.s. * n.s. *

Sufficient range (%) * - 2.1–5.6 0.5–0.9 4.0–8.0 0.9–2.0 0.4–0.8 50–200 25–200 5–18 30–200 25–65

Means followed by the same letter are not significantly different (p < 0.05) using Tukey’s HSD test, ns = not significant, * Sufficient elemental
ranges for the most recently matured leaf of greenhouse-grown lettuce, adapted from “Knott’s Handbook for Vegetable Growers” [48].

Leafy vegetables, such as lettuce and spinach, contain the highest concentrations
of nitrates [49]. The nitrate content in lettuce depends on the N content in the nutrient
solution. In a study with flood fertigation of leaf lettuce [35], the nitrate content in the lettuce
heads increased with the concentration of the nutrient solution, and at EC 3.0 mS cm−1

exceeded the permissible limit imposed by the European Union. To protect human health,
most European countries regulate the nitrate content in vegetables. For lettuce, different
limits have been set for protected and open-grown crops [36]. No separate limits have
been established for different types of lettuce, such as leaf lettuce and head lettuce. The
maximum limits for nitrates in lettuce are 5000 in winter-grown plants and 4000 mg per
kg of fresh product in other seasons of the year. The results of our study showed that the
concentration of nitrates in the leaves of ‘Elizium’ romaine lettuce (‘head’ type) grown in the
indoor controlled environment was quite high (3128–3909 mg kg−1 f.w.) but did not exceed
the limits for greenhouse winter crops. The study also showed that the concentration
of nitrates in lettuce leaves in an indoor controlled environment could be managed by
modifying the mineral composition of the nutrient solution. The nitrate content in the
leaves of the lettuce plants grown in solution A with a low nitrate content (130 mg L−1)
was significantly lower (3218 mg kg−1 f.w.) than of those grown in solution B with a higher
nitrate content (170 mg L−1). The modifications of the spectrum of the light emitted by
LEDs at PPFD 160 μmol m−2 s−1 did not significantly affect the concentration of nitrates
in the leaves of ‘Elizium’ romaine lettuce despite the wide range of red light to blue light
ratio (2.1–7.7) in the spectra tested.

So far, little research has been conducted on the effect of light quality on the mineral
composition of lettuce in indoor controlled environments, and the obtained results have been
inconclusive [17,27,47,50,51]. The concentration of nitrates in the leaves of Lactuca sativa ‘Grand
Rapids’ grown in greenhouse conditions was found to be significantly lower after short-term
exposure of the plants to red light of high intensity (PPFD 500 μmol m−2 s−1) [52]. A similar
effect was achieved by the alternating use of red light and blue light during the day [17] and
a high ratio of red to blue light with a simultaneous periodic change in light intensity [51].
The addition of red light to white light generated by LEDs did not reduce the nitrate content
in the leaves of Lactuca sativa cultivars ‘Lvdie’ and ‘Ziya’, with green leaves and purple
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leaves, although it stimulated the production of biomass [53]. By comparison, Liu et al. [54]
showed that lamps generating a wide spectrum of light, such as fluorescent lamps and
high-pressure sodium lamps (HPS), were more effective in reducing nitrates in lettuce than
the combination of red light with blue light.

Amoozgar et al. [39] showed that Lactuca sativa ‘Grizzly’ grown in an indoor con-
trolled environment accumulated much greater amounts of minerals in the leaves than
when grown in a greenhouse. The concentration of macronutrients in the plants in the
indoor controlled environment was on average 2 to 4 times higher than in greenhouse
cultivation. ‘Outredgeous’ romaine lettuce had a much greater ability to accumulate K than
other minerals [27]. Monochromatic red light increased the accumulation of K, P, and Fe,
while red light combined with blue light increased the accumulation of N and Mg in the
leaves [39]. Clavijo-Herrera et al. [55] and Pennisi et al. [47] showed that the accumulation
of N in lettuce leaves did not depend on the ratio of red to blue light generated by LEDs.
Our study showed that the tested ratios of red light to blue light, i.e., 80:10, 70:20, and 60:30
with the same proportion of green light (10%), did not significantly affect the accumulation
of macro- or micronutrients in the leaves of ‘Elizium’ romaine lettuce, but with a higher
proportion of green light (RGB 70:18:12) the plants contained less K and Mg, which may
be due to the dilution effect, as these plants had the highest fresh weight. Increasing the
blue-to-red light ratio from 0.1 to 4.5 had negatively affected biomass production and leaf
growth of oakleaf lettuce Lactuca sativa ‘Rouxai’, but increased the concentrations of nitro-
gen, magnesium, zinc, and copper in the plants [56]. Similarly, in the case of ‘Outredgeous’
romaine lettuce, increasing the proportion of blue light relative to white light had increased
the concentrations of K, Ca, Mg, and P in the plants, but the resulting plants were the
smallest and had the lowest weight [27].

Our study showed that the quality of the LED-generated light with a red-to-blue ratio
of 2.1–7.7, and also the concentrations of Ca in the nutrient solution, 170 and 200 mg L−1,
had no major effect on the accumulation of Ca in the leaves of ‘Elizium’ romaine lettuce.
The average Ca content in the plants was 1.2%. At the same time, withering of the edges
of young leaves (tipburn) was observed, and these symptoms were more common on
the lettuce plants grown in the solution with the higher mineral content (B) and under
RGB 70:10:20 and RGB 70:18:12. One of the main causes of the physiological disturbances
causing tipburn is insufficient supply of Ca to young romaine lettuce leaves [29,57–59].
In our study, we observed increasing Ca concentrations in the hydroponic medium, and
therefore the Ca concentration in the medium was not a direct cause of tipburn on lettuce
leaves. Ca is not transported from older leaves to the younger ones, as a result of which
the Ca content in mature lettuce leaves is higher than in young leaves [59–61]. Ca is
transported from the roots to the leaves via the xylem and this process depends on the
intensity of transpiration. Air humidity in an indoor controlled environment in hydroponic
cultivation is usually high, which can create problems with adequately supplying Ca to
young leaves [62], and this problem may especially concern the head-forming types of
lettuce, such as crisphead lettuce and romaine lettuce. Lettuce plants grown in the DFT
(Deep Flow Technique) hydroponic system have shown more severe tipburn symptoms
than when grown in solid media [42]. The cause of the disturbances may also be an
imbalance between the individual mineral components in the leaves, especially potassium
and calcium [59]. There is little data on the accumulation of Ca in lettuce leaves depending
on light quality. Increased Ca accumulation in plants has been obtained under LED lamps
emitting white light compared to monochromatic red light and red light in combination
with blue light [39], as well as under white light supplemented with blue light [27]. By
contrast, Pennisi et al. [47] showed that the accumulation of Ca did not depend on the
quality of light even if there was a relatively large variation in the ratio of red light to blue
light (from 0.5 to 4).
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3.4. Chlorophyll, Flavonol, and Nitrogen Balance Indices

Dualex Scientific+ is an innovative testing device designed for non-destructive mea-
surements of the chlorophyll, flavonol, and nitrogen balance (NBI) indices in plants, and is
used to monitor the nitrogen nutritional status of plants. Ouzounis et al. [63] confirmed
the high correlation of the flavonol index determined with Dualex Scientific+ with the
concentrations of flavonoids such as rutin and quercetin determined with the HPLC tech-
nique. Tremblay et al. [64], Padilla et al. [65], Agati et al. [66], and Kaniszewski et al. [67]
confirmed the high correlation of the NBI index with the nutritional status of plants with
respect to nitrogen.

The measurements made with the Dualex Scientific+ device when the plants of ‘Eliz-
ium’ romaine lettuce had obtained its marketable size showed that both the quality of
light and the type of nutrient solution used significantly affected the chlorophyll, flavonol,
and NBI indices in the leaves (Figure 4). However, no significant interaction was found
between the quality of light and the nutrient solution. Irrespective of the nutrient solution
used, the highest values of the flavonol index, as well as that of chlorophyll, were recorded
for the lettuce plants grown with an increased proportion of blue light (RGB 60:10:30) and
green light (RGB 70:18:12). The flavonol index in the leaves of the plants grown under these
lighting conditions was 46% higher than under RGB 80:10:10 and 19% higher than under
RGB 70:10:20. The highest value of the NBI index was shown by the plants growing under
RGB 80:10:10, and this index was 31% higher than the values recorded for the other three
spectra of light emitted by the LEDs. The measurements also revealed that the flavonol
index in the leaves of the plants growing in solution A was 21% higher than in solution B,
while the chlorophyll and NBI indices were lower by 4% and 25%, respectively, than in
solution B.

 

Figure 4. Chlorophyll index, flavonol index, and nitrogen balance index (NBI) of ‘Elizium’ romaine lettuce grown in a
hydroponic system with different mineral concentrations of nutrient solution (A and B) under illumination with four
different light spectra (R:G:B—80:10:10, 70:10:20, 60:10:30, and 70:18:12) in an indoor controlled environment. Bars represent
the means ± SE. Means followed by the same letter are not significantly different (p < 0.05) according to Tukey’s HSD test.

Our observations are generally consistent with the results of other authors relating
to the various genotypes of lettuce, which indicate that blue light has a significant impact
on the synthesis of bioactive compounds, including flavonoids [10–12,20,66,68]. In the
case of red-leaf lettuce, supplementation of white light or red light with blue light has
stimulated leaf pigmentation and the synthesis of secondary metabolites [27]. Increased
levels of phytonutrients, including flavonoids, have been obtained after exposing lettuce
plants to blue light with red light [69]. The biosynthesis of flavonoids is also affected by the
nutritional status of plants with respect to nitrogen. Flavonoids, as nitrogen-free secondary
metabolites, are considered indicators of nitrogen availability in the plant [70]. The concen-
trations of flavonoids increase with a low N availability. The highest level of flavonoids
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in lettuce leaves has been obtained with a medium containing the lowest tested mineral
concentration [71]. It has also been shown that a high C/N ratio in plants stimulated the
production of flavonoids, whereas a low C/N ratio inhibited their production [72]. In a
study with cabbage [67], it was demonstrated that the chlorophyll index and the nitrogen
balance index (NBI) were positively correlated with the N content in the leaves, whereas
the flavonol index was negatively correlated. Similar relationships were evident in our
study. The flavonol index was the highest for the nutrient solution with the low mineral
content (A), while the high Chl and NBI indices corresponded to the low flavonol index.
Our study also showed that the lettuce plants grown with an increased proportion of green
light (RGB 70:18:12) were characterized by a high flavonol index and, at the same time, a
low NBI index, while the nitrate concentration in the leaves was below the permissible
limit. The resultant plants had the highest leaf fresh weight.

4. Conclusions

The quality of the light generated by LEDs significantly affects the rate of biomass
production and the nutritional status of ‘Elizium’ romaine lettuce type ‘mini’ in an indoor
controlled environment. Among the tested lighting combinations with different ratios
of R, G, and B lights (80:10:10, 70:10:20, 60:10:30, and 70:18:12), the RGB 70:18:12 light
promoted the production of leaf biomass, inhibited the accumulation of potassium in the
leaves. Moreover, those plants were characterized by a low NBI index and a high flavonol
index. In indoor cultivation, romaine lettuce accumulates significant amounts of minerals,
especially nitrates and potassium. To achieve rapid growth of ‘Elizium’ romaine lettuce
at a light intensity (PPFD) of 160 μmol m−2 s−1 and a 16-h photoperiod, it is sufficient
for the nutrient solution to have a low concentration of minerals with the following
composition (in mg L−1): N-NO3—130, N-NH4—11, P—40, K—180, Ca—200, Mg—35,
and EC 1.6 mS cm−1. A relatively small increase in the concentration of minerals in the
medium, on average by 25% (EC 2.0 mS m−2 s−1), significantly reduced the parameters
related to food quality; there was a decrease in the flavonol index, an increase in the NBI
index, and in the concentration of nitrates in plants, and at the same time the problem of
withering of the tips of young leaves (tipburn) intensified.
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Abstract: This study was conducted to compare the effects of broad spectrum during the whole
seedling period and photon flux density (PFD) in the healing stage on the growth and energy use
efficiency of grafted tomato (Lycopersicon esculentum Mill.) transplants in a plant factory. Fluorescent
lights, white LED lights, and white plus red LED lights were applied at the growth processes of
grafted tomato transplants from germination of rootstock and scion to post-grafting. Three levels
of PFD (50, 100, 150 μmol m−2 s−1) were set in the healing stage under each kind of light quality.
The results indicated that the growth and quality of grafted tomato transplants under different
broad spectrums were influenced by the ratio of red to blue light (R/B ratio) and the ratio of red to
far-red light (R/FR ratio). A higher R/B ratio was beneficial to total dry matter accumulation, but
excessive red light had a negative effect on the root to shoot ratio and the seedling quality index.
The higher blue light and R/FR ratio suppressed stem extension synergistically. The LED lights had
good abilities to promote plant compactness and leaf thickness in comparison with fluorescent lights.
The plant compactness and leaf thickness increased with the increase in daily light integral in the
healing stage within a range from 2.5 to 7.5 mol m−2 d−1 (PFD, 50 to 150 μmol m−2 s−1). Compared
to fluorescent lights, the LED lights showed more than 110% electrical energy saving for lighting
during the whole seedling period. Higher PFD in the healing stage did not significantly increase
the consumption of electric power for lighting. White plus red LED lights with an R/B ratio of 1.2
and R/FR ratio of 16 were suggested to replace fluorescent lights for grafted tomato transplants
production considering the high quality of transplants and electrical energy saving, and PFD in the
healing stage was recommended to be set to 150 μmol m−2 s−1.

Keywords: broad spectrum; white plus red LED; red to blue ratio; daily light integral; photosynthetic
capacity; seedling quality

1. Introduction

Grafted tomato (Lycopersicon esculentum Mill.) transplants are the optimal combination
of rootstock and scion with desirable production traits. They usually have the advantages
of tolerance to soil-borne diseases and abiotic stresses, promotion of plant vigor, yield in-
creases, and so on, compared to non-grafted ones [1]. The percentage of tomato cultivation
area with grafted transplants has increased to 75% in the Netherlands, 50% in France, 40%
in Japan, and 25% in Korea [2]. Although the proportion of tomato grafting is only around
1%, China is the country with the largest grafted tomato cultivation area of more than
20 thousand hectares [3].

The grafted tomato transplant production usually starts with the raising of rootstock
and scion plantlets, followed with grafting and healing, and ends with the acclimation [1].
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The management of light, temperature, and relative humidity during healing is very im-
portant for the survival and vigorous growth of tomato grafted transplants. Therefore, the
professional nurseries usually utilize healing chambers to provide a controlled environ-
ment for the healing of grafted transplants [4]. Many studies have focused on environment
optimization in the healing stage for grafted transplants production in the greenhouse [5–7].
It is noteworthy that grafted tomato transplants have been commercially produced in the
plant factory with artificial lighting (PFAL) for the advantages of high-quality, pesticide-
free, and annual production [8]. In comparison with the traditional production methods,
production in PFAL is different in the preparation of rootstock and scion plantlets. To
ensure the high-quality and pesticide-free production of transplants and stability of produc-
tion, all the growth processes of grafted tomato transplants from sowing to post-grafting
are in a fully controlled environment with artificial lighting. Generally, lighting accounts
for 70%–80% of the total electricity consumption in a PFAL and greatly affects the growth
and development of transplants [9]. It is meaningful to optimize the lighting environment
during the whole seeding period to promote the growth of grafted tomatoes and reduce
the electric consumption of lighting.

Recently, power-efficient and narrow-spectrum LED lights have been gradually re-
placing the fluorescent lights as the light sources in PFALs [10]. The chlorophyll absorption
spectra were often used as the theoretical support for the design of horticultural commercial
LED fixtures made by a combination of red and blue LEDs. However, the efficiency of red
plus blue LED lights for plants is doubtful [11]. For a living plant, the pigments in vivo can
absorb light with wavelengths from 400 nm to 700 nm and transfer the excitation energy
to chlorophyll a for photoreaction [12]. Green light can be used for photosynthesis quite
efficiently compared to blue light according to the relative quantum yield curve determined
by McCree [13]. Kim et al. [14] reported that the growth of lettuce under red and blue
LEDs was highly enhanced by an addition of 24% green lights, while the total photon flux
density (PFD) and the ratio of red to blue light (R/B ratio) remained unchanged. The leaves
can acclimate their photosystem composition to their growth light spectrum and quantum
yields can be enhanced substantially under combined different wavelengths [15]. It has
been proved that the phosphor-conversion white LEDs with continuous broad spectrum
have great potential to promote high yields and energy-saving in PFALs compared to
fluorescent lights and red and blue LED lights [16].

However, one thing to consider is that the common phosphor-based white LEDs that
are widely used in architectural lighting applications [17] usually have a relative deficiency
of red light in the spectrum considering the high use efficiency of red light for plants. One
solution for the lack of red light in the spectrum of white LEDs is adding red LEDs to the
white LED lights. The white LED light with additional red light emitted a more promising
spectrum for increasing photosynthesis and energy efficiency of Chinese cabbage, lettuce,
pepper, and tomato [18,19]. The quality of grafted tomato transplants was significantly
promoted by supplementing lighting with white plus red plus blue LED lights compared
to white LED lights in greenhouses [20].

The main aim of the present study is to compare the effects of the broad spectrum
emitted by fluorescent lights, white LED lights, and white plus red LED lights during
the whole seedling period on the growth and energy use efficiency of grafted tomato
transplants in a PFAL. Considering that PFD in the healing stage affects the growth and
quality of grafted transplants [21,22], three levels of PFD were set in the healing stage
of grafted tomato transplants grown under each light quality to investigate the possible
interactive effects of light quality and PFD. The results are expected to provide sugges-
tions on replacing fluorescent lights with white LED lights for grafted tomato transplants
production in a PFAL.
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2. Materials and Methods

2.1. Plant Materials and Growth Conditions

The experiment was conducted in a walk-in growth chamber equipped with an
automatic environmental control system, the internal size of which is 2.8 m long, 2.9 m
wide, and 2.4 m high (Figure 1). The tomatoes (Lycopersicon esculentum Mill.) “Zhezhan
No.1” and “Dongfeng No.1” (Jinan Weili Seeds Co., Ltd., Jinan, China) were used as
rootstock and scion, respectively. Rootstock seeds were sown 2 days after sowing scion
seeds, in 72-cell and 128-cell plug trays filled with a mixture of vermiculite and perlite (3:1,
v/v), respectively. The scion and rootstock seeds germinated 4 days after sowing the scion
in the dark with a temperature of 28 ◦C ± 1 ◦C and relative humidity of 75% ± 8%.

Figure 1. Tomato transplants at pre-grafting stage (A), healing stage (B), and post-healing stage (C).

A total of 20 days after sowing the scion, the stem diameter of rootstock and scion was
in the range between 2.0 mm and 3.0 mm. The grafting process was carried out manually
by experienced workers using the cleft grafting method [2]. Air temperature in the growth
chamber was maintained at 25 ◦C ± 1 ◦C and 20 ◦C ± 1 ◦C in photoperiod and dark period,
respectively, and relative humidity was always controlled at 90% ± 5% within 7 days after
grafting (in the healing stage). At pre-grafting and post-healing stage, air temperature and
relative humidity in the growth chamber were maintained at 24 ◦C ± 1 ◦C and 60% ± 5%,
respectively, in the light period, and 20 ◦C ± 1 ◦C and 65% ± 5%, respectively, in the
dark period. During the whole seedling stage, the CO2 concentration was maintained at
800 ± 50 μmol mol−1 in photoperiod and no control in the dark period.

During the experiment, the tomato transplants were fully sub-irrigated every two or
three days with the nutrient solution, which was prepared using purified water based on the
Japanese horticultural formula (mg L−1): KNO3, 808; Ca(NO3)2·4H2O, 944; MgSO4·7H2O,
492; NH4H2PO4, 153; DTPA-Fe-7, 42.9; H3BO3, 2.82; MnSO4·H2O, 1.54; CuSO4·5H2O, 0.08;
ZnSO4·7H2O, 0.22; (NH4)6Mo7O24·4H2O, 0.03, respectively. One-third strength of standard
nutrient solution was used after seed germination. One-half strength of standard nutrient
solution was used after cotyledon unfolding. Full strength of standard nutrient solution
was used after first true leaf unfolding, until to the end of experiment. The pH of nutrient
solution was controlled at 6.0–6.5 during the experiment.

2.2. Lighting Treatments

Three kinds of tubular LED lighting fixtures (W-LED-16W, WR-LED5/1-16W, WR-
LED5/3-16W, Beijing Lighting Valley Technology Co., Beijing, China) were used for lighting
treatments (Table 1). They were white LED light with R:B ratio of 0.9 (L0.9), white plus red
LED light with white and red chips in number ratio 5:1 and R:B ratio of 1.2 (L1.2), white
plus red LED light with white and red chips in number ratio 5:3 and R:B ratio of 2.2 (L2.2),
respectively. Each light is 1.2 m long and has 120 chips arranged linearly with a spacing of
1 cm. All the white LED chips had a color temperature of 6500 K, and red chips had a peak
at 660 nm. One kind of tri-phosphor fluorescent light (Shanghai Nonghui Biotechnology
Corp., Shanghai, China) in a color temperature of 4200 K with R:B ratio of 1.8 (F1.8) was
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used as a control. The spectral distributions of PFD emitted by four lighting sources
across the 300–800 nm wavelength were measured at 15 cm below the lights using a fiber
spectrometer (AvaSpec-ULS2048, Avantes Inc., Apeldoorn, The Netherlands) (Figure 2).
The photon flux fraction of ultraviolet light (300–399 nm), blue light (400–499 nm), green
light (500–599 nm), red light (600–699 nm), and far-red light (700–800 nm) were calculated
for light quality analysis. Lighting treatments using four kinds of lights lasted 15 days after
germination of rootstock and scion with the PFD of 250 μmol m−2 s−1 and photoperiod of
14 h d−1. On grafting day, all the lights were turned off to provide a dark environment for
grafted seedlings. On the second day after grafting, the PFD was set to three levels, namely
50, 100, 150 μmol m−2 s−1, under each lighting source for 6 days until the healing stage
was over. At post-healing stage, the PFD was set back to 250 μmol m−2 s−1 for 3 days.
Different levels of PFD were achieved by changing the number and horizontal position of
lights. Each lighting treatment included 24 plants and three replicates.

Table 1. Lighting treatments created by four kinds of light sources during the whole seedling period and three levels of
photon flux density in the healing stage.

Treatment

Light Source for
the Whole

Seedling Period

Photon Flux Density
(μmol m−2 s−1)

Photoperiod
(h d−1)

Daily Light Integral
(mol m−2 d−1)

Healing Stage
(7 d) Z

Pre-
Grafting/Post-
Healing Stage

(15 d/3 d)

Healing Stage
Pre-Grafting/Post-

Healing
Stage

F1.8-P050Y

F1.8
50

250 14
2.5

12.6F1.8-P100 100 5.0
F1.8-P150 150 7.6
L0.9-P050

L0.9
50

250 14
2.5

12.6L0.9-P100 100 5.0
L0.9-P150 150 7.6
L1.2-P050

L1.2
50

250 14
2.5

12.6L1.2-P100 100 5.0
L1.2-P150 150 7.6
L2.2-P050

L2.2
50

250 14
2.5

12.6L2.2-P100 100 5.0
L2.2-P150 150 7.6
Z The healing stage was 7 days. All the lights were turned off on the first day, and three levels of PFD were provided on the next 6 days.
Y Symbol represents lighting source of F1.8 and photon flux density of 50 μmol m−2 s−1.

Figure 2. Spectral distribution of photon flux density (PFD) emitted by fluorescent lights (F1.8) with R:B ratio of 1.8 (A) and
three LED lights (L0.9, L1.2 and L2.2) with R:B ratio of 0.9, 1.2 and 2.2, respectively (B). The total PFD was normalized to
100 μmol m−2 s−1. The PFD of ultraviolet light (UV, 300–399 nm), blue light (B, 400–499 nm), green light (G, 500–599 nm),
red light (R, 600–699 nm) and far-red light (FR, 700–800 nm) were obtained by integral calculation (C).
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2.3. Measurements and Calculations

At ten days after grafting, the general destructive measurements were carried out to
determine the transplant characteristics. Six plants were randomly selected to measure
in each treatment. Plant height (PH, cm) was measured from the substrate surface to the
growing point of stem apex using a ruler. Stem diameters (SD, mm) were measured 1 cm
above and below the joint using a vernier caliper, and the average value of them was
used. All unfolded true leaves were counted as the leaf number, and the total leaf area
was calculated according to the pixel value of the leaf image taken by a scanner (LiDE 110,
Canon (China) Co., Ltd., Shenzhen, China). The fresh leaves, stems and root were weighed
separately, then they were dried for 72 h in a drying oven at 80 ◦C, and the dry matter of
leaves, stems and root were measured, respectively.

The root to shoot (R/S) ratio was the ratio of root dry matter (RDM) and shoot
dry matter (SDM). The seedling quality index (SQI) was calculated as TDM/(PH/SD +
SDM/RDM) [23], where TDM was a total dry matter in grams, and PH and SD are in
centimeters and millimeters, respectively. The plant compactness was defined as SDM/PH.
The specific leaf area (SLA) was the ratio of total leaf area per plant to total leaf dry matter
per plant [24].

The net photosynthetic rate (Pn) of tomato leaf was measured using a portable photo-
synthesis system (LI-6400XT, LI-COR Biosciences Inc., Lincoln, NE, USA) equipped with
a 6400-02B leaf chamber, in which PFD, air temperature, and CO2 concentration were set
at 250 μmol m−2 s−1, 25 ◦C, and 800 μmol mol−1, respectively. The potential maximum
quantum yield of primary PSII photochemistry (Fv/Fm) of the tomato leaf was measured
using a multi-function plant efficiency analyzer (M-PEA, Hansatech Instruments Ltd.,
Norfolk, UK) after dark-adaptation for 30 min.

The fresh leaf tissue in approximately 70.0 mg (W) of each transplant was extracted in
80% (v/v) acetone for 48 h in the dark. The total volume of extract solution is 10 mL. The ab-
sorbance of the solution at 663 nm (A663), 646 nm (A646) and 470 nm (A470) were measured
by a spectrophotometer (UV-3150, Shimadzu Corporation, Kyoto, Japan). Chlorophyll
a, chlorophyll b and total carotenoids content (mg g−1) were calculated as (122.5A663 −
27.9A646)/W, (215.0A646 − 51.0A663)/W and (50.5A470 + 20.8A663 − 92.1A646)/W, respec-
tively [25].

The light energy use efficiency of the plant community (LUEp) and electrical en-
ergy use efficiency of lighting (EUEL) were calculated by f ·D/PARp and f ·D/AL, respec-
tively [26]. f is the conversion factor from dry mass to chemical energy fixed in dry matter
(about 20 MJ kg−1); D is the average dry matter increase rate of grafted tomato plants
during the whole seedling period (kg m−2 h−1); PARP is average photosynthetically active
radiation received at the plant community surface (MJ m−2 h−1); AL is electrical energy
consumed by lights, which is measured by a power monitor (T8006, Shenzhen BeiDian
Instrument Co., Shenzhen, China).

2.4. Data Statistics and Analysis

A two-way analysis of variance (ANOVA) was conducted to test the effects of light
quality and PFD on plant growth and energy use efficiency using IBM SPSS Statistics
23 (IBM, Inc., Chicago, IL, USA). Duncan’s test was used to make post-hoc multiple
comparisons at α = 0.05 level (n = 6). For the data in figures, means were separated
across the four kinds of light quality and three levels of PFD, respectively, if there was no
interaction between light quality and PFD.

3. Results

3.1. Growth Characteristics of Grafted Tomato Transplants

The morphology of grafted tomato transplants affected by light quality during the
whole seedling period and PFD in the healing stage are shown in Figure 3. The PFD
in the healing stage had interactive effects with light quality on plant height and Pn
(Table 2). The height of grafted tomato transplants under F1.8-P100 was at the highest
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level, and that under L1.2-P100 was at the lowest level. Compared to F1.8-P100, the
plant height under L1.2-P100 was 30% lower. The highest Pn of 14.1 μmol m−2 s−1 was
observed on the transplants grown under F1.8-P150 and L1.2-P100, and the lowest Pn of
10.9 μmol m−2 s−1 was found on the transplants grown under L2.2-P50 and L2.2-P150.
There were no interactive effects of light quality and PFD on the stem diameter, leaf number,
leaf area, and TDM. The stem diameter was not affected by light quality during the whole
seedling period. The PFD of 50 μmol m−2 s−1 in the healing stage resulted in the smallest
stem diameters under F1.8 and L1.2. The leaf number and leaf area were not affected by
PFD in the healing stage. The highest leaf number and leaf area were observed under F1.8.
The TDM was affected by light quality and PFD. It was the highest under L2.2, and there
were no significant differences under F1.8, L0.9, and L1.2. The PFD of 50 μmol m−2 s−1

in the healing stage led to the lowest TDM. There were no significant differences of TDM
under 100 and 150 μmol m−2 s−1 in the healing stage.

Figure 3. Effects of light quality during the whole seedling period and photon flux density in the
healing stage on the morphology of grafted tomato transplants. Z Symbol represents lighting source
of F1.8 and photon flux density of 50 μmol m−2 s−1.

No interactive effects of light quality and PFD were found on the Fv/Fm, ratio of
chlorophyll a to chlorophyll b (chl a/b) and ratio of total chlorophylls to total carotenoids
((a + b)/(x + c)) (Figure 4). Fv/Fm of grafted tomato transplants grown under different
light sources ranged from 0.811 to 0.822, not affected by PFD in the healing stage. The
highest value of Fv/Fm 0.822 was observed on the transplants grown under L0.9, and
the lowest value of Fv/Fm 0.811 was found on the transplants grown under L2.2. The
PFD in the healing stage had no effects on the composition of photosynthetic pigments.
Although there were statistical differences in chl a/b and (a + b)/(x + c) under different
light quality, the chl a/b and (a + b)/(x + c) just varied within the range of 3.33 to 3.45 and
4.70 to 5.11, respectively. Moreover, the lowest values of chl a/b and (a + b)/(x + c) both
emerged under L2.2.
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Table 2. Morphological characteristics, biomass and net photosynthetic rate (Pn) of grafted tomato transplants as affected
by light quality (LQ) during the whole seedling period and photon flux density (PFD) in the healing stage. Different letters
in the same column indicate significant differences at α = 0.05 level (n = 6) according to Duncan’s test. NS and * represent
nonsignificant and significant difference, respectively.

Treatment
Plant Height

(cm)
Stem Diameter

(mm)
Leaf Number

Leaf Area
(cm2)

Total Dry Matter
(g)

Net Photosynthetic Rate
(μmol m−2 s−1)

F1.8-P050 Z 7.6 ± 0.6 ab 2.7 ± 0.1 b 3.8 ± 0.4 a 46.5 ± 4.3 a 0.19 ± 0.02 b 11.9 ± 1.4 ab
F1.8-P100 7.9 ± 0.4 a 3.0 ± 0.2 a 3.8 ± 0.4 a 46.0 ± 5.4 a 0.22 ± 0.03 ab 12.2 ± 1.1 ab
F1.8-P150 7.2 ± 0.2 b 2.9 ± 0.2 ab 3.7 ± 0.5 ab 46.9 ± 7.4 a 0.22 ± 0.04 ab 14.1 ± 1.2 a
L0.9-P050 6.2 ± 0.8 cd 2.9 ± 0.2 ab 3.5 ± 0.5 ab 43.4 ± 4.7 ab 0.20 ± 0.03 b 12.0 ± 1.7 ab
L0.9-P100 6.0 ± 0.4 cd 2.9 ± 0.2 ab 3.2 ± 0.4 b 41.9 ± 8.2 ab 0.20 ± 0.03 b 12.8 ± 1.7 ab
L0.9-P150 6.6 ± 0.7 c 2.9 ± 0.2 ab 3.8 ± 0.4 a 46.6 ± 6.8 a 0.24 ± 0.03 a 12.3 ± 2.3 ab
L1.2-P050 5.4 ± 0.3 e 2.7 ± 0.1 b 3.0 ± 0.0 b 36.6 ± 4.1 b 0.19 ± 0.02 b 13.8 ± 1.2 a
L1.2-P100 5.5 ± 0.3 e 3.0 ± 0.2 a 3.3 ± 0.5 ab 44.2 ± 5.1 ab 0.23 ± 0.03 a 14.1 ± 1.3 a
L1.2-P150 5.6 ± 0.2 de 3.0 ± 0.1 a 3.3 ± 0.5 ab 36.7 ± 1.7 b 0.23 ± 0.02 a 11.0 ± 1.0 b
L2.2-P050 6.3 ± 0.4 cd 2.9 ± 0.1 ab 3.2 ± 0.4 b 46.4 ± 3.0 a 0.24 ± 0.03 a 10.9 ± 2.6 b
L2.2-P100 6.7 ± 0.5 c 2.8 ± 0.2 ab 3.2 ± 0.4 b 42.4 ± 8.6 ab 0.24 ± 0.05 a 12.7 ± 1.6 ab
L2.2-P150 6.0 ± 0.6 d 2.8 ± 0.2 ab 3.6 ± 0.5 ab 42.4 ± 6.4 ab 0.24 ± 0.04 a 10.9 ± 0.8 b

LQ * NS * * * *
PFD NS * NS NS * NS

LQ × PFD * NS NS NS NS *
Z Symbol represents lighting source of F1.8 and photon flux density of 50 μmol m−2 s−1.

Figure 4. Effects of light quality during the whole seedling period and photon flux density (PFD)
in the healing stage on Fv/Fm, ratio of chlorophyll a to chlorophyll b (chl a/b) and ratio of total
chlorophylls to total carotenoids ((a + b)/(x + c)) of grafted tomato transplants. There were no
interactive effects of light quality and PFD on Fv/Fm (P = 0.056), chl a/b (P = 0.440) and (a + b)/(x + c)
(P = 0.256). Duncan’s test was used to make post-hoc multiple comparisons at α = 0.05 level (n = 6).
Vertical bars represent standard deviations. Different letters, a and b, indicate significant differences
and NS indicates nonsignificant differences.

There were no interactive effects of light quality and PFD on parameters of compact-
ness and SLA (Figure 5). Compared to fluorescent lights, the LED lights led to higher
compactness and lower SLA. The addition of red light to white LED lights significantly
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improved the compactness and reduced the SLA. However, no significant differences in
compactness and SLA were found under two kinds of white plus red LED lights. The
compactness increased linearly with an increase in daily light integral (DLI) in the healing
stage at the range of 2.5 to 7.5 mol m−2 d−1. SLA decreased with the increase in DLI,
responding in an opposite manner to compactness. Interactive effects of light quality
and PFD were observed on the R/S ratio and SQI (Figure 6). There were no significant
differences in R/S ratio between different PFD under F1.8 and L0.9 light quality. However,
the R/S ratio had an increasing and decreasing trend, respectively, with the increase in PFD
under L1.2 and L2.2 light quality. The SOI had a similar response as the R/S ratio to light
quality and PFD. The R/S ratio and SQI of grafted tomato transplants under L1.2-P150
were both at comparable levels compared to that under F1.8.

Figure 5. Effects of light quality during the whole seedling period and daily light integral (DLI) in the
healing stage on compactness, specific leaf area (SLA) of grafted tomato transplants. There were no
interactive effects of light quality and DLI on compactness (P = 0.216) and SLA (P = 0.716). Duncan’s
test was used to make post-hoc multiple comparisons at α = 0.05 level (n = 6). Vertical bars represent
standard deviations. Different letters, a–c, indicate significant differences.

Figure 6. Root to shoot (R/S) ratio and seedling quality index (SQI) of grafted tomato transplants as
affected by light quality during the whole seedling period and photon flux density in the healing
stage. Means were separated by Duncan’s test at α = 0.05 level (n = 6). Vertical bars represent
standard deviations. Different letters, a–c, indicate significant differences.
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3.2. Energy Use Efficiency

There were no interactive effects on LUEP and EUEL between light quality during
the whole seedling period and PFD in the healing stage (Figure 7). The LUEP and EUEL
were both affected by light quality during the whole seedling period but not affected by
PFD in the healing stage. Compared to F1.8, the LUEp of grafted tomato transplants under
L0.9 and L1.2 were both at the same level, and that under L2.2 increased by 19% with the
highest value of 0.025. There were no significant differences in EUE of grafted tomato
transplants grown under L0.9, L1.2 and L2.2, which improved by 123%, 126%, and 110%,
respectively, compared to that under F1.8 with the lowest value of 0.0031.

Figure 7. Effects of light quality during the whole seedling period and photon flux density (PFD) in
the healing stage on energy use efficiency of grafted tomato transplants. There were no interactive
effects of light quality and PFD on LUEP (P = 0.212) and EUEL (P = 0.063). Duncan’s test was
used to make post-hoc multiple comparisons at α = 0.05 level (n = 6). Vertical bars represent
standard deviations. Different letters, a and b, indicate significant differences and NS indicates
nonsignificant differences.

4. Discussion

4.1. Growth of Grafted Tomato Transplants as Affected by Light Quality and PFD

Light quality is an essential factor for plant growth and development. Tubular fluores-
cent lights have been used as lighting sources for transplant production in commercialized
PFALs since 2002 for their balanced spectrum and high efficiency [27]. Many studies aiming
to optimize LED lighting for plant production in PFALs usually set fluorescent lights as
the control in experiments [6,28,29]. They are willing to accept LED lights as lighting
sources when the growth and quality of plants are comparable or better under LED lights
in comparison with fluorescent lights considering the huge energy-saving advantages. In
this study, high-quality transplants were evaluated according to the suggestions of Lee
et al. [2] that they should have a proper size with healthy thick leaves and well-developed
root systems, free from environmental stress during the growth stage. To understand
the relationship between spectrum and growth and quality of grafted tomato transplants,
integrated values of blue (400–499 nm), green (500–599 nm), red (600–699 nm), and far-red
(700–800 nm) PFD in different lighting environments were used for discussion.

In the current study, light quality during the whole seeding period and PFD in
the healing stage affected the TDM independently. Hernández et al. [29] compared the
physiological responses of tomato seedlings to different R/B ratios using a combination
of monochromatic blue LED and red LED, and found that R/B ratios in the range 1.0–2.3
were best for tomato seedling production in a PFAL, considering the higher dry matter
accumulation. The R/B ratio of lights used in this study ranged from 0.9 to 2.2, similar to the
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ratio range mentioned above. Our results showed that there were no significant differences
in TDM under an R/B ratio of 0.9–1.8, but a 14.2% increase in TDM was observed under an
R/B ratio of 2.2. It seemed to indicate that grafted tomato transplants grown under L2.2
had the highest quantum yield for CO2 fixation. However, it cannot be explained by the
Pn of grafted tomato transplants for the reason that it decreased significantly under L2.2,
especially under PFD of 50 and 100 μmol m−2 s−1 in the healing stage. Correspondingly, a
slight decrease in Fv/Fm was also found under L2.2. It has been reported that red light
alone led to a lower Fv/Fm value but higher TDM on lettuces [30]. Hernández et al. [29]
also observed a similar response on non-grafted tomato seedlings. A similar phenomenon
was also reported by Bantis et al. [6], who found that grafted watermelon seedlings treated
by a higher R/B ratio in the healing stage had a higher TDM but showed a lower Pn and
Fv/Fm value. Hernández et al. [29] explained that this phenomenon was caused by the
different light intersections due to different leaf areas and leaf numbers. However, the
leaf area and leaf number under L2.2 were not significantly higher than those under other
treatments in this study.

The photosynthetic quantum yield of leaves is wavelength-dependent, and the leaves
can acclimate their photosystem composition to their growth light spectrum [15]. Adapta-
tion to different light environment is usually characterized by the adjusted composition
of photosynthetic pigments and various Chl fluorescences in the leaf [31]. In this study,
Fv/Fm of grafted tomato transplants grown under different light sources ranged from
0.811 to 0.822. It indicated that the grafted tomato transplants under different lighting
environments did not suffer from obvious environmental stress [32]. The chl a/b and (a +
b)/(x + c) showed a mildly decreased value under L2.2, similar to Fv/Fm. These results
showed that the leaves of grafted tomato transplants acclimated their photosystem to adapt
to the higher red lights of L2.2 by increasing chlorophyll b and total carotenoids fraction to
resist possible photoinhibition. In this study and that conducted by Bantis et al. [6], the
Pn of plants grown under different light qualities was measured under the same lighting
environment provided by red and blue LED built in the leaf chamber; the measured Pn
cannot represent the real Pn during the growth period, since the leaves have adapted to
their growth light spectrum. The Pn measured under the growth light spectrum may be a
good indicator to explain the response of TDM. McCree [33] reported that effects of light of
different wavelengths could be treated as independent and additive and that the relative
photosynthetic rate of a leaf under white light could be roughly calculated as the sum of
the products of action spectrum by the spectral energy flux distribution of the white light,
which is also known as yield photon flux of lighting. Based on this method and action
spectrum of tomato leaf measured by McCree [13], the yield photon flux of F1.8, L0.9, L1.2,
and L2.2 can be estimated as 9.5, 9.4, 9.6, and 10.0 (relative value), respectively, which could
explain the TDM response in this study.

It is necessary to prevent excessive elongation of stem for tomato transplant production
in high planting densities. Wollaeger and Runkle [34] reported that tomato transplants
grown under blue light alone or in combination with red reduced the height compared
to that under pure red light and red plus green light. The effect of blue light on plant
height was highly species-dependent [35]. Tomato was classified as the blue-inhibition
type according to the stem elongation in response to monochromatic light [28]. In the
current study, the grafted tomato transplants under L0.9 and L1.2 had a lower height than
those under F1.8 and L2.2. It was a result of a higher fraction of blue light in L0.9 and
L1.2. However, F1.8 showed a significant promotion effect on plant height compared to
L2.2, although they had the same dose of blue light. This phenomenon may be caused by
a lower ratio of red to far-red light (R/FR ratio) of F1.8 compared to L2.2, since the low
R/FR ratio can induce the shade-avoidance response [36]. There were shreds of evidence
that the high R/FR ratio and blue light could suppress stem extension synergistically; in
other words, the full expression of shade avoidance required both low R/FR and reduced
blue light [6,29,37]. What’s more, the higher fraction of green light of F1.8 might be another
reason for the taller height. Green light can also induce the shade-avoidance response and
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promote the elongation of the stem [38,39]. This study indicated that the white plus red
LED light of L1.2 with an R/B ratio of 1.2 and an R/FR ratio of 16 had a good ability of
synergistically reducing shade-avoidance response for grafted tomato transplants.

In this study, LED lights showed good abilities to promote the compactness of grafted
tomato transplants compared to fluorescent lights. The compactness of grafted tomato
transplants was improved by a higher R/B ratio under LED lighting, but no significant
differences were found between R/B ratios of 1.2 and 2.2. Excessive addition of red light to
white LED light did not have a positive effect on improving transplant compactness. Similar
results were also observed on grafted watermelon transplants: the plant compactness
was not further promoted by a higher R/B ratio as the red-light fraction was over 64%
under red plus blue LED lighting [6]. However, these results were not supported by
Hernández et al. [29], who reported that the compactness of non-grafted tomato transplants
was promoted by a higher fraction of blue light under red plus blue LED lighting, and
no significant differences were observed when blue-light fraction was over 50%. This
difference was caused by the different responses of SDM and plant height to R/B ratio.
The SLA is the leaf area per unit of dry matter, and the lower SLA indicates a thicker
leaf [24]. It was reported that a higher R/FR ratio led to the thicker leaves of tropical tree
seedlings [40]. In this study, the far-red fraction of fluorescent light was two times that of
LED light; therefore, it led to the lowest SLA. The grafted tomato transplants grown under
L1.2 and L2.2 had the thickest leaves.

The healing process after grafting was influenced by PFD in the healing stage.
Vu et al. [41] reported that grafted tomato seedlings under red light in approximately
15 μmol m−2 s−1 in the healing stage were significantly more compact than those in dark.
The compactness and SLA had obvious responses to DLI in the healing stage in this study.
Within the range of 2.5 to 7.5 mol m−2 d−1 in the healing stage, the compactness increased,
and SLA decreased proportionally with the increase in DLI. This result agreed with the
results of Jang et al. [21] who reported that the SLA of grafted cucumber seedlings de-
creased as DLI in the healing stage increased from 0 to 10.2 mol m−2 d−1. Hu et al. [22] also
reported that compactness and SLA of grafted tomato transplants increased and decreased,
respectively, as DLI in the healing stage increased from 2.2 to 6.5 mol m−2 d−1. Moreover,
the compactness and SLA of grafted watermelon transplants also had similar responses
to increasing supplemental DLI of 0–5.8 mol m−2 d−1 in greenhouses [42]. Our results
indicated that high DLI in the healing stage was beneficial to the formation of compact
plant shape. The provision of the PFD of 150 μmol m−2 s−1 is recommended at the healing
stage.

A higher R/S ratio indicates that more carbohydrates are distributed to the roots, thus
favoring the development of strong transplants [43]. In the current study, the R/S ratio of
grafted tomato transplant was interactively affected by the light quality and PFD in the
healing stage. A higher PFD in the healing stage promoted the R/S ratio under L1.2 but
reduced the R/S ratio under L2.2. The L2.2 was not conducive to the allocation of dry
matter to roots, especially under high PFD in the healing stage. Similarly, the R/S ratio
of watermelon transplants significantly decreased when the R/B ratio of the broad LED
spectrum was more than 1.7 [23]. It may be caused by excessive red light in photon fluxes,
since it has been reported that red light was more beneficial to the growth rate of shoots than
roots of lettuces, and the R/S ratio of lettuces decreased with increasing red LED ratio [30].
Higher PFD in the healing stage under L1.2 led to a higher R/S ratio. A similar result was
also observed on the grafted cucumber seedlings [21]. The SQI includes parameters of
height, stem diameter, and R/S ratio, and was suggested as a valuable indicator alongside
the R/S ratio and compactness to evaluate the quality of grafted watermelon seedling [23].
In this study, the response of SQI to light quality and PFD in the healing stage was similar
to the R/S ratio. Increased PFD in the healing stage under L1.2 promotes the increase in
SQI. Sun et al. [44] also reported that the SQI of grafted cucumber seedlings with pumpkin
rootstock increased with the increase in PFD within a range from 0 to 200 μmol m−2 s−1.
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Moreover, L1.2 showed the same ability as F1.8 to promote the quality of grafted tomato
transplants when PFD in the healing stage was 150 μmol m−2 s−1.

4.2. Energy Use Efficiency as Affected by LED Quality

There were no effects of PFD in the healing stage on LUEP and EUEL of grafted tomato
transplants, which may be caused by the little differences in dry matter accumulation
under different PFD in the short healing time of only six days. The differences caused by
different PFD in the healing stage were narrowed to a negligible level when compared to
the differences in LUEP and EUEL during the whole seedling stage.

Compared to TDM and LUEP of grafted tomato transplants grown under F1.8, those
under L2.2 increased by 14% and 19%, respectively. The difference between the two
increase rates was due to the difference in light energy input. According to Planck’s
equation, photon energy is inversely proportional to wavelength. It means that a greater
fraction of red light and a lesser fraction of blue light contribute to less light energy when
total photon flux is fixed. In this study, the fractions of red, green, and blue light photon flux
of L2.2 were 44.0%, 33.9%, and 20.4%, respectively. The highest fraction of red light and the
lowest fraction of green and blue light can explain why the increase rate of LUEP is higher
than that of TDM of grafted tomato transplants under L2.2. In the current experiment,
the average LUEp of grafted tomato transplants was approximately in the range between
0.021 and 0.025, which was about half times lower than that of non-grafted tomato seedling
production in the PFAL reported by previous studies [45,46]. It is largely because half of
the biomass of rootstock and scion was discarded during grafting, which was not regarded
as the usable biomass of grafted transplants, and the decreased growth rate in the healing
stage was another possible reason.

The EUEL of grafted tomato transplants under LED lights improved by 110%–126%
compared to that under fluorescent lights. The LED lights showed good energy-saving
ability. It is expected that replacing part of white LED chips with red LED chips can promote
the photon efficacy of white LED fixtures for the reason that the photon efficiency of red
LEDs is usually higher than that of white LEDs [47]. However, the EUEL of grafted tomato
transplants under L2.2 did not increase compared to that under L0.9 and L1.2, although
the LUEP of L2.2 was the highest among three kinds of LED lights. It indicated that L2.2
had a poor photon efficiency, which may be related to the manufacturing process of LED
fixtures. Regardless, white LEDs are widely used in architectural lighting applications, the
cost of which is now only 20% that of red LEDs [47]. Therefore, it is not necessary to add
red light in excess considering the EUEL and cost of LED fixtures.

5. Conclusions

Compared to fluorescent lights, the LED lights show more than 110% electrical energy
saving for lighting during the whole seedling period. The growth and quality of grafted
tomato transplants under different broad LED light spectrums are influenced by the R/B
ratio. The addition of an appropriate amount of red light to white LED lights can promote
the total dry matter and enhance plant compactness and leaf thickness of grafted tomato
transplants. However, excessive red light brings about a negative effect on the seedling
quality and potentially increases costs of white plus red LED light fixtures. Higher PFD
in the healing stage had a positive impact on the growth and quality of grafted tomato
transplants and did not significantly increase the consumption of electric power for lighting.
White plus red LED lights with R/B ratio of 1.2 and R/FR ratio of 16 are suggested to replace
fluorescent lights for grafted tomato transplants production considering the high quality of
transplants and electrical energy saving, and PFD in the healing stage is recommended to
be set to 150 μmol m−2 s−1.
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Abstract: Recent advancements in light-emitting diode technology provide an opportunity to eval-
uate the correlation between different light sources and plant growth as well as their secondary
metabolites. The aim of this study was to determine the optimal light intensity and photoperiod for
increasing plant growth and glucosinolate concentration and content in watercress. Two-week-old
seedlings were transplanted in a semi-deep flow technique system of a plant factory for 28 days under
four photoperiod–light intensity treatments (12 h—266 μmol· m−2·s−1, 16 h—200 μmol· m−2·s−1,
20 h—160 μmol· m−2·s−1, and 24 h—133 μmol· m−2·s−1) with the same daily light integral. The mean
values of shoot fresh and dry weights were the highest under the 20 h—160 μmol· m−2·s−1 treatment,
although there was no significant difference. Net photosynthesis and stomatal conductance gradually
decreased with decreasing light intensity and increasing photoperiod. However, total glucosinolate
concentration was significantly higher under 20 h—160 μmol· m−2·s−1 and 24 h—133 μmol· m−2·s−1

compared with 12 h—266 μmol· m−2·s−1 and 16 h—200 μmol· m−2·s−1. The total glucosino-
late content was the greatest under 20 h—160 μmol· m−2·s−1 treatment. These data suggest that
the 20 h—160 μmol· m−2·s−1 treatment promoted the maximum shoot biomass and glucosinolate
content in watercress. This study supplies the optimal light strategies for the future industrial
large-watercress cultivation.

Keywords: deep flow technique; glucosinolate; light-emitting diode; net photosynthesis; shoot
biomass; watercress

1. Introduction

Watercress (Nasturtium officinale L.; Brassicaceae) is a semi-aquatic or aquatic perennial
herb mainly cultivated in Asia, North and South America, and Europe [1]. Watercress is
evaluated as an aquatic weed in some regions. It is used in soups (as garnish), fresh sal-
ads, and in other dishes [2]. The European Food Safety Authority has indicated that
watercress is a safe vegetable of the group “herbs, edible flowers, and leaf vegetables” [3].
The US Centers for Disease Control and Prevention selected watercress as one of the crops
containing the highest nutrient content per calorie [4]. It contains compounds such as
vitamins, polyphenols, carotenoids, and isothiocyanates, and glucosinolates are the most
crucial components present in watercress [2]. Watercress is a known medicine for treating
cough, bronchial problems, and asthma [5]. Watercress has pharmacological actions such
as antioxidant, anti-inflammatory, cardioprotective actions, antipsoriatic, antibacterial,
and anticancer properties [1,2,6,7]. Because of the abundance of chemical components,
watercress can be used in the food, medicine, and cosmetics industries.

Growing plants in a plant factory using artificial light is an efficient method of agri-
cultural cultivation for combating climate change and worldwide food shortage [8]. Wa-
ter shortages, unusual weather, and depletion of the agricultural land area result in a
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decrease in field crop production globally [9,10]. Nevertheless, these environmental prob-
lems do not affect crop production in a closed plant factory as the conditions for growth
are controlled using temperature regulation, air conditioning, air circulation fans, artificial
light, nutrient solutions, and CO2 enrichment [11,12]. Crops cultivated in a plant factory
always depend on artificial light (light intensity, photoperiod, and light quality), which con-
trols the photosynthetic process, plant physiology, biochemistry, and morphology [13,14].
Thus, upgrading the light source efficiency would significantly decrease the expense of the
plant factory system, which in turn would promote sustainable cultivation because the
impacts of ecological and costs could be decreased.

The lighting can be supplied for plants at uniform and fixed times with specific-
wavelength illumination in a plant factory because lighting schedules can be controlled,
and particular photoperiods can be adjusted to promote plant growth and quality. For ex-
ample, longer photoperiods increased the fresh weight of lettuce [15]. The growth of
lettuce was increased with longer photoperiods and lower photosynthetic photon flux
density (PPFD) at the same daily light integral (DLI) because the longer photoperiods
compensated for a lower PPFD [16]. The growth of Achimenes cultivars grown under a low
light intensity and longer photoperiods was higher as compared to that of those grown
under a high light intensity and shorter photoperiods at the same DLI [17]. In addition,
plant growth and morphology changes were reported due to changes in light intensity and
photoperiod [18]. In general, these reports indicated that plant growth can be promoted
under longer photoperiods with the same DLI. There have been several studies on the
influences of different light intensities [19–21] and a combination of photoperiods and
light intensities on plant biomass and secondary metabolites [15,22,23]. The optimum
plant growth, yield, and quality can be obtained by controlling the light-emitting diode
photoperiod and light quality [24,25]. Therefore, establishing a light regime that provides a
favorable light photoperiod and intensity for plant growth and development is an essential
step in cultivating plants in hydroponic systems in plant factories.

To date, several studies have been conducted on the influence of different light qual-
ities, photoperiods, and light intensities on the growth and quality of watercress [26,27].
However, the effects of different light intensities in combination with different photope-
riods on the growth and glucosinolate concentration and content of watercress grown in
a plant factory have not yet been reported. For year-round production of good quality
watercress in plant factories, it is important to understand the growth and quality responses
to combined conditions of two light factors including photoperiod and light intensity. Thus,
the aim of this study was to find the optimal light intensity and photoperiod treatment to
increase plant growth and glucosinolate content in watercress. We hypothesized that plant
growth and glucosinolate content in watercress increase with the increase of light intensity
and photoperiod treatment.

2. Materials and Methods

2.1. Seedling Conditions

Watercress seeds were sown in rockwool cubes (240 holes; UR Rockwool, Suwon,
Korea) and grown in a plant factory for 2 weeks. The air temperature and relative humidity
in the plant factory were controlled at 20 ± 2 ◦C and 60 ± 10%, respectively. White fluores-
cent lamps (TL5 14W/865 Philips, Amsterdam, Netherlands) were used for illumination.
The photoperiod and PPFD were adjusted to 16 h per day and 150 μmol· m−2·s−1, respec-
tively. The Hoagland solution for watercress seedlings (electrical conductivity 0.8 dS·m−1;
pH 6.0) was supplied from 1 week after sowing.

2.2. Treatments

Two weeks after sowing, the seedlings were transplanted into four lighting treatments
in a plant factory with the same daily light integral (11.52 mol m−2 d−1). Each treatment
had 10 plants. The 12 h—266 μmol treatment photoperiod was set to 12 h per day with a
PPFD of 266 μmol· m−2·s−1. The 16 h—200 μmol treatment photoperiod was set to 16 h
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per day with a PPFD of 200 μmol· m−2·s−1. The 20 h—160 μmol treatment photoperiod
was set to 20 h per day with a PPFD of 160 μmol· m−2·s−1. The 24 h—133 μmol treatment
photoperiod was set to 24 h per day with a PPFD of 133 μmol· m−2·s−1. Plants were
cultivated under a 7:3 ratio of red/blue light-emitting diodes (LEDs) for 28 days under
400 μmol· mol−1 CO2 concentration and 60% ± 10% relative humidity. The blue and
red LEDs had a peak wavelength of 450 and 660 nm, respectively. The experiment was
conducted with two replicates for each treatment. The Hoagland nutrient solution for
watercress plants (EC 2.0 dS·m−1; pH 6.0) was supplied for 28 days. The day and night air
temperatures were controlled at 22 and 20 ◦C, respectively.

2.3. Measurement of Photosynthetic Parameters and SPAD Value

The net photosynthetic rate and stomatal conductance of fully expanded leaves
were measured with a portable photosynthesis system (LI-6400; Li-Cor, Lincoln, NE,
USA) at 28 days after transplantation. The measurement conditions in the leaf chamber,
namely CO2 concentration, leaf temperature, airflow rate, and PPFD, were maintained
at 400 μmol· mol−1, 25 ◦C, 500 cm3·s−1 and 500μmol·m−2·s−1, respectively. The SPAD
values were measured with a portable chlorophyll meter (502, Minolta Camera Co., Ltd.,
Tokyo, Japan). All parameters were recorded for 6 plants (n = 6) in each replication.

2.4. Measurement of Plant Growth Parameters

After 28 days of transplanting, the shoot fresh and dry weights and stem length were
measured. The stem length and shoot fresh weight were determined using a ruler and
an electronic scale (EW220-3NM, Kern & Sohn GmbH., Balingen, Germany), respectively.
For determination of the shoot dry weight, samples were dried for one week in an oven
(HB-502M; Hanback Sci, Suwon, Korea) at 70 ◦C and then weighed.

2.5. Determination of the Individual Glucosinolate Concentration in Watercress

The individual glucosinolate concentrations in the watercress were analyzed accord-
ing to previous literature [28] but with some modifications. The shoots of watercress
plants were collected at 28 days after transplanting, kept in a deep freezer at −70 ◦C
after soaking in liquid nitrogen, then moved to a dry freezer (TFD5503, IL Shinbiobase
Co., Ltd., Seoul, Korea) at −50 ◦C for 3 days and ground to powder. Glucosinolate was
extracted in 70% (v/v) methanol with watercress powder (0.1 g) in a water bath for 5 min.
Afterward, the samples were centrifuged at 12,000 × g for 10 min, and the supernatant was
analyzed as described by Lam et al. (2019) and Cuong et al. (2019) [28,29] to determine
individual glucosinolate concentrations (glucobrassicin, 4-methoxyglucobrassicin, gluco-
hirsutin, glucosiberin, and gluconasturtiin; Table 1). Desulfoglucosinolates were measured
using a high-performance liquid chromatography (HPLC) system (1200 Infinity, Agilent
Technologies, Santa Clara, CA, USA). An Inertsil ODS-3 (C18) column 150 × 3.0 mm2 i.d.,
particle size 3 μm (GL Science, Tokyo, Japan), was used with a column temperature of
40 ◦C, a wavelength of 227 nm, and a flow rate of 0.4 mL·min−1. The individual glucosi-
nolates were measured by response factors (ISO 9167-1, 1992) [30] and the HPLC peak
area ratios and with reference to a desulfosinigrin external standard. Glucosinolate con-
tents (μmol/plant DW) were presented as total glucosinolate concentration in the shoot
(μmol·g−1 DW) multiplied by shoot dry weight (g).

2.6. Statistical Analysis

The growth and SPAD values were measured for six plants per replication. Pho-
tosynthetic parameters were measured for four plants per replication. The individual
glucosinolate concentrations were measured for three plants per replication. For statistical
analysis, one-way ANOVA was performed using SPSS 20.0 (SPSS, Inc., Chicago, IL, USA).
Significant differences among treatments were verified at p ≤ 0.05, using Tukey’s multiple
range test.
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Table 1. Relative response factor values of the desulfoglucosinolates from watercress shoot extracts
and their retention times on C18 column [28].

Common Name Side Chain Structure
Retention Time

(min)
Response Factor

Glucobrassicin indol-3-ylmethyl 17.16 0.29

4- Methoxyglucobrassicin 4-methoxyindol-3-
ylmethyl 16.05 0.25

Glucohirsutin 8-methylsulfinyloctyl 13.78 1.1
Glucosiberin 7-methylsulfinylheptyl 16.77 1

Gluconasturtiin 2-phenylethyl 15.68 0.95

3. Results

3.1. Plant Growth Parameters, Chlorophyll Content, and Photosynthetic Parameters

The 12 h—266 μmol, 16 h—200 μmol, and 20 h—160 μmol treatments resulted in
higher growth parameters relative to the 24 h—133 μmol treatment. The shoot fresh
and dry weights were significantly higher (1.15 and 1.42 times, respectively) under the
20 h—160 μmol treatment compared to the 24 h—133 μmol treatment (Figure 1C,D). How-
ever, the stem length and SPAD value of the watercress were not significantly affected by
photoperiod and light intensity combinations (Figure 1A,B).

Figure 1. Stem length (A), SPAD value (B), shoot fresh weight (C), and shoot dry weight (D) under different lighting
treatments of 12 h—266 μmol· m−2·s−1, 16 h—200 μmol· m−2·s−1, 20 h—160 μmol· m−2·s−1, and 24 h—133 μmol· m−2·s−1.
Different letters above bars show significant differences at p ≤ 0.05, using Tukey’s multiple range test (n = 6).

The net photosynthesis and stomatal conductance were reduced with increasing
photoperiod and decreasing light intensity (Figure 2). Specifically, the net photosynthesis
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under 16 h—200 μmol, 20 h—160 μmol, and 24 h—133 μmol treatments was 1.38, 1.52,
and 3.32 times lower than that of 12 h—266 μmol treatment in the study, respectively.
The stomatal conductance under 16 h—200 μmol, 20 h—160 μmol, and 24 h—133 μmol
treatments was 1.41, 1.92, and 2.08 times lower than that of 12 h—266 μmol treatment in this
study, respectively (Figure 2). Moreover, the shoot fresh and dry weights of the watercress
were significantly low under lower light intensity and longer photoperiod treatments
(24 h—133 μmol) compared with 12 h—266 μmol, 16 h—200 μmol, and 20 h—160 μmol
treatments. There was no significant difference in shoot fresh and dry weights among
12 h—266 μmol, 16 h—200 μmol, and 20 h—160 μmol treatments (Figure 1).

 

Figure 2. The net photosynthesis (A) and stomatal conductance (B) under different lighting treatments of 12 h—
266 μmol· m−2·s−1, 16 h—200 μmol· m−2·s−1, 20 h—160 μmol· m−2·s−1, and 24 h—133 μmol· m−2·s−1. Different
letters above bars show significant differences at p ≤ 0.05, using Tukey’s multiple range test (n = 4).

3.2. Total Glucosinolate Concentration and Content

These analyses indicate that the watercress contained five different desulfoglucosino-
lates (glucohirsutin, 4-methoxyglucobrassicin, glucoiberin, glucohirsutin, and gluconas-
turtiin). Among the five desulfoglucosinolates identified, gluconasturtiin presented the
highest concentration (Table 2). Gluconasturtiin accumulation in the shoot increased
under 24 h—133 μmol treatment and had the highest concentration (82.51% of the to-
tal glucosinolate concentration). However, there was no significant difference in glu-
conasturtiin concentration among 24 h—133 μmol, 16 h—200 μmol, and 20 h—160 μmol
treatments or between 20 h—160 μmol and 12 h—266 μmol treatments. The highest
glucosiberin, 4-methoxyglucobrassicin, and glucohirsutin concentrations (13.61%, 3.79%,
and 2.39% of the total glucosinolates, respectively) were observed under 20 h—160 μmol
treatment. There was no significant difference in glucosiberin concentration among
24 h—133 μmol, 16 h—200 μmol, and 12 h—266 μmol treatments. There was no sig-
nificant difference in glucohirsutin concentration among four treatments (24 h—133 μmol,
16 h—200 μmol, 12 h—266 μmol, and 20 h—160 μmol). There was no significant difference
in 4-methoxyglucobrassicin concentration among 24 h—133 μmol, 16 h—200 μmol, and
20 h—160 μmol treatments or among 24 h—133 μmol, 16 h—200 μmol, and 12 h—266 μmol
treatments. The highest glucobrassicin concentration (8.80% of the total glucosinolate)
was recorded under 24 h—133 μmol treatment. There was no significant difference in
glucobrassicin concentration among 24 h—133 μmol, 16 h—200 μmol, and 12 h—266 μmol
treatments (Table 2). Overall, the total glucosinolate concentration was the greatest at
24 h—133 μmol treatment and was 1.28-fold higher than that of the 12 h—266 μmol treat-
ment. There were no significant differences in total glucosinolate concentration in shoots
between the 12 h and 16 h treatments or 20 h and 24 h treatments (Figure 3A). However,
the total glucosinolate content in the shoot was the highest under 20 h—160 μmol treatment
because glucosinolate contents (μmol/plant DW) were presented as total glucosinolate
concentration in the shoot (μmol g−1 DW) multiplied by shoot dry weight (g). There were
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no significant differences in total glucosinolate content in shoot among 24 h—133 μmol,
16 h—200 μmol, and 12 h—266 μmol treatments (Figure 3B).

Table 2. The individual glucosinolate concentration of watercress under different lighting treatments of 12 h—266 μmol· m−2·s−1,
16 h—200 μmol· m−2·s−1, 20 h—160 μmol· m−2·s−1, and 24 h—133 μmol· m−2·s−1.

Lighting Treatment

Individual Glucosinolate Concentration in Watercress Shoots
(mg·g−1 DW) z

Siber Hirsu Brassi Metho Nastur

12 h—266 μmol 1.04b 0.53 1.83ab 0.58b 15.69b
16 h—200 μmol 0.63b 0.45 1.75ab 0.68ab 18.92a
20 h—160 μmol 3.36a 0.59 1.40b 0.94a 18.81ab
24 h—133 μmol 0.46b 0.53 2.21a 0.79ab 20.71a
Significance y *** NS ** *** *

z Siber: glucosiberin, Hirsu: glucohirsutin, Brassi: glucobrassicin, Metho: 4-methoxyglucobrassicin, Nastur: gluconasturtiin. y Different
letters show a significant difference within each treatment according to Tukey’s multiple range test at Not Significant (NS) (p > 0.05),
* p ≤ 0.05; ** p < 0.01; and *** p < 0.001 (n = 3).

Figure 3. The glucosinolate concentration (A) and content (B) in watercress shoots under different lighting treatments of
12 h—266 μmol· m−2·s−1, 16 h—200 μmol· m−2·s−1, 20 h—160 μmol· m−2·s−1, and 24 h—133 μmol· m−2·s−1. Different
letters above bars show significant differences at p ≤ 0.05, using Tukey’s multiple range test (n = 3).

4. Discussion

4.1. Plant Growth Parameters, Chlorophyll Content, and Photosynthetic Parameters

Previous reports have indicated that higher light intensities enhanced growth and
promoted crop production [31,32]. This was possible because of the wider expansion
of the leaf under the higher light intensity treatment. A larger leaf leads to more light
interception, which might have resulted in a significant increment in the shoot fresh and dry
weights under higher light intensity [31]. The growth of ice plants under a fluorescent lamp,
red LEDs, and blue LEDs was significantly higher under a higher light intensity treatment
(150 μmol· m−2·s−1) than under a lower light intensity treatment (120 μmol· m−2·s−1) [20].
The biomass, stem diameter, and root/shoot ratio of soybean were higher under 400 and
500 μmol· m−2·s−1 than under 100 μmol· m−2·s−1 [33]. The leaf area was reduced by
shade conditions [34]. Similarly, plant dry matter production of soybean decreased with
decreasing light intensity [35]. Leaf fresh weight of Arabidopsis thaliana was significantly
higher under a higher light intensity as compared to that of plants grown under a low
light intensity at 6 weeks after transplanting [36]. Moreover, the fresh weight of watercress
subjected to a long day (16 h) was significantly higher than that subjected to a short day
(8 h) [26]. The fresh and dry weights of quinoa increased under a short photoperiod and
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high light intensity treatment [37]. Likewise, the biomass of the watercress increased under
high light intensity and short photoperiod treatments.

Reductions in light intensity may influence the carbon balance in the plant. Rates of
physiological process increase, while the photosynthetic yield decreases [33]. Normally,
it is expected that the shading conditions or lower light intensities restrict leaf growth and
result in smaller leaf areas with thinner leaves, reduced chlorophyll content, and thinner
palisade tissues, leading to lower light-harvesting [38,39]. Furthermore, there is a reduction
in stomatal conductance and density, which leads to poor CO2 transportation under low
light conditions. The electron transition from PSII to PSI is obstructed, whereas the activity
and number of enzymes that participate in the Calvin cycle undergo a change. All of this
results in a reduced carbon dioxide assimilation rate and a reduced net photosynthetic rate
under low light conditions [33]. Previous reports have indicated that the main biochemical
restraint related to shadow-associated down-adjustment of net photosynthetic rate is a
decrease in the activity or amount of rubisco [33,40]. Photosynthetic capacity was reduced
under low light conditions because carbon was restricted [41]. For example, low light
intensity reduced the photosynthesis rate in pak choi [42] and soybean [33]. Thus, the net
photosynthesis and stomatal conductance were reduced with increasing photoperiod and
decreasing light intensity.

4.2. Total Glucosinolate Concentration and Content

Glucosinolates are bioactive compounds typically found in cruciferous group plants.
It has been indicated that long days could enhance glucosinolate accumulation in Ara-
bidopsis [43] and watercress [26]. Low light intensity increased the concentrations of
4-methoxyglucobrassicin, glucobrassicin, and neoglucobrassicin in pak choi [44]. The an-
tioxidant activity and the total phenolic content of Orthosiphon stamineus under an open envi-
ronment were higher than shade-grown conditions [45]. Total phenolic content in the leaves
of Ipomoea batatas was higher under 16 than 8 h at a light intensity of 150 μmol· m−2·s−1 [46].
Antioxidant capacity and total phenolic content in lettuce continuously increased with
increasing photoperiods in 150 μmol· m−2·s−1 conditions. Specifically, the phenolic content
in lettuce was highest at 24 h under 150 μmol· m−2·s−1 and was 5.3-fold higher than under
a 12 h period treatment [47]. Likewise, in the results of this experiment, total glucosinolate
concentration was significantly higher under 20 h—160 μmol and 24 h—133 μmol com-
pared with 12 h—266 μmol and 16 h—200 μmol. This indicates that the long photoperiods
had a more photomorphogenic effect than a photosynthetic one. However, the total glucosi-
nolate concentration was not significantly different between the 20 and 24 h photoperiods.
The results indicate that the total glucosinolate concentration could increase with increas-
ing photoperiods under low light intensity. However, it might reach a saturation point
under low light intensity and long photoperiod. Expanding the photoperiod in weak light
intensity conditions has a slight compensatory effect because it can decrease the negative
influences of the weak light stress.

5. Conclusions

The results indicated that a photoperiod of 20 h at 160 μmol· −2·s−1 enhanced total
glucosinolate content and plant biomass of watercress grown in a plant factory. Further
studies can investigate the influence of light quality from LEDs on the productivity and
bioactive compounds of watercress grown in a plant factory. Moreover, the results also
suggested that longer photoperiod induction was a potential method for watercress glu-
cosinolate production. There is great potential to apply these results to improve the quality
of watercress plants and enhance the efficiency in watercress cultivation in plant factories.
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Dąbrowskiego 159, 60-594 Poznań, Poland; praditaf@gmail.com
* Correspondence: anita.schroeter-zakrzewska@up.poznan.pl

Abstract: A closed system for plant production with artificial light is an innovative method of plant
cultivation. The objective of this study was to investigate the effect of light colour on rooting cuttings
and subsequent growth of chrysanthemum (Chrysanthemum × grandiflorum Ramat./Kitam.) During
the experiments, the following conditions were maintained: photoperiod 16 h or 10 h, temperature
22 ◦C, relative humidity of 65–70%. LED lamps emitted the following light colours: white, blue,
white + blue (50:50), and red + blue (75:25). For all light spectra, the photosynthetic photon flux
density (PPFD) was 50 μmol m−2 s−1. The effectiveness of exposure to different light colours was
measured with parameters: cutting weight (g), cutting length (cm), length of roots, and index of leaf
greenness (SPAD). The measurements referred to plant features determining plant quality, i.e., the
number of flower buds and flower head, the diameter of the flower head, height of plants, index of
leaf greenness (SPAD), the number of leaves, and the fresh and dry weights of aboveground parts
of plants. The rooting of cuttings and subsequent growth are integral processes in the cultivation
of potted chrysanthemums. Both were differently affected by the colour of light from LED lamps.
The exposure to red + blue light resulted in the highest leaf greenness index (SPAD) value and the
shortest cuttings with the longest roots. White + blue light significantly influenced most of the growth
parameters, except the height of the plants and the number of leaves.

Keywords: light colour; LED; rooting cuttings; chrysanthemum; growth room

1. Introduction

Chrysanthemum is one of the most popular ornamental plants worldwide. Various
methods have been used to cultivate and breed this plant in its long history. Chrysan-
themum is a widely known quantitative short-day ornamental plant, which means that
the length of the day and night significantly influences its growth. The plant can form
flower buds in a daytime of 13.5 h or less. It can elongate its internodes and stem when
the daytime is longer than 14 h under supplemental light replacing daylight. Both are
necessary for different purposes. The former is for potted flowers, whereas the latter is for
cut flowers [1]. Similar to other crops, chrysanthemum can normally be cultivated both
indoors (in greenhouses and plastic tunnels) and outdoors (in fields). Potted chrysanthe-
mums are usually grown indoors or in plastic tunnels and growth chambers. Ornamental
plants, which strongly depend on the photoperiod, benefit from the cultivation in a plastic
tunnel, where lighting, pests, diseases, watering, and harvesting are controlled. Lighting
can be divided into two phases, i.e., the long-day phase and the short-day one. The aim of
the former phase is to improve vegetative growth, mainly the stem length and width, and
to increase the number of leaves. Plants are exposed to light for more than 12 h per day
for 10–25 days. The aim of the latter phase is to promote generative growth, such as the
formation of flower buds for the anthesis period. Plants are exposed to light less than 12 h
per day for 6–11 weeks [2].
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Fast propagation techniques are necessary to meet the market demand and produce
plants for different purposes. Cutting is a simple and low-cost propagation method.
Practically, it can be applied at the onset of the vegetative or reproductive phase [3]. Apart
from that, common cutting methods have several advantages: simplicity, the general
uniformity of results, faster root formation (even by applying auxin), and higher income.
The economic reason tends to dominate mainly due to the increasing demand for cut
and potted chrysanthemums worldwide [4]. Several factors may influence successful
cutting propagation. These are: the application of phytohormone (auxin), the substrate
for cuttings, stem parts cut, nutritional status, and light requirements. Light is crucial for
plants, including short-day ones such as chrysanthemum [5]. Light, which is necessary for
photosynthesis, has the characteristics of both a particle and a wave. The optimum light
wavelength for photosynthesis is 400–700 nm. However, outside that range, the plants still
sphotosynthesise at a low rate [6,7]. According to Zhen and Bugbee [8], far-red photons
(701–750 nm) are abundant in sunlight but are considered inactive for photosynthesis
and are thus excluded from the definition of photosynthetically active radiation (PAR;
400–700 nm). The consistent response among diverse species indicates that the mechanism
is common in higher plants. These results suggest that far-red photons (701–750 nm) should
be included in the definition of PAR.

A specific wavelength represents the colours of light affecting physiological processes,
which are responsible for the plant’s growth from the vegetative to the generative phase.
For instance, the interaction of far-red (FR) and blue (B) light in a specific red (R): far-red (FR)
spectrum increases the photosynthetic rate of chrysanthemum plants because chlorophyll
can intensely absorb blue light (about 430 nm) and far-red light (about 660 nm). Both can
enhance the electron excitation level during photosynthesis, activate some enzymes to
catalyse reactions on the electron chain, and soptimise photosystem activities [9].

Studies on potted chrysanthemums cultivated in growth chambers showed that light
affected the growth and flowering of the plants. Different colours of light may have
different influences on the chrysanthemum flowering time. Zalewska et al. [10] report
that the cultivar Baja from the Sombrero group of chrysanthemums was grown under
short-day conditions and exposed to artificial blue light and daylight, which constituted
the control. The blue light caused the plants to flower earlier than in the case of daylight.
Jerzy et al. [11] observed that the source of light, such as a fluorescent lamp or LED lamp,
had different effects on the duration of cultivation. Moreover, the intensity of light can
manipulate some morphological features of plants, such as flower development and leaf
elongation. The cultivation in growth chambers was found to have a better influence on
the post-harvest quality of potted chrysanthemums. As light is a limiting factor, specific
colours and wavelengths of light can be used for various purposes. Blue and white light
can accelerate flowering, so both are suitable to meet market demands quickly. Red light
delays flowering, so it can be applied to plants in storage rooms to keep them longer for
later production [11].

The increasing demand for plant-based products such as fruit, flowers, and chemical
substances caused the need to enhance plant growth and flowering by light supplementa-
tion. The use of light-emitting diode (LED) lamps positively affected protected cultivation
in growth chambers, plastic tunnels, and greenhouses. At the same wavelength, the LED
lamp produces lesser heat than a fluorescent lamp by different heat dissipation mechanisms,
so it can save a higher amount of energy, and it is more eco-friendly. It is also beneficial
for plants because it promotes germination, soptimises the photosynthetic rate, triggers
stomatal conductance, creates plant compactness, extends roots and shoots, promotes
flowering, and enhances fruit taste. These effects heavily depend on the plant species as
well as the colour and wavelength of the light generated by LED lamps, which may either
positively or negatively affect plant growth [12].

Kozai [13] observed that although there are numerous advantages of the use of
LED lamps in agriculture, they are not applied in conventional farming in developing
countries. On the contrary, developed countries such as Japan started using LED lamps
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in urban agriculture in 2010. This idea was implemented due to the limited number of
fields for cultivation and insufficient sun exposure. LED lamps were applied to solve
these problems. This trend also increases the use of LEDs in urban agriculture because
they meet all requirements for high effectiveness (only specific spectra are used), safety,
and healthy production. LED characteristics surpass the characteristics of other unused
wavelengths and have low irradiance. They generate low amounts of heat, which is
environmentally friendly.

Light is also important for plants to build biomass and activate the genes responsible
for the activation of phytochromes. Several light colours can interact with cryptochromes
and phototropins. Blue light affects stomatal conductance and thus increases photosynthe-
sis. Potted chrysanthemums cultivated under 100% blue light had longer shoots than the
plants grown under white light with shade avoidance response. Moreover, higher intensity
of blue light can significantly affect rhizogenesis during adventitious root formation, which
may be manifested by an increase in the dry root mass and the number of adventitious
roots [9].

However, blue light may inversely affect root development in some species cultivated
in vitro. For instance, Moon et al. [14] observed that birch pine and tsuru-rindo (Triptosper-
mum japonicum) grown in blue light were scharacterised by low chlorophyll content, a
small number of roots, and short internodal length and plant height.

Akbarian et al. [15] found that blue LEDs increased the emergence of seedlings and
root length of Zinnia and Impatiens during the germination period. Furthermore, LEDs
can make some ornamental plants (gerbera, marigold, petunia, and zinnia) sturdier than
others, which were not illuminated with an LED lamp [16].

A closed plant production system with artificial light is an innovative plant cultivation
method. The aim of the study was to assess the effect of different colours of light on the
rooting of chrysanthemum (Chrysanthemum × grandiflorum Ramat./Kitam) cv. ‘Nova Lime’
cuttings and their subsequent growth in a room with no access to sunlight.

2. Materials and Methods

2.1. Plant Material

A total of 120 cuttings of medium-flowered pot chrysanthemum (Chrysanthemum ×
grandiflorum Ramat./Kitam.) cv. ‘Nova Lime’ were placed in a a controlled environment
growth room in a three-layer shelf system) on 120 × 50 cm shelves lined with felt (Figure 1).
The shelves were equipped with a LED Tube (LeuchTek, Ahrensburg, Germany). The
lamps emitted light of different colours, i.e., white (cool white—5000 K), blue (460 nm),
and as well as combinations of two colours: blue + white (50:50) (400–500 nm), and red
+ blue (75:25) (460–660 nm). The cuttings were rooted for 2 weeks. They were regularly
sprayed with water in order to maintain high humidity. The experiment was completed
when most of the cuttings formed roots. During the rooting, the day length was 16 h.

Next, the rooted cuttings were replanted into pots (1 dm3) (5 cuttings per pot) with
commercial peat substrate TS1 (pH 6.0). Then, the plants were placed in the same growth
room and irradiated with the same light condition with the LED lamps. For 2 weeks, the
rooted cuttings were grown in the growth room, where they were illuminated for 16 h a day
(from 6 a.m. to 10 p.m.) and pinched off above the fifth leaf. After 7 days, the pinched off
parts were sprayed with a retardant daminozide at concentration of 2550 mg·dm−3. Then,
they were illuminated for 10 h (from 6 a.m. to 4 p.m.) for around 3 months to promote
flower opening. They were watered every second day.

For different spectra of LED light, the photosynthetic photon flux density (PPFD) was
50 μmol m−2s−1 and was measured by means of Optel phytophotometer FR- 10 (Sonopan,
Białystok, Poland). The lighting system was placed at 50 cm distances over the plant
in order to adjust the photosynthetic photon flux density (PPFD) to the same value for
all treatments.
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Figure 1. Three-layer shelf system in growth room.

The air temperature in the growth room was maintained at 20 ◦C, and the relative hu-
midity was 65–70%. The light spectrum characteristics measured with a spectroradiometer
(USB 4000, Ocean Optics Inc., Dunedin, FL, USA) is shown in Figures 2–5.
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Figure 2. Spectral characteristic of white light.
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Figure 3. Spectral characteristic of blue light.
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Figure 4. Spectral characteristic of white + blue light.
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Figure 5. Spectral characteristic of red + blue light.

2.2. Experimental Design

The experiment was conducted in a completely srandomised design, where the expo-
sure of the plants to different light colours was analysed, i.e., white light (W), blue light (B),
red + blue light (RB), and white + blue light (WB). Rooted chrysanthemum cuttings were
set in 4 treatments with 6 pots in each. There were 5 cuttings in each pot. The experiment
was conducted at the Marcelin Experimental Station of the Faculty of Agricultural, Horti-
cultural and Bioengineering Poznań University of Life Sciences, Poland, between July and
November 2020.

The following morphological traits of the plants were measured: the number of flower
buds and flower heads, the diameter of the flower heads, the height of the plants, the
number of leaves, the fresh and dry weights of aboveground parts of plants. After the
biometric measurements, the plants were dried in a drier 48 h at 60 ◦C.

The leaf greenness index (SPAD) was measured with an N-Tester apparatus (Yara
International ASA, Norway). This measurement is used to determine the intensity of
green colour in leaves and consists of the determination of the light absorption coefficient
connected with the presence of chlorophyll at a wavelength of 650 nm and absorption by
the leaf tissue at a wavelength of 940 nm.

2.3. Statistical Analysis

The results were analysed statistically with one-way analysis of variance and Duncan’s
multiple range test at a significance level of α = 0.05.
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3. Results

3.1. Cuttings Rooting

The experiment showed that the rooting of the cuttings was influenced by the light
colour (Table 1). The parameters were measured before or at the beginning of the rooting
process and 2 weeks later, after the cuttings rooted optimally. The exposure of the chrysan-
themum cuttings to blue and white lights significantly increased their weight, i.e., from 0.7
and 0.8 g to 3.0 and 2.9 g, respectively. On the other hand, the cuttings exposed to white +
blue and red + blue light combinations had the same average weight of 2.7 g.

Table 1. The effect of light colour to rooting cuttings of chrysanthemum.

Colour of Light

Before Rooted Cuttings After 2 Weeks Rooting Process

Weight of
Cutting

(g)

Length of
Cutting

(cm)

Index of
Greening Leaves

(SPAD)

Weight of
Cutting

(g)

Length of
Cutting

(cm)

Index of
Greening Leaves

(SPAD)

Length of
Roots
(cm)

White 0.8 a * 7.0 a 35.2 a 2.9 b 9.1 b 44.4 b 8.9 a
Blue 0.7 a 7.5 a 37.1 a 3.0 b 9.7 b 40.4 a 11.0 b

White + Blue 0.7 a 7.2 a 36.2 a 2.7 a 9.8 b 47.0 c 11.2 b
Red + Blue 0.8 a 7.4 a 36.7 a 2.7 a 8.7 a 51.6 d 13.1 c

* Means followed by the same letters are not significantly different at α = 0.05.

The length of the cuttings exposed to white, white + blue, and blue lights increased
considerably and amounted to 9.1, 9.7, and 9.8 cm, respectively. Regardless of the length of
individual cuttings, the exposure to light increased their length by about 2.1–2.6 cm. The
smallest increase in the length of the chrysanthemum cuttings was observed under red +
blue light—1.7 cm, approximately from 7.4 to 8.7 cm.

The statistical analysis showed that the colour of light also influenced the leaf green-
ness index (SPAD). Three of the light treatments increased the index after 2 weeks of rooting.
The highest SPAD values (51.0) were noted for the cuttings grown under red + blue light.
The other two treatments increased the index value as follows: white light—44.4 and white
+ blue light—47.0.

Regardless of the three main parameters, the chrysanthemum cuttings successfully
formed numerous roots of different sizes and lengths to absorb nutrients and water. There-
fore, the length of the roots was measured from the base of the main shoot to the main root
apex. As shown in Table 1, the chrysanthemum plants developed the longest roots (average
length—about 13.1 cm) under red + blue light. The exposure to white + blue and blue
lights resulted in shorter roots, i.e., 11.2 and 11.0 cm, respectively. The chrysanthemum
cuttings grown under white light had the shortest roots, i.e., 8.9 cm.

3.2. Subsequent Growth of Rooting Cutting

After the rooting of the cuttings, the chrysanthemum plants were transferred into pots
(diameter 14 cm) in order to observe their subsequent growth under different colours of
light from the LED lamps. Eight parameters were measured at the end of the generative
period: the height of the plants, the number of flowers, the flower diameter, the number of
flower buds, the leaf greenness index, the number of leaves, and fresh and dry weights.
The results showed that the colour of light significantly affected the morphological traits of
the chrysanthemums.

The plants exposed to white and red + blue lights grew shorter. By contrast, the tallest
plants were produced under blue light. They were on average 17–41% taller than the other
plants (Table 2).
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Table 2. The effect of light colour on vegetative features of chrysanthemum.

Colour of Light
Height of Plants

(cm)
Index of Greening Leaves

(SPAD)
Number of

Leaves

Fresh Weight of
Above-Ground
Parts of Plants

(g)

Dry Weight of
Above-Ground
Parts of Plants

(g)

White 9.2 a * 57.4 b 242.6 a 52.2 b 28.9 b
Blue 15.4 c 55.5 b 265.1 a 52.4 b 32.3 c

White + Blue 12.7 b 65.9 c 281.3 a 65.2 c 38.1 d
Red + Blue 10.6 a 52.8 a 366.0 b 46.9 a 26.3 a

* Means followed by the same letters are not significantly different at α = 0.05.

Regardless of the average number of leaves in one pot per treatment, during the
subsequent growth, the rooted cuttings produced the most leaves under red + blue light,
i.e., about 366 leaves. The plants exposed to the other lights produced about 84–123 fewer
leaves than those cultivated under red + blue light.

The colour of light significantly influenced the leaf greenness index. The leaves of the
plants exposed to white + blue light were darker than the other leaves—their SPAD value
was 65.9. Conversely, the plants grown under red + blue light had the lowest SPAD values
(52.8). The SPAD values of the plants grown under white and blue lights were 57.4 and
55, respectively.

The chrysanthemum plants exposed to white + blue light had the highest fresh and
dry weights, i.e., about 65.2 and 38.1 g on average. The plants exposed to white and blue
lights did not differ significantly in the fresh weight. Their average fresh weights were
52.2 and 52.4 g, respectively. The plants exposed to red + blue light had the lowest fresh
(46.9 g) and dry (26.3 g) weights.

Interestingly, only the chrysanthemum plants cultivated under white + blue light had
almost two times more flowers—about five flowers/pot. The other treatments resulted in
similar numbers of flowers—not more than three flowers/pot (Table 3).

Table 3. The effect of light colour on generative feature of chrysanthemum.

Colour of Light
Number of Flower

Heads
Flower Head Diameter

(cm)
Number of Flower

Buds

White 2.6 a * 4.4 a 9.8 a
Blue 2.8 a 6.2 b 15.8 c

White + Blue 5.0 b 6.9 b 17.3 d
Red + Blue 2.3 a 4.2 a 11.1 b

* Means followed by the same letters are not significantly different at α = 0.05.

The flower diameter also depended significantly on the light colour. White and red +
blue lights noticeably inhibited the growth of flowers. The plants grown under blue and
white + blue lights developed the largest flowers.

The statistical analysis showed that the colour of light also influenced the number
of flower buds. The plants produced the most flowers and buds under white + blue
light. On the other hand, the plants developed the fewest flowers and buds under white
light—2.4 flowers and 7.5 buds on average.

4. Discussion

4.1. Rooted Cutting Activity

Root formation, which is affected by several factors, is a crucial point for the survival
of cuttings. The number of adventitious roots formed during rhizogenesis determines
plants’ abilities to absorb soil nutrients. Being short-day plants, chrysanthemum cuttings
can form adventitious roots when stimulated by light and hormone activities. Light is
a major factor responsible for the expression of genes resulting in phytohormone and
phytochrome activity. Light promotes or inhibits the growth pattern of chrysanthemum
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cuttings depending on its wavelength, irradiance, and colour [17]. In our experiment, the
colour of light affected the formation of roots and subsequent growth of chrysanthemums.

Two weeks of observation of root development in the cuttings showed that the colours
of light differently affected the weight and length of the cuttings, their leaf greenness index
(SPAD), and root length. Red + blue light (RB) accelerated the growth of rooted cuttings
and induced the greenness of leaves but resulted in the low fresh weight of the cuttings. An
earlier study on cherry rootstock microcuttings of the Colt cultivar showed that exposure
to dichromatic blue and red light caused a remarkable increase in the root length. Root
elongation was related to the phytochrome photoequilibrium value and photoreceptors.
Blue and red light interacted strongly and regulated elongation activities more intensely
than a single light colour. This effect was caused by the fact that red light stimulated
root elongation more intensely than far-red and blue light and thus compensated for the
blue light root elongation deficiency [18]. The exposure of chrysanthemum cuttings to
dichromatic red + blue light with the same PPFD ratio (30:30 μmol m−2s−1) gave similar
results. After 3 weeks, the cuttings exposed to red + blue light had the highest percentage
of developed root [6].

On the contrary, the exposure of Jatropha curcas rooted cuttings to red + blue light
generated by LED lamps (50:50 photon flux density) inhibited root formation, as opposed
to blue, red, and white lights [19]. Kurilcik et al. [20] observed that blue light added to
red and far-red light affected the rhizogenesis of chrysanthemum microcuttings. The blue
light component was found to inhibit the rooting rate, but it increased the ratio of the
fresh and dry weight of the explants due to the interaction between cryptochromes and
phytochromes. Both of them affected the development of adventitious roots, but the influ-
ence of phytochromes was more pronounced. Phytochromes also regulate phytohormones
such as auxin. However, this scheme requires further investigations, as plants respond
differently to each photon flux density of the light colour. The growth of plants may be
differently affected by the colour of light.

Matysiak [21] observed that the combination of light characteristics did not always
result in optimal rooting percentage. The exposure of roses of the ‘Konstancin’ cultivar to
dichromatic white + blue light resulted in a lower rooting percentage than the exposure
to the monochromatic white light of high photosynthetic photon flux density (PPFD)
100 μmol m−2 s−1. The dichromatic light did not increase the fresh weight of the cuttings
(roots and shoots) and the length of shoots significantly. The rooting of rose cuttings
was induced by high irradiance and delayed by the blue light component during the
exposure. These findings were consistent with the results of our experiment, in which the
cuttings rooted under blue light were characterised by an intermediate increase in weight
and length.

As Table 1 shows, the chrysanthemum cuttings in our experiment poorly responded
to the exposure to monochromatic lights, i.e., white and blue lights, as expressed by the
length of roots, cuttings, and the leaf greenness index (SPAD), except the weight of the
cuttings. Baque and Hahn [22] observed a moderate effect of blue light on the length of
roots of Morinda citrifolia leaf microcuttings grown in vitro. However, the root growth
under red and blue lights were faster than under red + blue light. The fresh weight of the
cuttings was also positively affected by monochromatic light. A lower amount of H2O2
applied under blue LEDs accelerated root formation triggered by rapid cell division.

This was caused by blue light slightly induced the activity of the genes expressing
superoxide dismutase (SOD), and subsequently activated ascorbate peroxidase (APX) and
catalase (CAT) mRNA to function at the same time in order to metabolically convert toxic
H2O2 into H2O. The lower amount of H2O2 and higher amount of H2O promoted cell
elasticity. Further, the elasticity triggered a division of cells. As a result, the root cells
divided rapidly because there was a low level of toxic free radicals.

The illumination with white LEDs had a less significant effect on the root length, but
in comparison with the other light treatments, it slightly increased the weight, length,
and greenness index of the cuttings. The research on the sensitivity of rooting behaviour
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of Wiekstromia gemmate microcuttings showed that specific light wavelengths and other
qualities were reflected by various growth patterns. Consequently, the plants grown
under white LED lamps had shorter roots than those grown under warm white fluorescent
lamps and subsequently, they had epinastic and greener leaves. Further investigations
showed that that other light spectral could not support auxin transport basipetally, so the
endogenous auxin level may be high in the apical zone but low in the root elongation
zone [23].

The rooted cuttings exposed to blue light had the lowest leaf greenness index (SPAD)
value after 2 weeks. The second-lowest leaf greenness index (SPAD) value was noted after
the white-light treatment. Interestingly, both of the light treatments positively affected
the leaf greenness index. This result was consistent with the findings of the experiments
conducted by Zheng and Van Labeke [24] and Schroeter-Zakrzewska et al. [25]. The
researchers observed that the blue light component caused the shaded leaf effect, so
physically, the leaves were darker than under the other treatments.

4.2. Subsequent Growth of Rooted Cuttings

The successful transferring of rooted chrysanthemum cuttings to their subsequent
growth was determined by light characteristics such as the type of light and its colour.
Nonetheless, some light colours had little or no effect on the vegetative and generative
growth of potted chrysanthemums. Blue light combined with white and red lights consid-
erably increased the height of chrysanthemums of the Covington cultivar. Monochromatic
blue light had a moderate influence on the plant height [25]. Our experiment showed that
the plants exposed to blue light had different characteristics. They were taller than the
other plants. However, there were similar results of an earlier study on plants exposed
to white + blue light. The plants grew optimally under exposure to blue light. The other
treatments did not noticeably enhance the height of the plants.

The next vegetative parameter, i.e., the number of leaves, was related to the plant
height. As light spectra enabled the manipulation of the chrysanthemum shoot architecture,
they caused the shade avoidance syndrome. The cuttings grown only in the growth cham-
ber with exposure to red and blue light were characterised by numerous bud outgrowths
and the shortest height. Due to low apical dominance, these plants were short and compact.
The application of red light either as a single light source or its combination with other
light spectra [26]. Similar to earlier studies, our experiment also showed that the exposure
to blue and red lights resulted in the shortest and most compact plants with numerous
axillary vegetative buds. The buds then formed numerous thick and small leaves.

The quality of ornamental plants is also determined by leaf colour. It was shown
in the experiments that the light colour significantly affected the SPAD index value. It
increased after the exposure to white + blue light as well as white and blue lights, but
it did not increase after the exposure to red + blue light. This finding was similar to the
results of the study on lettuce conducted by Kleiber et al. [27]. The SPAD index value of
the lettuce cultivated under white + blue light was lower than that of the lettuce grown
under blue light.

The LED lamps emitting white + blue light resulted in more flower buds, flowers, and
subsequently in greater flower diameters than the exposure to blue light, which resulted
in the highest SPAD index value. The higher leaf greenness index (SPAD) value was
positively correlated with the photosynthetic rate and thus affected the generative stage.
Nissim-Levi et al. [28], Schroeter-Zakrzewska et al. [25], and Jerzy et al. [11] made similar
observations for LED lamps emitting monochromatic blue light, which triggered rapid
flower bud development. The induction of blue light itself depended strongly on the
duration of exposure. Partch and Sancar [29] found that the blue light component activated
cryptochromes so that they controlled flowering photoperiodically. The cryptochrome
activity pathways were complex due to the interaction between auxin biosynthesis and
light regulation [30].
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On the other hand, Kaiser et al. [31] studied tomato plants and found that the com-
bination of red + blue light induced the development of flower buds and increased the
yield and biomass more than single blue light. This effect may have been caused by the
plants’ different responses to the light spectra, which depended not only on physiological
activities but also on the cellular and gene levels. Further investigations on other crops are
necessary for this field to find appropriate artificial or supplemental light treatments.

In order to analyse the correlation between light colour induction and each growth
stage of chrysanthemums, the fresh and dry weight of the aboveground parts of plants were
measured at the end of the experiment. The strongest correlation was observed between
the high SPAD index value caused by the illumination with white + blue light and the
fresh and dry weights of the aboveground parts of plants.The favourable effect of the white
and blue light onto the fresh and dry weights in Scarlet sage was reported by Schroeter-
Zakrzewska [32]. In the conducted experiment, the plants exposed to red + blue light were
characterised by the lowest fresh and dry weights. They obtained different results reported
by Heo et al. [33] in African marigold and Scarlet sage which were characterised by higher
dry weight when the plants were cultivating under red- and blue- coloured lights.

5. Conclusions

The aim of the study was to assess the effect of different colours of light on the
rooting of chrysanthemums (Chrysanthemum × grandiflorum Ramat./Kitam) cv. ’Nova
Lime’ cuttings and their subsequent growth in a growth room with no access to sunlight.
During this experiment, morphological characteristics were measured. The cuttings rooted
under white and blue lights were heavier than those exposed to white + blue and red +
blue light combinations. The cuttings rooted under red + blue light were the shortest. The
exposure to red + blue light resulted in the highest index of greening leaves (SPAD) value
and the shortest cuttings with longest roots. White + blue light significantly influenced
most of the growth parameters of chrysanthemum plants, except the height of the plants
and the number of leaves. The blue light treatment optimally affected the plant height. Red
+ blue light emitted by the LED lamps had a significant influence on the number of leaves.

A closed system for plant production with artificial light is an innovative method
of plant cultivation. The growing trend of closed cultivation system is still applied in
vegetable crops widely and in ornamental crops; in turn, it had already been started a few
years ago. Thus, more information about this area is needed for farmers of ornamental
plants. The conducted experiment proved that good quality chrysanthemum could be
obtained at a low light intensity, which can significantly reduce energy costs. Lower
electrical energy costs can increase profits.
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Abstract: Butterhead lettuce was grown hydroponically in a vertical farm under high (HLI) and
low (LLI) light intensity (310, and 188 μmol m−2 s−1, respectively) and compared to hydroponically
grown lettuce in a greenhouse (GT) during wintertime in Athens, Greece (144 μmol m−2 s−1). The
highest plant biomass was recorded in the HLI treatment, whereas LLI and GT produced similar
plant biomass. However, the LLI produced vortex-like plants, which were non-marketable, while
the plants in the GT were normal-shaped and saleable. Net photosynthesis was highest in the HLI
and higher in the LLI than in the GT, thereby indicating that light intensity was the dominant factor
affecting photosynthetic performance. Nevertheless, the unsatisfactory performance of the LLI is
ascribed, not only to reduced light intensity, but also to reduced light uniformity as the LED lamps
were closer to the plants than in the HLI. Furthermore, the large solar irradiance variability in the
GT resulted in substantially higher adaptation to the increased light intensity compared to LLI, as
indicated by chlorophyll fluorescence measurements. Light intensity and photoperiod are believed to
be the primary reasons for increased nitrate content in the GT than in the vertical farming treatments.

Keywords: artificial lighting; chlorophyll fluorescence; gas exchange; indoor farming; soilless culture

1. Introduction

Vertical farming is the procedure of growing vegetables in soilless culture, indoors
with artificial lighting. It has been an existing concept for about 50 years, with the first
commercial Plant Factory with Artificial Lighting (PFAL) to be established in Miura Nouen,
in Shizuoka Prefecture, Japan in 1983 [1]. Due to the recent breakthroughs in the LED
industry, vertical farming has become a feasible and scalable farming method. Meanwhile,
the interest in developing efficient vertical farming systems is growing due to several
factors, including the rise of the human population, extreme weather phenomena due to
climate change, and ultimately the enormous pressure by consumers for high-quality fresh
products. Freshness is especially important in cases of highly perishable goods, such as
leafy vegetables. The ever-increasing demand for nutritious, fresh, safe for consumption
and environmentally friendly food has been the driving force for the upscaling of the
vertical farming industry, and the establishment of many vertical farming companies
and startups.

Climatic conditions, especially temperature and light intensity, have a strong impact
on growth, yield and nutritional quality of vegetables [2]. Light is not only the energy
source for plants, but also an environmental signal modulating plant morphogenesis.
Therefore, light can induce various physiological responses and affect growth and develop-
ment, through its variations in intensity, photoperiod and spectrum [3–6]. Morphological
and physiological changes occur when plants adapt to different light environments. Low
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photosynthetic photon flux density (PPFD) tend to induce shade-avoidance-like responses
to plants, whereas high PPFD can enhance carbohydrate accumulation and net photosyn-
thetic rate [7–9]. Moreover, the growth and morphology of plants are negatively influenced
by reduced daily light integrals (DLI) [10], and thus, light intensity and photoperiod are
limiting factors for glasshouse production during winter and early autumn. Extending the
photoperiod can lead to increased fresh weight of lettuce [11].

Vertical farming can successfully address the problems arising from limited light
integrals during wintertime as it provides unlimited opportunities to control the light
intensity and duration. The environmental and nutritional control provide additional tools
to manipulate crop growth and development [12], allowing stable produce, irrespective of
the season or the outside environmental conditions. Lettuce (Lactuca sativa L.) is a model
crop for studying the effect of lighting in vertical farms due to its fast growth and short
production cycle [13,14]. Moreover, lettuce is one of the most important leafy vegetables
worldwide, as it is considered a rich source of vitamins (A, C, E, K), polyphenols, and
antioxidant compounds [15]. Due to its short size and production cycle, lettuce is a model
plant for vertical farming studies and attracts a high interest for commercial production
in vertical farming systems [16]. Nevertheless, lettuce is often accused of accumulating
nitrate at levels which can be harmful for humans if consumed at excessive levels [17].
Nitrate accumulation in plants is affected by the environmental conditions and is also
influenced by genetic factors. Of the environmental factors, light intensity seems to exert
the strongest influence on nitrate accumulation in plant tissues [18]. Previous studies have
shown that increasing the light intensity up to a certain level enhances the growth and
quality of lettuce, and it has been suggested that the most efficient light intensity for lettuce
in a plant factory is between 200–400 μmol m−2 s−1 [19–24].

The measurement of chlorophyll fluorescence is a proven, quantitative, non-invasive,
powerful tool of assessing the properties of the photosynthetic apparatus [25], especially
when it is used in combination with other non-invasive measurements such as gas exchange
analysis [26]. Therefore, chlorophyll fluorescence coupled with gas exchange measurements
have been used to assess the impact of artificial lighting at different intensities on the
performance of the photosynthetic apparatus in plants grown in vertical farms. However,
comparisons in growth, yield and photosynthetic performance between plants grown either
in vertical farming systems or in conventional hydroponic Mediterranean greenhouses are
lacking.

Despite the above-mentioned advantages of vertical over conventional farming, this
cropping system raises skepticism, especially in countries with abundant sunlight, such
as Greece, Spain, or Italy. However, the high light intensity might be utilized to provide
an additional advantage if part of the energy needs for artificial lighting are covered by
collecting solar energy through photovoltaic panels. Considering the above background,
in the current study we compare a vertical farming system partly powered by solar energy
with a conventional, hydroponic system when both are used for winter lettuce production
under Mediterranean climatic conditions. In the current paper, leaf nitrate concentrations
leaf anatomical characteristics and leaf photosynthetic parameters of plants grown in the
vertical farming system under two different light intensities, a high light intensity (HLI)
and a low light intensity (LLI), as well as in plants cultivated in a standard glasshouse
(GT) during wintertime are reported. Details concerning the electricity consumption of
the vertical farming system, used for this study, and the possibility to reduce electricity
costs by using a hybrid-solar lighting system with photovoltaic panels, were reported in a
previous paper [27].
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2. Materials and Methods

2.1. Plant Material and Experimental Setup

Lettuce seedlings (Lactuca sativa L. cv. Glory) were provided from a commercial
nursery (Plantas S.A, Chalandri, Greece) at the three-leaf stage. Prior to transplanting
the growing medium was removed from the root surface area. The seedlings were trans-
planted into plastic cups using a slit sponge capable of holding the plants at the height of the
hypocotyl. The plastic cups were then placed inside Nutrient Film Technique (NFT) gullies
of a vertical farming system, henceforth termed Photon Rack (PR), as well as in similar gul-
lies placed in a heated glasshouse at the Agricultural University of Athens (37◦58′57.8′ ′ N,
23◦42′14.3′ ′ E). The Photon Rack (PR) system was constructed by K. Dekoulis Lab, Kallithea,
Athens, Greece.

The PR was a 1.9 m high, 3-layer rack with four 2-m long NFT gullies per layer. Each
gully accommodated 12 plants. Each shelve was 200 cm long and 78 cm wide. Hence the
density was 30 plants per m2. The LED tubes were clipped above the hydroponic gullies
on an aluminum fixture which was designed to ascend and/or descend depending on
the wanted light intensity. The nutrient solution was delivered from a 90-L tank to the
gullies of the top layer by a Hailea pump (HX8850, 4900 L h−1, 100 W, Guangdong Hailea
Group Co., Ltd., Chaozhou, Guangdong, China). The pump operated daily on a 24-h basis.
Airflow was accomplished by using fans on the two ends of the rack. The PR was placed
indoors in an acclimated room. Pictures of the PR can be found in Appendix A.

The vertical farming production of lettuce took place in the PR from 20 November
2017 to 19 December 2017 by applying two different treatments. The first treatment was a
high light intensity treatment (HLI), consisting of either 16 hybrid-solar or conventional
LED, which provided an average of 310 μmol m−2 s−1 irradiance. The LED tubes of the
HLI treatment maintained their distance from the gully level throughout the cultivation
period as seen in Figure 1. Details regarding the differences in energy consumption of the
hybrid-solar and the conventional LED tubes have been provided in a previous paper [27].
The second treatment was a low light intensity treatment (LLI) with 8 LED tubes providing
188 μmol m−2 s−1 irradiance. The LED tubes were placed 20 cm above the NFT gully level
and ascended manually during the cultivation period. At the end of the cultivation cycle
the LED tubes had the same distance from the gully level, 40 cm, as the High Light Intensity
(HLI) treatment (Figure 1). The light spectrum chosen was white broad spectrum (Figure 2)
as various studies have shown that it is more beneficial for plant growth compared to nar-
row spectrum LEDs, like red, blue or their combinations [13,28–34]. In both treatments of
the vertical farming system, a 12-h photoperiod, an average temperature (T) of 22 ± 1.5 ◦C,
an average relative humidity (RH) of 90 ± 10% and an average CO2 concentration of
400 ppm were maintained. To evaluate the outcome of the vertical farming method, a
Glasshouse Treatment (GT) was also carried out during the 22 December 2017–20 January
2018 period as comparison. The Glasshouse treatment (GT) was completely depended on
sunlight. Given that the conditions inside the climate chamber were fully controlled, and
thus, independent of the outside environment, the outcome of the experiment would be the
same regardless of the time it was carried out. The climatic conditions of the Greenhouse
treatment were as follows; average light intensity was 144 μmol m−2 s−1, the photoperiod
was 10 h d−1 while the other climatic conditions; T, RH, CO2 where 20 ± 1.5 ◦C, 64 ± 10%
and 400 ppm respectively. The afore mentioned climatic conditions are summarized in
Table 1. The chemical composition of the nutrient solution (NS) supplied to replenish
plant uptake (replenishment NS) was as follows: K: 8 mmol L−1, Ca: 4.8 mmol L−1, Mg:
1.3 mmol L−1, NO3

-: 16.4 mmol L−1, NH4
+: 1.3 mmol L−1, H2PO4

-: 1.8 mmol L−1, Fe:
20 μmol L−1, Mn: 6 μmol L−1, Zn: 5 μmol L−1, Cu: 0.75 μmol L−1, B: 30 μmol L−1, Mo:
0.5 μmol L−1. The electrical conductivity and the pH of the recirculating nutrient solution
were monitored every day and maintained to 2.4 dS m−1, and 5,5–6,5, respectively, by
adding appropriate amounts of replenishment NS, and nitric acid, respectively. In addition,
the recirculating NS was renewed every week.
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Figure 1. Schematic representation of the treatments. Low Light Intensity (LLI), High Light Intensity (HLI), Glasshouse
Treatment (GT).

Figure 2. (a) Spectrum of LED lights used for this study, (b) Sun’s spectrum, during noon.

Light intensity was measured using a photometer Li-Cor (LI-188B Integrating quan-
tum/Radiometer/Photometer, LI-COR INC, Lincoln, NE, USA) at plant height. The spec-
trum was measured using a spectroradiometer (USB2000+, Ocean Optics Inc., Dunedin,
FL, USA) at a close distance from the LED chips. The environmental parameters were
measured using the Sigrow Pro sensor (Sigrow B.V., Wageningen Campus, Wageningen,
The Netherlands). Growth characteristics, shoot fresh weight, leaf number and leaf area
were measured during harvest.
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Table 1. Overview of the treatments’ characteristics and climate conditions studied.

Treatment Environmental Conditions Average Light Intensity Location Characteristics

HLI
T: 22 ± 1.5 ◦C, RH: 90 ± 10%,
[CO2]: 400 ppm, Photoperiod:

12 h
310 μmol m−2 s−1 PR upper layer 16 Conventional LED

tubes

LLI
T: 22 ± 1.5 ◦C, RH: 90 ± 10%,
[CO2]: 400 ppm, Photoperiod:

12 h
188 μmol m−2 s−1 PR lower layer 8 Conventional LED

tubes

GT
T: 20 ± 1.5 ◦C, RH: 64 ± 10%,
[CO2]: 400 ppm, Photoperiod:

10 h
144 μmol m−2 s−1 Glasshouse Solar light

HLI: High light intensity; LLI: Low light intensity; GT: Greenhouse treatment; T: Temperature; RH: Relative humidity; PR: Photon Rack.

2.2. Chlorophyll Fluorescence and Leaf Gas Exchange

The in vivo chlorophyll fluorescence parameters (operating efficiency of PSII photo-
chemistry, ΦPSII; electron transport rate, ETR; photochemical quenching of PSII, qP; and
non-photochemical quenching, qN) were measured once, as described by Liakopoulos
et al. [35], at the end of the cultivation in fully developed lettuce leaves, during the light
period (specifically between 8:00 a.m. and 12:30 p.m.), using a portable chlorophyll fluo-
rometer (PAM-2100, Heinz Walz GmbH, Effeltrich, Germany). Each leaf was acclimated
for 20 min before the measurements were taken, using dark leaf clips. The light response
curve was measured using 7 light intensities in the range between 0 to 938 μmol m−2

s−1. The starting light intensity was 40 μmol m−2 s−1, followed by 74, 120, 192, 302, 412,
631 and 938 μmol m−2 s−1. Measurements of photosynthetic light curves and photosyn-
thetic characteristics were carried out using white light from the PAMs’ halogen light
source. Fluorescence measurements were taken on the same morning with gas exchange
measurements. Measurements of light-saturated net CO2 assimilation rate and stomatal
conductance were conducted on mature leaves exposed to each light treatment (HLI, LLI,
GT), using a portable open-circuit gas-exchange instrument (LI-6400, Li-COR Inc., Lincoln,
NE, USA), equipped with a broad leaf chamber enclosing 6 cm2 of leaf area. Temperature
and relative air humidity inside the chamber were 30 ± 3 ◦C, and 30 ± 2%, respectively.
Gas exchange parameters (net rate of CO2 assimilation, A; transpiration rate, E; intercellular
CO2, ci; and stomatal conductance to H2O, gs) were measured at ambient CO2 atmospheric
concentration under 7 different photosynthetic photon flux densities, supplied by the LED
light of the instrument’s chamber, ranging from 0 μmol m−2 s−1 to 1840 μmol m−2 s−1

after acclimation for 180 s. The starting light intensity was 0 μmol m−2 s−1, followed by 46,
92, 184, 460, 920, and 1840 μmol m−2 s−1. Six replicates for each treatment were measured
(three readings at steady-state conditions were recorded per replicate and per light level).
Water Use Efficiency (WUE) was calculated as “instantaneous WUE” between A and E
(A/E) as described by Medrano et al. [36].

2.3. Fresh Weight, Leaf Number, Leaf Area, and Leaf Nitrate Concentration

Shoot fresh weight (sFW, g) and root fresh weight (rFW, g) were measured using the
Mettler PE-3600 (Mettler Toledo LLC, Columbus, Ohio, USA) scale, after wiping the plant
parts with paper to remove the surface water. The number of leaves were determined
by destructive sampling during the harvest stage. The leaf nitrate concentration was
determined by measuring nitrite after reduction of nitrate to nitrite by copperised cadmium
(Cu-CD) columns and subsequent colorimetric determination of nitrite by a Griess diazo-
coupling reaction as described by Novozamsky et al., [37]. The percentage of the daily
nitrate intake in each treatment per average lettuce head was calculated by multiplying the
average fresh weight of each lettuce head (kg) with the mean nitrate concentration (mg
kg−1) and then dividing by the human threshold of acceptable daily intake (ADI), which is
220 mg d−1 [38]. The percentage of the daily intake of nitrate of each treatment per 100 g of
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fresh produce was estimated by dividing the mean nitrate concentration for 100 g of lettuce
by the human threshold of ADI.

2.4. Statistical Analysis

The experiment was set up as a completely randomized design, with three treatments.
Each treatment consisted of 4 NFT gullies. Due to lack of space, each plant constituted one
replication. For the statistical analysis, 10 replication samples per treatment were collected
randomly to minimize the position effect. The data were statistically evaluated by applying
one-way ANOVA using the STATISTICA software package, version 9.0 (TIBCO Software
Inc, Palo Alto, CA, USA) for Windows (Microsoft, Redmon, WA, USA). When ANOVA
was significant for one measured parameter, the treatment means were separated using
the Duncan’s Multiple Range Test (p ≤ 0.05). Data were presented in figures and tables as
means ± SE of ten replicates.

3. Results

3.1. Quality and Biomass of Lettuce Plants Grown under Different Lighting Designs

The fresh biomass of the epigeous plant part in the HLI treatment was almost double
as high as in the other two treatments, while the difference was not significant between
the LLI and GT (Table 2). The fresh to dry weight ratio in the epigeous biomass did not
differ significantly between the treatments (data not shown). The root biomass was higher
in the HLI followed by the LLI treatment while GT had by far the lowest root biomass. The
leaf number was significantly higher in plants of the HLI treatment compared to the other
two treatments, and significantly higher in the LLI than in the GT treatment. The leaf area
was significantly higher in the HLI treatment compared to LLI and GT, while the latter
two treatments did not differ significantly from each other. The appearance of the lettuce
plants is sown in Figure 3. The lowest nitrate concentrations were measured in the HLI and
LLI treatments, without any significant differences between them, while the leaf nitrate
concentration measured in the GT treatment was significantly higher than those measured
in the vertical farming system, irrespective of light intensity (Table 2).

LLI HLI GT 

Figure 3. Average appearance of lettuce plants from each growing treatment at the harvest stage.
Judged by visual inspection, the low light intensity in the Photon Rack (LLI) produced “vortex-like”
morphology. The plants in the HLI and GT treatments were morphologically “normal”, while in
the HLI they had a greener appearance. HLI, High light intensity; LLI, Low light intensity; GT,
Glasshouse treatment.
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Table 2. Effect of different light intensities and hydroponic cropping system on growth and development of lettuce ‘Glory’
grown in a vertical farming system and in a glasshouse during the winter. HLI, High light intensity; LLI, Low light intensity;
GT, Glasshouse treatment.

Treatment
Fresh Shoot

Weight
(g plant−1)

Dry Shoot
Weight

(g plant−1)

Fresh Root
Weight

(g plant−1)

Leaf Number
(plant−1)

Leaf Area
(cm2 plant−1)

Nitrate
Concentration per

Kg of Fresh
Weight

(mg kg−1)

HLI 123.3 a 8.77 a 17.8 a 21.0 a 2005.7 a 1250 b

LLI 64.9 b 4.82 b 9.4 b 17.8 b 1457.6 b 1748 b

GT 58.1 b 4.12 b 5.4 c 15.2 c 1358.9 b 3578 a

Statistical
significance *** *** *** *** *** ***

Mean (n = 10) followed by different letters indicate significant differences (for each comparison criteria stated) according to the Duncan’s
multiple range test (p < 0.05), *** significant at p < 0.001.

3.2. Physiological Characteristics: Chlorophyll Fluorescence and Gas Exchange

The chlorophyll fluorescence analysis showed that, based on the ΦPSII and ETR param-
eters, plants of the HLI treatment were more capable of utilizing the light for photosynthesis
than those of the other treatments, whereas LLI and GT plants did not differ significantly
(Figure 4).

Figure 4. ΦPSII (a), ETR (b), qP (c) and qN (d) of an average lettuce plant grown under each different
treatment. HLI, High light intensity; LLI, Low light intensity; GT, Glasshouse treatment. Vertical bars
indicate ± standard errors of means.
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Looking further into the qP values, it was shown that, for PPFD lower than 300 μmol m−2

s−1, the HLI treatment was significantly higher than the other two treatments (Figure 4c),
while at PPFD higher than 300 μmol m−2 s−1, the qP values of the HLI treatment were
significantly higher only in comparison with those recorded in the LLI. Furthermore, the
qP in the GT treatment, representing the energy ratio distributed to photosynthetic electron
transport, was significantly lower than in the LLI treatment under PPFD below 150 μmol
m−2 s−1, similar to that measured in the LLI for PPFD equal to 150 μmol m−2 s−1, and
higher than in the LLI for PPFD higher than 150 μmol m−2 s−1. The measurements of the
qN, which represents energy dissipation at the PSII antenna level due to the xanthophyll
cycle and other photoprotective or regulatory processes, revealed significantly higher
values in the GT compared to the other treatments (Figure 4d).

As shown in Figure 5, the highest net photosynthetic rates and the lowest transpiration
rates were measured in the HLI treatment compared to the other two treatments. The
highest levels of transpiration and stomatal conductance were measured in plants of the
LLI, and the differences were significant compared to both the HLI and the GT. On the other
hand, as seen in Figure 4 the intercellular CO2 was significantly lower in the GT compared
to both the HLI and LLI, while the latter treatments did not differ significantly from each
other. Finally, the HLI exhibited the highest water use efficiency (Figure 6) compared to the
LLI and the GT, while the latter two treatments did not differ significantly from each other.

Figure 5. Net Photosynthetic Rate, A, (a), Transpiration rate, E, (b) of an average lettuce grown under each treatment’s
conditions. HLI, High light intensity; LLI, Low light intensity; GT, Glasshouse treatment. Vertical bars indicate ± standard
errors of means.
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Figure 6. Stomatal conductance, gs, (a) intercellular CO2, ci, (b,c) water use efficiency (WUE) of an average lettuce grown
under each treatment’s conditions. HLI, High light intensity; LLI, Low light intensity; GT, Glasshouse treatment. Vertical
bars indicate ± standard errors of means.

4. Discussion

Light intensity strongly affects growth and quality of lettuce as reported by Kang
et al. [4], and Fu, et al. [19]. The present study showed that an irradiance level of 188 μmol
m−2 s−1 applied constantly for 18 h in a vertical hydroponic system was insufficient for
lettuce, while a PPFD of 310 μmol m−2 s−1 could produce large lettuce heads containing
less nitrates compared to those produced hydroponically in a Mediterranean greenhouse
during wintertime. However, apart from the light intensity, the light uniformity had also
a strong impact on lettuce growth in the current study. Indeed, the GT treatment, which
took place in a Mediterranean hydroponic greenhouse during wintertime with an average
PPFD of 144 μmol m−2 s−1 and a 10 h photoperiod, produced morphologically salable
lettuces, albeit with a lower biomass than in the HLI. Morphological differences at the
harvest stage between plants originating from the three treatments are shown in Figure 3.
Apparently, the shape of the plants in the LLI was peculiar, while, based on the shape,
HLI plants could not be distinguished from those of the GT treatment. In contrast, the
LLI treatment produced morphologically non-marketable lettuce heads characterized by a
vortex-like morphology although the mean light intensity was higher than that prevailing
in the GT. The vortex-like morphology was presumably a result of poor light uniformity
in the LLI treatment, which has a similar effect with that imposed by competition among
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neighboring plants on the Red:Far red ratio as reported by Ballaré [39–41], and Nagashima
and Hikosaka [42].

The placement of the LED tubes closer to the plants in the LLI treatment led to areas
exposed to high light intensity alternated by areas of lower light intensity on the upper
surface of the plants and inside the plant canopy. As reported by Marchior et al. [43],
self-shading can lead to exposure of a large part of plant leaves to low light levels, and
concomitantly to severe restrictions in the rate of net assimilation. Nevertheless, it is
worth to note that the vortex-like morphology would not be a problem if the lettuces were
produced for fresh cut salads.

In addition to the light uniformity, differences in the light quality had also a strong
impact on growth of lettuce. As reported by Dougher and Bugbee [44], Lin et al., [13],
Li and Kubota [14], and other researchers [32,45–47], the spectrum can greatly affect the
growth of a crop. In the vertical farming system white LEDs were used in both the LLI and
the HLI treatment, while in the GT treatment the plants were receiving natural sunlight.
On this basis, it is suggested that the biomass differences between the vertical farming
treatments on the one and the GT on the other were partly imposed by differences in the
light spectrum.

The higher leaf nitrate concentrations in the HLI treatment compared to the LLI and
the GT are reasonable, given that the assimilation rate of nitrates into the plant cells is
primarily dictated by the activity of nitrate reductase, which is depending on the light
conditions [48,49]. As reported by Viršile et al. [50] an increased light intensity provides
more energy available to photochemistry, provided that CO2 supply from the atmosphere
is ample, leads to enhanced carbohydrate production and accelerated nitrate assimilation
to amino acids. However, the light intensity alone cannot explain the huge difference in leaf
nitrate concentration between the LLI and the GT. Indeed, the difference in light intensity
between the LLI and the GT is relatively small, compared to that between the HLI and the
LLI. However, the difference in leaf NO3

- concentration is much larger between the LLI
and the GT than between HLI and LLI. This lack in proportionality between light levels
and leaf nitrate concentrations indicates that the leaf nitrate concentration was influenced
by both light intensity and light quality. Indeed, as reported by Chen et al. [30], blue light
boosts the synthesis of nitrate reductase in directly or indirectly ways. Therefore, the lower
leaf nitrate concentrations in the vertical farming treatments of the current study may
be associated with a high proportion of blue light in the light spectrum applied in these
treatments.

As shown in Figure 7, when the nitrate values were studied per plant, the nitrate
values of each treatment were all below the human threshold of acceptable daily intake
(ADI), which is 220 mg day−1 for a person weighing 60 kg [38]. The consumption of an
average lettuce originating from the HLI treatment covered the 70% of ADI, while LLI
covered just 52% and GT the 94%. However, taking a mean daily consumption of 100 g
as a calculation basis, the GT greatly surpassed the ADI limit, providing 163%, while LLI
and HLI remained safe for consumption with 79%, and 57% of the ADI, respectively. This
indicates that the consumption of greenhouse-produced lettuce in winter is associated with
a higher risk of surpassing the safety threshold. Nevertheless, this may be not associated
with a higher health risk, as recent investigations dispute the harmful effects of nitrate and
its derivate nitrite on human health [51].
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Figure 7. Estimation of percentage of the daily intake of nitrate of each treatment per average lettuce head and per 100 g of
fresh produce. HLI, High light intensity; LLI, Low light intensity; GT, Glasshouse treatment.

The measurements of chlorophyll fluorescence and gas exchange parameters showed
that HLI was photosynthetically the most efficient treatment. Furthermore, the results
concerning chlorophyll fluorescence parameters at different light levels demonstrate the
acclimation effect in the lettuce plants grown under each treatment. The plants of the
HLI treatment were growing under a stable PPFD of around 300 μmol m−2 s−1, while
the LLI plants were exposed to a stable but lower PPFD of around 190 μmol m−2 s−1.
However, the GT plants were growing in an environment with unstable, natural lighting
corresponding to an average PPFD of around 140 μmol m−2 s−1, but maximum PPFD
levels in the greenhouse reached 500 μmol m−2 s−1 or more at times during some days.
These conditions may have been partially responsible for the increasing efficiency of the
photosynthetic activities in the GT under increased light intensity in comparison to LLI,
the efficiency of which dropped with increased PPFD (point of 300 μmol m−2 s−1 for ΦPSII
and ETR, and point of 100–150 μmol m−2 s−1 for qP and qN) as shown in Figure 4.

As stated by Walters R.G [52], plants have evolved several mechanisms enabling
them to adapt to changes in growth conditions. The adaptation mechanisms include
both morphological changes improving light interception on the long term (Ballare’ [41];
Weston et al. [53]), and adjustments in the functioning of individual proteins maximizing
the efficiency of the photosynthetic apparatus, which operate on timescales ranging from
seconds to hours (Demmig-Adams and Adams [54]). The HLI and LLI treatments of the
vertical farm were adapted to stable environmental conditions, and thus, were unable
to adapt quickly to any deviation from those conditions as seen from the chlorophyll
fluorescence measurements (Figure 4). The unstable lighting conditions of the GT treatment
in the greenhouse helped the plants adapt in more diverse lighting conditions. This can
be seen from the qP measurements Figure 4c, where the GT treatment appears to be more
capable of utilizing high light intensities than the LLI and HLI.

The high intercellular CO2 concentrations in the LLI are ascribed to the significantly
high levels of stomatal conductance. However, the low net photosynthesis in the LLI
despite the high levels of intercellular concentration indicate that the restriction of plant
biomass in this treatment originated from limitations in the photosynthetic apparatus.
In contrast, the lower rates of net photosynthesis in the GT compared to the other two
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treatments were associated with reductions in both the stomatal conductance and the
intercellular CO2 concentrations, which indicates that the plant biomass in this treatment
was partly restricted by stomatal limitations. The reduced stomatal conductance in the GT is
ascribed to the lower relative humidity in the greenhouse air compared to than maintained
in the vertical farming treatments (Table 1). As has been reported in a previous paper [27]),
stomatal length did not differ significantly among treatments whereas the stomatal density
of the GT treatment was significantly lower in comparison to that measured in the other
treatments. These results highlight another advantage of lettuce cultivation in vertical
farming systems, namely their inherent ability to allow for maintenance of the air humidity
to optimal levels for plant growth.

The highest WUE was observed in the HLI treatment, which had the largest leaf area
as well. For the LLI treatment it was expected to have low WUE since it had decreased
chlorophyll fluorescence and increased stomatal conductance. The lettuces of the HLI
treatment grew under high relative humidity conditions (RH = 90%), which led to decreased
transpiration in comparison to the GT were the relative humidity was lower (RH = 64%) and
therefore the transpiration was greater. This also had an impact on the calcium ascension
since in both the HLI and LLI treatments, there were lettuce plants that suffered from tip
burn. An unexpected point regarding the LLI was that the stomatal conductance and the
transpiration rate were higher than in the other two treatments despite the high relative
humidity (RH = 90%). It is speculated that the decreased distance between the LEDs and
the plant canopy led to uncontrolled high illuminance at certain parts of the leaves. This
high light intensity perhaps acted as a signal, tricking the plant into activating a high light
intensity response at plant level.

5. Conclusions

The aim of the present work was to evaluate the commercial benefits of growing lettuce
indoors with artificial lighting compared to glasshouse production under Mediterranean
climatic conditions. During this experiment, morphological and physiological characteris-
tics were also measured. A significant increase of the biomass and quality characteristics
as well as the photosynthetic capacity was observed in lettuces grown in the high PPFD
treatment (HLI) of the vertical farm. Nitrate content analysis showed that when studying
lettuce heads, the percentage of the daily nitrate intake were below the human threshold
for all treatments. Whereas, in consuming 100 g of lettuce, only the vertical farming treat-
ments (HLI and LLI) were below that threshold and therefore safe for consumption. These
results further support the superiority of lettuces grown in vertical farms. Even though
the outcome of this study supported that the use of the HLI treatment was able to produce
lettuce plants of higher quality, in comparison to LLI and GT treatments, during winter
in Athens, a large-scale experiment in a year-round cultivation period should be further
investigated to draw accurate conclusions for the feasibility and appropriateness of vertical
farming in Greece.
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Figure A1. Constriction of the Photon Rack (PR) system at K.Dekoulis Lab in Kallithea, Athens, Greece.

Figure A2. The photon flux density measurements were carried out using LI-188B Integrating quan-
tum/Radiometer/Photometer, LI-COR INC, Lincoln, NE, USA. The LED tubes were attached on an aluminum base
that allowed them to ascend and descend manually. The measuring tape indicated the distance between the LED tubes and
the layer’s surface. The photometer was placed on a white A4 paper that was separated into 9 squares. Readings were
recorded for each of those squares to completely map out the PPFD of each layer in relation to the LED tube’s distance
which ranged from 10 cm to 40 cm.

Figure A3. The LED tubes of the High Light Intensity treatment (HLI) were stationary. The distance between the NFT
gullies and the LED tubes was 40 cm. The distance between the plant canopy and LED tubes was decreased as the planτs
grew due to their increase in height, unlike in the LLI treatment were the LED tubes ascended from 20 cm to 40 cm distance
from the NFT gullies as the plants grew, until the point the reached the ceiling of the layer.
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