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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 CO, 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 umol m~2 s~!, 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 pm~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™~!. Increasing the nutrient concentration to an
EC of 3 mS cm~! did not increase the yield of lettuce, while a further increase to an EC of
4mS cm™~! resulted in a significant reduction in the yield [34,35]. Moreover, it was found
that the EC of 4 mS cm ™! 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 x 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 umol m~2 s~! 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, Brzezéwka, Poland) with
dimensions 6.0 x 2.6 x 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 x 0.6 m), there were
placed 6 styrofoam containers (0.4 x 0.6 x 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 m?). Each container contained 20 L of the solution;
the solution was constantly aerated (2.3 L min~!). 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 umol m~2 s~ for a 16-h
photoperiod. The total daily amount of light (DLI) was 9.2 mol m 2.

Table 1. Spectral photon flux PPF (umol 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 UV-A Blue Green Red Far-Red R:B Total
R:G:B 340-399 nm 400-499 nm 500-599 nm 600-699 nm 700-780 nm Ratio nm
(Red:Green:Blue)
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 34 439.2
60:10:30 0 127.4 46.5 267.2 1.1 2.1 4422
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 400499 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™~!,
pH 6.0) were: N-NO3—130, N-NH;—11, P—40, K—180, Ca—200, Mg—35; in solution B
(EC 2.0 mS cm ™!, pH 6.0): N-NO3—170, N-NH;—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-NOs, 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 HCIO4
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, Konigswinter, 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 (Chl) to the flavonol index
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(FLAV), i.e., NBI = Chl/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 x 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 x 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].

7
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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 . . . Light Spectrum x

Morphological Trait Light Spectrum Nutrient Solution ngltrierﬁ 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~! 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-NOj3), 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 ! 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*l f.w.), macronutrients (N, P, K, Ca, and Mg, in %) and micronutrients

(Fe, Mn, Cu, Zn and B, in mg kg~! 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 In B
mg kg1 f.w. % mg kg1 d.w.
Light spectrum
R:G:B
80:10:10 3538 a 440a 0.66 a 8.38b 1.20a 0.41b 124 a 149 a 63 a 51a 72 ¢
70:10:20 3909 a 434a 0.66 a 8.37b 1.24a 0.41b 135a 126 a 6.0a 45a 63 b
60:10:30 3538 a 4.36a 0.65 a 8.10 ab 1.18a 0.42b 135a 131a 58a 48 a 58 ab
70:18:12 3128 a 424a 0.64a 7.77 a 1.18a 0.34a 146 a 126 a 5.6a 43a 57 a
Nutrient solution

A 3218 a 422a 0.64 a 8.52b 1.20a 0.38a 141 a 134a 6.5b 43 a 69 b
B 3899 b 440b 0.67b 7.79 a 1.20a 0.41b 130 a 133 a 54a 50 b 55a

Light spectrum x ns. n.s. n.s. n.s ns. n.s. ns. ns. * ns. *

nutrient solution

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 ™!
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 ! 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 ! f.w.) than of those grown in solution B with a higher
nitrate content (170 mg L~!). The modifications of the spectrum of the light emitted by
LEDs at PPFD 160 umol m~2 s~ ! 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 pmol 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 L1
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.

44
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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 pumol m~2s land a16-h photoperiod, it is sufficient
for the nutrient solution to have a low concentration of minerals with the following
composition (in mg L’l): N-NO;—130, N-NH;—11, P—40, K—180, Ca—200, Mg—35,
and EC 1.6 mS cm~!. 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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