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Abstract: Within the current scenario of cropland use and forest surface loss, there is a need for the
implementation of viable urban farming systems, e.g., indoor vertical farming (VF). Light manage-
ment is fundamental in VF, although responses to light spectra are often species-specific. As the
interest of consumers and farmers towards baby-leaf vegetables has recently increased, this study
aimed at assessing the most effective red:blue (RB) ratio for enhanced baby-leaf production of kale
(Brassica oleracea). Within an ebb-and-flow system, increasing RB ratios (RB3, RB5, RB7 and RB9) were
tested, sharing a photoperiod of 16 h day−1 and a light intensity of 215 µmol m−2 s−1. A larger yield
was obtained for plants under RB5, featuring an intermediate B fraction compared to other treatments,
with plants displaying more expanded and thinner leaves. Also, for lighting energy and cultivated
surface use efficiency, RB5 was the most effective treatment, performing up to 57 g FW kWh−1 and
54 kg FW m−2 y−1, respectively. From multispectral data, a tendency of reduced Fv/Fm and Fq

′/Fm
′

was observed as the RB ratio increased, while the chlorophyll index was enhanced under RB ≥ 7.
This study highlighted the light recipe with an RB ratio of 5 as the most effective lighting mixture for
optimal baby-leaf kale production in terms of balanced growth, resource use efficiency and yield.

Keywords: red:blue ratio (RB); light emitting diode (LED); Brassicaceae; ready-to-eat; vertical farming

1. Introduction

Urban agriculture (UA) allows for the exploitation of urban or peri-urban areas for
food production [1], potentially reducing the burden on natural lands from their traditional
agricultural use. The total cropland area has seen a rise from the beginning of the 21st
century, with an increase of 80 million ha, which, in 2022, was roughly 12% of the world’s
total land area [2]. Additionally, this increase represented a loss equal to 80% of forest
land area in the last two decades, consisting of 100 million ha [2]. Taking these figures into
consideration, finding solutions to produce crops with less land through, e.g., a novel UA
system, is of importance.

A range of diversified typologies of UA systems can be implemented, featuring
different degrees of automation or space needed, with technological innovation exploring
rooftop farming systems (such as open-air farms or building-integrated greenhouses) or
fully indoor technologies, e.g., vertical farming (VF) systems [3]. VF consists of closed
plant production systems, where adopted technologies include artificial lighting, controlled
climate and soilless cultivation techniques with closed-loop irrigation systems for plant
growth, and allow for complete insulation from the external environment [4]. The term
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vertical is used, as these spaces are designed with multi-layer cultivation structures able to
remarkably surge crop production available area, taking advantage of buildings’ height
and reducing the effective land use [5,6]. Additionally, the possibility of profiting from
vacant buildings, parking lots located underground, as well as warehouses, basements
or shipping containers located in urban areas [7,8] further supports the strength of UA in
maximizing the so-called surface use efficiency (SUE), an indicator of the food productive
capacity of a unit of land occupied for production. Hence, the traditional idea of employing
cropland for agricultural purposes is shifted towards the concept of “zero-acreage farming”
(Z-Farming) to re-design and re-purpose unused urban spaces [9,10].

As mentioned, artificial lighting is one of the fundamental components of VF, replacing
natural sunlight. In VF, commonly adopted horticultural lighting technologies are light-
emitting diodes (LEDs) [11]. LEDs allow for accurate management of light properties
(namely intensity, photoperiod and quality) that plants can perceive [12] due to the wide
family of specialized plant photoreceptors able to translate light signals into reactions [13].
Considering the light quality or spectrum, plants provide specific responses according to the
different wavelengths emitted. Within the traditionally defined photosynthetically active
radiation (PAR, 400–700 nm), the most absorbed wavebands are the blue (B, 400–500 nm)
and red (R, 600–700 nm) regions, where the absorbance peaks of chlorophyll pigments
match [14,15]. For this reason, different combinations of red and blue (RB) wavelengths
are among the most employed light recipes in VF, contributing to balanced plant growth.
However, since species-specific responses to light quality exist, it is crucial to identify and
comprehend the effects of different spectral compositions for any crop where commercial
interest in VF emerges [15].

As reported by Kozai and Niu [16], for VF, economically viable crops commonly
include leafy greens and herbs (especially lettuce). This is due to the elevated harvest
index (HI, resulting from the ratio of edible plant portion over its total biomass) of these
crops, which therefore allows for optimizing the exploitation of the energy received. Energy
requirements in a vertical farm are significant, which, for lighting needs, can account for
50% [17] to 70% [18] of energy requirements. The rest is mostly associated with climatic
control, with an overall energy expenditure that may represent about 40% of the whole
production cost [18]. To increase VF energy use efficiency, strategies to reach a higher
production should be combined, for instance, altering the lighting. The choice then goes to
short-cycled compact plants (e.g., for the baby-leaf or ready-to-eat sector) that allow to fit
the numerous stacked layers, granting a high cultivation density and allowing for multiple
harvests throughout the year.

Ready-to-eat salads are highly requested by consumers, with a tendency to increase in
the coming years [19]. In addition, the aforementioned high HI of baby-leaf vegetables [20]
makes them a promising crop for VF. In order to improve product diversification, the
present research addressed the effects of multiple combinations of red and blue light on
baby-leaf kale (Brassica oleracea. cv. ‘Baby Kale #4.51). The analysis of productive features
was combined with the identification of light-induced physiological responses and the
assessment of resource (surface and lighting) use efficiency with the aim of identifying the
spectrum that would allow for best performances.

2. Materials and Methods
2.1. Experimental Settings and Design

The experimental trial was carried out in AlmaVFarm, the experimental vertical farm
of the Department of Agricultural and Food Sciences of the University of Bologna (Bologna,
Italy). All the specific characteristics and designs of the structure are available in Carotti
et al. [21]. During the cultivation period, the relative humidity of the facility was kept
at 65/70 ± 10% day/night, respectively, while the temperature was set at 24/21 ± 1 ◦C
day/night. Moreover, supplemental CO2 was provided in the room to maintain a constant
concentration equal to 850 ppm.
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An ebb-and-flow soilless system was used for the experiment and included 4 sectors
with a 3-level stacked cultivation tray scheme (with each tray having a surface of 0.53 m2).
The system featured a closed-loop water cycle: nutrient solution from the main tank
circulated once a day for 10 min, flooding each tray and, when not absorbed by plants or
substrate, returned to the main tank. The electrical conductivity (EC) and pH parameters
of nutrient solution were checked 5 times per week manually with a tester (HI98130,
Hanna instruments Italia Srl, Ronchi di Villafranca Padovana, Italy) in the main tank and
accordingly adjusted to maintain the setting value of 2.3 dS m−1 and a 5.8 for EC and pH
parameters, respectively. The nutrient solution formulation used for the whole growing
cycle had the following composition: N-NO3: 15.44 mM, N-NH4: 1.93 mM, P: 1.93 mM,
K: 9.65 mM, S-SO4: 2.32 mM, Ca: 4.34 mM, Mg: 0.97 mM, Fe: 45.7 µM, Cu: 15.1 µM, Zn:
14.8 µM, B: 30.0 µM, Mn: 46.3 µM, Mo: 0.7 µM.

Kale seeds (Brassica oleracea. cv. ‘Baby Kale #4.51, Smarties.bio, Chioggia, Italy) were
sown in 240-hole (31 × 53 × 3.7 cm) polystyrene trays filled with sterilized preformed
peat and coco coir plugs (Jiffy Group, Zwijndrecht, The Netherlands), adopting a planting
density of 1460 plants m−2. One polystyrene tray per layer was placed under a LED lamp.
After sowing, trays were placed inside the vertical farm until harvest, which was carried
out 21 days after sowing (DAS), at the baby-leaf production size.

2.2. Light Treatments: Intensity, Quality and Photoperiod Properties

Four different lighting spectra were provided by dimmable LED fixtures (Flygrow®,
Flytech srl, Belluno, Italy) from the beginning of the cycle (0 DAS). Each light treatment
was replicated over 3 trays. In particular, the light spectra were characterized by only
applying R (peak at 663 nm) and B (peak at 470 nm) wavelengths, obtaining selected RB
increasing ratios: RB 3:1 (RB3), RB 5:1 (RB5), RB 7:1 (RB7) and lastly RB 9:1 (RB9) (Figure 1).
Before the beginning of the trial, a manual illuminance spectrophotometer was used to
determine the spectral properties (CL-500A, Konica Minolta, Chiyoda, Tokyo, Japan) of
each treatment. Photoperiod (expressed as the duration of light in a day, h day−1) and light
intensity (expressed by the photosynthetic photon flux density, PPFD, in µmol m−2 s−1)
were shared by all lighting treatments and equal to 16 h day−1 and 215 µmol m−2 s−1,
respectively. PPFD was accurately measured using a PAR meter (Apogee Instruments,
Logan, UT, USA).

2.3. Morphological Measurements

Measurements were carried out at final harvest (21 DAS), and from each tray, five plots
measuring 20.5 × 5 cm each (equal to 102.5 cm2) and hosting 16 plants were considered as
a sampling area. Therefore, a total of 15 sampling plots per treatment were considered. For
each plot, the plant fresh weight (FW, g FW plant−1) was obtained, and consequently, the
final fresh yield (expressed in kg FW m−2) was calculated. Afterwards, the dry weight (DW,
g DW plant−1) was acquired after 72 h at 65 ◦C in a laboratory drying oven. Accordingly,
dry matter content (DMC) was calculated as the ratio between dry and fresh biomass and
expressed as a percentage (%). Leaf area (LA, cm2 plant−1) was obtained using the open
software Easy Leaf Area, developed by the University of California (USA) [22]. Specific
leaf area (SLA) was calculated as the ratio of LA to leaf DW (cm2 g−1 DW). Lastly, light use
efficiency (LUE) was assessed as the relation of shoot DW biomass to the amount of light
emitted by LEDs throughout the cultivation and expressed as g DW mol−1.
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2.4. Physiological Measurements

Physiological data were collected at final harvest (21 DAS) through a Plant Explorer
Pro+ device (PhenoVation B.V., Wageningen, The Netherlands), enabling the gathering of
plant multispectral images. After the border plants were removed, the entire cultivation
tray was placed inside the device. After dark adaptation (15 min), firstly, maximal efficiency
of photosynthesis of photosystem II (PSII), namely Fv/Fm, was obtained. Afterwards, PSII
quantum efficiency (Fq′/Fm′) and chlorophyll index in light-adapted crops were recorded.
Chlorophyll index measurement is based on the formulas developed by Gitelson et al. [23]
through filters interchanging in front of the camera to measure both the near-infrared (NIR)
and red-edge spectra, from which the index is then calculated. Data and images obtained
were then examined and developed using the Plant Explorer Data Analysis Software
Version 5.8.0 beta-64b. For each tray, one image and one value for each parameter were
obtained, as the software provided averaged data for the canopy.

2.5. Resource Use Efficiency

Energy consumption for each light spectrum supplied was measured (Table 1). Lighting-
energy use efficiency (L-EUE) was then calculated according to the crop cycle length,
the final yield obtained and the total electricity consumption of the lamps. L-EUE was
expressed as g FW kWh−1. Lastly, cultivated surface use efficiency (SUE) was determined as
well by calculating the potential achievable yield (all aerial biomass except for cotyledons)
in AlmaVFarm per unit of the cultivated surface (42.93 m2) over one year for a total of
17 subsequential growing cycles and normalized per unit surface to be expressed as kg
FW m−2 y−1. Non-edible biomass (cotyledons and roots) was processed as a waste. The
17 cultivation cycles allow 8 buffer days per year, which translates into half a daytime for
each cycle for maintenance (such as cleaning and operational tasks for running the new
cycle again).
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Table 1. Total lighting energy use (kWh m−2 cycle−1) for the four lighting treatments with increasing
RB ratio over the 21 days of cultivation.

Lighting Treatments Total Lighting Energy Use
(kWh m−2 cycle−1)

RB3 56.8
RB5 55.5
RB7 54.2
RB9 54.2

2.6. Statistical Analysis

For morphological measurements, the experimental sampling units consisted of 5 plots
with a dimension of 20.5 × 5 cm, 102.5 cm2 each, located in the central areas of the tray,
avoiding border plants. As each sampling plot included 16 plants, data were normalized
and reported per plant. For multispectral data, the entire canopy without border plants was
considered, providing average data from three replicate trays per LED treatment. Normally
distributed data were analyzed by one-way ANOVA using R Studio software (version 4.1.2).
Significant differences were analyzed between the different light treatments and tested by
the Tukey test at 95% confidence. Instead, as DMC results were not normally distributed,
the Kruskal–Wallis test was performed and Dunn’s test with Bonferroni correction was
used as a post hoc method to separate the means at 95% confidence.

3. Results
3.1. Plant Growth and Resource Use Efficiency

In terms of biomass produced, the highest values were associated with RB5 (2.2 g FW
plant−1), which resulted in a +20% increase as compared with other treatments (on average
1.8 g FW plant−1) (Figure 2A). Conversely, DMC was increased when the RB ratio was
higher than 7 (average value 8.9%), registering a +14% increase compared to a lower RB
ratio (Figure 2B).
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Figure 2. Effects of increasing RB ratio on baby-leaf kale cultivation on (A) fresh weight (g FW
plant−1) and (B) dry matter content (%). Average data identified by purple x, ±standard errors from
vertical bars (n = 15) are reported. For FW results, different letters indicate significant differences
according to Tukey’s post hoc test for mean separation with p < 0.05. For DMC results, different
letters indicate significant differences according to Dunn’s post hoc test following the Kruskal–Wallis
test, with p < 0.05.

Considering leaf expansion and architecture, the RB5 light recipe influenced the most
LA and SLA figures, resulting, respectively, in values up to 47.4 cm2 plant−1 (Figure 3A)
and 394 cm2 g−1 DW (Figure 3B). LA showed the same tendency of yield, with comparable
values obtained for RB3 and RB ≥ 7 (mean of 37.7 cm2 plant−1) (Figure 3A). Instead, for
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SLA, the RB3 treatment displayed an intermediate result compared to RB5 and RB ≥ 7,
with significant differences among them: RB5 registered a +12% compared to RB3 and up
to +28% in relation to average values from RB7 and RB9 (Figure 3B).
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Figure 3. Effects of increasing RB ratio on baby-leaf kale cultivation on (A) leaf area (cm2 plant−1)
and (B) specific leaf area (cm2 g−1 DW). Average data identified by purple x, ± standard errors
from vertical bars (n = 15) are reported. Different letters indicate significant differences according to
Tukey’s post hoc test for mean separation with p < 0.05.

In terms of resources use efficiency, L-EUE and SUE presented an equal trend. As a con-
sequence of yearly yield, the maximum SUE obtained with RB5 resulted in 54 kg FW m−2 y−1

against a mean of 45 kg FW m−2 y−1 for the other light recipes (Figure 4A). For L-EUE,
higher values were detected again with RB5 (57.1 g FW kWh−1) compared to RB3, RB7 and
RB9 (average L-EUE of 48 g FW kWh−1) (Figure 4B). However, if efficiency in using lighting
energy to produce fresh biomass highlighted RB5 as the most effective light treatment, the
observed opposite trend associated with differences in dry matter percentage resulted in
a similar efficiency in using incident light for growth across treatments, with LUE data
featuring non-significant differences (average of 0.66 g DW mol−1, Table S1).
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3.2. Physiological Results: Multispectral Data

The lowest maximal efficiency of photosynthesis (Fv/Fm) was associated with RB9
treatment (0.71), therefore being when the highest red portion was included in the spectrum
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(Figure 5A). Instead, the greatest values were detected under RB ≤ 7, with an average
datum of 0.74 (Figure 5A). Through canopy images, it is also detectable that RB9 presented
a higher number of pixels with lower Fv/Fm values, visible by the higher presence of
yellow-orange areas.
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′/Fm

′, values, as defined in
the integrated legend; in (C), dark green pixels indicate lower values for chlorophyll index, whereas
yellow-white areas indicate higher chlorophyll index, as defined in the integrated legend. Average
data identified by purple x, ±standard errors from vertical bars (n = 3) are reported. Different letters
indicate statistically significant differences according to Tukey’s post hoc test for mean separation
with p < 0.05.
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PSII quantum efficiency (Fq
′/Fm

′) data provided a different trend, where RB3 had
the highest value (0.61) but was not statistically significantly different from RB5 and RB7
(Figure 5B). Again, RB9 presented the lowest PSII quantum efficiency, equal to 0.58
(Figure 5B). One more time, the multispectral image helped in identifying areas with
different values through color scale: as visible in Figure 5B, the image from treatment RB9
recorded more orange-red pixels linked with minor Fq

′/Fm
′ values.

On the other hand, a higher R quota associated with a lower B amount in the spectrum
(RB ≥ 7) resulted in higher estimates for chlorophyll index in light-adapted kale, with
average values of 1.68. Conversely, RB5, which proved to be the most efficient treatment
for many other parameters, provided the lowest amount (1.39) (Figure 5C). Again, darker
green spots in RB5 observable in the images reflected the lowest estimated chlorophyll
concentration in the canopy (Figure 5C).

4. Discussion
4.1. RB5 Allows for Optimized Baby-Leaf Kale Growth and Resource Use Efficiency

In this study, increasing red-over-blue lighting treatments were employed to under-
stand and describe the relationship between these two PAR regions and baby-leaf kale
responses. It is well known that the optimal ratio of red and blue wavelengths depends on
the specific crop to be cultivated, carefully weighing up the morphological, physiological
and qualitative aspects [15]. Therefore, defining only one efficient RB combination may
not work equally for all the crops. Indeed, the literature validated different mixtures of
red and blue wavelengths as the most efficient light recipes for leafy greens production in
indoor environments in terms of fresh or dry biomass as well as efficiency in using different
inputs. For instance, in basil (Ocimum basilicum L.) and lettuce (Lactuca sativa L.), the optimal
ratio was identified in RB3 [24,25], while for spinach (Spinacia oleracea L.), benefits were
associated with treatments of RB6 or RB10 [26]. Considering the Brassica family, evidence
from other studies highlighted that several species tend to appreciate, in terms of fresh
or dry biomass production, a lower blue presence in the spectrum when associated with
red wavelengths. For instance, the growth of Chinese cabbage (Brassica rapa L.) improved
under RB8 [27], while RB9 and RB3 resulted in being more efficient compared to RB0.3 for
mustard (Brassica juncea L. ‘Red Lace’) and kale (Brassica oleracea L. ‘Red Russian’) cultiva-
tion [28]. Additionally, curled kale (Brassica oleracea var. sabellica) biomass increased when
cultivated under RB ≥ 10 compared to RB4.9 [29]. However, excessive shrinking or even
completely calling off blue wavelengths from the light treatment supplied, thus providing
a monochromatic red light, cannot be the solution either. Indeed, blue radiation is captured
by multiple plant photoreceptors, influencing leaves’ stomatal opening, elongation of stem
and chloroplast development thanks to cryptochromes, as well as chloroplast position and
stomatal opening via phototropins [30]. Therefore, testing the response of Brassicaceae
such as kale under different doses of red and blue can be a starting point to provide a
valuable and efficient light recipe for this crop.

In the present study, a moderate increase in the RB ratio wavelengths above 3 resulted
to be effective in terms of fresh biomass production, with RB5 providing the highest fresh
biomass per plant (Figure 2A). This treatment resulted to be efficient for other Brassicaceae
as well, like broccoli (Brassica oleracea L. var. Italica) at the stage of microgreens, although
a much lower intensity was applied (around 30 µmol m−2 s−1) [31]. On the other hand,
further increasing the ratio (RB ≥ 7) did not scale up the growth of kale, maintaining the
same efficiency of the commonly adopted RB3 spectrum. Therefore, although a lower
blue presence has been observed to improve Brassica growth in several studies, our results
showed how a portion of the blue region in combination with red was still necessary,
translating into an RB ratio of 5. Increased fresh biomass associated with RB5 was due to a
major leaf expansion, registering a +21% in LA (Figure 3A). Instead, higher RB ratios led to
reduced leaf size and, therefore, a possible reduced capacity to intercept the needed light
for boosted growth [32]. Reduced LA with a higher R fraction over B could be associated
with plant shade-avoidance-syndrome (SAS) (more commonly associated with far-red
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radiation in a low red:far-red environment [33]) but is also possible in the absence of B
light in the spectrum, which can lead to a major stem elongation in contrast with a lower
leaf expansion [34]. In this experiment, while B light was not absent in either RB7 or RB9
treatments, it may be hypothesized that it was perhaps sufficiently low to trigger such a
reaction. However, if the reduction in LA with RB ≥ 7 can be explained by a reduced B
presence, RB3 also displayed the same tendency although presenting the highest B amount
among all treatments. Therefore, RB5 may include the most appropriate balance of both
R and B radiation for this specific crop. Upon the greater leaf area expansion associated
with RB5, a thinner lamina was registered, resulting in an elevated SLA value as well,
with the highest figures reaching +12% and 28% in SLA compared to RB3 and RB ≥ 7,
respectively (Figure 3B). The influence of blue fraction on leaf expansion and thickness
has provided controversial evidence in the literature. Some studies highlighted a major
role of blue wavelengths on leaf area, with rising values as the B percentage in the RB
ratio grew, for instance, up to 66% of the spectrum for lettuce compared to monochromatic
R or B [35]. However, a number of other studies reported a reduction in LA in different
leafy greens when LED recipes included an increasing portion of blue, as in the case of
lettuce with RB ≤ 3 [25] or RB ≤ 13 [36], or RB ≤ 9 and RB < 6 for cucumber (Cucumis
sativus L.) seedlings [37] and spinach [26], respectively (except for exclusively 100% B
radiation [36,37]). These studies and the reported data underline that although, in many
cases, both blue and red regions are needed for LA enhancement, it is fundamental to
define the species-specific optimal RB balance.

Considering the importance of resource use efficiency in the VF business, special
attention should be paid to production efficiency in relation to the different inputs needed
for farm development and functioning. Here, the two indices evaluated regarded the
efficiency of using the cultivated surface and the lighting provided by lamps in terms of
yield. As mentioned, the exploration of the vertical dimension allows for a reduced acreage
occupied for agricultural farming, compared to greenhouse or traditional agriculture, thus
entailing a smaller land footprint [7]. In the present study, the maximum SUE reached
amounted to 54 kg FW m−2 y−1 under RB5 (Figure 4A), estimating 17 consecutive cycles
per year and the remaining 8 days per year for maintenance and operational tasks between
running cycles. It should also be noted that separating germination from vegetative phases
could further increase the number of yearly growing cycles and, consequently, the possible
SUE achievable. This is also possible thanks to the complete insulation from the external
environment, which allowed to prevent all those hurdles that seasonality, weather and
climatic conditions entail: reduced solar radiation in winter times, excessive heat or cold,
temperature leap, hail or extreme rainstorm, drought or flooding to name a few. The
major productivity reached supported lighting energy use efficiency as well. Indeed, in
this research, the applied light spectra featured similar energy consumptions (Table 1),
leading to significant differences in terms of L-EUE because of a higher yield for RB5
(57.1 g FW kWh−1, Figure 4B). Therefore, although the applied light spectra with the
highest B fraction (namely RB3 and RB5) presented a slightly higher energy consumption
due to the greater B radiation [38], this was compensated by a major yield, which, at last,
positively drove the L-EUE parameter.

Considering the physiological efficiency in using incident light (namely the LUE) [39],
plants registered the same value (on average 0.66 g DW mol−1, Table S1) aside from the RB
ratio applied. This uniformity was driven by an equal dry weight per plant obtained for all
treatments (Table S1) along with the same light intensity provided. Although RB5 showed
enhanced fresh weight, and, together with RB3, an enhanced photosynthetic efficiency, they
displayed a lower DMC as well. Blue radiation is known to stimulate stomatal opening,
leading to increased photosynthetic gas exchange and water loss via transpiration [40].
Although a higher blue fraction was present in RB ≤ 5, the opposite phenomenon was
observed in this study, with an increasing water content registered according to fresh weight
and DMC results (Figure 2A,B). It is possible that advancing in the growing cycle, RB5
plants presented a more expanded canopy and might have experienced augmented hydric
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stress compared to their water demand. In water stress conditions, the water-holding
process in plants is the result of an abscisic acid (ABA) level increase inside or close to
stomatal guard cells, inducing stomata closure to prevent excessive transpiration and water
loss [41]. As reported by Ginzburg [42], this mechanism of increased water uptake under
lower RB ratios has been observed in lettuce in Pennisi et al. [25], measuring reduced DMC
and water use efficiency values with blue-enriched RB spectra. Thus, RB5 shared with the
other treatments the same ability to accumulate dry biomass despite enlarged leaves able
to capture a higher amount of light, fixing less dry content in their water-enriched aerial
portions. However, at the same time, the photosynthetic efficiency did not result in lower
dry mass accumulation, possibly because of the short growing cycle [43].

4.2. Photosynthetic Response to Rising RB Ratio in Kale

Dark-adapted Fv/Fm gives an indication of the physiological status of plants, provid-
ing an estimate of the maximal reachable quantum efficiency of PSII in crops. Accordingly,
the literature estimates a value of around 0.76–0.83 for unstressed plants [44]. As suggested
by Chen et al. [45], a lower Fv/Fm could be ascribed to light-induced reduced plant photo-
synthetic activity. In the present study, kale subjected to a higher B amount (in RB3 and RB5
treatments, respectively) registered an Fv/Fm of 0.75, slightly lower than the optimal value
suggested in the literature. On the other hand, when the B light was decreased up to the
lowest percentage in RB9, lower Fv/Fm figures were detected. Blue radiation is considered
fundamental for PSII actions, more than the presence of red light. Miao et al. [46] suggested
that possibly the PSII photoinhibition driven by red wavelengths might be due to two
different phenomena, namely the absence of PSII core antenna CP47 and CP43 proteins [47]
or an uneven process of demolition and consequent restoration of protein D1 always located
in the PSII [48]. The same author observed that in cucumber plants, these effects were less
visible when blue light was present in the spectrum, providing an up-regulation of the
expression of the genes coding for the D1 protein (namely psbA) or the genes encoding
protein CP47 and CP43 (psbB and psbD, respectively) [46]. Here, this mechanism could
explain the reduced activity of photosystem II in baby-leaf kale grown under those ratios
with decreasing B fraction. The Fq

′/Fm
′ value, on the other hand, indicates the relative

amount of PSII operating efficiency in light-adapted plants; therefore, the light is effectively
absorbed and utilized to power PSII photochemistry [49]. Here, again, a decreasing ten-
dency was registered with an increasing RB ratio. Although, with different light recipes, the
same trend was observed in other studies on lettuce, with diminishing values of Fq

′/Fm
′

when ranging from RB0.5 to RB4 [25] as well in basil, with higher values when a higher B
fraction was present (RB0.5 and RB1) [24]. This evidence validates the main role of B light
in forcing PSII operating efficiency. The yield increase observed for RB5 was not linked
with a higher chlorophyll index in leaves instead. The slightly lower chlorophyll index
value registered with a lower RB ratio, especially RB5, was not relatable with previous
research, where higher B light positively influenced SPAD chlorophyll content and effi-
ciency of photosynthesis [29,36]. Furthermore, while an increase in fresh biomass has been
associated with a higher chlorophyll index in another study [24], in this study, an opposite
outcome was detected. However, the use of monochromatic lights, both red and blue, did
not support chlorophyll synthesis either [28]. Here, the lower chlorophyll index content
in RB5 could be due to different phenomena related to enhanced leaf area and thinness or
increased water content in leaves. Wang et al. [50] suggested that the presence of major blue
wavelengths can influence plant architecture by expanding the leaf area, capturing a higher
amount of light and keeping chlorophyll at lower content as an adaptation for preserving
photosynthetic activity during senescence [50]. Also, reduced chlorophyll values per unit
leaf area have been associated with a lower leaf thickness, a pattern that can be observed in
RB5 plants as well [51,52]. Additionally, another driver for the reduced chlorophyll content
could be the major water volume in the heavier plants under RB5, relatable to the reduced
DMC value detected (Figure 2B), leading to chlorophyll dilution in the leaf [53].
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5. Conclusions

Ready-to-eat products are experiencing an increasing interest from both consumers
and farmers. Implementing more performing and resource-efficient protocols in VF for their
production is needed, as they represent one of the most economically viable crops on such
systems. An optimal light management allows to obtain a higher yield and efficiency in
using inputs, especially lighting sources that represent one of the main hurdles for vertical
farming development. Hence, identifying the most effective RB mixtures among increasing
ratios up to RB9 is a required strategy for crops like baby-leaf kale. In this study, RB5
has been pointed out as the most convenient ratio for optimal fresh yield, thanks to more
expanded and thinner leaves, allowing higher light interception. Higher production also
led to major L-EUE and SUE, indicators of major relevance for the success of VF, given they
directly affect production costs (e.g., in terms of energy and land). Physiological figures of
plants reported few significant differences for maximal reachable quantum efficiency and
effective operating efficiency of PSII (Fv/Fm and Fq

′/Fm
′, respectively) although with a

tendency of reducing efficiency as the RB ratio increased up to 9:1. However, the greater
yield observed for RB5 was not linked with a higher chlorophyll index in leaves, which did
not apply with previous studies. As the highest production should advance along with
high-quality products, future research should focus on the nexus between morphology and
physiological status to further understand the patterns under different lighting conditions
and the nutritional quality improvements.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae10111134/s1, Table S1: morphological measurements;
Table S2: physiological measurements.
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