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Abstract: Vertical farming is experiencing significant growth, and the optimization of artificial
lighting is essential for enhancing the sustainability of this growing system. Therefore, the aim of this
study was to examine how light segmentation, the incorporation of a low-intensity lighting phase
known as the light compensation point (LCP) instead of the traditional dark phase, and variations
in the light spectrum impact the agricultural outcomes of organically cultivated leafy greens. In
controlled growth chamber environments, a variety of leafy plant species (Spinacia oleracea L., Ocimum
basilicum, Beta vulgaris L., Lactuca sativa L. cv. ‘Garrison’ and ‘Blade’, Brassica rapa cv. ‘Japonica’ and
‘Chinensis’, Brassica juncea cv. ‘Scarlet Frills’ and ‘Wasabina’, Eruca sativa and Perilla frutescens L.)
were subjected to four light treatments with varying intensities and durations of lighting, while in a
second experiment, five different spectral growing conditions were compared. Irrespective of the
plant species, shortening the length of the diel cycle by extending the cumulative daily lighting to
20–24 h per day (5L/1N [5 h at 261 µmol m−2 s−1 + 1 h darkness for a total of 20 h of light per day]
and 5L/1LCP [5 h at 256 µmol m−2 s−1 + 1 h LCP at 20 µmol m−2 s−1 for a total of 24 h of light per
day]) led to an average increase of +12% in height, fresh weight (+16%), dry weight (+23%), and
specific leaf weight (+11%), compared to the control plants (18L/6N; 18 h at 289 µmol m−2 s−1 + 6 h
darkness) and 6L/6LCP plants (6 h at 418 µmol m−2 s−1 + 6 h LCP at 20 µmol m−2 s−1 for a total of
24 h of light per day) during the first harvest. This also resulted in better light utilization, expressed as
increased fresh (+16%) and dry (+24%) biomass per mol of light received. Conversely, the studied light
spectral treatments had no effect on the growth parameters of the four selected species. In conclusion,
our study showed that reducing light intensity while extending the photoperiod could potentially
represent a cost-effective LED strategy for the indoor cultivation of organically or conventionally
grown leafy greens.

Keywords: vertical farming; artificial lighting; photoperiod; leafy vegetables

1. Introduction

What is the optimal lighting strategy for both the indoor cultivation of leafy greens
and enhancing the quality of organically grown plants? This question has remained
unanswered for a considerable period, and this study aims to provide some insights by
examining various strategies encompassing the photoperiod, photosynthetic photon flux
density (PPFD; 400 nm to 700 nm), and the spectral light quality.

Lettuce, a leafy green species commonly grown in commercial vertical farming, can
be produced under 24-h continuous lighting depending on the cultivars [1]. The diel
cycle can even be fractionated without any physiological disorder [2,3]. Normally, the
PPFD employed for the indoor cultivation of leafy greens falls within the range of 150 to
250 µmol m−2 s−1, combined with a 16-h photoperiod [4]. Furthermore, lettuce is recog-
nized for its high light use efficiency when exposed to a PPFD of 250 µmol m−2 s−1 and a
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daily light integral (DLI) of 14.4 mol m−2 d−1 [5]. Likewise, Paz et al. [6] reported that let-
tuce necessitates a minimum DLI ranging from 6.5 to 9.7 mol m−2 d−1, with a proportional
rise in dry biomass observed when the DLI ranges from 8 to 22 mol m−2 d−1. Nevertheless,
tipburn may occur when the DLI exceeds 12 mol m−2 d−1 [7]. Our research involving
leafy vegetables, such as lettuce and arugula [8,9], along with the findings reported by
Hiroki et al. [10], have demonstrated that growers can adjust the diel cycle without com-
promising the yields as long as the DLI remains consistent. This flexibility enables them
to tailor their lighting approach to their vertical growing system, thereby enhancing their
economic gains (J. Eaves personal communication). In fact, a shorter dark period was
observed to enhance lettuce growth, with the fresh weight of lettuce cultivated under a 16-h
light/2-h dark cycle being approximately 30% greater than that of lettuce grown under a
16-h light/8-h dark cycle [10]. When comparing segmented photoperiods with a short (1-h)
dark period and a short (1-h) or long (6-h) period of low light intensity equivalent to the
light compensation point (LCP), we observed that, for the same DLI, one lettuce cultivar
exhibited a higher shoot fresh weight under a 5-h photoperiod followed by 1 h of low light
(5L/1LCP) compared to a 6-h photoperiod followed by 6 h of low light (6L/6LCP) [8]. The
photon yield (g mol−1) calculated as the plant fresh weight per mol of photons delivered
during the cultivation period was higher under the conditions of a short night (5L/1N)
or a period of low light intensity (5L/1LCP) when compared to a longer photoperiod
and period of low light (6L/6LCP). Therefore, dividing the photoperiod into segments
with the periods of low light intensity equivalent to the LCP may enable the utilization
of a higher DLI while maintaining the same PPFD, thereby providing "growth breaks"
to prevent physiological disorders. This new lighting strategy is expected to provide an
optimal amount of light per day to various leafy green species, ensuring high light use
efficiency and avoiding the occurrence of physiological disorders like tipburn.

Light conditions, including light quality, light intensity, and photoperiod, rank among
the most crucial environmental factors influencing the growth, development, and accumu-
lation of phytochemicals in vegetables, especially those cultivated in controlled environ-
ments [10–13]. For example, blue and red wavelengths are essential for photosynthesis
because they correspond to the peak absorption wavelengths of chlorophyll [14]. Red
light typically forms the foundation of horticultural lighting spectra due to its pivotal
role in promoting plant growth [15]. Red light exerts a significant influence on plant
biomass, and the red/far-red ratio triggers phytochrome photomorphogenic responses
such as stem elongation and germination [16]. On the other hand, blue light is essential for
enhancing growth while minimizing the shade avoidance responses induced by far-red
light. Blue light typically restrains stem and leaf area growth and promotes stomatal
opening [16,17]. Red light is also known to stimulate the synthesis of antioxidants, chloro-
phyll, and carotenoids [18,19], whereas blue light induces the production of anthocyanins
and polyphenols, enhances the carotenoid content, and reduces the nitrate concentration,
although these responses can vary depending on the specific plant species [4,20]. Green
light was long regarded as inefficient for photosynthesis because it is absorbed to a lesser
extent than the other wavelengths [21]. Recent studies, however, showed that transmitted
green light in the lower canopy contributes significantly to photosynthesis and increases
lettuce biomass [22,23]. Furthermore, when used in combination with far-red light, green
light has been shown to trigger shade-avoidance responses to a greater extent than either
far-red or green light alone [24]. This combination enhances light interception and fosters
plant growth [16]. Using these wavelengths on indoor leafy greens, even though far-red is
considered outside the range of photosynthetically active radiation (PAR), can lead to an
increase in plant biomass and leaf length [25,26]. However, it may also have adverse effects
on the chlorophyll, anthocyanin, and carotenoid concentrations [15].

In our current study, we posited that, under the same DLI of 18.8 mol m−2 day−1,
leafy greens subjected to alternating short photoperiods with high PPFD followed by an
equivalent or shorter photoperiod of low PPFD, corresponding to their LCP, would exhibit
superior growth, light use efficiency, and leaf quality attributes compared to plants culti-
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vated under moderate PPFD conditions with a dark period. Additionally, we hypothesized
that white broad-spectrum LED lighting would yield higher-quality leafy greens than LED
lighting with only red and blue spectra. We also assumed that the indoor cultivation of
leafy greens would exhibit productivity and quality on par with greenhouse cultivation. To
assess these hypotheses, we investigated the impact of various lighting strategies under a
similar DLI by substituting the dark phase with low-intensity lighting equivalent to the LCP.
We also examined the influence of green and far-red light on various organically cultivated
leafy green species, analyzing their effects on growth, yield, and quality. Furthermore,
we conducted a comparative assessment of crop productivity and quality between the
indoor-cultivated plants and those grown in a greenhouse setting.

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

An experiment exploring the photoperiod and PPFD treatments (Photoperiod× PPFD)
was conducted at Laval University (Quebec, QC, Canada) with 12 different leafy greens:
spinach (Spinacia oleracea L.), basil (Ocimum basilicum cv. ‘Citriodora’ L.), Swiss chard
(Beta vulgaris L.), chicory (Cichorium endivia L.), lettuce cv. ‘Garrison’ (Lactuca sativa L.),
lettuce cv. ‘Blade’ (Lactuca sativa L.), mizuna (Brassica rapa cv. ‘Japonica’), mustard cv.
‘Scarlet Frills’ (Brassica juncea), mustard cv. ‘Wasabina’ (Brassica juncea), pak choi (Brassica
rapa cv. ‘Chinensis), arugula (Eruca sativa), and shiso (Perilla frutescens L.) from Johnny’s
selected organic seeds (Winslow, ME, USA). This experiment took place in two controlled
growth chamber environments (Conviron, Winnipeg, MB, Canada) and was repeated
three times over a period of around 4 months. Each species was sown in 0.078 m2 trays
(27.94 cm × 27.94 cm) at a plant density of 4375 seeds m−2 and placed in the two growth
chamber environments under their respective light treatments. The temperature, relative
humidity, and CO2 concentrations in the growth chambers were monitored and maintained
at 21 ± 1 ◦C, 65% and 430 ppm, respectively. Each tray was filled with 800 g of an organic
peat-based substrate (Premier Tech, Rivière-du-Loup, QC, Canada) enriched with compost,
pelleted poultry manure, feather meal, and potassium sulphate to fulfill the fertilization
needs of the species studied, according to the Biogreenhouse Guide Research [27]. Based
on the specific leafy green species and previous experiments [28], two levels of organic
fertilization were selected: the 100% level (14.1 g N m−2, 1.9 g P m−2, 9.8 g K m−2,
9.0 g Ca m−2, and 1.3 g Mg m−2) for the lettuce cultivars, shiso, chicory, and basil, and the
150% level (21.1 g N m−2, 2.9 g P m−2, 14.8 g K m−2, 13.6 g Ca m−2, and 2.0 g Mg m−2) for
the other species. Two harvests were conducted, with the initial harvest occurring on the
21st day after sowing (DAS) for early-growing species like spinach, Swiss chard, lettuce cv.
‘Garrison’ and cv. ‘Blade’, pak choi, mizuna, mustard cv. ‘Wasabina’ and ‘Scarlet Frills’ as
well as arugula. The second harvest took place on the 25th DAS for later-growing species
including chicory, shiso, and basil. Additionally, a second cut was performed on the 29th
DAS for the early-growing species and on the 32nd DAS for the later-growing species.

A second experiment on spectral quality was conducted at L’Abri Végétal (organic
greenhouse producer, Compton, QC, Canada; 45◦15′47.6′′ N, 71◦51′06.2′′ W) in a com-
mercially controlled growth chamber environment with an Argus control system (Argus
Control Systems Limited, Surrey, BC, Canada) and was repeated three times over a period
of time of around 4 months. Four species of leafy greens were studied: Swiss chard, pak
choi, mizuna, and lettuce cv. ‘Blade’. Plant growing conditions, density, and fertilization
were the same as described for the Photoperiod × PPFD experiment performed at Laval
University. Only one harvest was performed on the 21st DAS.

2.2. Light Treatments

For the Photoperiod × PPFD experiment conducted at Laval University, the plants
were subjected to four treatments: (i) 5L/1N (5 h at 261 µmol m−2 s−1 + 1 h of darkness),
(ii) 5L/1LCP (5 h at 256 µmol m−2 s−1 + 1 h in LCP at 20 µmol m−2 s−1), (iii) 6L/6LCP
(6 h at 418 µmol m−2 s−1 + 6 h in LCP at 20 µmol m−2 s−1), and (iv) control 18L/6N
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(18 h at 289 µmol m−2 s−1 + 6 h of darkness) (Table 1). A 24-h control treatment with
217.5 µmol m−2 s−1 was initially tested; however, it was discontinued due to the devel-
opment of severe leaf chlorosis in two plant species, pak choi and arugula. Since the
18L/6N treatment is commonly used in indoor vertical agriculture [29], it served as the
control treatment. The light intensity of the light compensation point (LCP) was set at
20 µmol m−2 s−1 based on reported average values from the scientific literature: lettuce
had an LCP of ~17 µmol m−2 s−1 under HPS lamps [30] and ~30 µmol m−2 s−1 under
LED lighting (R:B = 83:17%) [2]. A daily light integral (DLI) of 18.8 mol m−2 d−1 was
used for all treatments and plant species. Light was provided via white broad-spectrum
LEDs, model FN12 from Futur Vert (Prévost, QC, Canada). A homogeneity assessment
of the light intensity was conducted during the installation of the lighting systems using
an LI-191R Line Quantum Sensor and an LI-190R Quantum Sensor (Li-Cor Biosciences,
Lincoln, NE, USA). This was performed to verify that the PPFD (400–700 nm) within the
growing area matched the intended intensities for the studied treatments. For each time
replicate, PPFD, PFD (380–780 nm), and the spectral quality were measured and validated
in each experimental unit by using an LI-180 spectrometer (Li-Cor Biosciences, Lincoln,
NE, USA).

Table 1. Light treatments of the Photoperiod × PPFD experiment (experiment 1) and the spectral
quality experiment (experiment 2) conducted in controlled growth environments.

Treatments-
Experiment 1

Duration of
the Lighting
Period per
Cycle (h)

Duration of
Dark Period

per Cycle

Duration of
the Lighting
Period per

Day (h)

Duration of
Dark Period

per Day

Light (L)
PPFD

(µmol m−2 s−1)

LCP
PPFD

(µmol m−2 s−1)
DLI

(mol m−2 d−1)

5L/1N 5 1 20 4 261 0 18.79
5L/1LCP 6 0 24 0 256 20 18.72
6L/6LCP 12 0 24 0 418 20 18.92

18L/6N (ctrl) 18 6 18 6 289 0 18.73

Treatments-
Experiment 2

B
(400–500 nm)

G
(500–600 nm)

R
(600–700 nm)

FR
(700–780 nm)

x SL PPFD
(µmol m−2 s−1)

SL Period per
day (h)

SL DLI
(mol m−2 d −1)

CW 16% 40% 41% 3% 222 20 15.98
WW 14% 39% 44% 3% 219 20 15.77
RB 11% 2% 85% 2% 209 20 15.05

RB + FR 7% 1% 61% 31% 219 20 15.77
S + HPS (ctrl) * 3% 40% 47% 10% 201 ≤20 ≤14.47

x Supplemental lighting; * The supplemental HPS lighting (SL) was added to the solar natural greenhouse light
when the solar radiation fell below 250 W m−2 (45◦15′47.6′′ N, 71◦51′06.2′′ W).

The second experiment regarding the spectral quality compared five treatments with
the following spectral composition (in %): (i) cold white (CW) B:G:R:FR of 16:40:41:3;
(ii) warm white (WW) B:G:R:FR of 14:39:44:3; (iii) red blue (RB) B:G:R:FR of 11:2:85:2; (iv) red
blue + far-red (RB + FR) B:G:R:FR of 7:1:61:31, and (v) control sunlight + HPS (S + HPS), HPS
B:G:R:FR of 3:40:47:10 (Table 1). The PPFD of the different treatments in the growth chamber
varied between 209 and 222 µmol m−2 s−1 with a 20-h photoperiod. The natural solar
radiation + HPS treatment was placed on rolling benches inside the greenhouse at L’Abri
Végétal. While the greenhouse control treatment (S + HPS) exhibited variability in the
climatic growing conditions compared to the controlled growth chamber environment, we
included this treatment intentionally in our experimental design to facilitate a comparison
with the indoor lighting treatments. Experiments were performed from 24 March to
8 August 2020. The PPFD delivered using the HPS lamps was 201 µmol m−2 s−1, while
the photon flux density (PFD) ranging from 380 to 780 nm was 232 µmol m−2 s−1. The
HPS lamps were turned on when solar radiation fell below 250 W m−2 and turned off
upon reaching a cumulative daily energy input of 950 joules cm–2. Table 1 outlines the
spectral quality distribution, with PPFD and DLI supplied using LED or HPS lamps for
each treatment. FN12 LEDs from Futur Vert (Prévost, QC, Canada) were employed for
the CW and WW treatments, whereas GreenPower lamps from Philips (Eindhoven, North
Brabant, Netherlands) were utilized for the RB and RB+FR treatments. HPS 615W lamps
from Agrolux (Rozenburg, South Holland, Netherlands) were employed to illuminate the
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control treatment. The measurements and validation of the homogeneity of PPFD, PFD,
and spectral quality uniformity were conducted using the LI-180 spectrometer from LICOR
(Li-Cor Biosciences, Lincoln, NE, USA).

2.3. Measured Parameters
2.3.1. Growth Parameters and Photon Yield

For both experiments, the measured growth parameters were the average height
of the plants in each tray (three diagonal measurements per tray with each tray being
an experimental unit), the total weight of shoot fresh weight (SFW) on a crop area basis
(kg FW m−2), shoot dry weight (SDW) per crop area unit (g DW m−2) after oven-drying
at 65 ◦C for 3 days, and then the percentage of the water content (%) was calculated as
1 − (DW × 100)/FW [8]. The leaf area was measured immediately after cutting with a
LI-3100C Leaf Area Meter (Li-Cor Biosciences, Lincoln, NE, USA) to calculate the specific
leaf area (SLA; cm2 g−1 DW), the specific leaf weight (SLW; mg DW cm−2), and the leaf
area index (cm2 of leaves per cm2 of the floor). Leaf area measurements were not taken for
the commercial trials. Photon yield (PY), an indicator of the plant’s light use performance,
was calculated as the cumulative fresh and dry biomass divided by the cumulative photon
flux density, and expressed as g FW mol−1 photons and g DW mol−1 photons [8].

2.3.2. Photobiological Parameters

In the Photoperiod × PPFD experiment, photobiological parameters were measured
the day before harvesting, one hour after the first daily irrigation. Chlorophyll fluorescence
parameters were measured with a Handy PEA fluorimeter (Hansatech Instruments, Pent-
ney, Norfolk, UK). Dark adaptation clips were placed on three well-developed leaves per
experimental unit, randomly selected from three distinct plants while avoiding the central
vein. This was conducted for the duration of 15 to 20 min before conducting the measure-
ments, following the guidelines recommended by Hansatech and previously validated.
The FV/FM ratio assessed the photosynthetic performance of the plant, more precisely the
efficiency of photosystem II, while the performance index (PI) is an indicator of the vitality
of the sample and its ability to resist external constraints [31].

The parameters were calculated according to the following equations [32]:

FV/FM = (FM − F0)/FM (1)

PI = (1 − (F0/FM))/(M0/VJ) × (FM − F0)/F0 × (1 − VJ)/VJ (2)

where F0 = fluorescence intensity at 50 µs; F300µs = fluorescence intensity at 300 µs;
FJ = fluorescence intensity at the J step (at 2 ms); FM = maximal fluorescence intensity;
VJ = relative variable fluorescence at 2 ms calculated as VJ = (FJ − F0)/(FM − F0); and
M0 = initial slope of fluorescence kinetics, which can be derived from the equation:

M0 = 4 × ((F300µs − F0)/(FM − F0)) (3)

The leaf chlorophyll content (SPAD unit) was determined using the SPAD-502 Plus
chlorophyll meter (Konica Minolta, Inc., Tokyo, Japan). Measurements were taken on three
well-developed leaves per experimental unit, which had previously been used to record
the chlorophyll fluorescence parameters. Around one to two hours elapsed between both
measurements. The SPAD unit is an indicator of the chlorophyll content and is closely
correlated with the nitrogen nutritional status of the plant [33,34].

Photosynthetic light response curves were conducted using a LI-6400XT (Li-Cor Bio-
sciences, Lincoln, NE, USA) on Swiss chard, lettuce cv. ‘Garrison’, pak choi, and mizuna,
with one response curve generated for each experimental unit (e.u.). Measurements were
exclusively conducted on species that had leaves of a size suitable for placement within
the 2 × 3 cm leaf chamber. Leaf chamber parameters were set to maintain airflow at
350 µmol s−1, with the leaf temperature at 21 ◦C, a sample CO2 concentration of 400 ppm,
and a vapor pressure deficit (VDP) between 0.8 and 0.9 kPa. These settings were chosen to
replicate the growing conditions within the controlled growth chambers. An automated
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light response curve sequence was programmed with 15 different light intensities: 1800,
1800, 1500, 1200, 900, 700, 550, 375, 275, 200, 150, 100, 75, 50, 20, and 1 µmol m−2 s−1.
Two measurements of photosynthesis were taken at 1800 µmol m−2 s−1 to allow the
plants to acclimate to a much higher photosynthetic photon flux density (PPFD) than
the one used in the experimental treatments. Subsequently, the other parameters, includ-
ing Amax (µmol CO2 m−2 s−1) representing the maximum rate of net photosynthesis, Rd
(µmol CO2 m−2 s−1) representing the rate of respiration in the dark, and φ (µmol CO2
µmol photons−1) representing the apparent quantum yield, were computed from the pho-
tosynthetic light response curves using the hyperbolic model of Hansen et al. [35]. The
light compensation point (LCP) and the light saturation point (LSP) (µmol photon m−2 s−1)
were estimated from these curves.

2.3.3. Leaf Quality Parameter

In both experiments, the concentrations of total polyphenols, anthocyanins, and
nitrates were measured in the harvested biomass. The samples (8 to 10 g FW/e.u.) that
were randomly collected from the first harvest were frozen, lyophilized, and then analyzed.
The total polyphenol concentration (TPC) was measured by using the Folin–Ciocalteu (F-C)
method adapted from Singleton and Rossi [36]. A Folin–Ciocalteu reagent made up of
sodium carbonate solution, gallic acid, and 80% methanol was prepared. The lyophilized
samples from each experimental unit were crushed by hand with a pestle and 0.05 g
of powder from each sample was placed into two 50 mL Falcon tubes to have two lab
replicas per sample (a total of six analyses per treatment). The powder was mixed with
5 mL of methanol 80% with a vortex for 30 s and placed in an ultrasonic bath at 37 ◦C
for 25 min. After centrifuging at 4000 rpm for 4 min, the supernatant was transferred
to another 50 mL Falcon tube. The extraction was repeated a second time, with 3 mL
of 80% methanol and 25 min in the ultrasonic bath. The extraction was then completed
with water. Standard solutions, consisting of four concentrations of gallic acid (200, 100,
50, and 25 ppm) were prepared. The control (20 µL of water), the standard solutions,
and the various samples were placed in a microplate and were mixed with 100 µL of the
Folin–Ciocalteu reagent to carry out the reaction. After that, 80 µL of the 7.5% sodium
carbonate solution (Na2CO3) was added. Then, the microplate was mixed and left to stand
in the dark for 45 min. Absorption was measured at 765 nm using an Epoch 2 microplate
reader spectrophotometer (BioTek Instruments, Inc. Winooski, VT, USA).

The anthocyanin concentration was determined via the pH differential method adapted
from Lee et al. [37]. The extraction was carried out using a solvent composed of methanol,
water, and acetic acid (85:15: 0.5 v/v, MeOH/H2O/AcOH), according to Wu and Prior [38].
For the extraction, 0.5 g of powder from each sample was placed in 50 mL Falcon tubes,
with two lab replicates per sample (a total of six analyses per treatment). The two reagents
were prepared: a pH 1.0 buffer (potassium chloride, 0.025 M) and a pH 4.5 buffer (sodium
acetate, 0.4 M). Then, 5 mL of acidic methanol solvent was added to the tubes and mixed
with a vortex for 30 s. The tubes were placed in the ultrasonic bath for 20 min and were
transferred to the centrifuge for 4 min at 4000 rpm. After centrifugation, the supernatant
was transferred to a new 50 mL Falcon tube. The extraction was repeated three times to
obtain a homogenized extract. To determine the dilution factor, a colorimetric test was
conducted using the pH 1.0 and pH 4.5 buffers. Blanks were made with the pH 1.0 and
pH 4.5 buffers. A volume of 0.5 mL of diluted extract and 2.5 mL of buffers were added
to the 4 mL cuvettes of the microplate. The solution was well mixed and left for 30 min
at room temperature. Then, the absorption was measured at 510 nm and 700 nm using
an Epoch 2 microplate reader spectrophotometer (BioTek Instruments, Inc., Winooski, VT,
USA). The shoot nitrate content was extracted in water (45 ◦C) according to the method
developed by Cataldo et al. [39], and then quantified by using high-performance liquid
chromatography (Water Chromatography Division, Milford, MA, USA) and UV absorption
(214 nm) with a PDA detector model 996, using the method #A-107 and borate–gluconate
as the eluent.
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2.4. Statistical Analysis

The data were analyzed using an analysis of variance (ANOVA) and the means were
compared with protected LSD and the t-test for multiple comparison at a 5% significance
level. Analysis of variance (ANOVA) was performed using the MIXED procedure of SAS
software (Version 9.4, SAS Institute Inc., Cary, NC, USA). The postulates were respected,
the homogeneity of variance was validated using the Shapiro–Wilk test and the normality
via a plot of the residuals. Statistical tests were carried out on the original data, except for
the photosynthetic response curves where the Hansen equation allowed us to extract the
photosynthetic parameters (Amax, Rd, φ, LCP, LSP).

3. Results
3.1. Growth Parameters and Photon Yield

For the measured growth parameters, there was no significant interaction detected be-
tween the species and lighting treatments, as indicated in Table 2. However, exceptions were
observed for the plant dry weight during the second harvest in the Photoperiod × PPFD
experiment (Table 3), as well as for the shoot water content and plant height in the spectral
quality experiment (Table 4). It is noteworthy that no physiological disorders were observed
in these experiments.

Table 2. Agronomic parameters for the first harvest of 12 leafy green species cultivated in controlled
growth chamber environments and submitted to four photoperiod and PPFD lighting treatments
(Photoperiod × PPFD experiment). The data represent the mean values of three experimental
replicates per treatment (n = 3).

SFW
(kg FW m−2)

SDW
(g DW m−2)

Water
Content

(%)

Height
(cm)

SLA
(cm2 g−1

DW)

SLW
(mg DW

cm−2)
LAI

PY (FW)
(g FW mol−1

Photons)

PY (DW)
(g DW mol−1

Photons)

SPECIES
Spinach 1.44 ef x 112.3 cd 92.1 cd 9.9 d 319.9 g 3.15 a 3.64 f 3.71 ef 0.29 de

Swiss chard 1.72 cd 99.9 fg 94.1 g 10.0 d 416.9 c 2.44 e 4.20 e 4.43 cd 0.26 f
Chicory 1.59 def 90.4 gh 94.3 g 8.6 g 442.4 b 2.28 f 4.07 e 3.43 f 0.20 g

Shiso 0.69 h 92.6 fg 86.9 a 9.2 ef 368.9 d 2.73 d 3.44 f 1.48 h 0.20 g
Basilic 0.92 g 76.6 h 91.7 c 7.9 h 370.0 de 2.77 cd 2.64 g 1.99 g 0.17 h

L. Garrison 2.19 a 98.0 efg 95.5 i 11.3 b 779.1 a 1.33 g 7.72 b 5.65 a 0.25 f
Pak choi 1.63 def 104.4 def 93.5 f 8.9 fg 423.1 bc 2.41 ef 4.47 de 4.21 d 0.27 ef
Mizuna 2.06 ab 180.7 a 91.1 b 13.0 a 310.6 g 3.32 a 5.66 c 5.31 ab 0.47 a

M. Wasabina 1.87 bc 139.8 b 92.4 d 9.7 de 344.4 ef 2.94 bc 4.86 d 4.82 bc 0.36 b
M. Scarlett

Frills 1.55 def 111.8 de 92.7 e 11.4 b 326.4 fg 3.09 ab 3.66 f 3.99 de 0,29 de
L. Blade 2.24 a 118.8 cd 94.6 h 11.8 b 739.5 a 1.40 g 8.86 a 5.78 a 0.31 cd
Arugula 1.42 f 126.1 c 90.9 b 10.7 c 315.5 g 3.24 ab 4.05 e 3.66 f 0.33 bc

TREATMENTS y

5L/1N 1.70 a 121.6 a 92.4 b 10.7 a 410.3 b 2.68 a 4.88 ab 4.27 a 0.30 a
5L/1LCP 1.76 a 127.2 a 92.2 b 10.9 a 416.6 b 2.69 a 5.24 a 4.40 a 0.32 a
6L/6LCP 1.55 b 101.0 b 92.9 a 9.8 b 456.1 a 2.42 b 4.62 bc 3.89 b 0.25 b

18L/6N (ctr) 1.43 b 100.7 b 92.5 ab 9.4 b 436.0 ab 2.59 a 4.35 c 3.59 b 0.25 b

ANOVA—p values
Species (S) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Treatments (T) 0.002 <0.001 0.021 <0.001 0.010 0.008 0.006 0.003 <0.001
S × T 0.984 0.399 0.158 0.076 0.425 0.333 0.298 0.932 0.303

x means of the same column with different letters are significantly different at p ≤ 0.05 (Fisher’s protected LSD).
y lighting treatments: 5L/1N, 5 h at 261 µmol m−2 s−1 + 1 h of darkness; 5L/1LCP, 5 h at 256 µmol m−2 s−1 + 1 h
at LCP of 20 µmol m−2 s−1; 6L/6LCP, 6 h at 418 µmol m−2 s−1+ 6 h at LCP of 20 µmol m−2 s−1; 18L/6N control,
18 h at 289 µmol m−2 s−1 + 6 h of darkness.

In the Photoperiod × PPFD experiment, as anticipated, variations between species
were noted for all studied growth parameters, as outlined in Tables 2 and 3. Among the
species, lettuce exhibited the highest fresh biomass during the first harvest, followed by
mizuna, mustard cv. ‘Wasabina’, Swiss chard, pak choi, chicory, mustard cv. ‘Scarlett Frills’,
spinach, arugula, shiso, and basil. In the second growth cycle, which occurred after the first
harvest, spinach and arugula started flowering due to the stress induced by the initial cut.
Trichomes were also observed on the inner side of the spinach leaves. Basil and shiso did not
adapt well to a second cut, as the stems remaining from the first harvest were included in the
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second harvest. Given these observations and the subpar performance of these last species
after the first harvest, the results for their second harvest are not considered in Table 3.

Table 3. Agronomic parameters for the second harvest of eight leafy green species cultivated in
controlled growth chamber environments and submitted to four photoperiod and PPFD lighting treat-
ments (Photoperiod × PPFD experiment). The data represent the mean values of three experimental
replicates per treatment (n = 3).

SFW
(kg FW m−2)

SDW
(g DW m−2)

Water
Content

(%)

Height
(cm)

SLA
(cm2 g−1

DW)

SLW
(mg DW

cm−2)
LAI

PY (FW)
(g FW mol−1

Photons)

PY (DW)
(g DW mol−1

Photons)

SPECIES
Swiss chard 1.55 a x 93.0 a 91.8 bc 7.82 bc 263.8 c 4.03 bc 2.95 b 2.88 a 0.18 ab

Chicory 0.95 d 61.4 d 93.0 ab 7.87 c 440.6 b 2.35 d 2.74 bc 1.59 d 0.11 e
L. Garrison 1.32 bc 67.5 cd 93.9 a 6.90 de 498.3 a 2.12 e 3.78 a 2.46 bc 0.13 de

Pak choi 1.41 ab 84.2 ab 92.5 bc 6.48 e 260.5 c 3.87 c 2.58 bc 2.64 ab 0.16 bcd
Mizuna 1.26 c 111.1 a 89.1 d 9.69 a 192.9 d 5.23 a 2.43 c 2.34 c 0.21 a

M. Wasabina 1.34 bc 107.2 a 89.9 d 7.01 d 207.7 d 5.06 ab 2.57 bc 2.51 bc 0.20 a
M. Scarlett

Frills 1.31 bc 85.9 abc 91.4 c 8.48 b 204.0 d 5.12 a 2.16 d 2.44 bc 0.16 bc
L. Blade 1.20 c 69.7 bcd 93.0 ab 8.10 bc 457.9 b 2.27 de 3.63 a 2.24 c 0.13 cde

TREATMENTS
5L/1N y 1.35 93.0 91.7 8.10 a 313.5 3.84 2.97 2.50 0.17
5L/1LCP 1.32 91.2 91.3 8.39 a 295.7 4.13 2.84 2.44 0.17
6L/6LCP 1.23 74.5 92.4 7.33 b 316.3 3.71 2.71 2.35 0.15

18L/6N (ctr) 1.27 81.3 91.9 7.36 b 337.3 3.35 2.91 2.27 0.15

ANOVA—p values
Species (S) 0.002 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Treatments (T) 0.488 0.284 0.170 0.003 0.127 0.183 0.376 0.488 0.287
S × T 0.882 0.022 0.976 0.820 0.272 0.692 0.514 0.881 0.968

x means of the same column with different letters are significantly different at p ≤ 0.05 (Fisher’s protected LSD).
y lighting treatments: 5L/1N, 5 h at 261 µmol m−2 s−1 + 1 h of darkness; 5L/1LCP, 5 h at 256 µmol m−2 s−1 + 1 h
at LCP of 20 µmol m−2 s−1; 6L/6LCP, 6 h at 418 µmol m−2 s−1 + 6 h at LCP of 20 µmol m−2 s−1; 18L/6N control,
18 h at 289 µmol m−2 s−1 + 6 h of darkness.

Table 4. Agronomic parameters of four leafy green species cultivated in a commercial controlled
growth chamber environment and submitted to five spectral lighting treatments. The data represent
the mean values of three experimental replicates per treatment (n = 3).

SFW
(kg FW m−2)

SDW
(g DWm−2)

Water
Content

(%)

Height
(cm)

Anthocyanins
(mg g−1

DW)

Polyphenols
(mg g−1

DW)

Nitrate
(mg g−1

DW)

PY (FW)
(g FW mol−1

Photons)

PY (DW)
(g DW mol−1

Photons)

SPECIES
Swiss chard 2.22 c x 129.9 b 93.6 11.4 nd y 6.32 d 2.85 6.47 c 0.38 b

Pak choi 2.71 ab 138.8 b 94.6 10.3 nd 8.14 b 5.52 7.68 bc 0.39 b
Mizuna 2.68 b 201.5 a 92.1 14.1 nd 7.19 c 3.48 8.33 b 0.63 a
L. Blade 3.04 a 142.2 b 95.1 13.5 0.157 18.89 a 3.35 9.46 a 0.44 b

TREATMENTS
CW 16:41:40:3 z 2.77 a 180.7 93.1 11.8 0.184 10.44 2.23 8.08 0.54
WW 14:39:44:3 2.82 a 165.3 93.6 12.6 0.200 10.78 2.27 8.27 0.48

RB 11:2:85:2 2.77 a 138.1 94.6 11.2 0.215 10.64 2.68 8.16 0.40
RB + FR
7:1:61:31 2.90 a 161.2 94.1 14.4 0.133 8.65 4.94 9.00 0.50

S + HPS (ctr) 2.07 b 120.3 93.9 11.7 0.053 10.19 6.89 6.42 0.37

ANOVA—p values
Species (S) <0.001 0.003 <0.001 <0.001 - <0.001 0.140 <0.001 0.001

Treatments (T) 0.052 0.094 0.090 0.517 0.668 0.544 0.276 0.163 0.175
S × T 0.109 0.176 0.021 0.034 - 0.074 0.934 0.103 0.110

x means of the same column with different letters are significantly different at p ≤ 0.05 (Fisher’s protected LSD),
y not detectable. z lighting treatments: CW 16:41:40:3, Cold White with spectral composition of 16% Blue (B)—40%
Green (G)—41% Red (R)—3% Far-Red (FR); WW 14:39:44:3, Warm White with 14% B—39% G—44% R—3% FR; RB
11:2:85:2, Red Blue treatment with 11% B—2% G—85% R—2% FR; RB + FR 7:1:61:3, Red Blue + Far-Red treatment
with 7% B—1% G—61% R—31% FR; S + HPS control, Sunlight + HPS with spectral composition of the HPS lamp
of 3% B—40% G—47% R—10% FR.

With the exception of the SLW, which exhibited an increase (averaging +44%), the
values of the measured growth parameters were reduced during the second harvest for all
species across all Photoperiod × PPFD treatments (Table 3). Among the lighting treatments,
only plant height showed a significant difference, with 5L/1N and 5L/1LCP showing
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higher values (+10.5% and +14.5%, respectively) compared to 6L/6LCP and 18L/6N.
Regarding SDW, a significant interaction was observed between the light treatments and
species. Specifically, lettuce cv. ‘Garrison’ exhibited a higher SDW under 5L/1N compared
to the other treatments. As anticipated, there was a significant difference between species
for all the studied growth parameters. Swiss chard displayed the highest fresh shoot
biomass, followed by pak choi, mustard cv. ‘Wasabina’, lettuce cv. ‘Garrison’, ‘Scarlett
Frills’, mizuna, lettuce cv. ‘Blade’, and chicory (Table 3).

Regardless of the species, the plants cultivated under 5L/1N and 5L/1LCP condi-
tions achieved significantly higher fresh shoot biomass (an increase of 16%) and dry shoot
biomass (an increase of 23%) compared to those grown under the 6L/6LCP and 18L/6N
treatments (Table 2). Specifically, the 5L/1N and 5L/1LCP treatments led to a 19% and 23%
increase in SFW, respectively, in comparison to the control treatment (18L/6N). Addition-
ally, they resulted in a 10% and 13.5% higher SFW, respectively, compared to the 6L/6LCP
treatment. Similarly, SDW exhibited higher values under the 5L/1N and 5L/1LCP treat-
ments, with increases of 21% and 26% compared to the 18L/6N treatment and increases of
20% and 26% compared to the 6L/6LCP treatment, respectively. There was a slight decrease
in the water content for the 5L/1N (–0.5%) and 5L/1LCP (−0.8%) treatments compared to
the 6L/6LCP treatment. Plant height showed a significant increase under the 5L/1N and
5L/1LCP treatments (averaging +12.5%; ranging from 9% to 16%) compared to the 18L/6N
and 6L/6LCP treatments. Additionally, SLA was significantly higher under the 6L/6LCP
treatment (+10.3%) than under the 5L/1N and 5L/1LCP treatments, while there was no
significant difference compared to the control treatment (18L/6N). SLW was significantly
lower under the 6L/6LCP treatment (−9%) compared to the other treatments. LAI reached
its highest value under the 5L/1LCP treatment (+20.5% compared to 18L/6N and +13%
compared to 6L/6LCP), but it was similar to the 5L/1N treatment.

Photon yields exhibited the same trend as biomass and were higher under the 5L/1N
and 5L/1LCP treatments. Specifically, based on fresh weight, PY of 5L/1N and 5L/1LCP
were higher (+19 % and +22.5%, respectively) compared to the control treatment of 18L/6N
and by +10% and +13% compared to the 6L/6LCP treatment, respectively. Similarly,
when considering the shoot dry weight, photon efficiency was, on average, greater under
5L/1N and 5L/1LCP (+24%) compared to 6L/6LCP and 18L/6N. There was no significant
difference in photon yield between the 6L/6LCP and 18L/6N treatments.

In the spectral quality experiment, as anticipated, significant effects were observed
among species for shoot fresh weight, shoot dry weight, leaf polyphenol concentration,
and photon yield (Table 4). Moreover, significant interactions were observed between
species and the lighting treatments for the shoot water content and plant height. However,
photon yield expressed in terms of fresh or dry shoot biomass was not influenced by any of
the spectral quality treatments. Although the measurements of the leaf area parameters
were not performed for this experiment, visual observations revealed that Swiss chard
and mizuna cultivated under the RB + FR treatment exhibited distinct morphological
characteristics compared to the RB treatment, with cotyledons and leaves appearing much
larger. Despite this visual difference, there were no statistically significant effects on SFW
and SDW between RB+FR and the other treatments (CW, WW, and RB). In comparison to
commercial greenhouse growing conditions (solar radiation [S] + HPS), the plants cultivated
in the controlled growth chamber environments exhibited a higher fresh biomass (+36%).
However, this difference was only significant at p = 0.052 (Table 4). Lettuce cv. ‘Blade’
achieved a greater plant height under RB+FR compared to RB alone. Among the treatments,
Mizuna had the lowest water content in both the CW and WW treatments, while lettuce cv.
‘Blade’ had the highest water content under the control RB+FR treatment and the lowest
water content under the S + HPS conditions.

3.2. Photobiological Parameters

In the first Photoperiod × PPFD experiment, as anticipated, significant differences
were observed among plant species. Amax was higher for pak choi, followed by mizuna,
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Swiss chard, and lettuce cv. ‘Garrison’, while Rd was higher for Swiss chard and pak choi,
followed by mizuna and lettuce cv. ‘Garrison’. The φ was lower for mizuna compared to
Swiss chard and cv. ‘Garrison’, while the LCP for the latter last two species was higher
than that of mizuna and pak choi (Table 5).

Table 5. Photobiological and quality parameters for the first harvest of 12 leafy green species
cultivated in controlled growth chamber environments and submitted to four photoperiod and PPFD
lighting treatments (photoperiod x PPFD experiment). The data represent the mean values of three
experimental replicates per treatment (n = 3).

Chlorophyll
Content FV/FM PI Amax Rd φ LCP LSP Anthocyanins Polyphenols Nitrate

(SPAD Unit) (µmol CO2
m−2 s−1)

(µmol CO2
µmol Photon−1)

(µmol Photon
m−2 s−1) (mg g−1 DW)

SPECIES
Spinach 34.4 0.800 4.46 - - - - - nd 5.4 2.08

Swiss chard 32.5 0.822 5.65 14.33 b x -1.35 b 0.096 a 14.84 a 1050 nd 7.3 2.93
Chicory 13.4 0.843 4.76 - - - - - nd 5.5 3.88

Shiso 48.4 0.817 5.36 - - - - - 5.94 a 25.9 1.54
Basilic 31.6 0.785 1,54 - - - - - 0.06 b 21.8 4.93

L. Garrison 19.5 0.836 3.28 8.56 c −0.81 a 0.090 a 9.30 b 670 0.50 b 15.5 4.90
Pak choi 47.7 0.820 7.58 18.52 a −1.17 b 0.086 ab 13.99 a 1200 0.18 b 10.2 2.94
Mizuna 39.0 0.823 6.89 15.74 b −0.84 a 0.082 b 10.58 b 1275 nd 7.7 0.51

M. Wasabina 33.5 0.830 7.46 - - - - - nd 6.8 1.68
M. Scarlett

Frills 32.6 0.818 6.13 - - - - - 0.06 b 8.7 2.50

L. Blade 28.0 0.824 3.48 - - - - - 0.32 b 25.1 2.63
Arugula 45.7 0.833 7.50 - - - - - nd 7.8 1.83

TREATMENTS

5L/1N y 33.1 0.818 5.08 16.08 −0.95 0.084 11.68
ab 1150 2.28 12.8 2.06

5L/1LCP 34.6 0.820 4.99 14.34 −1.03 0.089 11.18 b 970 2.09 12.6 2.28
6L/6LCP 33.4 0.828 6.13 12.21 −0.97 0.087 11.37 b 1000 1.92 11.7 3.61

18L/6N (ctr) 34.2 0.819 5.16 14.53 −1.22 0.092 14.48 a 1075 2.33 12.1 2.99

ANOVA—p values
Species (S) <0.001 <0.001 <0.001 <0.001 <0.001 0.041 0.002 – <0.001 <0.001 <0.001
Treatments

(T) 0.087 0.183 0.217 0.456 0.327 0.803 0.054 – 0.567 0.543 0.031

S × T 0.010 <0.001 <0.001 0.173 0.672 0.504 0.487 – 0.257 <0.001 0.002

Note: -, not measured; –, estimated not repeated; nd, not detectable. x means of the same column with different
letters are significantly different at p ≤ 0.05 (Fisher’s protected LSD) y lighting treatments: 5L/1N, 5 h at 261 µmol
m−2 s−1 + 1 h of darkness; 5L/1LCP, 5 h at 256 µmol m−2 s−1 + 1 h at LCP of 20 µmol m−2 s−1; 6L/6LCP, 6 h at
418 µmol m−2 s−1 + 6 h at LCP of 20 µmol m−2 s−1; 18L/6N control, 18 h at 289 µmol m−2 s−1 + 6 h of darkness.

During the first growth cycle (Table 5), significant interactions between species and the
lighting treatments were observed for the SPAD index, FV/FM, and performance index. The
lowest SPAD values were observed under the 5L/1N treatment for Swiss chard and under
the 6L/6LCP treatment for basil, while the highest values were observed under the 5L/1LCP
treatment for Swiss chard, chicory, pak choi, and arugula. The FV/FM ratio was higher under
the 6L/6LCP treatment for spinach, lettuce cv. ‘Garrison’, and cv. ‘Blade’ as well as mustard
cv. ‘Scarlet Frills’, in comparison to the other lighting treatments and species. The highest PI
was observed under the 6L/6LCP treatment for spinach, Swiss chard, lettuce cv. ‘Garrison’,
pak choi, mustard cv. ‘Scarlett Frills’, and arugula. For chicory, the highest PI was achieved
under the control 18L/6N treatment. No significant differences were found between the light
spectral quality treatments for the other photobiological parameters, including Amax, Rd, φ,
and LCP. However, at p = 0.054, the LCP of plants in the control 18L/6N treatment was higher
(+27 to 29.5%) compared to the 5L/1LCP and 6L/6LCP plants.

For the second growth cycle (second harvest), the species had significant effects on all
measured parameters, while significant light treatment effects were observed for FV/FM
and PI, but not for the leaf chlorophyll content expressed via the SPAD index (Table 6).
Specifically, the FV/FM ratio under the 6L/6LCP and 5L/1LCP treatments was slightly
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but significantly higher (+1.1%) compared to the 5L/1N treatment. Additionally, the PI
under the 6L/6LCP treatment was higher (+21%) compared to the 5L/1N and control
18L/6N treatments.

Table 6. Photobiological parameters for the second harvest of eight leafy green species cultivated in
controlled growth chamber environments and submitted to four photoperiod and PPFD lighting treat-
ments (Photoperiod × PPFD experiment). The data represent the mean values of three experimental
replicates per treatment (n = 3).

Chlorophyll Content
(SPAD Unit) FV/FM PI

SPECIES
Swiss chard 33.8 c x 0.807 e 3.2 e

Chicory 13.1 f 0.846 a 2.9 e
L. Garrison 23.6 e 0.845 a 6.2 cd

Pak choi 49.5 a 0.823 d 9.1 a
Mizuna 37.2 b 0.833 bc 7.0 bc

M. Wasabina 34.5 bc 0.833 bc 7.1 b
M. Scarlett Frills 29.7 d 0.827 cd 6.6 bcd

L. Blade 31.7 d 0.835 b 5.7 d
TREATMENTS

5L/1N y 31.7 0.825 b 5.6 b
5L/1LCP 31.9 0.832 a 6.0 ab
6L/6LCP 31.7 0.836 a 6.8 a

18L/6N (ctr) 31.3 0.831 ab 5.6 b

ANOVA—p values
Species (S) <0.001 <0.001 <0.001

Treatments (T) 0.937 0.050 0.026
S × T 0.268 0.172 0.423

x means of the same column with different letters are significantly different at p ≤ 0.05 (Fisher’s protected
LSD).y lighting treatments: 5L/1N, 5 h at 261 µmol m−2 s−1 + 1 h of darkness; 5L/1LCP, 5 h at 256 µmol m−2 s−1

+ 1 h at LCP of 20 µmol m−2 s−1; 6L/6LCP, 6 h at 418 µmol m−2 s−1 + 6 h at LCP of 20 µmol m−2 s−1; 18L/6N
control, 18 h at 289 µmol m−2 s−1 + 6 h of darkness.

3.3. Leaf Quality Parameters

In the Photoperiod × PPFD experiment, significant interactions between the species
and lighting treatments were observed for the leaf total polyphenol and nitrate concen-
trations. Shiso had the highest anthocyanin concentration compared to the other species
(Table 5). The total polyphenol concentration was higher under the 6L/6LCP treatment
for chicory and pak choi, while it was higher under the 18L/6N treatment for spinach.
Arugula and mustard cv. ‘Wasabina’ achieved a higher total polyphenol concentration
under both the 6L/6LCP and 18L/6N treatments. Spinach, shiso, basil, and mustard cv.
‘Scarlett Frills’ had the highest nitrate concentration under the 6L/6LCP treatment, while
for lettuce cv. ‘Garrison’, it was under the control 18L/6N treatment. Swiss chard had the
lowest nitrate concentration under the 5L/1LCP treatment.

In the spectral quality experiment, differences between species were observed for the total
polyphenol concentration, but not for their nitrate concentration (Table 4). On the other hand,
no significant effect of the lighting treatments was observed regarding the assessed quality
attributes, indicating that the quality of indoor-cultivated leafy greens was comparable to that of
greenhouse-grown plants. However, it is noteworthy that mizuna, Swiss card, and pak choi had
a lower polyphenol concentration under the RB+FR treatment compared to the other treatments,
although this difference was not statistically significant (p = 0.074).
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4. Discussion
4.1. Effect of Plant Species

As anticipated, significant differences were observed between the studied species for
all the studied parameters, except for the leaf nitrate concentration in the spectral quality
experiment. Furthermore, significant differences between cultivars were observed for some
of the parameters.

4.2. Effect of Segmenting and Lengthening the Photoperiod for a Same DLI

This study clearly demonstrates the benefits of segmenting and extending the photope-
riod (from 12 and 18 h to 20 h per day) while maintaining the same DLI for the twelve
organically cultivated leafy greens studied, particularly in terms of plant biomass. These find-
ings align with previous studies conducted on lettuce [2,3,8,9], suggesting that this lighting
strategy can be advantageous for various leafy greens. Interestingly, the use of a 24-h photope-
riod at 217.5 µmol m−2 s−1 had a negative impact on the growth of only two species, pak choi
and arugula. In contrast to our findings, Hiroki et al. [10] reported that continuous lighting
was not desirable for growing lettuce. They observed a decline in the rate of photosynthesis,
primarily due to the accumulation of photosynthetic carbohydrates, followed by changes in
transpiration rates, which led to the development of marginal necrosis (tipburn).

Despite the potential risk of physiological disorders such as tipburn when the DLI
exceeds 12 mol m−2 d−1 [7], the twelve leafy green species or cultivars investigated in
this study performed well under a DLI ranging from 13 to 18.8 mol m−2 d−1. Similarly,
Brechner and Both [40] observed favorable growth in lettuce, spinach, arugula, and kale
under a DLI of 17 to 22 mol m−2 d−1. According to Both et al. [41], a DLI of 17 mol m−2 d−1

is required to achieve adult-sized lettuce (150 g at 35 days after transplantation). These
prior studies suggest that a higher DLI than the ones used in this study may have led to
faster plant development, although it is important to note that light responses can vary
depending on the species or cultivar.

Regardless of the plant species, our study has shown that implementing a 20-h
photoperiod segmented into four lighting cycles per day (5L/1N and 5L/1LCP treat-
ments), while maintaining the same DLI and using a slightly lower light intensity (256
or 261 µmol m−2 s−1), resulted in a 19 to 23% increase in productivity compared to a
commercially used 18-h photoperiod (control treatment of 18L/6N) with a PPFD of
289 µmol m−2 s−1. Similarly, Kelly et al. [42] reported that a longer photoperiod and
a lower PPFD (24 h at 180 µmol m−2 s−1) increased the fresh and dry biomass of lettuce
(DLI of 15 mol m−2 d−1). Both et al. [41] also demonstrated that using lower PPFD with
a longer photoperiod resulted in a similar dry weight compared to a higher PPFD over
a shorter photoperiod. This effect is reflected in the light use efficiency parameter, as the
fresh and dry weight-based photon yields were higher under the 5L/1N and 5L/1LCP
treatments compared to 6L/6LCP and 18L/6N. Furthermore, Hiroki et al. [10] demon-
strated that production efficiency (fresh weight divided by electricity consumption) is more
favorable at a PPFD of 110 µmol m−2 s−1 in comparison to 170 µmol m−2 s−1. These
findings highlight the potential benefits of optimizing the photoperiod and light intensity
to enhance productivity and light use efficiency in controlled environment agriculture.

4.3. Effect of Replacing the Dark Phase with an LCP Phase

The use of a 6-h lighting phase under a high PPFD of 418 µmol m−2 s−1, combined
with a 6-h “maintenance” phase under LCP of 20 µmol m−2 s−1, resulted in yields com-
parable to those obtained under the control treatment (18L/6N) with a lower PPDF of
289 µmol m−2 s−1. Nevertheless, there was no discernible benefit observed when replacing
the dark period with LCP when comparing 5L/1LCP to 5L/1N. Furthermore, our lighting
treatments did not have a significant impact on photosynthetic capacity, as indicated by
Amax, Rd, and φ. On the other hand, Zhou et al. [2] reported that the photosynthetic
capacity and growth rate of crops grown under a relatively long light/dark cycle (12/12 h)
increased compared to the shorter light cycles (6/6 h and 3/3 h). An interesting observation
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is that SLA was higher under the 6L/6LCP treatment (lower SLW), indicating thinner leaves
for the same biomass. This might be a result of a shadow response triggered by 12 h of
LCP during the day. Moreover, a higher SLA is typically associated with poor post-harvest
quality due to increased water loss via leaf transpiration and a higher respiration rate per
leaf area.

The high PI and high FV/FM ratio observed under the 6L/6LCP treatment for some
species (spinach, lettuce cv Garrison and cv Blade, and mustard cv Scarlet Frills) sug-
gest good plant vigor and tolerance to the highest PPFD used during this experiment
(418 µmol m−2 s−1 compared to 256 µmol m−2 s−1). This confirms the feasibility of auto-
mated vertical growing systems sharing high intensity LEDs, potentially reducing the cost
of artificial lighting by employing medium–high-power LEDs that are more cost-effective
in terms of dollars per watt (W) and reduces the overall number of growing lights required.
However, it is important to note that using more powerful lamps for shorter periods may
not be the most efficient approach in terms of electricity consumption [10].

Regarding the quality aspect, the nitrate concentration was higher under the 6L/6LCP
treatment for spinach, basil, and mustard cv Scarlett Frills. These results align with the
findings by Lillo [43], who reported that plants tend to accumulate more nitrates at low
light intensities, especially during the nocturnal phase. However, the 5L/1LCP treatment,
when compared to the 5L/1N treatment, lowered the nitrate concentration of Swiss chard.
On the other hand, the SPAD value was higher under the 5L/1LCP treatment compared
to the 5L/1N treatment for Swiss chard, chicory, pak choi, and arugula. This suggests
a higher concentration of chlorophyll in these species when exposed to the 5L/1LCP
lighting treatment.

4.4. Effect of Light Spectral Quality

The addition of far-red to a red and blue light treatment had a positive impact plant
height of lettuce cv. Garrison, but did not significantly affect the other species. This is
consistent with the findings of Ying et al. [44], who observed an increase in plant height
when exposing different species of microgreens to red and blue light (as main PPFD)
enriched with far-red light (RB + FR), without a significant impact on fresh and dry plant
biomass. In our study, some modifications in plant morphology were observed, such as the
size of the cotyledons of Swiss chard. Additionally, there was an 18% increase in plants’
dry biomass with the addition of far-red (RB + FR) compared to the red and blue treatment
(RB), although this difference was not statistically significant. However, using only blue
and red light reduced the plant dry biomass by 20 to 31% compared to the other white
spectrum treatments (p = 0.094), highlighting the importance of green and far-red light.
Dry biomass is a crucial growth parameter in edible crops like lettuce because economic
returns are directly related to dry weight [45]. Furthermore, previous research has shown
that at certain light intensities (200 and 300 µmol m−2 s−1), the total dry weight is highest
at specific blue to red (B/R) light ratios (0.23 and 0.33, respectively) due to the high net
photosynthetic rate and the amount of light received by the leaves [46]. In our study, the
B/R ratios were 0.40 for CW, 0.32 for WW, 0.13 for RB, and 0.11 for RB + FR. Although not
statistically significant (p = 0.094), the dry biomass of CW and WW was high but similar to
RB+FR, while the B/R ratio was much lower, emphasizing the significant role of far-red
light in dry weight. Furthermore, the higher productivity observed in indoor-cultivated
leafy greens compared to those in the greenhouse from late March to early August could be
linked to a potentially more challenging growth environment, characterized by temperature
spikes and associated drier conditions during sunny days.

The important role of green light in influencing growth parameters has been explored
in previous studies. For example, Kitayama et al. [47] found that in spinach stem and
shoot fresh weights as well as leaf area, were highest under the RBG treatment (30:28:42,
red:green:blue) compared to the other light compositions, such as 70:18:12, 57:16:27, and
red and blue only (79:21). In our study, it is noted that a higher proportion of green
light (39–40%) combined with a medium proportion of red light (41–44%) reduced the
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water content of mizuna when compared to the other treatments with a lower green
content (1–2%) and a higher red content (61–85%). However, no significant effect on the
water content was observed for spinach. This suggests that the specific light composition,
including the balance of green light, can have varying effects on different plant species,
highlighting the importance of tailoring the lighting conditions to the specific needs of the
crops being grown.

The effect of light on the anthocyanin concentration in plants can vary depending
on the light intensity and spectrum. In a study by Fällström et al. [48], it was shown
that high-intensity lighting or a heavy blue light spectrum can enhance the anthocyanin
content in plants, resulting in a red/purple pigmentation. This effect was observed with
the high light treatments at 450 µmol m−2 s−1 with a 13% blue light ratio or a heavy blue
spectrum treatment with a PPFD of 223 µmol m−2 s−1 and a 35% blue light ratio. In our
Photoperiod × PPFD experiment, there were no significant effects of the light treatments
on the anthocyanin concentration, despite the use of high PPFD under the 6L/6LCP
treatment (418 µmol m−2 s−1). Zhang and Folta [49] demonstrated that green light has
an inhibitory effect on the production of anthocyanins, especially when combined with
blue light. However, in our experiments, despite the use of a relatively high proportion
of green light (39–40%), along with the highest proportion of blue light (14–16%), there
was no significant reduction in the concentration of anthocyanins in the leaves. The
varying proportions of blue light (ranging from 7% to 16%) in our different treatments may
have been insufficient to trigger a notable response in terms of anthocyanin production.
Additionally, the anthocyanin concentration varied among the 12 leafy green species, with
some having very low levels naturally. This variability among species may help explain why
our lighting treatments did not have a discernible impact on the anthocyanin concentration.

5. Conclusions

Segmenting and lengthening the photoperiod improved nearly all the agronomic
parameters studied for the 12 organically grown leafy green species without any detrimental
side effects, even under a wide range of PPFD levels (from 256 to 418 µmol m−2 s−1). Shorter
lighting periods with medium PPFD (5L/1N and 5L/1LCP) increased SFW, SDW, and
height, positively influencing the leaf thickness and potentially the shelf life due to the
increased SLW and reduced water content. This resulted in a better photon yield when
considering fresh and dry weight-based measurements. Extending the photoperiod by 2 h
per day (20 h instead of the control 18 h) and simultaneously reducing PPFD by 10% or
11% (5L/1N and 5L/1LCP; 261 and 256 µmol m−2 s−1) compared to the control (18 h/6N;
289 µmol m−2 s−1) or by around 38% compared to 6L/6LCP (418 µmol m−2 s−1), increased
on average plant productivity by 21% and 12%, respectively. However, the economic
trade-offs associated with extending the light phase by 2 h, when compared to the gains
achieved through lower intensity and increased efficiency, will require further investigation
within a commercial context.

In our study, we found that green light did not have any negative effects on the
plant quality. In fact, green and far-red light tended to increase the dry biomass of plants,
which is an important parameter for the quality of leafy green species. However, it is
worth noting that the impact of these lighting conditions on various growth and quality
parameters can vary depending on the specific plant species. On the other hand, when
comparing the indoor cultivation of leafy greens to greenhouse cultivation, we observed
higher productivity among the indoor plants from late March to early August, with no
significant differences in terms of quality attributes. To validate the findings of this study
across a broader range of plant species and to evaluate their economic implications, further
complementary research and economic studies would be necessary.
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19. Samuolienė, G.; Brazaitytė, A.; Sirtautas, R.; Novičkovas, A.; Duchovskis, P. The effect of supplementary LED lighting on the
antioxidant and nutritional properties of lettuce. Acta Hortic. 2012, 952, 835–841. [CrossRef]

https://doi.org/10.17660/ActaHortic.2012.956.2
https://doi.org/10.32615/ps.2020.013
https://doi.org/10.1007/s13580-013-0109-8
https://doi.org/10.1016/B978-0-12-816691-8.00009-1
https://doi.org/10.1016/j.scienta.2020.109508
https://doi.org/10.2134/urbanag2019.03.0001
https://doi.org/10.17660/ActaHortic.2022.1337.15
http://hdl.handle.net/20.500.11794/73568
https://doi.org/10.17660/ActaHortic.2014.1037.115
https://doi.org/10.1002/jsfa.6789
https://doi.org/10.21273/HORTSCI.50.8.1128
https://doi.org/10.1007/s00344-021-10337-y
https://doi.org/10.1007/978-981-10-5807-3_4
https://doi.org/10.1371/journal.pone.0163121
https://www.ncbi.nlm.nih.gov/pubmed/27706176
https://doi.org/10.1016/j.scienta.2016.01.007
https://doi.org/10.17660/ActaHortic.2012.952.106


Agronomy 2023, 13, 2582 16 of 17

20. Huché-Thélier, L.; Crespel, L.; Le Gourrierec, J.; Morel, P.; Sakr, S.; Leduc, N. Light signaling and plant responses to blue and UV
radiations—Perspectives for applications in horticulture. Environ. Exp. Bot. 2016, 121, 22–38. [CrossRef]

21. Mitchell, C.; Stutte, G. Chapter 5, Sole-Source Lighting for Controlled Environment Agriculture. In Light Management in Controlled
Environments; Lopez, R., Runkle, E., Eds.; Meister Media Worldwide: Willoughby, OH, USA, 2017.

22. Smith, H.L.; McAusland, L.; Murchie, E.H. Don’t ignore the green light: Exploring diverse roles in plant processes. J. Exp. Bot.
2017, 68, 2099–2110. [CrossRef]

23. Kim, H.; Goins, G.D.; Wheeler, R.M.; Sager, J.C. Green-light supplementation for enhanced lettuce growth under red- and
blue-light-emitting diodes. HortScience 2004, 39, 1617–1622. [CrossRef]

24. Wang, Y.; Folta, K.M. Contributions of green light to plant growth and development. Am. J. Bot. 2013, 100, 70–78. [CrossRef]
25. Zhen, S.; Bugbee, B. Far-red photons have equivalent efficiency to traditional photosynthetic photons: Implications for redefining

photosynthetically active radiation. Plant Cell Environ. 2020, 43, 1259–1272. [CrossRef]
26. Zhen, S.; Bugbee, B. Substituting Far-Red for Traditionally Defined Photosynthetic Photons Results in Equal Canopy Quantum

Yield for CO2 Fixation and Increased Photon Capture During Long-Term Studies: Implications for Re-Defining PAR. Front. Plant
Sci. 2020, 11, 581156. [CrossRef]

27. Koller, M.; Rayns, F.; Cubison, S.; Schmutz, U. Guidelines for Experimental Practice in Organic Greenhouse Horticulture; BioGreenhouse:
Madrid, Spain, 2016. [CrossRef]

28. Dembele, D.M.; Nguyen, T.T.A.; Bregard, A.; Naasz, R.; Jobin-Lawler, F.; Boivin, C.; Dorais, M. Effects of growing media and
fertilization rates on the organic production of baby leafy vegetables. Acta Hortic. 2021, 1348, 141–154. [CrossRef]

29. Kalantari, F.; Mohd tahir, O.; Mahmoudi Lahijani, A.; Kalantari, S. A Review of Vertical Farming Technology: A Guide for
Implementation of Building Integrated Agriculture in Cities. Adv. Eng. Forum. 2017, 24, 76–91. [CrossRef]

30. Domurath, N.; Shroeder, F.-G.; Glatzel, S. Light response curves of selected plants under different light conditions. In Proceedings
of the VII International Symposium on Light in Horticultural Systems, Wageningen, The Netherlands, 14–18 October 2012;
Volume 956, pp. 291–298.

31. Hansatech Instruments. Handy PEA+ Advanced Continuous Excitation Chlorophyll Fluorimeter. 2021. Available online:
http://www.hansatech-instruments.com/product/handy-pea/ (accessed on 1 October 2023).

32. Strasser, R.J.; Tsimilli-Michael, M.; Srivastava, A. Analysis of the chlorophyll a fluorescence transient. In Chlorophyll a Fluorescence.
Advances in Photosynthesis and Respiration; Papageorgiou, G.C., Govindjee, Eds.; Springer: Dordrecht, The Netherlands, 2004;
pp. 321–362. [CrossRef]

33. Konica Minolta. Chlorophyll Meter SPAD-502Plus. 2009. Available online: https://www.konicaminolta.com/instruments/
download/catalog/color/pdf/spad502plus_catalog_eng.pdf (accessed on 1 October 2023).

34. GreenSol. Teneur en Chlorophylle. 2021. Available online: https://greensol.fr/outils-de-mesure-taux-de-brix-profil-cultural-
biomasse/teneur-en-chlorophylle/ (accessed on 1 October 2023).

35. Hansen, P.J.; McRobert, R.E.; Isebrands, J.G.; Dixon, R.K. An optimal sampling strategy for determining CO2 exchange rate as a
function of photosynthetic photon flux density. Photosynthetica 1987, 21, 98–101.

36. Singleton, V.L.; Rossi, J.A. Colorimetry of total phenolics with phosphomolybdic-phosphotungstic acid reagents. Am. J. Enol.
Vitic. 1965, 16, 144–158. [CrossRef]

37. Lee, J.R.; Durst, W.; Wrolstad, R.E. Determination of total monomeric anthocyanin pigment content of fruit juices, beverages,
natural colorants, and wines by the pH differential method: Collaborative study. J. AOAC Int. 2005, 88, 1269–1278. [CrossRef]
[PubMed]

38. Wu, X.; Prior, R.L. Systematic identification and characterization of anthocyanins by HPLC-ESI-MS/MS in common foods in the
United States: Fruits and berries. J. Agric. Food Chem. 2005, 53, 2589–2599. [CrossRef] [PubMed]

39. Cataldo, D.A.; Maroon, M.; Schrader, L.E.; Youngs, V.L. Rapid colorimetric determination of nitrate in plant tissue by nitration of
salicylic acid. Commun. Soil Sci. Plant Anal. 1975, 6, 71–80. [CrossRef]

40. Brechner, M.; Both, A.J. Hydroponic Lettuce Handbook. Cornell Controlled Environmental Agriculture. 2013. Available
online: https://cpb-us-e1.wpmucdn.com/blogs.cornell.edu/dist/8/8824/files/2019/06/Cornell-CEA-Lettuce-Handbook-.pdf
(accessed on 30 May 2020).

41. Both, A.J.; Albright, L.D.; Langhans, R.W.; Reiser, R.A.; Vinzant, B.G. Hydroponic lettuce production influenced by integrated
supplemental light levels in a controlled environment agriculture facility: Experimental results. Acta Hortic. 1997, 418, 45–52.
[CrossRef]

42. Kelly, N.; Choe, D.; Meng, Q.; Runkle, E.S. Promotion of lettuce growth under an increasing daily light integral depends on the
combination of the photosynthetic photon flux density and photoperiod. Sci. Hortic. 2020, 272, 109565. [CrossRef]

43. Lillo, C. Light Regulation of Nitrate Uptake, Assimilation and Metabolism. Dans: Plant Ecophysiology. Vol. 3. Nitrogen Acquisition
and Assimilation in Higher Plants; Amancio, S., Stulen, I., Eds.; Kluwer Academic Publisher: Dordrecht, The Netherlands, 2004;
pp. 149–184.

44. Ying, Q.; Kong, Y.; Zheng, Y. Growth and appearance quality of four microgreen species under light-emitting diode lights with
different spectral combinations. HortScience 2020, 55, 1399–1405. [CrossRef]

45. Fisher, P.; Both, A.J.; Bugbee, B. Chapter 8 Supplemental lighting technology, costs, and efficiency. In Light Management in
Controlled Environments; Lopez, R., Runkle, E., Eds.; Meister Media Worldwide: Willoughby, OH, USA, 2017.

https://doi.org/10.1016/j.envexpbot.2015.06.009
https://doi.org/10.1093/jxb/erx098
https://doi.org/10.21273/HORTSCI.39.7.1617
https://doi.org/10.3732/ajb.1200354
https://doi.org/10.1111/pce.13730
https://doi.org/10.3389/fpls.2020.581156
https://doi.org/10.18174/373581
https://doi.org/10.17660/ActaHortic.2022.1348.20
https://doi.org/10.4028/www.scientific.net/AEF.24.76
http://www.hansatech-instruments.com/product/handy-pea/
https://doi.org/10.1007/978-1-4020-3218-9_12
https://www.konicaminolta.com/instruments/download/catalog/color/pdf/spad502plus_catalog_eng.pdf
https://www.konicaminolta.com/instruments/download/catalog/color/pdf/spad502plus_catalog_eng.pdf
https://greensol.fr/outils-de-mesure-taux-de-brix-profil-cultural-biomasse/teneur-en-chlorophylle/
https://greensol.fr/outils-de-mesure-taux-de-brix-profil-cultural-biomasse/teneur-en-chlorophylle/
https://doi.org/10.5344/ajev.1965.16.3.144
https://doi.org/10.1093/jaoac/88.5.1269
https://www.ncbi.nlm.nih.gov/pubmed/16385975
https://doi.org/10.1021/jf048068b
https://www.ncbi.nlm.nih.gov/pubmed/15796599
https://doi.org/10.1080/00103627509366547
https://cpb-us-e1.wpmucdn.com/blogs.cornell.edu/dist/8/8824/files/2019/06/Cornell-CEA-Lettuce-Handbook-.pdf
https://doi.org/10.17660/ActaHortic.1997.418.5
https://doi.org/10.1016/j.scienta.2020.109565
https://doi.org/10.21273/HORTSCI14925-20


Agronomy 2023, 13, 2582 17 of 17

46. Furuyama, S.; Ishigami, Y.; Hikosaka, S.; Goto, E. Effects of blue/red ratio and light intensity on photomorphogenesis and
photosynthesis of red leaf lettuce. Acta Hortic. 2014, 1037, 317–322. [CrossRef]

47. Kitayama, M.; Nguyen, D.T.P.; Lu, N.; Takagaki, M. High green light proportion in mixed red and blue lights enhanced production
of water spinach in plant factory. Acta Hortic. 2020, 1296, 683–690. [CrossRef]

48. Fällström, I.; Jia, F.; Lindqvist, J. Different lighting strategies for inducing red coloration in lettuce. In Proceedings of the ISHS VII
International Symposium on Light in Horticultural Systems, Wageningen, The Netherlands, 15–18 October 2012.

49. Zhang, T.; Folta, K.M. Green light signaling and adaptive response. Plant Signal. Behav. 2012, 7, 75–78. [CrossRef] [PubMed]

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.

https://doi.org/10.17660/ActaHortic.2014.1037.38
https://doi.org/10.17660/ActaHortic.2020.1296.87
https://doi.org/10.4161/psb.7.1.18635
https://www.ncbi.nlm.nih.gov/pubmed/22301972

	Introduction 
	Materials and Methods 
	Plant Material and Growing Conditions 
	Light Treatments 
	Measured Parameters 
	Growth Parameters and Photon Yield 
	Photobiological Parameters 
	Leaf Quality Parameter 

	Statistical Analysis 

	Results 
	Growth Parameters and Photon Yield 
	Photobiological Parameters 
	Leaf Quality Parameters 

	Discussion 
	Effect of Plant Species 
	Effect of Segmenting and Lengthening the Photoperiod for a Same DLI 
	Effect of Replacing the Dark Phase with an LCP Phase 
	Effect of Light Spectral Quality 

	Conclusions 
	References

