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Abstract: In recent years, much effort has been devoted to understanding the response of plants to
different light properties, largely due to advances in the light-emitting diode (LED) industry. This
work studied the effect of different light intensities and qualities on yield or quality of indoor hydro-
ponic spinach (Spinacia oleracea L.). Two trials were carried out at two different times. The intensity
assay was carried out with the same type of light (AP673L, Valoya Ltd., Helsinki, Finland) at different
luminous intensities (150, 290, and 430 pmol m~2 s~ 1). In the second trial, four different luminance
spectra (Valoya Ltd., Helsinki, Finland) were used (NS12, AP67, AP673L, G2). Then, the fresh and dry
weight, nutritional status, and concentration of primary metabolites were determined. Both lights
parameters induced changes in vegetative performance and other physiological traits, as well as their
quality and nutritional composition (minerals, organic acids, sugars, and amino acids). The increase
in light intensity increased Fv'/Fv’, fresh weight, leaf area, chlorophyll fluorescence parameters, and
potassium concentration. The light intensity effectively controlled nitrate accumulation in an inverse
relationship. The effect of the light spectrum on spinach characteristics was not clearly observed
when multivariate statistics were applied to the data. No linear relationship was found between
the different R/B ratios. This is perhaps due to commercial lights having a complex combination of
wavelengths, in addition to the main R/B proportion. Within the overall results, 6 R/B presented
the best results for the indoor cultivation of spinach. More studies are needed, since breeding for
controlled environments shifts the focus of the desired crop attributes towards rapid growth and
harvest quality instead of stress adaptability.

Keywords: hydroponic; light-emitting diode; leafy vegetables; food quality; chlorophyll fluorescence

1. Introduction

Spinach (Spinacia oleracea L.) is a common green leafy vegetable usually found in the
fresh produce market. According to FAO data, worldwide spinach production reached
31,007,938 tons in 2020 [1]. Vegetables are generally considered important contributors
to a healthy diet, and an increased intake of vegetables is related to a decreased risk of
cancers, cardiovascular disease, and other diseases [2]. Spinach is an excellent source of
vitamins and minerals, such as iron, sodium, potassium, and calcium [3,4]. In recent years,
numerous studies have demonstrated the bioavailability of certain spinach compounds,
their antioxidant capacity, and derivate products after consumption by humans [5]. In
addition, as health-conscious consumers are becoming increasingly numerous worldwide,
spinach has attracted increased attention as a healthy vegetable, whereby production has
increased by 35% over the past ten years [1].

The use of hydroponic cultivation in vertical farms has several advantages as com-
pared to the traditional system of producing crops using soil (geoponics). Some of them
are as follows: optimization of space [6], water savings [7], control of environmental condi-
tions [8], higher crop yields [9], reduction in chemicals and pesticides [10], and high energy
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efficiency [9]. Therefore, an indoor vertical hydroponic system is a promising technological
solution to the problems faced by current global warming. Nevertheless, some challenges
regarding energy efficiency, economic profitability, automation, and consumer acceptance
still exist. If these challenges can be overcome, indoor vertical farming has great potential
as a guaranteed source of high-quality food, providing a practical and resilient solution to
present-day food system challenges [11].

Light is one of the most important environmental factors that affect plant development
and growth. In recent years, light-emitting diode (LED) technology has been developed to
be more efficient and effective, having a remarkable potential as a supplemental source of
light for promoting plant growth [12]. Light intensity and light quality or spectrum, through
photosynthesis and the operation of photoreceptors, have broad regulatory effects on
morphogenesis and many physiological and metabolic processes, which finally determine
the main characteristics of plants [11].

Light intensity is essential for optimal plant growth, and affects plant development,
metabolism, and the activity of the antioxidant system. However, it has been shown
that high light intensities can be detrimental, as they can reduce plant production [13].
Ref. [14] observed that when photosynthetic photon flux density (PPFD) increased to
550 umol m~2 s~1, the specific leaf area (SLA) decreased in tomato plants. In another
hydroponic spinach study, with the same light spectrum (R:B = 4:1) and different light
intensities (90, 140, 190, and 240 pmol m~2 s~ 1), the authors observed that the highest
values of growth parameters occurred in the variety of spinach PD512 when grown at
190 pmol m~2 s~ 1, therefore producing a reduction in growth at the maximum light inten-
sity (240 pmol m~2 s~ 1) [15]. On the contrary, low intensities can also cause changes in the
morphology and physiology of the leaf. In this sense, in an experiment on hydroponic
spinach using four light intensities, the authors observed a decrease in the specific leaf
area and plant height of plants when grown with the lower intensities [15]. In addition,
the same authors showed a significant increase in nitrate content, at a low light intensity
(90 umol m~2 s~ ). However, despite being a popular vegetable, the optimal LED light
parameters for spinach have not been fully investigated. Only LED lamps with different
spectrums and some low light intensity levels have been studied for this species [16].
Therefore, it is crucial to find the best light intensity to optimize plant growth under indoor
conditions [17-19].

On the other hand, about 90% of the light absorbed by leaves is in the blue or red
light spectrum [20]. The use of the blue or red LED spectrum has resulted in a significant
enhancement in the quality and yield of vegetables as compared to white fluorescent light
or sunlight [21-23]). Specifically, red light (between 600 and 700 nm) and blue light (400
and 500 nm) can affect plant morphology, physiology and development, photosynthesis,
and primary metabolism [24]. Red light accelerates growth speed, increasing leaf area and
biomass accumulation [25]. Previous studies have shown that the intensity and combination
of spectral light-emitting diodes in the visible light spectrum are effective for photosynthesis
and the normal growth of different crops [13,16,24,25]. However, the intensity and spectral
light appropriate for the optimal growth and nutrient quality of spinach crops is an issue
that needs to be clarified.

Finally, it has been proven that plants have different lighting requirements under
artificial light than under sunlight [13,26], yet the effects of spectral quality on plant
development and primary metabolite synthesis are not completely understood. Therefore,
it is very important to find the best light spectrum and intensity to optimize spinach plant
growth under indoor conditions. The objective of this study was to determine the effect
of four commercial LED light spectra and three light intensities on yield, plant quality
parameters, and the concentration of primary metabolites in spinach (Spinacia oleracea L.)
grown in a vertical indoor farming set-up.
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2. Materials and Methods
2.1. Plant Material, Growing Conditions, and Light Treatments

Two trials were carried out at two different times (Table 1). The first trial was carried
out with the same type of light (AP673L, Valoya Ltd., Helsinki, Finland) at different light

intensities (150, 290, and 430 pumol m—2 s’l). In the second trial, four different light spectra
(Valoya Ltd., Helsinki, Finland) were used (NS12, AP67, AP673L, G2).

Table 1. Summary table of light quality and light intensity treatments applied on spinach.

Intensity PPFD . uv Blue Green Red Far-Red

Treatment (@ olm 2s-1) LED Grow Lights <400 400-500  500-600 600700 700-800
Licht LI 150 AP673L (%) 0 10 19 63 8
Inteisit MI 290 AP673L (%) 0 10 19 63 8
y HI 430 AP673L (%) 0 10 19 63 8
2R/B 150 NS12 (%) 1 20 36 38 5
. . 5R/B 150 AP67 (%) 0 12 16 56 16
Light Quality 6R/B 150 AP673L (%) 0 10 19 63 8
10R/B 150 G2 (%) 0 7 2 70 21

LI: low intensity; MI: medium intensity; HI: high intensity.

In both trials, Spinach (Spinacia oleracea L. cv. Acadia) was used as plant material. Seeds
were germinated in total darkness, in growing trays filled with a mixture of rockwool, and
irrigated with tap water. After 39 days (light intensity trial) and 45 days (light quality trial),
seedlings were transplanted to a 20 L plastic container with Hoagland nutrient solution
(KNOj3 (3 mM), Ca(NO3)? (2 mM), MgSOy (0.5 mM), KH,PO4 (0.5 mM), Fe-EDTA (10 M),
H3BO;3 (10 uM), MnSO4-H,O (1 uM), ZnSO4-7H,0 (2 uM), CuSO4-5H,0 (0.5 uM) and
(NH4)6Mo70,4-4H0). The spinach was grown hydroponically in an environmentally
controlled room with a 12 h light period under light/dark temperatures of 20 + 1 °C and
18 £ 1 °C. The pH and electrical conductivity (EC) of the Hoagland solution were kept
within a range of 5.4-5.6 and 1.8-2.1 mS cm !, respectively. Table 1 shows a summary of
the characteristics of the quality and intensity of the LED light.

2.2. Plant Growth Parameters

Seventy plants from each container per treatment were sampled randomly at the end
of the light period. Leaf area and fresh weight were measured, and leaf blades, petioles, and
roots were separately weighed and oven-dried at 60 °C for 72 h. A sampling of leaf blades
from ten plants from another container was frozen in liquid nitrogen and maintained at
—80 °C for further biochemical determinations.

2.3. Chlorophyll Fluorescence Parameters and SPAD

The chlorophyll fluorescence parameters were measured with a pulse-modulated
fluorometer model FMS-2 (Hansatech, King’s Lynn, Norfolk, England) on the leaves
of the plants that were then harvested. The chlorophyll fluorescence parameters mea-
sured were as follows: the antennae efficiency of PSII, Fv//Fm’ = (Fm’ — F0')/Fm’,
where Fv' is the variable fluorescence and Fm’ is the maximum fluorescence; the quan-
tum efficiency of PSII, $PSII = (Fm’ — Fs’)/Fm’; and the photochemical quenching co-
efficient qP = (Fm’ — Fs)/(Fm’ — F0'), where Fs is the steady-state fluorescence yield, Fm’
is the maximal value when all reaction centers are closed after a pulse of saturating light
(12,000 pmol m~2 s~ ! for 0.8 s), and F0’ is the minimal fluorescence in the light-adapted
state that is obtained by turning off the actinic light temporarily and applying a pulse of
far-red light (735 nm) to drain the electrons from PSII. At the end of the growth period, the
chlorophyll content was measured using a Minolta Chlorophyll Meter SPAD-502 (Konica
Minolta, Osaka, Japan); the measurements were performed on six leaves per plant in the
center of each leaf. This instrument measures the leaf transmittance at two wavelengths,
670 nm and 940 nm, representing, respectively, the peak of chlorophyll absorbance and its
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minimum: the difference between the two values recorded by the detectors represents an
index of leaf chlorophyll concentration.

2.4. Mineral Analysis

The concentrations of Na, K, Mg, Ca, P, S, Fe, Cu, Mn, Zn, and B were determined
from oven-dried leaf samples. These were ground to a fine powder and digested with
HNO3:H,0; (5:3 v/v) using a microwave (CERM Mars Xpress, Matthews, NC, USA) with
a temperature ramp that reached a maximum of 200 °C. These were posteriorly analyzed
using inductively coupled plasma mass spectrometry (ICP-MS, Iris Intrepid II, Thermo
Electron Corporation, Franklin, TN, USA). Total C and N were analyzed with a Thermo
Finnigan C/N elemental analyzer (Milan, Italy). The concentrations of C1~, S042~,NO3~,
and PO,~ were measured by ion chromatography (850 Professional, IC Metrohm AG,
Herisau, Switzerland) after 30 min of mechanical agitation extraction with distilled water
(50 mg in 10 mL of water). The sample was centrifuged at 2000 rpm for 5 min and filtered.

2.5. Antioxidant Capacity, and Chlorophyll and Carotenoid Concentration

The antioxidant capacity assay was carried out according to the protocol by [27], where
the remaining amount of DPPH is inversely proportional to the antioxidant capacity of
the substances present in the sample. The results are expressed as % Radical Scavenging
Activity (% RSA). For the extraction and determination of the two chlorophyll fractions
and total carotenoids, the protocol described by [28] was followed. Briefly, the frozen
spinach leaves were homogenized and mixed with acetone (80%) extraction solvent in a 1:5
ratio (w:v; leaf: acetone), and centrifuged at 15,000 g at 4 °C for 5 min. The absorbance
at 663 and 647 nm was measured in the ten-fold diluted extraction by using a UV /Vis
spectrophotometer (PowerWave XS2, BioTek, Winooski, VT, USA) for the determination
of the two chlorophyll fractions (Chl a and Chl b). Total carotenoid concentration was
calculated by reading the absorbance at 470 nm (A470). The concentrations of chlorophyll
a and b and carotenoids were obtained according to the equations from [29]. The results
were expressed in pg g~ FW.

2.6. Primary Metabolites

To determine the concentration of primary metabolites, the methodology described
by [30] was followed, with some modifications. Fifty milligrams of dry, homogenized
foliar material was weighed, and 1 mL of a hydromethanolic mixture 1:1 was added. After
sonication, the upper phase was centrifuged and collected. The samples were kept for 12 h
in a thermostated vacuum centrifuge Univapo 150 ECH (Biogen Cientifica s.1., Madrid,
Spain). The soluble solid obtained was resuspended in 600 pL of 100 mM potassium
phosphate buffer (KH,PO,) at pH 6.0 (dissolved in 100% heavy water (D,0)), and with
an internal standard of 5 mM thiamin phosphate (TPS). After centrifuging the samples to
16,100 g/5 min/4 °C, 600 uL of supernatant were quantified in the Ultra High-Resolution
Mass Spectrometry and Nuclear Magnetic Resonance Platform integrated through Online
Solid Phase Extraction (LC-MS-SPE-NMR) at the CEBAS-CSIC.

2.7. Statistical Analysis

The statistical analysis consisted of a one-way analysis of variance (ANOVA) (treat-
ments) performed with the statistical package SPSS v. 24 (SPSS statistical package, Chicago,
IL, USA). The values presented for each treatment came from a total of ten biological units
(n = 10). When the ANOVA was significant (p < 0.05), Tukey’s multiple range test was
utilized to separate the means. A principal component analysis was carried out using the
statistical package Statgraphics Centurion XVI 16.0 (Statpoint Technologies, Inc, The Plains,
VA, USA).
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3. Results

Light intensity highly influenced growth parameters in spinach (Figure 1, left). The
increase in fresh weight (FW), dry matter (DM), and leaf area (LA) was directly proportional
to the light intensity used. The highest values of these parameters were obtained under
high light intensity (430 umol m~2 s~!). As a result of the different quality of light used,
significant differences in FW, DW, and LA can be observed in spinach (Figure 1, right).
A tendency to increase shoot fresh weight by increasing the R/B ratio when no UV light
(2 R/B) was involved was observed. The highest growth parameters values were observed
under 6 R/B and 10 R/B light quality treatments, although there were no significant
differences between these treatments, while the lowest values were observed under the
5R/B light quality treatment.
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Figure 1. Growth parameters of the spinach plants under different light intensity treatments (left) and
under different light quality treatments (right). R/B: red/blue ratio. PPFD: photosynthetic pho-
ton flux density. Different letters indicate significant differences (p < 0.05) between the means, as
established by Tukey test (n = 10).

The light intensity did not significantly affect the concentration of macronutrients
(Ca%*, Mg?*, P, and S) in hydroponic spinach (Figure 2A). Only potassium showed a slight
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increase when the higher intensity was used. The highest nitrate concentration was found
at 150 pmol m~2 s~1. The increase in intensity resulted in a significant decrease in nitrate
concentration in the MI and HI treatments concerning the LI treatment. Furthermore, the
results show that starting from a medium intensity (290 umol m~2 s~ 1), there was no further
reduction in the concentration of nitrate in spinach. The concentration of micronutrients
(B, Cu, Fe, Mo, Zn, and Mn) presented significant differences between the different light
intensities (Figure 2A). This should be noted in the case of iron, manganese, boron, and
copper, where the low intensity increased their leaf concentration by 30% as compared to
the medium and high intensities. Different light qualities caused differences in the foliar
concentration of the spinach’s macro and micronutrients at harvest (Figure 2B). The lowest
concentration of nitrate was obtained with the 6 R/B spectrum, followed by 2 R/B, and
there were no statistically significant differences between 5 R/B and 10 R/B. The 2 R/B
spectrum showed the highest concentration of all the macronutrients except for K*. The
5 R/B ratio decreased the concentrations of Mg?*, P*, and S up to 40% when compared
with 2 R/B, although it provided the maximum concentration of Fe. Differences were
found among all micronutrients, but no trends were observed.

m— NS12 (2R/B)

= AP67 (5R/B)
AP673L (6R/B)

=— G2 (10R/B)

***K

**Mo

**B

***Cu

/
*)Ie\/ *Zn

(A) (B)

Figure 2. The relative concentration of macro and micronutrients quantified in leaves from spinach
under different light intensity (A) and quality (B) treatments. The concentrations are expressed in
percentages in relation to the treatment with the highest concentration of the element (100%). *, **,
and *** indicate significant differences at p < 0.05, p < 0.01, and p < 0.001, respectively.

Chlorophyll fluorescence parameters are shown in Table 2. The Fv"/Fm" ratio did not
change in spinach cultivated under different light intensities, but a significant increase was
observed in the MI and HI treatments in ¢pPSII. The qP variation strongly increased from low
to medium intensity and remained stable from medium to high intensity. The highest SPAD
values were obtained at the 430 umol m~2 s~! light intensity. The Fv"/Fm" ratio and ¢PSII
did show differences between light qualities, with the highest values found on spinach
leaves grown under 2 R/B and 6 R/B ratios. No significant differences in qP and chlorophyll
were found under the four different light spectra used (Table 2). Chlorophyll, carotenoid
content, and antioxidant capacity did not show statistically significant differences under
the light intensity and light quality treatments (Appendix A Table A1). However, the higher
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values of these parameters with the lowest light intensity (150 umol m~2s~!) and 5 R/B
light quality were observed.

Table 2. Chlorophyll fluorescence parameters in spinach under different light intensity and
quality treatments.

Light Treatment ¢PSIL Fv//[Fm’ qP Chlorophyll (SPAD)
Intensity
LI 0.64a 0.77 0.83a 154 a
MI 0.71b 0.79 0.90b 159a
HI 0.71b 0.77 091b 225b
ANOVA * ns k% L2
Quality
NS12 (2 R/B) 0.59b 0.73b 0.80 9.70
AP67 (5 R/B) 0.50 a 0.69 a 0.72 9.67
AP673L (6 R/B) 0.60 b 0.74b 0.80 10.83
G2 (10R/B) 0.48 a 0.69 a 0.69 9.81
ANOVA * * ns ns

Chlorophyll fluorescence: quantum efficiency of PSII (¢ PSII), antennae efficiency of PSII (Fv'/Fm’), photochemical
quenching coefficient (qP). In the ANOVA, ‘ns’ indicates non-significant differences with a confidence interval
of 95%; * and *** indicate significant differences at p < 0.05 and 0.001, respectively. Different lowercase letters
indicate significant differences (p < 0.05) between the means, as established by Tukey’s test (n = 10).

NMR metabolite analysis results were divided into different categories (free amino
acids, organic acids, and sugars). The concentration of amino acids detected by Nuclear
Magnetic Resonance (H-NMR) in spinach plants is shown in Table 3. Regarding light
intensity experiments, glutamate, glutamine, and aspartate were the major amino acids,
accounting for 60-70% of the total amino acids in the three light treatments. Moreover,
the content of glutamate was relatively high as compared with the rest of the amino acids.
Most of the amino acids reached the highest concentrations at the 290 pmol m~2 s~ light
intensity (glutamine, asparagine, alanine, GABA, tryptophan), with many of them being
significantly higher than the other two treatments. It should be noted that none of the
amino acids reached their highest concentration at the maximum light intensity (430 umol
m~2 s71). The effects of light quality on amino acid concentration in spinach are not as
clear, with the effect of light quality varying for each amino acid determined (Table 3). The
amino acids with a higher concentration in all quality light treatments were glutamate,
glutamine, and aspartate, accounting for around 65% of the total amino acids. Ultraviolet
light treatment (2 R/B) increased most of the amino acid concentrations. On the contrary,
this treatment significantly reduced the concentration of the GABA amino acid as compared
to the rest of the treatments.

Table 3. Concentration of amino acids (mg/g dw™1) detected and quantified by H-NMR in spinach
plants growing under different light intensity and quality treatments.

Treatment

Glutamate

4_Aminobutyrate

Glutamine  Aspartate Asparagine Alanine Phenylalanine Tryptophan

(GABA)
Intensity
LI 2.98 1.18a 1.37 0.35¢ 0.30b 047 a 0.16 c 0.06 a
MI 2.81 1.45b 128 0.28Db 0.39 ¢ 0.74b 0.13b 0.08b
HI 2.64 120a 1.28 0.19a 023a 042a 0.07a 0.05a
ANOVA ns * ns s *AK L K *
Quality
NS12 (2R/B) 5.36b 143 2.47b 0.98 ¢ 0.56 024a 0.29b 0.35¢
AP67 (5R/B) 5.15b 1.65 2.27b 0.52a 0.54 0.33 be 021a 0.22a
AP673L (6 R/B) 3.66 a 1.31 135a 0.61 ab 0.44 041c 022a 0.25 ab
G2 (10R/B) 4.87 ab 1.34 2.07 ab 0.76 b 0.50 0.36 be 0.25 ab 0.29b
ANOVA *3% ns #3434 #3434 ns * *% *%3%

In the ANOVA, ‘ns’ indicates non-significant differences with a confidence interval of 95%; *, **, and *** indicate
significant differences at p < 0.05, p <0.01, and p < 0.001, respectively. Different lowercase letters indicate significant
differences (p < 0.05) between the means, as established by Tukey’s test (n = 10).

The concentration of the main organic acids in spinach is shown in Table 4. In the light
intensity experiment, the main organic acids quantified were malate and citrate, followed
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by ascorbate in the three intensities used. No significant differences were observed in the
concentration of the two main acids, although there was a tendency for the MI treatment
(290 umol m~2 s~ 1) to increase the concentration of these acids. In this sense, the MI
treatment also increased the concentration of ascorbate, succinate, acetate, fumarate, and
2-oxoglutarate. The HI treatment significantly decreased the concentration of ascorbate and
acetate acids as compared to the LI and MI treatments. The spinach plants that grew with
the ultraviolet light treatment (2 R/B) increased the concentration of the two major acids
(malate and citrate), although this increase was only significant in the case of citrate. This
treatment also increased the concentration of succinate, formate, and fumarate as compared
with the rest of the treatments. The highest red /blue ratio (10 R/B) treatment significantly
increased the concentration of 2-oxoglutarate acid. When spinach leaves were richer in
nitrate (LI, 5 R/B and 10 R/B), the concentration of total organic acids tended to increase,
and glucose, fructose, sucrose, and tryptophan tended to be in lower concentrations, as
described in [31]. Likewise, a decrease in sugars and citric acid cycle intermediates leads
to a general decrease in amino acids, as observed in these results. The contents of the free
amino acids under the different R/B ratio decreased to varying degrees, thereby causing
the total amino acid content of spinach to decrease, mainly in spinach cultivated under
the 6 R/B ratio. Glutamine foliar concentration did not show differences, but glutamate,
and especially aspartate and asparagine concentrations, were found to be affected by the
light quality. Soluble asparagine and GABA accumulate in plant organs during low rates
of protein synthesis but also during stress-induced processes [32]. There was a tendency
to increase these two amino acid concentrations with the increase in the R/B ratio as a
response to the exposure to far-red and UV light. Ref. [33] also found a significant reduction
in total amino acid concentration in tatsoi leaves after using far-red light. Ref. [34] explained
the increase in aa concentration in pak choi by the enhancement of the activity of the nitrate-
cycle enzymes (nitrate reductase, nitrite reductase, glutamine synthetase, and glutamate
synthase) due to the exposure to blue light. Similarly, ref. [35] found a decrease in the
activity of glutamate synthase in lettuce due to far-red light exposure. Light quality highly
influences sugar concentrations (Table 4). Ultraviolet light treatment (2 R/B) increased
the concentration of total carbohydrates, followed by the 5 R/B treatment. Contrarily,
the lowest carbohydrate concentrations were obtained in spinach grown under the 6 R/B
treatment. The 2 R/B and 5 R/B treatments increased the concentration of sucrose and
betaine (the two major carbohydrates). In addition, the fructose concentration significantly
improved when the light treatment had an ultraviolet percentage (2 R/B). Spinach plants
grown under the light treatment with the lowest red /blue ratio, without ultraviolet light
(5 R/B), obtained the highest concentration of myo-inositol.

For the creation of the heat map (Figure 3) with a comparison target, 150 pmol m 2 s~
and 2 R/B were selected as the control light, since this intensity is frequently used in plant
greenhouses and its spectrum is similar to solar light (Table 1). The light treatments (5 R/B,
6 R/B, and 10 R/B) reduced the concentration of most of the metabolites analyzed, as
compared to the 2 R/B treatment, except for GABA and myo-inositol. Regarding the light
intensity treatments, when a light intensity of 290 umol m~2 s~! was applied, most of the
metabolites increased or maintained their concentration. However, when an intensity of
430 umol m~2 s~! was applied, the concentration of most metabolites was reduced.

1
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Table 4. Concentration of organic acids and non-structural carbohydrates (mg/g dw~!) detected and quantified by H-NMR in spinach plants growing under
different light intensity and quality treatments.

Organic Acids Non-Structural Carbohydrates
Treatment Malate Citrate Ascorbate Succinate Acetate Fumarate 2-Oxoglutarate Sucrose Betaine Glucose Fructose Myo-Inositol C Total
arbohydrates
Intensity
LI 4.54 2.94 1.30b 0.56 ab 0.11b 0.10 a 0.39 a 9.69 ¢ 488a 3.16 a 271b 1.03 22.5b
MI 5.34 3.16 144b 0.61b 0.12b 0.14b 0.47 b 8.08 b 574b 428Db 259Db 0.95 22.8b
HI 4.90 2.66 0.65 a 0.48 a 0.06 a 0.09 a 0.35a 5.63 a 479a 3.77 ab 2.10a 1.04 182 a
ANOVA ns ns L2 2 * L2 L %k %K *% * * ns *3%
Quality
NS12 2 R/B) 437 329¢ 02la 0.57 b 0.08 024b 0.37a 10.85b 8.17b 5.72 3.87 ¢ 0.83a 299b
AP67 (5R/B) 3.29 2.80 be 0.19a 0.49 ab 0.06 0.23b 0.30 a 10.56 b 8.20b 4.53 219a 1.30b 28.6 b
AP673L (6 R/B) 3.48 2.04a 0.58 b 0.38 a 0.07 0.17 a 0.37 a 729 a 499 a 5.83 3.36 bc 094 a 23.5a
G2 (10R/B) 3.89 242 ab 0.26a 0.49 ab 0.07 0.20 ab 047 b 9.25b 7.77b 5.12 2.82 ab 0.98 a 27.6 b
ANOVA ns 4K *% * ns *3% FXF H*XF 4K ns 4K *3% *3%

All parameters are expressed in mg/g dw~L. In the ANOVA, ‘ns’ indicates non-significant differences with a confidence interval of 95%; *, **, and *** indicate significant differences at
p <0.05,p <0.01, and p < 0.001, respectively. Different lowercase letters indicate significant differences (p < 0.05) between the means, as established by Tukey’s test (n = 10).
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Treatment AP67(5R/B) AP673L(6R/B) G2(10R/B) Treatment MI (290) HI (430) M
4_Aminobutyrate (GABA) 4-Aminobutyrate (GABA) 2
Alanine Alanine

Asparagine Asparagine

Aspartate Aspartate

Glutamate Glutamate

Glutamine Glutamine

Isoleucine Isoleucine

Leucine Leucine

Phenylalanine Phenylalanine

Proline Proline

Threonine Threonine

Tryotiphan Tryotiphan

Tyrosine Tyrosine

Valine Valine

Pyroglutamate Pyroglutamate

2-oxoglutarate 2-oxoglutarate

Acetate Acetate

Citrate Citrate

Formate Formate

Fumarate Fumarate

Lactate Lactate

Malate Malate

Succinate Succinate

Fructose Fructose

Glucose Glucose

myo-Inositol myo_Inositol

Sucrose Sucrose

Betaine Betaine _2
Choline Choline L_J
Trigonelline Trigonelline

Figure 3. Graphical representation of the fold change in the metabolites obtained in spinach
leaves under different light treatments as compared to control treatments 2 R/B (left) and
150 umol m~2 s~ ! (right), which are considered as 0.

The data set corresponding to all significant parameters measured in this work was
treated with a principal component analysis (PCA) (Figure 4 to allow for a simple, fast, and
visual understanding of our results. The first two principal components jointly explain 82%
of the variability of the data. Figure 4 shows the PCA used for different light intensities
with a clear separation between treatments along component 1. The spectra projections
on the first axis (49%) present an obvious separation of the three light intensity treatments
(LI left, MI center, and HI right side). The main contributors to the first component were
fresh weight, leaf area, NO3~, B, Cu, and Fe. Furthermore, component 2 separates the
light intensities into two groups; the intensities of LI and HI are shown in the lower area.
On the contrary, in the upper area, the intermediate intensity is located. Regarding the
multivariate analysis of the treatments with different light spectra (Figure 4), the separation
between treatments was not as clear as with light intensity. The PCA places the 2 R/B
treatment (with ultraviolet light) on the upper left side, treatment 6 R/B on the upper right
side, and 5 R/B and 10 R/B (treatments with higher far-red spectrum) on the lower left
side. Furthermore, the two principal components only explain 47% of the variability in
the data.
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Figure 4. Distribution of the different spinach samples under three light intensity (top) treatments
in the plane defined by the two first principal components. (82.3%). Distribution of the different
spinach samples under four light quality (2 R/B, 5 R/B, 6 R/B, 10 R/B) treatments (bottom) in the
plane defined by the two first principal components. (39.7%).

4. Discussion

Plants need light not only for photosynthesis but also to regulate their development
and their phytochemical concentrations [36]. In spinach, the results showed a proportional
relationship between the intensity and growth parameters (Figure 1). The increase in light
intensity from 150 to 430 pmol m 2 s~! enhanced spinach growth by 66%. Similar results
were found in other spinach studies [15] and for leafy vegetables such as lettuce [37] and
basil [18], indicating that on leafy greens, a higher growth rate is typically associated with
higher irradiance, because there are more photons available for photosynthesis, which
enhances biomass accumulation. Among the parameters that affect growth, the photoperiod
is the most influential factor for indoor cultivation, followed by light intensity and light
quality [38].

Regarding light quality treatments, the maximum difference observed between treat-
ments was around 27%. A linear relationship between the growth parameters and the
R/B ratio was expected according to several previous studies [22-24,26,38]. The maximum
growth was obtained in the treatments with the higher ratio (10 and 6 R/B) (Figure 1),
although 2 R/B had higher fresh weight and leaf area values than 5 R/B. This can be
explained because the 2 R/B light treatment has a UV light and a higher percentage of
green light, while the 5 R/B treatment lacks a UV light and has half the percentage of green
light. UV-A light can enhance biomass [39], and this small proportion of UV light might be
enough to affect the plant’s metabolism. In addition, recent studies suggested that green
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light should not be disregarded in plant growth and development. Ref. [40] has shown
that both additional green light and the partial replacement of the spectrum by green light
resulted in increased fresh and dry weights of basil. The light used in this experiment
had different green light percentages, with 2 R/B doubling the others. These factors may
influence plant growth on 2 R/B spinach more than the higher red light increase from
2 R/B to 5 R/B. Generally, this non-linearity has been observed in the response to a higher
R/B ratio. The light used in this experiment also had different percentages of red and far
red light. 5 R/B and 10 R/B were the treatments with the highest percentage of far-red and
the lowest R/FR ratio, and the opposite occurred with 2 R/B and 5 R/B. These factors may
influence the different parameters analyzed in spinach plants, to a greater extent than the
greater increase in red light from 2 R/B to 10 R/B.

Mineral composition was affected by the light intensity treatments. In Figure 2A, it can
be observed that the K concentration was higher in the HI treatment; similar results were
obtained by [41] in cucumber. When compared with the revised literature, light intensity
has a direct relationship on the ion absorption capacity of plants [42], and optimizing
light conditions can effectively promote nutrient uptake by plants [43]. Concerning the
micronutrients, B, Cu, Fe, Mo, Zn, and Mn presented significant differences between the
different light intensities, where the low intensity increases Fe, B, and Cu leaf concentration.
Similar results were observed by [44], where the concentration of micronutrients increased
as the light concentration decreased from 400 to 200 pmol m~2 s~!. Light quality also
affected the mineral composition (Figure 2B). In our case, other parameter rather than R/B
ratio influenced the mineral uptake or accumulation on spinach leaves. The R:FR ratio
affects plant nutrition, assimilation, and allocation of nutrients in plants [44,45]. These
authors observed that a reduced R:FR ratio can decrease leaf chlorophyll and increase
the allocation of nutrients to the aerial parts. In our results, K concentration was higher
at 10 R/B, with the most reduced R:FR ratio. And the Cu concentration had a positive
correlation with the R/FR ratio, with the highest values obtained in the 2 R/B and 6 R/B
treatments, and the lowest in the 5 R/B and 10 R/B ones. However, treatment 2 R/B
showed the maximum S, P, Mg, Mn leaf content, while 5 R/B the lowest. These results
were similar as those observed for the growth parameters, and this could be due to the
green and UV light percentages in the 2 R/B treatments.

Nitrates are considered a limiting plant constituent for commercialization, since they
are a source of carcinogenic nitrosamines. It should be noted that foliar nitrate contents
in the spinach studied in the present experiment were within the limit of the European
Community (Commission Regulation (EU) No. 1258/2011 amending Regulation (EC)
No. 1881/2006 as regards to maximum levels for nitrates in foodstuffs). Especially for
herbaceous species, nitrate may act as a vacuolar osmoticum, particularly at a low pho-
ton flux density, such as 150 umol m™ s7!, to maintain cell turgor when photosynthetic
solutes are scarce [44,46]). The spinach leaf nitrate concentration decreased with the in-
crease from Low to Medium intensity lights (Figure 2A), which matches the findings in
the literature on nitrate-accumulating species [15,47]. However, but no further decreases
were observed from Medium to High intensity. Light quality is a commonly used tool in
indoor agriculture for nitrate control in plants. Red, far-red and the R/FR ratio, mediated
by phytochromes, can affect both the activity and gene expression of the key enzymes
of nitrogen metabolism [36,45]. When plants are supplemented with red light, the con-
centration of nitrate decreases, due to the stimulation of nitrate reductase activity, but
when far-red wavelengths are used, the nitrate content drastically increases [34]. Thus,
the R:FR ratio should also be considered, since a low R:FR ratio down-regulates nitrogen.
The tendency found in our study (Figure 2B) has been reported by numerous authors in
several commodities [46,47]. Several metabolic pathways are linked to nitrate content. In
fact, groups of similar metabolites showed a coordinated response to light.

The results on chlorophyll fluorescence parameters indicated that the PSII in these
spinach leaves had no detectable damage from 150 to 430 umol m~2 s~!, nor photoinhibi-
tion (Table 2). The SPAD results revealed a higher chlorophyll content in high intensity-
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treated spinach, which can be correlated to an increase in production, as for Jatropha [48]
and baby spinach [49]. Chlorophyll fluorescence parameters were slightly altered by the
different light qualities used. The LED lights with a higher red/far red ratio were more effi-
cient in the PSII functionalities. The results are in agreement with [50], and in studies with
lettuce, red /far-red percentages in light is more photosynthetically active than commonly
believed. In light quality parameters, SPAD parameters followed the decrease in the R:FR
ratio, although no significant differences were found. A reduced R:FR ratio can decrease
leaf duration by increasing the loss of chlorophyll and photosynthesis-related proteins [44].

The chemical composition of spinach depends on the age of the leaves, but the concen-
tration of amino acids is controlled by the light provided [51]. The major amino acids were
similar to those observed in the literature for spinach, with glutamate and glutamine being
the dominant amino acids (Table 3), as observed by [51,52], followed by aspartate. The
contents of the free amino acids under the different R/B ratios decreased to varying degrees,
thereby causing the content of glutamate and aspartate of spinach to decrease. Glutamine
foliar concentration did not show differences, but glutamate, and especially aspartate and
asparagine concentration, were found to be affected by the light quality. Soluble asparagine
and GABA not only accumulate in plant organs during low rates of protein synthesis,
but also during stress-induced processes [32]. There was a tendency for the asparagine
concentration to increase as the R/B ratio increased, as a response to the exposure to UV
light. Several authors have described similar effects of the use of various blue light ratios
on other leafy vegetable commodities. Blue light enhanced the activity of nitrate reductase
(NR), nitrite reductase (NiR), glutamine synthetase (GS), and glutamate synthase (GOGAT)
in pak choi [34]. On the contrary, adding FR significantly inhibited GOGAT activity in
lettuce [35] and led to a significant reduction in total amino acid concentration in tatsoi
leaves [33]. Interestingly, some acids such as ascorbate, acetate, and succinate (Table 4), and
total concentrations of sugars (Table 4), showed a low concentration with HI light. Ref. [11]
observed similar results for ascorbate and soluble sugars in spinach. Regarding light quality,
2 R/B-treated spinach, which presented a lower FR percentage and was the only one with
UV, had a higher accumulation of citrate and succinate and total carbohydrates, with no
differences with the 5 R/B treatment. The change in organic acid content was similar to the
findings of [52] on spinach and [33] on lettuce. When spinach leaves were richer in nitrate
(150 pumol-m~2-s71,5R/B and 10 R/ B), the concentration of glucose, fructose, and sucrose
tended to be lower, as described in [31]. Likewise, a decrease in sugars and citric acid cycle
intermediates leads to a general decrease in amino acids, as observed in these results [31].
No evidence of changes in antioxidant capacity was observed (Appendix A Table A1). The
data are in accordance with [15], where hydroponically grown spinach did not increase the
antioxidant concentration with a light intensity over 190 umol m~2 s~ 1.

The multivariate analysis applied to spinach light intensity data indicates that the
use of different intensities induces a modification in the spinach’s vegetative growth and
composition, especially the chromatic characteristics (Figure 4, top). The results have shown
that spinach growing under a higher light intensity have an increased fresh weight and
reduced amino acid concentrations. On the other hand, this effect on spinach characteristics
is not so clearly observed when multivariate statistics are applied to the data from the
different light spectra treatments (Figure 4, bottom). This is probably due to the commercial
lights with complex combinations of wavelengths that have been used in this work, whereas
single wavelength lights or their combination are usually used for experiments [15,24].

5. Conclusions

Several physiological and biochemical aspects of spinach growth under artificial light
can be modified by selecting specific light intensity and quality. Overall, spinach growth
and quality were more influenced by light intensity (66%) rather than light quality (27%).
The highest values of fresh weight, dry matter, and leaf area were obtained under the
highest light intensity (430 pmol m~2 s~1) with the AP673L spectrum. Furthermore, this
light intensity most efficiently reduced the concentration of nitrates in the leaf. However,
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it is important to consider that high light intensities entail higher energy costs. On the
other hand, the light spectra with the higher R:B ratios (AP673L and G2) showed signifi-
cantly superior values in all vegetative growth parameters. However, the effect of the R:B
ratio is unclear, as the 2 R/B spectrum showed better vegetative growth values than the
5 R/B spectrum, perhaps due to its ultraviolet light component (1%). Additionally, the
results obtained in this work indicate that light intensity significantly impacts the total
concentration of primary metabolites in spinach. Specifically, an increase in metabolites
was observed with an increase in light intensity to 290 pmol-m~2-s~!. Conversely, a no-
table reduction in metabolite concentration was observed when the intensity was further
increased to 430 umol-m~2-s~! as compared to spinach grown under a 150 pmol-m~2-s~!
light intensity. The commercial spectra employed (AP67, AP673L, and G2) reduced the
concentration of most metabolites analyzed, as compared to the commercial light spectrum
NS12, the only one with a UV light component (1%). Furthermore, a direct relationship
was detected in the accumulation of some nutrients and nitrate in spinach leaves with the
R/FR ratio. Finally, while monochromatic lights at various ratios have been extensively
studied, further research into the response of spinach under complex spectra is warranted
to determine an optimal light spectrum for growth period, yield, nitrate concentration, and
nutritional values. By understanding the response of spinach to light quality, a specific
light spectrum could be described for indoor hydroponic spinach culture.
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Appendix A

Table Al. Antioxidant capacity and chlorophyll fluorescence parameter measurements in spinach
plant under different light intensity and quality treatments.

Light Treatment Antioxidant Capacity (%) Chlorophyll A Chlorophyll B Total Chlorophyll Carotenoids
Intensity
LI 37.8 229 10.6 33.5 8.74
MI 343 21.6 10.0 317 8.43
HI 37.8 21.2 9.44 30.6 8.61
ANOVA ns ns ns ns ns
Quality
NS12 (2 R/B) 232 222 10.3 ab 326 8.30
AP67 (5R/B) 249 222 115b 33.8 8.43
AP673L (6 R/B) 24.0 19.2 8.98 a 28.1 7.32
G2 (10R/B) 232 21.2 10.1a 31.3 8.09
ANOVA ns ns * ns ns

Chlorophyll A, chlorophyll B, total chlorophyll, and carotenoids are measured in mg/100 g of fresh weight. In
the ANOVA, ‘ns’ indicates non-significant differences with a confidence interval of 95%; * indicates significant
differences at p < 0.05. Different lowercase letters indicate significant differences (p < 0.05) between the means, as
established by Tukey’s test (n = 4).
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