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Abstract

Background: Spinach has a high content of nutrients, proteins, carbohydrates, and vitamins
beneficial for human health, that are closely associated with the type of crop, the growing
media, the temperature, and lights used for growing. Methods: Two types of light were
used: white light (WL) and red light (RL), and also three different growing media: compost
without additives (CB), compost with coffee additive (CC), and compost with rockrose
additive (CR). Results: Spinach grown under WL, regardless of the treatment, showed
greater plant growth than that grown under RL_P. Furthermore, treatments WL_CC and
WL_CR increased by 90% and 95%, respectively, compared to WL_P; similarly, treatments
WL_CB, WL_CC, and WL_CR increased by 179%, 174%, and 205%, respectively, compared
to the RL_P control. The protein content of spinach leaves from growing media WL_CB
and WL_CC increased by 50 and 46% respectively compared to WL_P; similarly, growing
media RL_CB and RL_CC increased by 82 and 57% respectively compared to RL_P. This
contrasted with the carbohydrate content, which was higher in spinach grown under WL_P
and RL_P. Spinach grown under WL_P and RL_P showed significantly more free sugars.
On the other hand, spinach grown under WL had a higher concentration of organic acids
than that grown under RL, regardless of the growing media used. The content of fatty
acids, phenolic compounds, and antioxidant activities did not follow a clear pattern with
respect to the type of light and growing media. Conclusions: Overall, compost-based
substrates combined with white LED light enhanced spinach growth and nutritional quality
through a synergistic effect. However, compost reduced phenolic compounds, while red
LED light increased phenolic content and antioxidant activity, indicating contrasting effects
on spinach quality.

Keywords: agro-industrial compost; Spinacia oleracea; LED lights; biochemical composition

1. Introduction

Spinach (Spinacia oleracea) is one of the most important leafy vegetables worldwide,
both in terms of production volume and consumption. Several varieties are sold on the
market, including baby spinach, teen spinach, and vine spinach [1-4]. This widespread
acceptance is due to its high nutritional value, as it constitutes an important source of
proteins, minerals, carbohydrates, and vitamins beneficial to human health [1,5]. Baby
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spinach shows tiny and tender leaves compare to other spinach leaves varieties and its
production cycles are faster than in other varieties [5].

Baby spinach can grow on soil or in growing media [6]. The main growing media
is peat, however, the extraction of this resource generates adverse effects on the ecosys-
tem [7] so alternative growing media are necessary to replace partially or totally the use
of peat. Composts from the agri-food industry can be a good raw material for compost
after a protocolized composting process [8]. These materials not only provide a safe and
environmentally sustainable source for compost production, but can also confer additional
functional properties, such as biostimulant, biofertilizer, and biopesticide activity [9]. In
addition, the addition of organic, biological, or mineral amendments during the final stage
of composting can enhance the compost’s agronomic properties [3,10-12]. Different mixes
of compost/peat have assayed with good results. For example, De Corato et al. [13] found
that compost from agro-energy co-products and residues were capable to induce sup-
pression towards seven pathosystems. Herndndez-Lara et al. [9] observed and increased
crop productivity when using a compost/peat (75/25; w/w) on baby red lettuce, and
Néjera et al. [14] observed higher production of microgreens (Mizuna and Pak choi) using
compost/peat (50/50 and 75/25; w/w).

Cultivation using light emitting diode (LED) lighting environmentally controlled
rooms enables stable vegetable production regardless of the weather conditions [15,16].
Therefore, high productivity or superior vegetable quality can be attained even under
suboptimal light intensity conditions. The choice of light source plays a critical role
in determining both the yield and quality of the vegetable crop, as light characteristics
directly influence plant development [17]. Plant growth is affected not only by light
intensity but also by the spectral composition of the light, which regulates key physiological
processes [18]. Several studies have reported significant variations in the growth and
development of spinach plants as a function of the applied light treatment [18].

Narrow-spectrum lighting specifically designed for crop cultivation enables targeted
regulation of plant physiological processes such as leaf expansion and photosynthesis [19].
Red light (600-700 nm) is regarded as the most efficient wavelength range for driving
photosynthesis [20]. However, exposure to red light alone has been shown to limit both
plant growth and photosynthetic capacity [21]. Adding blue light (400-500 nm) is essential
for proper functioning of photosynthesis [22] and plays a role in several key physiological
processes, such as light-mediated chloroplast movement and the regulation of stomatal
aperture [23]. Far-red light (700-800 nm) is involved in phytochrome-mediated phenotypic
adaptation [24].

The metabolism of the plants and, consequently, the biosynthesis of secondary metabo-
lites are also affected by the edaphoclimatic conditions, such as the photoperiod, the type
of light, the fertility of the soil, the growing media, the temperature, and agricultural
practices [25,26]. Light has been studied to influence the biosynthesis and accumulation
of secondary metabolites, as photoreceptor signalling pathways cause genetic changes
when activated by light photons [27]. For example, Esteban et al. [28] or Figueroa et al. [29]
obtained a higher content of secondary metabolites (carotenoids) at a photosynthetic pho-
ton flux of 600 pmol m~2 s~!. However, no studies have systematically evaluated the
interactive effects of different compost additives and LED light spectra on the accumulation
of secondary metabolites in spinach. This study is the first to integrate varying proportions
of raw compost materials and specific additives (e.g., coffee and rockrose residues) with
controlled LED light spectra (WL and RL) to use as a growing media (compost/peat; 50/50)
to increase the yield and quality of baby spinach (Spinacia oleracea L, variety Sunangel, RZ)
and to find the best growing media-LED light spectra combination.
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2. Materials and Methods
2.1. Lighting Conditions

Two types of LEDs were used: Xitanium LED (Phillips®, Koninklijke Philips N.V.,
Eindhoven, The Netherlands), Blue: 18%, Green: 44.82%, Red: 34.36%, and FR: 2.83%
(White light, WL) and Arize® Top Horticulture LED Grow Lights (GE Current®, Tianjin,
China), Blue 24.4%, Green: 0%, Red: 74.45%, and FR: 1.43%, (Red light, RL). Both LEDs
showed a photosynthetic photon flux density (PPFD) of 260 pumol m~2 d ! and daily light
integral (DLI) of 13.1 mol m~2d~1.

2.2. Material

Compost was composed of 47% vineyard waste, 34% tomato waste, and 19% leek
waste (CB); 47% vineyard waste, 34% tomato waste, and 19% leek waste and 20% coffee
waste as additive (CC); 47% vineyard waste, 34% tomato waste, and 19% leek waste and
19% rockrose as an additive (CR). Compost characteristics and the composting process were
previously described by [9]. Peat 315 (Blond /black 60/40, Turbas and Coco Mar Menor
S.L.) as a control and mixed with composts at a rate 50/50 (compost/peat) (w:w) were used
in the experimental design. The main physico-chemical and chemical characteristics of peat
were pH 5.6, EC 1 mS cm ™!, TOC 466.8 g kg ™!, total N 9.4 g kg ™!, total P 0.3 g kg !, and
total K 0.9 g kg~ 1.

2.3. Experimental Design

The experiment was carried out at CEBAS-CSIC, (Murcia, Spain) in a germination
chamber at 18 + 1 °C in the dark with a relative humidity of 80% for 72 hours and afterwards
in growth chamber at 25 °C-18 °C (day/night) and 60-70% relative humidity. For each LED
(WL and RL), 48 pots of 250 ml food-grade polystyrene weighted (12 replicates/treatment)
with 6 seed of spinach (Spinacia oleracea L., variety Sunangel, RZ) and 70 g of compost/peat
mixture according to the different compost assayed CB, CC, CR, and only peat (P) for
the control.

Three lamps of each LED (WR and RL) were placed above the crop canopy, with
a separation of 50 cm between the lamp and the crop, and the plants were exposed to
a photoperiod of 14/10 h (day/night). Inorganic NPK fertilizer (15-15-15) (compound
NPK fertilizer-Fertiberia) was used as fertilizer. Spinach plants were collected 29 days
after planting and the aerial part was weighed to obtain fresh biomass. Subsequently, the
plant was stored at —80 °C for further analysis and freeze-dried. The 12 replicates per
treatment were homogenized to obtain a representative sample for each treatment. From
this representative sample, 3 independent measurements were performed.

2.4. Proximal and Energetic Measurements

The proximal and energetic values of spinach were carried out according to the pro-
cedures described by the Association of Official Analytical Chemists (AOAC) (AOAC,
2016). Crude protein content (N x 6.25) was quantified by the macro-Kjeldahl method
using an automatic distillation and titration unit (model Pro-Nitro-A, JP Selecta, Barcelona,
Spain); the crude fat content was estimated using a Soxhlet apparatus (Behr Labor Tech-
nik, Dussedolf, Germany) by extraction with petroleum ether; and the ash content was
evaluated by incinerating the samples at 550 £ 15 °C. The total carbohydrate content
was evaluated by the difference based on the following equation: total carbohydrates:
100 — (g fat + g ash + g protein). The energy value (kcal/100 g of dw) was calculated
according to the Regulation (EU) No 1169/2011 (2011) as follows: 4 x (g protein + g
carbohydrates) + 9 x (g fat).
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2.5. Hydrophilic Compounds
2.5.1. Free Sugars Profile

Free sugars were determined by high-performance liquid chromatography (HPLC)
coupled to a refractive index (RI) detector, following a previously described methodol-
ogy [30]. Spinach leaf samples were extracted with 80% ethanol (40 mL) in a water bath
at 80 °C for 30 min, using melezitose (5 mg/mL; Sigma-Aldrich, St. Louis, MO, USA) as
an internal standard. After centrifugation, the supernatants were filtered and concentrated
under reduced pressure at 60 °C. Defatting was performed by liquid-liquid extraction with
ethyl ether (10 mL, three times). The aqueous phase was then centrifuged, concentrated at
40 °C, reconstituted in distilled water to a final volume of 5 mL, and filtered through 0.2 pm
nylon filters (Whatman, Maidstone, UK) prior to injection into the HPLC system. Free sug-
ars were identified by comparison of retention times with those of authentic standards, and
quantification was carried out using the internal standard method with calibration curves
constructed from standard solutions. Data acquisition and processing were performed
using Clarity 2.4 software (DataApex, Prague, Czech Republic).

2.5.2. Organic Acids Profile

The organic acids profile was determined following a previously described method [31].
Briefly, spinach leaf samples (2 g) were extracted with 25 mL of metaphosphoric acid at
25 °C and centrifuged at 150 rpm for 45 min. The resulting extracts were filtered through
Whatman No. 4 paper and subsequently through 0.2 um nylon filters prior to analysis.
Chromatographic analysis was performed using an ultra-high-performance liquid chro-
matography system coupled with a diode array detector (UHPLC-DAD; Shimadzu 20A
series, Shimadzu Corporation, Kyoto, Japan), with UV-Vis detection. Compounds were
monitored using a photodiode array detector at a preferential wavelength of 280 nm. Or-
ganic acids were identified by comparing retention times and UV spectra with those of
authentic standards, while quantification was carried out using external calibration curves
constructed from standard compounds based on peak area measurements.

2.6. Lipophilic Compounds
2.6.1. Fatty Acid Profile

Fatty acid methyl esters (FAMEs) were obtained by transesterification of the
lipid fraction previously extracted by Soxhlet. Methylation was carried out using
a methanol/sulfuric acid / toluene mixture (2:1:1, v/v/v; 5 mL) in a water bath at 50 °C for
12 h under constant agitation (160 rpm). After the reaction, deionized water (3 mL) and
diethyl ether (3 mL) were added to promote phase separation, allowing recovery of the
FAME-containing organic phase, as previously described [32]. The analysis was performed
using a gas chromatography system (Chromass 6500, YL Instruments, Anyang, Republic
of Korea) equipped with a split/splitless injector, a flame ionization detector (FID), and
a Zebron-FAME capillary column (30 m x 0.25 mm i.d. X 0.20 um film thickness; Phe-
nomenex, Lisbon, Portugal). The chromatographic conditions and temperature program
were applied according to previously published procedures [30]. The identification and
quantification were determined by comparing the relative retention times of the FAME
peaks of the samples with commercial standards (FAMEs, reference standard mixture 37,
Sigma-Aldrich, St. Louis, MO, USA). The results were processed using CSW 4.0 Software
(Informer Technologies, Inc., Solihull, UK).

2.6.2. Tocopherols Profile

Tocopherols were quantified according to a previously established method [30].
Spinach samples were supplemented with butylated hydroxytoluene (BHT; 10 mg/mL;
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100 pL) and an internal standard solution (tocol; 50 ng/mL; 400 pL), both prepared in
hexane. Extraction was performed by sequential addition of methanol (4 mL), hexane
(4 mL), and a saturated aqueous NaCl solution (2 mL). The mixture was centrifuged, and
the upper hexane layer containing tocopherols was collected into light-protected vials. This
extraction step was repeated twice using hexane, and the combined organic phases were
evaporated to dryness under a nitrogen stream. The dried extracts were reconstituted in
n-hexane (2 mL), passed through an anhydrous sodium sulfate micro-column, and filtered
through 0.2 um nylon filters (Whatman) into dark injection vials. Tocopherol analysis
was carried out using a high-performance liquid chromatography system equipped with
a fluorescence detector (FP-2020; Jasco, Tokyo, Japan), set at an excitation wavelength of
290 nm and an emission wavelength of 330 nm. Identification was achieved by comparison
of retention times with those of authentic standards, and quantification was performed
using the internal standard method based on fluorescence response, with calibration curves
constructed from commercial standards.

2.7. Phenolic Compounds Profile

In total, 1.5 g of spinach leave powder was extracted with vigorous shaking (150 rpm)
with a hydroethanolic mixture (EtOH/H,O, 80:20). The extracts were filtered through
0.22 um disposable filter disks. The combined extracts were concentrated under reduced
pressure with a 40 °C water bath (Biichi R-210 rotary evaporator, Flawil, Switzerland). The
aqueous phase was frozen and lyophilized (FreeZone 4.5, Labconco, Kansas City, MO,
USA) for further analysis.

Lyophilized spinach extracts were reconstituted in an ethanol/water mixture (80:20,
v/v) to obtain solutions at a final concentration of 10 mg/mL and subsequently filtered
through 0.22 um membranes. Phenolic compounds were analyzed by high-performance lig-
uid chromatography coupled with diode array detection and electrospray ionization mass
spectrometry (HPLC-DAD-ESI/MS), following a previously described methodology [33].
Compound identification was tentatively assigned based on retention times, UV-Vis ab-
sorption characteristics, and mass spectral data in comparison with authentic standards
and published literature. Quantification was carried out using peak area measurements
and calibration curves constructed with commercially available standards of structurally
related compounds, namely chlorogenic acid. Final identification was supported by chro-
matographic behavior, elution sequence, UV-Vis spectra, and fragmentation patterns, in
agreement with data reported in previous studies [34-38].

2.8. Antioxidant Activity Evaluation
2.8.1. Assessment of the Capacity to Inhibit the Formation of Thiobarbituric Acid Reactive
Substances (TBARS)

The hydroethanolic extracts prepared above to analyse the profile of phenolic com-
pounds were re-dissolved in water and subjected to dilutions from 10 to 0.1562 mg/mL.
The lipid peroxidation inhibition in porcine brain cell homogenates was evaluated by
the decrease in TBARS; the colour intensity of malondialdehyde- thiobarbituric acid
(MDA-TBA) was measured at 532 nm. The inhibition percentage (%) was calculated
using the following equation: [(A — B)/A] x 100, where A and B represent the absorbance
of the control and the sample extract [30]. Antioxidant activity was expressed as EC50
values, defined as the concentration of sample (mg/mL) required to achieve 50% inhibition.
Trolox (Sigma-Aldrich, St. Louis, MO, USA) was employed as a positive control.

2.8.2. Assessment of the Capacity to Inhibit Oxidative Haemolysis (OxHLIA)

The antihaemolytic activity of the hydroethanolic extracts, reconstituted in phosphate-
buffered saline (PBS, pH 7.4), was assessed using the oxidative haemolysis inhibition
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assay (OxHLIA) with erythrocytes isolated from healthy sheep, following the procedure
described by the authors [39]. A 2.8% (v/v) erythrocyte suspension (200 uL) was combined
with 400 pL of either extract solutions (0.0938-3 mg/mL in PBS), PBS as control, or water for
complete hemolysis. After pre-incubation at 37 °C for 10 min under gentle shaking, AAPH
(2,2'-azobis(2-methylpropionamidine) dihydrochloride; 200 puL, 160 mM in PBS; Sigma-
Aldrich, St. Louis, MO, USA) was added. The optical density at 690 nm was recorded
approximately every 10 min using a microplate reader (Bio-Tek Instruments, ELX800, Santa
Clara, CA, USA) until complete hemolysis occurred. IC50 values (mg/mL), defined as
the extract concentration required to protect 50% of the erythrocytes from AAPH-induced
hemolysis over a At of 60 min, were calculated. Trolox was used as a positive control.

2.9. Statistical Analysis

The data were analyzed using IMB Statistics SPSS 27.0 software, and a one-way
analysis of variance (ANOVA) test was performed for the studied parameters. When
significant differences were detected (x = 0.05), the treatments were compared using the
Tukey’s HDS test.

3. Results
3.1. Spinach Yield

In general, treatment under WL showed higher yield than under RL (Figure S1). WL_P
showed significant higher yield than RL_P (Figure S1). Treatments with compost showed
significantly higher spinach fresh weight than peat independently of type of LED light
(Figure 1). Between compost under both LEDs light, treatment WL_CR (17.33 g) followed
by WL_CC (16.89 g) and RL_CR (16.79 g) showed significantly higher spinach fresh weight
than the rest of the treatments (Figure 1).

ab a
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12

10 d
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6

P CB CcC CR
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(=]

~7

CR

-

Figure 1. Spinach (Spinacia oleracea) fresh weight. Results are expressed mean + SD (n = 3);
WL—white light; RL—red light; P—peat (control); CB—compost without additive; CC—compost
with coffee additive; CR—compost with rockrose additive; Statistically significant differences
(p < 0.05) between samples were assessed by a one-way ANOVA, and compared by Tukey’s test
(HSD) when significant differences were detected, and are indicated by different letters.

3.2. Proximate Composition of Spinach Leaves

The nutritional composition of spinach is shown in Table 1. The fat content in peat
treatments did not show differences between the types of LEDs. The highest values in com-
post treatments were RL_(CB-CC) and WL_(CB-CR). The proteins content of spinach leaves
in peat was higher in WL_P than RL_P. Compost treatments independent of type of LED
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showed higher values than peat. Treatment RL_CB showed the highest values followed by
WL_(CB-CC) (Table 1). The ash content in peat treatment did not show differences between
lights. Compost treatments were significantly higher than peat independent of type of
light; WL_CB showed the highest values. However, carbohydrates and energy content
increased significantly in peat in both lights compared to composts. Treatment RL_CR
for carbohydrates and RL_CC for energy showed the highest values. While carbohydrate
RL_P was higher than WL_P, but for energy no differences were observed (Table 1).

Table 1. Proximate composition, free sugars, and tocopherols of spinach (Spinacia oleracea) leaves.

Light WL RL
Compost Peat CB CC CR Peat CB CC CR

Proximate composition (mg g~ dw)

Fat 28+03ab 32+04a 25+0.1b 33+07a 28+02ab 33+01a 33+01a 29+0.1ab
Proteins 22+09e 334+03b 325+0.1b 304 4+ 0.7 cd 19.6 £0.1f 358+ 03a 309 +0.1c 29.1+05d
Ash 215+0.1e 279+01a 27.6+0.1ab 272+01¢ 213+04e  2745+004bc  266+02d 27.4+02bc
Carbohydrates 53+ 1b 355+06e 375+0.1d 39.1+03cd 563052 335+ 04f 392+0.1¢ 405+0.7c
Energy 3280+12a 3020+11de  302.0+03e  3080431bc  3288+05a  3067+04bcd  3101+£05b  305.0+0.3cde
(kcal /100 g dw)

Free sugars (mg g~ dw)

Sucrose 8.36+0.04b 3.35+0.08f 3.80 +0.03e 508 +0.02¢ 8.50 +0.02a 336+ 0.04f 313+£004g  431+004d
Glucose 0.88 +0.01b 1.88 +0.09a 0.37+£0.01 ¢ 0.41+0.02¢ 0.86 +0.07b 023 +0.02d 0.39 +0.01 ¢ 0.41+0.03¢
Raffinose nd 1.45 +0.06 ¢ 1.49 +0.04 ¢ 1.58 +£0.04b nd 1.49 +0.01 ¢ 1.88+0.04a 1.89 +£0.04a
Total 924 +£0.04b 6.68 +£0.06d 5.66+0.02e 7.07 £0.08 ¢ 937+£0.09a 509+001g 541+0.01f 6.6+0.1d
Tocopherols (mg g~ ! dw)

a-tocopherol 8.85+£0.07e 6.42 +£0.07f 510+£0.02g 643+£005f  1066+£006d  1436+00lc  17.54+£004b  1821+0.09a
~y-tocopherol 0728 £0.002ef  0.75+ 0.01 ef 0.70 +0.01 079 +0.02e 1.05 4+ 0.06d 1.74 £0.01 ¢ 1.81£0.01b 2.01+0.06a
Total 957+ 0.09e 7.17 £ 0.06 f 580+0.02¢g 7234+002f  1171+001d  1610+£001c  1935+0.04b  20.21+0.03a

Results are expressed mean + SD (n = 3); WL—white light; RL—red light; CB—compost without additive;
CC—compost with coffee additive; CR—compost with rockrose additive; nd—not detected; Free sugars cali-
bration curves: glucose (y = 0.935x, R% =0.999; LOD = 0.08 mg/mL; LOQ = 0.25 mg/mL), sucrose (y = 0.977x,
R? =0.999; LOD = 0.06 mg/mL, LOQ = 0.21 mg/mL), and raffinose (y = 0.891x, R? = 0.9999; LOD = 0.09 mg/mL;
LOQ = 0.30 mg/mL). Tocopherols calibration curves: a-tocopherol (y = 1.295x; R2 = 0.991; LOD: 18.06 ng/mL,
LOQ: 60.20 ng/mL) and y-tocopherol (y = 0.567x; R? = 0.991; LOD: 14.79 ng/mL, LOQ: 49.32 ng/mL). Statisti-
cally significant differences (p < 0.05) between samples were assessed by a one-way ANOVA and compared by
Tukey’s test (HSD). When significant differences were detected, those significant differences are indicated with
different letters.

3.3. Free Sugars of Spinach Leaves

Three soluble sugars were found in spinach leaves, glucose, sucrose, and raffinose
(Table 1). Raffinose was only detected in compost treatments (Table 1), where treatment
RL_(CC-CR) showed the highest values. No differences were observed in the content of
glucose in peat treatment independent of type of light. In general, the content of glucose in
compost treatments was lower than in peat independent of type of light, except WL_CB
that showed the highest values (Table 1). The content of sucrose was higher in RL than in
WL. Peat treatments showed higher content than compost. WL_CR showed the highest
values of compost treatment. Raffinose content in RL_(CC-CR) showed the highest values
(Table 1).

The content of x-tocopherol was higher than y-tocopherols. Both tocopherols showed
higher content for peat under RL than WL lights for peat and compost treatments. RL_CR
showed the highest values (Table 1).

3.4. Organic Acids of Spinach Leaves

The main organic acids detected in spinach were oxalic, malic, shikinic, ascorbic, citric,
and traces of fumaric acid (Table 2). The oxalic, malic, and citric acids were observed in
higher content than the others organic acids, and the WL_P showed higher values than
RL_P. The content of oxalic and malic acids in compost treatment was in general, higher
than peat except in RL that were similar. The content of citric acid in compost treatment
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were in general, lower than in peat independently of light, except for WL_CB and RL_CC
that showed higher values compared to their respective peat treatments. Ascorbic acid
was, in general higher, in WL_P and RL_P than the compost treatment independent of
type of light except for WL_CB that showed the highest values. Total organic acids were
significantly higher in WL_(CB-CC). WL_P treatments showed higher total acids than RL_P
treatment (Table 2).

Table 2. Organic acids of spinach (Spinacia oleracea) leaves.

Light WL RL
Compost Peat CB cC CR Peat CB cC CR
Organic acids (mg g~! dw)
Oxalic acid 6.38 £ 0.03 e 8.64+0.03a 7.89+0.06 b 6.41+0.01e 5.88 +£0.02 f 7.0£0.05¢ 6.36 £0.01e 6.55+0.04d
Malic acid 3.10£0.07 ¢ 3.77 £0.06 b 4.08+0.04a 2.40+0.04d 196 £0.01e 1.82£0.03f 19+0.1ef 1.98 £0.02e
Citric acid 2.51+0.02b 4.324+0.07a 2.39 £ 0.09 cd 1.51£0.07¢ 2.31+£0.05d 1.38 £0.02f 2.47 +0.04 bc 1.444+0.02 ef
Ascorbic acid 0.14+£0.01b 0.19+0.001 a 0.14 £0.001b 0.07 £ 0.002 cd 0.14 £0.001 b 0.06 £ 0.002 d 0.08 +0.001 ¢ 0.07 £0.001 cd
Shikinic acid 0.06 +0.002 ¢ 0.10 £ 0.005 a 0.09 +0.002b 0.03 £0.002 e 0.06 £0.01c 0.03 £ 0.001e 0.054+0.002d 0.03 £0.001 e
Fumaric acid tr tr tr tr tr tr tr tr
Total 1219 £ 0.08 ¢ 17.01 £0.04a 146 +0.1b 1042 £0.02e 10.35£0.01e 103+£0.1e 109+0.1d 10.07 £0.08 £
Results are expressed mean + SD (n = 3); WL—white light; RL—red light; CB—compost without additive;
CC—compost with coffee additive; CR—compost with rockrose additive; tr—traces. Organic acids calibration
curves: oxalic acid (y =9 x 106x + 459.731; R? =0.994; LOD = 12.55 ug/mL; LOQ = 41.82 ug/mL); malic acid
(y = 912.441x + 92.665; R? = 0.999; LOD = 35.76 pug/mL; LOQ = 119.18 ug/mL); shikinic acid
(y =7 x 107x + 175156, R? =0.9999; LOD = 6 pug/mL; LOQ = 19 pg/mL); ascorbic acid (y = 1 x 106x + 45.682;
R%2=1;LOD =10.47 ug/mL; LOQ = 34.91 pg/mL); citric acid (y = 1 x 106x + 45.682; R?=1;LOD =10.47 ug/mL;
LOQ = 3491 pug/mL) and fumaric acid (y = 9 x 107x — 100894; R? = 0.9986; LOD = 0.08 ug/mL;
LOQ = 0.26 ug/mL). Statistically significant differences (p < 0.05) between samples were assessed by a one-
way ANOVA and compared by Tukey’s test (HSD). When significant differences were detected, those significant
differences are indicated with different letters.
3.5. Fatty Acids of Spinach Leaves
The main fatty acids detected were C18:3n3 («-linolenic 46.87-53.09%), C18:2néc¢,
(linoleic 16.59-21.85%), and C16:0 (palmitic acid 16.83-19.76%) (Table S1).
Polyunsaturated fatty acids (PUFA) followed by saturated (SFA) were the most abun-
dant classes of fatty acids in spinach leaves (Table 3). For PUFA, treatment WL_P showed
higher content than RL_P and for compost treatments WL_CB and RL_CB-CR showed the
highest values (Table 3). While for SFA, WL_P showed lower values than RL_P and the
highest values were showed by RL_P and WL_CC.
Table 3. Lipophilic composition (relative percentage %) of spinach (Spinacia oleracea) leaves.
Light WL RL
Compost Peat CB CC CR Peat CB CC CR
PUFA 70.01 £1.02a 69.43 £0.04a 67.76 £ 0.06 b 68.10 £ 0.40b 68.22+0.03b 70.10 £0.02a 68.46 +0.03b 70.24 £0.07 a
SFA 20.11+0.70e 22.73+0.61d 26.72+0.04a 2240+0.81d 25.30 +£0.04b 23.72+0.02¢ 23.73 +£0.03 ¢ 22.60+0.03d
MUEFA * 9.80 +0.61 7.914+0.70 5.52£0.02 9.51+0.50 6.48 +0.01 6.18 +0.01 7.824+0.01 7.1540.04

* The one-way ANOVA did not show significant differences. Results are expressed mean + SD (n = 3); WL—white
light; RL—red light; CB—compost without additive; CC—compost with coffee additive; CR—compost with
rockrose additive. PUFA (polyunsaturated fatty acids); SFA (saturated fatty acids); MUFA (monounsaturated fatty
acids). Statistically significant differences (p < 0.05) between samples were assessed by a one-way ANOVA and
compared by Tukey’s test (HSD). When significant differences were detected, those significant differences are
indicated with different letters.

3.6. Phenolic Profile of Spinach Leaves

Twenty-five compounds were identified in all spinach leaves (Table S1). The profile of
phenolic compounds is shown in Table S1. The presence of three phenolic acids (Ferulic
acid derivative, ferulic acid hexoside, and p-coumaric acid corresponding to peaks 1, 2,
and 8) and 22 flavonoids are shown (Table S1). Flavonoids found in spinach were derived
from patuletin (six peaks), spinacetin (ten peaks), jadeidin (one peak), and isorhamnetin
(one peak) (Table S1). In addition, three flavonoids (peaks 23, 24, and 25) were present as
glucuronide conjugates (Table S3).
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The content of flavonoids was higher than phenolic compounds (Table 4). Total
flavonoids was higher in all treatments under RL than WL. RL_P and WL_P showed the
highest values (Table 4). Total phenolic compounds were higher in peat under both lights
RL and WL than composts. RL_P wassignificantly higher than WL_P (Table 4). Phenolic
compounds content was higher in RL-P and WL_P, and compost treatment showed higher
values than peat. WL_CB showed the highest values (Table 4).

Table 4. Content (mg/g of extract) of phenolic compounds in spinach (Spinacia oleracea) leaves.

Light WL RL
Compost Peat CB CC CR Peat CB CC CR
Total flavonoids 22+1b 132+02e 139+2e 13.1+02e 31.4+08a 19+2c¢ 19+1c 16.84+0.3d
Total phenolic acids 0.18+0.01d 033+0.003a 0.28+0.01b 025+0.01¢ 026+0.02c  019£0.02d 015+0.0le  0.18+0.05d
Total phenolic compounds 22+1b 123+02¢g 129+0.2fg 13.4+£02f 31.6+08a 19+2d 20+1c 170+£03e

Results are expressed mean + SD (1 = 3). WL—white light; RL—red light; CB—compost without additive;
CC—compost with coffee additive; CR—compost with rockrose additive. Statistically significant differences
(p < 0.05) between samples were assessed by a one-way ANOVA and compared by Tukey’s test (HSD). When
significant differences were detected, those significant differences are indicated with different letters.

3.7. Antioxidant Activity in Spinach Leaves

The ICsg values of TBARS and OxHLIA activities for all spinach were considerably
higher than those of the positive control (Trolox) showing less antioxidant activity (Table 5).
RL_P showed higher TBARS and OXxHLIA compared to WL_P indicating lower antioxidant
activity with RL than with WL. Compost treatment under WL showed higher values than
their respective peat treatment (WL_P), while, under RL, compost treatment showed lower
values than RL_P (Table 5).

Table 5. Antioxidant activity of the spinach (Spinacia oleracea) leaves.

Light WL RL
Compost Peat CB CcC CR Peat CB CcC CR
(ECIJBIII?;{/SmL) 0.334+0.03e 0.64 £0.09b 0.5440.04¢ 0.55+0.06 0.44+£0.01d 0.35+0.03e 0.85+0.03a 0.24 £0.01f
OxHLIA

(ICs0; mg/mL)  0.097 & 0.004 d

At =60 min

0.126 £0.008bc  0.104 £0.005cd  0.134+0.014b  0.103+£0.009cd  0.402+0.024a  0.037+0.003 e 0.054 +0.002 e

Results are expressed mean + SD (n = 3); WL—white light; RL—red light; CB—compost without additive;
CC—compost with coffee additive; CR—compost with rockrose additive; statistically significant differences
(p < 0.05) between samples were assessed by a one-way ANOVA, and compared by Tukey’s test (HSD). When
significant differences were detected, they are indicated by different letters. TBARS (thiobarbituric acid-reactive
substances); OxHLIA (oxidative haemolysis); Trolox TBARS (EC50 mg/mL): 0.0054 4 0.0003; Trolox OxHLIA
(IC50; mg/mL): 0.021 + 0.002.

4. Discussion
4.1. Spinach Growth

Considering the benefit of spinach leaves in human health, the way to boost its
production and healthy properties is under study. Composts as growing media in a mix
of compost/peat (50/50), increase plant growth due to its organic matter, macronutrient
content, and a slow release of nutrients [9,40,41]. In addition, compost CC and CR under WL
showed the highest fresh weight, probably due to the incorporation of coffee and rockrose
as additives that could have biostimulants, biofertilizers, growth promoting compounds,
biotic agents, and many others components [9,42]. These components can synergistically act
in affecting physiological and biochemical metabolism including uptake and transportation
of water and mineral, enzyme activation, osmotic potential, photosynthesis, hormone
balance, and antioxidant defenses [43]. Several studies suggest that coffee grounds and
other organic waste as compost can modify the chemical composition of the substrate,
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including organic C and total N, which can influence plant nutrition and metabolism by
releasing nutrients during processing [44].

The type of LED light also influences the crop yield [45,46]. The WL and RL activate
photoreceptors (cryptochromes, phytochromes, and phototropins) that are closely related
to the physiological and morphological responses of plants [47]. The best growth was under
WL, possibly due to WL including almost the whole spectral range (360-730 nm), thus
being more effective for photoreceptors [48]. While RL does not have a green wavelength, it
does have a higher blue and red wavelength compared to WL. Vastakaité-Kairiené et al. [45]
also reported the lowest spinach growth under conditions with the highest proportion
of blue light (i.e., the lowest red-to-blue ratio), consistent with our findings. The role of
blue light in modulating crop yield has been examined in various studies, although the
results remain contradictory [49]. An increased proportion of blue light has been shown to
inhibit both cell division and expansion, resulting in reduced leaf area [50]. This reduction
in leaf surface limits photon capture, which is frequently the primary factor contributing
to diminished plant growth [51]. Interestingly, the best growth showed for WL_CR could
indicate a nice synergy between compost and LED light [45,49-51].

4.2. Nutritional Profile

Nitrogen is an essential component of amino acids, the building blocks of proteins.
When a plant absorbs more available nitrogen, it can reduce it to assimilable forms (e.g.,
NH,4*) and use it to synthesize amino acids through metabolic pathways involving enzymes
such as glutamine synthetase. This increases total protein synthesis in plant tissues. The
agronomic literature directly links higher levels of absorbed and stored nitrogen with higher
protein content in crops such as alfalfa or wheat under nitrogen applications (whether
organic or synthetic) [52]. Adequate nitrogen availability is essential for spinach production,
as it promotes vigorous growth and enhances the dark green pigmentation of the leaves,
a key quality trait valued by consumers [53]. The agro-industry compost used for spinach
growth increased the content of nitrogen and proteins in spinach due to the higher N
content of these compost compared to peat and their availability for plants [9,54]. Adekiya
et al. [55] observed similar results in okra with the incorporation of green manures in the
soil. In addition, the WL_P showed higher protein content. It could mean that WL should
be one of the important factors affecting the accumulation of protein in spinach.

Compost treatments independent of types of LEDs light showed lower carbohydrate
content. Studies on source-sink dynamics in Arabidopsis thaliana during the vegetative
phase have reported a progressive decline in carbohydrate levels, particularly during the
night, associated with the absence of light and the depletion of starch reserves [56,57].
A decline in carbohydrate availability is known to induce the expression of the triose-
phosphate translocator gene (TPT), which plays a key role in the photosynthetic system
and in the redistribution of carbohydrate reserves—particularly starch—to mitigate energy
shortages [58-61]. Plants tend to accumulate higher levels of carbohydrates when mild
stress conditions inhibit growth to a greater extent than photosynthesis [62]. In spinach,
based on results, leaves RL_P increase carbohydrates content compared to WL_P. RL
showed higher percentage of blue light 24.4% and red 74% than WL. These results agree
with Ajdanian et al. [63] that observed the highest amount of carbohydrate with the bluest
light, and in cabbage, soybean, and rapeseed under high red light [64,65]. The results of our
work indicate that compost increases the nutritional content of spinach as other authors
observed [66,67] and that the interaction between compost and LED light is a synergic
effect [68].

https://doi.org/10.3390 /horticulturae12020165


https://doi.org/10.3390/horticulturae12020165

Horticulturae 2026, 12, 165

11 0f 18

4.3. Free Sugars, Tocopherols Content, and Organic Acids

Sugars are key biochemical compounds with significant nutritional value, serving as
the primary energy source in the human diet [69]. The concentration of soluble sugars
in leafy vegetables such as spinach is receiving growing attention, particularly due to
its relevance for individuals with diabetes, who must regulate their insulin dosage [57].
Sucrose was the highest compound followed by glucose and fructose observed in spinach
leaves [57,61]. The raw materials from compost (tomato and leek wastes) showed lower
values of sugars [70] that could indicate that this compost cannot increase sugar content
compared to peat. However, several authors have showed high soluble sugars compared to
our lower levels of sugar in spinach grown in compost. For example, Boutasknit et al. [71]
showed a significant increase in total soluble sugars in garlic bulb grown with compost.
Ekinci et al. [72] observed an increase in total soluble sugars in spinach plants grown in fish
compost. Vahid Afagh et al. [41] found a higher content of total sugars in chamomile plants
treated with spent mushroom compost, and Song et al. [73] also observed a reduction in
soluble sugar content in lettuce leaves with increasing mineral nutrient concentration.

Our results showed higher total sugars under WL than RL contrary to Bantis et al. [74]
who showed higher total sugar in spinach grown under red light (600-780 nm) compared
to white light (500-599 nm). Also, a synergy was observed in WL_CR increased the sugar
content compared to the other compost treatments.

The growing conditions and the genotype are key factors for tocopherol composition
in leafy vegetables [72,75], mustard, parsley, and beet microgreens [76]. The only forms
of vitamins detected were tocopherols «- and y-, where x-tocopherol was higher than
d-tocopherol, and agrees with the findings of [77] who reported a similar profile of toco-
pherols for various spinach types. They also agree with [78,79], who found a higher amount
of x-tocopherol than y-tocopherols in spinach leaves. According to [38], the increase in
a-tocopherol could indicate the important role in plant defense against aggressors that
in this case could be due to the synergy of compost and RL. Also, similar results were
observed by [80] who showed that the content of tocopherols in lettuce was higher in
blue-red light than in white light.

Spinach contains various acids, including oxalic, malic, citric, and tartaric acids, with
oxalic acid being the most abundant, as observed in our study. Oxalic acid consumption is
considered safe when ingested in small amounts; however, consuming large quantities can
lead to kidney stone formation in some individuals due to its binding with Ca?* and Fe®*
ions and the formation of oxalate [61].

The increase in oxalic acid in spinach with compost treatment can be an indicative of
an effective way to use compost as a source of nutrients for spinach, although it depends on
several other factors such as species, cultivar traits, and nutrient management [1]. Bandian
et al. [81] observed that the more fertilizers were applied to spinach, the greater the oxalic
acid content they accumulated. The synthesis of oxalic acid is also linked to the reduction
of nitrate to ammonium in leaf tissues, serving to counterbalance the alkalinity generated
during this process [82].

A higher proportion of red light increased ascorbic acid levels and reduced nitrate
(NOs37) and oxalic acid concentrations, in agreement with [80]. However, this contrasts
with our results, as WL_P showed higher oxalic acid levels, and the combined effect of
compost and WL also increased oxalic acid in spinach leaves. Some studies agree with
our results. Proietti et al. [61], for instance, conducted a study on Eruca vesicaria (L.) Cav.
where malic and citric acid tended to accumulate in plants grown in red-blue light and
ascorbic acid was accumulated in plant grown in white light, similar to our results. Also,
Gao et al. [83] observed that both oxalic and citric acid increased in green onion grown
under white light.
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4.4. Fatty Acid Composition

The widespread consumption of spinach worldwide may contribute significantly
to the improvement of blood lipid profiles and the enhancement of the body’s defense
mechanisms against chronic diseases [84]. Maeda et al. [85] documented the fatty acid
profile of spinach leaves, highlighting their richness in polyunsaturated fatty acids and
omega-3 (C18:3n3), despite its low lipid content. The fatty acid profile in green leafy
vegetables is affected by light quality [84]. This effect was evident in our spinach. Spinach
under WL had the least diversity of fatty acids compared to spinach grown in RL, except
for the spinach grown in WL_CC. The green light spectrum increases the concentration
of polyunsaturated fatty acids (PUFA) [84]. However, the monounsaturated fatty acids
(MUFA) of spinach did not show significant differences between the different growing
media or light LED. The biosynthetic pathways through which this fatty acid is produced
under specific light regimes remains to be clarified [86].

4.5. Phenolic Compounds

Variability in the concentration of phenolic compounds, including flavonoids, in veg-
etables can be attributed to multiple factors, including species-specific traits, geographic
and environmental conditions, ultraviolet radiation exposure, nutrient availability, at-
mospheric pollutants, biotic stressors, cultivation techniques, harvest parameters, and
post-harvest processing and storage methods [87,88]. Machado et al. [53] have shown
that the biosynthesis of total phenols is stimulated by the low content of nitrogen in the
soil or compost. This agrees with the low phenol content present in the spinach leaves
in our study, probably due to the composts used showed a high nitrogen content [9].
A higher accumulation of flavonoids was also observed under organic fertilization relative
to conventional practices [88].

Phenolic compounds are secondary metabolites not indispensable for primary
metabolism such as photosynthesis or dark respiration but play a key role in the adaptation
of plants to habitats. Our composition of phenolic compounds agrees with the previous
findings of other authors [34-38]. Phytochemical accumulation is influenced by cultiva-
tion techniques and environmental conditions [89], with environmental stresses inducing
accumulation of phenolic compounds [90].

Herms et al. [91] showed the relationship between defense and plant growth, which
may justify the higher content of flavonoids and phenolic compounds in spinach grown in
peat compared to those grown in compost. It could be due to when the available nitrogen
conditions are adequate or higher than necessary, plants focus on their growth, and not
on the production of secondary metabolites that will help their subsequent defense due to
lack of nutrients [43]. Regarding the effect of the type of light, light is one of the primary
factors that affect plant growth, yield, and the accumulation of phenolics because among
other functions, they protect cells against UV radiation and high light intensity, acting as
sunscreens. Phenolic compound content was higher in spinach grown under RL than WL.
The red light phytochrome receptor may play a role in the biosynthesis of bioactive com-
pounds [92]. This may reflect the role of phytochrome in red light responses, since red light
activates phytochromes that regulate plant growth; in turn, this activation could also engage
photoreceptors involved in fruit development and chloroplast development, ultimately
leading to an increase in chlorophyll [93,94]. This finding agrees with previous studies
that demonstrated that far-red light (FR) (in our study the WL had a higher proportion of
far-red), could induce the synthesis of phenolic compounds in spinach, since the content of
secondary metabolites correlates with the activity of phenylalanine ammonia-lyase (PAL),
which is inactivated by far-red light, as in lettuce plants and several vegetables [90,95].
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4.6. Antioxidant Activity

The greater antioxidant activity in spinach grown in RL compared to WL could be due
to the fact that the expression of carotenoid-related genes (Lcyb, CrtZ, and Ccs) is better
expressed in red light [96]. Refs. [97,98] observed that flavonoids and phenolic compounds
are positively correlated with the antioxidant capacity of spinach. Antioxidant activity can
be affected depending on the type of substrate used (soil, compost, hydroponic cultivation)
in green leafy vegetables. Refs. [26,98] observed how Cichorium spinosum plants grown
in soil showed greater antioxidant activity than plants grown with compost due to the
increase in the content of phenolic compounds. Ref. [99] showed that in a water spinach
culture, a high proportion of blue light had a positive effect on antioxidant activity, while
red and white light showed the opposite. Despite this, it is possible that using light that
includes all light waves influences the antioxidant activity of plants.

5. Conclusions

This study indicated that different mixtures of raw materials and additives in compost
mixed with peat (50/50), and light LED type affected the growth, nutritional value, and
chemical composition of spinach (Spinacia oleracea). Compost as growing media CC and
CR and WL lighting LED (WL_CC_CR) boost the fresh weight of spinach by 90% and
95%, respectively, compared to the WL_P. In addition, compost treatments increase the
nutritional profile of spinach and the interaction compost and LED light principally. WL
was a synergic effect. In contrast, compost decreased the content of phenolic compounds
of spinach due to the increase in nutrients available for the plant, producing a decrease of
secondary metabolites. Only RL LED light effect increased the phenolic compounds and
antioxidant activity.

Despite the relevance of the findings, this study has certain limitations that should be
considered when interpreting the results. One limitation of this study is the limited number
of light spectra and compost formulations evaluated, which could limit the generalizability
of the results to other growing conditions. In addition, the relatively short experimental
period may not fully capture the long-term effects on plant metabolic responses. Future
studies should include a wider range of compost additives, spinach cultivars, light regimes,
and growth stages to better understand the underlying mechanisms.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /horticulturae12020165/s1, Table S1: Fatty acids (relative percentage
%) of spinach (Spinacia oleracea) leaves; Table S2: Chromatographic (retention time) and spectral
(UV, MS, and MS/MS) data and suggested assignment of phenolic compounds in Spinach; Table S3:
Content of phenolic compounds (mg g~! extract) assigned of spinach (Spinacia oleracea) leaves.
Figure S1. Growing spinach in different composts and LED lights. The pot with the yellow label
showed spinach grown in WL—white light, and the spinach with the red label shows spinach grown
in RL—red light. (a) showed spinach grown in P—peat; (b) showed spinach grown in CB—compost
without additive; (c) showed spinach grown in CC—compost with coffee additive; (d) showed
spinach grown in CR—compost with rockrose additive.
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