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Abstract: Leafy greens are increasingly being produced indoors with electric lighting from light-
emitting diodes (LEDs). Red (R) and blue (B) LEDs are commonly used to ensure healthy plant growth,
but biofortification techniques can potentially maximise nutritional quality. The aim of the study was
to evaluate the effects of B (peak = 450 nm) and R (peak = 665 nm) light ratios (R:B) of 9:1, 3:1, and 1:3
on growth, metabolic response, and the accumulation of mineral nutrients in spinach ‘Corvair F1’ and
‘Space F1’ grown in hydroponic solutions with different iron (Fe) concentrations (2, 5, and 15 mg L−1).
Plant biomass and leaf length, width, and number generally decreased as the R:B decreased, leading
to a high concentration of Fe in the solution. A higher Fe dose increased the contents of some other
minerals but depended on the R:B and cultivar. For example, Zn generally increased with increasing
Fe but Cu content decreased, especially in ‘Space F1’. There were less-profound effects of the R:B
and Fe dose on metabolites or antioxidant capacity. The research findings suggest that the overall
nutritional quality of spinach could improve with lighting and Fe biofortification strategies and thus
increase the sustainability of indoor crop production.

Keywords: antioxidants; biofortification; chlorophyll; light-emitting diodes; iron; nutritional quality;
Spinacia oleracea; sugars

1. Introduction

Leafy green vegetables have substantial health-promoting properties attributed to the
functionality of their nutrients and non-essential chemical compounds. Spinach (Spinacia
oleracea) is a functional food due to its diverse nutritional composition, including vitamins
and minerals, and its phytochemicals and bioactive compounds that promote health beyond
essential nutrition. However, the variety or cultivation method of spinach can influence the
nutrient composition [1].

More leafy greens, including spinach, are being produced in indoor farms. Vertical
farming’s strength lies in producing crops indoors under optimized and consistent envi-
ronmental conditions. As a result, indoor farming is weather and climate independent,
requires less inputs of natural resources, and has a higher net productivity than field
agriculture. Less water consumption, year-round production, reduced (or no) pesticide
or herbicide use, and chemical runoff prevention are some of the key advantages of these
systems over land-based farming. These advantages and various other environmental and
social advantages of urban CEA uphold its potential to tackle the effects of urbanization
and food insecurity [2,3].

Indoor farming usually does not include sunlight, and thus electric light sources are
used to provide a desirable photon spectrum and flux density to increase the performance of
vital processes in plants. Light-emitting diodes (LEDs) are the most promising lighting tech-
nology for CEA systems considering the confines of space, energy efficacy, high throughput,
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and high product quality [4]. Many studies have shown that adjusting LED light param-
eters, such as the photon spectrum, photon flux density, and the photoperiod, influence
the growth of various horticultural plants. Blue (B; 400–499 nm) and red (R; 600–699 nm)
light are sometimes considered to be the most efficient for plant growth because of its
absorption by chlorophylls and carotenoids. In addition, there are blue light photoreceptors
[cryptochromes (cry1-3)] and red/far-red light photoreceptors [phytochromes (phyA-E)]
that play fundamental roles in the perception of the light environment and the subsequent
morphological acclimation that influences plant growth and development [5,6].

The effects of LED lighting parameters on spinach growth and metabolism are pre-
sented in several studies. Yorio et al. [7] demonstrated that adding about 30 µmol m−2 s−1

of B light to R LEDs greatly improved spinach growth. Zou et al. [4] showed that spinach
plants grown under an R:B of 4:1 at a photosynthetic photon flux density (PPFD) of
150 µmol m−2 s−1 for 13 h d−1 had the highest fresh weight, dry weight, and root surface
area among the test groups. Furthermore, that ratio and PPFD for 9 h d−1 elicited the
greatest soluble sugar content or protein content in spinach [4].

Several research studies about using LED lighting as a tool for plant biofortification
have been recently published. One of the main topic areas of biofortification is plant quality
improvement with an increased content of various mineral nutrients [8–11]. Biofortifica-
tion is the concept of delivering minerals via staple foods through agronomic practices,
conventional plant breeding, or modern biotechnology [12]. Nutrient balance is crucial to
the survival and health of all organisms throughout the food chain [13,14]. With the world
population continuing to ascend, land space, soil fertility, water accessibility, and nutri-
ent availability are susceptible to degradation from urbanization, industrial activity, and
over-cultivation. Thus, there is an increasing need to develop technologies for producing
water-efficient and nutrient-enriched crops to improve agriculture sustainably without an
excessive reliance on fertilizers and pesticides [14].

The element iron (Fe) is one of the most abundant in the earth’s crust and an essential
requirement for organisms [12]. Fe accepts and donates electrons and plays important roles
in the electron transport chains associated with photosynthesis and respiration [15]. Fe is a
precursor of chlorophyll synthesis and a constituent of cytochromes and ferredoxin in the
electron transport pathway [16,17] and is a co-factor of many vital enzymes [18]. Insufficient
Fe uptake causes retarded growth, interveinal chlorosis, and reduced fitness. Too much
Fe is, however, toxic to cells. Sufficient Fe levels in food crops are critical to combat Fe
deficiency-induced anemia, which is one of the largest nutritional disorders worldwide. It
is, therefore, mandatory for plants to overcome the often-restricted availability of soil Fe by
strategies that increase its mobility and restrict its uptake when present in excess [18]. The
ferric form (Fe3+) is dominant in soils, but most plants absorb the ferrous form (Fe2+). Fe
is highly reactive and must be chelated throughout intra- and inter-cellular trafficking to
avoid cellular damage [18]. Additionally, Fe metabolism is tightly linked to the nutritional
quality and antioxidant activity of plant products [19]. The level of Fe in plant biomass is
ultimately partitioned into the higher trophic levels through the consumption of vegetarian
foods [12]. A consistent consumption of fresh vegetables with a high nutritional quality can
prevent various human health diseases such as cardiovascular diseases, cancer, diabetes,
and obesity [20].

Several studies have elucidated the mechanistic basis for Fe uptake and distribution
throughout the plant [12]. How plants sense their Fe status is a new frontier in this field
of research [21]. The uptake of Fe in spinach and the impact of LED lighting in CEA
have not been thoroughly investigated. We hypothesized that the photon spectrum (at a
constant photon flux density) would modify the uptake of Fe and other mineral nutrients,
influencing the growth and metabolic response of spinach. Therefore, we grew two spinach
cultivars under light with different R:B ratios and Fe concentrations in hydroponic solution.
In addition, we evaluated the plant growth parameters, accumulation of macro- and micro-
nutrients, sugars, total phenolic content, and antioxidant capacity, according to the DPPH
and ABTS free radical scavenging activities, and the ferric reducing antioxidant power
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(FRAP) of spinach. Sugars are regulatory molecules of gene expression that can affect
growth, development, and induce metabolic processes, including the synthesis of stress-
resistance compounds [22]. For this reason, we quantified plant soluble sugars (e.g., glucose
or fructose) and evaluated the content of phenolic compounds as they act like antioxidants
by reacting with a variety of free radicals [23].

2. Materials and Methods
2.1. Growth Conditions

The two replicates of the experiments were performed in the Controlled-Environment
Lighting Laboratory at Michigan State University, East Lansing, MI, USA. The seeds of
two hybrid smooth-leaf spinach (Spinacia oleracea) cultivars, ‘Space F1’ (Johnny’s Selected
Seeds, Winslow, ME, USA) and ‘Corvair F1’ (Territorial Seed Company, Cottage Grove,
OR, USA), were sown into Rockwool cubes (2.5 cm × 2.5 cm) (AO 25/40 Starter Plugs;
Grodan, Milton, ON, Canada), pre-soaked in deionized water (pH of 4.4–4.5). The seeded
cubes were placed in plastic trays at a constant 18 ◦C air temperature and covered with
transparent humidity domes for 4 days. After, the trays were placed under warm-white
LEDs (peak = 639 nm, correlated color temperature = 2700 K) (PHYTOFY RL, OSRAM,
Beverley, MA, USA) lighting at a total photon flux density (PFD) of 250 µmol m−2 s−1

for 12 h d−1. The seedlings were watered with a water-soluble fertilizer, which contained
(in mg L−1): 125 N (117 NO3; 8 NH4), 42 P, 167 K, 73 Ca, 47 Mg, 34 S, 0.21 B, 0.21 Cu,
1.6 Fe, 0.5 Mn, 0.01 Mo, and 0.36 Zn (Jack’s Nutrients FeEd 12–4–16 (N–P–K); JR Peters, Inc.
Allentown, PA, USA; Pennington Epsom salt, Madison, GA, USA). The pH and the electrical
conductivity (EC) of the nutrient solution were measured daily using a portable meter
(GroLine HI9814, Hanna Instruments, Woonsocket, RI, USA), and were adjusted using
sulfuric acid or sodium bicarbonate to maintain a pH of 5.6 and an EC of 1.2 mS cm−1.

2.2. Lighting Treatments and Iron Biofortification

The 16-day old spinach seedlings of each cultivar were transplanted into a deep-flow
hydroponic system with three vertically stacked layers (Indoor Harvest, Houston, TX, USA)
with a nutrient solution composed of deionized water and the same fertilizer as described
previously, but elevated by 20% (e.g., 150 mg L−1 N). The pH (5.4± 0.2 standard deviations)
and EC (1.8 ± 0.1 mS cm−1) of the nutrient solution tanks were measured daily. The plants
were grown at an air temperature of 20 ◦C with ambient CO2.

For the iron (Fe) biofortification treatments, the 6% Fe chelate (Fe EDDHA, C18H20N2O6FeNa)
was used. The Fe EDDHA was added to the nutrient solution up to 5 mg L−1 and 15 mg L−1. The
treatment with the R:B ratio of 9:1 and nutrient solution without the added Fe EDDHA (2 mg L−1)
was considered a control treatment.

The transplanted spinach plants were grown under a controllable lighting fixture
(PHYTOFY RL, OSRAM, Beverley, MA, USA) consisting of B (peak = 450 nm) and R
(peak = 665 nm) LEDs. In experiments, LEDs were used at different PPFD ratios of R:B:
9:1, 3:1, and 1:3. All lighting treatments delivered the same PPFD of 250 µmol m−2 s−1 for
12 h d−1, which yielded a daily light integral of 10.8 mol m−2 d−1. The photon distributions
of all lighting treatments were measured using a portable spectroradiometer (PS-200;
Apogee Instruments, Inc., Logan, UT, USA) (Table 1).
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Table 1. The red (R; 600–699 nm) and blue (B; 400–499 nm) lighting ratios, photosynthetic photon
flux densities (PPFD; µmol m−2 s−1), and iron (Fe) doses in the hydroponic solution were used to
deliver nine treatments used in experiments.

R:B Light Ratio Fe (mg L−1)
PPFD (% of Total PPFD)

R B

9:1
2

225 (90%) 25 (10%)5
15

3:1
2

188 (75%) 62 (25%)5
15

1:3
2

62 (25%) 188 (75%)5
15

R–red LEDs (peak = 665 nm); B–blue LEDs (peak = 450 nm).

2.3. Measurements of Growth Parameters and Relative Chlorophyll Content

After 34 d from the seed sow, destructive measurements were conducted on ten
spinach plants of each cultivar from each lighting treatment and replication. The shoot
fresh weight (FW, g) and dry weight (DW, g) were measured using an analytical balance
(AG245; Mettler Toledo, Columbus, OH, USA). The leaf length (cm) and width (cm) of the
fourth fully expanded leaf and leaf number (when >2 cm) were measured. The shoots were
dried in an oven (Blue M, Blue Island, IL, USA) at 60 ◦C for 4 days.

The relative chlorophyll content (SPAD) was evaluated using an MC–100 m (Apogee
Instruments, Inc, Logan, UT, USA). The measurements were made on the fourth fully
expanded leaf of ten plants from each lighting treatment, from two replicates of the experi-
ment, to calculate an average SPAD value.

2.4. The Determination of Mineral Nutrients

The contents of mineral nutrients in the mature leaves of spinach were determined by
the modified microwave-assisted digestion technique combined with inductively coupled
plasma optical emission spectrometry (ICP-OES) methods, as described by Araújo et al. [24]
and Barbosa et al. [25]. The complete digestion of 0.5 g of powdered plant material, dried
at 60 ◦C for 48 h, was achieved with 8 mL of 65% nitric acid using a microwave-assisted
digestion system (Multiwave GO; Anton Paar GmbH, Graz, Austria), following a two-step
heating program: (1) 3 min to 150 ◦C then held for 10 min, and (2) 10 min to 180 ◦C then
held for 10 min, and then the final cooling. The mineralized samples were diluted to 50 mL
with ultrapure deionized water (Elga PURELAB Flex, VWS (UK) Ltd. Trading as ELGA
LabWater Woodridge, IL, USA), and filtered with Whatman Grade 1 qualitative filter paper
(Tisch Scientific, OG, USA). The nutrient profile was analyzed by ICP-OES (SPECTRO
Genesis spectrometer, Analytical Instruments GmbH, Kleve, Germany). The contents of
the mineral nutrients (mg L−1) were evaluated according to analytical wavelengths of
766.491 nm for potassium (K), 445.478 nm for calcium (Ca), 279.079 nm for magnesium
(Mg), 259.941 nm for iron (Fe), 213.856 nm for zinc (Zn), and 213.618 nm for phosphorus
(P). The content of each mineral nutrient was calculated as mg g−1 dry matter (DM).

2.5. The Determination of Soluble Sugars

The contents of monosaccharides fructose and glucose, disaccharide sucrose, and
trisaccharide raffinose in mature leaves of spinach were determined by ultra-fast liquid
chromatography (UFLC) according to Ma et al. [26], with modifications. About 100 mg
of dried and ground plant material was diluted with 2 mL of ultrapure deionized water
and heated up to 50 ◦C in an ultrasound bath (Thermo Fisher Scientific Inc., Uppsala,
Sweden) for 30 min. After the extraction, the samples were centrifugated for 15 min at
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3000 rpm (Hermle Z300K, Baden-Württemberg, Germany). A clean-up step to remove
the soluble proteins, according to Brons and Olieman’s [27], was performed prior to the
chromatographic analysis: 0.5 mL of the supernatant was mixed with 0.5 mL of 0.01%
(w/v) ammonium acetate in acetonitrile and incubated for 30 min at 4 ◦C. The samples
were centrifuged at 14,000× g for 15 min (Hettich MIKRO 120, Westphalia, Germany) and
filtered through a 0.22 µm nylon syringe filter (BGB Analytik Vertrieb GmbH, Rheinfelden,
Germany). The analyses were performed on a Shimadzu UFLC (Kyoto, Japan) instrument
equipped with an evaporative light scattering detector (ELSD). The separation of sugars
was performed on a Shodex HILICpak VG-50 4D 5 µm, 4.6 × 150 mm column (Showa
Denko America, Inc., New York, NY, USA) with deionized water (mobile phase A) and
acetonitrile (mobile phase B) gradient. The gradient was maintained at 77% B for 11.5 min,
changed linearly to 71% B at 2.5 min, kept at 71% B for 2 min, and raised back to 77% B in
2 min. The flow rate was 0.8 mL min−1.

2.6. The Determination of Antioxidant Capacity and Total Phenolic Content

The extracts for the determination of the antioxidant capacity and total phenolic
content (TPC) were prepared from 100 mg of dried plant material and diluted with 5 mL of
80% ice-cold methanol, and transferred to a 15 mL polypropylene conical centrifuge tube
(Thermo Fisher Scientific Inc., Waltham, MA, USA). The extract was incubated at 4 ◦C for
24 h. After the incubation, the samples were centrifuged for 15 min at 3000 rpm and filtered
through Whatman Grade 1 qualitative filter paper.

The TPC of lettuce was determined spectrophotometrically with slight modifications,
according to Ainsworth and Gillespie [28]. One hundred µL of the extract was diluted with
200 µL of 10% (vol/vol) Folin and Ciocalteu’s phenol reagent and vortexed thoroughly.
Then, 800 µL of 700 mM of sodium carbonate was added. After 20 min, the absorbance
of the samples was measured using a spectrophotometer (M501, Spectronic Camspec
Ltd., Leeds, UK) at 765 nm. The TPC in the dried plant tissues was calculated using a
standard curve of gallic acid (R2 > 0.95). Data are presented as the mean of three analytical
measurements of TPC (in mg g−1) on a plant dry mass basis.

The same extracts from the TPC measurements were used to evaluate the antioxi-
dant capacity of spinach leaves. The 2-diphenyl-1-picrylhydrazyl (DPPH), 2,2′-azino-bis
(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) diammonium salt, radical scavenging
activities, and Fe2+ reducing antioxidant power assays (FRAP) were performed as de-
scribed by Sutulienė et al. [29] using a SPECTROstar Nano Microplate Reader from BMG
LABTECH (Ortenberg, Germany).

All of the biochemical analyses were performed in two biological replications. Each of
the two biological replicates consisted of at least five conjugated plants and were repeated
in three analytical replicates.

2.7. Statistical Analyses

We utilized a randomized complete block experimental design that was repeated in
time, where the block was the experimental replication (two), experimental units were light-
ing and iron concentration treatments (nine), and each plant per cultivar was the subsample.

A statistical analysis was performed using Microsoft Excel 2016 and Addinsoft XLSTAT
2022 statistical and data analysis (Long Island, NY, USA). A two-way analysis of variance
followed by Tukey’s honestly significant difference test (and p < 0.01 and <0.05) for multiple
comparisons was used to evaluate the differences between the means of the measurements.

3. Results
3.1. SPAD Index and Growth Indices

The leaf length and width generally decreased with a decrease in the R:B light ratio
(Figure 1). The leaves of ‘Corvair F1’ were also generally smaller when grown with higher
Fe concentrations in the hydroponic solution. Collectively, the leaves of both cultivars were
shortest and narrowest when grown under the R:B ratio of 1:3 and 15 mg L−1 of Fe. While
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there was little or no effect of the R:B light ratio on leaf number, the combination of the low
R:B and the highest concentration of Fe produced the fewest leaves. These differences in leaf
size and number are likely why both cultivars of spinach had the greatest shoot FW (and
sometimes DW) under treatments with the higher R:B ratios and lower Fe concentrations
(including the control treatment). For example, the FW of ‘Corvair F1’ and ‘Space F1’
decreased by up to 2.6- and 2.0-fold, respectively, as the R:B decreased and Fe increased.
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Figure 1. The growth indices of ‘Corvair F1’ and ‘Space F1’ spinach under different red (R) and
blue (B) light ratios and Fe concentrations in hydroponic solution. Means with different letters are
significantly different from the control treatment (R:B ratio of 9:1 and 2 mg L−1 of Fe) at p < 0.05.
Main effects and interactions are significant at p < 0.01 (**) or < 0.05 (*) or not significant (NS). Data
are means of two replications with six samples per replication (n = 12). The fourth leaf was measured
for leaf length and width.

There was no effect of the R:B light ratio on the SPAD index of either spinach culti-
var studied (Table 2). However, the SPAD index was greater than the control treatment



Sustainability 2022, 14, 12564 7 of 18

(R:B = 9:1 and Fe at 2 mg L−1) when spinach cultivar ‘Space F1’ was grown under an
R:B ≤ 3:1 and ≥5 mg L−1 of Fe.

Table 2. The SPAD index, leaf number, and mineral nutrients (Cu, K, and Mg) on a dry mass (DM)
basis of ‘Corvair F1’ and ‘Space F1’ spinach under different red (R) and blue (B) light ratios and Fe
concentrations in hydroponic solution. Means with different letters are significantly different from
the control treatment (R:B ratio of 9:1 and 2 mg L−1 of Fe) at p < 0.05. Main effects and interactions
are significant at p < 0.01 (**) or < 0.05 (*) or not significant (NS).

Source of Variance

Biometric Indices Mineral Nutrients (mg g−1 DM)

SPAD Index Leaf No. Cu K Mg

‘Corvair F1’

R:B light ratio
9:1 44.01 a 9.11 a 0.012 a 36.03 a 8.38 b
3:1 45.39 a 9.02 a 0.013 a 35.68 a 9.06 a
1:3 44.69 a 8.73 a 0.013 a 35.32 a 9.17 a

Fe dose, mg L−1

2 42.08 b 9.72 a 0.013 a 36.82 a 8.56 a
5 46.79 a 8.95 b 0.014 a 34.35 b 9.04 a
15 45.22 ab 8.19 c 0.011 b 35.86 a 9.01 a

R:B light ratio × Fe dose

9:1
2 9.83 ab 42.43 ab 0.012 abcd 38.26 a 8.00 b
5 9.33 abc 44.97 ab 0.013 ab 33.72 c 8.84 ab
15 8.17 cd 44.64 ab 0.011 d 36.12 abc 8.29 ab

3:1
2 10.00 a 42.70 ab 0.013 abc 36.80 ab 8.93 ab
5 8.42 bcd 46.12 ab 0.013 abc 34.09 c 8.85 ab
15 8.63 abcd 47.34 ab 0.011 bcd 36.16 abc 9.40 a

1:3
2 9.33 abc 41.13 b 0.013 abc 35.42 bc 8.75 ab
5 9.10 abcd 49.30 a 0.014 a 35.25 bc 9.42 a
15 7.77 d 43.66 ab 0.011 cd 35.31 bc 9.33 ab

R:B light ratio NS NS NS NS **
Fe dose ** ** ** ** NS

R:B light ratio × Fe dose * ** ** ** NS

‘Space F1’

R:B light ratio
9:1 (control) 35.31 a 10.70 a 0.011 a 37.86 a 9.48 b

3:1 37.10 a 10.10 ab 0.012 a 36.69 a 10.01 a
1:3 37.37 a 9.70 b 0.012 a 36.63 a 10.20 a

Fe dose, mg L−1

2 (control) 32.73 b 10.57 a 0.016 a 37.08 a 9.90 a
5 38.64 a 10.10 a 0.011 b 36.58 a 9.96 a
15 38.57 a 9.79 a 0.008 b 37.51 a 9.83 a

R:B light ratio × Fe dose

9:1
2 (control) 11.32 a 32.30 c 0.016 a 37.72 a 9.95 ab

5 10.40 ab 36.43 abc 0.010 ab 37.22 a 9.34 cd
15 10.32 ab 37.31 abc 0.008 b 38.64 a 9.15 d

3:1
2 10.00 ab 32.95 bc 0.016 a 36.59 a 9.92 abc
5 10.20 ab 40.61 a 0.011 ab 35.86 a 10.02 ab
15 10.12 ab 37.68 ab 0.008 b 37.61 a 10.08 ab

1:3
2 10.40 ab 32.92 bc 0.015 ab 36.94 a 9.83 bc
5 9.70 ab 38.87 a 0.012 ab 36.67 a 10.51 a
15 9.00 b 40.31 a 0.008 b 36.27 a 10.24 ab

R:B light ratio NS * NS NS **
Fe dose ** NS ** NS NS

R:B light ratio × Fe dose ** * ** NS **

Data are means of two replications with six samples per replication (n = 12).
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3.2. Mineral Nutrients

Increasing the Fe concentration in the hydroponic solution increased Fe content in
one spinach cultivar but not in the other (Figure 2). The Fe content in ‘Corvair F1’ spinach
grown in the solution with 15 mg L−1 of Fe increased up to 77% (regardless of the R:B light
ratio) compared to the control Fe concentration of 2 mg L−1. However, there was less or no
effect of the hydroponic Fe concentration on the Fe content in ‘Space F1’. In both cultivars,
there was no consistent effect of the R:B light ratio on Fe content.
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Figure 2. The contents of mineral nutrients on a dry mass (DM) basis in ‘Corvair F1’ and ‘Space
F1’ spinach under different red (R) and blue (B) light ratios and Fe concentrations in hydroponic
solution. Data are means of two replications with six samples per replication (n = 12). Means with
different letters are significantly different from the control treatment (R:B ratio of 9:1 and 2 mg L−1

of Fe) at p < 0.05. Main effects and interactions are significant at p < 0.01 (**) or < 0.05 (*) or not
significant (NS).

The Fe content in the hydroponic solution influenced the uptake of micronutrients Zn
and Cu in both spinach cultivars (Figure 2, Table 2). Generally, the contents of Zn increased
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with an increasing Fe concentration in the solution. In both cultivars, the highest contents
of Zn were in plants grown in the solution with 15 mg L−1 of Fe, regardless of the R:B light
ratio. Compared to the control, the Zn content increased by 15% in ‘Corvair F1’ and 49%
in ‘Space F1’ when spinach was grown with the highest Fe concentration. In contrast, the
15 mg L−1 of Fe in the solution somewhat decreased the Cu content, especially in ‘Space
F1’. The spinach uptake of macronutrients P, Ca, and K (but not Mg) was also influenced
by the Fe concentration in the hydroponic solution (Figure 2, Table 2). The content of P in
‘Corvair F1’ plants increased, regardless of the R:B ratio, with an elevated Fe concentration
in the solution. Similarly, the Ca content in ‘Corvair F1’ plants grown in a solution with
15 mg L−1 of Fe was up to 77% greater than plants in the control treatment. The increasing
Fe concentration had no consistent effect on K uptake in ‘Corvair F1’ plants and no effect
on ‘Space F1’.

Except for Mg, and Ca for ‘Corvair F1’, the R:B light ratio had no material effect on the
mineral uptake of spinach. The accumulation of Ca by ‘Corvair F1’ depended somewhat on
the R:B light ratio, but the interaction with Fe in the nutrient solution made interpretations
difficult. In contrast, the Mg concentration of both cultivars generally increased as the R:B
light ratio decreased from 9:1 to 1:3.

3.3. Soluble Sugars

The fructose content in ‘Corvair F1’ spinach increased with an increasing Fe concen-
tration in the solution regardless of the lighting treatment (Table 3). The highest amount
of fructose was in plants grown in 15 mg L−1 of Fe solution and an R:B ratio of 9:1 or
3:1. However, the fructose content in ‘Space F1’ spinach did not consistently change in
response to the light and Fe treatments. The glucose content generally increased in ‘Corvair
F1’ plants as the R:B light ratio decreased and/or as the Fe in the solution increased. In
contrast, the 5 mg L−1 or 15 mg L−1 Fe concentrations decreased the glucose content (by
up to 35%) in ‘Space F1’ spinach. For sucrose, the R:B light ratio had no clear effect on
the accumulation, but it increased with the Fe concentration in nutrient solution for both
cultivars. The contents of maltose and raffinose did not change significantly in either
spinach cultivar under all lighting and Fe treatments.

Table 3. The contents of soluble sugars in ‘Corvair F1’ and ‘Space F1’ spinach on a dry mass (DM)
basis under different red (R) and blue (B) light ratios and Fe concentrations in hydroponic solution.
Means with different letters are significantly different from the control treatment (R:B ratio of 9:1 and
2 mg L−1 of Fe) at p < 0.05. Main effects and interactions are significant at p < 0.01 (**) or < 0.05 (*) or
not significant (NS).

Source of Variance
Soluble Sugars (mg g−1 DM)

Fructose Glucose Sucrose Maltose Raffinose

‘Corvair F1’

R:B light ratio
9:1 (control) 2.19 a 1.54 b 3.70 a 2.46 a 17.45 a

3:1 2.42 a 1.70 ab 2.98 a 2.99 a 18.56 a
1:3 2.10 a 2.14 a 3.26 a 2.74 a 14.79 a

Fe dose, mg L−1

2 (control) 1.44 c 1.34 b 2.39 b 3.00 a 17.49 a
5 2.08 b 2.01 a 3.34 ab 2.15 a 15.23 a
15 3.18 a 2.03 a 4.21 a 3.04 a 18.08 a
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Table 3. Cont.

Source of Variance
Soluble Sugars (mg g−1 DM)

Fructose Glucose Sucrose Maltose Raffinose

R:B light ratio × Fe dose

9:1
2 (control) 1.37 d 1.40 bc 3.35 abc 2.91 a 18.04 ab

5 1.61 d 1.58 abc 2.34 bc 2.08 a 16.74 ab
15 3.60 a 1.65 abc 5.41 a 2.38 a 17.56 ab

3:1
2 1.30 d 1.14 c 1.60 c 3.97 a 22.40 b
5 2.40 b 1.90 abc 3.35 abc 2.14 a 19.31 b
15 3.56 a 2.05 abc 3.98 ab 2.87 a 23.97 a

1:3
2 1.67 cd 1.49 abc 2.22 bc 2.13 a 12.02 ab
5 2.24 bc 2.54 a 4.32 ab 2.22 a 19.64 ab
15 2.38 b 2.38 ab 3.23 abc 3.86 a 12.72 ab

R:B light ratio NS * NS NS NS
Fe dose ** ** ** NS NS

R:B light ratio × Fe dose ** ** ** NS *

‘Space F1’

R:B light ratio
9:1 (control) 2.19 a 3.51 a 3.43 a 3.27 a 14.52 a

3:1 1.96 a 3.05 a 3.56 a 2.51 a 13.51 a
1:3 2.11 a 3.53 a 3.93 a 2.58 a 14.54 a

Fe dose, mg L−1

2 (control) 2.27 a 4.30 a 2.99 b 3.29 a 13.68 a
5 1.95 a 2.81 b 3.60 ab 2.58 a 13.65 a
15 2.03 a 2.98 b 4.33 a 2.49 a 15.24 a

R:B light ratio × Fe dose

9:1
2 (control) 2.09 abc 4.69 a 2.77 b 4.64 a 13.67 a

5 2.16 abc 2.88 b 2.99 ab 2.60 a 13.54 a
15 2.33 ab 2.96 b 4.55 a 2.56 a 16.34 a

3:1
2 2.07 abc 3.57 ab 2.67 b 2.35 a 12.29 a
5 2.14 abc 3.05 b 3.78 ab 2.64 a 15.26 a
15 1.66 bc 2.53 b 4.23 ab 2.55 a 12.99 a

1:3
2 2.65 a 4.64 a 3.53 ab 2.87 a 15.08 a
5 1.55 c 2.50 b 4.04 ab 2.51 a 12.16 a
15 2.11 abc 3.45 ab 4.21 ab 2.37 a 16.39 a

R:B light ratio NS NS NS NS NS
Fe dose NS ** ** NS NS

R:B light ratio × Fe dose ** ** ** NS NS

Data are means of two replications with six samples per replication (n = 12).

3.4. Total Phenolic Content and Antiradical Activity

The total phenolic content (TPC) of ‘Corvair F1’ and ‘Space F1’ plants are presented
in Table 4. The TPC in ‘Space F1’ plants did not change significantly under different R:B
light ratios, and the responses to Fe concentrations in the hydroponic solution were not
consistent. In ‘Corvair F1’, the TPC increased by an average of 17% under 5 and 15 mg L−1

of Fe dose compared to the control. However, no significant differences were found under
the different lighting treatments.
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Table 4. The antiradical activity of ‘Corvair F1’ and ‘Space F1’ spinach on a dry mass (DM) basis under
different red (R) and blue (B) light ratios and Fe concentrations in hydroponic solution. Means with
different letters are significantly different from the control treatment (R:B ratio of 9:1 and 2 mg L−1

of Fe) at p < 0.05. Main effects and interactions are significant at p < 0.01 (**) or < 0.05 (*) or not
significant (NS).

Source of Variance TPC (mg g−1 DM)
ABTS,

TEAC (mM g−1 DM)
FRAP,

TEAC (µmol g−1 DM)
DPPH

(µmol g−1 DM)

‘Corvair F1’

R:B light ratio
9:1 (control) 5.14 a 26.25 a 1.80 c 3.32 a

3:1 4.94 a 30.27 b 3.18 b 4.20 a
1:3 4.88 a 32.64 b 4.22 a 5.84 b

Fe dose, mg L−1

2 (control) 4.47 b 29.21 a 3.48 a 5.46 a
5 5.26 a 28.21 a 2.66 a 3.47 b
15 5.23 a 31.73 a 3.06 a 4.43 ab

R:B light ratio × Fe dose

9:1
2 (control) 4.85 abc 24.76 bc 2.82 abc 5.49 ab

5 5.36 bc 23.58 c 1.01 d 1.52 c
15 5.21 bc 30.42 abc 1.57 cd 2.95 bc

3:1
2 4.80 abc 30.02 abc 3.79 ab 4.34 abc
5 5.31 bc 29.19 abc 2.56 bcd 4.10 abc
15 4.69 ab 31.59 abc 2.56 bcd 4.18 abc

1:3
2 3.74 a 32.84 ab 3.83 ab 6.54 a
5 5.03 bc 31.87 ab 4.43 a 4.80 abc
15 5.87 c 33.20 a 4.43 a 6.18 ab

R:B light ratio NS ** ** **
Fe dose ** NS NS *

R:B light × Fe * * ** **

‘Space F1’

R:B light ratio
9:1 (control) 4.53 ab 29.66 a 3.81 a 3.89 a

3:1 5.27 a 31.59 a 3.99 a 5.75 b
1:3 4.06 b 33.12 a 3.70 a 6.22 b

Fe dose, mg L−1

2 (control) 4.87 a 30.88 a 3.80 a 4.71 a
5 4.63 a 33.49 a 3.89 a 5.39 a
15 4.35 a 30.02 a 3.82 a 5.77 a

R:B light ratio

9:1
2 (control) 4.89 abc 31.24 ab 3.69 a 3.45 b

5 3.60 c 30.18 ab 4.66 a 4.40 b
15 5.09 abc 27.57 b 3.08 a 3.83 b

3:1
2 5.77 ab 31.92 ab 4.28 a 6.64 ab
5 6.14 a 32.76 ab 3.50 a 5.49 ab
15 3.89 c 30.10 ab 4.19 a 5.13 ab

1:3
2 3.96 c 29.46 ab 3.42 a 4.02 b
5 4.14 bc 37.53 a 3.50 a 6.29 ab
15 4.07 c 32.38 ab 4.17 a 8.35 a

R:B light ratio * NS NS **
Fe dose NS NS NS NS

R:B light ratio × Fe * NS NS **

Data are means of two replications with six samples per replication (n = 12). TPC–total phenolic content; ABTS–2,2-
azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) diammonium salt radical scavenging activity; TEAC–trolox-
equivalent antioxidant activity; FRAP–ferric reducing antioxidant power; DPPH–2-diphenyl-1-picrylhydrazyl
free radical scavenging activity.
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There were no significant differences in antiradical activity in ‘Corvair F1’ plants
according to the ABTS measurements, except for the 34% increase in plants under the
R:B light ratio of 1:3 and 15 mg L−1 of Fe in the solution compared to the control plants.
The FRAP measurements showed that the antiradical activity in ‘Corvair F1’ increased
as the R:B light ratio decreased, but the response depended on the Fe concentration. The
DPPH free radical scavenging activity showed similar effects. In contrast, there were no
significant differences among the treatments in the antiradical activity of ‘Space F1’ plants.
However, the DPPH free radical scavenging activity generally increased in plants as the
R:B light ratio decreased, and was greatest at the R:B = 1:3 and with 15 mg L−1 of Fe in the
hydroponic solution.

4. Discussion
4.1. Growth

Morphology, development, and biomass are important metrics for vegetable crop pro-
duction and quality. R and B light wavebands affect plant photosynthesis, its morphology,
and its physiology, and are the most manipulated wavebands in CEA crop production [30].
However, we have not found data on the impact of a wide range of B:R light ratios on
growth indices and biomass in Fe-biofortified horticultural crops. Our results show that a
higher concentration of Fe in a hydroponic solution suppressed the growth and leaf mor-
phological responses of spinach. Furthermore, although this growth suppression occurred
regardless of the R:B light ratio, the plants were the smallest when grown under the most B
light (i.e., lowest R:B ratio).

The effect of B light in regulating crop yield has been addressed in a range of recent
reports, although with conflicting results [31]. Increasing the B light fraction inhibits cell
division and cell expansion, and thus decreases the leaf area [32]. A reduced leaf area
leads to less photon capture, which is often the primary reason for decreased growth [33].
Previous studies showed that a light environment with a high R:B ratio led to increases
in growth parameters. For example, shoot elongation, plant height, leaf number, and the
length of Chinese kale were promoted by an R:B light ratio of 8 [34]. Moreover, in the
same study, that R:B ratio increased the fresh weight by 21% compared to an R:B ratio
of 6:3. In another study, the fresh and dry mass accumulation of coriander ‘Leisure’ was
greatest under an R:B light ratio of 10 or 19 [35]. These results are in agreement with those
presented here, in which a decrease in the R:B light ratio produced spinach with lower
biometric indices.

Fe availability is assumed to limit the growth of fast-growing, economically important
plants. There are numerous visible effects associated with high Fe concentrations, including
growth retardation or a reduction in leaf size [15]. The basic helix–loop–helix (bHLH)
proteins play a key role in the regulation of Fe uptake. Sixteen bHLH transcription factors
of this type are involved in the control of cellular Fe homeostasis [18]. The bHLH protein
FIT (bHLH29) is central to this regulatory network. FIT activity is sophisticatedly controlled
by a suite of proteins, which either activate or enhance its degradation [18,36]. Fe deficiency
negatively affects plant development and growth, and excess Fe in cells is toxic when
high levels accumulate. Increased or uncontrolled levels of Fe can act catalytically via the
Fenton reaction to generate hydroxyl radicals, which can damage lipids, proteins, and
DNA [15,37,38]. Because of the potential for toxicity associated with high Fe levels, cells
store Fe as a specialized iron-storage protein ferritin, which plays an essential role in Fe
homeostasis [37]. Therefore, there is a relatively narrow range in Fe concentration for
healthy plant development [15].

In a study by Peña-Olmos et al. [39], Fe concentrations of 100 and 250 mg L−1 inhibited
the leaf area and total dry mass of broccoli plants as a result of Fe toxicity. In addition,
the total dry weight of pea plants decreased when 40 mg L−1 of Fe2+ was in the sub-
strate [40]. This growth inhibition was attributed to Fe toxicity that induced the formation
of reactive oxygen species (ROS). This is in agreement with our results, in which higher
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(5 and 15 mg L−1) Fe doses decreased morphological and growth parameters compared to
the control dose (2 mg L−1 Fe).

4.2. Chlorophylls

In plants, Fe is involved in chlorophyll synthesis, which is essential for maintaining
chloroplast structure and function. Typically, approximately 80% of Fe is found in photo-
synthetic cells, where it is essential for the biosynthesis of cytochromes and other heme
molecules, including chlorophyll, the electron transport system, and the construction of
Fe-S clusters [19,41]. In the photosynthetic apparatus, two or three Fe atoms are found
in molecules directly related to photosystem II (PS-II), 12 atoms in photosystem I (PS-I),
5 in the cytochrome complex, and 2 in the ferredoxin molecule [42]. Such distributions
show that Fe is directly involved in the photosynthetic activity of plants and, consequently,
their productivity [19]. Our results demonstrated that while the R:B light ratio had no
consistent effect on the SPAD index (the relative chlorophyll content), higher doses of Fe
in the nutrient solution increased the SPAD index in both spinach cultivars. This is not
consistent with studies that reported an excess of Fe reduced plant growth and chlorophyll
content as a consequence of oxidative stress [39].

4.3. Mineral Nutrients

A previous study conducted with microgreens showed that responses to the B light
fraction (0–33%) depended on plant species and mineral elements [43]. Concentrations of
macro-elements (Ca, K, Mg, and P) and Zn were greatest in mustard when grown under
LED lighting with 25% B light and lowest with 16% B light. In our spinach study, an
increase in the B light fraction (from 10% to 75%) had no effect on the content of Zn, P, or K
but increased Ca (in one cultivar) and Mg (in both cultivars). In mustard, Fe was greatest
with 33% B light and lowest when deficient in B light [43]. However, in the present study,
the accumulation of Fe was more affected by its concentration in hydroponic solution than
by the R:B light ratio. Specifically, when data for the Fe dose were pooled, the Fe content of
spinach grown under the diverse R:B light ratios only ranged from 0.089 to 0.096 mg g−1

DM for both of the cultivars studied. When data for the R:B light ratios were pooled, Fe dose
increased the uptake of ‘Corvair F1’ by up to 75%, but such a response of ‘Space F1’ was
less clear. At least for ‘Corvair F1’, the results agree with Cavalcante et al. [44]: an increase
in Fe concentration in the nutrient solution increased the micronutrient accumulation both
in the shoots and roots of sugar cane.

Plants have developed sophisticated mechanisms to take up small amounts of sol-
uble Fe [15]. How the Fe status of a plant is sensed and how this signal is transmitted
to transcriptional networks for Fe acquisition and response are currently areas of great
interest in the field of Fe homeostasis [21]. A primary goal is to find a master Fe sensor
controlling Fe homeostasis in plants [45]. Phytochrome interacting factor PIF4/5 and long
hypocotyl 5 (HY5) transcription factors, which are activated through R and B photorecep-
tors, may be involved in nutrient use-related gene expression or the regulation of root
morphogenesis [46]. These can regulate the architecture and distribution of roots in the
growing media, enhancing the probability of nutrient uptake and modulating its utilization
and use efficiency [46].

The positive effects of a higher B light fraction on the uptake of mineral nutrients were
presented in several studies. A recent study by Carrilo et al. [46] showed that P, K, and Ca
contents in parsley microgreens grown under B light were significantly higher than under
R or R+B+green light. In another study, the overall mineral content, N, P, K, Ca, Mg, and
Fe were the greatest in sweet basil plants grown under an R:B light ratio of 3:1, with some
comparable values observed in plants grown under an R:B ratio of 2:1 (N, P, K, Ca, and Mg)
or 4:1 (N, K, and Mg) [47]. According to Kopsell et al. [48], five days of B light treatment
before harvesting broccoli microgreens increased the contents of mineral nutrients. Such
a light treatment also increased the content of K, Mg, and P in buckwheat microgreens
compared with dark conditions [49]. Only B or dichromatic R+B light increased Ca, Mg,
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Mn, and Fe content in lettuce [50]. Such inconsistent results could be because of different
plant species, cultivars, development stages, photon flux densities, and peak wavelengths.

Excess Fe can lead to deficiencies of essential nutrients (e.g., Mn, P, K, Ca, and Mg) in
plants [15]. However, our results show that elevated concentrations of Fe in hydroponic
solution increased the uptake of some other mineral nutrients, especially Zn. From a
nutritional aspect, competition exists between Zn and Fe elements; host plants require
coordinated Zn–Fe homeostasis to avoid ion imbalances [51].

4.4. Soluble Sugars

Plant sugars (glucose, fructose, and sucrose) and sucrose-derived oligosaccharides
(e.g., raffinose family oligosaccharides) are directly or indirectly derived from photosyn-
thesis [52]. Plants typically accumulate higher carbohydrate levels when (mild) stresses
compromise growth more than photosynthesis [53]. From a nutritional perspective, sugars
significantly affect taste, increasing sweetness [54]. Samuolienė et al. demonstrated that
short-term preharvest R LED light increased sugar content by 52% in green baby-leaf
lettuce. However, in the present study, there was almost no effect of the R:B light ratio on
the soluble sugar contents of either spinach cultivar.

More detailed studies have been published on sugars and Fe-deficiency cross-talk
mechanisms [55–57]. For example, Lin et al. [56] showed that Fe deficiency increased
sucrose content in Arabidopsis roots, elevating auxin levels in roots and the subsequent
induction of NO accumulation, thereby activating reduction-based Fe uptake via the
FIT-mediated transcriptional regulation of FRO2 and IRT1. In another study, two sugar
transporters, a major facilitator superfamily protein (STP13; AT5G26340), and sugar trans-
porter 4 (STP4; AT3G19930) had higher expression levels under Fe-deficient conditions [55].
Furthermore, the concentration of sucrose, fructose, and glucose was significantly greater
in 2-week-old shoots of Arabidopsis grown with an Fe deficiency compared to the control
condition. Thus, there was a greater expression of sugar transporters and sugar concen-
tration in shoots when Fe was deficient [55,57]. However, our results with spinach show
that the contents of sucrose (in both cultivars) and fructose and glucose (in ‘Corvair F1’)
increased with an increasing Fe dose.

4.5. Antioxidant Capacity

The Fe metabolic pathway is directly linked to ROS, leading to oxidative stress in
plants. The primary ROS include non-radical molecules such as singlet oxygen (1O2)
and hydrogen peroxide (H2O2), as well as free radicals such as superoxide (O2

−) and
hydroxyl radicals (≥OH) [58,59]. As Fe is one constituent of the electron transport chain
in mitochondria and chloroplasts, Fe deficiency can create an imbalance of cellular redox.
However, the role of ROS in Fe response regulation has not been well defined, and they
may play multiple roles. For example, H2O2 is involved in regulating ferritins in response
to excess Fe to alleviate oxidative stress in various plants [60].

Phenolic compounds have antioxidant activity from metal chelation and/or free
radical scavenging [23,59,61]. Several assays, such as the Trolox equivalent antioxidant
activity (TEAC) and DPPH, ABTS scavenging, or FRAP, are commonly used to study the
radical-scavenging ability of polyphenols [59]. These assays provide a relative measure
of antioxidant activity, but often the radicals scavenged have little relevance to those
present in biological systems. In addition, radical scavenging assays do not account for the
iron-binding properties of polyphenol antioxidants [59,62].

Johkan et al. [63] demonstrated that B or R+B light applied to lettuce ’Banchu Red
Fire’ during the seedling stage for seven days increased the TPC and antioxidant capacity
compared to R LEDs or fluorescent light. In another study, Chinese kale ‘Bailey’ sprouts had
a higher TPC and antioxidant capacity under B light than those grown in darkness, under
white light, or under R LEDs [64]. In our study with spinach, there were no consistent
effects of the R:B light ratio on the TPC in either cultivar. However, in ‘Corvair F1’, elevated
Fe in the nutrient solution (from 2 to ≥5 mg L−1) increased the TPC.
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A recent study with parsley microgreens indicated that ABTS antioxidant activity was
higher under B light than under R or R+B+green light [46]. In sweet basil, the highest FRAP
values were in plants grown under an R:B of 3:1 [47]. This is consistent with our results
with spinach ‘Corvair F1’, in which the FRAP increased as the fraction of B light increased
(there was no effect in ‘Space F1’). In addition, a decrease in the R:B light ratio increased
the ABTS in ‘Corvair F1’ and the DPPH free radical scavenging activity in both cultivars.

5. Conclusions

We performed a comprehensive assessment of the effects of different R:B light ratios
on two spinach cultivars grown in hydroponic solutions with three Fe concentrations. The
novel research revealed that the ratio of R:B light influenced the uptake of Fe and other
nutrients as well as the growth and antioxidant properties of plants, but responses varied
by spinach cultivar. Plants grown indoors with an R:B light ratio of 9:1 and a 2 mg L−1

Fe dose generally had the largest and most number of leaves and the greatest biomass
accumulation, and these parameters decreased as the R:B light ratio decreased and the Fe
concentration increased. The accumulation of Fe was more affected by its concentration
in hydroponic solution than by the R:B light ratio. For example, an increase in the B light
fraction (from 10 to 75%) had no effect on the content of Zn, P, or K but increased Ca (in
one cultivar) and Mg (in both cultivars). However, an elevated concentration of Fe in the
nutrient solution increased the contents of Fe, Zn, P, Ca, and K (and decreased Cu) in one
or both cultivars. There was little to no effect of the R:B light ratio on the soluble sugar
contents, whereas some sugars increased with an Fe dose. Finally, an increasing fraction of
B light increased the FRAP and ABTS in ‘Corvair F1’ and the DPPH free radical scavenging
activity in both cultivars.

The findings of the study reveal trade-offs that exist between maximizing the indoor
production (i.e., fresh weight) of spinach and enriching its nutritional content using sole-
source electric lighting. At the same time, it contributes to a greater understanding of the
uptake of the trace element Fe and selecting an appropriate concentration in hydroponic
solution for a sustainable cultivation. The research results also contribute to the body
of knowledge about strategies to increase the contents of the essential nutrient Fe for
human health. Additional research on the photon distribution of sole-source lighting in
combination with the composition of nutrient solution is needed to improve the indoor
production of leafy greens with health-promoting benefits.
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