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Abstract: The present experiment addressed the effects of different iron (Fe) concentrations in the
nutrient solution supplied as Fe-HBED, i.e., 0.02 (Fe0, control), 1.02 (Fe1), and 2.02 mmol L−1 (Fe2)
on lettuce (‘Nauplus’ and ‘Romana’) yield and compositional traits. This experiment was carried out
in a greenhouse using an open soilless cultivation system, at the experimental farm of the University
of Catania (Sicily, Italy: 37◦24′31.5′′ N, 15◦03′32.8′′ E, 6 m a.s.l.). The addition of Fe-HBED reduced
the plants’ aboveground biomass (−18%, averaged over Fe1 and Fe2), but promoted their dry matter
content (+16% in Fe2). The concentration of chlorophylls, carotenoids, anthocyanins, and antioxidants
peaked at Fe2, along with the antioxidant capacity and concentration of stress indicators in leaves.
The Fe content in leaves was promoted in the Fe-treated plants (+187% averaged over Fe1 and Fe2).
‘Romana’ showed the highest Fe accumulation (reaching 29.8 mg kg−1 FW in Fe1), but ‘Nauplus’
proved a higher tolerance to the Fe-derived oxidative stress. The Fe2 treatment maximized leaf N, P,
K, S, and Zn contents, while those of Ca, Mg, Mn, and B peaked at Fe1. Overall, our study revealed
the effectiveness of Fe-HBED in increasing the Fe content and improving the nutritional quality of
lettuce grown in soilless cultivation systems.

Keywords: mineral biofortification; Lactuca sativa L.; antioxidants; oxidative stress; hidden hunger

1. Introduction

It is well known that iron (Fe) is an essential mineral element for humans, being
involved in the synthesis of hemoglobin and myoglobin [1]. However, the importance of
Fe goes beyond the oxygen transport, as it plays a key role in neural systems, immune
cell functioning, and homeostasis, it is required for energy metabolism and exercise, being
fundamental in the maintenance of human health [2]. Moreover, Fe deficiency symp-
toms usually include weakness, fatigue, difficulty in concentrating, motor and mental
impairment, and anemia [3].

The amount of Fe required daily by the human body ranges between 8 and 18 mg,
which represents the recommended daily allowance (RDA); in contrast, the tolerable upper
intake level (UL) for adults is 40 mg day−1 [4]. However, in some cases, the minimum intake
requirement is not fulfilled with the diet, resulting in cases of micronutrient deficiencies,
also called hidden hunger [5,6]. This kind of malnutrition is not always easy to detect,
and it does not affect only developing countries, but it is also present in the developed
world [7]. The causes of the insufficient intake of micronutrients, such as mineral elements,
can be attributed to poverty, but also to the rise of new diets (e.g., veganism) and bad eating
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habits in developed countries, which include daily intake of high-calorie, low-nutrient-
dense foods [8].

Moreover, in the specific case of minerals, not all the elements present in the food
matrix are available for the absorption. In fact, only around 14–18% of the Fe present in
the diet is bioavailable [9]. This happens because Fe absorption can be limited by many
factors such as the presence of inhibiting substances (calcium, phytates, and tannins), age,
pregnancy, surgical procedures, and medical conditions [9,10].

An alternative to increase the intake of micronutrients is to include, in the diet, foods
containing higher concentrations of those elements. Given that, strategies aiming to increase
the Fe content in food can be good tools to improve human dietary patterns [11]. At the
same time, vegetables contain a variety of natural health-promoting benefits, such as
vitamins, minerals, and antioxidants, being excellent functional food options [12,13].

When mineral micronutrients are concerned, an efficient approach to improve their
concentrations in vegetables may be agronomic biofortification, i.e., by growing them with
targeted applications of fertilizers [14–16]. In addition, this strategy, when well-managed,
can provide more than simply an increase in the target element. Indeed, by using specific
elements as eustressors, biofortification can also increase the concentration of many antioxi-
dant compounds, establishing a link between plant nutrition and human nutrition [17].

Soilless cultivation systems offer benefits such as the possibility to control water avail-
ability, pH, and nutrient concentrations in the root zone [18]. In fact, currently about 3.5%
of the total area cultivated under tunnels and greenhouses for vegetable production adopts
soilless cultivation systems. This method can increase not only yield but also the quality and
the shelf life of fresh vegetables, meeting the highest demands of modern consumers [19].

Biofortification of vegetables can be carried out in soilless systems by adding higher
concentrations of target fertilizers in the nutrient solution [20]. Moreover, in the specific
case of Fe, which presents a low solubility in the soil [21], a soilless cultivation system can be
a good option to increase micronutrient availability, since it facilitates the pH management
in the nutrient solution [22].

Another factor that can affect the biofortification effectiveness, is the chemical form of
the added micronutrients in the nutrient solution. Considering Fe, chelate forms are highly
recommended since they are more easily available for plants and can optimize mineral
absorption when compared to inorganic salts [23].

In addition, it should be taken into consideration that the introduction of higher
amounts of fertilizers in the nutrient solution can also affect vegetable yield and qual-
ity [24]. Since Fe excess can be toxic to the plant, causing damages to the membrane,
DNA, and proteins, it is important to understand the activation of the antioxidant enzymes
involved in the Fe biofortification [25]. So far, few biofortification studies have been con-
ducted aiming to improve the Fe and antioxidant content of vegetables and at the same time
assess the stress conditions of plants submitted to high Fe levels in the nutrient solution.

Besides being a model plant, lettuce (Lactuca sativa L.) is one of the most popular
and consumed leafy vegetables in the world [26]. In this study, we chose two different
genotypes of lettuce to compare their tolerance to high doses of Fe introduced in the
nutrient solution, i.e., L. sativa L. var. capitata (Looseleaf) and L. sativa L. var. longifolia
(Romaine) as they are among the most commonly consumed [27–29].

Given the scarcity of biofortification studies, our investigation aimed to address the
effects of different iron (Fe) concentrations in the nutrient solution supplied as Fe-HBED on
yield and compositional traits of two cultivars of greenhouse soilless lettuce and compare
the tolerance of these genotypes to the exposure of high levels of this element in the
nutrient solution.

Therefore, the hypothesis of this study is that the application of Fe-HBED to lettuce
plants will modify the compositional traits of the plants in a genotype-specific manner.
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2. Materials and Methods
2.1. Experimental Site and Plant Material

A greenhouse experiment was carried out from December 2020 to January 2021, at the
experimental farm of the University of Catania (Sicily, Italy: 37◦24′31.5′′ N, 15◦03′32.8′′ E,
6 m a.s.l.). The climate of the area is semi-arid Mediterranean, with mild winters and hot,
dry summers. An 810 m2, multi-aisle cold greenhouse was used, having a steel tubular
structure with adjustable windows on the roof and along the sides, and covered with
polycarbonate slabs. Two lettuce cultivars were selected for the study, i.e., ‘Nauplus’ (var.
capitata; Blumen vegetable seeds, Piacenza, Italy) and ‘Romana’ (var. longifolia; Topseed,
Sarna, Italy). Plantlets were transplanted on 10 December 2020 in the greenhouse at the
stage of four true leaves, in an open soilless cultivation system using 5 L plastic pots
(20 cm height, 19 cm width) and perlite as growing medium (particle size 2–6 mm). Before
transplanting, plantlets were selected for uniform size and healthy appearance. Pots were
arranged in simple rows, adopting a 0.25m × 0.50 m rectangular format (center to center)
and 1 plant per pot (8 plants m−2). Plants were harvested on 25 January 2021. Each net
experimental unit contained 12 plants.

2.2. Treatments

The treatments consisted of three concentrations of Fe chelate added to the nutrient so-
lution: Fe0: 0 mmol L−1 Fe (just the standard nutrient solution, equal to 0.022 mmol L−1 Fe);
Fe1: 1 mmol L−1 Fe; Fe2: 2 mmol L−1 Fe in the chelate form HBED. Thus, the final concen-
trations were 0.02, 1.02 and 2.02 mmol L−1 Fe. During the cycle, the crop was fertigated
with a standard nutrient solution [30], having the following composition: 8.0 mM N-NO3

−,
1.5 mM S, 1.0 mM P, 3.0 mM K, 3.0 mM Ca, 1.0 mM Mg, 1.0 mM N-NH4

+, 22 µM Fe,
9 µM Mn, 2 µM Cu, 4 µM Zn, 9 µM B, and 1 µM Mo, with an electrical conductivity (EC)
of 1400 µS cm−1 and a pH of 5.8 ± 0.2. Control plants received only the standard nutri-
ent solution whereas treated plants received the same solution enriched with Fe-HBED.
A leaching fraction of ~25% was adopted, to reduce root zone salinization [31].

Lettuce harvest was manually carried out on 25 January 2021, avoiding any damage
to the leaves. Soon after harvest, plants were transported to the laboratory, characterized
for physical variables, flash frozen with liquid nitrogen, and stored at −80 ◦C for fur-
ther analysis. Overall, 72 lettuce heads were collected and analyzed (2 cultivars × 3 Fe
concentrations × 3 replicates × 4 lettuces).

2.3. Lettuce Measurements

In the laboratory, variables such as average fresh weight (FW) and dry matter content
(DM) were measured. Average fresh weight was determined using an electronic gage
(0.01 g accuracy). For the dry matter content, samples of lettuce leaves were dried at
70 ◦C in a laboratory oven (Thermo scientific-Herathermoven) with a forced air circulation
until constant weight. For biochemical analyses, frozen material was grounded in an IKA
A11 analytical mill (Staufen, Germany) using liquid nitrogen. For the mineral content,
frozen samples were lyophilized in a Telstar Cryodos-80 freeze dryer (Terrassa, Barcelona,
Spain) and grounded in a Taurus aromatic grinder (Oliana, Barcelona, Spain). All bio-
chemical analyses were performed using fresh frozen material, all mineral analyses were
performed using lyophilized plant material. All biochemical analyses as well as the forms
of nitrogen were measured through using a spectrophotometer Infinite 200 Nanoquant
(Tecan, Switzerland).

2.4. Biochemical Analyses
2.4.1. Leaf Chlorophylls and Carotenoids Concentration

The determination of photosynthetic pigments was performed according to Lichten-
thaler and Wellburn [32], with slight modifications. For the extraction, 100 mg of macerated
plant material was mixed with 1 mL of methanol, vortexed, and centrifuged for 5 min
at 5000 rpm. After that, the absorbance of the supernatant was measured at 3 different
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wavelengths: 666 nm, 653 nm, and 470 nm. The values obtained were applied in the
following equations: -Chlorophyll a (Chl a) = 15.65 × A666 − 7.34 × A653 -Chlorophyll b
(Chl b) = 27.05× A653− 11.21× A666 -Carotenes = (1000× A470 − 2.86× Chl a− 129.2× Chl
b)/221. The results are expressed in µg g−1 FW.

2.4.2. Total Phenol and Flavonoid Concentration

Total phenol and flavonoid concentration were determined according to Rivero et al. [33],
with minor modifications. For the extraction, 100 mg of macerated plant material was
mixed with 500 µL of methanol, 500 µL of chloroform, and 250 µL of NaCl (1%), the ma-
terial was vortexed and centrifuged for 10 min at 5000 rpm. For the total phenols,
90 µL of supernatant was mixed with 240 µL of Na2CO3 (5%) and 90 µL of Folin–Ciocâlteu
reagent (50%). Samples were agitated and incubated at room temperature for 40 min.
The absorption was measured at 725 nm. The results are expressed in µg caffeic acid
(CA) g−1 FW. For total flavonoid concentration, 85 µL of supernatant was mixed with
180 µL of distilled water and 26 µL NaNO2 (5%). Samples were agitated and incubated
at room temperature for 5 min. Finally, 26 µL of AlCl3 (10%) and 170 µL of NaOH (1 M)
were added to the mixture, and samples were incubated as previously. The absorption was
measured at 415 nm. The results are expressed in µg rutin g−1 FW.

2.4.3. Anthocyanin Concentration

The concentration of anthocyanins was measured according to Giusti and Wrol-
stad [34], with minor modifications. For the extraction, 100 mg of macerated plant material
was mixed with 1 mL of methanol acidified with 1% HCl, agitated in a vortex, and cen-
trifuged for 5 min at 5000 rpm. Then, 250 µL of supernatant was added to react with 1 mL
of buffers potassium chloride, pH 1.0 (0.025 M) and sodium acetate, pH 4.5 (0.4 M). The ab-
sorption of both solutions was measured at 640 and 710 nm. The values obtained were
applied in the following equation: [(A640–A710)–(A640–A710)] × 449.2/26900. The results
are expressed as mg cyanidine-3-glucoside per g−1 FW.

2.4.4. Ascorbic Acid Concentration

Total ascorbic acid (AsA), reduced AsA, and dehydroascorbate (DHA) concentration
were determined according to Law et al. [35], with slight modifications. For the extraction,
100 mg of macerated plant material was mixed with 1 mL of meta-phosphoric acid, agitated
in a vortex, and centrifuged for 15 min at 13,000 rpm. Then, 200 µL of supernatant was
mixed with 500 µL of buffer sodium phosphate (150 mM; pH 7.5) and, only, for total
ascorbic acid reaction 60 µL of dithiothreitol (DTT) (10 mM) were added. Samples were
agitated and incubated at room temperature for 10 min. After, 60 µL of N-ethylmaleimide
(0.5%), 240 µL of trifluoroacetic acid, 240 µL of orthophosphoric acid (44%), 240 µL of
bipyridyl (4%, in ethanol 70%), and 120 µL of FeCl3 (3%) were added. Finally, samples were
incubated at 40 ◦C for 40 min. The absorption of both solutions was measured at 525 nm.
The results are expressed in µg g−1 FW.

2.4.5. Antioxidant Capacity: FRAP and TEAC Assays

The FRAP (ferric reducing antioxidant power) assay was determined according to
Benzie and Strain [36], with minor adaptations. The TEAC (Trolox equivalent antioxidant
activity) assay was performed following Cai et al. [37], with modifications. For both
extractions, 100 mg of macerated plant material was mixed with 1 mL of methanol (100%),
agitated in a vortex, and centrifuged for 2 min at 10,200 rpm. Then, for the FRAP reaction,
10 µL of supernatant was mixed with 190 µL of FRAP reagent (acetate sodium, 0.25 M,
pH 3.6; TPTZ (2,4,6-tris(2-pyridyl)-s-triazine), 1 mM and FeCl3, 20 mM). The absorption
was measured at 593 nm. The results are expressed in µM FeSO4 g−1 fresh weight (FW).
For the TEAC reaction, 10 µL of supernatant was mixed with 190 µL of TEAC reagent (ABTS
(2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) (7 mM) and potassium persulfate
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(2.45 mM)). The absorption was measured at 734 nm. The results are expressed in mg
Trolox g−1 FW.

2.4.6. Superoxide Anion

The superoxide anion (O2
−) detection was performed according to Kubiś [38], based

on the reduction of NBT, with slight modifications. For the extraction, 100 mg of mac-
erated plant material was mixed with 300 µL of buffer potassium phosphate (50 mM,
pH 7.8). Then, the material was gently agitated and centrifuged for 15 min at 10,000 rpm.
Subsequently, 250 µL of supernatant was mixed with 225 µL of buffer and 250 µL of hydrox-
ylamine (10 mM). Samples were agitated and incubated for 20 min at room temperature.
Subsequently, 180 µL of the extract was mixed with 460 µL of sulfuric acid (17 mM) and
460 µL of 1-Naphthylamine (7 mM). The absorption was measured at 580 nm. The results
are expressed in µg g−1 FW.

2.4.7. Proline

The proline concentration was conducted following Bieleski and Turner [39], with some
adaptations. For the extraction, 100 mg of macerated plant material was mixed with 1.2 mL
of ethanol (83%), agitated in a vortex, and centrifuged for 10 min a 5500 rpm. Then,
1 mL of supernatant was added to 4 mL of Milli-Q water, 2.5 mL of ninhydrin (140 mM),
and 2.5 mL of glacial acetic acid (100%). Samples were agitated and incubated for 45 min
in a water bath at 100 ◦C. Subsequently, samples were cooled in ice and 5 mL of ben-
zene (100%) were added and samples were incubated for 10 min at room temperature.
The absorption of the organic phase was measured at 515 nm. The results are expressed
in µg g−1 FW.

2.4.8. MDA

The MDA (malondialdehyde) concentration was carried out according to Fu and
Huang [40], with minor modifications. For the extraction, 100 mg of macerated plant
material was mixed with 1 mL of trichloroethanoic acid (TCA; 10%) and thiobarbituric
acid (TBA; 0.25%). Samples were agitated and incubated for 30 min in a water bath at
95 ◦C. Subsequently, samples were cooled in ice and centrifuged at 9500 rpm for 10 min.
The absorption of the organic phase was measured at 532 and 600 nm. The values obtained
were applied in the following equation: [(A532–A600)]/155. The results are expressed
in µM g−1 FW.

2.4.9. APX

The ascorbate peroxidase (APX) activity was determined according to Rao et al. [41],
with slight modifications. For the extraction, 100 mg of macerated plant material was mixed
with 1 mL of buffer potassium phosphate (100 mM, pH 7.5). Samples were gently agitated
and centrifuged for 20 min at 12,000 rpm. Subsequently, 40 µL of extract was mixed with
80 µL of buffer potassium phosphate, 40 µL of sodium ascorbate (0.5 mM), and 40 µL of
H2O2 (0.2 mM). The absorption was measured at 290 nm every 30 s for 5 min. The results
are expressed in ∆ Abs mg protein−1 min−1 FW.

2.4.10. GPX

The glutathione peroxidase (GPX) activity was measured following Elia et al. [42],
with minor modifications. For the extraction, 100 mg of macerated plant material was
mixed with 1 mL of buffer tris hydrochloride (100 mM), and added with EDTA (1 mM),
and DTT (2 mM). Samples were gently agitated and centrifuged for 20 min at 15,000 rpm.
Subsequently, 30 µL of extract was mixed with 170 µL of buffer potassium phosphate
(100 mM). The absorption was measured at 340 nm every 30 s for 5 min. The results are
expressed in ∆ Abs mg protein−1 min−1 FW.
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2.4.11. CAT

The catalase (CAT) activity was performed according to Nakano and Asada [43],
measuring the consumption of H2O2, with some adaptations. For the extraction, 100 mg of
macerated plant material was mixed with 1 mL of buffer sodium phosphate (25 mM, pH 7).
Samples were gently agitated and centrifuged for 20 min at 11,500 rpm. Subsequently,
40 µL of extract was mixed with 40 µL of buffer HEPES (25 mM), 40 µL of EDTA (0.8 mM),
and 80 µL of H2O2 (40 mM). The absorption was measured at 240 nm every 30 s for 5 min.
The results are expressed in ∆ Abs mg protein−1 min−1 FW.

2.5. Mineral Analyses

Phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), sulfur (S), iron (Fe),
manganese (Mn), zinc (Zn), boron (B), and copper (Cu) mineralization were conducted
through wet digestion. For the digestion, 150 mg of lyophilized material was mixed with
5 mL of nitric acid (HNO3) and placed in a sand bath at 100 ◦C for one week, and drops
of H2O2 at 33% were added daily. Subsequently, the extract was filtered with filter paper
and a working solution of 20 mL was prepared with the addition of Milli-Q water. Mineral
element concentrations were measured by ICP-OES (Perkin Elmer, Waltham, MA, USA),
according to Martín Peinado et al. [44]. Each measurement was made with three replicates.
For calibration, two sets of multi-element standards containing all the analytes of interest
at five different levels of concentration were prepared using rhodium as the internal
standard. All standards were prepared from ICP single-element standard solutions (Merck,
Darmstadt, Germany), after dilution with 10% HNO3. The analytical precision of the
analyses was better than ±5% in all cases. The average recoveries ranged between 91% and
105% of the certified reference values. Macronutrients were calculated and expressed as
mg 100 g−1 FW, while micronutrients as µg 100 g−1 FW.

Forms of Nitrogen

The contents of organic nitrogen (N) and ammonium (NH4
+) were determined accord-

ing to Krom [45]. For the organic N digestion, 150 mg of lyophilized material was mixed
with 5 mL of sulfuric acid (H2SO4) and placed in a sand bath at 100 ◦C for three days; drops
of H2O2 at 33% were added daily. Subsequently, the extract was filtered with filter paper
and a working solution of 20 mL was prepared with the addition of Milli-Q water.

For the NH4 extraction, 10 mg of dry plant material was mixed with 1 mL of Milli-Q
water. Then, 30 µL of supernatant of both extracts was added to 285 µL of reactive 1
(sodium salicylate, 0.5 M; sodium nitroprusside, 2 mM) and 285 µL of reactive 2 (NaOH,
1 M; sodium dichloroisocyanurate, 28 mM). After, samples were agitated and incubated at
37 ◦C for 45 min. The absorption was measured at 630 nm. Results are expressed in mg g−1

dry weight (DW).
The content of NO3

− (nitrate) was measured according to Cataldo et al. [46]. For the
extraction, 10 mg of dry plant material was mixed with 1 mL of Milli-Q water. Samples
were agitated in an agitator for 120 min. Then, 12 µL of supernatant was added to 24 µL of
salicylic acid diluted in H2SO4 (10%) plus 565 µL sodium hydroxide (NaOH; 2 N). Samples
were agitated and the absorption of the solution was measured at 410 nm. The results are
expressed in mg NO3

− g−1 DW).
N total was estimated as the sum of organic N and nitrate. Mineral N was estimated

as the sum of NH4
+ and NO3

−. Assimilated N was assumed as organic N subtracted of
NH4. Results are expressed in mg g−1 DW.

2.6. Statistical Procedures

Collected and calculated data were firstly subjected to a two-way analysis of variance
(ANOVA), based on a factorial combination (cultivar × Fe concentration in the nutrient
solution). Means comparisons were carried out using Fisher’s protected least significant dif-
ference (LSD) test (p ≤ 0.05). All statistical analyses were carried out using the Statgraphics
Centurion XVI software (The Plains, VA, USA).



Agronomy 2022, 12, 1793 7 of 16

3. Results
3.1. Lettuce Main Traits and Bioactive Compounds Concentration

When compared to the untreated control, the Fe application reduced the total plant dry
biomass (−18%, on the average of Fe1 and Fe2), but promoted lettuce DM content, total Chls
content, and the Chl a/b ratio (by up to 16, 40 and 24%, respectively) (Table 1). Excepting
the Chl a/b ratio, ‘Romana’ proved to have the highest values for all these variables. When
compositional traits were concerned, total phenol, anthocyanin, flavonoid, and carotenoid
contents peaked at Fe2, with ‘Romana’ showing the highest carotenoids content, together
with the highest rise in anthocyanin and flavonoid content passing from Fe0 to Fe2 (+97 and
+210%, respectively) (Table 1). Similarly, the Fe application progressively increased both
AsA and DHA contents, with ‘Romana’ proving the sharpest rises passing from Fe0 to
Fe2 (+60 and +62% for AsA and DHA, respectively) (Table 1). Regarding the antioxidant
activity, the highest FRAP values were recorded in Fe2 and ‘Romana’, while for TEAC,
a higher increase was recorded in ‘Romana’ compared to ‘Nauplus’ passing from Fe0 to
Fe2 (+111%) (Table 1).

3.2. Oxidative Stress Indicators

The Fe supply gradually increased O2
− concentration, with ‘Romana’ showing a

higher increase passing from Fe0 to Fe2 (+40%) compared to ‘Nauplus’ (+26.5%) (Table 2).
When compared to the untreated control, the Fe supplementation promoted proline con-
centration (by +24% and +61%, at Fe1 and Fe2, respectively) and increased MDA content
and APX activity at Fe1 and Fe2, (by up to +47 and +53%, respectively). Meanwhile, when
compared to the control, Fe1 and Fe2 plants showed a reduction in the activity of GPX (by
−9 and −13%, respectively), and a gradual reduction in the activity of CAT (by +9 and
−18%, respectively). Among the tested genotypes, ‘Nauplus’ proved to have the highest
values of APX and CAT activity, whereas the highest proline content was recorded in
‘Romana’ (Table 2).

3.3. Macronutrients and Micronutrients Content

Compared to the control, the Fe supply generated a progressive increase in N, P, K,
and S concentrations of lettuce (by up to 13, 30, 29, and 45% in Fe2), while Mg concentration
peaked at Fe1 (+62%) (Table 3). Regarding Ca, the response to Fe supply proved to be
genotype-dependent, as in ‘Nauplus’ its concentration increased passing from Fe1 to Fe2
(by 44%), whereas in ‘Romana’, it raised within the Fe0–Fe1 range (+44%) and declined
thereafter (−33%) (Table 3). When the genotype per sé was concerned, ‘Romana’ showed
higher concentrations of P, K, Mg, and S than ‘Nauplus’ (Table 3).

Regarding the micronutrient content, the supplemental Fe fertilization boosted the
accumulation of Fe, Mn, Zn, and B, though in a genotype-dependent way (Table 3). Indeed,
when compared to the untreated control, ‘Romana’ showed the highest Fe increase within
the Fe1–Fe2 range (+209%, on average), but the Mn, Zn, and B differences were higher at
Fe1 (+124, +117 and +96%, respectively), while in ‘Nauplus’, all these micronutrients were
maximized under the Fe2 supply (ranging from +173 to +69% in Fe and B, respectively)
(Table 3). No differences were found in Cu concentrations.

The amount of Fe accumulated in the dry leaves of ‘Romana’ ranged from 522 to
520 mg kg−1, at Fe1 and Fe2, respectively. Meanwhile, lower values were observed in
‘Nauplus’ plants, which varied from 315 to 335 mg kg−1 DW, at Fe1 and Fe2, respectively
(Figure 1).
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Table 1. Lettuce main traits and bioactive compound concentrations as affected by the studied factors.

Plant
Biomass

(g DW plant−1)

Dry
Matter

(%)

Total Chls
(mg g−1

FW)

Chl a/b
Ratio

Total
Phenols

(µg g−1 FW)

Anthocyanins
(mg g−1 FW)

Flavonoids
(µg g−1

FW)

Carotenoids
(µg g−1

FW)

AsA
(µg g−1 FW)

DHA
(µg g−1 FW)

FRAP
(µM FeSO4

g−1 FW)

TEAC
(mg trolox
g−1 FW)

Fe concentration
Fe0 20.0 a 4.47 b 2.33 c 1.53 c 535 c 1.50 c 542 c 153 c 100 c 61.9 c 6.19 c 0.637 c
Fe1 16.5 b 5.03 a 2.64 b 1.70 b 781 b 2.05 b 901 b 220 b 126 b 79.4 b 9.17 b 0.881 b
Fe2 16.2 b 5.17 a 3.26 a 1.89 a 926 a 2.42 a 1134 a 304 a 143 a 95.9 a 12.3 a 1.173 a

Cultivar
‘Nauplus’ 14.6 b 4.44 b 2.67 b 1.69 727 2.11 a 881 203 b 116 70.0 b 8.56 b 0.840 b
‘Romana’ 20.5 a 5.34 a 2.82 a 1.72 767 1.87 b 838 249 a 130 88.2 a 9.86 a 0.954 a

Fe × Cv
Fe0

‘Nauplus’ 15.1 4.09 2.21 1.52 559 1.77 c 686 d 134 97 d 51.2 c 6.07 0.65 d

Fe1
‘Nauplus’ 15 4.36 2.85 1.76 766 2.11 b 924 bc 234 131 b 83.2 b 9.35 0.84 c

Fe2
‘Nauplus’ 13.8 4.89 2.96 1.80 856 2.44 a 1032 b 242 121 bc 75.5 b 10.28 1.03 b

Fe0
‘Romana’ 24.8 4.85 2.46 1.54 511 1.22 d 399 e 173 104 cd 72.7 b 9.00 0.62 d

Fe1
‘Romana’ 18.0 5.71 2.43 1.65 796 2.00 bc 879 c 207 120 bc 75.7 b 10.28 0.92 bc

Fe2
‘Romana’ 18.7 5.45 3.56 1.97 995 2.40 a 1236 a 367 166 a 116.4 a 14.28 1.32 a

Significance
Fe concen-

tration * * *** *** *** ** *** *** ** ** *** ***

Cultivar ** ** ** NS NS ** NS *** NS ** ** *
Fe × Cv NS NS NS NS NS * *** NS * ** NS *

Different letters within each column’s factor indicate significance at Fisher’s protected LSD test (p = 0.05). NS: not significant; *, ** and ***: significant at p ≤ 0.05, 0.01 and
0.001, respectively.
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Table 2. Oxidative stress indicators and enzyme activity in lettuce, as affected by the studied factors.

O2−

(µg g−1 FW)
Proline

(µg g−1 FW)
MDA

(µM g−1 FW)

APX
(∆ Abs mg
protein−1

min−1 FW)

GPX
(∆ Abs mg
protein−1

min−1 FW)

CAT
(∆ Abs mg
protein−1

min−1 FW)

Fe concentration
Fe0 6.91 c 15.3 b 2.92 b 0.055 b 0.171 a 0.011 a
Fe1 8.09 b 18.9 ab 4.16 a 0.084 a 0.149 b 0.010 b
Fe2 9.21 a 24.7 a 4.28 a 0.086 a 0.155 b 0.009 c

Cultivar
‘Nauplus’ 7.86 15.6 b 3.61 0.084 a 0.153 0.011 a
‘Romana’ 8.28 23.7 a 3.97 0.066 b 0.163 0.008 b

Fe × Cv
Fe0 ‘Nauplus’ 6.61 d 15.7 2.81 0.064 0.163 0.013
Fe1 ‘Nauplus’ 8.61 b 15.2 4.27 0.097 0.146 0.011
Fe2 ‘Nauplus’ 8.36 bc 16.0 3.74 0.090 0.150 0.010
Fe0 ‘Romana’ 7.21 cd 14.8 3.03 0.046 0.179 0.009
Fe1 ‘Romana’ 7.58 bcd 22.7 4.05 0.071 0.151 0.008
Fe2 ‘Romana’ 10.06 a 33.5 4.82 0.082 0.160 0.007

Significance
Fe concentration ** * ** * * **

Cultivar NS * NS * NS ***
Fe × Cv * NS NS NS NS NS

Different letters within each column’s factor indicate significance at Fisher’s protected LSD test (p = 0.05). NS: not
significant; *, ** and ***: significant at p ≤ 0.05, 0.01 and 0.001, respectively.

Table 3. Macronutrient (mg g−1 FW) and micronutrient (µg g−1 FW) composition of lettuce affected
by the studied factors.

Macronutrients Micronutrients

N P K Ca Mg S Fe Mn Zn B Cu

Fe concentration
Fe0 4.41 b 3.88 c 2.90 c 0.330 c 0.143 c 0.107 c 7.7 b 3.49 c 3.16 c 1.21 c 0.689
Fe1 4.68 ab 4.60 b 3.07 b 0.385 a 0.231 a 0.135 b 21.8 a 6.28 a 5.74 b 1.93 a 0.607
Fe2 4.99 a 5.06 a 3.75 a 0.371 b 0.215 b 0.155 a 22.4 a 5.64 b 6.04 a 1.80 b 0.695

Cultivar
‘Nauplus’ 4.84 a 3.96 b 3.07 b 0.347 b 0.166 b 0.123 b 12.0 b 4.33 b 4.32 b 1.51 b 0.603
‘Romana’ 4.54 b 5.06 a 3.40 a 0.377 a 0.227 a 0.141 a 22.5 a 5.94 a 5.64 a 1.78 a 0.725

Fe × Cv
Fe0 ‘Nauplus’ 4.59 3.75 3.00 0.327 c 0.132 0.109 6.0 d 3.20 d 3.00 d 1.16 d 0.602
Fe1 ‘Nauplus’ 4.23 3.64 2.45 0.292 c 0.162 0.117 13.7 b 4.09 c 4.25 c 1.41 cd 0.775
Fe2 ‘Nauplus’ 5.70 4.51 3.77 0.421 b 0.204 0.144 16.4 b 5.69 b 5.71 b 1.96 b 0.555
Fe0 ‘Romana’ 4.22 4.02 2.80 0.332 c 0.154 0.104 9.4 c 3.78 cd 3.33 cd 1.25 d 0.660
Fe1 ‘Romana’ 5.12 5.56 3.69 0.478 a 0.300 0.153 29.8 a 8.46 a 7.23 a 2.45 a 0.651
Fe2 ‘Romana’ 4.28 5.62 3.72 0.321 c 0.226 0.166 28.3 a 5.59 b 6.36 ab 1.64 c 0.740

Significance
Fe concentration * *** *** *** *** ** *** *** *** *** NS

Cultivar * *** ** * *** ** *** *** ** ** NS
Fe × Cv NS NS NS *** NS NS *** *** ** *** NS

Different letters within each column’s factor indicate significance at Fisher’s protected LSD test (p = 0.05). NS: not
significant; *, ** and ***: significant at p ≤ 0.05, 0.01 and 0.001, respectively.

3.4. Nitrogen Forms in Lettuce Leaves

The analysis of variance revealed that the supplemental Fe application promoted
the concentration of NH4

+ (+40 and +21%, in Fe1 and Fe2, respectively), whereas it de-
creased the concentration of NO3

− (−20 and −14%, in Fe1 and Fe2, respectively). When
compared to the control plants, the mineral N content was reduced in Fe1 plants (−15%),
while the variable assimilated N was reduced in both Fe1 and Fe2 (−24 and −22%, respec-
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tively) (Table 4). Regarding the genotype effect, the cultivar Nauplus revealed the highest
concentrations of organic N, NO3

−, total N, mineral N, and assimilated N (Table 4).

Figure 1. Fe content in the leaves of lettuce affected by the studied factors.

Table 4. Forms of N of lettuce as affected by the studied factors.

Organic N
(mg g−1 DW)

NH4
+

(mg g−1 DW)
NO3−

(mg g−1 DW)
Total N

(mg g−1 DW)
Mineral N

(mg g−1 DW)
Assimilated N
(mg g−1 DW)

Fe concentration
Fe0 33.4 6.28 c 66.2 a 99.6 72.5 a 27.1 b
Fe1 40.6 8.79 a 52.8 b 93.4 61.6 b 31.8 a
Fe2 40.7 7.62 b 56.9 b 97.6 64.5 ab 33.1 a

Cultivar
‘Nauplus’ 42.2 a 7.48 66.4 a 108.7 a 73.9 a 34.7 a
‘Romana’ 34.3 b 7.65 50.8 b 85.1 b 58.5 b 26.7 b

Fe × Cv
Fe0 ‘Nauplus’ 37.1 7.00 75.2 112.3 82.2 30.1
Fe1 ‘Nauplus’ 44.5 9.13 52.6 97.1 61.8 35.4
Fe2 ‘Nauplus’ 45.2 6.31 71.4 116.6 77.7 38.9
Fe0 ‘Romana’ 29.8 5.55 57.2 87.0 62.7 24.3
Fe1 ‘Romana’ 36.8 8.46 52.9 89.7 61.4 28.3
Fe2 ‘Romana’ 36.2 8.94 42.4 78.6 51.3 27.3

Significance
Fe concentration NS ** * NS * *

Cultivar ** NS *** *** *** **
Fe × Cv NS NS NS NS NS NS

Different letters within each column’s factor indicate significance at Fisher’s protected LSD test (p = 0.05). NS: not
significant; *, ** and ***: significant at p ≤ 0.05, 0.01 and 0.001, respectively.

4. Discussion

The plant biomass reduction and the DM content increase observed in the plants
for our study were also reported by Giordano et al. (2019) [27], when submitting green
and red Salanova cultivars (Lactuca sativa L. var. capitata) to 1 and 2 mM of Fe-EDDHA
in the nutrient solution. The limitation in the growth parameters observed in this and
other studies [47,48], dealing with Fe supplementation, supports the fact that, despite
being essential to the plant, Fe excess produces phytotoxic effects [20]. Moreover, ‘Romana’
showed a higher plant biomass and a higher DM content, when compared to ‘Nauplus’;
this can be attributed to the plant’s genetic diversity [49,50], in fact, the difference in the dry
matter between the typologies used in this study is confirmed by Serio and Elia (2001) [51].
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Flavonoids are a group of healthy phenolic compounds found in lettuce plants [52].
In our work, the increased concentration of flavonoids in Fe1 and Fe2 plants can be
attributed to the plant’s defense mechanism, since this antioxidant plays a key role in
protecting plants against ROS-related damage and in alleviating oxidative stress caused
by Fe excess [53,54]. This protection ability is a result of the strong chelating properties
of flavonoids, capable of forming high-affinity complexes with transition metals, such as
Fe [54]. In addition, this antioxidant compound has received considerable attention for its
wide spectrum of pharmacological properties. The use of flavonoids has been linked to
the prevention of cancer, cardiovascular diseases, gastric and intestinal problems, vascular
fragility, and infections [55]. The fact that our lettuce contains such high concentrations of
flavonoids contributes to its healthy characteristics.

An important subgroup of flavonoids are anthocyanins, a pigment family respon-
sible for the red color found in some lettuce types [56]. In our study, we observed a
gradual increase in the anthocyanin content compatible to the increment described by
Giordano et al. [27], when submitting lettuce plants to 2 mM of Fe. The increased con-
centration of anthocyanins in the presence of Fe could be, also, due its metal chelating
properties, as demonstrated by Sigurdson et al. (2017) [57]. In addition, Giordano et al. [27]
described differences in anthocyanin concentration among cultivars, being the higher val-
ues observed in the red-pigmented cultivar. Similarly, in our study, this parameter was
higher in the cultivar Nauplus, as expected, since this is also a red-pigmented cultivar.
The same authors highlighted a progressive increase in the profile of other important
antioxidants, such as carotenoids. Similarly, we observed a progressive increase in the
carotenoid content in Fe1 and Fe2 plants, probably linked to the high ROS scavenging
ability of this antioxidant [58].

Fe-biofortification studies can also benefit from the presence of Fe absorption promo-
tors. It is well known that ascorbic acid is the most efficient enhancer of Fe absorption,
overcoming the effects of all possible dietary Fe absorption inhibitors [59,60]. Lettuce plants
from our study showed a progressive increase in the ascorbic acid content. Ascorbic acid
is also a key antioxidant, which have probably been promoted as a protection against
Fe excess [61]. Comparing the cultivars, ‘Romana’ AsA concentration peaked at 2 mM,
indicating a more intense stress response. Moreover, the content of the oxidized form of
ascorbate (DHA) in our study, followed the same path as AsA (Table 1). This oxidized form
of vitamin C can be effectively reconverted to AsA in the human body and it is the most
common vitamin C form in supplements and cosmetics [62].

Based on our assays, lettuce plants supplied with Fe1 and Fe2 showed a significantly
higher antioxidant capacity when compared to the control plants (Table 1). This increase
can be the result of the metal stress caused by the high accumulation of Fe within the
plant organs. Similar increases in the antioxidant power of lettuce were observed by
Jibril et al. [63] when plants were subjected to Cd stress.

The increase in the content of all above bioactive compounds suggests, that by enhanc-
ing Fe concentration in the nutrient solution, at 1 and 2 mM, we create a condition of metal
stress in the lettuce, which produce reactive oxygen species (ROS) [25]. In turn, plants
increase the production of non-enzymatic antioxidants such as AsA, phenols, flavonoids,
carotenoids, whose main role is to scavenge or control ROS generation [64].

From a human nutrition perspective, this mechanism favors the production of health-
promoting substances, making Fe biofortification a simple strategy to produce a healthier
lettuce and attend an important consumer’s demand.

As suggested by the biomass reduction, the application of Fe produced a stress re-
sponse in lettuce plants. This fact is confirmed by the increase in stress indicator parameters
such as ROS (O2

−), lipid peroxidation indicators (MDA), or osmoprotector compounds
(proline). Several studies support our results with an increase in these variables in plants
subjected to Fe toxicity [25,65]. The values obtained for these indicators were higher in
‘Romana’, highlighting higher proline values, which is consistent with a higher stress
response and a greater biomass loss.
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Furthermore, plants possess mechanisms to cope with stresses such as those caused
by Fe excess. For instance, enzymatic activities such as APX and CAT and antioxidant
compounds such as AsA that are key for ROS detoxification are enhanced [65,66]. Thus,
several studies observed that adequate Fe fertilization promotes these antioxidant systems
because Fe is an enzyme cofactor acting as a catalyst for electron transfer reactions necessary
for proper antioxidant functioning [66,67]. Likewise, in our study, a clear increase in
antioxidant capacity (antioxidant tests), APX activity, and AsA was observed in biofortified
lettuce plants, although no clear response of CAT and GPX enzyme activities was observed.
Comparing between the two varieties, the higher activity of APX and CAT enzymes of the
‘Nauplus’ cultivar could favor ROS detoxification and would support its higher tolerance
to Fe and lower biomass loss.

The biofortification treatments progressively stimulated the accumulation of other
minerals such as total N, P, K, and S. A similar increase was described by Giordano et al. [27].
The authors noticed that lettuce plants submitted to 2 mM of Fe showed a higher N
(in the form of nitrate) and P content. In contrast, the same authors noticed a progressive
decrease in Ca and Mg contents, when the Fe concentration in the nutritive solution was
enhanced. In our study, as for the Ca and Mg content, the two cultivars showed different
responses when submitted to the different Fe doses. ‘Nauplus’ presented the higher Ca
and Mg concentrations at 1 mM Fe while ‘Romana’ showed the higher increase at 2 mM Fe.
Since this is a Fe-biofortification study, optimizing Fe absorption is a priority, in view that
the Fe doses that do not cause an increase in the Ca content are preferable, because Ca is an
inhibitor of Fe absorption [68]. When comparing both cultivars, the macronutrient contents
(P, K, Ca, Mg, and S) were significantly higher in the cultivar Romana, when compared to
‘Nauplus’. These results could be explained by the higher DM content accumulated in the
former genotype.

The increase in micronutrient content (Mn, Zn, and B) observed in this study is
consistent with the promotion of Mn and Zn in the leaves of African marigolds (Tagetes
erecta) and zonal geraniums (Pelargonium × hortorum) subjected to high levels of Fe in the
nutrient solution (1, 2, 4, and 6 mM) [48]. The genotype responses in our study suggest that
for ‘Romana’, the optimal concentration of Fe in the nutrient solution should not exceed
1 mM, since this concentration allowed for the maximization of the mineral composition of
leaves, mostly in terms of Ca, Mn, and B.

Regarding Fe accumulation, both additional doses of the mineral were able to produce
Fe-biofortified lettuce. ‘Romana’ showed the highest Fe accumulation capacity, when
compared to ‘Nauplus’. This variability in Fe accumulation among cultivars of lettuce is
common [69,70]. In fact, our results are in accordance with Giordano et al. [27], as they
also highlight, in their Fe-biofortification study, a significant difference in the ability to
accumulate Fe among the studied cultivars, being ‘Red-Salanova’, the one with the highest
Fe content.

The highest amount of Fe accumulated in the leaves of ‘Romana’ could also explain its
higher decrease in plant biomass and the higher antioxidant accumulation, when compared
to ‘Nauplus’. This is supported by the fact that concentrations above 500 mg kg−1 DW are
reported as phytotoxic to the plant [71]. In fact, ‘Romana’ exceeded the Fe phytotoxicity
limits in the tissues, in Fe1 and Fe2, meanwhile ‘Nauplus’ did not reach a phytotoxic range,
in either of the treatments. This hypothesis is also supported by the highest proline increase
observed in ‘Romana’, confirming the extreme stress condition of this genotype.

From a nutritional point of view, 100 g of fresh biofortified lettuce (under 1 mM of Fe)
can provide 0.94 mg and 2.98 mg of Fe, ‘Nauplus’ and ‘Romana’, respectively. These
values are comparable to the amount of Fe present in 100 g of prime beef (2.11 mg) and
superior to pork loin and chicken breasts (0.68 and 0.62, respectively) [72]. Leaving aside
considerations about the bioaccessibility of the element, these data support the hypothesis
that Fe-biofortified lettuce can significantly contribute to increase the Fe concentration in
the diet, facilitating Fe intake by humans and helping to fight the hidden hunger crisis.
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N is a key element in plant growth and plays an important role in plant metabolism.
The increase in the organic and assimilated N showed by the plants treated with 1 and
2 mM of Fe, is consistent with the increase in DM, as also observed by Giordano et al. [27].

In the context of human health, NO3
− excess is a threat and its consumption should

be minimized, because when it encounters the saliva and bacteria in the gastrointestinal
tract, NO3

− is partially converted to nitrite. Nitrite is associated with diseases such
as infantile methemoglobinemia and carcinogenesis [73]. Efforts to reduce NO3

− can
involve different fertilization practices, as the use of organic fertilizers [74]. The European
Commission [75] has set the maximum nitrate content allowed for the commercialization
of fresh lettuce (grown in winter, under cover) as 5000 mg kg−1 FW. Both cultivars in this
study presented NO3

− levels within the limit, showing the ‘Romana’ cultivar to have the
lowest NO3

− content. In addition, the treated plants (Fe1 and Fe2) showed a reduction in
NO3

− concentration, suggesting that Fe supplementation increases the quality of lettuce,
by improving an important food safety parameter. A similar effect was verified when
the concentration of another metal mineral (Zn) was increased in the nutrient solution of
lettuce, as Barrameda-Medina et al. [76] found a decrease in the NO3

− presence.

5. Conclusions

Our findings indicate that Fe-biofortification of greenhouse-grown soilless lettuce is an
effective tool to promote the dietary intake of Fe. We demonstrated that adding 1 mM of Fe
(as Fe-HBED) in the nutrient solution not only increased the Fe content in leaves, but also
stimulated the plant to produce and accumulate higher concentrations of health-promoting
compounds, thus adding a possible market value to the product. Regarding the studied
genotypes, ‘Romana’ showed higher concentrations of dry matter, Fe, minerals (N, P, K,
Mn, and Zn), and a higher antioxidant power. However, high doses of Fe induced plants
to stress, and from an agronomic perspective, the Nauplus genotype proved a higher
tolerance to Fe exposure, showing the lowest biomass loss. Moreover, biofortification in
soilless systems, through the management of the nutrient solution, proved to be simple
and effective and should be further investigated. In this sense, studies aiming to mitigate
the effects of metal stress on plants and the use of different molecules and concentrations
are recommended to optimize the efficiency of lettuce biofortification.

Author Contributions: Conceptualization, F.G., C.L., B.B. and R.P.M.; methodology, F.G., R.P.M.,
C.V.B. and L.S.; software, C.V.B., L.S. and R.P.M.; validation, F.G., C.V.B., L.S. and R.P.M.; formal
analysis, C.V.B. and R.P.M.; investigation, C.V.B. and R.P.M.; data curation, L.S. and R.P.M.; writing—
original draft preparation, C.V.B. and E.N.-L.; writing—review and editing, F.G., B.B., L.S. and R.P.M.;
visualization, F.G., B.B. and R.P.M.; supervision, F.G. and C.L.; project administration, F.G. and C.L.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zoroddu, M.A.; Aaseth, J.; Crisponi, G.; Medici, S.; Peana, M.; Nurchi, V.M. The essential metals for humans: A brief overview.

J. Inorg. Biochem. 2019, 195, 120–129. [CrossRef] [PubMed]
2. Haschka, D.; Hoffmann, A.; Weiss, G. Iron in immune cell function and host defense. Semin. Cell Dev. Biol. 2021, 115, 27–36.

[CrossRef] [PubMed]
3. Camaschella, C. New insights into iron deficiency and iron deficiency anemia. Blood Rev. 2017, 31, 225–233. [CrossRef] [PubMed]
4. Wishart, K. Increased Micronutrient Requirements during Physiologically Demanding Situations: Review of the Current Evidence.

Vitam. Miner. 2017, 6, 166. [CrossRef]
5. de Valença, A.W.; Bake, A.; Brouwer, I.D.; Giller, K.E. Agronomic biofortification of crops to fight hidden hunger in sub-Saharan

Africa. Glob. Food Secur. 2017, 12, 8–14. [CrossRef]
6. Lillford, P.; Hermansson, A.-M. Global missions and the critical needs of food science and technology. Trends Food Sci. Technol.

2021, 111, 800–811. [CrossRef]

http://doi.org/10.1016/j.jinorgbio.2019.03.013
http://www.ncbi.nlm.nih.gov/pubmed/30939379
http://doi.org/10.1016/j.semcdb.2020.12.005
http://www.ncbi.nlm.nih.gov/pubmed/33386235
http://doi.org/10.1016/j.blre.2017.02.004
http://www.ncbi.nlm.nih.gov/pubmed/28216263
http://doi.org/10.4172/2376-1318.1000166
http://doi.org/10.1016/j.gfs.2016.12.001
http://doi.org/10.1016/j.tifs.2020.04.009


Agronomy 2022, 12, 1793 14 of 16

7. Biesalski, H.K. Sustainable Micronutrients in Europe: Is There Cause for Concern? In Sustainable Nutrition in a Changing World;
Springer International Publishing: Cham, Switzerland, 2017; pp. 143–166. ISBN 9783319559421.

8. Poelman, M.; Strak, M.; Schmitz, O.; Hoek, G.; Karssenberg, D.; Helbich, M.; Ntarladima, A.-M.; Bots, M.; Brunekreef, B.;
Grobbee, R.; et al. Relations between the residential fast-food environment and the individual risk of cardiovascular diseases in
The Netherlands: A nationwide follow-up study. Eur. J. Prev. Cardiol. 2018, 25, 1397–1405. [CrossRef]

9. Pasricha, S.R.; Tye-Din, J.; Muckenthaler, M.U.; Swinkels, D.W. Iron deficiency. Lancet 2021, 397, 233–248. [CrossRef]
10. Cappellini, M.D.; Musallam, K.M.; Taher, A.T. Iron deficiency anaemia revisited. J. Intern. Med. 2020, 287, 153–170. [CrossRef]
11. Olson, R.; Gavin-Smith, B.; Ferraboschi, C.; Kraemer, K. Food Fortification: The Advantages, Disadvantages and Lessons from

Sight and Life Programs. Nutrients 2021, 13, 1118. [CrossRef]
12. Mazzoni, L.; Ariza Fernández, M.T.; Capocasa, F. Potential health benefits of fruits and vegetables. Appl. Sci. 2021, 11, 8951.

[CrossRef]
13. Mauro, R.P.; Agnello, M.; Rizzo, V.; Graziani, G.; Fogliano, V.; Leonardi, C.; Giuffrida, F. Recovery of eggplant field waste as a

source of phytochemicals. Sci. Hortic. 2020, 261, 109023. [CrossRef]
14. Sabatino, L.; La Bella, S.; Ntatsi, G.; Iapichino, G.; D’Anna, F.; De Pasquale, C.; Consentino, B.B.; Rouphael, Y. Selenium

biofortification and grafting modulate plant performance and functional features of cherry tomato grown in a soilless system.
Sci. Hortic. 2021, 285, 110095. [CrossRef]

15. Ierna, A.; Pellegrino, A.; Mauro, R.P.; Leonardi, C. Micronutrient foliar fertilization for the biofortification of raw and minimally
processed early potatoes. Agronomy 2020, 10, 1744. [CrossRef]

16. Sabatino, L.; Di Gaudio, F.; Consentino, B.B.; Rouphael, Y.; El-Nakhel, C.; La Bella, S.; Vasto, S.; Mauro, R.P.; D’Anna, F.;
Iapichino, G.; et al. Iodine biofortification counters micronutrient deficiency and improve functional quality of open field grown
curly endive. Horticulture 2021, 7, 58. [CrossRef]

17. Rouphael, Y.; Kyriacou, M.C. Enhancing quality of fresh vegetables through salinity eustress and biofortification applications
facilitated by soilless cultivation. Front. Plant Sci. 2018, 9, 1254. [CrossRef]

18. Savvas, D.; Gruda, N. Application of soilless culture technologies in the modern greenhouse industry—A review. Eur. J. Hortic. Sci.
2018, 83, 280–293. [CrossRef]

19. Sambo, P.; Nicoletto, C.; Giro, A.; Pii, Y.; Valentinuzzi, F.; Mimmo, T.; Lugli, P.; Orzes, G.; Mazzetto, F.; Astolfi, S.; et al. Hydroponic
Solutions for Soilless Production Systems: Issues and Opportunities in a Smart Agriculture Perspective. Front. Plant Sci. 2019, 10, 923.
[CrossRef]

20. Buturi, C.V.; Mauro, R.P.; Fogliano, V.; Leonardi, C.; Giuffrida, F. Mineral biofortification of vegetables as a tool to improve human
diet. Foods 2021, 10, 223. [CrossRef]

21. Jones, J.D. Iron Availability and Management Considerations: A 4R Approach. Crops Soils 2020, 53, 32–37. [CrossRef]
22. Kobayashi, T.; Nozoye, T.; Nishizawa, N.K. Iron transport and its regulation in plants. Free Radic. Biol. Med. 2019, 133, 11–20.

[CrossRef]
23. Martens, D.C.; Westermann, D.T. Fertilizer Applications for Correcting Micronutrient Deficiencies. In Micronutrients in Agriculture;

Soil Science Society of America: Madison, WI, USA, 2018; pp. 549–592.
24. Carrasco-Gil, S.; Rios, J.J.; Álvarez-Fernández, A.; Abadía, A.; García-Mina, J.M.; Abadía, J. Effects of individual and combined

metal foliar fertilisers on iron- and manganese-deficient Solanum lycopersicum plants. Plant Soil 2016, 402, 27–45. [CrossRef]
25. Zahra, N.; Hafeez, M.B.; Shaukat, K.; Wahid, A.; Hasanuzzaman, M. Fe toxicity in plants: Impacts and remediation. Physiol. Plant.

2021, 173, 201–222. [CrossRef]
26. de Souza, A.S.N.; de Oliveira Schmidt, H.; Pagno, C.; Rodrigues, E.; da Silva, M.A.S.; Flôres, S.H.; de Oliveira Rios, A. Influence

of cultivar and season on carotenoids and phenolic compounds from red lettuce influence of cultivar and season on lettuce.
Int. Food Res. J. 2022, 155, 111110. [CrossRef]

27. Giordano, M.; El-Nakhel, C.; Pannico, A.; Kyriacou, M.C.; Stazi, S.R.; De Pascale, S.; Rouphael, Y. Iron biofortification of red
and green pigmented lettuce in closed soilless cultivation impacts crop performance and modulates mineral and bioactive
composition. Agronomy 2019, 9, 290. [CrossRef]

28. Shatilov, M.V.; Razin, A.F.; Ivanova, M.I. Analysis of the world lettuce market. IOP Conf. Ser. Earth Environ. Sci. 2019, 395, 012053.
[CrossRef]

29. Vargas-Arcila, M.; Cartagena-Valenzuela, J.R.; Franco, G.; Correa-Londoño, G.A.; Quintero-Vásquez, L.M.; Gaviria-Montoya,
C.A. Changes in the physico-chemical properties of four lettuce (Lactuca sativa L.) varieties during storage. Corpoica Cienc. Tecnol.
Agropecu. 2017, 18, 257–273. [CrossRef]

30. Mauro, R.P.; Agnello, M.; Distefano, M.; Sabatino, L.; Primo, A.S.B.; Leonardi, C.; Giuffrida, F. Chlorophyll fluorescence,
photosynthesis and growth of tomato plants as affected by long-term oxygen root zone deprivation and grafting. Agronomy 2020,
10, 137. [CrossRef]

31. Giuffrida, F.; Agnello, M.; Mauro, R.P.; Ferrante, A.; Leonardi, C. Cultivation under salt stress conditions influences postharvest
quality and glucosinolates content of fresh-cut cauliflower. Sci. Hortic. 2018, 236, 166–174. [CrossRef]

32. Lichtenthaler, H.K.; Wellburn, A.R. Chlorophyll and Carotenoid Determination. Biochem. Soc. Trans. 1983, 11, 591–592. [CrossRef]
33. Rivero, R.M.; Ruiz, J.M.; García, P.C.; López-Lefebre, L.R.; Sánchez, E.; Romero, L. Resistance to cold and heat stress: Accumulation

of phenolic compounds in tomato and watermelon plants. Plant Sci. 2001, 160, 315–321. [CrossRef]

http://doi.org/10.1177/2047487318769458
http://doi.org/10.1016/S0140-6736(20)32594-0
http://doi.org/10.1111/joim.13004
http://doi.org/10.3390/nu13041118
http://doi.org/10.3390/app11198951
http://doi.org/10.1016/j.scienta.2019.109023
http://doi.org/10.1016/j.scienta.2021.110095
http://doi.org/10.3390/agronomy10111744
http://doi.org/10.3390/horticulturae7030058
http://doi.org/10.3389/fpls.2018.01254
http://doi.org/10.17660/eJHS.2018/83.5.2
http://doi.org/10.3389/fpls.2019.00923
http://doi.org/10.3390/foods10020223
http://doi.org/10.1002/crso.20019
http://doi.org/10.1016/j.freeradbiomed.2018.10.439
http://doi.org/10.1007/s11104-015-2759-z
http://doi.org/10.1111/ppl.13361
http://doi.org/10.1016/j.foodres.2022.111110
http://doi.org/10.3390/agronomy9060290
http://doi.org/10.1088/1755-1315/395/1/012053
http://doi.org/10.21930/rcta.vol18_num2_art:632
http://doi.org/10.3390/agronomy10010137
http://doi.org/10.1016/j.scienta.2018.03.049
http://doi.org/10.1042/bst0110591
http://doi.org/10.1016/S0168-9452(00)00395-2


Agronomy 2022, 12, 1793 15 of 16

34. Giusti, M.M.; Wrolstad, R.E. Characterization and Measurement of Anthocyanins by UV-Visible Spectroscopy. Curr. Protoc. Food
Anal. Chem. 2001, 1, 1–13. [CrossRef]

35. Law, M.Y.; Charles, S.A.; Halliwell, B. Glutathione and ascorbic acid in spinach (Spinacia oleracea) chloroplasts. The effect of
hydrogen peroxide and of Paraquat. Biochem. J. 1983, 210, 899–903. [CrossRef] [PubMed]

36. Benzie, I.F.F.; Strain, J.J. Ferric reducing/antioxidant power assay: Direct measure of total antioxidant activity of biological
fluids and modified version for simultaneous measurement of total antioxidant power and ascorbic acid concentration. Methods
Enzymol. 1999, 299, 15–27. [CrossRef]

37. Cai, Y.; Luo, Q.; Sun, M.; Corke, H. Antioxidant activity and phenolic compounds of 112 traditional Chinese medicinal plants
associated with anticancer. Life Sci. 2004, 74, 2157–2184. [CrossRef]
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54. Kejík, Z.; Kaplánek, R.; Masařík, M.; Babula, P.; Matkowski, A.; Filipenský, P.; Veselá, K.; Gburek, J.; Sýkora, D.; Martásek, P.; et al.
Iron complexes of flavonoids-antioxidant capacity and beyond. Int. J. Mol. Sci. 2021, 22, 646. [CrossRef]

55. Yao, L.H.; Jiang, Y.M.; Shi, J.; Tomás-Barberán, F.A.; Datta, N.; Singanusong, R.; Chen, S.S. Flavonoids in food and their health
benefits. Plant Foods Hum. Nutr. 2004, 59, 113–122. [CrossRef]

56. Assefa, A.D.; Hur, O.-S.; Hahn, B.-S.; Kim, B.; Ro, N.-Y.; Rhee, J.-H. Nutritional metabolites of red pigmented lettuce (Lactuca
sativa) germplasm and correlations with selected phenotypic characters. Foods 2021, 10, 2504. [CrossRef]

57. Sigurdson, G.T.; Robbins, R.J.; Collins, T.M.; Giusti, M.M. Spectral and colorimetric characteristics of metal chelates of acylated
cyanidin derivatives. Food Chem. 2017, 222, 1088–1095. [CrossRef]

58. Shen, Y.; Li, J.; Gu, R.; Yue, L.; Wang, H.; Zhan, X.; Xing, B. Carotenoid and superoxide dismutase are the most effective antioxidants
participating in ROS scavenging in phenanthrene accumulated wheat leaf. Chemosphere 2018, 197, 513–525. [CrossRef]

59. Ems, T.; Lucia, K.S.; Huecker, M.R. Biochemistry, Iron Absorption; StatPearls Publishing LLC: Treasure Island, FL, USA, 2022; pp. 1–3.
60. Abbaspour, N.; Hurrell, R.; Kelishadi, R. Review on iron and its importance for human health. J. Res. Med. Sci. 2014, 19, 164–174.
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