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Abstract: Iron (Fe) biofortification is a strategy to increase the amount of iron in food crops. The
goal of this work was to assess the possibility of maximizing the Fe content in cherry tomatoes
grown in a soilless system. The cultivar Creativo was grown with three concentrations of Fe (as
Fe-HBED) in the nutrient solution (0.022, 1, and 2 mmol L), and received further foliar applica-
tions of the element (as Fe-DTPA) at 0, 250, and 500 pmol L. The addition of 2 mmol Fe L to the
nutrient solution, together with foliar sprays at 500 umol Fe L7, induced the highest increase in
fruit Fe concentration in clusters 1 and 2 (by 163% and 190%, respectively). The Fe added to the
nutrient solution increased the fruit dry matter (up to +10.21%) but decreased the fruit’s fresh
weight (up to —11.06%). The higher Fe concentrations provided to the crop synergistically increased
the contents of other minerals (i.e., K, Mg, Na, and Zn), along with the fruit’s titratable acidity and
soluble solids content, improving multiple functional and quality traits of the cherry tomatoes.
These results show that Fe biofortification of cherry tomatoes can be effective to address Fe defi-
ciency while obtaining high-quality products.
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1. Introduction

Iron (Fe) deficiency affects approximately two billion people worldwide, i.e., around
25% of the global population [1,2]. This mineral is responsible for a variety of metabolic
processes, such as DNA synthesis and electron transport [3]. The recommended daily
allowance (RDA) for Fe is from 8 to 18 mg day~' [4]. When the body does not receive an
adequate amount of Fe it cannot produce enough of the substances responsible for the
transportation of oxygen, leading to a series of complications and diseases such as ane-
mia [5]. The groups at greatest risk of Fe deficiency include women, infants, vegetarians,
and frequent blood donors [6]. In this framework, biofortification is a promising strategy
that allows the delivery of plant foods enriched with one or more nutrients, helping to
fight the deficiencies associated with inadequate diets [7]. Vegetables represent healthy
food products that are a natural source of vitamins, minerals, and fibers [8,9], and are
therefore good candidates for biofortification programs. Through biofortification, vege-
tables can be nutritionally improved through simple agronomic expedients, such as tar-
geted fertilization, helping to respond to the specific dietary needs of consumers [10].

Greenhouse cultivation enables the effective control of the environmental conditions
influencing the quality of vegetables, such as air temperature, light, and vapor-pressure
deficit [11]. Moreover, soilless cultivation systems facilitate the precise control of plant
nutrition, allowing improvement of the yield and composition of many vegetables, in-
cluding their concentrations of minerals and secondary metabolites [12]. In soilless sys-
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tems, biofortification can be achieved by adding micronutrients to the nutrient solution
and/or spraying the leaves of plants with suitable fertilizing solutions [13]. When Fe fer-
tilization is concerned, the advantages of soilless systems stem from the poor interaction
between the micronutrient and the growing medium, so that the limited mobility of Fe
can be managed [14].

The tomato (Solanum lycopersicum L.) is the main fruit vegetable in the Mediterra-
nean region, highly appreciated for its functional quality and versatility, which enable it
to be consumed either fresh or as a processed product in soups, juices, or sauces [15,16].
Being a pillar of a healthy diet, this product could be effectively used to foster the intake
of many important nutraceuticals, including minerals, provided that suitable agronomic
protocols are developed and made available at the farm level [13]. To this end, the ap-
plication of fertilizers in nutrient solution or as foliar sprays can affect the yield and
product quality of many crops, including tomatoes [1,17].

Iron is one of the essential elements for normal plant growth and health, since it
participates in a wide range of biochemical and physiological functions. For example, it is
involved in the synthesis of chlorophyll and is part of many essential enzymes of the
electron transport chain [18]. The link between Fe and other minerals is complex and
depends on many factors, such as plant species, chemical form, and concentration ap-
plied, but it has been demonstrated that Fe can interact with phosphates, Zn, Cu, and Mn
[19].

When using Fe fertilizers, attention should be paid to the concentration and chemi-
cal form, because of the high potential toxicity of this mineral when excessively present in
the crops [20]. At concentrations higher than 500 mg kg dry matter, Fe may cause
damage related to the formation of reactive oxygen species (ROS), in addition to im-
pairing DNA, cellular structures, and proteins [18]. Consequently, few studies have been
conducted with the goal of enhancing the Fe concentrations in vegetables, so there are
insufficient operational indications for the biofortification of important vegetables for
human nutrition, as in the case of tomatoes [19-22]. For these reasons, the goal of this
research was to fine-tune an agronomic protocol of Fe biofortification for cherry tomatoes
grown in a soilless system. To maximize the Fe accumulation in tomato fruits, we studied
the effects of the application of different concentrations of Fe chelate in the nutrient so-
lution and in combination with foliar applications, and evaluated the subsequent effects
on mineral composition, yield, and quality traits of the fruits of the tomato cultivar Cre-
ativo.

2. Materials and Methods
2.1. Experimental Site and Plant Material

The study was conducted from February to May 2021, in the greenhouse of the
University of Catania (Sicily, Italy: 37°24'31.5” N, 15°03'32.8” E, 6 m a.s.l.). The climate is
semi-arid Mediterranean, with dry, warm summers and mild winters. The cold green-
house used has an area of 810 m?, and has adjustable windows along the sides and on the
roof, along with a steel tubular structure covered with polycarbonate slabs.

Cherry tomato plants of the cultivar “Creativo” were transplanted on 1 February
2021 at the stage of four true leaves. The cultivation system adopted was open and soil-
less, where plants were grown in 5 L plastic pots (19 cm width, 20 cm height), and perlite
was used as the growing medium (particle size 2-6 mm). Plantlets were selected for
healthy appearance and uniform size before transplanting. Pots were positioned in sim-
ple rows, in a 0.30 x 1.00 m rectangular format (center-to-center), with 1 plant per pot
(3.33 plants m2). Plants were grown as a single stem up to the 5th cluster, while clusters
were pruned to 12 fruits. Each net experimental unit contained 8 plants (Figure 1A-C).
During the experiment, the crop was fertigated with a nutrient solution with the follow-
ing composition: 8.0 mM N-NOs-, 1.5 mM S, 1.0 mM P, 3.0 mM K, 3.0 mM Ca, 1.0 mM
Mg, 1.0 mM NHg, 22 uM Fe, 9 uM Mn, 2 uM Cu, 4 uM Zn, 9 uM B, and 1 uM Mo, with
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pH 6.0 £ 0.2 and an electrical conductivity (EC) of 2600 puS cm™ [23]. A leaching fraction of
~35% was used to mitigate root-zone salinization [24].

A split-plot experimental design with three replicates was adopted. On the main
plots, the applied treatments consisted of three concentrations of Fe chelate added to the
nutrient solution—0 (only the standard nutrient solution, equal to 0.022 mmol Fe L), 1,
and 2 mmol Fe L (hereafter referred to as RO, R1, and R2, respectively)—in the form of
Fe-HBED (N,N’-Bis(2-hydroxybenzyl)ethylenediamine-N,N’-diacetic acid). In the
sub-plots, we carried out five applications of three concentrations of Fe chelate with foliar
spray solution—0, 250, and 500 pmol Fe L (hereafter referred to as L0, L250, and L500,
respectively) —in the form of Fe-DTPA (diethylenetriaminepentaacetic acid). Foliar
treatments were applied on 18 March, 30 March, 13 April, 20 April, and 27 April, around
the flowering stage of each cluster. From 27 April to 11 May, tomatoes belonging to the
1st and 2nd clusters were harvested by hand and subsequently transported to the labor-
atory. All qualitative determinations were performed on the 2nd cluster, whereas the
amount of Fe was measured in both clusters, to check the consistency of the mineral ac-
cumulation in the tomato fruits. Once in the laboratory, the fruits were analyzed,
flash-frozen with liquid nitrogen, and stored in a freezer at —80 °C for further analytical
determinations. Overall, 432 clusters were collected (2 clusters x 3 root concentrations x 3
leaf concentrations x 3 replicates x 8 plants).
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Figure 1. Different phases of the crop cycle during the experiments: (A) plant 7 days after trans-
planting; (B) flowering of the 1st cluster; (C) 1st cluster almost ready for harvest; (D) leaf showing
dark spots ~72 days after transplanting.



Horticulturae 2022, 8, 858

4 of 13

2.2. Carpometric Determinations

The following measurements were carried out on each sample: Fruit fresh weight
(FW) was assessed gravimetrically on 8 fruits per plot detached from their rachis and
selected for their uniform appearance and absence of defects. Firmness was measured
using a digital texture analyzer (model TA-XT2, Stable Micro Systems, Godalming, UK)
as described by Distefano et al. [25]. The fruit dry matter (DM) content was calculated by
drying fruits in a thermoventilated oven at 70 °C until constant weight. The chromatic
coordinates of the fruit were determined as described by McGuire [26] on the equatorial
axis of 12 fruits per plot, using a tristimulus Minolta Chroma Meter (model CR-200, Mi-
nolta Corp., Ramsey, NJ, USA) calibrated with a standard white tile (UE certificated) with
illuminant D65/10°. Fruit color was expressed as L*, a*, b*, (a*/b*)2 and Chroma ((a*? +
b*2)112). Approximately 50 g of cherry tomatoes was homogenized using a home blender
(La Moulinette, Groupe SEB, Ecully, France) and centrifuged for 15 min at 5000 rpm
(model 4235A, ALC centrifuge, Milan, Italy); the samples were then immediately ana-
lyzed for soluble solids content and titratable acidity. Soluble solids content (SSC) was
measured using a refractometer (model Abbe 16531, Carl Zeiss, Oberkochen, Germany),
and the results were expressed as °Brix. Titratable acidity (TA) was measured by titrating
an aliquot of the juice sample with 0.1 M NaOH up to pH 8.1.

2.3. Biochemical Analyses

For the biochemical analyses, frozen samples from the 2nd cluster were lyophilized
in a freeze-dryer (model Alpha 14 LD plus, Martin Christ, Osterode am Harz, Germany)
and ground using liquid nitrogen. All further analyses were performed using plastic
cuvettes, and readings were carried out using a UV-Visible spectrophotometer (model
7310, Jeanway, Stone, Staffordshire, UK).

2.3.1. Total Carotenoids Concentration

Determination of total carotenoids in fruits was conducted as described by
Lichtenthaler and Wellburn [27], with some modifications. For the extraction, 50 mg of
lyophilized tomato powder was mixed with 5 mL of ethanol (96%) and vortexed for 1
min; the samples were then left overnight in the dark at 10 °C. After that, samples were
sonicated for 10 min in an ultrasonic bath (below 10 °C) and centrifuged for 10 min (5000
g at 6 °C). The samples were read in 1.5 mL plastic cuvettes, using 96% ethanol as the
blank. Readings were performed at wavelengths of 470, 649, and 665 nm, and the ab-
sorbance values were applied in the following equations:

Ca=13.95 x A665 — 6.88 x A649
Cb = 24.96 x A649 - 7.32 x A665
Cx+c = (1000 x A470 —2.05 x Ca — 114.8 x Cb)/245

where Ca stands for chlorophyll A, Cb for chlorophyll B, and Cx+c for total carotenoids
(including xanthophylls).

2.3.2. Total Phenolic Content

Total phenolic content (TPC) was quantified through the Folin-Ciocalteu method.
To this end, 100 mg of lyophilized tomato powder was mixed with 5 mL of methanol
(80%) and vortexed for 1 min. Samples were then submitted to 10 min in an ultrasonic
bath (below 10 °C) and centrifuged for 15 min at 4000 g and 6 °C. The supernatant was
withdrawn, and the extraction process was repeated 3 times. The extracts were combined
and diluted to 20 mL using methanol (80%). For the reaction, 200 pL of extract solution
was mixed with Folin—Ciocalteu reagent (1000 uL at 10% concentration) and left to react
for 2 min at room temperature. Next, 800 uL of sodium carbonate (0.7 M) was added to
stop the reaction, and then the solution was mixed and placed in the dark at room tem-
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perature for 60 min. Samples were read at 760 nm, and TPC values were obtained from a
standard curve prepared by plotting the change in absorbance against different concen-
trations of gallic acid.

2.3.3. DPPH Assay

The DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging activity of tomato
extracts was determined via the procedure reported by Brand-Williams et al. [28]. First,
100 mg of lyophilized tomato powder was mixed with 5 mL of methanol (80%) and vor-
texed for 1 min. Samples were then submitted to 10 min in an ultrasonic bath (below 10
°C) and centrifuged for 15 min at 4000 g and 6 °C. For the reaction, 150 pL of supernatant
was mixed with 1350 pL of recently prepared DPPH solution (150 umol), and then the
samples were vigorously agitated and placed in the dark for 30 min. The decrease in the
absorbance of the methanolic solution of DPPH was read at 515 nm, and DPPH was
calculated from a standard curve prepared by plotting the change in absorbance against
different Trolox concentrations.

2.3.4. FRAP Assay

The ferric-reducing antioxidant power (FRAP) assay of extracts was performed as
described by Benzie and Strain [29]. For the extraction, 200 mg of lyophilized tomato
powder was mixed with 10 mL of methanol (100%), vortexed for 1 min, and placed in the
dark for 30 min. After that, the samples were centrifuged for 10 min at 4500 g and 6 °C.
Preparation of the FRAP reagent consisted of 10 mL of acetate buffer (300 mmol, pH 3.1)
mixed with 1 mL of TPTZ (2,4,6-Tris(2-pyridyl)-s-triazine) solution (10 mmol in 40 mmol
HCI) and 1 mL of ferric chloride (20 mmol). For the reaction, 150 pL of supernatant was
mixed with 300 uL of ultrapure water, vortexed, and added to 3 mL of FRAP reagent.
Samples were placed in the dark at 20 °C for 10 min. The FRAP assay, based on the re-
duction of Fe(Ill) by the sample extract, was conducted following the shift in absorbance
at 593 nm upon the formation of the blue compound Fe(ll)-tripyridyltriazine from col-
orless oxidized Fe(Ill), in the presence of a particular sample concentration. FRAP was
calculated from a standard curve prepared by plotting the change in absorbance against
different Trolox concentrations.

2.4. Determination of Nitrogen and Mineral Contents

For nitrogen (N) determination, sulfuric digestion with catalyst salts in a digesting
block was employed, and distillation was performed in a N distillation unit (model
TE-0363, Tecnal, San Juan, PR) according to the Kjeldahl method. Total phosphorus (P)
determination was performed using the colorimetric method [30] through spectropho-
tometry (model DR 2010, Hach, Loveland, Colorado, USA). For the determination of the
other minerals, nitric perchloric acid digestion was used [30]. Firstly, a pre-digestion of
500 mg of sample was performed with 5 mL of nitric perchloric acid for about 16 h, and
then tubes were placed in a digesting block and the temperature was gradually raised (50
°C hour™) to 180 °C and maintained for about 4 h. When the samples had cooled down,
the extracts were filtered with filter paper discs, and the volume was adjusted to 50 mL
with ultrapure water. The extract was used for the determination of minerals, including
macronutrients (i.e., K, Ca, Mg, and Na) and micronutrients (i.e., Fe, Cu, Zn, Mn, Cd, Cr,
and Pb); analyses were performed using an atomic absorption spectrometer (AAS)
(model AA-6300, Shimadzu, Kyoto, Japan).

Determination of Leaf Fe Content

After 72 days of cultivation, the leaves of cherry tomato plants started to show dark
spots (Figure 1D). In order to assess the Fe content at that time, leaves covering the third
cluster of plants submitted to the different treatments were harvested, dried, and ana-
lyzed to determine their Fe content, following the procedure described above.
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2.5. Statistical Procedures

The collected data were subjected to a two-way analysis of variance (ANOVA) for
split plots, according to the experimental layout used in the greenhouse. Means were
compared using Fisher’s protected least significant difference (LSD) test (p < 0.05). The
calculations were carried out on Excel version 2016 (Microsoft Corporation, Redmond,
WA) and Minitab (version 16.1.1, Minitab Inc., State College, PA, USA).

3. Results
3.1. Yield and Carpometric Traits

As shown in Table 1, when compared to the control, the yield and average FW of
cherry tomatoes treated with Fe (by the roots) decreased (10 and 13%, for the average of
R1 and R2, respectively). However, their DM content at R2 increased significantly
(+10.2%) compared to the control. In addition, a significant increase in SSC (+7.7% and
+11.8%) was observed in R1 and R2 plants, while TA (+20.5%) was promoted by the R2
treatment. Similarly, fruit firmness was increased in the R2 treatment (+9.3%) compared
to the control. Regarding the fruit’s chromatic coordinates, only the variable L* showed a
reduction in R2 plants, whereas the other chromatic variables showed no significant dif-
ferences between treatments (Table 2). For the plants receiving Fe through leaf spraying,
none of the carpometric variables showed significant differences.

Table 1. Effects of Fe application on the yield and carpometric parameters of cherry tomato fruits.

Yield Average Fruit Dry Matter Content Soluble Solids Titratable Acidity Firmness (N)
(g Plant™) Weight (g) (%) (Brix°) (gL
Fe Nutrient Solution
RO 1067 £ 41 a 148+1.0a 9.69+0.6 b 8.56+0.4b 6.35+0.5b 8.87+0.7b
R1 981+86Db 132+1.1b 10.24 +0.5 ab 9.22+0.6 a 6.78+0.6b 9.37+0.5 ab
R2 932+65b 126+1.1b 10.69+09 a 9.57+09 a 7.65+09a 9.70+0.5a
F_test * 4% *% 3% *3% *
Fe Leaf Spray
L0 958 +79 13.2+1.2 10.35+0.6 9.30+£0.6 7.01+09 9.22+0.7
L250 999 + 100 13.3+1.8 10.32+1.0 9.27+1.0 710+ 1.0 9.28 0.7
L500 1024 £ 72 14.1+1.0 9.95+0.6 8.78+0.4 6.67 +0.7 9.45+0.7
F-test NS NS NS NS NS NS
Interaction NS NS NS NS NS NS
Different letters indicate significance according to Fisher’s protected LSD test (p = 0.05); *, **, and
***: significance of p <0.05, 0.01, and 0.001, respectively. NS: not significant; + indicates the standard
deviation.
Table 2. Effects of Fe application on the chromatic coordinates of cherry tomato fruits.
L* a* b* (a*/b*)2 Chroma
Fe Nutrient Solution
RO 42.14+08 a 17.52+1.2 2471 +0.6 0.49+0.1 30.30+ 1.0
R1 41.87£0.9 ab 16.89+1.4 2437 + 0.6 0.50+0.1 29.67 £ 0.8
R2 41.30+0.5b 1743 +1.5 23.84+0.9 0.54+0.1 29.56 +1.2
F-test * NS NS NS NS
Fe Leaf Spray
L0 42.01+0.3 17.67 £1.1 2446 +0.9 0.54+0.1 30.01+1.1
L250 41.88+0.2 1724+ 1.6 2424 +0.3 0.50 £ 0.1 29.95+0.8
L500 4143+0.3 16.93 £1.5 2422 +1.0 0.49+0.1 2957 +1.2
F-test NS NS NS NS NS
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Interaction NS NS NS NS NS
Different letters indicate significance according to Fisher’s protected LSD test (p = 0.05); *: signifi-
cance of p <0.05. NS: not significant; + indicates the standard deviation.

3.2. Biochemical Variables
Cherry tomato fruits from the second cluster showed no significant differences in
the total carotenoids and total phenolic contents between the compared treatments. The
same was observed for the antioxidants DPPH and FRAP (Table 3).
Table 3. Effects of Fe application on the biochemical traits of cherry tomato fruits.
TPC FRAP DPPH Total Carotenoids
(GA pmol 100 g FW)  (TE umol 100 g FW)  (TE pmol 100 g FW) (ug 100 g FW)
Fe Nutrient Solution
RO 670 + 58 247 +18 266 +17 1534 + 174
R1 665 + 70 235+19 251 +24 1686 + 160
R2 673 £+ 36 232+ 19 246 + 24 1587 + 109
F-test NS NS NS NS
Fe Leaf Spray
LO 670 £ 36 233+ 16 256 + 20 1576 + 111
L250 653 + 61 243 +16 259 + 24 1604 + 189
L500 684 + 63 238 +£25 248 + 25 1628 + 178
F-test NS NS NS NS
Interaction NS NS NS NS

NS: not significant; + indicates the standard deviation.

3.3. Nutrient Concentrations

The Fe content in fruits from the 1st and 2nd clusters treated with Fe in the nutrient
solution showed a significant increase when compared to the controls. In this sense, the
Fe content increased proportionally with the increase in the Fe concentration in the nu-
trient solution, being higher at R2 (Figure 2). As for the leaf spraying treatment, L500
plants showed significant increases in the Fe content of their fruits. In addition, the Fe
content of both clusters showed a significant “nutrient solution x leaf spray” interaction.
As shown in Figure 2, the R2-L500 plants showed the highest Fe increase (+163%) in
cluster 1, when compared to the control plants (Figure 2A). This effect was confirmed by
the results obtained from the 2nd cluster, where the highest Fe increase was also pro-
duced by the R2-L500 plants (+190%) (Figure 2B).
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Figure 2. Iron content of cherry tomato fruits belonging to the (A) 1st and (B) 2nd clusters, as af-
fected by the application of Fe. Blue bars: L0; lilac bars: L250; red bars: L500. Different letters indi-
cate significance according to Fisher’s protected LSD test (p = 0.05). Error bars indicate the standard
deviation.

With regard to the other nutrients (Table 4), the Fe supplementation through the
nutrient solution increased the amounts of K and Na in fruits (by 22 and 35%, on average
for R1 and R2, respectively) when compared to the control. Moreover, an increase in the
Mg content was noticed in R2 plants (+17%). As for the foliar treatments, fruits from L250
plants showed a decrease in the concentration of Mg (-15%) when compared to the LO
and L500 plants.
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Table 4. Effects of Fe application on the macronutrient composition (mg 100 g™* FW) of fruits from
the 2nd cluster of cherry tomato plants.

N P K Mg Ca Na
Fe Nutrient Solution
RO 181+3.9 47.8+3.9 272 +44Db 16.0+2.6 b 52+0.7 9.6+18b
R1 183 +5.8 46.6 £6.3 323+52 a 15.8+22b 53+0.5 124+24a
R2 191 £ 11.8 48.7 £ 6.6 342 +73 a 18.8+1.9a 49+04 13.6+44a
F-test NS NS * * NS *
Fe Leaf Spray
L0 186 +7.6 50.5+6.3 326 +76 17.8+23a 51+0.5 13.1+3.9
L250 188 £ 11.8 47.2+5.0 309+71 151+25b 49+04 11.7 +3.6
L500 181 +4.3 454 +45 301 +42 17.7+22a 55+0.6 10.8 +2.7
F-test NS NS NS ** NS NS
Interaction NS NS NS NS NS NS
Different letters indicate significance according to Fisher’s protected LSD test (p = 0.05); * and **:
significance of p <0.05 and 0.01, respectively. NS: not significant; + indicates the standard deviation.
In addition, as shown in Table 5, the amount of Zn in the fruits of cherry tomato
plants increased (+11.3%) with the addition of Fe to the nutrient solution (R2), but de-
creased after the leaf spray application (L500).
Table 5. Effects of Fe application on the micronutrient composition (ug 100 g™ FW) of fruits from
the 2nd cluster of cherry tomato plants.
Zn Mn Cu
Fe Nutrient Solution
RO 239+13b 70.8+12 120 + 30
R1 237+12Db 75.5+10 130 + 30
R2 266 +31 a 70.8+6 128 +23
F-test ** NS NS
Fe Leaf Spray
L0 259+27 a 734+9 133 +23
L1250 250+25a 71.3+9 129 + 27
L500 233+8b 72.3+12 117 + 31
F-test ** NS NS
Interaction NS NS NS

Different letters indicate significance according to Fisher’s protected LSD test (p = 0.05); **: signifi-
cance of p <0.01. NS: not significant; + indicates the standard deviation.

As can be observed in Figure 3, the leaves of the cherry tomato plants showed a
significant and proportional increase in Fe accumulation according to the concentration
of Fe applied. When compared to controls, R2 plants showed the highest Fe concentra-
tions (+132%).
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Figure 3. Iron content of cherry tomato leaves as affected by the application of Fe. Blue bars: LO;
lilac bars: L250; red bars: L500. Different letters indicate significance according to Fisher’s protected
LSD test (p = 0.05). Error bars indicate the standard deviation.
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4. Discussion

Cherry tomato plants receiving 2 mmol Fe L through the nutrient solution showed
a reduction in the average fruit weight and an increase in fruit dry matter. These phe-
nomena were probably due to the stress conditions created by high Fe concentrations and
have been observed in other crops, such as lettuce and common chicory [31,32]. At the
same time, in a study carried out with rice plants, 0, 2, and 4 mmol L' of Fe were added
to the nutrient solution, and the 2 mmol L' dose produced the maximum fresh and dry
weights, while 4 mmol L-! showed a significant reduction in both fresh and dry weights
[33]. This reduction in the average fresh weight when plants were submitted to high
concentrations of Fe could indicate excessive amounts of Fe that, in turn, can increase
ROS generation, causing cell damage and affecting many biochemical reactions, includ-
ing reducing the rate of photosynthesis [34]. On the other hand, the increase in the dry
matter content of cherry tomato fruits obtained in our study can be interpreted as a posi-
tive outcome when fruits” postharvest behavior is concerned, as a higher dry matter
content at harvest helps increase tolerance to possible mechanical damage during post-
harvest operations [16,35].

At the same time, titratable acidity and soluble solids content increased in tomatoes
biofortified with Fe via the roots, while SS/TA was not affected (data not shown). This
suggests that the higher concentrations of Fe in the nutrient solution improved the me-
tabolism of sugars and organic acids, promoting their accumulation in fruits, but without
altering the typical balance of the given cultivar [25]. This demonstrates that a tailored
biofortification approach can also contribute to the production of highly palatable vege-
tables [10].

The present biofortification study showed that the increase in the concentration of Fe
provided to the plants through the nutrient solution resulted in Fe being absorbed by the
roots and translocated to the fruits. Similarly, an Fe biofortification experiment con-
ducted with lettuce showed that a nutrient solution enriched with 1 or 2 mmol L-! Fe, in
the form of Fe-EDDHA, increased the Fe content in the leaves of red and green lettuce, in
the range of 41-86% [31]. Moreover, Fe’s absorption and translocation through the roots
in tomato plants has already been demonstrated in a study conducted by Brown and
Ambler [36], who noted how the combined action of protoxylem and metaxylem was
able to transport Fe from the lateral roots to the primary ones, before being transported
from the roots into the stem exudate, mainly as Fe citrate. This is possible thanks to the
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reduction of Fe® to Fe?* in the lateral roots, making more Fe available to be transported
inside the roots, where it can be chelated into Fe citrate and transported to the top of the
plant. At the same time, foliar applications of Fe (250 and 500 pmol L) showed that
cherry tomato plants can absorb Fe through the leaves and translocate it to the fruits. This
result is consistent with the absorption and translocation pattern of Fe observed by
Zhang et al. [37] after submitting tomato plants to different photoperiods (12 h/12 h and
16 h/8 h) and concentrations of Fe-EDTA (100, 150, and 200 pumol L) applied through
foliar spray. They obtained fruits with 11 and 25% greater Fe concentrations for the 12
h/12 h and 16 h/8 h photoperiods, respectively, when the 200 pmol L' dose was applied,
compared to the untreated plants. The same floematic movement was anatomically
demonstrated when tomato plants grown using hydroponics received three applications
of 3 mmol L-!Fe solution (as FeSOs), where the Fe applied to the leaves was translocated
to other parts of the plants [1]. Finally, the combination of both foliar sprays and nutrient
solution enriched with Fe at the higher doses (500 pmol L' and 2 mmol L, respectively)
provided the greatest increase in Fe content in cherry tomato fruits. The consistency of
the mineral accumulation in tomato fruits subjected to this treatment (R2 L500) can also
be confirmed by comparing the first and second clusters, which followed a similar en-
richment pattern (Figure 1). This indicates that in order to achieve a better biofortification
efficacy in all clusters, Fe should be supplied simultaneously through the nutrient solu-
tion and as a foliar spray. In addition, the principle of double biofortification efficacy was
also demonstrated by Smolen et al. [38] when producing Se-biofortified lettuce after the
application of the mineral to the roots and leaves of the crop.

The increase we observed in the accumulation of Fe in the leaves of cherry tomato
plants (+90 and +132% at R1 and R2, respectively) is consistent with the findings of an-
other study where tomato plants grown in greenhouse received a nutrient solution with 5
mmol of Fe (as Fe-EDTA), and the Fe-enriched nutrient solution caused a 66% increase in
the Fe concentration in tomato shoots [39].

Plant ionomics indicated that high Fe concentrations in the nutrient solution (2
mmol L) synergistically affected the contents of Mg, K, Na, and Zn in cherry tomato
fruits. A similar result was observed by Olowolaju et al. [40] when subjecting tomato
plants to a nutrient solution 10 times stronger than the standard one (0.053 vs. 0.53 g L).
They observed that the translocation factor of K, P, Na, Ca, and Mg, along with the bio-
accumulation factor of Mg, K, and Na, was higher in the treated plants that received 10
times more Fe. This could have been caused by the increase in the expression of certain
proteins responsible for increasing the uptake of Fe, which also causes synergistic in-
creases in the concentrations of other mineral elements, such as Zn, Mn, and Co [41]. This
demonstrates that Fe biofortification can not only improve the concentration of the target
mineral (Fe), but also increase the concentrations of other elements in the fruits. A better
understanding of these synergistic factors could help to improve cherry tomato ionomics
and contribute to enhancing the efficiency of biofortification programs.

5. Conclusions

Since Fe deficiency is among the most relevant types of micronutrient deficiency in
both developing and affluent nations, and consumers demand products rich in com-
pounds that can improve health, our study demonstrates that supplementing cherry to-
mato plants with 2 mmol L Fe through the nutrient solution and 500 pmol L Fe
through foliar spraying can significantly increase the concentration of this mineral in the
edible part of the plant (+190%). The application of this mineral also increased the titrat-
able acidity and total soluble solids, potentially improving the taste perception by the
consumer. The average fresh weight decreased but, in return, a significant increase in the
dry matter content was noticed, which is a desirable postharvest characteristic. Our re-
sults demonstrate that even though more studies are required in order to define an op-
timal concentration of Fe supplementation to cherry tomatoes, Fe biofortification is facil-
itated in soilless systems by combining both root and foliar applications, and this strategy



Horticulturae 2022, 8, 858 12 of 13

could be considered effective to fight malnutrition caused by unbalanced diets, in addi-
tion to improving tomato quality.
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