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Hidden hunger is a worldwide problem, with iron (Fe) and zinc (Zn) deficiency being the most common causes of
mineral deficiency. Vegetable biofortification is an effective strategy to fight mineral deficiency, especially when
commonly consumed vegetables are utilized, as in the case of carrots. This biofortification study aimed to
investigate the response of the off-season carrot cv. Dordogne to different forms of foliar applications of Fe and
Zn. The crop received four applications of both minerals, either in the form of inorganic salt (FeSO4 and ZnSO4)
or chelated forms (Fe-DTPA and Zn-EDTA), at a concentration of 6 mM of these elements. FeSO4 was efficient in
increasing the Fe concentration in carrots (by 52%), while Fe-DTPA caused no significant differences. Regarding
Zn, both forms were effective in the biofortification, but Zn-EDTA proved to be more efficient in increasing root
Zn concentration (+94%) than ZnSO4 (+57%). Bioaccessibility data, measured after in vitro digestion, showed
that biofortified carrots with the chelated forms retained a full bioaccessibility of the minerals (around 100% as
in control carrots). However, the sulfate-biofortified carrots showed reduced bioaccessibility values (60% and
80% for Fe and Zn, respectively). The results also showed an increase in dry matter, total nitrogen content and
antioxidant activity in plants treated with Zn-EDTA. This trend paralleled the increase of polyphenols and total
carotenoids content, suggesting the overall benefit of biofortification strategies conducted in the field. In
conclusion, our study revealed that chelated forms of both minerals are preferable in the biofortification pro-
grams of carrots.

Iron
Micronutrient malnutrition

1. Introduction essential to many metabolic processes (Zoroddu et al., 2019). The rec-

ommended daily allowance (RDA) of Zn ranges between 7 and 11 mg

Zinc (Zn) and iron (Fe) are at the top of the mineral deficiency in the
human diet and among the main determinants of the so-called “hidden
hunger” (Stephenson et al., 2018). It affects broad population groups in
many countries, including those economically developed (Beleggia
et al., 2018; Mantadakis et al., 2020). Zinc is essential for many
biochemical and immunological functions, as it is involved in the ac-
tivity of more than 100 enzymes, besides playing a key role in the syn-
thesis of nucleic acids and proteins (Hacisalihoglu, 2020). The main
function of Fe is related to the synthesis of hemoglobin and myoglobin so
that it is essential in the transfer of oxygen from the lungs to tissues. In
addition, there are many Fe-dependent enzymes making this mineral

day ™! and the tolerable upper intake level (UL) for adults is 40 mg
day~!. The RDA of Fe ranges between 8 and 18 mg day !, whereas the
UL for adults is 45 mg day~* (Wishart, 2017). Wrong dietary patterns or
scarce availability of adequate foods, could make it difficult to reach
these RDA values, causing malnutrition problems (Means, 2020), in
particular when regarding micronutrients as is the case of Fe and Zn
(Buturi et al., 2021).

Vegetables are consumed worldwide and are natural sources of
minerals, therefore they could be a good vehicle to increase the intake of
these elements in the human diet, by implementing targeted bio-
fortification strategies (Buturi et al., 2022a). In this view, the
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biofortification of vegetables consists in improving the mineral status of
plant tissues (lerna et al., 2020a). The success of this strategy depends on
the market acceptance and consumption of the improved food products.
Thus, choosing vegetables that are common in the human diet is crucial.
This is the case of carrot (Daucus carota L.), one of the most popular
vegetables worldwide, which is cultivated on a world surface area of
approximately 1.13 million hectares and with a production of almost 41
million tons (FAOSTAT, 2022). The product is represented by the
taproot of the plant, which is a versatile product that can be consumed
fresh or processed in different ways, alone or as part of many recipes
(Terna et al., 2020Db).

The biofortification strategy is based on increasing the concentration
of essential mineral elements through the application of specific fertil-
izers on roots or leaves (Buturi et al., 2022b). Foliar sprays are
commonly used in fertilization and are known for being more targeted
than soil application. Indeed, foliar sprays could be effective in coun-
teracting the low availability of minerals in soil caused by pH anomalies,
besides being a simpler, more effective and convenient method, with
often faster plant responses to the elements (Lawson et al., 2015; Smolen
et al., 2014). Once the nutrient solution is applied directly to leaves,
micronutrients can penetrate the cuticle or enter directly through the
stomata (Marschner, 2012; Shahid et al., 2017). However, bio-
fortification efficiency varies depending on the chemical form of the
fertilizers. Iron and Zn fertilization are usually based on sulfate or
chelated forms and there are controversial debates about which one is
more effective (Fernandez and Ebert, 2005). In general, biofortification
programs carried out through foliar application can benefit from the
enhanced phloematic mobility of the minerals, because of the presence
of chelating substances such as sugar or other organic metabolites,
which facilitate the translocation from leaf to growing sinks as roots,
fruits and grains (Gupta et al., 2016).

Iron biofortification studies show successful cases of foliar fertiliza-
tion conducted using Fell (FeSOy4), as is the case of tomato and sweet
potato (Carrasco-Gil et al., 2016; Sun et al., 2019). At the same time,
similar studies were performed using Felll in chelated forms, such as
Fe-diethylene-triamine pentaacetic acid (DTPA), Fe-ethylenediamine
tetraacetic acid (EDTA) or Fe-ethylenediamine-N,N’-bis(2-hydrox-
yphenylacetic acid) (EDDHA) (Kromann et al., 2017; Sida-Arreola et al.,
2015). Some authors suggest that FeSOy is the only foliar fertilizer worth
it (Rengel et al., 1999), while others indicate that chelated forms favor
translocation and contribute to improving crop yield and activate anti-
oxidant enzymes (Fernandez and Ebert, 2005; Sida-Arreola et al., 2015).

Zinc biofortification studies are limited too, and Zn sulfate (ZnSOg4)
seems to be the most applied inorganic source (Di Gioia et al., 2019;
White et al., 2012). Some studies include the use of Zn nitrate (White
et al., 2018), while some compare different organic Zn complexes
(Almendros et al., 2015). Gupta et al. (2016) suggested that the most
effective agronomic fertilizer is Zn-EDTA, but they highlighted the high
cost of the molecule. On the other hand, there is still meager information
about which forms of Fe and Zn are preferable to maximize, at the same
time, their concentrations and bioaccessibility in edible portions, since
the biofortification itself can modify the release of minerals from the
food matrix (Renna et al., 2022).

For these reasons, the present study compared the efficacy of foliar
applications of different chemical forms (chelated vs. sulfate) in
increasing either Zn or Fe concentrations and the overall quality of
biofortified carrots. Moreover, we comparatively investigated the
amounts of these minerals released from the obtained food matrices
during in vitro digestion, with the final aim to set up a targeted agro-
nomic approach maximizing Zn and Fe bioaccessibility for absorption
through the human intestine.
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2. Materials and methods
2.1. Experimental site, plant material and crop management

A field trial was carried out during the 2019-2020 growing season at
a commercial farm located at Ispica plain (Southeastern Sicily:
36°31'07.2"N 15°04'41.5"E, 42 m a.s.l.), one of the most typical areas
for early carrot cultivation in Italy. The climate is semi-arid Mediterra-
nean, with mild winters and hot, dry summers. Frost occurrence is
virtually absent in winter. During the experiment (from December 15 to
May 6) mean monthly maximum and minimum temperatures progres-
sively decreased from December (16.8 and 14.7 °C, respectively) to
January (15.1 and 9.1 °C), then increased up to May (22.0 and 15.2 °C).

The soil is a moderately deep, calcic brown on the basis of the USDA
Soil Taxonomy Classification (USDA, 1999), with a sandy-loam texture,
which, at the beginning of the experiment, comprised low N content
(0.8¢g kg_l) and low organic matter (12.2 g kg‘l), P,0s5 available (57
mg kg 1), K20 exchangeable (302 mg kg™!), pH 7.4. All soil analyses
were carried out according to the procedures approved by the Italian
Society of Soil Science (Violante, 2000).

The experiment was arranged in a randomized blocks design with
three replications, including foliar sprays of Fe and Zn either in an
organic or chelated form (see below). The cultivar Dordogne was uti-
lized, a hybrid of the Nantes type, which is well-adapted to the Medi-
terranean growing conditions, and is usually adopted for the production
of early carrots.

Seeds were sown at a ~ 1 cm depth, through a precision seeder
operating in triple rows (0.15 x 0.15 x 0.03 m) on 0.80 m wide ridges;
soon after seeding, the ridges were rolled uniformly. The seeding rate
was 1.5 million seeds ha™!, whereas the theoretical density was 125
plants m~2. The plot size was 3.6 m x 3.6 m, and consisted of 3 ridges,
3.6 m long. Tillage consisted in a preparatory work of deep ploughing
(~40 cm) and ridges setting with a bed-maker for the formation of raised
ridges, ~2 weeks before sowing. One week before sowing, 70 kg ha™! of
P,05 (as mineral superphosphate), 150 kg ha ! of K50 (as K sulfate) and
60 kg ha™! of N (as ammonium nitrate) were applied. Other 60 kg ha™!
N were applied in early March. The crop coefficient of carrot adopted
was 1.09 (da Silva et al., 2018). Crop water requirements, starting from
early spring, were satisfied by rain irrigation, supplying 100% of crop
maximum evapotranspiration, when the accumulated daily evaporation,
estimated through the Penman-Monteith equation, reached 25 mm.
Over the crop cycle, 170 mm of irrigation water were applied. Weeds
and pests controls were performed by applying metribuzin and pir-
imicarb when needed.

2.2. Biofortification treatments

The biofortification protocols were implemented by leaf spraying
aqueous solutions enriched with Fe or Zn, either in the form of inorganic
salts (FeSO4 and ZnSO4) or chelated forms (Fe-DTPA (diethylene-
triaminepentaacetic acid), and Zn-EDTA (ethylenediaminetetraacetic
acid)), at a concentration of 6 mM of these elements.

In total, four applications were conducted: the first one was per-
formed on March 4, at the plant stage of full vegetative growth (~30 cm
height), while the remaining leaf applications were performed weekly.
Leaf sprays were done using a hand pump pressure sprayer. For every
treatment, the volume used was 0.25 L m~2. The sprayed solutions
contained the non-ionic surfactant Vector® (1 mL L% Chimiberg,
Caravaggio, BG, Italy) to improve spreading and sticking properties.

2.3. Root physical variables

Roots harvest was manually carried out on May 6 avoiding any
damage to leaves. Within each experimental unit, harvested carrots
were selected for uniform size and absence of defects, then arranged by
hand in 20 bunches each containing 10 roots. Within 4 h from harvest,
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all bunched carrots were brought to the laboratory, washed to remove
soil particles and dried with paper towels.

In the laboratory, variables such as root length, fresh weight (FW),
and dry weight (DW) were determined. Root average fresh weight was
determined using an electronic gage (0.01 g accuracy). For the dry
weight calculation and mineral content, samples of carrot roots were
dried at 70 °C in a laboratory oven (Thermo Scientific-Herathermoven,
Waltham, Massachusetts, US), with forced air circulation until a con-
stant weight was reached. After dry weight registration, samples were
grounded in a mill and stored at —80 °C for further analyses.

2.4. Root chromatic variables

The external root chromatic coordinates were determined on 3 fresh
carrots for each replicate. Measurements were effected on 2 points per
root (~1 cm below the plant collar) through a tristimulus Minolta
Chroma meter (model CR-200, Minolta Corp.) calibrated with a stan-
dard white tile (UE certificated) with illuminant D65/100, measuring
color in terms of lightness (L*), green-red axis (a*) and blue-yellow axis
(b*) (McGuire, 1992). Root color was described as L*, a*, b* and Chroma
[as (a® + b%) "1.

2.5. Root compositional variables

The determination of root composition included total carotenoids,
total phenols and antioxidant assays. All these determinations were
performed on lyophilized plant powder by using a Jeanway UV/Visible
spectrophotometer (Stone, Staffordshire, UK).

2.5.1. Total carotenoids concentration

Total carotenoids concentration was determined according to Lich-
tenthaler and Wellburn (1983), with slight modifications. For the
extraction, 50 mg of lyophilized carrot powder were mixed with 5 mL of
ethanol 96% and vortexed, then the tubes were placed in the ultrasonic
bath for 10 min and left overnight in the dark (at 10 °C). After that, tubes
were centrifuged for 10 min, and samples were read in 1.5 mL plastic
cuvette. Ethanol 96% was used as blank. Readings were done in the
following wavelengths: 470, 649 and 665 nm and the absorbance values
were applied in the following equations:

C, = 13.95Ages — —6.88 Agug
Cp, =24.96 Agsg — —7.32 Ages
Cyic = (1000 Ayz9 — —2.05Ca — —114.8Cb) /245

where, C, stands for chlorophyll A, Cy, stands for chlorophyll B and Cy ¢
stands for total amount of carotenoids [xanthophyll (x) plus carotenes
(c)]. Results are expressed in pg 100 g’1 fresh weight (FW).

2.5.2. Total phenolic content

Total phenolic content (TPC) was quantified using a modified Folin-
Ciocalteu method (Cicco et al., 2009). For the extraction, 100 mg of
lyophilized carrot powder were mixed with 1 mL of 70% methanol and
agitated for 1 h at room temperature, then samples were centrifuged at
5000 g for 5 min at 25 °C. 100 pL of extract solution were mixed with
100 pL Folin-Ciocalteu reagent and allowed to react at room tempera-
ture for 2 min. Next, 800 uL of NayCOs (5% w/v) were added and tubes
were left in a temperature bath at 40 °C for 20 min. Samples were read at
76? nm and TPC was reported as pmol gallic acid equivalents (GAE) 100
g " FwW.

2.5.3. DPPH assay

The DPPH (a, a-diphenyl-p-picrylhydrazyl) radical scavenging ac-
tivity of carrot extracts was determined according to Brand-Williams
et al. (1995). For the extraction, 100 mg of lyophilized carrot powder
were mixed with 5 mL of methanol (80%) and vortexed for 1 min.
Samples were then submitted to 10 min of ultrasonic bath (below 10 °C)
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and centrifuged for 15 min at 4000 g (6 °C). For the reaction, 150 uL of
supernatant was mixed to 1350 pL of DPPH solution (150 uM) vortexed
and placed in the dark for 30 min. The decrease in the absorbance of
methanolic solution of DPPH was read at 515 nm and DPPH was
calculated from a standard curve prepared by plotting change in
absorbance against different concentrations of Trolox and expressed as
umol Trolox equivalent (TE) 100 g~ FW.

2.5.4. FRAP assay

The ferric reducing antioxidant power (FRAP) assay of carrot ex-
tracts was determined according to Benzie and Strain (1999). For the
extraction, 200 mg of lyophilized carrot powder were mixed with 10 mL
of methanol 100%, vortexed for 1 min and placed in the dark for 30 min.
After that, samples were centrifuged for 10 min at 4500 g (6 °C).
Preparation of FRAP reagent consisted of 10 mL of acetate buffer (300
mM, pH 3.1) mixed with 1 mL of TPTZ (2,4,6-tris(2-pyridyl)-s-triazine)
solution (10 mM in 40 mM HCI) and 1 mL of FeCls (20 mM). For the
reaction, 150 uL of supernatant were mixed to 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, based on the reduction of Fe(III) by
the sample extract, was determined following the change in absorbance
at 593 nm due to the formation of a blue-colored Fe(I)-tripyridyltriazine
compound from colorless oxidized Fe(III) form in presence of a partic-
ular concentration of the sample. FRAP was calculated from a standard
curve prepared by plotting change in absorbance against different con-
cerlltrations of Trolox and expressed as pmol Trolox equivalent (TE) 100
g 1 FW.

2.5.5. Mineral analyses

Dry carrots were grounded and submitted to wet digestion before the
ICP-MS measurement, according to May et al. (2019). The wet digestion
was performed with an infrared-controlled and power-adjusted micro-
wave (Go, Anton Paar, Graz, Austria) up to an end temperature of 180 °C
(dwell time of 10 min) using approximately 100 mg of the oven-dried
sample, 4 mL supra pure HNO3 and 2 mL ultrapure water. The diges-
ted samples were transferred into polypropylene tubes (Greiner bio-one,
Kremsmiinster, Austria) and made up to 40 mL with water. Subse-
quently, an aliquot of 2.5 mL of the latter solution was made up to 10 mL
with water under the addition of 100 pL internal standard (rthodium, 1
mg L' standard concentration prepared from a 1000 mg L~! stock so-
lution of Rh(NOs3)s, Merck, Darmstadt, Germany), yielding 10 pg L!
rhodium in the final solution. Each sample workup and digestion were
done in duplicate.

The ICP-MS measurements were carried out with a NexION 300d
(Perkin Elmer, Waltham, Massachusetts, USA) equipped with an S10
autosampler (Perkin Elmer), a Meinhard® concentric nebulizer, a
cyclonic spray chamber, a quartz torch, and nickel cones. The following
operating conditions and acquisition parameters were used: 1550 W RF
(radio frequency) power; 15 L min~! in plasma gas flow; 1.04 L min~!
nebulizer gas flow; 1.375 L min~? auxiliary gas flow, and 5.2 L min~! He
gas flow in KED (kinetic energy discrimination) mode. Calibration was
performed using a custom-made multi-element standard solution
(Inorganic Ventures, Christiansburg, VA, USA) containing the target
elements. The calibration standards were matrix-adjusted by adding
HNOs. To avoid possible polyatomic interferences, several elements
were quantitated in KED mode (Mn, Fe, Ca, Na, Mg, and K). The refer-
ence material SRM 1570a (Trace Elements in Spinach Leaves, NIST,
Gaithersburg, MD, USA) was used to control the accuracy of the method
and as a daily quality control standard. LOQ was calculated based on the
nine-fold standard deviation of a blank solution prepared and analyzed
twelve times. The following LOQs were achieved: Ca: 0.5 mg kg~*, Mg:
0.1 mgkg ™!, K: 1.0 mg kg~ !, Na: 0.2 mg kg™, Zn: 30 pg kg%, Cu: 15 pg
kg~ ! and Mn: 3 pg kg~ L. Nutrients were calculated and expressed either
as mg 100 g1 FW or ug 100 g~ FW.
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2.6. Digestion procedure and bioaccessibility assessment

Carrot samples were cut into small cubes of 2 mm x 2 mm before
being milled with a Retsch Ball Mill MM 400 (Retsch, Haan, Germany)
for 90 s at a frequency of 30 shakes per second. Five grams of carrot
puree were put into a 50 mL Greiner tube. All samples were digested
according to the INFOGEST protocol as described by Minekus et al.
(2014).

To assess the bioaccessibility of the Zn and Fe from the carrot into the
intestine, the mineral amount in the supernatant that was present after
digestion was measured. After digestion, 15 mL of the sample was put
into a 15 mL Greiner centrifuge tube. All the samples were centrifuged
for 15 min at a speed of 4000 g at room temperature. Ten mL of the
supernatant of the biofortified samples were taken and analyzed as
described in 2.5.5 for the presence of Fe and Zn minerals. The results
were obtained in mg 100 g~! fresh carrot and compared to those present
in the carrots before digestion.

2.7. Statistical procedures

Collected and calculated data were firstly subjected to Shapir-
o-Wilk’s and Levene’s tests, in order to check for normal distribution
and homoscedasticity, respectively. Data were then subjected to a one-
way analysis of (ANOVA). For all the variables, the comparison be-
tween means was performed by calculating the Fisher’s protected least
significant difference (LSD, P < 0.05). A Pearson’s correlation analysis
was also performed, to define possible relationships among mineral
concentrations. All calculations were performed using Microsoft Excel®
and Minitab version 19 (Minitab Inc., State College, PA, USA).

3. Results
3.1. Carrot quality variables and chromatic coordinates

As shown in Table 1, when compared to control, the average fresh
weight of roots was increased in plants treated with FeSO4 (+25%) and
with both forms of Zn (+20%, on average), while the dry matter was
significantly higher only in the treatment with Zn-EDTA. Root diameter
was not affected by any treatment, while roots treated with both Zn
forms showed the highest length (+11%). None of the chromatic vari-
ables (L*, a*, b* and Chroma) were significantly affected by the bio-
fortification treatments.

3.2. Biochemical variables

Total carotenoids content of roots increased (+4%) in plants treated
with Zn-EDTA and decreased (—9%) in those treated with Fe-DTPA, in
comparison to control roots. A significant difference in plants treated
with Fe-DTPA was also noticed for TPC (—14%) DPPH (—20%) and
FRAP (—11%), in comparison to untreated plants (Table 2).
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Table 2
Biochemical traits of carrot as affected by Fe and Zn treatments.
Treatment  Total TPC DPPH FRAP
carotenoids (GAE pmol 100 (TE pmol 100 (TE pmol 100
(1g 100 g~ g ' FW) g FW) g W)
FW)
Control 8017 b 56.5 a 49.3a 49.7 a
Fe-DTPA 7315 ¢ 48.3b 39.3b 44.0 b
FeSO4 7981 b 56.3 a 46.5 a 47.8 ab
Zn-EDTA 8337 a 57.3a 47.0a 50.7 a
ZnSO4 8318 ab 55.8a 44.9 a 45.4 ab
LSD 594 6.5 7.0 5.3
F-test . * .

Different letters indicate significance fisher’s protected LSD Test (P = 0.05)
®, % ok significance of P < 0.05, 0.01, 0.001, respectively. NS: not significant.

3.3. Iron and zinc biofortification of carrot roots

As shown in Fig. 1, the Fe content of carrots was promoted by the
FeSO4 application (+52% compared to control), whereas decreased in
plants receiving ZnSO4 (—35%) (Fig. 1A). On the other hand, Zn content
was enhanced by all treatments, showing a 94% increase when sub-
mitted to Zn-EDTA and a 57% increase when submitted to ZnSQy, in
comparison to control (Fig. 1B).

3.4. Mineral composition of carrot roots

When total N was concerned, the strongest differences in the con-
centration were recorded among the Zn-EDTA and FeSO4 treatments
(103.0 vs. 88.3 mg 100 g~! FW), being the former able to maximize the P
and K contents too (Table 3).

The Ca content of carrots submitted to both forms of Fe and Zn-EDTA
showed a significant increase as compared to control ones, but no dif-
ference when compared to the ZnSO4 plants (Table 3). The Mg content in
Zn-EDTA-treated roots increased only in comparison to those receiving
FeSO4 (+28%). On the other hand, a higher root Na content than control
was recorded in all biofortification treatments, except for the FeSO4
(Table 3). Manganese content was boosted by the two forms of Zn (by
26%, on average) compared to the control. Meanwhile, the Ni content
was reduced by Fe-DTPA (—29%) and promoted by FeSO4 (+57%)
(Table 3). Copper and molybdenum were not affected by any of the
treatments applied.

3.5. Iron and zinc bioaccessibility of carrot roots

The amount of Fe obtained in the intestine fluid at the end of the
INFOGEST procedure was 530 mg 100 g~ for carrots biofortified with
Fe-DTPA, 521 mg 100 g~* for the biofortification with FeSO4 The ab-
solute values were not significantly different respect to the 610 mg 100
g™l found in the non-biofortified control samples. However, the
increased amount present in the FeSO4 biofortified samples was not
reflected in the bioaccessibility data (Fig. 2).

The picture is comparable for Zn biofortified samples: 270 mg 100
-1

g in carrot samples that were biofortified with Zn-EDTA and 160 mg
Table 1
Morphological traits of carrot as affected by Fe and Zn treatments.
Treatment Root average fresh weight (g plant™!) Root dry matter (%) Root diameter (mm) Root length (cm) L* a* b* Chroma
Control 88b 11.0b 32.0 17.3b 38.9 32.7 41.0 52.4
Fe-DTPA 98 ab 10.5b 33.6 17.6 ab 37.6 31.9 40.2 51.4
FeSO4 110 a 10.7 b 34.7 17.1b 38.1 30.8 38.8 49.5
Zn-EDTA 103 a 11.8a 33.6 19.2 a 37.9 31.6 39.1 50.2
ZnSO4 108 a 11.0b 325 19.2a 37.7 32.2 40.7 51.9
LSD 14.4 0.8 3.1 1.6 1.3 1.8 1.7 2.0
F-test * * NS * NS NS NS NS

Different letters indicate significance fisher’s protected LSD Test (P = 0.05)

significance of P < 0.05, 0.01, 0.001, respectively. NS: not significant.
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Fe Zn

(ng 100 g' FW) (ug 100 g' FW)
1000 a 300 a
800 250 b
600 b bc b 200 . [RIFCELLA] ¢
400 ¢ 150
100
200 %
0 0
Control Fe-DTPA FeSO4 Zn-EDTA Zn304 Control Fe-DTPA FeSO4 Zn-EDTA ZnSO4
(A) (B)

Fig. 1. Iron (A) and Zn (B) content of carrot roots as affected by Fe and Zn treatments. Different letters indicate significance Fisher’s protected LSD Test (P < 0.05).

Table 3

Mineral composition of carrot roots as affected by Fe and Zn treatments.
Treatment N P K Ca Mg Na Mn Cu Ni Mo

mg 100 g~ FW ug 100 g~ FW

Control 91.3 be 23.9d 321 b 30.5b 10.8 ab 20.6 b 128 b 45.0 3.43b 1.24
Fe-DTPA 90.9 be 25.6 cd 322b 34.7 a 11.9 ab 248 a 116 b 44.1 243 ¢ 1.26
FeSO4 88.8 ¢ 26.6 bc 322b 36.4a 10.2b 19.4b 110b 49.0 5.41a 1.18
Zn-EDTA 103.3 a 29.4 a 394 a 36.6 a 13.1a 24.4 a 157 a 45.7 3.48 ab 1.05
ZnSO4 99.3 ab 27.8 ab 340 b 33.2ab 12.5 ab 24.6 a 165 a 49.2 3.89 ab 1.09
LSD 9.5 1.7 38.3 3.7 2.4 1.7 221 8.0 1.9 0.2
F_test ek dededk dedke ek * dededk Fdk Ns ¥* NS

Different letters indicate significance fisher’s protected LSD Test (P = 0.05)
*, %%k significance of P < 0.05, 0.01, 0.001, respectively. NS: not significant.
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Fig. 2. Fe and Zn bioaccessibility of carrot roots as affected by Fe and Zn treatments. Different letters indicate significance fisher’s protected LSD Test (P = 0.05).
Lower cases represent differences among Fe treatments and upper cases represent differences among Zn treatments.

100 g~ ! in ZnSO, biofortified carrots were recovered in the digestive 4. Discussion

fluid. In this case too, while control and chelated fortified samples have

bioaccessibility value in line with the actual carrot content, the sulfate 4.1. Yield and quality traits

biofortified sample lost the advantage gained with the fortification

procedure (Fig. 2). Under the specific conditions of our experiment, the foliar
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applications of both forms of Zn promoted roots’ fresh weight and
length, while the dry matter content was promoted by Zn-EDTA, sug-
gesting a stimulatory effect of Zn on crop photosynthetic metabolism.
This is consistent with the findings of Awad et al. (2021) in an experi-
ment with carrots and foliar sprays of Zn-EDTA. After three applications
of a 5.7 mM solution, the authors noticed an increase in the root fresh
weight and dry matter equal to 39% and 25%, respectively. Mousavi
et al. (2007) also reported an increase in tuber yield and dry matter
content after treating potato plants with two foliar applications of
ZnS0y, in the concentration of 0.122 mM. The same stimulatory effect
was observed by Almendros et al. (2015), after submitting onion plants
to different forms of Zn, in the concentration of 0.15 mM through soil
fertilization. In their experiment, the most efficient chemical form was
Zn-EDTA.

In our study, the application of Zn-EDTA promoted multiple
morphometric variables of carrots (mainly in terms of fresh weight, dry
matter, root length and total N content). This could be explained by the
importance of Zn in maintaining the plant’s physiological status,
through the stimulation of photosynthesis which increases leaf dry
matter production leading to an improvement in the plant growth var-
iables (Rizwan et al., 2019). At the same time Zn-EDTA caused a sig-
nificant increase in the total carotenoids content but no increase in other
biochemical parameters. On the other hand, after treating broccoli
plants cultivar Parthenon with ZnSO4 at 5 mM, Rivera-Martin et al.
(2021) found that the antioxidant activity (as revealed by DPPH and
ABTS) and TPC significantly increased compared to control. This sug-
gests that the concentration of Zn-EDTA could be optimized to enhance
carrots biochemical traits. Once more, these increases in the antioxidant
variables demonstrate the potential of Zn biofortification in improving
important quality parameters of vegetables (Barrameda-Medina et al.,
2017; Blasco et al., 2015).

Regarding Fe, the effect of foliar applications of FeSO4 stimulated
carrot fresh weight, also improving the content of P and Zn. This positive
effect suggests that Fe, in the form of FeSO4, could stimulate plant
growth, since Fe is involved in the synthesis of chlorophyll and it is also
important to complete the enzyme functions that maintain plant’s health
(Marschner, 2012). In contrast to Fe-DTPA, which did not improve root
FW, the stimulatory effect of FeSO4 could be attributed to the presence
of sulfur (S), since S application has been proved to improve carrot yield
(Singh et al., 2016). However, it should be highlighted that excess of Fe
can be toxic to plants, leading to the formation of reactive oxygen spe-
cies (ROS) (Das et al., 2020). Chelated forms of Fe, as Fe-DTPA, can
penetrate leaves more easily than the sulfate form (Ferrandon and
Chamel, 1988), being more prone to phytotoxicity effects, a feature that
could explain the inhibitory effects of Fe-DTPA on total carotenoids and
total polyphenol content and the reduction in the antioxidant activities,
looking at the DPPH and FRAP data.

4.2. Mineral biofortification

This stimulatory effect of Zn treatments in our study is also supported
by the increase in root concentration of some elements (mainly P, Na, Fe,
Zn, Mn), thus suggesting an improved root absorption capacity. This is in
accordance with the results showed by Awad et al. (2021) who obtained
carrots with a higher content of P, Fe, Mn, Zn and Cu, after foliar
application of Zn-EDTA (5.7 mM). This stimulatory effect can be
attributed to the fact that Zn plays a key role in increasing membrane
function, cell elongation, protein synthesis and positively stimulates
plants roots to exchange cations, increasing nutrients absorption
(Andresen et al., 2018). On the other hand, White et al. (2017) reported
that biofortification of potato with 1.96 g Zn m™2 as leaf spray, had little
consequence for the concentration of other mineral elements in tubers.

4.2.1. Zn-EDTA vs. ZnSOg4
Regarding micronutrients, foliar sprays of Zn were shown to be
effective in enhancing the Zn content in carrots, which is one of the main
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goals of the present biofortification study. In this sense, our results
suggest that biofortification of carrot with Zn can be successfully per-
formed with both forms of Zn (Zn-EDTA or ZnSQ,), at the concentration
of 6 mM of the element. Moreover, among the two chemical forms, Zn-
EDTA treatment proved to be more efficient, as carrots showed
approximately double mineral concentration when compared to control.
The reason why Zn-EDTA presented better results could be related to the
fact that the chelated form is more soluble and available for the plant
when compared to the sulfate form (Gupta et al., 2016). The positive
results obtained in our study concerning Zn biofortification are coherent
with those of Awad et al. (2021), as they were able to produce carrots
having a Zn concentration 61% higher than those of untreated plants,
after spraying with a solution 5.7 mM of Zn-EDTA. Kromann et al.
(2017), in a similar experiment with potatoes, using chelated sprays
(EDTA) of Zn (3.06 mM) obtained a 2.51-fold increase of the Zn con-
centration in tubers. Meanwhile, after applying a foliar spray with a
lower concentration of Zn (0.122 mM), as ZnSQy4, Mousavi et al. (2007)
obtained a lower increase (23%) in the tuber Zn concentration, in
comparison to control. On the other hand, in a Zn biofortification study
of carrots through soil applications, contrasting results were obtained by
De Sousa Lima et al. (2015) after applying different doses of Zn (0-300
mg kg™1). They observed no significant increase in the root concentra-
tion of Zn, which can be explained by the limited Zn mobility in the soil.
This supports the hypothesis that the foliar spray strategy used in this
study, could represent the best approach in the Zn biofortification of
carrots, probably facilitated by the high solubility and translocation of
this mineral in the phloem (Andresen et al., 2018).

4.2.2. Fe-DTPA vs. FeSO4

In the present study, biofortification of carrots using FeSO4 was
successful, as the roots showed a 52% increase in their Fe content. The
efficacy of FeSO4 we observed for biofortification purpose is consistent
with the results of Sun et al. (2019), after applying a Fe-enriched solu-
tion (6.6 mM) in the leaves of sweet potato, they obtained tubers with
43% more Fe than the untreated ones. Moreover, our observation is in
accordance with that of Zhang et al. (2022), where Fe has been enriched
in potato tubers by five foliar applications of sulfate forms of Fe (9 mM).
In contrast, the inefficiency of Fe-DTPA in the Fe biofortification
observed in our study was confirmed also by Kromann et al. (2017) after
applying Fe-EDTA (6.71 mM) on potato leaves, they noticed no signif-
icant Fe increase in the tubers. A possible explanation why Fe bio-
fortification was more effective using FeSO4 than Fe-DTPA, could be the
lower mobility of Fe chelated inside the leaf, when compared to FeSOyg;
this was demonstrated by Rios et al. (2016), when tracing the uptake
pathway of different forms of Fe in the leaves of Prunus. In the case of
FeSOy4, Fe was found in the vascular areas of the leaf, whereas in the case
of Fe(Ill) salts the stain remained in the stomatal areas. Differently,
when using a nutrient solution enriched with Fe-DTPA (0.537 mM),
carrots leaves showed a 18% increase in the Fe content, when compared
to untreated plants. This suggests that Fe-DTPA could be more easily
absorbed and translocated through the nutrient solution rather than
through foliar sprays (Gupta and Chipman, 1976). In fact, the trans-
location of Fe chelate from roots to other organs of the plant, has been
demonstrated by Sida-Arreola et al. (2015), supporting the hypothesis
that biofortification using Fe-chelate could be more efficient when
applied via roots using the fertigation rather than as foliar sprays.

According to Rengel et al. (1999), the chelated form of Fe limited the
Fe biofortification of carrots, because of the high concentration of the
solution: it is possible that the chelate competes with ionized groups in
the cuticle. Furthermore, possible phytotoxic effects of the application of
Fe-DTPA, at 6 mM, could have impaired Fe biofortification. This was not
the first case in which FeSO4 demonstrates to be more efficient than
Fe-DTPA in translocating Fe from the leaves to the roots. Aciksoz and
co-workers compared foliar sprays of two chemical forms (Fe-DTPA and
FeSO4) and showed that, in the case of biofortification, the sulfate form
of Fe was more efficient in increasing Fe content in wheat grains
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(Aciksoz et al., 2011). Another reason for the limited effectiveness of Fe
biofortification of carrots could be the limited mobility of the mineral
inside the plant (Kobayashi et al., 2019). Additional Fe biofortification
studies in carrots should be performed in order to better comprehend if
lower doses of the chelated form of Fe could be, as effective as the sulfate
form, used in the biofortification of carrots through foliar applications.

4.3. Bioaccessibility: chelated vs. sulfate forms

Beside studying the fate of the minerals in plant and their accumu-
lation in edible portions, it is extremely important to investigate if they
are actually released from the food matrix during the digestion pro-
cedure and become bioaccessible for the absorption through the intes-
tine. The data obtained in this study are summarized in Fig. 1 reporting
the percentage increase of the bioaccessible minerals irrespective to the
amount present in the carrot samples. In the control roots, the amount of
minerals detected in the intestinal fluid is slightly above 100% of that
present in carrots. This is not statistically significant, and it is possibly
due to the enhanced solubility induced by the enzymatic treatments.
Looking at the Fe data, similar results were obtained with Fe-DPTA;
however, the bioaccessibility dropped to about 60% for the FeSO4
samples suggesting that this type of biofortification, which was very
effective in plant, do not provide an actual nutritional benefit. The figure
is similar in Zn-biofortified samples: Zn-EDTA has a similar bio-
accessibility percentage than the control but in the ZnSO4 fortified
samples the Zn bioaccessibility was only about 80% of the expected
value.

If the percentage of the bioaccessible minerals had been similar for
all samples the increase in the amount of minerals observed in the car-
rots would have been actually bioaccessible to the human body. These in
vitro data suggest that this is true for chelate forms of Fe and Zn but not
for the sulfate ones.

This result is not in line with a previous study which showed that
biofortification with ZnSO4 led to an increase in bioaccessibility of Zn
(Zou et al., 2014). Also, another research showed that high ratios of
EDTA: Zn even led to an inhibitory effect on the absorption of Zn (Hotz
et al., 2005). Another factor that could play a role is the amount of Fe
that was present in the Zn-biofortified carrots. For both Zn-EDTA as
ZnSO4 and control, carrots contained more Fe?* than Zn?*. In itself this
might not pose a problem, as it is the goal to obtain more Fe and Zn;
nevertheless, literature suggests that non-heme Fe in a ratio of Fe/Zn of
1:1 slightly inhibits Zn absorption, and a ratio of 2:1 substantially in-
hibits Zn uptake (Solomons and Jacob, 1981). As non-heme Fe is found
in legumes and crops such as carrot or eggplant (Mauro et al., 2022), this
antagonist relation between Zn and Fe should be further analyzed.

5. Conclusion

In conclusion, the present study demonstrates that the production of
Zn- or Fe- enriched carrot is possible and that the limitation regarding
the bioaccessibility of these minerals after human digestion can be
countered by using chelated forms of fertilizers, which guarantee that
almost 100% of the minerals are accessible for absorption. These results
are encouraging because they contribute to the definition of important
agronomic biofortification protocols that could allow the introduction of
new premium vegetables in the market, that will ultimately improve
human diet and, consequently, human health. Agronomic bio-
fortification represents the best strategy in the case of vegetables, since
genetic improvement programs would not be convenient due to the high
rate of varietal turnover. The challenge for the future is the production
of enriched vegetables with low-cost molecules that can also maintain
the minerals bioaccessibility while avoiding possible phytotoxic effects
that could limit crop yield. In this sense, studies involving different
molecules and concentrations are recommended to optimize the effi-
ciency of carrot biofortification.
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