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Abstract: Biofortification aims to increase the concentration of bioavailable elements in crops,
to increase their nutritional quality. Selenium is a trace element of great impact on the antioxidant
metabolism of plants and its accumulation is poor in species such as Solanum lycopersicon, so adding it is
part of biofortification programs. The present work analyzes the capacity of sodium selenite (NaySeO3)
to increase the concentration of Selenium in tomatoes plants and fruits. For this, three treatments
were applied (0, 2, and 5 mg L~! of sodium selenite) using irrigation water as a vehicle. 40 days
after transplanting, the accumulation of selenium and macronutrients in leaves, stems, and fruits
was quantified, as well as their impact on tomato plant productivity. Agronomic variables such as
height (cm), diameter (mm) of stems, number and weight (g) of fruits produced were determined.
The results were analyzed by ANOVA and later, a Tukey mean comparison test was performed.
An increase in the accumulation of Se was observed, being up to 53% in the fruits under the 5 mg
L~! treatment compared to the control. However, this increase did not have a noticeable impact on
macronutrient content and tomato yield, but rather, contributed to the improvement of the nutritional
quality of the tomato.
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1. Introduction

Biofortification is a process of increasing the content of vitamins and minerals in a crop,
through plant breeding, transgenic techniques, or agronomic practices [1]. This process is a way to
improve human health and nutrition, since vitamins and minerals deficiencies are source of many
diseases, that affect more than two billion individuals in the world, corresponding of one from each
three people, globally [2]. Such deficiencies occur when intake and absorption of vitamins and minerals
are too low to sustain good health and development [1].

During the last five decades, agricultural researches have been carryied out to increase production
and availability of calorically nutrient-rich foods and improve dietary diversity, and to reduce nutrient
deficiencies. According to Bouis et al. [3], consuming biofortified crops can help address nutrient
deficiencies by increasing the daily adequacy of nutrient intakes among individuals throughout
the lifecycle.
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One of the most consumed crops around the world is tomato, that belongs to the Solanaceae
family, including more than 3000 species. The Solanum Iycopersicum L. Mill is an important source
of nourishment and is part of our diet [4]. In the last few years, tomato consumption has further
increased since tomato fruits supply both fresh market and processing products such as soups,
juices, purees, and sauces [5]. Tomato fruits are an important source of substances with known
beneficial effects on health, including vitamins, minerals, and antioxidants [6]. Indeed, tomato fruit
consumption has been associated with a reduced risk of inflammatory processes, cancer, and chronic
non-communicable diseases (CNCD), including cardiovascular diseases (CVD) such as coronary heart
disease, hypertension, diabetes, and obesity [5]. Regular consumption of tomato fruit and its products
is associated with lower risk of CNCD and several types of cancer and inflammation because of
interaction of phytochemicals with metabolic pathways that are related to inflammatory response and
oxidative stress [7].

However, the chemical composition of tomatoes is affected by many factors such as genetic
(cultivar or variety), environmental (light, temperature, mineral nutrition, and air composition),
and cultural practices (ripening stage at harvest and irrigation system) [8,9]. In order to improve the
levels of human health promoting compounds in tomato fruits, the so-called “Biofortification Programs”
are being used more and more frequently, both with trace elements and with macronutrients. Selenium is
an essential trace element which is present in several natural kingdoms such as humans, animals,
cyanobacteria [10], and some plants. This essential micronutrient contributes to the control of water
status of plants [11], prevents oxidative stress, delays senescence and promotes growth [12,13], so that
its adequate intake is thought to be beneficial for maintaining human health [14]. In some plants,
high levels of inorganic Se can metabolize and accumulate Se in the form of organic derivatives,
which is important for the plant, because it reduces the toxicity of the chalcogen, and at the same
time, bioaccumulation in edible tissues allows the production of Se-enriched foods that have use
as a potential nutraceutical for humans and animals [15]. Moreover, Se biofortification may elicit
the production of secondary metabolites, which may benefit human health when assumed with
the diet [16-18]. Some studies suggested that low intake of Se in the diet may cause a number of
diseases, including heart diseases, hypothyroidism, reduced male fertility, weakened immune system,
and enhanced susceptibility to infections and cancer [19,20]. On the other hand, increasing Se content
in food crops offers an effective approach to reduce the Se deficiency problem in humans and animals.

Se has several oxidation states such as selenide (Se?~), elemental selenium (Se?), selenite (Se**),
and selenate (Se®"). The oxidized forms of selenium (Se** and Se®*) are absorbed by plants due to
their high solubility, while Se® and Se?~ are insoluble, therefore they are hardly absorbed by plants [21].
The two forms of oxidized Se (selenite and selenite) differ in terms of absorption and mobility within
the plant [22]. Selenite uses phosphate transport as an assimilation pathway [22] while selenate moves
through transporters and sulfate channels [23-25]. Once absorbed, selenate tends to be detected in
radical tissues in inorganic form, whereas selenite appears to rapidly form organic compounds [26,27].
It is generally considered that selenium is related to antioxidant metabolism [28] and it is known that
selenite induces this activity more effectively than selenate [29].

Therefore, the present paper aims to improve the nutritional quality of tomato fruits by adding
sodium selenite (NaySeOs) as an important source of Se intake, to increase the Se levels and
bioavailability in tomato crops, and determine the impact of Se biofortification on micronutrient status.

2. Materials and Methods

2.1. Study Area

The experimental work was carried out in a greenhouse of the Department of Horticulture, at the
Antonio Narro Autonomous Agrarian University, located in Saltillo, Coahuila, Mexico, within the
coordinates 1743 m above sea level, 25°24" north latitude and 100°02" de west longitude of the



Agriculture 2020, 10, 486 3of11

Greenwich Meridian. Maximum and minimum temperature and relative humidity in the greenhouse
were 25 and 18 °C and 50 and 65%, respectively.

According to the Koppen climatic classification, modified by Garcia [30], the climate is of the BSokx
‘(w) (¢’) type: Dry-arid and temperate, with a long cool summer, and a low rainfall regime throughout
the year, tending to rain more in the summer and extreme weather. The average annual temperature is
22.6 °C, with an average annual rainfall of 361.4 mm, and the average annual evaporation oscillates
between 1956 mm.

2.2. Experimental Design and Samples Preparation

Tomato seeds from the Rio Grande variety released by the EDENA Seed Company in the USA,
were seeded in 200 cavities polyethylene trays, under a black polypropylene mesh, to provide shade.
40 days later, the seedlings most similar in size and development were selected for transplantation in
20 L pots, with the application of a rooting solution.

The substrate used was a mixture of peat-moss and perlite in the ratio 70:30, and three treatments
with anhydrous sodium selenite (Na;SeOs) of the respective concentrations 0, 2 and 5 mg L1, as sources
of selenium (Se) were applied. Crop nutrition was performed through irrigation at field water capacity
every three days, with a Steiner’s universal nutrient solution adjusted to an acidic pH (between 5.5 and
6.5) with sulfuric acid, to ensure the availability of the mineral elements and maintain the selenite ion
in its protonated form [31]. The lateral buds were pruned every 8 days, with a preventive application
of phytosanitary products without selenium, to control pests and diseases.

2.3. Agronomic Yield

At 45 days after transplantation, data were recorded on the different plant components, leaves,
stems and fruits, for the morphometric analysis of the studied plant. In each treatment, 15 plants were
randomly selected and labeled from the start of the transplant, being 45 plants in total. The number and
weight of mature fruits per plant were recorded, as well as the polar diameter and the cross diameter
of these fruits, using a digital vernier, Autotec, Caliper digital 150 mm model. Also, measurements of
plant height (H) were made from the base of the stem to the last leaf in the aerial part of the plant,
using a tape measure, reporting the values in centimeters (cm), as well as the diameter of the stem (D)
at the base of the plant, using the digital Vernier.

For the determination of dry matter, 6 plants of each treatment were randomly selected and from
them, the two leaves with physiological maturity and their corresponding stems were cut, and the
samples were weighed to obtain the fresh weight. They were placed in previously-labeled esterase
paper bags, and dried in a drying oven at a temperature of 60 °C for 48 h. After the drying time,
they were weighed again, and the value of the weight of the bags was subtracted from the fresh weight,
to obtain the weight of dry matter corresponding to each component.

2.4. Selenium Content and Nutritional Status

Samples from the different components of the mature plants were obtained and macerated; 1 g of
the macerate was taken, and the sample was digested with nitric and perchloric acid in a 3:1 ratio,
using a heating plate at 100 °C. Subsequently, the solution was filtered through Whatman No. 42
filter paper and made up to a 100 mL working solution with deionized water. It was subjected
to a Plasma Induction Spectrometer (ICP), brand THERMO JARELL ASH, Model IRIS Advantage,
following procedure 984.27 of the AOAC [32], to obtain the value of the elements K, Mg, and Ca,
as well as the selenium in each studied component.

As for nitrogen, it was quantified by the Kjeldahl method [33] and phosphorus, by the colorimetric
method of the ANSA aminonaphthol sulfonic acid reagent [34]. The previously prepared digestions
were used for the minerals quantification (K, Ca, Mg, Fe, Zn).
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2.5. Statistical Data Analysis

For the agronomic variables (yield, height and diameters), as well as the quality variables
(content of selenium and macroelements), an analysis of variance was performed with the statistical
package SAS 9.1.3, to verify the significant differences of the variables in each treatment, at p < 0.05.
A Tukey mean comparison test was applied to identify the groups formed in the different treatments.

3. Results

3.1. Yield of Agronomic Variables

The agronomic variables presented significant differences (p < 0.05) between the Se treatments
compared to the control (Table 1). The height of the stem presented 2 statistically different groups,
one formed by the control TO (0 mg L), with the value of 61.1 cm, and the other formed by the
treatments T1 (2 mg L™!) and T2 (5 mg L~!), with values of 67.5 and 65.5 cm, respectively, highlighting
a significant increase in height with the application of sodium selenite. Similarly, the diameter of the
stem registered 2 statistically different groups, one with the control (11.8 mm), and the other constituted
by the 2 treatments T1 and T2, with the values of 13.4 and 13.3 mm, respectively.

Table 1. Agronomic values from tomato under different sodium selenite treatments.

Stems Fruits Dry Matter
H (cm) D (mm) N (Fr/plant) W (g) L (g S (g

0mg L™t 61.1+39b 11.8+09b 1200+ 29a 869.20 + 224.6 a 437+ 145D 266+3.0a
2mg L™t 675+3.0a 134+08a 17.67 £39 a 1061.53 £ 349.8 a 48.1+19.1ab 283 +3.6a
5mg L™ 652+29a 13.3+08a 16.67 £3.6 a 1184.83 £378.9 a 509+19.2a 299+6.5a

Treatments

H: Height, D: Diameter, N: Number, Fr: Fruits, W: Weight, L: Leaves, S: Stems. In each column, means followed by
different letter are statistically different (p < 0.05), and the standard deviation (SD) is reported after +/—.

Regarding fruits, no statistically significant differences (p > 0.05) were detected among the control
and the treatments, both for number and weight. Values of 12, 18 and 17 fruits per plant were
recorded for TO, T1 and T2, respectively, forming a single statistical group, although the content of
Se increased (Table 1). Similarly, the weight of the fruits showed a single statistical group with the
application of sodium selenite, registering the values 869, 1062 and 1185 g per plant for T0, T1, and T2,
respectively (Table 1).

In the case of dry matter, 3 statistically different groups were recorded in the leaves (p < 0.05),
with increasing values according to the concentration of sodium selenite applied: 43.7 for the control,
48.1 and 50.9 m for T1 and T2, respectively. The stems presented a single group, with slightly increasing
values of 26.6, 28.3, and 29.9 g for TO, T1, and T2, respectively.

3.2. Selenium and Macronutrient Content in Different Tomato Components, under Sodium Selenite Treatments

The concentration of selenium in the different analyzed components indicated significant
differences (p < 0.05) among the treatments, registering the highest distribution in the stems,
with the values of 21.7, 45.6 and 52.3 pg g~! for TO (0 mg L), T1 2 mg L™!) and T2 (5 mgL™}),
respectively (Figure 1). The leaves presented the lowest Se distribution, with values of 9.9, 20.9,
and 20.4 ug g~! for TO, T1 and T2, respectively (Figure 1). The fruits registered values of 16.8, 24.5 and
35.8 ug g_l for TO, T1 and T2, respectively. These results show an increase in the content of selenium
with the application of sodium selenite in all the components evaluated (Figure 1).
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Figure 1. Accumulated selenium content (ug g~!) in tomato components under sodium selenite
treatments TO=0mgL™!, T1 =2mg L™}, T2=5mg L.

The macronutrient content in the different tomato components is shown in Figure 2,
presenting potassium and calcium as the elements that were statistically significant (p < 0.05) among
treatments, which suggests that the sodium selenite applied in this study did not interfered with the
absorption of other elements. The values obtained were 3.57, 3.84, and 2.95 ug g™! in the control
(TO = 0 mg L~!) for potassium in leaves, stems and fruits, respectively. In treatment 1 (T1 =2 mg L),
these values were 4.42, 4.47, and 3.44 ug ¢! in leaves, stems and fruits, respectively. For its part,
calcium registered the values 3.3and 3.9 g g_1 in stems for TO (0 mg L and T1(2 mg L, respectively;
0.86,1.26, and 2.82 pg g‘1 in fruits for TO (0 mg L), T1(2 mg Land T2 (5 mg L, respectively.

Nutrients content (ug g?)
w H
HED)
@+ ©
——+—0®+

N P K Ca Mg

@70 ©T1 @T2

Figure 2. Cont.
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Figure 2. Macronutrient content in different tomato components under sodium selenite treatments.
(A) Leaves, (B) Stems, (C) Fruits. T0=0mgL™!, T1 =2mgL™!, T2=5mg L.

4. Discussion

4.1. Agronomic Variables of Tomato under Sodium Selenite Treatments

The agronomic variables yield, stem height (H), stem diameter (D), and fruit weight (W) were
significantly increased under the application of sodium selenite (2 and 5 mg L~!), demonstrating that Se
biofortification can improve the tomato productivity. This result agrees with those of Hasanuzzaman
et al. [35], who found that Se can improve plant growth and development, since it has vital roles in
reducing negative consequences of abiotic stresses. This beneficial role of Se were studied by some
authors, who reported that it improves plant tolerance to many abiotic stresses, as drought [36,37],
salinity [38,39], cold [40,41], metals/metalloids [42,43], and UV-induced stress [44,45]. Therefore, it must
be applied at relatively low concentrations, in accordance with Chauhan et al. [42], who found that low
dose of Se can stimulate plant growth, improve photosynthesis and help in homeostasis of essential
nutrient elements. Also, it has been shown that Selenium serves as an anti-senescent and helps in
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maintenance of cellular structure and function, thus, contributes towards improved plant growth and
development [46,47]. Nevertheless, Se at excessive concentrations leads to toxicity in plants, resulting in
chlorosis and necrosis as well as restricted growth and reduced protein biosynthesis [48,49], so that it
is essential to keep the concentration low during the Se application, to achieve the desired effect.

On the other hand, selenite remains in organic form when absorbed [26,27], and it has been shown
to be a more efficient inducer of glutathione peroxidase [29], which is determining for the production
of healthy tomatoes high in antioxidant nutrients. On the strength of the above, the selenium specific
effect on tomato production seems to depend on the chemical form in which Se is applied, as also
indicated by Germ et al. [50] and Becvort-Azcurra et al. [51], who found no differences in fruit yield
when applying sodium selenite.

4.2. Selenium Content in Different Components of Tomato under Sodium Selenite Treatments

The selenium content registered a significant increase for leaves and stems in the applied sodium
selenite treatments. In the fruits, only one notable increase was reported under the 5 mg L~! treatment,
corresponding to 53% more selenium, compared to the control. Nancy et al. [52] reported a similar
value (52.5% compared to the control), registering 29.5 jig g~! in tomato fruits obtained with 10 mg L™
of sodium selenate, applied to the soil. Other authors have reported the accumulation of Se in
wheat grains [53] and rice grains [54] through Se fertigation and Se foliar application, respectively.
In broccoli (Brassica oleracea L.), Se fertilization was shown to reduce the amount of total phenolic acids,
without altering the profile distribution of specific compounds [55].

According to Kabata-Pendias and Pendias [56] who reported uneven accumulation among
different organs, actively growing tissues usually contain higher amounts of Se, and many plant species
accumulate higher amounts of selenium in stems and leaves than in the root tissues. The same authors
noted that higher levels of selenium in plants can suppress the concentration of N in tissues and can
inhibit the absorption of some metals such as Mg [56]. However, Selenium delivery in a food system
depends mainly on the levels of plant available Se in soils used for agriculture [57]. The element’s
availability in soils depends on soil pH, redox potential, cation exchange capacity, and levels of Fe,
sulfur, aluminum, and carbon [58,59].

Malagoli et al. [25] found variations in tomato S uptake and assimilation induced by Se,
which caused changes in the synthesis of S-secondary compounds with nutritional value, such as
glucosinolates (GLS), which function in plant defense against insects and herbivores. Because S
nutrition is strictly associated with N metabolism, Se can exert an additional effect on the synthesis of
proteins and amino acids, as well as on N-secondary compounds with free radical scavenging activities,
like phenolics.

Much less common than Se deficiency, Se toxicity can occur as selenosis, characterized by hair
loss and thickened nails, as it was the case in Enshi in the Chinese province of Hubei, by 1961 to 1964,
caused by eating crops grown on high-Se soil [60]. So that, the daily recommended intake of Se is
mostly 40-75 mg/day globally, with <30 mg/day inadequate and >900 mg/day potentially harmful.
However, tolerable upper limits have been set lower, in the range of 400-450 mg/day for the United
Kingdom, United States, Canada, EU, Australia, and New Zealand [61].

4.3. Macronutrients Content from Different Components of Tomato under Sodium Selenite Treatments

The results showed that the sodium selenite applied in this study did not interfered with the
absorption of other elements, which suggests that there is no modification when adding selenium in the
irrigation solution, since in this way, there is no antagonism of selenium with the other nutrient elements.
This could be an advantage for elements such as K, which is one of the most abundant elements in plant
tissues, comprising around 10% of dry matter [62]. Potassium is involved in numerous biochemical
and physiological processes vital for growth, yield, quality, and stress [63]. It stands out as the cation
that has the greatest influence on the quality parameters that determine the commercialization of fruits,
consumer preferences, and on the concentration of associated phytonutrients of vital importance for
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human health [64]. Other authors such as Smoleri et al. [65] reported a reduction in the levels of Ca and
Mg in lettuce roots with the foliar application of Se and I, although they did not observe any difference
in the content of macronutrients in leaves when they applied Se individually.

5. Conclusions

The sodium selenite added to the nutrient solution biofortified the tomato through a significant
increase in selenium content for the different components evaluated (fruits, leaves and stems),
producing up to twice its concentration in fruits for the 5 mg L~! treatment, compared to the control.
The application of sodium selenite did not interfere with the absorption of macronutrients, but rather,
contributed to the improvement of the nutritional quality of the tomato. Se applied in low concentration
can improve crop yield and food quality.

Author Contributions: Conceptualization, EPR. and C.G.R.; methodology, C.G.R.,, EPR., A.BM., and N.H.M,;
software, C.G.R.,, M.N.H,, and S.C.L.R; validation, EPR. and B.M.A.; formal analysis, C.G.R. and N.H.M.;
investigation, C.G.R., BM.A., and FPR,; resources, FP.R. and B.M.A.; data curation, N.H.M., C.G.R., and FPR;
writing—original draft preparation, C.G.R. and N.H.M.; writing—review and editing, EP.R., N.-H.M., BM.A. and
S.C.L.R,; visualization, EPR., BM.A., N.H.M. and S.C.L.R; supervision, EP.R. and B.M.A ; project administration,
C.G.R. and FPR;; funding acquisition, C.G.R. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

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

References

1.  Bouis, H.E.; Saltzman, A. Improving nutrition through biofortification: A review of evidence from HarvestPlus,
2003 through 2016. Glob. Food Sec. 2017, 12, 49-58. [CrossRef]

2. FAQO; IFAD; WEP. The State of Food Insecurity in the World; FAO: Rome, Italy, 2015.

3. Bouis, H.E,; Hotz, C.; McClafferty, B.; Meenakshi, ].V.; Pfeiffer, W.H. Biofortification: A new tool to reduce
micronutrient malnutrition. Food Nutr. Bull. 2011, 32 (Suppl. 1), S31-S40. [CrossRef] [PubMed]

4. Raiola, A.; Rigano, M.M.; Calafiore, R.; Frusciante, L.; Barone, A. Enhancing the Health-Promoting Effects of
Tomato Fruit for Biofortified Food. Mediat. Inflamm. 2014, 2014, 139873. [CrossRef] [PubMed]

5. Canene-Adams, K.; Campbell, ].K; Zaripheh, S.; Jeffery, E.H.; Erdman, ].W., Jr. The tomato as a functional
food. J. Nutr. 2005, 135, 1226-1230. [CrossRef]

6. Frusciante, L.; Carli, P; Ercolano, M.R. Antioxidant nutritional quality of tomato. Mol. Nutr. Food Res. 2007,
51, 609-617. [CrossRef] [PubMed]

7. Visioli, E; Riso, P; Grande, S.; Galli, C.; Porrini, M. Protective activity of tomato products on in vivo markers
of lipid S. oxidation. Eur. J. Nutr. 2003, 42, 201-206. [CrossRef] [PubMed]

8.  Periago, M.].; Garcia-Alonso, J.; Jacob, K.; Belén Olivares, A.; José Bernal, M.; Dolores Iniesta, M.; Martinez, C.;
Ros, G. Bioactive compounds, folates and antioxid.ant properties of tomatoes (Lycopersicum esculentun)
during vine ripening. Int. J. Food Sci. Nutr. 2009, 60, 694-708. [CrossRef]

9.  Garcia-Valeverde, V.; Navarro-Gonzales, I.; Garcia-Alonso, J.; Periago, M.]J. Antioxidant bioactive compounds
in selected industrial processing and fresh consumption tomato cultivars. Food Bioproc.  Tech. 2013,
6,391-402. [CrossRef]

10. Germ, M.; Stibilj, V. Selenium and plants. Acta Agric. Slov. 2007, 89, 1. [CrossRef]

11.  Kuznetsov, V.; Kuznetsov, V. Selenium regulates the water status of plants exposed to drought. Dokl. Biol. Sci.
2003, 390, 266-268. [CrossRef]

12.  Xue, T.; Hartikainen, H.; Piironen, V. Antioxidative and growth promoting effect of selenium on senescing
lettuce. Plant Soil 2001, 237, 55-61. [CrossRef]

13. Pennanen, A.; Xue, T.; Hartikainen, H. Protective role of selenium in plant subjected to severe UV irradiation
stress. J. Appl. Bot. 2002, 76, 66-76.

14. Schwarz, K.; Foltz, C.M. Selenium as an Integral Part of Factor 3 against Dietary Necrotic Liver Degeneration.
J. Am. Chem. Soc. 1957, 79, 3292-3293. [CrossRef]


http://dx.doi.org/10.1016/j.gfs.2017.01.009
http://dx.doi.org/10.1177/15648265110321S105
http://www.ncbi.nlm.nih.gov/pubmed/21717916
http://dx.doi.org/10.1155/2014/139873
http://www.ncbi.nlm.nih.gov/pubmed/24744504
http://dx.doi.org/10.1093/jn/135.5.1226
http://dx.doi.org/10.1002/mnfr.200600158
http://www.ncbi.nlm.nih.gov/pubmed/17427261
http://dx.doi.org/10.1007/s00394-003-0415-5
http://www.ncbi.nlm.nih.gov/pubmed/12923651
http://dx.doi.org/10.3109/09637480701833457
http://dx.doi.org/10.1007/s11947-011-0687-3
http://dx.doi.org/10.2478/v10014-007-0008-8
http://dx.doi.org/10.1023/A:1024426104894
http://dx.doi.org/10.1023/A:1013369804867
http://dx.doi.org/10.1021/ja01569a087

Agriculture 2020, 10, 486 9of 11

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Achibat, H.; AlOmari, N.A.; Messina, F,; Sancineto, L.; Khouili, M.; Santi, C. Organoselenium Compounds as
Phytochemicals from the Natural Kingdom. Nat. Prod. Commun. 2015, 10, 1934578X1501001. [CrossRef]
Barickman, T.C.; Kopsell, D.A.; Sams, C.E. Selenium influences glucosinolate and isothiocyanates and
increases sulfur uptake in Arabidopsis thaliana and rapid-cycling Brassica oleracea. J. Agric. Food Chem.
2013, 61, 202-209. [CrossRef]

Schiavon, M.; Dall’Acqua, S.; Mietto, A.; Pilon-Smits, E.A.H.; Sambo, P.; Masi, A.; Malagoli, M.
Selenium fertilization alters the chemical composition and antioxidant constituents of tomato
(Solanum lycopersicon L.). ]. Agric. Food Chem. 2013, 61, 10542-10554. [CrossRef]

D’Amato, R.; De Feudis, M.; Guiducci, M.; Businelli, D. Zea mays L. Grain: Increase in Nutraceutical and
Antioxidant Properties Due to Se Fortification in Low and High Water Regimes. |. Agric. Food Chem. 2019,
67,7050-7059. [CrossRef]

Hatfield, D.L.; Tsuji, P.A.; Carlson, B.A.; Gladyshev, V.N. Selenium and selenocysteine: Roles in cancer,
health and development. Trends Biochem. Sci. 2014, 39, 112-120. [CrossRef]

Roman, M,; Jitaru, P.; Barbante, C. Selenium biochemistry and its role for human health. Metallomics 2014,
6, 25-54. [CrossRef]

Broadley, M.R.; White, PJ.; Bryson, R.J.; Meacham, M.C.; Bowen, H.C.; Johnson, S.E.; Hawkesford, M.].;
Mc Grath, S.P,; Zhao, EJ.; Breward, N.; et al. Biofortification of UK food crops with selenium. Proc. Nutr. Soc.
2006, 65, 169-181. [CrossRef]

Li, H.F; Mc Grath, S.P,; Zhao, E]J. Selenium uptake, translocation and speciation in wheat supplied with
selenate or selenite. New Phytol. 2008, 178, 92-102. [CrossRef] [PubMed]

Feist, L.J.; Parker, D.R. Ecotypic variation in selenium accumulation among populations of Stanleya pinnata.
New Phytol. 2001, 149, 61-69. [CrossRef]

Zhang, Y.; Pan, G.; Chen, J.; Hu, Q. Uptake and transport of selenite and selenate by soybean seedlings of
two genotypes. Plant Soil 2003, 253, 437-443. [CrossRef]

Malagoli, M.; Schiavon, M.; dall’Acqua, S.; Pilon-Smits, E.A. Effects of selenium biofortification on crop
nutritional quality. Front. Plant. Sci. 2015, 6, 280. [CrossRef] [PubMed]

De Souza, M.P; Pilon-Smits, E.A.H.; Lytle, CM.; Hwang, S.; Tai, J.; Honma, T.S.U.; Yeh, L.; Terry, N.
Rate-limiting steps in selenium assimilation and volatilization by Indian mustard. Plant Physiol. 1998,
117,1487-1494. [CrossRef]

Cartes, P; Shene, C.; Mora, M.L. Selenium distribution in ryegrass and its antioxidant role as affected by
sulfur fertilization. Plant Soil 2006, 285, 187-195. [CrossRef]

Rayman, M.P. Food-chain selenium and human health: Emphasis on intake. Br.  ]J. Nutr. 2008,
100, 254-268. [CrossRef]

Cartes, P.; Gianfrera, L.; Mora, M.L. Uptake of selenium and its antioxidative activity in ryegrass when
applied a selenate and selenite forms. Plant Soil 2005, 276, 359-367. [CrossRef]

Garcia, E. Modificaciones al Sistema de Clasificacion Climdtica de Koppen Para Adaptarlo a las Condiciones de la
Repiiblica Mexicana, 3rd ed.; UNAM: Mexico City, Mexico, 2004; p. 252.

Preciado-Rangel, P.; Favela-Chavez, E.; Benavides-Mendoza, A. Manual para la Preparacion de Soluciones
Nutritivas; Universidad Auténoma Agraria Antonio Narro: Saltillo, Mexico, 2006; p. 146.

A.O.A.C. Official Methods of Analysis of the Association of Official Analytical Chemists, 17th ed.; Association of
Official Analytical Chemists: Gaithersburg, MD, USA, 2000; p. 2000.

A.O.A.C. Official Methods of Analysis of the Association of Official Analytical Chemist, 15th ed.; Association of
Official Analytical Chemists: Washington, DC, USA, 1990; pp. 829-830.

Harris, W.D.; Popat, P. Determination of the Phosphorus Content of Lipids. J. Am. Oil Chem. Soc. 1954,
31,124-127. [CrossRef]

Hasanuzzaman, M.; Nahar, K.; Alam, M.M.; Fujita, M. Modulation of antioxidant machinery and the
methylglyoxal detoxification system in selenium-supplemented Brassica napus seedlings confers tolerance to
high temperature stress. Biol. Trace Elem. Res. 2014, 161, 297-307. [CrossRef]

Yildiztugay, E.; Ozfidan-Konakci, C.; Kucukoduk, M.; Tekis, S.A. The impact of selenium application on
enzymatic and non-enzymatic antioxidant systems in Zea mays roots treated with combined osmotic and
heat stress. Arch. Agron. Soil Sci. 2017, 63, 261-275. [CrossRef]


http://dx.doi.org/10.1177/1934578X1501001119
http://dx.doi.org/10.1021/jf3037227
http://dx.doi.org/10.1021/jf4031822
http://dx.doi.org/10.1021/acs.jafc.9b02446
http://dx.doi.org/10.1016/j.tibs.2013.12.007
http://dx.doi.org/10.1039/C3MT00185G
http://dx.doi.org/10.1079/PNS2006490
http://dx.doi.org/10.1111/j.1469-8137.2007.02343.x
http://www.ncbi.nlm.nih.gov/pubmed/18179602
http://dx.doi.org/10.1046/j.1469-8137.2001.00004.x
http://dx.doi.org/10.1023/A:1024874529957
http://dx.doi.org/10.3389/fpls.2015.00280
http://www.ncbi.nlm.nih.gov/pubmed/25954299
http://dx.doi.org/10.1104/pp.117.4.1487
http://dx.doi.org/10.1007/s11104-006-9004-8
http://dx.doi.org/10.1017/S0007114508939830
http://dx.doi.org/10.1007/s11104-005-5691-9
http://dx.doi.org/10.1007/BF02545694
http://dx.doi.org/10.1007/s12011-014-0120-7
http://dx.doi.org/10.1080/03650340.2016.1201810

Agriculture 2020, 10, 486 10 of 11

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

Sattar, A.; Cheema, M.A,; Sher, A.; [jaz, M.; Ul-Allah, S.; Nawaz, A.; Abbas, T.; Ali, Q. Physiological and
biochemical attributes of bread wheat (Triticum aestivum L.) seedlings are influenced by foliar application of
silicon and selenium under water deficit. Acta Physiol. Plant. 2019, 41, 146. [CrossRef]

Ashraf, M.A.; Akbar, A.; Parveen, A.; Rasheed, R.; Hussain, I.; Igbal, M. Phenological application of selenium
differentially improves growth, oxidative defense and ion homeostasis in maize under salinity stress.
Plant Physiol. Biochem. 2018, 123, 268-280. [CrossRef] [PubMed]

Elkelish, A.A.; Soliman, M.H.; Alhaithloul, H.A.; El-Esawi, M.A. Selenium protects wheat seedlings
against salt stress-mediated oxidative damage by up-regulating antioxidants and osmolytes metabolism.
Plant Physiol. Biochem. 2019, 137, 144-153. [CrossRef]

Hawrylak-Nowak, B.; Dresler, S.; Wojcik, M. Selenium affects physiological parameters and phytochelatins
accumulation in cucumber (Cucumis sativus L.) plants grown under cadmium exposure. Sci. Hortic. 2014,
172,10-18. [CrossRef]

Huang, C.; Qin, N.; Sun, L.; Yu, M.; Hu, W.; Qi, Z. Selenium improves physiological parameters and alleviates
oxidative stress in strawberry seedlings under low temperature stress. Int. J. Mol. Sci. 2018, 19, 1913. [CrossRef]
Chauhan, R.; Awasthi, S.; Tripathi, P.; Mishra, S.; Dwivedi, S.; Niranjan, A.; Mallick, S.; Tripathi, P.; Pande, V.;
Tripathi, R.D. Selenite modulates the level of phenolics and nutrient element to alleviate the toxicity of
arsenite in rice (Oryza sativa L.). Ecotoxicol. Environ. Saf. 2017, 138, 47-55. [CrossRef]

Mroczek-Zdyrska, M.; Wéjcik, M. The influence of selenium on root growth and oxidative stress induced by
lead in Vicia faba L. minor plants. Biol. Trace Elem. Res. 2012, 147, 320-328. [CrossRef]

Golob, A.; Kav¢ig, J.; Stibilj, V.; Gaberscik, A.; Vogel-Mikus, K.; Germ, M. The effect of selenium and UV
radiation on leaf traits and biomass production in Triticum aestivum L. Ecotox. Environ. Saf. 2017, 136, 142-149.
[CrossRef] [PubMed]

Mata-Ramirez, D.; Serna-Saldivar, S.O.; Antunes-Ricardo, M. Enhancement of antiinflammatory and
antioxidant metabolites in soybean (Glycine max) calluses subjected to selenium or UV-light stresses.
Sci. Hortic. 2019, 257, 108669. [CrossRef]

Kaur, N.; Sharma, S.; Kaur, S.; Nayyar, H. Selenium in agriculture: A nutrient or contaminant for crops?
Arch. Agron. Soil Sci. 2014, 60, 1593-1624. [CrossRef]

Balk, J.; Pilon, M. Ancient and essential: The assembly of iron-sulfur clusters in plants. Trends Plant Sci. 2011,
16, 18-26. [CrossRef] [PubMed]

Mroczek-Zdyrska, M.; Strubiriska, J.; Hanaka, A. Selenium improves physiological parameters and alleviates
oxidative stress in shoots of lead-exposed Vicia faba L. minor plants grown under phosphorus-deficient
conditions. J. Plant Growth Reg. 2017, 36, 186-199. [CrossRef]

Molnar, A.; Kolbert, Z.; Kéri, K.; Feigl, G.; Ord()g, G.; Szollosi, R.; Erdei, L. Selenite induced nitro-oxidative
stress processes in Arabidopsis thaliana and Brassica juncea. Ecotoxicol. Environ. Saf. 2018, 148, 664—674.
[CrossRef] [PubMed]

Germ, M.; Kreft, I.; Osvald, J. Influence of UV-B Exclusion and Selenium Treatment on Photochemical Efficiency
of Photosystem 1II, Yield and Respiratory Potential in Pumpkins (Cucurbita pepo L.). Plant Physiol. Bioch. 2005,
43,445-448. [CrossRef]

Becvort-Azcurra, A.; Fuentes-Lara, L.O.; Benavides-Mendoza, A.; Ramirez, H.; Robledo-Torres, V.;
Rodriguez-Mendoza, M.D.L.N. Aplicacion de selenio en tomate: Crecimiento, productividad y estado
antioxidante del fruto. Terra Latinoam. 2012, 30, 291-301.

Nancy, D.; Arulselvi, PI. Effect of selenium fortification on biochemical activities of tomato
(Solanum lycopersicum) plants. Indo Am. J. Pharm. 2014, 4, 3997-4005.

Nawaz, F.; Ashraf, M.; Ahmad, R.; Waraich, E.A.; Shabbir, R.N.; Bukhari, M.A. Supplemental Selenium
Improves Wheat Grain Yield and Quality Through Alterations in Biochemical Processes Under Normal and
Water Deficit Conditions. Food Chem. 2014, 175, 350-357. [CrossRef]

Boldrin, P.E; Faquin, V.; Ramos, S.J.; Boldrin, K.V.E; Avila, EW.; Guilherme, L.R.G. Soil and Foliar Application
of Selenium in Rice Biofortification. J. Food Compos. Anal. 2013, 31, 238-244. [CrossRef]

Robbins, R.J.; Keck, A.S.; Banuelos, G.; Finley, ].W. Cultivation conditions and selenium fertilization alter the
phenolic profile, glucosinolate and sulforaphane content of broccoli. J. Med. Food 2005, 8, 204-214. [CrossRef]
Kabata-Pendias, A.; Pendias, H. Trace Elements in Soils and Plants; CRC Press Inc.: Boca Raton, FL, USA, 2001.
Lyons, G. Biofortification of Cereals with Foliar Selenium and Iodine Could Reduce Hypothyroidism.
Front. Plant Sci. 2018, 9, 730. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/s11738-019-2938-2
http://dx.doi.org/10.1016/j.plaphy.2017.12.023
http://www.ncbi.nlm.nih.gov/pubmed/29275208
http://dx.doi.org/10.1016/j.plaphy.2019.02.004
http://dx.doi.org/10.1016/j.scienta.2014.03.040
http://dx.doi.org/10.3390/ijms19071913
http://dx.doi.org/10.1016/j.ecoenv.2016.11.015
http://dx.doi.org/10.1007/s12011-011-9292-6
http://dx.doi.org/10.1016/j.ecoenv.2016.11.007
http://www.ncbi.nlm.nih.gov/pubmed/27865114
http://dx.doi.org/10.1016/j.scienta.2019.108669
http://dx.doi.org/10.1080/03650340.2014.918258
http://dx.doi.org/10.1016/j.tplants.2010.12.006
http://www.ncbi.nlm.nih.gov/pubmed/21257336
http://dx.doi.org/10.1007/s00344-016-9629-7
http://dx.doi.org/10.1016/j.ecoenv.2017.11.035
http://www.ncbi.nlm.nih.gov/pubmed/29169148
http://dx.doi.org/10.1016/j.plaphy.2005.03.004
http://dx.doi.org/10.1016/j.foodchem.2014.11.147
http://dx.doi.org/10.1016/j.jfca.2013.06.002
http://dx.doi.org/10.1089/jmf.2005.8.204
http://dx.doi.org/10.3389/fpls.2018.00730
http://www.ncbi.nlm.nih.gov/pubmed/29951072

Agriculture 2020, 10, 486 11 of 11

58.

59.

60.

61.

62.

63.

64.

65.

Chilimba, A.; Young, S.; Black, C.; Rogerson, K.; Ander, E.; Watts, M.; Lammel, J.; Broadley, M.R. Maize grain
and soil surveys reveal suboptimal dietary selenium intake is widespread in Malawi. Sci. Rep. 2011, 1, 72.
[CrossRef] [PubMed]

Winkel, L.; Johnson, C.; Lenz, M.; Grundl, T.; Leupin, O.; Amini, M.; Charlet, L. Environmental selenium research:
From microscopic processes to global understanding. Environ. Sci. Technol. 2012, 46, 571-579. [CrossRef]

Yang, G.Q.; Wang, S.Z.; Zhou, R.H.; Sun, S.Z. Endemic selenium intoxication of humans in china. Am. J.
Clin. Nutr. 1983, 37, 872-881. [CrossRef] [PubMed]

Fairweather-Tait, S.; Bao, Y.; Broadley, M.R,; Collings, R.; Ford, D.; Hesketh, J.E.; Hurst, R. Selenium in human
health and disease. Antiox. Redox Signal. 2011, 14, 1337-1383. [CrossRef]

Epstein, E.; Bloom, A.J. Mineral Nutrition of Plants: Principles and Perspectives, 2nd ed.; Sinauer Assoc. Inc.:
Sunderland, UK, 2005.

Cakmak, I. The role of potassium in alleviating detrimental effects of abiotic stresses in plants. J. Plant. Nutr.
Soil Sci. 2005, 168, 521-530. [CrossRef]

Lester, G.E.; Jifon, J.L.; Makus, D.J. Impact of potassium nutrition on postharvest fruit quality:
Melon (Cucumis melo L) case study. Plant Soil 2010, 335, 117-131. [CrossRef]

Smolen, S.; Kowalska, I.; Sady, W. Assessment of Biofortification with Iodine and Selenium of Lettuce
Cultivated in the NFT Hydroponic System. Sci. Hortic. 2014, 166, 9-16. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1038/srep00072
http://www.ncbi.nlm.nih.gov/pubmed/22355591
http://dx.doi.org/10.1021/es203434d
http://dx.doi.org/10.1093/ajcn/37.5.872
http://www.ncbi.nlm.nih.gov/pubmed/6846228
http://dx.doi.org/10.1089/ars.2010.3275
http://dx.doi.org/10.1002/jpln.200420485
http://dx.doi.org/10.1007/s11104-009-0227-3
http://dx.doi.org/10.1016/j.scienta.2013.11.011
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Area 
	Experimental Design and Samples Preparation 
	Agronomic Yield 
	Selenium Content and Nutritional Status 
	Statistical Data Analysis 

	Results 
	Yield of Agronomic Variables 
	Selenium and Macronutrient Content in Different Tomato Components, under Sodium Selenite Treatments 

	Discussion 
	Agronomic Variables of Tomato under Sodium Selenite Treatments 
	Selenium Content in Different Components of Tomato under Sodium Selenite Treatments 
	Macronutrients Content from Different Components of Tomato under Sodium Selenite Treatments 

	Conclusions 
	References

