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Abstract: Triticum aestivum L. is one of the most produced staple crops worldwide in which its zinc
biofortification is of the utmost importance to diminish malnutrition. In addition, the pronounced
increase of human population demands a higher food production within quality standards. Zinc
plays an important role not only in promoting the maintenance of human health, but it is also linked
with plant growth. Under this framework, a zinc agronomic biofortification of Triticum aestivum L.
was implemented in an experimental field with two varieties (Paiva and Roxo) in Beja, Portugal.
This itinerary comprised two ZnSOs foliar spraying along the plant cycle with three different
concentrations (control—0; 8.1 and 18.2 kg ha™!). Soil analyses (moisture, organic matter, pH,
electrochemical conductivity and mineral quantification) and atomic absorption with the mineral
quantification (Ca, K, Mg, P, Fe, Cu and Zn) of whole wheat flours were carried out. Zinc foliar
spraying enhanced Zinc content in both varieties in the flours in which was not observed significant
differences between ZnSOa treatments. P and K presented higher values in the flours contrasting
with Ca and Mg. In general, there was no significant differences between the soil samples in the
respective analyses. It was concluded that wheat flour biofortified in zinc can be a product to help
overcome malnutrition.

Keywords: agronomic biofortification; mineral interactions; soil analyses; Triticum aestivum L; zinc
foliar spraying
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1. Introduction

The world’s population is expected to increase to more than 8 billion by 2030 [1].
Thereby, according to [2] the food production will have to increase approximately 60% by
2050, in a sustainable way and keeping quality standards. Triticum aestivum L. is one of
the most produced staple crops worldwide. Thus, it is estimated to reach a production of
776.7 million tons by 2021/2022 [3]. Zinc (Zn) plays an important role (at the function,
structure and regulation level) not only in promoting the maintenance of human health,
but it is also linked with plant growth [4,5]. Biofortification is likely to diminish
malnutrition figures, provided that an essential nutrient in the edible part of staple crops
is enhanced and becomes bioavailable [6,7]. This paper aims to analyze the correlations
between the minerals present in the sample soils collected from the experimental field
which was subjected to a Zn biofortification workflow. A further study was also
conducted as a means of investigating the interactions between the minerals present in
the whole bread wheat flours of two varieties of Triticum aestivum L.

2. Materials and Methods
2.1. Experimental Field

Triticum aestivum L. Roxo and Paiva varieties were cultivated in an experimental field
at 37°57'09.68" N; 7°3026.82" W, in Beja (Portugal). The last days of December 2018,
brought the sowing of the bread wheat field; whereas the harvest season fell by the end
of June 2019. The sowing was conducted in a randomized block design with four
repetitions. This field has been divided into 24 plots, each one with an area of 12 m? (10 m
x 1.2 m), comprising 3 m between repetitions and 0.4 m between plots. A NPK fertilization
and 50 kg Zn-ha™' were applied in the field beforehand. The Zn biofortification comprised
ZnSOs foliar spraying at booting and heading stages, in late April 2019, with three
different concentrations applied (0—control (T0), 8.1 (T1) and 18.2 (T2) kg-ha™) and 46%
of urea. The total rainfall accumulation was about 5.43 mm, with a daily maximum of 1.85
mm, during the plant life cycle.

2.2. Soil Analyses of the Experimental Field

The soil samples were processed and the determination of moisture content, organic
matter content, pH and electrical conductivity were conducted according to [8] with the
minor change of using a rectangular grid of 23 x 22 m. An XRF analyzer (model XL3t 950
He GOLDD+) was used to measure the mineral content of soil samples, under helium
atmosphere [9].

2.3. Mineral Quantification of Whole Bread Wheat Flours through Atomic Absorption
Spectrometry

Whole bread wheat flour samples were analyzed according to the method of [10]
using the Perkin Elmer Instruments A Analyst 200 Atomic Absorption Spectrophotometer,
with AA WinLAb software. Initially, about 1 g of each sample was weighed, placed in a
50 mL Erlenmeyer flask and 10 mL of nitric acid was added (acid digestion). Then, it was
heated between 100 and 150 °C until total evaporation occurred and a solution of
HNOs:HCIOs (2:3 mL) was added. Afterwards, the whole procedure was repeated, and
the precipitate was dissolved in a 2% HCl solution, being filtered with Whatman paper n®
4 into a 50 mL volumetric flask. A standard solution of 2% HCI was prepared and the
absorbances of the flour samples were measured in the spectrophotometer.

2.4. Statistical Analyses

Software R (version 3.6.3) was used to statistically analyze data. Such analyzes
comprised One-Way ANOVA (p < 0.05) to evaluate the differences between the samples
of different varieties and treatments. Considering a 95% confidence level, a Tukey’s test
for mean comparison was performed. Furthermore, this software permitted the
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obtainment of the correlation matrix of the Spearman and Pearson coefficients for the min-
erals present in the soils and in the whole bread wheat flours.

3. Results

Soil analyzes pH, electrical conductivity, organic matter and moisture contents and
the values of calcium (Ca), iron (Fe) and Zn did not show significant differences among
the different soil samples (Table 1). The values of pH were slightly above 7 and the elec-
trical conductivity varied between 412 and 568 uS.cm-'. Potassium (K) showed lower val-
ues when compared to Ca (almost twice the values of K). The minerals quantification
demonstrated higher levels of Fe, followed by Zn and copper (Cu) (Cu and Zn showed
similar values). The minerals Mg and P presented values lower than 1500 and 200 mg kg™,
respectively. There was a strong and positive correlation between the minerals: K and Fe
for samples A and B; K and Zn for samples A and C; and Fe and Zn for the sample C
(Table 2). By contrast, there was a strong and negative correlation between the minerals:
Cu and Zn for samples A and C; Fe and Ca for sample A; and Fe and Cu for the sample
C

Table 1. Soil analyses (samples collected at 0-30 cm deep) of Triticum aestivum L. experimental field (1 =3 for pH, electrical
conductivity, organic matter and moisture contents; and #n = 9 for mineral quantification of K, Ca, Fe, Cu, Zn). Letters a, b
indicate significant differences, of each parameter, considering different samples (statistical analysis using the single factor
ANOVA test, p <0.05). Mg and P presented values lower than the detection limit of the equipment.

Electrical

Organic

Samples pH (H:20) Conductivity Matter Moisture K Ca Fe Cu Zn Mg P
uS.cm! % mg.kg!
A 770+0.05a 543+44a 6.92+0.02a 22.52+0.17a 0.652+0.008a 1.26+0.11a 38,136 +278a 43.45+231Db 519'2101;
B 757+0.10a 412+19a 6.71+0.07a 22.62+0.16a 0.643 +0.029 ab1.01 £0.05a 39,390 + 257 a 44.56 + 1.057 ab 6106306; <1500 <200
C 773+0.08a 568+47a 6.95+0.12a 22.29+0.38a 0.572+0.020b 1.23 +0.12 a 38,806 +1065a 52.70 +3.591 a 519'7986;

Table 2. Correlation matrix of Spearman (the top of the diagonal) and Pearson’s (the bottom of the
diagonal) and coefficients of the minerals Ca, K, Fe, Cu and Zn of soil samples A (a), B (b) and C (c)
for the experimental field.

a) _ b) : c)

A|lCa | K |Fe |Cu|Zn@B|Ca| K |Fe |Cu|Znp@gC Fe Zn
e 1 -0033 -045 0,217 -0,2 §e&®8 1 0517 0,517 -0,1 0517 ge=§ 1 0,517 -0,517 0,367 -0,467
€-0364 1 0,85 -0,5830717 B< 0397 1 0917 -0,367 0,4 0,31 il 035 -045 04

010,837 0,781 1 -0,6670,633 [# 0,668 0,932 1 03170267 |ih 051 0652 1 0,75 095
@il 0,345 -0,671 0,653 1 -0,8 [€1-0,238-0,349-0352 1 0,317 0,574 -0,518-0914 1 -0,817
74 -0,289 0,742 0,612 -0913 1 V4l 0,332 0,093 0,235 0,499 1 740 -0,385 0,71 0,967 -0,839 1

No significant differences were observed between ZnSOs treatments for both varie-
ties in the minerals magnesium (Mg), phosphor (P), Ca and Cu (Table 3). Relatively to the
minerals, P and K presented higher values in the flours contrasting with Mg and Ca. While
assessing values of the microelements, Cu presented lower values than Zn and Fe. When
comparing control samples (T0), it was found that Paiva variety presented higher mineral
content for all the minerals. Zinc foliar spraying enhanced Zn content in Paiva and Roxo
varieties in the flours. After applying Zn fertilizer in Paiva a decrease of the mineral con-
tent for Fe, K, Ca and Mg was observed. In contrast, considering Roxo, an increase of the
mineral content for the minerals P, K, Mg, Fe, Zn and Cu regarding control samples, was
observed. A strong and positive correlation was presented between the minerals: Zn and
Ca, and K and Zn for samples PT0, RT0 and RT1; K and P for samples PT0, PT1 and RT1;
K and Mg, Mg and Zn and Mg and Ca for samples PT0, PT1, RT0 and RT1; P and Mg for
samples PTO, PT1, PT2 and RT1; K and Ca for samples PT0, PT1, PT2, RTO, RT1 and RT2;
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Zn and Cu, K and Cu, and Mg and Cu for samples PT1, RTO, and RT1; Zn and P and Cu
and P for samples PT1 and RT1; Fe and Ca and Fe and K for samples PT1 and PT2; Fe and
Mg and P and Fe for samples PT1 and RT2; Fe and Cu for sample PT1; Cu and Ca for
samples RT0 and RT1; and P and Ca for samples RT1 and RT2 (Table 4). Conversely, there
was a strong and negative correlation between the minerals: Fe and Cu for sample PT0;
Zn and P for samples PT2, RT0 and RT2; Cu and P for samples RT0 and RT2; K and Mg
for sample PT2 and RT2; K and P and P and Ca for samples PT2 and RTO0; P and Ca, and
P and Mg for sample RTO; P and Fe, Fe and Mg, and Mg and Ca for sample PT2; and Zn
and Fe, Cu and Ca, Zn and Ca, and K and Cu for the sample RT2.

Table 3. Mean mineral contents of whole wheat flour of Triticum aestivum L. (cvs. Paiva and Roxo) (n = 3) after foliar

spraying.
Variety Treatment Mg P K Ca Fe Cu Zn
% mg.kg!

Paiva T0 8.87+0.03a 115+3.00a 6554+532b 1.87+0.13a 5.71+0.10a 0.241+0.002 a 0.653 +0.013 b
) T1 8.78+0.30a 138+6.50a 6347+139a 1.04+0.12a 0.58+0.17 ab 0.276 + 0.013 a 0.739 + 0.035 a
T2 832+044a 118+11.6a 63.89+4.88b 1.19+030a 1.44+0.99c 0.239+0.006 a 1.143 +0.099 a

Roxo T0 856+0.13a 98.1+6.20a 59.41+£5.97b 1.31+0.26a 3.33+0.06 bc 0.225+0.021 2 0.638 £ 0.145b
®) T1 9.04+0.14a 111+3.20a 69.73+1.14ab1.58 £+ 0.055a 4.13+0.10 ab 0.263 + 0.003 a 1.177 £ 0.018 a
12 892+0.03a 118+2.80a 60.92+4.95b 1.24+0.10a 3.970+0.10 ab 0.257 £ 0.001 a 1.175+0.011 a

Table 4. Correlation matrix of Spearman (the top of the diagonal) and Pearson (the bottom of the diagonal) and coefficients
of the minerals Zn, Cu, Fe, Ca, K, P and Mg of Triticum aestivum L. (cvs Roxo and Paiva) whole bread wheat flours for
experimental field. With the foliar application of ZnSOa: TO = control ((a,d)); T1 corresponds to 8.1 ((b,e)) and T2 to 18.2

kg'har1 ((c.9)).

vaa
Ll L L L

quva Pawa
III P el e L

-0,697 0,434 -0,965-0,997 -1 0999 1

05 05 05 05 05 05 05
-43514 1 05 05 05 05 c 098 1 05 05 05 1 05 u 0,343 1 05 05 05 05 05
06450987 1 05 05 05 05 05210719/ 1 1 1 05 1 [ o486 0654 1 1 1 A -

@ 0982 03420487 1 05 05 05 020304430941 1 1 05 1 0635-05080984 1 1 -1 -
B o1 005 0111092 1 1 1 06680834 09830864 1 05 1 @ 0,695 0,437 0966 0997 1 -1 -l
B 0547 0,436 02870697092 1 1 0927 0,992 0,803 0556 0,89 1 05  [ANN -0.721 0403 -0,956 0,993 099 1 1
]

Mg

d)

Roxo | . 5 - ;

.
0:5 180,51 F0,58 N1 -1 05

0,823 0,064 0,096 0916 1 0926 1

ROXO Cu | Fe'|| Ga Mg ROXO Cu Fe | Ca
Tl
rl -

i 05 -05 05 05

0,895 0,978 0,847 0,619 0,93 0,997 1

ML,

- o711 05 1 05 05 1 - o873/1 05 1 1 o5 1 [SPMos» 1 05 1 05 1 05
04520225 1 05 05 05 05 [JEMM0462003 1 05 05 05 05 I 08350192 1 05 05 05 05
- 0784 091 -0199 1 05 -05 1 - 0942096-0138 1 1 05 1 [NEMN-0761-099%0279 1 05 1 -05
1 0973043 079 1 1 05 [EEM09509%9-0119 1 1 05 1[G 029 085702830842 1 05 -1
P 0,999 096 0,488 0,758 0,999 1 05 - 0995 0,821 05470905089 1 05 [N .0994-0.774 077 0828 0394 1 -05

Y 05 092-0174 1 08060775 1 0,817 0,994 0,135 0,963 0968 0,756 1  [RVIGN -0454 0,319 0,869 0,232 0,72 0,353 1

4. Discussion

Since all the soil analyzes, except for the minerals K and Cu, did not present signifi-
cant differences, we can presume that the experimental field is homogeneous. The mineral
K plays an important roll in plants metabolism, for example in the regulation of the open-
ing and closing of stomates, activation of some enzymes and balancing the use of N. This
mineral has an antagonist effect on absorb Ca, Mg and P [11]. According to [12,13], K
presents a synergetic interaction with Fe. Besides, K moves in soils by diffusion and is
mobile in the plant [12,13]. The minerals Mg, Ca, Fe, Cu and Zn move in the soil by mass
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flow, whereas the minerals P and Fe, move in soil by diffusion [13]. Regarding the min-
eral’s mobility in plant, the minerals are P, mobile and the minerals are Mg (relatively
immobile), Ca, Fe, Cu and Zn immobile [12,13].

One of the functions of Ca is to be a cofactor of various enzymes of ATP. The mineral
has an antagonist interaction with Cu, Fe and Zn, but also interacts with Cu and Zn in a
synergetic way [8,13]. Magnesium is a component of chlorophyll and functions as an en-
zyme activator in plants. This mineral interacts with Cu, Fe and Zn in an antagonist way,
however, presents a synergetic interaction with Zn [12,13]. The mineral P is an important
constituent of nucleic acids, proteins, metabolic substrates and coenzymes. This mineral
has both antagonist and synergetic interactions with Cu, Fe and Zn [12,13]. Iron plays an
important role in plants in chlorophyll synthesis and also in enzyme electron transfer. Iron
presents an antagonist interaction with Ca, Mg and P, whereas it only interacts with P in
a synergetic way [13]. The mineral Cu is part of a diversity of enzymes and works as a
catalyst for respiration. Copper interacts with Ca and P in both antagonist and synergetic
ways, and only presents an antagonist interaction with Mg [13]. Zinc has a myriad of func-
tions in plants like being part of enzymes from regulation and has both antagonist and
synergetic interactions with Ca, Mg and P [12,13].

Taking everything into account, most of the results obtained were not in line with
what was said by the authors [13] has most of the minerals presented strong positive cor-
relations in the whole wheat flours, so the majority of the minerals showed a synergetic
interaction.

5. Conclusions

In general, there were no significant differences between the soil samples in the var-
ious parameters analyzed. Considering macroelements, Ca presented higher values in the
soils. Conversely, Fe was the dominant microelement. In the soil samples, it was observed
that only the minerals K, Fe and Zn were strongly and positively correlated, however, the
minerals Fe, Cu, Ca (only with Fe) and Zn (only with Cu) had a strong and negative cor-
relation. When compared to Roxo, Paiva variety presented higher mineral content for all
the minerals in the flours of the control samples (PO and R0). When applying Zn fertilizer
in Paiva a decrease of the mineral content for Fe, K, Ca and Mg, was observed. Neverthe-
less, an increase of the mineral content for the minerals P, K, Mg, Fe, Zn and Cu regarding
control samples was observed in Roxo. Zn foliar spraying enhanced Zn content in both
varieties. Thus, wheat flour biofortified in zinc can be a product to help overcome malnu-
trition. Regarding whole bread wheat flours, it was observed that, in general, the minerals
were strongly and positively correlated, although in some cases the minerals also had a
strong and negative correlation.
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Abbreviations

The following abbreviations are used in this manuscript:

P Triticum aestivum L. Paiva variety;

R Triticum aestivum L. Roxo variety;

TO control;

Tl  corresponds to the foliar spray of ZnSOs with the concentration of 8.1 kg.ha™;
T2  corresponds to the foliar spray of ZnSOs with the concentration of 18.2 kg.ha™/;

References

1.

10.

11.
12.

13.

United Nations, Department of Economic and Social Affairs, Population Division. World Population Prospects 2019: Data Booklet;
United Nations, Department of Economic and Social Affairs: New York, NY, USA, 2019; pp. 1-28. Available online: https://pop-
ula-tion.un.org/wpp/Publications/Files/WPP2019_DataBooklet.pdf (accessed on 26 October 2021).

Food and Agriculture Organization of the United Nations (FAO). International Year of Plant Health— Final Report; FAO: Rome,
Italy, 2021; pp. 1-64. https://doi.org/10.4060/cb7056en.

Food and Agriculture Organization of the United Nations (FAO)—FAO Cereal Supply and Demand Brief. Available online:
http://www .fao.org/worldfoodsituation/csdb/en/ (accessed on 29 October 2021).

Begum, M.C,; Islam, M.; Sarkar, M.R.; Azad, M.A.S.; Huda, A K.M.N.; Kabir, A.H. Auxin signaling is closely associated with
Zn-efficiency in rice (Oryza sativa L.). |. Plant Interact. 2016, 11, 124-129. https://doi.org/10.1080/17429145.2016.1220026.
Cakmak, I.; Kutman, U.B. Agronomic biofortification of cereals with zinc: A review. Eur. J. Soil Sci. 2018, 69, 172-180.
https://doi.org/10.1111/ejss.12437.

Bouis, H.E.; Saltzman, A. Improving nutrition through biofortification: A review of evidence from HarvestPlus, 2003 through
2016. Glob Food Secur. 2017, 12, 49-58. https://doi.org/10.1016/j.gfs.2017.01.009.

Beaudreault, A.R. Nutrition policy Primer: The Untapped Path to Global Health, Economic Growth, and Human Security. CSIS
2019, 1-20. Available online: https://csis-website-prod.s3.amazonaws.com/s3fs-public/publication/NutritionPrimer_lay-
out_WEB_v5.pdf (accessed on 26 October 2021).

Pessoa, C.C.; Lidon, F.C.; Coelho, A.RF.; Caleiro, J.C.; Marques, A.C.; Luis, 1.C.; Kullberg, J.C.; Legoinha, P.; Brito, M.G.;
Ramalho, J.C.; et al. Calcium biofortification of Rocha pears, tissues accumulation and physicochemical implications in fresh
and heat-treated fruits. Sci. Hortic. 2021, 277, 109834. https://doi.org/10.1016/j.scienta.2020.109834.

Daccak, D.; Pessoa, C.C.; Coelho, A.R.F.; Luis, I.C.; Marques, A.C.; Simdes, M.; Reboredo, F.; Pessoa, M.F; Silva, M.M.; Galhano,
C.; et al. Influence of Zinc Fertilization for Physical and Chemical Parameters and Sensory Properties of Grapes. In Proceedings
of the 1st International Conference on Water Energy Food and Sustainability (ICoOWEFS 2021), Leiria, Portugal, 10-12 May 2021;
Galvao, J., Brito, P, Santos, F.d., Craveiro, F., Almeida, H., Vasco, J., Neves, L., Gomes, R., Mourato, S., Ribeiro, V, Eds.; Springer
Nature: Cham, Switzerland, 2021. https://doi.org/10.1007/978-3-030-75315-3_20.

Marques, A.C.; Lidon, F.C; Coelho, A.RF.; Pessoa, C.C.; Luis, I.C.; Campos, P.S.; Simdes, M.; Almeida, A.S.; Pessoa, M.F.;
Galhano, C,; et al. Effect of Rice Grain (Oriza sativa L.) Enrichment with selenium on foliar leaf gas exchanges and accumulation
of nutrients. Plants 2021, 10, 288. https://doi.org/10.3390/plants10020288.

Fageria, V.D. Nutrient Interactions in Crop Plants. J. Plant Nutr. 2001, 24, 1269-1290. https://doi.org/10.1081/PLN-100106981.
Pagani, A.; Sawyer, J.E.; Mallarino, A. Site-Specific Nutrient Management: For Nutrient Management Planning to Improve Crop
Production, Environmental Quality, and Economic Return. 2013. Extension and Outreach Publications. 116. Available online:
https://lib.dr.iastate.edu/extension_pubs/116 (accessed on).

El-Ramady H.R.; Alshaal, T.A.; Amer, M.; Domokos-Szabolcsy, E.; Elhawat, J.; Prokisch, J.; Fari, M. Soil Quality and Plant Nu-
trition. In Sustainable Agriculture Reviews 14; Ozier-Lafontaine, H., Lesueur-Jannoyer, M., Eds.; Sustainable Agriculture Reviews;
Springer: Cham, Switzerland, 2014; Volume 14, pp. 345-447. https://doi.org/10.1007/978-3-319-06016-3_11



